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Organic compounds are one of the major classes of indoor air pollutants and are emitted from

a variety of sources including building materials, cleaning products, and human occupants.

The composition and concentrations of these organic compounds can be significantly affected

by chemical transformations on indoor surfaces and given the large surface area-to-volume

ratio in the built environment, understanding these chemical processes are critical to un-

derstanding indoor chemistry. However, the detailed molecular interactions between organic

compounds and indoor surfaces are still poorly understood. By using force field-based and

ab initio molecular dynamics simulations, we are able to gain an atomistic understanding of

the interactions between many indoor relevant organic compounds including cyclic monoter-

penes and oxygenated organic species on two indoor relevant surfaces, SiO2 and TiO2. Our

results indicate a range of interaction strengths for the adsorption of organic compounds on

these surfaces coming from factors including the orientation of the molecule on the surface

and the location of Csp
2 carbon centers or oxygen atoms in the adsorbate. Our results are

supported by experimental validation via infrared spectroscopy, where we see similar trends

between our calculated ab initio power spectra of these molecules on the surface and the

experimentally determined IR spectra.
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Chapter 1

Introduction

1.1 The Indoor Environment

People spend up to 90% of their time indoors, and their time indoors has increased signifi-

cantly during the COVID-19 pandemic. [1, 2] The indoor environment is of great importance

to study as it encompasses many spaces full of unique sources and sinks of chemistry. [3]

Some sources of indoor pollutants occur from cooking, cleaning, human occupants and out-

door air exchange, and this indoor chemistry occurs at a variety of time and length scales.

[3, 4, 5, 6] In addition to the large range of indoor pollutants present in the built environ-

ment, there is also a great variation in building surfaces, furnishings, and other dynamic

features such as relative humidity and temperature. [7]

Increased efforts have been made to study the indoor environment by bringing instru-

mentation developed for the outdoors to the inside, such as aerosol mass spectrometry,

proton transfer reaction mass spectrometry, and chemical ionization mass spectrometry.

[8, 9, 10, 11, 12, 13] However, the extrapolation of these specific systems is difficult due

to the vast number of buildings in the world, all constructed with different building ma-
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terials, possessing different interiors, and host to different occupant activities. [1, 14] To

fully describe the indoor environment, models well aligned to experimental measurements

are required and must represent the varying time and length scales present in the indoor

environment.

In 2017, the MOCCIE, (MOdelling Consortium for Chemistry of the Indoor Environments)

was initiated within the Chemistry of the Indoor Environments (CIE) Program of the Al-

fred P. Sloan Foundation. Molecular dynamics simulations have been employed by our lab

to study the indoor environment by estimating parameters needed by kinetic models and

elucidating mechanistic insight into indoor air processes.

In my Ph.D. work, I have focused on using computational chemistry to study indoor surfaces,

as they play a critical role in the chemistry of the indoor environment. First, the indoors

are host to a large surface-to-volume ratio (via walls, tables, carpets, seating, and windows)

[15], second, indoor surfaces have a dynamic composition and each surface is highly variable

in terms of environmental fluxes such as relative humidity [7], and third, indoor surfaces

undergo a variety of surface chemistry processes, including oxidation, acid-base reactions, as

well as the adsorption/desorption of organic molecules. [16, 17, 18]

I have studied interactions between indoor relevant surfaces and indoor relevant organic

compounds, focusing on molecules present in cleaning and personal care products. My work

has been done in collaboration with experimental spectroscopy performed by the Grassian

Lab at UC San Diego.

1.2 Computational Methods

Here, I will describe the methods I have used to study the indoor environment at the atomistic

level, inspired by Statistical Mechanics by Donald A. McQuarrie. [19] Consider a classical
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system with N (interacting) particles. Each particle can be described spatial coordinates qi

with a corresponding conjugate momentum pi. qi and pi completely describe the classical

mechanical state of the N-body system and can also be referred to as the phase space for

the system. These coordinates, along with the equations of motion of the system determine

the course of the system.

As the system evolves in time, the trajectory of the system is given by Hamilton’s equations

of motion:

q̇i =
∂H

∂pi

ṗi = −∂H

∂qi

(1.1)

Considering an ensemble of systems in phase space, we can define:

f(p, q, t) (1.2)

As the probability density that any volume in phase space has phase points about p, q, at

time t. Therefore, to integrate over the whole system gives us:

∫
f(q, p; t) = A (1.3)

We can define the ensemble average of any function, such as ϕ(p, q) as:

ϕ =
1

A

∫
ϕ(p, q)f(q, p; t) (1.4)

Here, the ensemble average is equal to the corresponding function, but integrating Hamilton’s

equations of motion for each qi and pi is not feasible. Molecular dynamics provides an

approximation to the phase space average by sampling the phase spaces by evolving qi and

pi through time. We are able to estimate thermodynamic properties from time averaged
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properties obtained from molecular dynamics simulations due to the ergodic hypothesis that

states a set of trajectories evolving in time due to Hamilton’s equations of motion on a long

enough time scale are representative of the probability distributions of phase space.

The equations of motion determine the trajectory at each phase point, thus they also must

determine the density, Equation 1.2, at any time, resulting in a time dependence of f . This

time dependence is given by the Liouville equation:

∂f

∂t
= −

i=1∑
N

(
∂H

∂pi

∂f

∂qi
− ∂H

∂qi

∂f

∂qi

)
(1.5)

Because q and p commute and f = f(q, p, t), the Liouville equation is equal to:

df

dt
= 0 (1.6)

This means the phase space density is constant:

f(q, p; t) = f(q0, p0; t0) (1.7)

This invariance of f during the evolution of time shows:

f(q, p; t) = f [H(q, p)] (1.8)

Where H is the Hamiltonian of the system. For a system in thermal equilibrium with the

surroundings, the probability distribution function becomes:

f [H(q, p)] = C
e−βH(q,p))∫

e−βH(q,p) dp dq
(1.9)

Where β = 1
kBT

The denominator of this equation is referred to as the partition function, which is a func-
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tion of thermodynamic state variables. In this case, this is the canonical partition function,

meaning the partition function for an an ensemble with constant number of particles, vol-

ume and temperature (Q (N, V, T)). By interrogating the partition function we can obtain

thermodynamic quantities. An example of this is the Helmholtz free energy:

F = − 1

β
ln(Q(N, T, V ) (1.10)

Now we must consider how this explicit time evolution of atoms is governed. In Section

1.3 and Section 1.4, two kinds of molecular dynamics simulations will be described, classical

Molecular Dynamics (MD) and ab initio Molecular Dynamics (AIMD). In addition, two

important techniques that have been utilized throughout this work will be discussed.

1.3 Classical Molecular Dynamics

In classical Molecular Dynamics (MD), atoms are propagated forward in time according to

Newtonian mechanics and an empirically derived force field which accounts for all bonded

and nonbonded interactions between atoms. These methods have been used for countless

studies of physical systems. While there are many force fields that can be used, in this

research, the CHARMM force field was used. In the CHARMM force field, to account for

bonded interactions, bonds and angles between atoms are approximated by a harmonic po-

tential, and the dihedral motion is assumed to have a trigonometric form. To account for

nonbonded interactions, each particle is described by a partial charge, and electrostatic inter-

actions between particles separated by at least three bonds are calculated using the Coulomb

potential. Dispersion interactions are approximated by the Lennard-Jones potential. The

overall form of the potential energy in the CHARMM force field is:
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U =
∑
bonds

Kb(r − r0)
2 +

∑
angles

Kθ(θ − θ0)
2 +

∑
dihedral

Kχ [1 + cos(nχ− σ)]

+
∑

nonbonded pairs

(
ϵij

[(
Rmin,ij

rij

12)
− 2

(
Rmin,ij

rij

6)]
+

qiqj
ϵrij

) (1.11)

The first three terms of this force field correspond to the bonded interactions of bond and

angle vibrations as well as the dihedral potential. As stated above, the bond and angle

vibrations are modeled with a harmonic potential. The force constant for bonds is Kb and

is centered at the equilibrium bond length, ro. For the angles, the force constant is Kθ and

equilibrium bond angle of θ0. The torsion of every 4 sequentially bonded atoms is described

by a periodic potential around the middle two atoms with periodicity n and a phase shift

angle of σ.

The last two terms as indicated by the label, are the nonbonded parameters, which are

Van der Waals (VDW) and electrostatic interactions. The Lennard-Jones potential (LJ)

represents the VDW or non-electrostatic interactions. The LJ potential approximates the

potential energy of non-electrostatic interactions as described by the parameters Rmin,i,j, the

distance where the intermolecular potential between atoms is 0, and ϵi,j, the strength of the

interaction. To describe the electrostatic interactions, Coulomb’s law is used where ri,j is

the distance between atoms and qi and qj are the partial charges of atoms i and j.

The LJ parameters are obtained for basic molecules, such as amino acids, and are transfer-

able across atoms types. Partial charges, bonded interaction force constants, and equilibrium

lengths can be determined via force field paramaterization. One method of parameterization

is to use the CGenFF program that generates parameters with a given penalty to their accu-

racy. [20] Additional refinement may also be done using electronic structure calculations to

determine partial charges by interactions with water and to determine satisfactory geometry

6



and conformation energies using the Force Field Toolkit as provided in the VMD program.

[21]

For the indoor relevant organic molecules, a CHARMM compatible force field was required to

perform MD simulations. For most molecules, using the CGenFF program leads to sufficient

force field parameters (as indicated by a penalty of less than 10). For 6-MHO, carvone, α-

pinene, and β-pinene, additional paramterization was required. 6-MHO was parameterized

by Michael von Dommes, and I used the Force Field Toolkit to construct the force fields for

the other molecules.

For indoor surfaces, a previous force field for SiO2 has been described by Zhuravlev. [22] For

TiO2, for the non-hydroxylated surface, the force field produced by Brandt and Lyubartsev

[23] was used, and for the hydroxylated surface, minor changes were made to ensure in a

neutral surface. These details will be described in Chapters 6 and 7.

While the force field describes the position and momenta in time, external regulatory schemes

are used to maintain thermodynamic conditions. These include thermostats and barostats.

Finally, the structural and energetic properties are collected during the simulation, and as

shown in Equation 1.4, the time average of these parameters are reasonable estimates of the

thermodynamics of the system.

1.3.1 Umbrella Sampling

In order to understand the interactions of indoor relevant organic molecules on indoor sur-

faces, it is vital to calculate the free energy of desorption for adsorbates from the surface.

However, due to the stabilizing surface interactions and the subsequent lack of stabilization

in the gas phase, there is a high barrier of free energy associated with the desorption of

these molecules from the surface. To calculate the free energy profile, the entire phase space
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must be adequately sampled along the reaction coordinate. However, due to the high barrier

in free energy associated with the desorption of these molecules, there are regions of phase

space that would be not visited during an unbiased simulation. This means that on the time

scale of obtaining a PhD, the probability of measuring this rare event through unbiased MD

simulations is 0.

Therefore, free energy methods must be used to improve sampling and allow for rare events

to be calculated by molecules dynamics simulations. One method to sample rare events is

called umbrella sampling, and this method has been used throughout my work to determine

the free energy profile (also known as the potential of mean force of PMF) for the desorption

of indoor relevant organic compounds from indoor surfaces. Umbrella sampling divides the

reaction coordinate into evenly spaced overlapping windows and uses a harmonic restraint

to sample within each window. [24]

Johannes Kastner [25] gives a detailed explanation on how umbrella sampling can be used to

determine rare events, and I have often referred to this text to to cement my understanding

of this method. In each window, wi, the bias potential (which in this case is a harmonic

potential) is an additional energy term, which depends only on the reaction coordinate, ξ.

So the potential energy E can be described as:

Eb(r) = Eu + wi(ξ) (1.12)

Where b are biased quantities and u are unbiased quantities. To obtain the unbiased free

energy, Fi(ξ), the unbiased distribution along the reaction coordinate is required. Since the

MD simulation run in each window is biased, this may seem like a difficult task. However,

because the bias only depends on the reaction coordinate, we can relate the biased and

unbiased distribution in each window by the following equations:

8



By first defining the unbiased distribution as

P u
i (ξ) =

∫
e−βE(r))δ[δ′(r) − δ(r)]dNr∫

e−βE(r))dNr
(1.13)

And then defining the biased distribution as:

P b
i (ξ) =

∫
e−βEu(r)+wi(ξ

′(r))δ[δ′(r) − δ(r)]dNr∫
e−βEu(r)+wi(ξ′(r))dNr

(1.14)

And then integrating over all degrees of freedom but ξ, and defining P u
i (ξ) in terms of the

biased distribution:

P u
i (ξ) = P b

i (ξ)eβwi(ξ)e−βwi(ξ) (1.15)

Then, the free energy per window, Fi(ξ), can be evaluated as:

Fi(ξ) = − 1

β
ln(P b

i (ξ)) − wi(ξ) − 1

β
ln(e−βwi(ξ)) (1.16)

Which allows us to unbias the simulation. However, this is only suitable when one window

spans the entire range of the reaction coordinate. Since multiple windows of Fi(ξ) must

be combined, 1
β
ln(e−βwi(ξ)) , referred to as Fi, cannot be obtained directly from sampling.

Instead the weighted histogram method (WHAM) combines the free energy of all windows

by minimizing the error associated with binning the data from the biased simulation. [26]

1.4 ab initio Molecular Dynamics

While classical MD relies on a force field to describe the motion of atoms moving forward

through time and can be used for huge numbers of atoms, sometimes it is required to describe
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electronic interactions in a more accurate manner. These tend to be systems with dominating

electronic interactions.

In ab initio molecular dynamics simulations, electronic interactions are obtained “on the

fly,” and nuclei are treated classically. This means that the forces applied to the nuclei

are calculated using the Born-Oppenheimer approximation after every electronic structure

calculation. In this case, a force field is no longer required as all nonbonded and bonded

interactions come from the electronic structure interaction calculations. Any quantum me-

chanics method can be used to calculate the electronic interactions, but density functional

theory (DFT) methods are used in AIMD simulations due to the efficiency and accuracy

compared to traditional wave function based methods.

The foundation of DFT is the Hohenberg-Kohn theorem that states there is a one-to-one

mapping between the electron density and the energy of the system. [27] The Kohn-Sham

scheme allows us to map a system of interacting electrons onto a system of non-interacting

particles under an external potential vs. [28]

Here, the energy of the system is defined as:

E [n(r))] = T [n(r)] + EH [n(r)] + EXC [n(r)] + Eext(r) (1.17)

Where T is the kinetic energy, EH is the Coulomb energy, EXC is the exchange-correlation

energy, and Eext is the external energy and n(r) is the electron density of the system.

The electron density can be described as:

n(r) = 2
α∑

N/2

∣∣ϕα(r)2
∣∣ (1.18)

and {ϕα} is the Slater determinant form of the ground state wavefunction for N-particles.
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The kinetic energy, T [n(r)] is:

T [n(r)] = −
N/2∑
i=1

∫
d3rϕ∗

i (r)∇2ϕi(r) (1.19)

And the Coulomb energy, EH is:

EH [n(r)] =

∫
d3r

∫
d3r

n(r)n(r′)

|r − r′|
(1.20)

Therefore, when considering the total energy equation in Equations 1.19 and 1.20, EXC and

Eext are an implicit definition of the exchange-correlation energy and the difference in kinetic

energy of the interacting and non-interacting systems.

Upon self consistently solving the equation below, the energy of the molecular system is

obtained. [29]

[
−1

2
∇2 +

∫
dr′

n(r′)

|r − r′|
+ VXC(r) + Vext(r)

]
ϕi(r) = εiϕ(r) (1.21)

Pure electronic structure calculations, like of binding energies and the calculation of electro-

static potential surfaces which will be described in later chapters, describe n(r) as expanded

Gaussian basis functions, in AIMD calculations, the hybrid and plane wave (GPW) formu-

lation is used. The plane waves are used to represent electron density in reciprocal space,

ñ(G).

The transformation is shown below:

n(r) ≈ 1

Ω

∑
G

ñ(G)eiG.r (1.22)

By using this transformation, the Coulombic interactions are calculated in reciprocal space,
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and it is convenient to apply this formalism to systems under periodic boundary conditions.

Under periodic boundary conditions, Coulombic interactions are calculated by mapping the

density on a 3D grid and using Ewald summation methods and the Fast Fourier Transform

algorithm (FFT) to calculate EH . Since this work is focused on studying surface interac-

tions, PBCs are used in all simulations. Furthermore, plane wavefunctions are naturally

delocalized, therefore, there is no superposition error. [30]

1.4.1 Power Spectra Calculations

Computational chemistry cannot exist without a connection to reality. High accuracy ex-

perimental measurements like unit cell dimensions can be used to evaluate the accuracy of

empirically parameterized force field-based molecular dynamics simulations. In this work,

we are able to form an additional and extremely strong connection between theory and ex-

periment by comparing trends in power spectra calculated from AIMD simulations to trends

in FT-IR spectroscopy measurements. This has led to great insight into the mechanistic

interactions between indoor relevant organic compounds and indoor surfaces and formed a

strong connection between theory and experiment. All power spectra have been constructed

by using the Fourier transform of the mass-weighted velocity autocorrelation function:

p(ω) = m

∫
⟨υ(0)υ(t)⟩τ e

iωtdt (1.23)

Where υ(t) is the velocity of the selected atoms with mass m, at time t, with frequency ω.

For our work we have separately calculated the power spectra of the hydrogen atoms of the

system and oxygen atoms of the system. The brackets represent an average over atoms and

time throughout the trajectory. The power spectra was calculated using the TRAVIS code.

[31, 32] Due to the nature of the velocity autocorrelation function, this measurement may

only be made after sufficient sampling.
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1.5 Conclusions

We now have obtained a clear understanding of why it is important to study the indoor

environment, and how computational chemistry can be used to provide great insights into

the indoor environment. The following chapters represent six interesting studies of investi-

gating indoor relevant organic compounds on indoor surfaces. Each chapter will present a

more detailed background on the system studied, as well as discuss the relevant simulation

protocols. Chapters 2-5 discuss surface interactions with SiO2, a proxy for a glass surface,

therefore, relevant simulation information is mostly presented in Chapter 2, with slight de-

tails regarding simulation protocols on a chapter-by-chapter basis in the following chapters.

Similarly, Chapters 6 and 7 discuss surface interactions with TiO2, a component of paint and

self-cleaning materials, therefore the relevant simulation information is detailed in Chapter

6.
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Chapter 2

Impact of Adsorbed Water on the

Interaction of Limonene with

Hydroxylated SiO2 Implications of

π−Hydrogen Bonding for Surfaces in

Humid Environments

2.1 Background

One important environmental physical factor in indoor spaces is relative humidity (RH). RH

is defined as the partial pressure of water vapor divided by the saturation water pressure.

Percent relative humidity is defined according to Equation 2.1:

%RH = RH ∗ 100 (2.1)
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% RH represents a key aspect of the dynamic indoor environment, as % RH values can range

from 10% to 90% indoors, and % RH varies widely across indoor surfaces and spaces.[7] In

addition, it has been shown that the concentration of gases in indoor spaces is dependent on %

RH. [16, 33] Yet, despite the importance of % RH, there remains a lack of information on how

% RH impacts the interactions of semivolatile indoor relevant organic compounds on indoor

surfaces. While some studies have investigated the interaction of organic compounds on SiO2

surfaces, few have probed the details of these interactions in the presence of coadsorbed water.

[34, 35, 36]

One indoor relevant organic compound that will be discussed in this chapter, as well as

Chapters 3 and 6, is limonene. This molecule produces a lemon scent and one study has

shown limonene is in 84.2% of 121 cleaning products.[37, 38] Products containing limonene

often include glass surface cleaners, thus limonene can interact with glass surfaces, and

become oxidized and form secondary organic aerosols or secondary organic films. [39, 40]

In our lab’s previous research, we have determined that the major mechanisms for limonene

adsorption onto a hydroxylated SiO2 surface (a proxy for a glass surface) without water

are through dispersion forces and the formation of π-hydrogen bonds between the limonene

Csp
2 carbon centers and the surface hydroxyl groups. Hydrogen bond formation results in

a weakening of the hydroxyl O-H bond, thus resulting in a red shift observable by FT-IR

spectroscopy.

To study the effect of relative humidity on the hydroxylated silica surface in the presence

of limonene, we have performed a joint classical and ab initio molecular dynamics study in

conjunction with our collaborators in the Grassian lab at UC San Diego to determine the

detailed interactions at play in the silica/air/water interface.

15



2.2 Simulation Protocols

The simulation protocols for this project are very similar to methods used in Chapters 3, 4,

and 5. Any differences will be highlighted in each chapter.

