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reactions and of the structure and dynamics of water confined between hyaphobic
surfaces

Joshua Parker Layfield

(ABSTRACT)

Comprehension of reactive chemical dynamics in the gas phaseatatick
gas/organic-surface interface and non-reactive dynamics atinteeface between
hydrophobic surfaces and water requires an understanding of the funalaamemic and
molecular interactions that undergird these important phenomena. ffodrnce study
these regimes of chemical interaction, we have performed congmatiagimulations that
probe the dynamics of chemical systems that exemplify eaittesé domains. To study
gas-phase chemical dynamics, we reparametrized semiemhpit&niltonians so that
they can accurately describe the potential energy surfacésdadistinct atom+alkane
reactions. In addition to their demonstrated accuracy, these meglosdess the
attractive quality of being computationally inexpensive enougtiftwd extensive direct-
dynamics trajectory studies. Our results on the dynamicstarh+alkane hydrogen-
abstraction reactions have shown good agreement with experimesttals that are as
diverse as product velocity distributions, excitation functions, angusaritditions and
rovibrational state distributions for diatomic products of the absiract We have
demonstrated that our reparametrized Hamiltonians are suitablavistigating gas-
phase reactions with up to 15 (5 heavy) atoms and that they acpagie for studying
reactions beyond the gas phase, especially gas/surface reactions.

By employing our semiempirical methods within a quantum-
mechanics/molecular-mechanics hybrid scheme we are able tminexanydrogen-
abstraction reactions of fluorine atoms with alkanethiolate assiémbled monolayers.
Our simulations reproduce the general trends of experimental résultie cousin
F+squalane reaction. Our simulations also probe the role that segamudlisions play
in determining the final internal and translational energy ofptteeluct HF molecules.
For instance, we determined that very few interactions withSIAM surface were



required to cool rotational and translational modes of the HF producte whi
vibrational energy remains unchanged on the time scale thatdid#eules trap on the
SAM surface.

Moving beyond the gas/organic surface interface, we have aldormped
molecular-dynamics simulations of thin water films confined ketwhydrophobic SAM
surfaces. These simulations illuminated the structural and dgadrahavior induced in
the water films by confinement in hydrophobic environments. Whilst mibects of the
surface do not penetrate deep into the water layers we have ndtedtibaced lateral
diffusion of water molecules can persist in these films with mm length scales. We
have elucidated a possible mechanistic precursor for the afttraiiices seen in

experimental measurement of the hydrophobic effect.
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Chapter 1
Introduction

1.1 Thesis Statement

The goal of the research presented in this document is to invegtigadynamics of
the reactions of atomic radicals with both gas-phase alkanestahe& gas/organic-
surface and to study the structure and dynamics of confined weatelucidate the
mechanisms of the hydrophobic effect.
1.2 Motivation

Elementary elastic, inelastic, and chemically reactive stolis between atoms and
molecules are the fundamental processes that undergird the cog@écoproperties of
chemical reactions and many biological systems. The fietwiputational molecular
dynamics uses theoretical methods to investigate the spaleifrentary interactions that
lead to chemical reaction and the rich diversity of interfaoehavior that governs a
plethora of biochemical activity.

These molecular interactions result in the fundamental procesgemsible for a
vast array of applications. Reactions studied in the gas phase are impoataatiety of
applications ranging from the combustion of fossil fidsthe development of chemical
lasers” The degradation of polymeric coverings on satefiié®sl the regulation of ozone
in the atmosphere by organic aerodase just two examples of problems that are
governed by the reactions that occur at the interface betweenwsgafaces and the
surrounding atmosphere. Non-reactive attraction of hydrophobic ssriacagueous
environments, dominate many protein-folding mechanisraed have important
application to nanofluidic.

We have sought to use computational molecular dynamics techniqsésdyo
each of these three physical regimes: 1) gas-phase chemézions 2) reactive
gas/organic-surface collisions and 3) non-reactive liquid/solidfates. The rest of this
introduction is organized as follows. First, we present a revietheofiterature relevant
to the two different atom+alkane gas-phase reaction clags#iedsin this work. Then
we provide an introduction to the gas/organic surface reactivesegtexperiments and

calculations. Finally, we will present an extended introductiomvestigations of the



hydrophobic effect through experimental and computational investigadfotiie nature
of water confined in hydrophobic environments.
1.3H+Alkanes

Chapters 3 and 4 of this dissertation will show our work on the siiongadf the
reaction of hydrogen atoms with alkane molecules. Here, wéda a brief literature
review of these reactions that focuses those chapters.

Due to the small number of electrons involved and the relativelyisiprofile of
the potential-energy surface, H + alkane reactions are turnindgoobé benchmark
system$ ®for studying the dynamics of atom-polyatom chemical reactions.

Before discussing the state-to-state experiments for H+ale@muotions, there are
two dynamics concepts that need to be fully understood: the imppeaaineter and the
opacity function. The impact parameter, as shown in Figure 1.1, reededs the distance
between the initial velocity vector of the impinging hydrogen atom gratallel line that

passes through the center of
mass of the target molecule. In
P an  experiment,  collisions
. Vinitial =" between reagents occur at

different impact parameters.

b, impact parameter _ :
Small impact parameters imply

a “hard” hit between reagents,
________________ _. while large impact parameters
imply a peripheral approach of
reagents and a tangential
Figure 1.1: A schematic representation of the impac . . . .
parameter collision. The opacity function
is related to the impact parameter, and can be defined as arenedsthe reaction
probability as a function of the impact paramét&he shape of the opacity function can
give some insight into the “reactive size” and shape of thettargkecule as well as the
reactive mechanisms that contribute to the formation of products.
1.3.1 H+methane - Hy/HD + methyl
The importance of the H + alkane class of reactions can be efethply the

intense experimental and theoretical research activity surroundingniblest reaction of



the family, H+methane> H,+methyl. The importance of this reaction goes beyond H +
alkane chemistry, as it represents the simplest chemumetioe at a tetrahedral carbon
center’

The rate constants for the forward and reverse reactions havedpested and
there have also been a few state-to-state dynamics expeviotenpleted: > " 8 State-
to-state dynamics experiments study the energy partitiomng chemical reaction
starting with a well-defined set of initial reactant statéed collision energies into the
product degrees of freedom. The analysis of these dynaméissstisually involves the
determination of the relative populations of the vibrational and rotatstagds of one or
all of the products.

The first state-to-state experiments on the H +y CDHD + CD; reaction were
reported in 1991 by Germar al.” using a pump-probe technique called Coherent Anti-
Stokes Raman Spectroscopy (CARS).This technique allowed them to probe the
nascent rotational and vibrational state distributions of the diatprogtuct, HD, with a
careful selection of experimental conditions to approximate closelgle collision
conditions. They chose to study the H+Cfystem as a logical progression from their
previous studies on the H + HG} H, + CI reaction>* due to the fact that both
reactions are nearly thermoneutiHycps = 0.087 eV and\Hy.nc = -0.046 eV and
they have somewhat similar classical reaction barriers, 0.Ztre¥ + HC® *"and 0.54
eV for H + CDO,.. Additionally both reactions exhibit light + light-heawy light-light +
heavy kinematics, which allows for certain simplification®¢éomade in the analysis and
mechanistic determinatiofl.

In the experiments, the H atoms were created by the photafdiydrogen
iodide (HI) resulting in H atoms with two different translatiorakrgies. This bimodal
energy distribution corresponds to the non-degenerate spin-orbit ioding $f#®e),
and I€P.y). In the H+CD center of mass, the collision energies arg=4.53+0.15 eV
and E=0.65+0.10 eV respectively.

Two major results were published in this study. First, the authepsrted
vibrational state distributions for the HD product is MBQ):HD(v'=1) = 4:1, with no
population in thev’=2 or v’=3 states, even though both states are energetically dueessi

up the J’=10 and J'=5 rotational states, respectively. The othgr,namd much more



surprising, result reported was that in the BiB(1) vibrational state, the rotational state
distribution was distinctly more excited than the MBQ) state® *° In thev’=1 state,
0.17 eV is the average HD rotational energy, which represents 17%e advailable

energy, Wher&, .o = Eo — Evibraiiona (HD(V ")) However, the average HD rotational

energy inHD(v'=0) was only found to be 0.13 eV, which represents only 9% of the
available energy. The authors compared these findings to #rehimark reaction H +
HCI - H; + CI, which results in an average rotational energy=o of 0.35 eV, while in
the v’=1 state the average rotational energy is only 0.13 eV, a decheam 21% of
available energy to 8%. The authors concluded that this discrepategebethe
benchmark polyatomic reaction and other atom-diatom bimolecular coflighat had
been studied previously was a result of the increased dimensiookhe H + CQQ
system’. These results indicated that popular reduced-dimensionality mazfalmanly
used to understand the dynamics of polyatomic reactmgsapproximating the CP
molecule to a simple pseudodiatomic analog D{CRre not valid for a complete
description of the dynamics of the system.