2.2.1 Classical Molecular Dynamics Simulations

Classical MD simulations were used to calculate π-hydrogen bond populations and desorption

binding energies on limonene on SiO2 at varying hydration levels. A 24 Å x 52 Å x 50 Å SiO2

structure was used with a silanol surface density of 4.7 OH−2, which is the silanol surface

density of a glass surface. [22] Each water monolayer corresponded to 636 TIP3P [41] water

molecules and we constructed systems with one-half, one, two and three monolayers. In each

system, the silica/water interface was equilibrated for 0.5 ns before the addition of limonene.

The LAMMPS [42]package was used to perform all of the classical MD simulations. The

equations of motion were integrated using a velocity-Verlet algorithm [43] with a time step

of 1 fs. Electrostatic interactions were evaluated directly up to a cutoff of 14 Å and with

a particle-particle-particle-mesh solver [44] with a relative accuracy of 10−5. Lennard-Jones

interactions were cut off after 14 Å. The simulation temperature was maintained at 300 K,

using a Nose-Hoover thermostat [45] with a relaxation time for 100 fs.

As discussed in the introduction, the CHARMM-compatible force field parameters was used

for SiO2, the TIP3P model [41] was used for water and the CHARMM CGenFF [20] param-

eters were used for limonene. Water molecules were constrained by the SHAKE algorithm.

[46]

Umbrella sampling [25] was used to calculate the free energy of desorption of limonene from

the surface of the SiO2 systems as a function of % RH. As discussed in the introduction, the
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reaction coordinate was described as the distance between the center-of-mass of limonene

and the SiO2 surface. The process was divided into at least 31 windows in 0.5 to 0.25 Å

windows, based on the number of monolayers of water. A harmonic potential of 5 kcal mol

−1 Å−2 was applied in each window and each window was run for 10 to 20 ns long, and the

free energy profile was generated using the WHAM scheme. [26]

2.2.2 ab initio Molecular Dynamics Simulations

AIMD simulations were used to compute the power spectra for water H atoms to compare

with the experimental infared spectra, as a function of hydration level. AIMD simulations of

limonene on a cluster of hydroxylated silica surface with 12, 24, and 48 water molecules were

performed using the CP2K program. [30] The SiO2 cluster size was Si23O66H40 and selected

to fully accommodate water and limonene molecules while allowing moieties to interact with

each other. For all systems, a 20 ps AIMD simulation at 295 K with a 0.5 fs timestep was

performed. The temperature was maintained at 295 K using a Nose-Hoover thermostat with

a relaxation time of 100 fs. The BLYP-D3 exchange-correlation functional [47, 48] with the

TZV2P-MOLPT-GTH basis set [49, 50] and the GTH pseudopotentials in the QUICKSTEP

[30] module of the CP2K package were used. A SCF convergence criterion of 10−6 (a.u.)

with the orbital transformation scheme [51] and conjugate gradient minimization were used

in each simulation. All systems were places in orthorhombic boxes under periodic boundary

conditions with a cell size of 30 Å x 25 Å x 25 Å.

2.2.3 Surface Analysis Techniques

A variety of data analysis techniques were used to study the effect of % RH on the adsorption

of limonene on SiO2 surfaces. Density profiles and hydrogen bond populations were calcu-

lated from 20 ns unbiased classical MD simulations. Distances between limonene sp2 carbons
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(Csp
2 ) centers and surrounding oxygen donors as well as the angle between limonene Csp

2,

donor H, and donor O atoms were measured every 1000 fs. Hydrogen bonds were defined as

present if the distance between a single Csp
2 center acceptor and oxygen donor was less than

4.0 Å and if the angle between the acceptor, donor H, and donor O was within 120 - 180 ◦.

Hydrogen bonding probabilities were calculated for each Csp
2 center independently.

Details of the vibrational power spectra are discussed in section 1.4.1

2.3 Results

To study the role of % RH on the adsorption of limonene on a hydroxylated SiO2 surface, a

joint experimental and theoretical study was performed. First the results of the experimen-

tal IR measurements will briefly be described in Section 2.3.1, and secondly, results from

AIMD simulations will be reported in Section 2.3.2. Finally, results of the classical MD

simulations will be reported in Section 2.3.3. Both of these computational methods coupled

with experimental results shed light on the complex water/silica/air interface.

2.3.1 Experimental Results

The FT-IR spectra for the adsorption of limonene on the SiO2 surface at an equilibrium

pressure of 50 +/- mTorr as a function of % RH is shown in Figure 2.1. As % RH varies

from <1 % RH to 78, and absorption bands at 3400 cm−1 and 1635 cm−1 grow in intensity.

The bands at 3400 cm−1 represent water adsorption bands, and as they grow in intensity,

there is a decrease of intensity in the limonene adsorption bands, indicating that the amount

of limonene adsorbed on the SiO2 surface decreases with increased % RH.
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Figure 2.1: FT-IR spectra of limonene adsorbed on SiO2 surface at an equilibrium pressure
of 50 mTorr under different RH condition (scale bar = 0.05 absorbance units). The RH is
increased from < 1% to 78% RH in the following increments: < 1%, 29%, 38%, 58% and
78%.

The relative decrease in the amount of limonene as a function of % RH, are shown in Table

2.1 along with the adsorbed water coverages determined in Goodman et al. [52] Most notable

is that even at the highest % RH value, equal to more than 3 monolayers of water, limonene

remains on the surface.

%RH (±3%)
water coverage

in monolayers (±0.1)

% limonene

remaining on the surface,

relative to dry conditions (±0.4%)

1 0.1 100

29 1.2 90

38 1.5 82

58 2.1 65

78 3.3 53

Table 2.1: Changes in the amount of limonene adsorbed on SiO2, as a function of relative
humidity and coverage of coadsorbed water.
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2.3.2 ab initio Molecular Dynamics Results

AIMD simulations were used to qualitatively reproduce the experimental FT-IR spectra.

Note that the positions and not exact intensities are comparable to the experimental data.

However, it is reasonable to compare trends in the AIMD power spectra to trends in the

experimental results. To model the increase in % RH, we constructed a SiO2 surface with

one limonene molecules and 12-48 water molecules, as shown in Figure 2.2.

0 water 
molecules

12 water
molecules

24 water
molecules

48 water
molecules

Figure 2.2: Snapshots from the AIMD simulations of limonene with an increasing number
of water molecules (0, 12, 24, 48) on the SiO2 surface.

We were able to reproduce two main trends present in the experimental FT-IR spectra as

shown in Figures 2.3 and 2.4: first, in the low wavenumber region, we reproduce the increasing

peak intensity due to the water bending mode at around ∼1640 cm−1 with increasing RH,

and second we reproduce the decreasing peak intensity near 1450 cm−1 with increasing RH,

as shown in Figure 2.3. This is not a monotonic decrease as shown by the experimental data,

and the integrated peak area does not decrease.
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Figure 2.3: Power spectra calculated from the AIMD simulations for the hydrogen atoms
near limonene in the low wavenumber region.

Figure 2.4 shows the high wavenumber region and the red shifting of the OH frequency in

all simulations.
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Figure 2.4: Power spectra calculated from the AIMD simulations for the hydrogen atoms
near limonene in the high wavenumber region.

In addition, the power spectra also show a slight blue shift in the presence of water; however,

we find this blue shift is present in all SiO2 systems with water, as shown in Figure 2.5.
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Figure 2.5: Power spectra of blue shifting region from the AIMD simulation for water hy-
drogen atoms on SiO2 surfaces with no limonene present but an increasing number of water
molecules.

During the AIMD simulations, water molecules interact with the limonene Csp
2 centers and

the cyclic part of the limonene molecules remain parallel to the SiO2 cluster. This shows

there are favorable interactions keeping limonene near the SiO2 surface.

2.3.3 Classical Molecular Dynamics Results

Our previous studies showed the presence of π-hydrogen bonding between SiO2 and unsat-

urated carbon bonds in limonene. [53] Additional research has shown that volatile organic

compounds can engage in dispersion and π-hydrogen interactions with water. [54] Because
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of this research and the close proximity of water to limonene Csp
2 carbon centers, we suggest

that there are also π-hydrogen interactions between adsorbed water and unsaturated car-

bon bonds within limonene. To quantify the extent of these interactions between limonene

and either SiO2 or water and to measure the free energy of desorption of limonene on the

SiO2 surface, we used force field based MD simulations to construct four model systems

representing increasing RH values, as shown in Figure 2.6.

0 ML 0.5 ML 1 ML 2 ML 3 ML

Figure 2.6: Snapshots from MD simulations of 0.5, 1, 2, and 3 ML of water on the SiO2

surface. Each snapshot shows a limonene-water π-hydrogen bond.

In addition, density profiles of each system were constructed in Figure 2.7, showing the dis-

placement of limonene by water with increasing levels of hydration. Histograms constructed

to show the average number of bonds water forms with its surroundings as a function of

location along the surface normal are shown in Figure 2.8. For 1 ML and greater, the den-

sity plots indicate bulk water is established, due to the shoulder of ∼0.033 Å−3 at 12 Å,

which is just past the hydroxylated silica surface. This is also supported by the distribution

of hydrogen bonds to water in the water hydrogen bonding histogram. These distributions

show a maximum of 3.5 bonds for each water, which is the average number of hydrogen

bonds per water molecule in the bulk.
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Figure 2.7: Density profiles of water molecules and limonene (enhanced at 5X magnification)
for each monolayer system. A water number density of 0.033 Å−3 corresponds to bulk water.
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Figure 2.8: Histogram of average number of bonds formed with a water oxygen on the x-axis
of the simulation cell, where x is the direction normal to the surface of SiO2.
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To understand differences in π-hydrogen bonding for each system, we measured the prob-

ability of π-hydrogen bond formation, as described in Section 2.2.3. Table 2.1 shows these

results and indicates that while limonene does not always form a π-hydrogen bond with

SiO2 or water, the probabilities of each type of hydrogen bonding differ with the number of

monolayers of water.

Number of monolayers % probability of SiOH donor % probability of water donor

0.5 7.96 13.3

1 3.96 30.5

2 0.08 38.1

3 0.00 35.5

Table 2.2: Limonene acceptor statistics for SiO2 and water

As the number of monolayers increases, more water molecules move to form hydrogen bonds

with the hydroxylated SiO2 surface, thus displacing limonene. This severely reduces the

probability of π-hydrogen bonds between limonene and SiO2. Increasing the number of

water monolayers results in more π-hydrogen bonding to limonene, but has a maximum of 2

ML. This is due to the fact that water hydrogen bonds are much stronger than π-hydrogen,

or any other adsorbate interaction.

We have also investigated the role of limonene-rich and water-rich domains in our study, as

shown in Figures 2.9 and 2.10. We have constructed simulations of two limonene molecules on

the SiO2 surface with 2 and 3 monolayers of water. Using the minimum of 6 Å as a cutoff for

contact between limonene molecules, there is a 33% probability of contact between limonene

molecules in 2 monolayer system and 20% probability of contact between limonene molecules

in 3 monolayer systems. We have also constructed two similar simulations by increasing the

number of limonene molecules from two to five. Figure 2.9 shows the minimum distance

between carbon atoms of any of the five limonene molecules. In this case, we find that there
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are high probabilities of limonene rich domains formed, as shown by the inserted molecular

snapshots of five limonene molecules on 2 and 3 monolayers respectively.

Figure 2.9: Histograms of minimum distance between carbon atoms of two limonene
molecules in 2 and 3 monolayers.

Figure 2.10: Histograms of minimum distance between carbon atoms of five limonene
molecules in 2 and 3 monolayers.

Using the same minimum of 6 Å as a cutoff for contact between limonene molecules, there

is a 94% probability of contact between limonene molecules in 2 monolayer system and 90%

probability of contact between limonene molecules in 3 monolayer systems.

Ultimately, we conclude that our experimental evidence does not indicate the formation of

any limonene rich domains, we do see evidence of limonene clusters forming during the course
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of classical MD simulations.

Free energy profiles or potentials of mean force (PMFs) for limonene desorption are shown

in Figure 2.11, they are placed vertically, such that their minima are at the zero free energy.
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Figure 2.11: Potential of mean force (PMF) for limonene desorption from the SiO2 surface
at various levels of hydration computed from classical MD simulations.

The limonene desorption free energy is largest for a bare SiO2 surface, followed by the 1 and

0.5 ML systems. The 2 and 3 ML systems have much lower desorption free energies due to the

displacement of limonene from the surface by water and consequently the lack of hydrogen

bonds between the surface hydroxyl groups and limonene. In addition, it is shown the

desorption curve is not as steep for these larger monolayers as the water extends up to 10 Å

from the SiO2 surface. However, it is vital to note that even with this flattening, the binding

energy to the SiO2 surface is still nonzero, as there are still dispersion and hydrogen bonding

interactions (the latter depicted in Figure 2.7) between limonene and water molecules as

limonene is displaced from the SiO2 surface but remains associated within the adsorbed

water layers.
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2.4 Conclusions

In summary, experimental results using FT-IR spectroscopy of adosrbed limonene at various

% RH, AIMD and force field based MD simulations were integrated and combined to further

our understanding of the roles of % RH and coadsorbed water on the adsorption of limonene,

a hydrophobic organic compound on an SiO2 surfaces. The story of limonene does not end

in this chapter, and this molecule is studied in comparison to some of its isomers in Chapter

3, and on a TiO2 surface in Chapter 7.

In this study we determined water molecules are able to displace limonene, thus break-

ing direct contact between limonene and the SiO2 surface; however, the limonene molecule

remains in the adsorbed state, because of π-hydrogen bond interactions with adsorbed wa-

ter molecules. These hydrogen bond are a part of a much larger network that includes

π-hydrogen bonds, water hydrogen bonds, and silica-water hydrogen bonds. This provides

insight into the understanding of the role of adsorbed water in mediating the interactions

of volatile organic compounds with a prevalent surface over a range of % RH in the indoor

environment.

This study shows how organic compounds are partially displaced from the surface by ad-

sorbed water as the RH increases, suggesting that changes in the partitioning of limonene

to indoor surfaces will depend on RH.
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Chapter 3

Adsorption of Constitutional Isomers

of Cyclic Monoterpenes on

Hydroxylated Silica Surfaces

3.1 Background

To further our understanding of the adsorption of limonene on a hydroxylated SiO2 surface,

we have extended our study to include a comparison of limonene and several constitutional

isomers, (γ-terpinene, terpinolene, α-pinene, and β-pinene). These constitutional isomers can

be observed in indoor environments, and due to their different structure and reactivities, the

mechanism for the interactions of these compounds with the indoors may be different. [55,

56, 57] By including α-pinene in our study, we are able to compare our results and framework

to a previous study of α-pinene done by Chase et al. [58, 59] Frequently throughout this

chapter, connections to this previous work will be made. This chapter will explore differences

in the adsorption of isomers of cyclic monoterpenes on SiO2 surfaces and uncover the detailed
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mechanisms that underlie these differences. We focused our work on γ-terpinene, terpinolene,

and α-pinene, while β-pinene was included in a brief discussion on the role of Csp
2 carbon

atoms.

3.2 Simulation Protocols

In this study, molecular dynamics simulations and ab initio MD simulations were used to

investigate the similarities and differences in the interactions of these constitutional isomers

of limonene on the SiO2 surface.

3.2.1 Classical Molecular Dynamics Simulations

The same MD protocol from Chapter 2 was used for the MD simulations, and the VMD

forcefield toolkit was used construct CHARMM-compatible force field parameters for α-

pinene and β-pinene. [20, 60]

In this work, the surface accommodation coefficient was calculated for each isomer on the

SiO2 surface. This was done by running 100 ps MD trajectories that were initiated with

the isomer center-of-mass velocity vector directed towards the SiO2 surface. This was done

for 100 randomly positioned isomer molecules 2.5 nm above the SiO2 surface. The fraction

of these 100 trajectories where the isomer adsorbed to the surface was used to estimate the

surface accommodation coefficient.

The α-pinene desorption enthalpy was estimated by energy minimization as a function of

the separation of the α-pinene center of mass and the SiO2 surface. This was repeated for

100 different initial structures extracted from the MD simulation.
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3.2.2 ab initio Molecular Dynamics Simulations

The same AIMD protocol from Chapter 2 was used for the AIMD simulations, the only dif-

ference is that the DZVP-MOLOPT-SR-GTH basis set was used for all calculations, instead

of the TZV2P-MOLPT-GTH basis set. [49, 50]

3.2.3 Surface Analysis Techniques

Hydrogen bonding statistics were measured in a similar way as in Chapter 2; however,

different π-hydrogen bonding criteria were determined for each isomer, based on distributions

of Csp
2 atom to surface OH distance and angles during the course of the simulation. Table

3.1 shows the breakdown of π-hydrogen bonding criteria.

Adsorbate
Distance Criteria (Å)

(Csp
2 - O atom)

Angle Criteria (◦)

(Csp
2 - H - O)

limonene 3.4 135 to 165

γ-terpinene 3.3 120 to 161

terpinolene 3.3 133 to 166

α-pinene 3.5 130 to 160

Table 3.1: π-hydrogen bonding criteria for each isomer

3.3 Results

To investigate the adsorption of constitutional isomers of cyclic monoterpenes on SiO2, a

joint experimental and theoretical study was performed. First the results of the experi-

mental IR measurements and displacement studies will be described in Section 3.3.1, and

secondly, classical MD simulations will be reported in Section 2.3.2, and then the results
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of the AIMD simulations will be reported in Section 3.3.3. Together, this work indicates

that when comparing very similar molecules, a detailed accounting of what types of surface

interactions and when these interactions occur is required to fully understand differences in

adsorption.

3.3.1 Experimental Results

The infrared spectra for the adsorption of limonene as well as three constitutional isomers

(γ-terpinene, terpinolene, and α-pinene) on the SiO2 surface as a function of pressure is

shown in Figure 3.1 below. All isomers show an absorption around 3074 cm−1, which can be

assigned to C-H modes. The intensity of the characteristic C=C peak for all other isomers is

lower than that of limonene. All spectra also show a decrease in the 3745 cm−1 peak which

is assigned to the isolated silanol OH groups.
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Figure 3.1: Absorbance spectra of limonene, γ-terpinene, terpinolene, and α-pinene adsorbed
on the SiO2 surface as a function of pressure. (∼ 26, 100, and 280 mTorr) in the 1200-4000
cm−1 spectral region. The clean SiO2 surface is used as the background spectrum and gas-
phase absorptions are subtracted from each of the spectra.
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Our results show a variation in the extent of Si-OH group loss for each isomer. Figure 3.2

shows the normalized loss of peak intensity of the OH groups at 3745 cm−1 as a function

of pressure for each compound on SiO2. All isomers with 2 C=C double bonds show a

comparable fraction of OH group loss, while α-pinene, which only has 1 C=C double bond

and a bridging methyl group in the middle of the ring, shows a much lower loss of surface

OH groups, suggesting α-pinene has the weakest surface interactions in comparison to that

of the other isomers.

Figure 3.2: Normalized peak intensity of surface hydroxyl group (3745 cm−1) loss as a
function of γ-terpinene, terpinolene, and α-pinene, and limonene adsorption on SiO2 surface.
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Additional studies show that the addition of α-pinene cannot displace limonene from the

SiO2 surface, but terpinolene was able to partially displace limonene from the SiO2 surface.

This is shown in Figure 3.3.

Figure 3.3: (a) FT-IR spectra of limonene adsorption on the SiO2 surface and subsequent dis-
placed by α-pinene (using pre-adsorbed limonene SiO2 surface as the background spectrum).
(b) FT-IR spectra of limonene adsorption on the SiO2 surface and subsequent displaced by
terpinolene (using pre-adsorbed limonene SiO2 surface as the background spectrum).

Ultimately, the interactions that govern this unique surface chemistry can be further uncov-

ered using molecular dynamics simulations.

3.3.2 Classical Molecular Dynamics Results

The free energy profiles (also referred to as potentials of mean force, or PMF) for the des-

orption of isomers have been constructed in the same method as Chapter 2 and are shown

in Figure 3.4.
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Figure 3.4: Potential of mean force (PMF) for the desorption of each isomer from the SiO2

surface computed from the classical MD simulations

Figure 3.4 shows the desorption free energy of γ-terpinene, terpinolene, and limonene is about

10 kJ/mol higher than that of α-pinene. The trend in desorption free energy is consistent

with our experimental results that the strength of the interaction of α-pinene on the SiO2

surface is weaker compared to the interaction of limonene on the SiO2 surface. We also find

the α-pinene free energy of desorption is consistent with earlier calculations from kinetic

adsorption models including Langmuir, Langmuir-Freundlich, and other models. [59] We

have also calculated the desorption enthalpy, shown in Figure 3.5 of α-pinene from the SiO2

surface of 37 ±6 kJ/mol and this is in agreement with calculations reported by Chase et al.

[59]
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Figure 3.5: Desorption enthalpy profile computed from the MD simulation of α-pinene. The
error bars are based on the standard deviation of the energy computed for the initial 100
structures.

The most obvious difference between α-pinene, the molecule with the lowest free energy

of desorption, and the other studied molecules is the difference in number of C=C bonds.

However, we have calculated the surface mass accommodation coefficients for these isomers,

as well as the surface mass accommodation coefficient for β-pinene, another limonene isomer

with only one C=C bond, as shown in Table 3.2. Figure 3.6 shows the structure of these

molecules.
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Figure 3.6: The mass accommodation coefficient was calculated for the following five
limonene isomers. Relevant C=C bonds listed for further discussion in Section 3.3.2.

limonene 0.96

γ-terpinene 0.97

terpinolene 0.97

α-pinene 0.73

β-pinene 1.0

Table 3.2: Surface mass accommodation coefficients from classical molecular dynamics sim-
ulations

Our surface mass accommodation coefficients show that β-pinene does not have a lower value,

implying that the number of C=C bonds is not a sufficient metric to fully determine the

strength of the interaction between a limonene isomer and SiO2. Therefore, to fully under-

stand the role of each Csp
2 carbon atom on the SiO2 surface, we can use AIMD simulations

to gain a more comprehensive understanding.
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3.3.3 ab initio Molecular Dynamics Results

40 ps AIMD simulations were used to construct a power spectrum of γ-terpinene, terpino-

lene, and α-pinene, and limonene adsorbed on the SiO2 surface, as well as to calculate the

probabilities of π-hydrogen bond formation. Figure 3.7 show molecular snapshots of AIMD

simulations of the constitutional isomers of limonene on the SiO2 surface.

Figure 3.7: Left to right, snapshots from AIMD simulations of γ-terpinene, terpinolene,
limonene and α-pinene isomers on the SiO2 surface. The Csp

2 carbon atoms responsible for
π-hydrogen bonding are highlighted in green and the snapshots depict the close proximity
between Csp

2 carbons for γ-terpinene and terpinolene compared to limonene.

Figure 3.8 shows the power spectra of the limonene isomers adsorbed to the SiO2 surface.

Note that, in general, the frequencies of the power spectra but not the intensities are compa-

rable to the experimental data; however, the AIMD simulations do qualitatively reproduce

the FT-IR spectra.
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Figure 3.8: (a) Experimental spectra and (b) power spectra calculated from AIMD simu-
lations of limonene, γ-terpinene, terpinolene, α-pinene adsorbed on the SiO2 surface. The
concentration of limonene, γ-terpinene, and terpinolene is ∼ 26 mTorr and α-pinene concen-
tration is 280 mTorr.

During the 40 ps simulation, the cyclic part of limonene, γ-terpinene, and terpinolene was

observed to stay parallel to the SiO2 surface, with only small, insignificant variations in angles

and distances between the surfaces. The conformation of α-pinene on fused silica has been

extensively studied by Ho et al. [58] In their work, they showed that the bimodal distribution

of the bridge methylene group on the four membered ring points either “towards” or “away

from” the SiO2 surface. Our trajectory showed the bridge methylene group was oriented

away from the surface and the six-membered carbon ring was observed to stay at an 45◦

angle from the SiO2 surface. This arises from the two methyl groups on the opposite side

of the ring pointing down and forming a 90◦ angle with the SiO2 surface, thus pushing the

C=C bond away from the surface.

To assess the interaction of the isomer with the surface, the radial distribution function

(RDF) has been calculated. The RDF is calculated between the SiO2 hydroxyl hydrogen

atoms and the Csp
2 carbon atoms of each isomer. The position of the peaks in the RDF

correspond to the preferred distances of hydrogen atoms of the hydroxyl groups near the

selected carbon atoms. This is shown in Figure 3.6.
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Figure 3.9: Radial distribution functions calculated among the hydroxyl hydrogen atoms
and Csp

2 carbon atoms of limonene isomers.

The RDF shows that only α-pinene lacks a peak around 2.5 Å, while the Csp
2 carbon atoms

for limonene, γ-terpinene, and terpinolene localize closer to the surface hydroxyl groups.

This difference can be explained by the position of the bridge methylene group pointing

away from the surface.

In addition, although the isomers with 2 C=C double bonds (limonene, γ-terpinene, and

terpinolene) localize closer to the surface hydroxyl group, this does not result in all isomers

having the same probability of π-hydrogen bonds.

For each isomer, we identified a π-hydrogen bond using a combined distance and angle

criterion described in Section 3.2.3. The π-hydrogen bonding statistics are described in

Table 3.3 and the relevant C=C bonds are highlighted in Figure 3.6.
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Bond position
Average Number of

π-hydrogen bonds
limonene γ-terpinene terpinolene α-pinene

1

0 47.2 74.7 80.4 88.8

1 24.7 13.9 12.9 7.2

2 28.1 11.7 6.6 4

2

0 51.9 50.2 23.2

1 23.0 22.7 17.1

2 25.1 27.1 59.6

Table 3.3: Hydrogen bonding statistics for isomers

As discussed previously, α-pinene has a low probability to form π-hydrogen bonds due to

steric hinderance. More interestingly, both γ-terpinene and terpinolene show that one C=C

bond has a much higher probability to form π-hydrogen bonds over the other, whereas

limonene shows similar probabilities for both C=C bonds. These individual probabilities

can be used to calculate the degree of correlation, g, which is defined as the degree at which

forming a π-hydrogen bond for bond (1) influences bond (2). If g < 1, then we find the

formation of a π-hydrogen bond for bond (1) is correlated with forming a similiar bond for

C=C bond (2). The g values of limonene, terpinolene, and γ-terpinene were calculated as

1.10, 0.91, and 0.98. Both γ-terpinene and terpinolene have a minor negative correlation (g

< 1) in the formation of hydrogen bonds involving their two double bonds. In the case of

terpinolene, this negative correlation may arise from the steric hinderance of the ring and two

methyl groups surrounding the exocyclic double bond, which rigidly locks the π-hydrogen

bond parallel to the SiO2 surface. While this allows for an 80% probability of forming a

π-hydrogen bond, it also forces the endocyclic bond to be in a geometry that is unfavorable

for interactions with surface hydoxyl groups.

We can attribute the negative degree of correlation between γ-terpinene due to the small
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distance between γ-terpinene C=C bonds, where only one bond at a time is able to interact

with the hydroxylated surface. Therefore, we suggest the proximity of the C=C bonds in

both γ-terpinene and terpinolene limits their ability to have a positive degree of correlation

(g < 1).

Limonene does have a positive degree of correlation, which is due to the larger separation

between C=C bonds, allowing it to form more interactions with the SiO2 surface, resulting

in more π-hydrogen bond interactions and a larger extend of red shift, as described by

the AIMD simulations. The hydrogen bonding statistics of α-pinene further support the

conclusion that more C=C bonds result in a larger red shift, as long as those C=C bonds

are in a conducive geometry for π-hydrogen bonding.

Even with the low probability of π-hydrogen bonding, there is still a red shift, comparable

to γ-terpinene and terpinolene; however, this is much lower compared to the red shift due to

limonene. This can lead to two conclusions from these AIMD simulations: first, that even

an 11% probability of π-hydrogen bonding can result in a noticeable red shift; and second,

that the ability to form more π-hydrogen bonds results in a larger red shift.

3.4 Conclusions

This study investigated the interactions of three limonene isomers, γ-terpinene, terpinolene,

and α-pinene on a hydroxylated SiO2 surface using infared spectroscopy and both force field-

based and ab initio MD simulations. We found that the adsorption of limonene isomers on

the SiO2 surface proceeds via an analogous mechanism as discussed in our previous work.

Moreover, we find there is a range of interaction strengths of these compounds with the

SiO2 surface that is a consequence of the orientation of the compound on the surface, where

isomers that are positioned in geometries that are most likely to form as many π-hydrogen
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bonds as possible show a stronger interaction. This implies that for these similar molecules,

binding energies of these isomers cannot be explained by the extent of red shift in the SiO2

O-H frequencies alone. This serves to improve our conceptual framework of the interactions

of organic compounds with indoor relevant surfaces.
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Chapter 4

Heterogeneous Interactions of

Prevalent Indoor Oxygenated Organic

Compounds on Hydroxylated SiO2

4.1 Background

We now turn our study to oxygenated organic compounds (OOC) that are present in the

indoor environment and on indoor surfaces. These compounds may be directly emitted

by consumer products or are the produce of the oxidation of a non-oxygenated organic

compound. [55, 61] Three prevalent OOCs that will be discussed in this chapter and are

produced during cleaning activities are dihydromyrcenol, α-terpineol, and linalool, which are

shown in Figure 4.1.
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linalool dihydromyrcenol α-terpineol

Figure 4.1: Three molecules of interest for this study.

Linalool is found in liquid floor detergents, room fragrance products, air fresheners, cleaning

agents and pine oils. [40, 61, 62, 63, 64] α-terpineol is also found in liquid floor detergents,

room fragrance products, air fresheners and bergamot oils, which is an essential oil. [40, 61,

62, 63]. Dihydromyrcenol is found in liquid floor detergents, room fragrance products, and

lavender. [40, 61, 62].

Here, we study the adsorption of these molecules on a hydroxylated SiO2 surface using

a combination of classical MD simulations and ab initio MD simulations, as well as FT-

IR spectroscopy. In addition, we prepared a comparison between the adsorption of these

molecules and limonene on the hydroxylated SiO2 surface.

4.2 Simulation Protocols

The same simulation protocols for classical MD simulations and ab initio simulations as

described in Chapter 3 have been used in this study. [65] Additionally, to calculate the free

energy profile for the reorientation of linalool on the SiO2 surface, a 0.3 µs unbiased classical
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MD simulation was performed.

Electronic structure calculations have been used to study the interactions of OOCs on the

hydroxylated SiO2 surface. The binding energy of OOCs to the SiO2 surface was calculated

using the Gaussian 16 package. [66] Optimized structures of dihydromyrcenol, α-terpineol,

and linalool as well as the hydroxylated SiO2 cluster in the isolated and complex forms

were obtained with the M06-2X/6-311G(d) [67] level of theory. The counterpoise-corrected

binding energies were calculated with the M06-2X/6-311G(d,p) level of theory. [68]

4.2.1 Surface Analysis Techniques

Hydrogen bonding statistics were calculated between adsorbate Csp
2 carbon centers and

surface OH groups as well as between adsorbate OH groups and surface OH groups. A

hydrogen bond was defined using a combined distance (hydrogen bond accept or and donor

distance < 3.2 Å) and angle criterion (angle between acceptor, donor H, and donor O was

within 140 to 180◦).

4.3 Results

To investigate the adsorption of oxygenated organic compounds on SiO2, a joint experimental

and theoretical study was performed. First the results of the experimental IR measurements

and kinetic measurements will be described in Section 4.3.1, and secondly, classical MD

simulations will be reported in Section 4.3.2, and the results of the AIMD simulations will

be reported in Section 4.3.3. Finally, a discussion of electronic structure calculation results

will be reported in Section 4.3.4. These results indicate the ability of these molecules to

adsorb tightly on to the SiO2 surface, much greater compared to molecules discussed in

Chapter 3.
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4.3.1 Experimental Results

The FT-IR spectra of the three OOCs is shown in Figure 4.2, with comparison to the

spectrum of adsorbed limonene. The spectra show a decrease of the isolated Si-OH peak

indicating hydrogen bonding interactions with surface hydroxyl groups are present.
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Figure 4.2: FT-IR spectra of SiO2 particles exposed to dihydromyrcenol (7mTorr), α-
terpineol (6 mTorr), linalool (7 mTorr), and limonene (276 mTorr). The clean SiO2 surface
is used as the background spectrum.
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The kinetics of OOCs adsorption on the clean SiO2 particles was characterized by an apparent

heterogeneous uptake coefficient (γ). The value of γ was determined for the three OOCs at

an initial pressure of 15 mTorr using equations 4.1 and 4.2.

γ =

d{Csurf}
dt

flux
(4.1)

flux =
PN√

2πMRT
(4.2)

d{Csurf}
dt

is the amount of OOC taken up by the particle BET surface area per second, P is

the pressure of OOCs, N is Avaogadro’s number, M is the molecular weight of the OOCs, R is

the gas constant, and T is the temperature. The maximum surface coverage was determined

by using volumetric measurements by the pressure difference for OOCs with and without

SiO2 particles on the tungsten grid. See [53] for more details. This value can be used to

calibrate infared adsorptions for adsorbed OOCs, which were used to determine the number

of molecules adsorbed on the surface. Additional details for this calculation can be found in

the following sources. [52, 69]

The γ values for dihydromyrcenol, α-terpineol, and linalool are 7.0 +/- 1.5 x 10−8, 1.7 +/-

0.4 x 10−7, and 3.5 +/- 1.1 x 10−8. These values are also listed in Table 4.1. While the γ

values are comparable across OOCs, these values are an order higher than limonene, which is

5.1 x 10−9 under the same experimental conditions. The higher values for the OOCs suggest

that these molecules have a stronger propensity for adsorption on the SiO2 surface when

compared to limonene, which is in agreement with our computational results.

In addition to surface adsorption, the OOCs can be oxidized by indoor oxidants, such as OH

radicals and O3 in the gas phase. [70, 71, 72] The rate constants of these compounds under-
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going reactions with OH radicals and O3 as determined by previous studies are summarized

in Table 4.2. [70, 73, 74] The pathway for OOCs that are taken up by SiO2 can be described

by a lifetime τs, according to equation 4.3.

τs =
4

γωAv

(4.3)

Here, Av is the surface to volume ratio, ω is the mean molecular velocity, and τs is the lifetime

of each OOC with respect to heterogenous interactions with the surface. In this case, they

are estaimted as 19.7, 8.1 and 40.4 hours for dihydromyrcenol, α-terpineol, and linalool.

Assuming that the concentration of indoor OH radicals and O3 is 1.7 x 105 molecules and 20

ppbv respectively, [75] the lifetimes of these compounds with respect to gaseous oxidiations

were also calculated and are listed in Table 4.1.

Dihydromyrcenol α-terpineol Linalool

γ (7.0 ± 1.5) ×10−7 (1.7 ± 0.4) ×10−7 (3.4 ± 1.1) ×10−7

kOH(cm3molecule−1s−1) (3.8 ± 0.9) ×10−11 [70] (1.9 ± 0.5) ×10−10 [73] (1.6 ± 0.4) ×10−10 [74]

kO3(cm
3molecule−1s−1) (2.0 × 10−18) [70] (3.0 ± 0.2) ×10−16 [73] (4.3 ± 1.6) ×10−16 [74]

τs (h) 19.7 8.1 40.4

τOH (h) 43.0 8.6 10.2

τO3 (h) 267.1 1.8 1.3

Table 4.1: Experimental values for the desorption of OOCs from the SiO2 surface.

These results suggest that the removal of dihydromyrcenol and α-terpineol in indoor air by

the heterogenous interactions on surfaces is comparable to that by gaseous reactions with

OH radicals or O3. Futhermore, Table 4.1 shows that the contributions of different pathways

for the removal of OOCs are not related to the concentration of OOCs. Therefore, we can

potentially extrapolate the results calculated at relatively high OOC concentration to that

of the realistic concentration of OOCs in indoor air.
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In addition to chemical transformations, it should be noted that the concentrations of OOCs

in the indoor air are significantly affected by the air exchange rate. The average air exchange

rate has been reported to be 0.71 h−1 (on the basis of 593 air exchange rate data measured

in America). [76] Table 4.1 shows the removal of OOCs can be up to the rate equivalent

of 0.12 h−1 air exchange. We believe, given the uptake coefficients calculated in this study

using BET surface area represent the lower limit, which underestimate the rate equivalent

to air exchange, this pathway may be able to compete with moderate and low air exchange.

Therefore, the removal of these OOCs by heterogeneous interactions with indoor surfaces is

a significant pathway with a fate of indoor air.

Additionally, the desorption kinetics have been measured on the SiO2 surface as a function

of time by the recovery of isolated Si-OH groups, as shown in Figure 4.3, as a first order

decay.
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Figure 4.3: The first order decay for the initial desorption of OOCs as well as limonene from
the SiO2 surface. At is the integrated absorbance of peak isolated Si-OH groups (3745 cm−1)
at specific time t. A0 is the initial integrated absorbance peak of isolated Si-OH groups.

Limonene desorption is readily completed within one hour, but the desorptions of OOCs

can be continuous for ∼14 h and even longer pumping times. Thus, compared to limonene,

these three OOCs on SiO2 show a much slower desorption profile, in agreement with our MD

simulations. The desorption rates have been estimated below in Table 4.2. The desorption

rate of limonene is comparable to the literature result studying the desoprotion of limonene

on SiO2 dominated mineral dust. [77]
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Dihydromyrcenol α-terpineol Linalool Limonene

Desorption lifetime (s−1) 3.3 ×10−5 2.5 ×10−5 5.4 ×10−5 6.1 ×10−2

Table 4.2: Desorption lifetime estimations.

Table 4.2 shows the desorption rate constants of the OOCs are over two orders of magnitude

lower than the desorption rate constant of limonene. This is supported by the classical MD

and AIMD simulation results below.

4.3.2 Classical Molecular Dynamics Results

In order to investigate the slow desorption and to analyze the heterogeneous interactions of

OOCs on a hydroxylated SiO2 surface, both classical MD and AIMD simulations were used.

Over the course of both simulation trajectories, we determined that while dihydromyrcenol

and α-terpineol were shown to have one singular predominant orientation on the surface,

linalool has two orientations, due to a surface dihedral rotation, ϕ, as shown in Figure 4.3.

To investigate these two conformation of linalool on the surface, the free energy profile for

the dihedral rotation of linalool on the SiO2 surface was calculated from the probability

distribution of the dihedral ϕ, shown in Figure 4.4.

Figure 4.4: The dihedral angle (1-2-3-4) that can cause a change in linalool orientation
during the simulations. The π bonds are labeled in red and discussed in Table 4.3.

The equation to determine the probability distribution of ϕ is:

56



Fϕ = −kBT ln(p(ϕ)) (4.4)

Here, p(ϕ) is the probability distribution of ϕ acquired from the 0.30 µs classical MD simu-

lation, kB is Boltzmann’s constant, and T is the temperature (300 K).
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Figure 4.5: Free energy profile as a function of the orientation of linalool on the hydroxylated
SiO2 surface computed from 0.30 µs force classical MD simulation.

The zero of the free energy profile was taken to be the most probable dihedral angle, ϕ ∼-20◦.

There is an additional low energy orientation at ϕ ∼110◦. The populations of ϕ ∼-20◦ and

ϕ ∼110◦ are 78% and 22% respectively. According to this free energy profile, the free energy

barrier between the stable conformers is 2.0 kJ mol−1. The stabilizing factor in the lower

energy conformation arises from the ability for the linalool to form more π-hydrogen bonds

with the SiO2 surface hydroxyl groups.
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We find there is a difference in the average number of π-hydrogen bond formation depending

on the conformation of ϕ, this is shown in Table 4.3.

Dihedral Angle (◦) π-hydrogen bond probability of forming π-hydrogen bond

∼ 120 1 0.00007

2 34.2

∼ -20 1 0

3 52.0

Table 4.3: Hydrogen bonding statistics for linalool in each surface conformation.

In addition to this study of the two linalool conformations, we also calculated the potential

of mean force (PMF) for the desorption of the OOCs from the SiO2 surface, as shown in

Figure 4.6.
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Figure 4.6: Potential of mean force (PMF) for OOCs desorption from the SiO2 surface
computed from the classical MD simulation.

The free energy desorption is found to be much higher than limonene and all of the studied

limonene isomers as described in Chapter 3. This is consistent with the slower desorption

lifetimes measured by the experimental measurements. To fully understand what interactions

are govern these long desorption lifetimes, we can use our AIMD simulations to investigate

the heterogeneous interactions at the surface.

4.3.3 ab initio Molecular Dynamics Results

To detail the mechanism for the interaction of dihydromyrcenol, α-terpineol, and linalool

with the SiO2 surface, a 40 ps AIMD simulations of each OOC on a fully hydroxylated SiO2
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surface was performed. Molecular snapshots of each adsorbate in it’s predominant surface

orientation is shown in Figure 4.6.

(a) (b)

(c) (d)

Figure 4.7: Snapshots from the AIMD simulations of (a) dihydromyrcenol, (b) α-terpineol
and (c,d) linalool adsorbed on the SiO2 surface in their most predominant positions. There
exists two orientations for linalool, as discussed in the classical MD section. The oxygen,
carbon, hydrogen, and silicon atoms are colored red, cyan, white, and yellow, respectively.

During the course of the AIMD trajectory, the OH group of the adsorbate stays within 2.0

to 3.0 Å of the SiO2 surface, suggesting, that there may exist and interaction between the

OH group and surface hydroxyl groups. To quantify this interaction, the radial distribution

function (RDF) as calculated as a function of the distance between the oxygen atoms of the

adsorbates and the SiO2 hydroxyl hydrogen atoms. The RDF is shown in Figure 4.8.
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Figure 4.8: Radial distribution functions (RDFs) calculated for distances r between the
SiO2 hydroxyl hydrogen atoms and the oxygen atoms of dihydromyrcenol, α-terpineol, and
linalool. The high RDF peak at ∼ 1.6 Å is observed for all three OOCs suggests the formation
of O-H hydrogen bonding with the surface hydroxyl groups.

Furthermore, the probability of hydrogen bond formation for the OH groups on each OOC

to the surface hydroxyl groups was calculated using a combined distance and angle criterion

(discussed in section 4.2.1). The average number of hydrogen bonds from the OH group on

dihydromyrcenol, α-terpineol, and linalool was calculated as 1.5, 1.8, and 1.0 respectively.

This indicates that these substrates can tightly adhere to the surface. Therefore, the adso-

prtion of these compounds on SiO2 is also driven by O-H hydrogen bonding in addition to

the π-hydrogen bonding as observed previously with limonene. [53]

In addition, we have calculated the power spectra of dihydromyrcenol, α-terpineol, and

linalool adsorbed on SiO2 surface, as shown in Figure 4.8.
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Figure 4.9: (a) Experimental spectra and (b) power spectra calculated from AIMD simu-
lations of dihydromyrcenol, α-terpineol, and linalool adsorbed on SiO2 surface. The insert
shows that the peak for the surface hydroxyl groups in systems in the presence of linalool
and dihydromyrcenol, as shown by the black arrows, are blue shifted compared to the corre-
sponding peak for the SiO2 surface with no adsorbate present, as shown by the black dashed
line.

The calculated power spectra show that the adsorption of these compounds results in a shift

of the stretching frequency of the hydroxyl groups of SiO2. We noticed that the adsorption

of dihydromyrcenol and linalool results in a blue shift, as shown in the insert of Figure 4.9b.

A previous study revealed that the blue shift of hydrogen bonds implies shortening between

X (the more electronegative atom) and H. [78] We have analyzed the bond lengths of all

the surface OH groups participating in π-hydrogen and O-H hydrogen bonds in order to

understand the nature of this blue shift, as shown in Table 4.4.
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Compounds Form of Hydrogen Bond
Average number of

hydrogen bonds

Average O....H

bond length

dihydromyrcenol OH -hydrogen 1.5 1.011

π-hydrogen 0.16 0.987

linalool OH-hydrogen 1.0 1.008

π-hydrogen 0.30 0.996

α-terpineol OH-hydrogen 1.8 1.004

π-hydrogen < 0.01 -

Table 4.4: Average number and bond length of different hydrogen bonds for dihydromyrcenol,
linalool, and α-terpineol.

This analysis reveals that the surface hydroxyl groups engaging in π-hydrogen bonds have

shorter hydroxyl (O...H) bond lengths compared to those engaging in O-H group hydrogen

bonding. Therefore, the blue shift is interpreted to be a consequence of the π-hydrogen

bonding interaction of dihydromyrcenol and linlaool with the SiO2 surface. This is supported

by the fact that in our AIMD simulations of α-terpineol, that do not produce a blue shift in

the calculated power spectra, has an extremely low probability of forming π-hydrogen bonds.

4.3.4 Electronic Structure Calculations Results

The binding energy of limonene and dihydromyrcenol adsorbed to the SiO2 surface were

calculated using electronic structure calculations. The binding energy of for limonene and

the SiO2 surface was -41.57 kJ/mol and for dihydromyrcenol was -35.26 kJ/mol. However,

this interaction energy does not fully account for the associated increase in entropy resulting

from the desorption of the adsorbate from the Si-OH surface. In addition, in our studies

of carvone (detailed in Chapter 5), it was determined that electronic structure calculations

that measure a single geometric minimum of a molecule on a surface may not be the best
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description of a molecule adsorbed on a surface undergoing various surface interactions.

4.4 Conclusions

From our experimental results, it was determined the desorption rate of oxygenated organic

compounds on a hydroxylated SiO2 surface is two orders of magnitude lower than the des-

orption rate constant of limonene. From our computational results, we can explain this

difference in desorption rate constants as due to the high average number of hydrogen bonds

between the OOCs and the hydroxylated surface compared to the weaker π-hydrogen bonds.

As substantially high concentrations of OOCs can be observed during cleaning and room

deodorizing we propose that before OOCs concentrations can achieve steady-state in indoor

air, OOCs can be taked up by indoor surfaces, allowing these surfaces to serve as reserviors of

OOCs that continuously affect air quality on longer time scales due to their slower desorption

processes.
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Chapter 5

Heterogeneous Interactions between

Carvone and SiO2

5.1 Background

Carvone is an oxidation product of limonene and can be emitted from wood resins surfaces.

[63, 79, 80] Carvone can also produce contact allergens from indoor surfaces. [81, 82] While

there are many interesting motivations to study carvone from the indoor air perspective,

from a computational chemistry standpoint, our study of carvone was intriguing molecule

because in our classical MD simulations, I saw what initially felt like an under representation

of hydrogen bonds between the carvonce oxygen atom and surface OH groups, following the

logic of the high number of average hydrogen bonds between adsorbates and the surface

as discussed in Chapter 4, but I soon realized that this under representation was due to a

novel surface interaction between carvone and the SiO2 surface. As will be discussed in this

chapter as well as Chapter 7, carvone and other carbonyl containing molecules can form

a weak interaction (described by me as an association) between the carbonyl oxygen and
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silicon atoms, and this result is supported by our experimental measurements.

In this chapter I will detail our 3-part integrated approach to study how carvone interacts

with a SiO2 surface by using experimental measurements, kinetic modeling, computational

chemistry.

5.2 Simulation Protocols

The same protocol for the classical MD simulations as in Chapter 3 were done for this work,

but the simulation temperature was maintained at 300 K. The CHARMM compatible force

field parameters for S-carvone were constructed using the Force Field Toolkit [20]. The

desorption enthalpy was calculated the same way as in Chapter 3, but instead of 100 ini-

tial structures, 156 initial structures were created, and the initial structure was classified

as either a hydrogen bond or an oxygen silicon association. To classify this, the minimum

distance between the carvone oxygen atom and the surface was measured. The surface ac-

commodation coefficient was calculated in the same way as in Chapter 3. Umbrella sampling

was used to calculate the free energy profile for desorption of carvone from the SiO2 surface

in the same manner as described in earlier chapters.

For the ab initio simulations, the same protocol as Chapter 2, (TZV2P-MOLOPT-GTH

basis set) was used for all simulations. [49, 50] Two simulations were performed, a 40 ps

AIMD simulation on a fully hydroxylated SiO2 cluster and a 16 ps AIMD simulation of a

carvone molecule on a partially dehydroxylated neutral SiO2 cluster with two 3-coordinated

Si atoms. Each 3-coordinated Si atom was given an unpaired electron spin, as described by

Anderson et al. [83]

To corroborate the oxygen silicon association, electron structure calculations were performed

with the Gaussian 16 package. [66] First stationary points were determined for the molecule
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engaging in both potential interaction mechanisms, the hydrogen bond and the oxygen silicon

association using the M06-2X/6-311G(d) level of theory. [67] Frequency calculations were

performed to ensure a true stationary point. To ensure a stationary point of carvone in an

oxygen silicon association, a partially dehydroxylated surface contained two 3-coordinated

Si atoms, each with an unpaired electron spin. The molecular electrostatic potential was

evaluated using electronic densities computed at the M06-2X/6-311G(d) level of theory using

the ChelpG method. [84] Graphical representations were generated by mapping the ESP

onto a molecular surface corresponding to an isodensity contour of 0.07 e/a.u3 using UCSF

Chimera. [85]

5.2.1 Surface Analysis Techniques

All surface interaction probabilities were calculated from the last 10 ns of the unbiased clas-

sical MD simulation, and measurements were made every 1 ps. Hydrogen bonding statistics

were calculated between carvone Csp
2 carbon centers and surface OH groups as well as be-

tween the carvone oxygen atom and surface OH groups. A hydrogen bond was defined using

a combined distance (hydrogen bond acceptor and donor distance < 3.0 Å for carvone oxy-

gen to surface and < 3.5 Å for Csp
2 carbon to surface) and angle criterion (angle between

acceptor, donor H, and donor O was within 120 to 180◦). To determine the presence of a

carvone oxygen silicon association, all distances between the carvone oxygen atom and sur-

face were measured every 1 ps. The minimum distance between the carvone oxygen and the

surroundings was determined per frame and the fraction of these distances that were to a

3-coordinated Si atom was used to determine the probability of oxygen silicon associations.

This same method was also used for AIMD simulations, measuring every configuration from

the simulation for 16 ps.
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5.3 Results

To investigate the adsorption of carvone on a hydroxylated SiO2 surface, a joint experimental,

kinetic modeling, and theoretical study was performed. First, the results of the experimental

IR measurements and kinetic measurements will be described in Section 5.3.1, and next, the

results of the kinetic modeling calculations will be described in Section 5.3.2. Due to the

complexity of the results from the classical MD, AIMD, and electronic structure calculation

results, they will all be presented together in Section 5.3.3.

5.3.1 Experimental Results

The FT-IR spectrum of gas phase carvone is shown in Figure 5.1a at 52 mTorr and 296

K, and the FT-IR absorbance spectrum of carvone on the hydroxylated SiO2 at 4 mTorr

equilibrium under dry conditions (<1 % RH), using the clean hydroxylated SiO2 surface as

the background and with gas-phase contributions subtracted from the spectrum is shown in

Figure 5.2b.
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Figure 5.1: (a) FT-IR spectra of 52 mTorr of gas-phase carvone (black line) at 296 K. (scale
bar = 0.002 absorbance units). (b) FT-IR absorbance spectra of carvone on SiO2 surface at
an equilibrium pressure of 4 mTorr under dry conditions. (scale bar = 0.1 absorbance units).

Figure 5.1b shows a negative peak at 3745 cm−1 and it is attributed to the loss of isolated Si-

OH groups due to hydrogen bonding interactions. This results in a red shifted peak at 3374

cm−1. A large band at 1660 cm−1 is observed for the coupling of C=O (ketone) and C=C
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(alkene) stretching vibrations. Figure 5.2 shows the role of varying equilibirum pressure on

the adsorption of carvone on the SiO2 surface. A shoulder near 1683 cm−1 starts to form at

19 mTorr in the spectra. This shift towards higher wavenumbers will be discussed in detail in

Section 5.3. Finally, figure 5.3 shows all the free isolated Si-OH surface sites can be bonded

by the carvone at a low equilibrium pressure (4 mTorr).

Figure 5.2: Absorbance spectra of carvone on SiO2 as a function of pressure in the spectral
range of 1200 to 1800 cm−1. (scale bar = 0.1 absorbance units)
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Figure 5.3: Absorbance spectra of carvone on SiO2 as a function of pressure in the spectral
range of 2600 to 4000 cm−1. The peaks at 3745 cm−1 are flat starting at 4 mTorr, meaning
there is no peak corresponding to the stretch of free isolated OH functional groups

In addition, the adsorption/desorption kinetics of carvone onto the hydroxylated SiO2 surface

at 2 mTorr and 4mTorr was measured. Previous literature suggests that carvone molecules

may become blocked within small pores in porous silica leading to slow removal. [86] The

pore volume of SiO2 used in this study is 0.0061 cm3

g
and the pore diameter is 17.1 Å. The

kinetic modeling results can account for the presence of pores and is discussed in Section

5.3.

In addition, we can compare the relative desorption kinetics between limonene and carvone

though a simplified first order analysis:

ln
[V OC]t

[V OC]equ
= −kt (5.1)
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As shown in Figure 5.4:

Figure 5.4: First order desorption kinetics for carvone (black solid circles) and limonene
(yellow solid squares) at 4 mTorr from the SiO2 surface under dry conditions. The desorption
rates constants determine this way are 2.4×10−4±4.8×10−7s−1 for carvone and 7.2×10−3±
1.4 × 10−4s−1 for limonene. This reveals that the desorption kinetics of carvone is 30 times
slower than that of limonene.

The psuedo first order analysis of the desorption of both carvone and limonene reveals that

the desorption kinetics of carvone is 30 times slower than that of limonene.

5.3.2 Kinetic Modeling Results

The K2-SURF model was used to model the temporal evolution of carvone on the SiO2

surface at 2 mTorr and 4 mTorr, as shown in Figure 5.5. This modeling was done by our

collaborators in the Shiraiwa lab. As shown in Figure 5.5, the SiO2 surface model without

pores does not accurately reproduce the experimental results.
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Figure 5.5: Temporal evolution of carvone adsorption on hydroxylated SiO2 surface at an
equilirbium pressure of 2 mTorr (black solid circle) and 4 mTorr (red solid circle) under dry
conditions. Triplicate experiments were measured and the shadow represents one standard
error. The SiO2 surface was exposed to carvone at time t = 0 min. The adsorption process
reached equilibrium at t = 3 mins for 2 mTorr and t = 10 mins for 4 mTorr. At time t =
25 mins, the desorption process was initiated by the evacuation of gas-phase carvone. The
solid lines show the kinetic modeling results including the pore mechanism and the kinetic
modeling results without the pore mechanism are shown in dashed lines.

To accurately reproduce the measurements, a mechanism with two different desorption sites

is required with desorption occurring at a much slower rate from one site. This model is

shown in the schematic in Figure 5.6 and these two sites represent non-pores and pores.

Figure 5.6: Schematic of the K2-SURF model for reversible adsorption of carvone on SiO2

with two different adsorption sites cooresponding to pore and non-pore sites.
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Carvone adsorbs and desobs rapidly from non-pore sites leading to the observed surface

concentration pressure dependence at equilibrium, and slow desorption occurs when carvone

becomes trapped within the pores. This is a departure from our study of limonene, but

consistent with our study of 6-MHO, detailed in Chapter 7.

5.3.3 Computational Results

As stated previously, the silanol surface density of the SiO2 surface used in our force field-

based MD simulations was 4.7 OH nm−2, which is the OH density of a glass surface. [22]

Therefore, this resulted in surface 3-coordinated Si atoms. Our computational results show

an unexpected interaction between the carvone molecule and SiO2 surface, in the form of

an association between the carvone oxygen atom and the 3-coordinated Si atoms. Note that

while this association is not the predominant interaction between carvone and the surface,

this oxygen silicon interaction, to our knowledge this has not been reported between indoor

relevant organic molecules and SiO2 surfaces. The MD simulations show the carvone molecule

exists in two unique configurations, that can be described by the angle, θ, formed by carbon

atoms 2C, 6C and the SiO2 surface, as shown in Figure 5.7a and Figure 5.7b, respectively.

The distribution of the cos(θ) from the last 10 ns of unbiased simulation is shown in Figure

5.7c.

While there is not a cos(θ) value directly corresponding to one interaction type, our simu-

lation shows that at higher values of cos(θ), carvone often forms a hydrogen bond with the

surface, as seen in Figure 5.7b. This is due to the fact that when cos(θ) is roughly equal to

1, the carvone ring is parallel to the surface, which is better suited for the carvone oxygen to

form an approximate 180-degree angle with the OH group H atom and O atom on the SiO2

surface. In addition, there is a second feature of the distribution of a softer degree of freedom

where the carvone ring is upright with respect to the surface with a broad distribution of
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Figure 5.7: (a) Carvone molecular orientation most likely leading to oxygen silicon associ-
ation. (b) Carvone molecular orientation most likely leading to hydrogen bond. (c) Distri-
bution of cos(θ), where θ is the angle between carbon atoms 2C, 6C, and the SiO2 surface
described in Figures 5.7a and 5.7b. A cos(θ) of 1 indicates the ring is parallel to the surface
and a cos(θ) between 0.25 and 0.80 indicates the carvone right is upright on the surface.
Molecular snapshots come from classical MD simulations. Oxygen atoms are in red, Si atoms
are in blue, hydrogen atoms are white, carbon atoms are teal, and the carbon atoms used to
calculate θ are shown in pink.

cos(θ) that has a maximum at cos(θ) ∼ 0.6. The details of these two interactions observed

in the force field-based MD simulations are described in Table 5.1.

Type of

Interaction
Atom partial charge (e)

Fraction of

trajectory

Average interaction

length (Å)

∆ H

(kJ/mol)

Hydrogen Bond H atom: + 0.417 23% 2.74 ± 0.14 61.4 ± 1.1

Oxygen-silicon

association
Si atom: +1.100 76% 2.89 ± 0.16 66.0 ± 1.9

Table 5.1: Details on the two types of carvone-silica interactions observed in force field-based
MD simulations.

As a note, the hydrogen bond interaction length is the carvone O atom to surface O atom

distance, and the oxygen silicon association interaction length is the carvone O atom to Si

atom distance. One reason we detect such a high fraction of the trajectory corresponding to

the oxygen silicon association is due to the more positive partial charge of the Si atom. In
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addition, the carvone ring creates steric hindrance when forming hydrogen bonds with the

SiO2 surface. We suggest the slightly higher ∆H value for carvone when in an oxygen silicon

association may be due to the stronger electrostatic interactions between surface and carvone

molecule, as shown by the more positive partial charge of the Si atom. The calculated ∆H

values are shown in Figure 5.8.
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Figure 5.8: Enthalpy as a function of the distance of the carvone molecule from the SiO2

surface from 154 initial configurations with 108 configurations showing a hydrogen bond
interaction and 48 showing an oxygen-silicon association. Enthalpy for each interaction type
are also shown in blue and purple based on starting configurations with hydrogen bonding
and oxygen-silicon associations, respectively.

For the kinetics model discussed in Section 5.4, the average of all 154 ∆H calculations

was used. In addition to the hydrogen bonding and oxygen silicon associations discussed, π-

hydrogen bonds were detected in 10% of the classical MD trajectory. These occurred slightly

more often when the carvone molecule was in an oxygen-silicon association. Our π-hydrogen

bond calculations revealed that the endocyclic π bond was unable to form a π-hydrogen

bond with the surface due to the close proximity to the carvone oxygen atom.

Interestingly, we find the oxygen silicon association is not an artefact of the force field, but

rather a plausible mechanism for the adsorption of carvone on the SiO2 surface. As shown

in Figure 5.2, as the pressure of carvone is increased, there is a resulting left shifted shoulder
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appearing at 1683 cm−1. To validate that carvone oxygen silicon interaction observed in the

force field-based MD simulation, we performed a 16 ps AIMD simulation of carvone on a

partially dehydroxylated surface, with two 3-coordinated Si atoms. During this simulation,

we determined that 16% of the time, the carvone oxygen is in an oxygen silicon association.

Figure 5.9 shows the calculated oxygen power spectra of carvone on a fully hydroxylated

surface and on a partially dehydroxylated surface between 1700 cm−1 and 1500 cm−1. The

complete oxygen power spectra are reported in Figure 5.10. Although the peak position but

not the intensities are comparable to experimental data, it is reasonable to compare trends

in the AIMD power spectra to trends in the experimental FT-IR spectra.
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Figure 5.9: Oxygen power spectra showing the slight red shift in the ∼ 1600 cm−1 wavenum-
ber in the AIMD simulation of carvone in the gas phase compared to the AIMD simulations
of both carvone on a partially dehydroxylated SiO2 surface with two 3-coordinated silicon
atoms and carvone on a fully hydroxylated surface where the carvone molecule can only form
hydrogen bonds with the surface.
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Figure 5.10: Full oxygen power spectra of carvone on the partially dehydroxylated surface
and the fully hydroxylated surface.

Our experimental spectra in Figure 5.2 indicates that the isolated Si-OH stretch is not

apparent when 4 mTorr of carvone is present. This suggests that all of the OH groups on the

surface are engaged in hydrogen bonds with carvone molecules. Therefore, we propose the

mechanism of carvone adsorption on the SiO2 surface is as follows: first carvone adsorbs to

the surface via dispersion forces and hydrogen bonding to the OH groups on the SiO2 surface;

second, once all the available OH groups are occupied in hydrogen bonds, oxygen silicon

associations form, as indicated by the increasing shoulder at 1683 cm−1 in the experimental

measurements.

While the AIMD simulations validate that the red shifted shoulder in the ∼1600 cm−1 range

is the result of an oxygen silicon association between the carvone molecule and SiO2 surface,

it is also relevant to investigate this interaction at a higher level of electronic structure theory.

To this end, the characterization of two unique configurations of carvone on the SiO2 surface

has been performed using electronic structure calculations at the M06-2X/6-311G(d) level of

theory. First, geometry optimizations to determine stationary points for carvone engaging

in both surface interaction types were performed. The resulting configurations are depicted
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in Figure 5.11, with interaction distances (carvone O - silica O for the hydrogen bond and

carvone O - silica Si for the oxygen silicon association) indicated on the images. Second,

counterpoise corrected binding energies are reported below the optimized structures.

2.79 Å2.77 Å

-58.83 kJ/mol -55.86 kJ/mol
(a) (b)

Figure 5.11: (a) Optimized geometry for carvone adsorbed to a fully hydroxylated SiO2

surface via a hydrogen bond. (b) Optimized geometry for carvone adsorbed to a partially
dehydroxylated SiO2 surface via an oxygen silicon association.

The optimized geometry of carvone adsorbed to the surface via a hydrogen bond results in

an oxygen - oxygen distance of 2.77 Å. For the oxygen silicon association, the optimized

geometry results in an oxygen silicon distance of 2.79 Å. This close interaction distances

corroborates the strong association between the carvone oxygen and Si surface atom we

observed in both our force field-based MD and AIMD simulations. In addition, the ring

angle defined in Figure 5.6 derived from the optimized geometries is consistent with the

conclusions of our MD simulations, as the measured cos(θ) of carvone in the hydrogen bond

interaction is 0.99, whereas the measured cos(θ) of carvone in the oxygen silicon association

is 0.69. The binding energy for the oxygen silicon association is only slightly lower than the

hydrogen bond interaction, which is consistent with our proposed mechanism of adsorption,
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and also confirms that an oxygen silicon association is a pathway for a small organic ketone

containing molecule to stick on the SiO2 surface.

To investigate the chemistry responsible for an oxygen silicon association, the electrostatic

potential (ESP) of the two stationary points are depicted on an 0.07 e/a.u3 isodensity surface

in Figure 5.12. Figure 5.12a shows the ESP map of the hydrogen bond interaction, where the

electrostatic potential is shared between the surface and the carvone molecule, highlighting

the strong non-covalent interactions associated with hydrogen bond formation. In the oxygen

silicon association, as shown in Figure 5.12b, there is a small gap in the electrostatic potential

between the surface and the carvone molecule at the 0.07 e/a.u3 isodensity level, suggesting

a much weaker role of non-covalent interactions in this association. Due to the fact that the

ESP plots do not describe the stability of the oxygen silicon association, we can surmise that

non-covalent interactions are not fully responsible for the high binding energy calculated

for this association. We suggest that the lone pairs in the oxygen atoms may be able to

interact with the electropositive Si atom; however, ongoing investigations are underway to

fully characterize this interaction.
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(a) (b)

Figure 5.12: (a) Electrostatic potential for carvone adsorbed to the fully hydroxylated SiO2

surface through the hydrogen bond mechanism. (b) Electrostatic potential for carvone ad-
sorbed to the partially dehydroxylated SiO2 surface through the oxygen silicon association
mechanism. Both electrostatic potentials are plotted on an isosurface density of 0.07 e/a.u3.

We have also used force field based MD simulations to calculate the potential of mean force

(PMF) or free energy profile for the desorption of carvone from the SiO2 surface, as shown

in Figure 5.13. We have placed the PMF vertically so that the minimum is at zero free

energy. We estimate the desorption free energy is 41 kJ/mol. In order to determine the type

of interactions present (oxygen silicon association vs hydrogen bond) during the desorption

of carvone from the surface, we have applied a color function to visualize the fraction of each

PMF window where the carvone oxygen forms and oxygen silicon association, as shown in

Figure 5.13b.
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Figure 5.13: (a) Potential of mean force (PMF) for the desorption of carvone on SiO2

surface. (b) Fraction of the 10 ns window where the carvone oxygen was in an oxygen silicon
association as a function of the PMF.

The color function reveals an intriguing trend; at the most stable point of the desorption

free energy, only 30% of the 10 ns simulation window showed that carvone was adsorbed

to the surface via an oxygen silicon association, but at points near the minimum, 70% of

the 10 ns simulation showed that carvone was adsorbed to the surface via an oxygen silicon

association. The fact that at the most stable point there are mostly hydrogen bonds is

consistent with our proposed mechanism of adsorption where the dominant interaction is

hydrogen bonding.

Once the carvone molecule has passed the minimum, and the carvone molecule is at least 4 Å

from the surface, extending the color function is not relevant. In order to make contact with

the K2-SURF kinetic model, we have calculated the desorption enthalpy for carvone on the

SiO2 surface, as reported in Table 1 and shown in Figure 5.8. We have also used a calculated

surface accommodation coefficient of 0.99. Although these calculated desorption enthalpies

cannot alone be used to replicate the experimentally determined desorption lifetime, the ∆H

value is used to model the non-pore desorption of carvone. In addition, we find the trend

in ∆H values is consistent with our previous and current studies of indoor relevant organic
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molecules on the SiO2 surface. [53, 87]

5.4 Conclusions

This study investigated the complex interactions of carvone, an indoor relevant organic

molecule, on a hydroxylated SiO2 surface using infared spectroscopy, force field-based and

ab initio MD simulations, electronic structure calculations, and the K2-SURF kinetic model.

The experimental desorption kinetics indicate a long desorption lifetime for carvone on the

SiO2 surface, approximately 30 times longer than that of limonene. This finding agrees

with our previous work studying oxygenated organic compounds (Chapter 4) which form

stronger interactions with the SiO2 surface compared to limonene and other limonene isomers

(Chapter 3). MD simulations show that the adsorption of carvone on the SiO2 surface is

not only driven by the formation of hydrogen bonds between the carvone oxygen and Si-OH

sites, but also interactions between the carvone oxygen and 3-coordinated Si atoms. Our

kinetic model suggests that pore sizes need to be considered in controlling the desorption

rate of carvone from the porous particle surface. In conclusion, our integrated approach for

studying carvone provides a deep understanding of these surface interactions. The results

reported herein showcase the potential of a multifaceted approach to indoor chemistry to

provide unique insights into the partitioning of gases in indoor environments.
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Chapter 6

Interactions of Limonene and Carvone

on Titanium Dioxide (TiO2) Surface

6.1 Background

While this dissertation has primarily discussed the interactions of indoor relevant organic

compounds on SiO2 surfaces, we have also investigated TiO2 in the rutile (110) crystal struc-

ture, which is another indoor relevant surface. TiO2 poses a unique challenge for computa-

tional chemistry, as our understanding of TiO2 surfaces is much less refined when compared

to that of SiO2. For instance, even in vacuum, we are unable to determine the true state

of surface hydroxylation of TiO2. In addition, as of writing, there is still an outstanding

debate over how to model the interactions of water on the TiO2 surface in a simulation,

to either represent the water via a molecular or dissociative association on the surface.

[88, 89, 90, 91, 92] As described in detail in this chapter, we have constructed two TiO2

crystal surfaces for classical MD simulations, to represent the extrema of a real world TiO2

surface. We have constructed a non-hydroxylated TiO2 surface with surface Ti atoms and
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free water molecules, and a fully hydroxylated TiO2 surface with all surface Ti atoms capped

with OH groups. This has lead to some discrepancies between the heterogeneous surface as

described by our experimental collaborators, but this also has lead to the chance to create

an intriguing study in how to reconcile theory and experiment. Our studies on TiO2 are

described in this and the following chapter.

Titanium dioxide (TiO2) is relevant for the indoors for two considerations. First, latex paint

surfaces contain 38% by volume TiO2 [93], making TiO2 an abundant part of the indoor

environment, and second TiO2 can be used to clean the air. [94]

TiO2 can be used to clean the air as the semiconductor material used in photocatalytic

oxidation, which is a popular cost-effective method that mineralizes indoor pollutants at

the ppb level using solar light irradiation without any chemical additives. TiO2-based self

cleaning materials such as coated glasses and tiles, are used both in indoors and outdoors on

walls, floors, rooftops, and facades, and in public places like hospitals and public restrooms.

[94] However, there may be unexpected consequences of using these indoor air cleaning

processes. [95] The adsorption and desorption of air pollutants on the surface of TiO2 are

key steps in these heterogeneous photocatalytic oxidation techniques, and desorption is a

critical step to restore the active surface catalytic sites of air cleaning products. [96, 97]

To study the interaction mechanisms of indoor relevant organic compounds with TiO2 sur-

faces is essential to not only potentially enhance photocatalyst performance but also to

develop a deeper understanding of the indoor environment. In this case, it is vital to un-

derstand the role of % RH on the adsorption of these compounds, given the complexity of

the TiO2 surface. In this study, we will discuss how two previously studied indoor relevant

organic compounds, limonene and carvone, interact on TiO2 surfaces. However, as TiO2 is

a new surface, it is relevant to briefly survey previous research of the adsorption of volatile

organic compounds on TiO2, which will be detailed below.
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There are two general modes for the adsorption of volatile organic compounds on TiO2: a

weak physisorption bonding mode with surface Ti-OH groups and a stronger chemisorption

bonding mode on Ti4+ atoms or reduced Ti3+ sites near oxygen vacancies. [98, 99] As

mentioned at the start of this chapter, accounting for these two different surface interaction

requires two TiO2 surfaces, as in order to have Ti-OH groups, a fully hydroxylated surface

is required and to have surface Ti atoms, a non-hydroxylated surface is required. It has

also been shown that benzene and toluene can be adsorbed on a hydroxylated TiO2 via Ti-

OH...π electron interaction and chlorobenzene can be adsorbed via both a Ti-OH...π electron

interaction and an additional Ti-OH...Cl hydrogen bond. In the same work, it was shown

benzene, toluene, and chlorobenzene, can adsorb to a non-hydroxylated surface via Ti4+...π

interaction. [100] In addition, it has been shown pyruvic acid adsorbs on the TiO2 surface

via interactions between the carboxylic acid group and surface hydroxyl groups. [101] The

degree of surface interaction strengths between VOCs and TiO2 depends on the relative

bonding energies of the hydrogen bond and it is expected hydrogen bonds will be stronger

than π-hydrogen bonds. This implies that polar VOCs will be more strongly adsorbed to

the TiO2 surface. [102, 103, 104]

As discussed in Chapter 2, to best model the indoor environment, careful detail to variations

in % RH should be considered. On the TiO2 surface, water can form competitive adsorption

against VOCs. [105] One example, using a different crystal TiO2 surface, anatase, shows

there is a decrease of 50% and 30% for the adsorption of toluene and 2-propanol at 60% RH

compared to dry conditions, and this was found to be a result of direct replacement of water.

[106]

Therefore, I have hopefully set the stage to study TiO2, a rather complicated yet extremely

relevant indoor surface.
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6.2 Simulation Protocols

As this is a novel surface for our lab to study, and quite a complicated one, the simulation

protocols have been split up into two sections, one detailing the classical MD simulations

and one detailing the ab initio MD (AIMD) simulations. For both simulation methods, a

110 rutile TiO2 unit cell was replicated in the x, y, and z directions to create the initial

structure. [107]

6.2.1 Classical Molecular Dynamics Simulations

Force field-based MD simulations were used to investigate the adsorption of limonene and

carvone on TiO2 surfaces. Due to the outstanding debate over the nature of interactions of

water on the TiO2 surface, force field-based MD simulations for both a non-hydroxylated

TiO2 surface with surface Ti atoms and free TIP3P water molecules and a fully hydroxylated

TiO2 surface with no surface Ti atoms have been prepared. A 35 x 40 x 21 Å3 TiO2 slab

was created and 77 Å of vacuum was placed separating 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 TiO2 surfaces were produced. For clarity, we can consider all

TiO2 surfaces consisting of two parts, the froze 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 [41] water molecules were added to both

sides of the TiO2 surface, which in the text we will refer to as the 0.5 monolayer and 1

monolayer systems. The 0.5 monolayer system was represented by a total of 204 water

molecules, corresponding to the number of bridging oxygen atoms in the non-hydroxylated

surface. The 1 monolayer system was represented by 408 water molecules. The force field
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produced by Brandt et al. was used for the non-hydroxylated surface. [108]

For the hydroxylated surface, the nonbonded parameters were set to 0 for hydrogen and the

partial charge of all hydrogen atoms was set to +0.44175e. The O-H group oxygen partial

charge was set to -0.80e to ensure a neutral surface. 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 TiO2 surface; however, the general structure of the TiO2 crystal

was retained. For water, TIP3P water was used [41] and the limonene and carvone force-

field details can be found in Chapters 2 and 5. As in the previous chapters, all classical

molecular dynamics simulations were done with the LAMMPS [42] software package. The

equations of motion were integrated using the velocity Verlet algorithm with a 1 fs time step

[43]. Electrostatic interactions were evaluated directly up to a cutoff of 12 Å and with a

particle-particle-particle mesh solver with a relative accuracy of 10−6. [44] The simulation

temperature was maintained at 300 K using a Nose-Hoover thermostat with a relaxation

time of 100 fs. [45] As in previous chapters, umbrella sampling was used to calculate the

free energy profile for the desorption of limonene and carvone from the TiO2 surface. The

initial coordinates of each adsorbate on TiO2 were taken after 25 ns of simulation time, and

the center-of-mass of the adsorbate to the TiO2 surface was used as the reaction coordinate.

The process was divided into a variable number of windows depending on the adsorbate. For

limonene, 22 windows in 0.50 Å increments was sufficient, but for carvone, 0.25 Å increment

windows were used. A harmonic restraining potential of 10 kcal mol−1 Å−2 was applied in

each window. Each free energy profile was generated from 30 ns or longer biased trajectories

for each PMF window using the WHAM scheme. [26]

In order to connect our study of TiO2 to a kinetic process model, the surface accommodation

coefficient of limonene and carvone on the TiO2 surface was estimated by running MD

trajectories of 100 ps that were initiated with the limonene and carvone molecules 5 Å above

the TiO2 surface, with the center-of-mass velocity vector directed towards the surface. This

88



procedure was repeated for 50 randomly positioned molecules. The surface accommodation

coefficient was estimated to be the fraction of trajectories that resulted in the molecule

adsorbed to the surface.

In addition, the desorption enthalpies for carvone and limonene were calculated from the var-

ious TiO2 surfaces using the finite-difference temperature derivative of the potential of mean

force (PMF) at 280, 300, and 320 K to calculate the enthalpy of desorption, as described by

Wang et al. [109] The PMF was calculated for the desorption from each TiO2 surface at three

temperatures, 280, 300, and 320 K. This was done for both non-hydroxylated and hydrox-

ylated surfaces at 0 ML, 0.5 ML and 1 ML of H2O. These results provided agreement with

experimental desorption enthalpy of water, of 92.66 kJ/mol, compared to the experimental

literature value of ∼100 kJ/mol for the desorption enthalpy of water on a hydroxylated TiO2

surface, but due to the complexity of the real world surface, failed to provide an adequate

estimation for limonene and carvone required by the kinetic model.

Instead, to obtain accurate desorption enthalpy values, the interaction energy of 15 “snap-

shots” from the AIMD simulations were used. These values allowed for a realistic implemen-

tation of the kinetic model, while still retaining consistent with the force field calculations, as

shown in the following results section, that the force field calculation and AIMD calculations

show the same trends in interaction energy and the same types of surface interactions. These

results are discussed separately, in section 6.3.4.

6.2.2 ab initio Molecular Dynamics Simulations

For the AIMD simulations, three surfaces have been prepared, a non-hydroxylated TiO2

surface, a non-hydroxylated TiO2 surface with 4 water molecules between the adsorbate

and the surface, and a fully hydroxylated TiO2 surface (with no surface Ti atoms). For all

systems, a 10 ps AIMD simulation at 300 K with a time step of 0.5 fs was performed. At
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300 K, some of the O-H groups of the fully hydroxylated surface underwent dissociations

during the course of the AIMD simulation. The PBE [110] exchange-correlation functional

with the DZVP-MOLOPT-SR-GTH[49, 50] basis sets and the GTH pseudopotentials in the

QUICKSTEP [30] module of the CP2K package were used. A SCF convergence criterion of

10−6 (a.u.) with the orbital transformation scheme [51] and DIIS minimization [111] 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 TiO2

surface. The AIMD simulation cells had sizes of 15.960 x 12.638 x 36.821 Å3 and for the

slightly larger system for carvone on the non-hydroxylated surface with 4 water molecules,

the cell size was 15.091 x 16.437 x 36.821 Å3. In the case of the hydroxylated surface

and non-hydroxylated surface with water molecules, only the top of the surface was either

hydroxylated or added with water molecules, to save computational time. In addition, during

the course of the simulation, the bottom half of the TiO2 system was frozen. The power

spectra were calculated the same way as described in Chapter 2.

6.2.3 Surface Analysis Techniques

In the hydroxylated surface, two forms of hydrogen bonding were considered, π-hydrogen

bonds formed between carbon Csp
2 atoms and the TiO2-OH surface for both limonene and

carvone, and hydrogen bonds formed between the carvone oxygen atoms and TiO2-OH sur-

face. To calculate these hydrogen bonding probabilities a similar methodology as described

in earlier chapters has been used. Hydrogen bonds were defined to be present if the distance

between donor and acceptor was < 3.5 Å and the angle between acceptor, donor H, and

donor O was within 120 to 180◦ for both types in hydrogen bonds. Additionally, in systems

with free water molecules, π-hydrogen bonds between Csp
2 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.
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6.3 Results

Herein, I will detail the experimental results as measured by Hanyu Fan, with her permission.

As this is a novel system, we have paid great attention to the strong connections between

theory and experiment. Because of this, a large portion of this chapter will include her

detailed work.

6.3.1 Experimental Results

Figure 6.1(a) shows FT-IR absorbance spectra of limonene adsorbed on TiO2 as a function of

varying pressure at 297 ± 1 K under dry conditions (<1% RH). The observed IR absorption

band frequencies are close to gas-phase limonene, as shown in Figure 6.2. The absorption

bands at 3085, 3074, 3010 cm−1 are for the C-H Csp
2 stretching motion from the alkene and

ring; the bands at 2968, 2922, 2860, and 2838 cm−1 are for the C-H Csp
3 stretching motion

The 1644 cm−1 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 cm−1 for CH3 and CH3 bending

vibrations motion, respectively.
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Figure 6.1: (a) FT-IR spectra of limonene adsorbed on TiO2 surface under dry conditions
(<1% RH) as a function of limonene pressure in the spectral range extending from 1200 to
4000 cm−1 (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−1 as function of limonene pressure (mTorr), the right ordinate plots the normalized peak
height of the loss of Ti-OH function groups at 3656 cm−1.
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Figure 6.2: (a) FT-IR spectra of 148 mTorr of gas-phase limonene at 296 K in the spectral
ranges extending from ca. 1200 to 4000 cm−1 (scale bar = 0.02 absorbance units). The
modes are assigned as follows: 3087, 3020 cm−1 for the C-H Csp

2 stretching motion from
alkene and ring, respectively; 2977, 2930, 2868, 2849 cm-1 for C-H Csp

2 stretching motion;
1654 cm−1 for C=C bond stretching vibrations; 1458, 1382 cm−1 for CH3 and CH2 bending
vibrations motion, respectively.

The negative peak at 3656 cm−1 is attributed to the loss of Ti-OH groups due to the

hydrogen-bonding interactions with limonene, as broad peak centered at ∼ 3447 cm−1 grows

in with increasing limonene pressure. Figure 6.1(b) displays the integrated absorbance of the

C-H stretching region (ranging from 2800 to 3115 cm−1) and the loss of Ti-OH functional

groups peak height (3656 cm−1, right ordinate) as function of limonene pressure. There are

no increases in the amount of the adsorbed limonene after 60 mTorr due to the lack of free

Ti-OH functional groups present on TiO2 surface. The desorption kinetics of limonene from

the TiO2 surface is about 2 times slower than that from the SiO2 surface.

Figure 6.3(a) shows the IR absorbance spectra of carvone on the TiO2 surface at equilibrium

pressures of 2, 8 and 18 mTorr under dry conditions. The IR spectra shows that carvone
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adsorbs to the TiO2 surface via hydrogen bonding as shown by the loss of Ti-OH groups at

3656 cm−1 and the red-shifted broad peak at 3362 cm−1. The observed IR surface absorption

band frequencies are in agreement with the gas-phase carvone vibrational frequencies, as

shown in Figure 5.1, except for the shifts in the spectral range extending from ca. 1560 to

1720 cm−1.

The absorption bands at 3086, 3074 cm−1 and 3021 cm−1 are for the C-H Csp
2 stretching

motion from alkene and ring; the bands at 2968, 2927, 2893, and 2857 cm−1 are for the C-H

Csp
3 stretching motion; the bands at 1453, 1435 and 1378, 1373 cm−1 are for CH3 and CH2

bending vibrations motion, respectively; and the big broad band at 1648 cm−1 is attribute to

the coupling of C=O (ketone) and C=C (alkene) stretching vibrations. As shown in Figure

6.3(b), there is a growth of new band at 1683 cm−1 starting at 8 mTorr.

Figure 6.3(c) displays the integrated peak area of adsorbed carvone at 1648 cm−1 (ranging

from 1560 to 1720 cm−1) and the loss of Ti-OH functional groups peak height at 3656 cm−1

(right ordinate) as function of different equilibrium carvone pressures. 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.
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Figure 6.3: (a) Absorbance FT-IR spectra of carvone adsorbed on TiO2 surface under dry
conditions (< 1% RH) as a function of pressure in the spectral range extending from ca.
1200 to 4000 cm−1 (scale bar = 0.04 absorbance units). (b) The above (a) spectra range
extends from 1500 to 1800 cm−1 (scale bar = 0.02 absorbance units) (c) The ordinate plots
the normalized integrated peak area of carvone at 1648 cm−1 (ranging from 1560 to 1720
cm−1) as function of carvone pressure (mTorr), the right ordinate plots the normalized peak
height of the loss of Ti-OH functional groups at 3656 cm−1. The equilibrium pressures are
2, 8, and 18 mTorr, respectively.

As the carvone pressure is changing from 8 mTorr to 18 mTorr, there is about 30% of

amount carvone increased on TiO2 surface. In Figure 6.1(b), when the limonene pressure is

changing from 75 mTorr to 148 mTorr, there is only 10% of amount limonene is increased

on TiO2 surface. Once monolayer coverage on the TiO2 surface is reached, ratio according

to Equation 6.1 is:
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∆increase amount of adsorbate

∆increase pressure
(6.1)

3 and 0.14 for carvone and limonene. This observation suggests there are multiple ways

carvone may adsorb to the TiO2 surface. The desorption of carvone from both SiO2 and

TiO2 surfaces are irreversible, and the desorption kinetics of carvone from the TiO2 surface

is about 4 times slower than that from the SiO2 surface.

The role of % RH was also probed. In these experiments, the TiO2 surface was first exposed

to either limonene or carvone and then following this water vapor was introduced into the

infrared cell at different relative humidity, as shown in Figures 6.4 and 6.5. In the case where

water displaces organic compounds 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. In the situation, where 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 compound – either limonene or carvone – on the surface

at different relative humidity compared to under dry conditions.
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Figure 6.4: The FT-IR spectra of limonene adsorbed on TiO2 (about 8 mg) surface at an
equilibrium pressure of 55 ± 1 mTorr under different RH conditions. The RH is increased in
the following increments:< 1%, (a) 3% (scale bar = 0.02 absorbance units), (b) 10% (scale
bar = 0.02 absorbance units), (c) 18% (scale bar = 0.02 absorbance units), (d) 25% (scale
bar = 0.05 absorbance units), (e) 30% (scale bar = 0.05 absorbance units), (f) 51% (scale
bar = 0.05 absorbance units). In each subfigure, the red spectrum is the FT-IR spectra
of limonene adsorbed on TiO2 surface under <1% RH condition; the blue solid spectrum
is the FT-IR spectra of limonene adsorbed on TiO2 surface under high RH condition; and
the dashed blue spectrum is obtained by blue solid spectrum minus the red spectrum with
a ratio of the percentage of limonene left on TiO2 surface as listed in Table 6.1 to remove
the limonene remaining on the hydrated TiO2 surface from the spectrum so the increase in
the adsorbed water absorption bands on the TiO2 surface under high RH condition can be
determined. The broad absorption band centered at around 3400 cm−1 and the adsorption
band at 1625 cm−1 in the blue dashed spectra are assigned to the O-H stretching and H2O
bending vibration modes, respectively, for adsorbed water on the TiO2 surface.
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Figure 6.5: FT-IR spectra of carvone adsorbed on TiO2 (about 8 mg) surface at an equilib-
rium pressure of 16 mTorr at <1% RH (black solid line) and 67% RH condition (purple solid
line), that the peak at 1648 cm−1 shifts to 1660 cm−1 is attributed to the bending mode
vibration for adsorbed H2O. The dashed purple spectrum is obtained by the purple solid
spectrum minus the black solid spectrum to show the “water growth” on the TiO2 surface.
(scale bar = 0.1 absorbance units)

Table 6.1 summarizes the FT-IR spectra by showing changes in adsorbed limonene and

carvone on TiO2.
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% Relative

Humidity (± 1 %)

Water Coverage

(ML)

(Bare TiO2 Surface)

% of Organic

Compound Remaining

on Surface Relative

to Dry Conditions

Water Coverage in ML

(With Organic Compound

Adsorbed on Surface)

Limonene

< 1 < 0.1 100 <1

3 0.5 91 0.3

10 1.0 74 0.5

18 1.4 67 0.8

25 1.6 54 1.6

30 1.7 30 1.7

51 2.0 0 2.0

Carvone

< 1 < 0.1 100 < 0.1

67 2.3 75 0.6

Table 6.1: Changes in adsorbed limonene and carvone on TiO2 surface as a function of
relative humidity and co-adsorbed water.

For limonene, it is seen that the coverage decreases significantly with increasing percent

relative humidity while the amount of water adsorbed on the surface decreases. 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.

99



6.3.2 Classical Molecular Dynamics Results

For each classical MD surface, a 50 ns unbiased MD simulation was constructed, and molec-

ular snapshots shown in Figure 6.6 showcase limonene and carvone on the TiO2 surface with

differing monolayers of water.
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(a) non-hydroxylated 0 ML H2O (b) non-hydroxylated 0.5 ML H2O (c) non-hydroxylated 1 ML H2O

(d) hydroxylated 0 ML H2O (e) hydroxylated 0.5 ML H2O (f) hydroxylated 1 ML H2O

(g) non-hydroxylated 0 ML H2O (h) non-hydroxylated 0.5 ML H2O (i) non-hydroxylated 1 ML H2O

(j) hydroxylated 0 ML H2O (k) hydroxylated 0.5 ML H2O (l) hydroxylated 1 ML H2O

Figure 6.6: (a-c) shows limonene on non-hydroxylated TiO2 surfaces with increasing levels of
hydration, (d-f) shows limonene on hydroxylated surfaces with increasing levels of hydration,
(g-i) shows carvonce on non-hydroxylated TiO2 surfaces with increasing levels of hydration,
(j-l) shows carvone on hydroxylated TiO2 surfaces with increasing levels of hydration. Water
molecules engaged in hydrogen bonds (π-hydrogen or OH-hydrogen) with the adsorbate are
shown in fully 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 showcase surface/adsorbate
interactions.

In addition, the density profiles of the systems with limonene show that even at 1 ML, bulk
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water is not achieved. This is because the water molecules form many hydrogen bonding

interactions with the TiO2 surface.
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Figure 6.7: Density profile for the classical MD simulations for limonene (where limonene
has been magnified by 10) for the non-hydroxylated surface with 0.5 ML
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Figure 6.8: Density profile for the classical MD simulations for limonene (where limonene
has been magnified by 10) for the hydroxylated surface with 0.5 ML
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Figure 6.9: Density profile for the classical MD simulations for limonene (where limonene
has been magnified by 10) for the non-hydroxylated surface with 1 ML
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Figure 6.10: Density profile for the classical MD simulations for limonene (where limonene
has been magnified by 10) for the hydroxylated surface with 1 ML

During the course of the 50 ns simulation, we observed the cyclic ring of carvone and limonene

103



predominantly stays parallel to the surface for the non-hydroxylated 0 ML H2O and 0.5

ML H2O systems and the hydroxylated 0 ML H2O system. In the hydroxylated 0.5 ML

H2O system, the limonene ring was able to freely rotate on the surface. In both the non-

hydroxylated and hydroxylated 1 ML H2O surfaces, the limonene ring and carvone ring were

able to freely rotate above the surface. On the non-hydroxylated 0 ML H2O 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. To

investigate the adsorption of limonene and carvone on the TiO2 surface, we have studied the

role of π-hydrogen bonds formed between Csp
2 carbon centers and surface OH groups and

hydrogen bonds formed between the carvone oxygen atom and surface OH groups. We have

calculated the average number of π-hydrogen bonds during the course of the last 25 ns of the

unbiased simulations. π-hydrogen bonds require hydrogen atoms as hydrogen bond donors,

so no measurements were made for the non-hydroxylated surface with 0 ML H2O, but the

results for the rest of the surfaces are displayed in Table 6.2.
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Surface Water
Hydrogen Bond

Donor

Average number

of π-hydrogen bonds

Limonene Carvone

Non-hydroxylated 0.5 ML
surface n.a. n.a.

water 0.0049 0.0085

Non-hydroxylated 1 ML
surface n.a. n.a.

water 0.13 0.05

Hydroxylated 0 ML
surface 0.28 0.15

water n.a. n.a.

Hydroxylated 0.5 ML
surface 0.66 0.43

water 0.017 0.005

Hydroxylated 1 ML
surface 0 0

water 0.17 0.07

Table 6.2: Average number of π-hydrogen bonds for carvone and limonene. π-hydrogen
bonding criteria was determined if the Csp

2 distance < 3.5 Å and the OH Csp
2 angle was >

120 degrees. (n.a. - not applicable)

Overall, we see the formation of fewer π-hydrogen bonds with water molecules compared

to hydrogen bonding statistics in Chapter 2. This is due to the fact that not only are

water-water hydrogen bonds more favorable compared to π-hydrogen bonds, but also water

hydrogen bonds to TiO2 for either the non-hydroxylated or hydroxylated surface are quite

strong, resulting in fewer water donor π-hydrogen bonds to limonene and carvone Csp
2 carbon

atoms. We see that that there are more surface to adsorbate π-hydrogen bonds on the

hydroxylated surfaces, and these interactions occur frequently for the 0 ML H2O and 0.5 ML

H2O surface. For the 1 ML H2O surface, Csp
2 carbon atoms on the adsorbate are too far away

within 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
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a higher probability of π-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 π-

hydrogen bonding probabilities between these two molecules, as the limonene molecules is

much more likely to form π-hydrogen bonds compared to the carvone molecule. This does not

indicate that limonene has a stronger interaction with the surface, but rather that carvone

shows a much lower propensity for π-hydrogen bond formation. This can be attributed to

interactions between the carvone carbonyl oxygen atom and TiO2 surface. Tables 6.3 and

6.4 show the relevant carvone carbonyl oxygen interactions.

Surface Water
Hydrogen Bond

Donor

Average number

of hydrogen bonds

Non-hydroxylated 0.5 ML
Surface n.a.

Water 0.08

Non-hydroxylated 1 ML
Surface n.a.

Water 0.80

Hydroxylated 0 ML
Surface 1.57

Water n.a.

Hydroxylated 0.5 ML
Surface 2.2

Water 0.18

Hydroxylated 1 ML
Surface 0.0018

Water 0.76

Table 6.3: Carvone carbonyl oxygen hydrogen bonding statistic. Hydrogen bonding criteria
was determined if the O-O distance < 3.5 Å and the OH..O angle was > 120 degrees. (n.a.
- not applicable)

In Table 6.3, we see few water carvone hydrogen bonds are formed for the non-hydroxylated

0.5 ML H2O surface, which we attribute to the increase in stabilization from water-water and

water-surface hydrogen bonds as discussed above. However, we see with 1 ML of water this is

106



an average of ∼0.80 hydrogen bonds between carvone and the surrounding water, regardless

of the surface hydroxylation. As shown in Table 6.3, accounting for both π-hydrogen and

hydrogen bonds, there are more surface interactions for the carvone molecule compared to

those of limonene. This is consistent with our experimental results that indicate carvone has

stronger interactions with the TiO2 surface and suggests when carvone is not easily displaced

by the addition of water.

As we will discuss in detail in the AIMD results in Subsection 6.3.3, there is an additional

surface interaction between the carvone carbonyl oxygen atom and the surface Ti atoms in

the non-hydroxylated surface. This is similar to the interaction discussed in Chapter 5, and

in this case we have detected during the course of the 50 ns non-hydroxylated 0 ML H2O

simulation, the carvone carbonyl oxygen is found closest to the surface Ti atom with an

average distance of 3.92 Å. More importantly, our AIMD power spectra support the validity

of this interaction as there is a red shift in the C=O frequency compared to the gas phase

carvone spectra. Table 6.4 showcases the proportion of the last 25 ns of each trajectory of

carvone on a non-hydroxylated surface where the nearest neighbor to the carvone carbonyl

oxygen is a Ti atom or surrounding water molecule. It is clear that with the presence of

water, this carvone carbonyl oxygen - Ti surface interaction rapidly decreases.
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Surface Water
Interaction

Type

Proportion

of Trajectory

Average

Bond Length (Å)

Non-hydroxylated 0 ML
O - Ti 100% 3.9 ± 0.26

O - Water n.a. n.a.

Non-hydroxylated 0.5 ML
O - Ti 8% 4.18 ± 0.45

O - Water 92% 3.45 ± 0.45

Non-hydroxylated 1 ML
O - Ti 0 0

O - Water 100% 2.72 ± 0.18

Table 6.4: Proportion of trajectory where the nearest neighbor to the carvone carbonyl oxy-
gen is either a water oxygen atom or a Ti atom and the average distance between interacting
atoms.

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 TiO2 surface, and how this is disrupted by the adsorption of limonene

and carvone molecules. As our molecular snapshots show, water is adsorbed to the surface

via hydrogen bonds to surface O atoms and surface OH groups, and other water molecules

are also stabilized by water-water hydrogen bonds. Table 6.5 shows the extent that limonene

and carvone disrupt the hydrogen 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 molecule or surface. In other cases, the hydrogen bonding network is

“disrupted” as the water molecule is only engaged in a hydrogen bond with the adsorbate.

These networks are also seen in our AIMD simulations.

Figure 6.11 shows the four kinds of hydrogen bonding interactions.
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(a) (b)

(c) (d)
Figure 6.11: Snapshots of each kind of hydrogen bonding interaction from the classical molec-
ular dynamics simulations. (a) Carvone oxygen atom in a hydrogen bond with hydroxylated
TiO2 surface. (b) Carvone Csp

2 carbon atom in π-hydrogen bond with hydroxylated TiO2

surface. (c) Carvone oxygen atom in a hydrogen bond with water, where the water molecule
is also forming a hydrogen bond with the surrounding water molecules. (d) Carvone oxygen
atom in a hydrogen bond with water, where the water molecule is not forming a hydrogen
bond with the surrounding water molecules.
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Surface Water Adsorbate

Fraction of

bonding

waters in

water-water

bonds

Fraction of

bonding

waters in

water-surface

bonds

Fraction of

bonding

waters only in

adsorbate bonds

Non-hydroxylated 0.5 ML
Limonene 0.50 0.47 0.03

Carvone 0.58 0.39 0.02

Non-hydroxylated 1 ML
Limonene 0.80 0.17 0.03

Carvone 0.95 0.046 0.003

Hydroxylated 0.5 ML
Limonene 0.32 0.678 0.002

Carvone 0.511 0.486 0.003

Hydroxylated 1 ML
Limonene 0.66 0.34 -

Carvone 0.758 0.24 0.002

Table 6.5: Fraction of water-water hydrogen bonds, water-surface hydrogen bonds, and
water-adsorbate hydrogen bonds. A hydrogen bond is defined as the O-O distance < 3.5 Å
and OH..O angle is > 120 ◦.

Table 6.5 shows the difference in hydrogen bonding networks for the limonene and carvone

molecules. Overall, this table shows that limonene forms more π-hydrogen bonds with

water-molecules engaged in hydrogen bonding with the TiO2 surface. Given the competitive

adsorption of water on the TiO2 surface, this suggests why limonene is displaced at high

% RH. Contrary, carvone is shown to more often form hydrogen and π-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.

Overall, the hydrogen bonding statistics and initial insight gained by the water network

analysis suggests why there is little change in the surface coverage of carvone as a function
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of % RH.

To further quantify the difference in interaction strength to the surface, we have calculated

the free energy profile for the desorption of the adsorbate from the surface, as shown in

Figures 6.12 and 6.13. The free energy profiles are placed vertically, such that their minima

are at the zero of free energy.
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Figure 6.12: Potential of mean force (PMF) for the desorption of limonene and carvone from
non-hydroxylated surfaces calculated from the classical MD simulations.
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Figure 6.13: Potential of mean force (PMF) for the desorption of limonene and carvone from
hydroxylated surfaces calculated from the classical MD simulations.

We first note that these desorption free energies are substantially higher than our results in

previous chapters. This is to be expected as the partial charge of surface Ti and O atoms

are much higher compared to those of SiO2.

As seen in Figure 6.11, the desorption free energy for carvone on the non-hydroxylated with

0 ML H2O is ∼ 30 kJ/mol higher than limonene. This is consistent with our experimental

measurements, and our calculations suggest this is due to the close interaction between the

carvone oxygen and surface Ti atoms, allowing for the carvone molecule to be in a closer

proximity to the TiO2 surface.

Interestingly, we the addition of 0.5 ML of water for the non-hydroxylated surface, the free

energy of desorption is lower greatly by ∼40 kJ/mol for limonene but the free energy of

desorption is slightly higher for carvone. As discussed in Chapter 2, water molecules can

displace limonene from the SiO2 surface, thus lowering the desorption energy. While this
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was the case for limonene in both surfaces, the free energy desorption of carvone does not

seem to follow the trend in the case of the non-hydroxylated 0.5 ML surface. However, as

Table 6.5 indicates, the carvone molecule does not disrupt the hydrogen bonding network,

so the addition of water would not displace carvone 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 in Figure 6.14. These

results are in agreement with our experimental results that show low amounts of carvone are

displaced initially with the addition of water.
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Figure 6.14: Fraction of water molecules in hydrogen bond interactions with carvone that
are also in hydrogen bonds with either the TiO2 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.

An additional component of our study of the non-hydroxylated 0.5 ML H2O surface is that

for both limonene and carvone, the potential of mean force shows a kink when the adsorbate

is 4 Å 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 H2O surface

system as there are more water molecules so the transition from water layer to gas phase is

less abrupt. In addition, the geometries of the adsorbate are very different as they move out
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of the water layer, as described in Figure 6.15.

Figure 6.15: PMF of carvone and limonene on the non-hydroxylated 0.5 ML surface. There
is a noticeable kink in the PMF around ∼ 4 Å, which attribute to the endocylic C=C bond
in limonene and the carvone oxygen atom forming hydrogen and π-hydrogen bonds with
water molecules on the top of the water layer. This can be seen in the molecular snapshots
roughly along the PMF. Additional sampling was done at windows close to 4 Å to ensure
all configurations along the PMF were properly sampled. This kink is not seen in the 1 ML
and hydroxylated systems to the full hydration of the surface layer of TiO2 that allows for
water to form more consistent monolayers, allowing for a more uniform desorption from the
surface.

Figure 6.13 shows the desorption free energy for the hydroxylated 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. We can also see a clear connection to our

experimental results in the differences in decreasing desorption free energy with higher levels

of hydration. Limonene, which is easily replaced by water at the surface, shows a 20 kJ/mol

decrease in free energy with the addition of water compared to that of carvone which is

only 4 kJ/mol. We attribute this to the hydrogen bonds formed between the carvone and

the surrounding water molecules. Finally, both surfaces show with 1 ML of water, the free

energy of desorption is similar for each adsorbate, converging around 28 kJ/mol for limonene

and 50 kJ/mol for carvone.
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6.3.3 ab initio Molecular Dynamics Results

As discussed in Section 6.1.1, we have constructed three surfaces to model the TiO2 surface.

First, we have constructed a non-hydroxylated TiO2 surface with surface Ti atoms, secondly,

we have constructed a non-hydroxylated TiO2 surface with 4 water molecules, and thirdly we

have constructed a fully hydroxylated surface. Figure 6.16 shows each surface with limonene

or carvone.
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(a) (b) (c)

(d) (e) (f)

Figure 6.16: (a-c) shows limonene on a non-hydroxylated surface with 0 water molecules,
on a non-hydroxylated surface with 4 water molecules and hydroxylated surface, (d-f) shows
carvone on a non-hydroxylated surface with 0 water molecules, on a non-hydroxylated sur-
face with 4 water molecules and on a hydroxylated surface. Note, a slightly larger TiO2

system was used for carvone on the non-hydroxylated surface with 4 water molecules to fully
accommodate the carvone and water molecules.

From our simulations, we have constructed the power spectra for the oxygen atoms of each

116



system, as shown in Figures 6.17, 6.18, and 6.19, and the hydrogen atoms of the system,

as shown in Figures 6.20 and 6.21. Note that the positions and not exact intensities are

comparable to the experimental data. However, it is reasonable to compare the trends in

the AIMD power spectra to trends in the experimental FT-IR spectra.
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Figure 6.17: Oxygen power spectra for the non-hydroxylated TiO2 surface, the non-
hydroxylated surface with 1 limonene molecule and the non-hydroxylated surface with 1
carvone molecule. All intensity values have been rescaled to run from 0 to 1.
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Figure 6.18: Oxygen power spectra for the non-hydroxylated TiO2 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. All intensity
values have been rescaled to run from 0 to 1.
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Figure 6.19: Oxygen power spectra for the hydroxylated TiO2 surface, the hydroxylated
surface with 1 limonene molecule and the hydroxylated surface with 1 carvone molecule. All
intensity values have been rescaled to run from 0 to 1.

Figures 6.17 to 6.19 show consistency between the oxygen power spectra of all three simulated

surfaces. For the carvone carbonyl stretch, we see agreement with our experimental results

in Figures 6.17 and 6.18, where the carbonyl stretch is at a higher wavenumber with the

addition of water. In addition, in the hydroxylated surface, Figure 6.18, we see the presence

of both the water stretch at 1620 cm−1 and the carvone carbonyl stretch at 1575 cm−1. This

is more clearly seen in Figure 6.22.
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Figure 6.20: Hydrogen power spectra for the non-hydroxylated TiO2 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. All intensity
values have been rescaled to run from 0 to 1.
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Figure 6.21: Hydrogen power spectra for the hydroxylated TiO2 surface, the hydroxylated
surface with 1 limonene molecule and the hydroxylated surface with 1 carvone molecule. All
intensity values have been rescaled to run from 0 to 1.

According to the hydrogen power spectra, we see a decrease in the 3700 cm−1 peak with the

addition of the adsorbate to the surface, which is in agreement with the Ti-OH loss shown in

Figure 6.2. This results in a red shifting of the hydroxyl/water molecules due to the presence

of the adsorbate on the surface, which is consistent with our classical MD simulations that

show the formation of hydrogen and π-hydrogen bonds. In addition, in the systems with

free water molecules, there was a similar interaction pattern as described in the Section

6.3.2., where the adsorbate forms a hydrogen or π-hydrogen bond with a molecule also in a

water-water hydrogen bond. Hydrogen bonding statistics for these surfaces are described in

Table 6.5.
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Surface

Average Number of

π-hydrogen bonds

Average Number of

hydrogen bonds

Limonene Carvone Carvone

Non-hydroxylated

with 4 water molecules
0.18 0 0.98

Hydroxylated 0.35 0.0002 1.96

Table 6.6: Hydrogen bonding statistics for AIMD simulations. The non-hydroxylated surface
with 0 water molecules cannot form any hydrogen bonds. Hydrogen bonding criteria was
determined in the O-O or O-Csp

2 distance was less than 3.5 Å and the OH...O angle of
OH...Csp

2 angle was greater than 120◦.

Table 6.5 shows consistency with our classical MD simulations where limonene can form more

π-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 surface compared to the classical MD simulations; however, this difference

is consistent with our previous studies of carvone on SiO2.

For the non-hydroxylated TiO2 surface with 0 water molecules, we see agreement between

the trajectories of our classical MD simulations, where the limonene molecule is positioned

between two rows of bridging oxygen atoms, and the cavone carbonyl oxygen atom is po-

sitioned very close to a surface Ti atom, in this case within 2.5 Å of the surface Ti atom,

during the course of the 30 ps simulation. Using AIMD allows us to better probe the carvone

carbonyl oxygen – Ti interaction, as Figure 6.22 shows the red shift of the carvone carbonyl

stretching frequency on the surface.
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Figure 6.22: 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 wa-
ter/hydroxyl groups. All intensity values have been rescaled to run from 0 to 1 and the
spectra for carvone on the TiO2 surfaces has been scaled by 5x for clarity.

For the systems with hydrogen atoms, this red shift arises from the carbonyl oxygen forming

hydrogen bonds with surrounding hydrogen atoms, at around ∼1575 cm−1. We see a greater

red shift for the non-hydroxylated 0 H2O surface, at around ∼1525 cm−1, which is consistent

with our experimental results that show a peak at 1648 cm-−1 at <1 % RH and 1660 cm−1

with 67 % RH.

However, since there are no hydrogen atoms in the non-hydroxylated 0 H2O 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 Figure 6.23, 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 line in Figure 6.22b) and between

the Ti atom and the oxygen atom directly below it (the white dashed line in Figure 6.22b).

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. The result indicates the potential reactivity between oxygenated
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species and the bare TiO2 surface and will be addressed in our future work.
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Figure 6.23: Difference between distance (1) and distance (2), in Å , during the course of the
30 ps AIMD simulation.

6.3.4 Kinetic Model Parameters

The surface accommodation coefficient of each molecule on each TiO2 surface is shown in

Table 6.7. This corresponds to the percentage of trajectories that resulted in the adsorbate

adsorbed to the surface.
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Surface Adsorbate Surface Accommodation

non-hydroxylated

0 ML

limonene 1

carvone 0.98

non-hydroxylated

0.5 ML

limonene 0.98

carvone 1

non-hydroxylated

1 ML

limonene 0.98

carvone 1

hydroxylated

0 ML

limonene 1

carvone 1

hydroxylated

0.5 ML

limonene 1

carvone 1

hydroxylated

1 ML

limonene 0.98

carvone 1

Table 6.7: Surface accomadation coefficient for limonene and carvone on various TiO2 sur-
faces.

Kinetic model parameters were first attempted using the finite difference method and then

were calculated by taking 15 AIMD simulation steps during the course of the simulation and

calculating the interaction energy as defined as:

(Eadsorbate + Esurface) − Etotal (6.2)

The average of these 15 snapshots are shown in Table 6.8, and a box and whisker chart

showing the spread of the data in Figure 6.24.
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Adsorbate Surface Mean (kJ/mol) Standard Deviation (kJ/mol)

Limonene

non-hydroxylated

0 waters
117.8 12.1

non-hydroxylated

4 waters
103.8 3.5

hydroxylated 71.0 11.3

Carvone

non-hydroxylated

0 waters
164.7 6.3

non-hydroxylated

4 waters
168.3 14.8

hydroxylated 148.8 35.9

Table 6.8: Mean and standard deviation for 15 interaction energies calculated from AIMD
simulations for limonene and carvone on TiO2 surfaces.
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Figure 6.24: Box plot of 15 interaction energies calculated from AIMD simulations for (a)
limonene (b) carvone

As seen in this box chart there is a large spread of interaction energies for carvone on the

hydroxylated surface, this is due to the fact that during the AIMD simulation, there are

portions of the AIMD simulation where the carvone oxygen is not forming a hydrogen bond
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with the hydroxylated surface.

To determine the enthalpy of desorption for systems with % RH > 0, the finite-difference

temperature derivative of the potential of mean force (PMF) or free energy (∆G) as a

function of the distance from the surface, r, was calculated.

To do this, the following equation was employed based on work by Wang et al. [109]:

−T∆S(r) = T
∆G(r, T + ∆T ) − ∆G(r, T − ∆T )

2∆T
(6.3)

T and ∆T are 300 and 20 K. Therefore, three separate PMF calculations at 280, 300, and

320 K have been performed for each system. The three PMFs are shown as an example in

Figure 6.25, for one water molecule on the hydroxylated surface with 0 ML water.
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Figure 6.25: Potential of mean force (PMF) for the desorption of one water molecule from the
hydroxylated TiO2 surface with 0 ML water calculated from the classical molecular dynamics
simulations. The free energy profiles are placed vertically, such that their minima are at the
zero of free energy.

The enthalpy of desorption may be calculated from the equation:
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∆H(r) = ∆G(r) + T∆S(r) (6.4)

Figure 6.26 hows the potential of mean force (PMF) or ∆G, the enthalpic contribution, ∆H,

used as the desorption enthalpy in the kinetic model, and the entropic contribution -T ∆S

for one water molecule on the hydroxylated surface with 0 ML water. Figure 6.27 and 6.28

show the results for limonene and carvone. This method resulted in a ∆H in agreement

with experimental results, as discussed in the methods section, but we suggest due to the

complexity of the real world TiO2 surface, failed to adequately describe the desorption of

limonene and carvone for the kinetic model.
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Figure 6.26: Potential of mean force (PMF) or ∆G, the enthalpic contribution, ∆H, used
as the desorption enthalpy in the kinetic model, and the entropic contribution -T∆S for one
water molecule on the hydroxylated TiO2 surface with 0 ML water.
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Figure 6.27: Potential of mean force (PMF) or ∆G, the enthalpic contribution, ∆H, used
as the desorption enthalpy in the kinetic model, and the entropic contribution -T∆S for
limonene on the non-hydroxylated surface with 0.5 ML water (b) the hydroxylated surface
with 0.5 ML water, (c) the non-hydroxylated surface with 1 ML water (d) the hydroxylated
surface with 1 ML water.
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Figure 6.28: Potential of mean force (PMF) or ∆G, the enthalpic contribution, ∆H, used as
the desorption enthalpy in the kinetic model, and the entropic contribution -T∆S for carvone
on the non-hydroxylated surface with 0.5 ML water (b) the hydroxylated surface with 0.5
ML water, (c) the non-hydroxylated surface with 1 ML water (d) the hydroxylated surface
with 1 ML water.

6.4 Conclusions

To conclude, the FT-IR absorbance spectra show that limonene forms TiO2-OH...π-hydrogen

bonds with the hydroxylated TiO2 surface and surrounding water molecules; and carvone

forms O-H hydrogen bonds and π-hydrogen bonds with the hydroxylated TiO2 surface and

surrounding water molecules, as well as forms an interaction between the carvone carbonyl

oxygen and surface Ti atoms. As % RH increases, the desorption of these molecules de-

creases and limonene has a much more dramatic decrease compared to that of carvone. Two

idealized surfaces, a non-hydroxylated and fully hydroxylated TiO2 surface, employed both

with classical MD and AIMD simulations were used to describe the experimental design.
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Chapter 7

Adsorption of 6-MHO on Two Indoor

Relevant Surface Materials: SiO2 and

TiO2

7.1 Background

In this dissertation, we have only considered one class of indoor pollutants, those that can be

emitted from cleaning processes or related to these products via chemical reactions. However,

it is vital to extend our study to other indoor pollutants coming from other sources in the

indoor environment. One very important source of indoor pollutants are emissions from

humans. [1, 3, 112] Human occupants have been shown to emit of volatile compounds from

both the skin and human breath as well as chemical reactions involving the human body.

[6, 113, 114]

For example, the reaction of ozone with human skin can lead to an increase of concentration

of volatile and semi-volatile compounds including mono-carbonyls and di-carbonyls, both

131



in the gas phase and in skin oils. [9, 115] In addition, secondary carbonyl emissions have

also been detected from carpet fibers, showcasing the rather complicated sources of indoor

pollutants. [116] Since carbonyls are respiratory and skin irritants, it is pertinent to study

the interactions between these molecules and the different compartments within indoor en-

vironments to better understand how they may be removed from indoor air whether, for

example, through ventilation, surface partitioning or through chemical reactions. [117, 118]

One prevalent carbonyl is 6-methyl-5-hepten-2-one (6-MHO), a product of skin oil ozonolysis

and gas phase reactions of ozone and geranyl acetone. [119, 120] 6-MHO has a derived human

reference value for sensory irritation of 0.3 ppm and 0.5 ppm for airflow irritation. [121] It

has been measured in office air at 0.8 ppb and in more than 50% of 107 commercial flights

measured in a field study. [122, 123] In addition, in a simulated office with two subjects and

an initial ozone concentration of 33 ppb, 6-MHO has been measured at a concentration of

2.3 ppb. [9] 6-MHO has also been measured to form even after inhabitants have left the

indoor environment five days earlier. [124]

Although 6-MHO is prevalent in the indoor environment, one aspect of its indoor chemistry

that requires further investigation are its interactions with surfaces. Partitioning of volatile

organic compounds to indoor surfaces is important to study due to the high surface area to

volume ratios in the indoor environment. While an earlier study suggested surface reservoirs

may not be a substantial source of 6-MHO, [124] as discussed in Chapter 1, indoor surfaces

are host to complex multiphase and heterogenous processes including surface oxidation, acid-

base chemistry, and the adsorption and desorption of molecules. In addition, organic films

form readily on indoor surfaces. [125]

Previous AFM-PTIR studies have revealed that glass slides places in a kitchen result in

organic films containing a carbonyl stretching frequency associated with an aldehyde com-

pound. [126] Additionally, a study of latex paint surfaces, which contain 38% by volume

TiO2 [93] has shown via portable surface reactor experiments that ketones have significant
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partitioning to paint films. [127]

Our results have important implications for the adsorption and partitioning of products of

skin oil ozonolysis on indoor surfaces and potentially indoor film formation, as well as possible

reactivity between 6-MHO and TiO2 surfaces. Furthermore, to the best of our knowledge,

this is the first time the surface chemistry of 6-MHO has been investigated.

7.2 Computational Methods

Force field-based MD simulations and AIMD simulations were used to investigate the ad-

sorption of 6-MHO on SiO2 and TiO2 surfaces. The TiO2 surfaces have been constructed in

the same way as Chapter 6 and the SiO2 surfaces have been constructed as the same way in

Chapter 5.

For the AIMD simulations, it is important to note that the basis sets and functionals used

for SiO2 and TiO2 simulations are different, thus only comparisons between simulations of

the same basis set and functionals have been made.

In order to further study the role of the 6-MHO dihedral angle on surface stability, a relaxed

scan of the dihedral angle, detailed in Section 7.3.4., in the gas phase was performed via

electronic structure calculations with the Gaussian 16 package. [66] The scan was performed

using the M06-2x/6-31g(d) level of theory. [67]

7.2.1 Surface Analysis Techniques

The 6-MHO molecule has a key similarity to the carvone molecule, the presence of a ke-

tone functional group along with Csp
2 carbon centers. Hydrogen bonding interactions were

analyzed in the same way as in Chapters 5 and 6. Regarding the ketone functional group,
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as discussed in Chapter 5, oxygen silicon associations have been measured for 6-MHO on

the SiO2 surface, and as discussed in Chapter 6, oxygen surface Ti interactions have been

measured for 6-MHO on the non-hydroxylated TiO2 surface.

To calculate hydrogen bonding probabilities, hydrogen bonds were defined to be present if

the distance between donor and acceptor was less 3.5 Å and if the angle between acceptor,

donor hydrogen, and donor oxygen was within 120 to 180◦ for both types of hydrogen bonds.

To determine the presence of a 6-MHO oxygen silicon association on the SiO2 surface, all

distances between the 6-MHO oxygen atom and the surface were measured every 1 ps for

the last 45 ns of the unbiased MD simulation. The minimum distance between the 6-MHO

oxygen and the surroundings was determined per frame and the proportion of these distances

that were to a 3-coordinated Si atom was used to determine the probability of an oxygen

silicon association.

7.3 Results

This is our first attempt at studying the adsorption of one molecule on two different surfaces.

First, the results of the experimental IR measurements will be described in Section 7.3.1,

and the classical MD results will be described in Section 7.3.2, the AIMD results will be

described in Section 7.3.3, and the electronic structure calculation results are discussed in

Section 7.3.4.

7.3.1 Experimental Results

First, we will start with the experimental results for 6-MHO adsorbed on the SiO2 surface.

Figure 7.1(a) shows an IR spectrum of gas-phase 6-MHO at a pressure of 550 mTorr at 296

K. The IR spectra and vibrational modes of 6-MHO are assigned as followed, 2976, 2929,
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2872 cm−1 for the aliphatic C-H stretching motion; a broad band at 1736 cm−1 is observed

for the C=O and C=C stretching vibrations; 1445, 1363 cm−1 for CH3 and CH2 bending

vibrations motion, respectively. Figure 7.1(a) shows 6-MHO in the gas phase and Figure

7.1(b) shows 6-MHO on SiO2 surfaces at shows the IR absorbance spectra of 6-MHO on

the SiO2 surface at 2, 5, 10, 21, 42, 76, 119 and 161 mTorr equilibrium pressure under dry

conditions, and Figure 7.1(c) shows a zoomed in for the C=O stretching region. Notice,

unlike carvone in Chapter 5, there is no shoulder in the C=O stretching region.
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Figure 7.1: FT-IR gas-phase spectra of 550 mTorr 6-MHO at 296 K in the spectral ranges
extending from ca. 1200 to 4000 cm−1. (scale bar = 0.01 absorbance units) (b) FT-IR
absorbance spectra of 6-MHO on the SiO2 surface at an equilibrium pressure of 2, 5, 10, 21,
42, 76, 119, and 161 mTorr under dry conditions, respectively. (scale bar = 0.1 absorbance
units) (c) The surface adsorption spectral range extending from ca. 1500 to 1800 cm−1 as
function of pressures from (b). (scale bar = 0.05 absorbance units)
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The assigned modes for Figure 7.1(b) are as follows: the negative peak at 3745 cm−1 is

attribute to the loss of isolated Si-OH groups due to the hydrogen-bonding interactions with

6-MHO, as observed in the shifted broad peak centered at 3384 cm−1. [18] The adsorption

bands at 2972 cm−1, 2923 cm−1 and 2865 cm−1 are for the C-H sp3 stretching motion

from alkene; a big broad band at 1705 cm−1 is observed for the C=O and C=C stretching

vibrations; and the region from 1446, 1409 and 1379, 1368 cm−1 are for CH3 and CH2 bending

vibrations motion, respectively. The C=O and C=C groups are involved in the interactions

with the hydroxylated SiO2 surface, producing a shift toward lower wavenumber of 21 cm−1

in the corresponding stretching band when compared to the gas-phase spectra.

Figure 7.1(c) shows the IR absorbance spectra of 6-MHO on SiO2 surface as function of

pressure in the spectra ranging from ca. 1500 to 1800 cm−1 as shown in the Figure 1(b),

there is no significant peak shift during the growth of 6-MHO adsorbed on SiO2 surface as

discussed in Chapter 5, indicating a lack of oxygen silicon associations from the experimental

results. There is no increase of adsorbed 6-MHO after 21 mTorr due to the lack of free Si-OH

functional groups on the SiO2 surface. As the 6-MHO pressure changes from 21 mTorr to

161 mTorr, there is about 24% increase in 6-MHO on the SiO2 surface as determined by

the integrated peak area of 6-MHO at 1705 cm−1. Once the monolayer coverage of 6-MHO

on the SiO2 surface is reached, the ratio according to equation 7.1, which is the same as

discussed in Chapter 6, is 0.17.

∆increase amount of adsorbate

∆increase pressure
(7.1)

Compared to carvone, at one monolayer coverage, there is a 30 % of amount carvone increased

on the SiO2 surface, and when the carvone pressure changes from 4 mTorr to 52 mTorr the

ratio in equation 7.1 is 0.63, which is 3.7 times of that of 6-MHO.

Figure 7.2 shows the adsorption-desorption kinetics of 6-MHO onto the hydroxylated SiO2
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surface at an equilibrium pressure of 5, 12, 24, and 48 mTorr under dry conditions. The

surface coverages were determined by integrating the absorption bands from 1640 to 1760

cm−1 for the adsorbed 6-MHO.

Figure 7.2: Temporal evolution of 6-MHO adsorption on the hydroxylated SiO2 surface at
an equilibrium pressure of 5, 12, 24, and 48 mTorr under dry conditions

A similar analysis to what is described in Chapter 3 has been done and and the kinetics

for α-terpineol, carvone, dihydromyrcenol, linalool, 6-MHO, and limonene are all shown in

Figure 7.3. In the classical MD results section, these trends will be discussed.
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Figure 7.3: The apparent first order desorption kinetics ln
[V OC]t

[V OC]equ
vs t(s)) for α-terpineol

(blue solid pentagons), carvone (black solid circles), dihydromyrcenol (green solid diamonds),
linalool (purple solid triangles), 6-MHO (red solid circles) and limonene (yellow solid squares)
at 4 mTorr from the hydroxylated SiO2 surface under dry conditions. The order of desorption
kinetics are: kα−terpineol

des < kcarvone
des < kdihydromyrcenol

des < klinalool
des < k6−MHO

des < klimonene
des

Now, I will detail the experimental results for 6-MHO adsorbed on the TiO2 surface. Figure

7.4 shows FT-IR absorbance spectra of 6-MHO on the TiO2 surface at an equilibrium pressure

of 3 mTorr at 297 ± 1 K under dry conditions, using the TiO2 surface prior to adsorption

as the background and with gas-phase contributions subtracted from the spectra.
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Figure 7.4: Absorbance FT-IR spectra of 6-MHO adsorbed on TiO2 surface under dry con-
ditions at an equilibrium pressure of 3 mTorr in the spectral range extending from ca. 1200
to 4000 cm−1. (scale bar = 0.05 absorbance units)

Spectral changes are seen after the initial adsorption suggesting 6-MHO can undergo addi-

tional surface chemistry on the TiO2 surface. The observed IR absorption band frequencies

are in general agreement with gas-phase 6-MHO vibrational frequencies with the exception

of the spectral range extending from ca. 1600 to 1800 cm−1. The modes are assigned as

follows: the negative peak at 3649 cm−1 is attribute to the loss of Ti-OH groups due to the

hydrogen-bonding interactions with 6-MHO; 2968 cm−1, 2920 cm−1 and 2862 cm−1 are for

the C-H sp3 stretching motion from the vinyl CH3 groups; a big broad band centered at 1694

cm−1 with a red shift of 42 cm−1 when compared to the gas-phase spectra in Figure 7.1(a)

due to the possible hydrogen binding interactions formed between 6-MHO carbonyl O atom

and surface Ti-OH groups, is observed for the coupling of C=O and C=C stretching vibra-

tions; and the region from 1446, 1409 and 1379, 1368 cm−1 are for CH3 and CH2 bending

vibrations motion, respectively.
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7.3.2 Classical Molecular Dynamics Results

To study the interactions of 6-MHO on indoor surfaces using classical molecular dynamics,

we first performed a 50 ns unbiased simulation of 6-MHO on each surface. The SiO2 surface

is hydroxylated with a silanol surface density of 4.7 OH nm−2, which resulted in surface 3-

coordinated Si atoms. As discussed in our earlier work, [128] this allows for the prevalence of

oxygen silicon associations between the carbonyl oxygen atom and 3-coordinated Si atoms.

We determined oxygen silicon associations are prevalent in 58% of the last 45 ns of the

unbiased MD simulations. The is a much lower portion of the simulation compared to

our study of carvone, and this difference is due to the more flexible structure of 6-MHO

that allows for the 6-MHO oxygen atom to more easily engage in hydrogen bonding. As

discussed in the methods section and our previous work, there are two TiO2 surfaces, one

fully hydroxylated surface and one non-hydroxylated surface. Molecular snapshots in Figure

7.5 show 6-MHO on both TiO2 surfaces and in the two predominant orientations on the SiO2

surface.
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(a) (b)

(c) (d)
Figure 7.5: Molecular snapshots of 6-MHO on the SiO2 and TiO2 surfaces from force field-
based MD simulations. (a) 6-MHO on the non-hydroxylated TiO2 surface. (b) 6-MHO on
the hydroxylated TiO2 surface. (c) 6-MHO on the SiO2 surface where the 6-MHO oxygen
atom is engaged in a hydrogen bond with the surface OH groups. (d) 6-MHO on the TiO2

surface where the 6-MHO oxygen atom is engaged in an oxygen silicon association. O atoms
are colored red, Ti atoms pink, Si atoms yellow, H atoms white, and C atoms, cyan.

During the course of all the unbiased simulations, we determined the 6-MHO oxygen was
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engaged in surface interactions. However, the conformation of the 6-MHO molecule varied

depending on surface and interaction type. To characterize the conformational preferences,

we measured the dihedral angle, ϕ, (shown in Figure 7.6a and Figure 7.6b) as shown in

Figure 7.6c.
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Figure 7.6: (a) 6-MHO with a dihedral angle of 151◦, with the atoms used to measure the
dihedral angle colored pink. This is a common dihedral angle measured for all surfaces
and surface interaction types. (b) 6-MHO with a dihedral angle of 21◦, which is frequently
observed for 6-MHO on the non-hydroxylated TiO2 surface and less often observed for 6-
MHO on the hydroxylated TiO2 surface and the SiO2 surface with 6-MHO is in an oxygen
silicon association. (c) Distribution of the 6-MHO dihedral angle on SiO2 when the 6-MHO
oxygen is engaged in a hydrogen bond, for SiO2 when the 6-MHO oxygen is engaged in an
oxygen silicon association, for the non-hydroxylated TiO2 surface, and for the hydroxylated
TiO2 surface

Figure 7.4c shows an interesting trend, that for all surfaces, 6-MHO will often assume an

extended conformation on the surface. However, given the broad distributions, this dihedral

angle is a soft degree of freedom. This is in agreement with our previous study of two

other linear molecules adsorbed on the SiO2 surface, dihydromyrcenol and linalool. For our

configurations that show hydrogen bonding between the 6-MHO oxygen atom and surface,

we find the extended conformations of 6-MHO are highly favored. Extended conformations

of 6-MHO enable more of the molecule to be positioned on the surface instead of pointing

away from the surfaces, resulting in the formation of more stabilizing π-hydrogen bonds.

Interestingly, when 6-MHO interaction on the surface without a hydrogen bond between

the 6-MHO oxygen atom and surface, 6-MHO sometimes forms a more bend structure. An
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analysis of the dihedral angle ϕ in the gas phase shows that ϕ ∼ 20◦ degrees is energetically

unfavorable by 0.0092 kJ/mol compared to 150◦ based on our dihedral angle scan (discussed

in Section 7.3.4). This small difference indicates a slight lack in stability of the surface

interactions when 6-MHO is in these orientations.

From our unbiased simulations, we calculated the average number of hydrogen bonds and

π-hydrogen bonds with 6-MHO on the surface. In Table 1, we show the average number

of hydrogen bonds during the course of the trajectory and delineate between the entire

trajectory of 6-MHO on the SiO2 surface and the portions of the trajectory when 6-MHO

is in a hydrogen bond with the SiO2 surface. Note that there are no hydrogen atoms on

the non-hydroxylated TiO2 surface, so there are no hydrogen bonding statistics for that

simulation.

Surface
Average number of

hydrogen bonds

Average number

of π-hydrogen bonds

SiO2 (full simulation) 0.60 0.08

SiO2 (when in a hydrogen bond) 1.46 0.07

TiO2 (hydroxylated surface) 1.62 0.30

Table 7.1: Hydrogen bonding statistics for 6-MHO for the full simulation on the SiO2 surface,
for the portions of the simulation where the 6-MHO oxygen atom was in a hydrogen bond,
and for the hydroxylated TiO2 surface. π-hydrogen bonding criteria was determined if the
Csp

2-O distance was less than 3.5 Å and the OH- Csp
2 angle was > 120 ◦ and hydrogen

bonding criteria was determined if the O-O distance was less than 3.5 Å and the OH-O
angle was > 120 ◦.

Table 1 shows that 6-MHO can form many hydrogen bonds on the SiO2 and TiO2 surface.

We see that when the 6-MHO oxygen is in a hydrogen bond with the SiO2 surface, there is

a substantially higher average number of π-hydrogen bonds. In addition, both the hydro-

gen and π-hydrogen bonding numbers are greater when compared to those of the carvone

molecule. We attribute this increase to the extended conformations of 6-MHO. For the SiO2
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surface, when the 6-MHO oxygen is in a hydrogen bond and consequentially is extended,

there is a much greater probability of π-hydrogen bond formation. Although 58% of the

trajectory shows 6-MHO is in an oxygen silicon association, we attribute this as an overpop-

ulation of the trajectory due to the high partial charge of the Si atoms, and this is consistent

with our studies of carvone. In addition, we suggest that the lower average number of π-

hydrogen bonds for 6-MHO on the TiO2 surface compared to the SiO2 surface is due to the

more rigid structure of the hydroxylated TiO2 surface.

We have also calculated the free energy profiles (also referred to as potentials of mean force

of PMF) for the desorption of 6-MHO from the SiO2 and TiO2 surface, as shown in Figure

7.7. The free-energy profiles are placed vertically such that their minima are at the zero of

free energy.
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Figure 7.7: Potential of mean force (PMF) for the desorption of 6-MHO on the SiO2 and
TiO2 surfaces calculated using classical MD simulations and umbrella sampling.

Figure 7.7 shows the free energy of desorption is much greater for the TiO2 surface compared

to SiO2, and the free energy of desorption is greatest for the non-hydroxylated surface. We

attribute this to the role of the electrostatic interaction from surface Ti atoms, with a partial

charge of +1.8365e. These results are consistent with our earlier studies of limonene and
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carvone on SiO2 and TiO2 surfaces. For the SiO2 surface, the minima is much wider compared

to TiO2. This is due to relatively greater roughness of the amorphous SiO2 surface compared

to the rigid TiO2 surface.

As discussed in Figure 7.3, the order of desorption kinetics for indoor relevant organic

molecules on SiO2 surfaces is kα−terpineol
des < kcarvone

des < kdihydromyrcenol
des < klinalool

des < k6−MHO
des <

klimonene
des . We will now use our molecular dynamics simulations and experimental results to

understand this trend in desorption kinetics.

Our MD simulations and experimental results together shed light on this trend in desorption

kinetics. There are many important characteristics of surface adsorbates that affect des-

orption kinetics, and here we will investigate the role of surface interactions and molecular

shape. Limonene, which lacks oxygen atoms and can only form π-hydrogen bonds with the

surface shows the fastest desorption kinetics, suggesting that molecules that can form oxygen-

based hydrogen bonds will consequently have longer desorption lifetimes. In addition, some

molecules may on average form more hydrogen bonds. For example, dihydromyrcenol has a

slightly slower desorption lifetime compared to linalool. In addition, during the course of an

AIMD simulation trajectory, it was determined that dihydromyrcenol can form an average

of 0.5 more hydrogen bonds to surface OH groups compared to linalool.

Molecular shape also affects desorption lifetimes. As discussed in Diaz et al, there is a

fundamental difference in the adsorption on SiO2 for linear versus ring containing molecules.

[86] In their comparison of four different organic probes, citronellal, the only linear molecule,

was shown to have the lowest amount adsorbed per unit surface area. It was suggested that

the adsorption of the linear molecule results in a flat adsorption that blocks smaller pores

that in which ring containing molecules may become trapped. This may explain why carvone

and α-terpineol have lower desorption lifetimes compared to the linear dihydromyrcenol and

linalool molecules. In addition, carvone may undergo a possible tautomerization as reported

in the literature, resulting in a longer desorption lifetime. Our experimental evidence suggests

146



that 6-MHO does get trapped in pores and our dihedral angle distributions indicate that 6-

MHO exists in a variety of surface geometries during the course of our MD simulations (even

when only considering when the molecule is engaged in an oxygen-based hydrogen bond).

Therefore, we that suggest pores can be blocked by extended 6-MHO molecules and occupied

by bent 6-MHO molecules, leading to the shorter desorption lifetime when compared to

carvone. In addition, the 6-MHO C=C bonds former π-hydrogen bonds compared to linalool

and dihydromyrcenol, leading to the shorter desorption lifetime when compared to the above

molecules. In addition, due to oxygen-based hydrogen bonds, the desorption lifetime of 6-

MHO is longer than that of limonene.

7.3.3 ab initio Molecular Dynamics Results

In order to further investigate the interactions between 6-MHO and SiO2 and TiO2 surface,

as well as to provide computational power spectra to compare to our experimental results,

AIMD simulations of 6-MHO and SiO2 and TiO2 surfaces were performed.

As described in Chapters 5, two SiO2 surfaces were considered, one with full surface hydrox-

ylation, and one with a partially dehydroxylated surface with 2 dehydroxylated Si atoms,

allowing for oxygen silicon associations to occur on the surface. The power spectra for the

hydrogen atoms are shown in Figure 7.8, and the power spectra for the oxygen atoms n the

carbonyl stretching region is shown in Figure 7.9. 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 FT-IR spectra.
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Figure 7.8: Power spectra for all hydrogen atoms for 6-MHO adsorbed on the fully hydroxy-
lated SiO2 surface and partially dehydroxylated SiO2 surface. All intensity values have been
rescaled to run from 0 to 1.
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Figure 7.9: Power spectra for all oxygen atoms in the region of the 6-MHO C=O stretch
for 6-MHO in the gas phase, on a fully hydroxylated SiO2 surface, and on a partially dehy-
droxylated SiO2 surface. There is a slight red shift in the 1670 cm−1 wavenumber peak for
6-MHO on either surface. Consistent with our study of carvone, the red shift is greater for
the fully hydroxylated SiO2 surface compared to the partially dehydroxylated SiO2 surface.
All intensity values have been rescaled to run from 0 to 1 and the spectra for 6-MHO on the
fully hydroxylated and partially dehydroxylated surfaces has been scaled by 5x for clarity.
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The hydrogen power spectra show red shifting for the surface OH groups for both SiO2

surfaces because, during the course of the 16 ps AIMD simulation of the partially dehydrox-

ylated surface, only 7% of the time, the 6-MHO oxygen is in an oxygen silicon association.

We find this lower fraction of the trajectory is consistent with the lack of shoulder at 1705

cm−1 in the experimental results and our previous discussion of the stability of 6-MHO in

the linear geometry. This is a departure from our study of carvone that showed a more pro-

nounced shoulder in the experimental IR spectra of the C=O stretch region at high mTorr.

However, consistent with our study of carvone, the red shift is greater for the fully hydrox-

ylated SiO2 surface when the 6-MHO molecule can only for hydrogen bond, affirming that,

for both molecules, hydrogen bonding is the dominant form of surface interaction.

Three TiO2 surfaces have been considered to model the TiO2 surface, as described in Chapter

6: a non-hydroxylated TiO2 surface with 0 water molecules, second, a non-hydroxylated TiO2

surface with 4 water molecules, and third, a fully hydroxylated surface. Power spectra for the

hydrogen atoms of each system are depicted in Figure 7.10, for the oxygen atoms in Figure

7.11, and for the oxygen atoms in the carbonyl stretching region in Figure 7.12. Note that

the non-hydroxylated TiO2 surface with 0 water molecules has no surface hydrogen atoms,

so no hydrogen power spectra was calculated.
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Figure 7.10: Power spectra for all hydrogen atoms for 6-MHO adsorbed on the non-
hydroxylated TiO2 surface with 4 water molecules and for 6-MHO adsorbed on the hy-
droxylated TiO2 surface. All intensity values have been rescaled to run from 0 to 1.
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Figure 7.11: Power spectra for all oxygen atoms for 6-MHO adsorbed on the non-
hydroxylated TiO2 surface with 0 water molecules, for 6-MHO adsorbed on the non-
hydroxylated TiO2 surface with 4 water molecules, and for 6-MHO adsorbed on the hy-
droxylated TiO2 surface. All intensity values have been rescaled to run from 0 to 1.
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Figure 7.12: Power spectra for all oxygen atoms in the region of the 6-MHO C=O stretch for
6-MHO in the gas phase, on a non-hydroxylated TiO2 surface with 0 water molecules, on a
non-hydroxylated TiO2 surface with 4 water molecules, and on a hydroxylated TiO2 surface.
Note, compared to Figure 7.10, there are slight differences in the 6-MHO gas phase spectra
due to the difference in AIMD functional used. There is a slight red shift in the 1710 cm−1

for 6-MHO in the gas phase compared to TiO2 on any TiO2 surface. All intensity values
have been scaled by 5x for clarity.

The hydrogen power spectra show a red shift consistent with our experimental results, which

arises from the surface OH groups and water molecules engaging in hydrogen bonding with

the 6-MHO oxygen atom and π-hydrogen bonding with the 6-MHO Csp
2 atoms. In the

oxygen power spectra, we observed that all AIMD simulations show a red shift, and for

6-MHO on the fully hydroxylated surface, this red shift is greater when compared to that

of 6-MHO on SiO2, consistent with our experimental observations. This suggests 6-MHO

has a stronger interaction with the TiO2 surface, which is consistent with our classical MD

results.

Similar to our study of carvone, there is a red shift of the 6-MHO carbonyl stretch when in

the presence of a non-hydroxylated surface with no water molecules. We find that during the

course of that simulation the average 6-MHO oxygen to surface Ti atom distance is 2.13 ±

0.09 Å and 10% of the time the distance between the surface Ti atom to the 6-MHO oxygen
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atom is shorter than that of the surface Ti atom to the oxygen below it in the TiO2 crystal.

This kind of close interaction is no seen in our study of 6-MHO on the SiO2 surface, and due

to our previous studies, we suggest this 6-MHO oxygen - Ti interaction may be the starting

point for further surface interactions and surface chemistry.

7.3.4 Electronic Structure Calculation results

The gas phase scan of the dihedral angle shown in Figure 7.13 is shown here. The scan

indicates at dihdedral angles of -150◦ and 150◦, the molecule is more stable.
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Figure 7.13: Gas phase scan of 6-MHO dihedral angle.
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7.4 Conclusions

This study investigated the adsorption of an organic compound uniquely found in indoor

environments, 6-MHO, on two indoor relevant surfaces, SiO2 and TiO2, utilizing both exper-

imental and computational approaches. The FT-IR absorption spectra and MD simulations

show that 6-MHO is adsorbed to the hydroxylated SiO2 surface via dispersion forces, hydro-

gen bonds formed between the 6-MHO oxygen atom and surface OH groups, and π-hydrogen

bonds formed between the 6-MHO Csp
2 carbon atoms and surface OH groups, resulting in

a red shift in both the experimental IR spectra and the power spectra as computed by our

AIMD simulations. The interactions formed between 6-MHO and the hydroxylated SiO2

surface are relatively strong, and the desorption kinetics of 6-MHO from the SiO2 surface

are about 3.7 time slower than that of limonene, but 6 times faster than that of carvone.

Our classical force field-based MD simulations indicate that the free energy of desorption

for 6-MHO on a TiO2 surface is much greater than that of 6-MHO on a hydroxylated SiO2

surface. In addition, we revealed that 6-MHO can adsorb to a TiO2 surface via dispersion

forces, hydrogen bonds formed between the 6-MHO oxygen atom and surface OH groups,

π-hydrogen bonds formed between the 6-MHO Csp
2 carbon atoms and surface OH groups,

and a potential interaction between the 6-MHO oxygen atom and surface Ti atoms.

These results highlight the ability of 6-MHO, a linear ketone, which has been detected widely

in indoor environments, to adsorb on to indoor relevant surfaces. It is suggested from this

study that surface partitioning is therefore an additional pathway for the products of skin

oil ozonolysis in the indoor environment and provides insights into our understanding of the

role of human occupants on indoor chemistry and indoor air quality.
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Chapter 8

Conclusion

8.1 Using Computational Chemistry Study the Indoor

Environment

Computational chemistry is not widely used to study the indoor environment. However, these

studies show how computational chemistry can be used to elucidate indoor air process and

parameterize kinetic models. These studies also show the powerful ability of computational

chemistry to strengthen conclusions made by experimental measurements. There has been

great agreement across content studied, from surfaces, adsorbates, to even the role of % RH.

A computational chemistry approach has helped explain issues pertaining to indoor molecules

on a hydroxylated SiO2 surface, which is a proxy for a glass surface. We have discussed how

limonene is retained on a SiO2 surface even at high % RH through stabilizing π-hydrogen

bonds and dispersion forces. We have discussed how certain limonene isomers are able to

retain on SiO2 surfaces longer than other isomers, and the interesting role that the location of

C=C bonds plays in these differences. We have also discussed the heterogeneous interactions
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of oxygen containing molecules, including separate studies of molecules with OH groups and

molecules with ketone groups. In this work, we have discussed the role of the shape of the

adsorbate and the location of Csp
2 and oxygen atoms.

A computational chemistry approach has also helped explain issues pertaining to indoor

molecules on a TiO2 surface. Although there is some uncertainty of the nature of the real

world 110 rutile TiO2 surface and a single model surface has not been constructed, by utilizing

two extrema of the real world TiO2 surface, we have achieved agreement with experimental

measurements. Our studies of TiO2 surfaces have indicated the unique role of water on

the TiO2 surface, the potential interaction between oxygen containing molecules and surface

Ti atoms, as well as the formation of hydrogen and π-hydrogen bonds between adsorbates

and TiO2 surfaces. Our work has also formed a connection to a kinetic process model for

adsorption of limonene on the TiO2 surface.

Overall, there are many more interesting ways continue to study the indoor environment,

and I pose some questions below:

• What is the role of thin films on the adsorption of indoor pollutants on SiO2 surfaces?

• How do indoor relevant organic molecules interact with other prevalent indoor surfaces

such as a carpet, drywall, or wooden surface?

• How do brominated flame retardants from plastics and computer electronics interact

with indoor surfaces?

It is my hope that computational chemistry will continue to be a useful and efficient way to

study these questions and many others. This work has showcased the potential of computa-

tional chemistry to study the indoor environment.
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