In 2003, Camdemrt al. analyzed the nascent products of the Hx@&action at
Ecoi=1.95eV using resonance enhanced multi-photon ionization (REMPI). &pested
the vibrational and rotational states for the ;Cproduct as well thekk’ angular
distributions. Thekk’ angular distribution is a measure of the scattering angleebket
the initial relative velocity vector pointing from the H atontte CD, (k) and the final
relative velocity vector pointing from th(—!r| I_|2

k
CD;3 product to the center of mass of the\ /k’

HD product k'), as shown in Figure 1.2. CD4 CD3

A reactive collision that has a small K
scattering anglekk’ [D°) is described as
forward scattering because the HD
product continues in roughly the same _ ,
Figure 1.2 A schematic representation of the kk'
direction as the impinging hydrogencattering angle for the H+CQ—HD+CD3; reaction
atom. These “stripping” collisions usually occur at larger impacameters. Collisions

with large scattering anglegk [118(C°) are referred to as backward scattering and are



said to proceed by a rebound mechanism. Backward scatterirggocalusually occur at
smaller impact parameters.

The reported REMPI spectra showed that there were approlymedeal
populations in the ground and first-excited vibrational states of thau@Drella-bending
mode. This result confirms the earlier claims of Hermanal. that it is an invalid
approximation to assume that methane acts as a pseudo-diatongalm8lgCD) if we
want to fully understand the dynamics of this reaction, sinceekug#ation of CQ
bending modes is a non-negligible channel for energy partitioning.

The measurelk’ angular distribution shows an average;G@battering angle of
cosd =-020+ 009, whereb = kk’ angle when averaged over all €librational and
rotational states. This average scattering angle for the s;C@roduct indicates that
backward-sideways scattering dominates, and this leads to a nevgtandimg of the
possible reaction mechanisms. All previous theoretical stiidfess well as the
benchmark system used by Camagral, H + D, —HD + D' had shown a reaction
mechanism that proceeded via a rebound mechanism, in which the HD pearhikst in
the direction of the incoming H atome(, backwards) and therefore, the £&»-product
scatters forward. This unexpected backward angular distribution @f I&€Dto the
conclusion that there exists a competition between the rebound aippingtri
mechanisms. The former prevails at low impact parameters, thiillatter dominates at
high impact parameters.

Camdenet al. further investigated the H+GOhydrogen abstraction reaction at
Ecoi=1.20eV with experimental and theoretical techniques to furtierdalte the details
of the reaction dynamic8. Their communication reportskk’ angular distribution that
shows that the most probable reactive scattering angle corresmomdsd = -007,
which indicates that even at relatively low collision energieleways and backward
scattering of the CPproduct occurs preferentially.

The theoretical aspects of the study by Cameteal. show that the hard-sphere
collision model used in this and earlier studies is a good approgmatilrajectory
calculations indicate an excellent correlation between thgadmparameter and the
scattering angle for the hard-sphere model and two differeotettieal potential energy

surfaceg?



Study of the H + Clp - HD + CD; reaction by Camdeet al. was augmented by
two complementary papers published in 26053° There are two major experimental
results in these two papers, 1) the excitation function, 2) thedatefspeed distribution
of the CQ} product. The excitation function is a measure of the reactiwWpyressed as a
reactive cross section, as a function gfjEThe measurements reveal that the reaction
cross section decreases by about 40% fraswE.48eV to 2.36eV?* The CI} lab-speed
distribution is an indication of the energy released into relétareslation of the product
species. At k=1.20eV, the Cb speed distribution ranges from 300 to 1950 m/s and
shows a maximum at 1250 m/s. AfE1.95eV, the maximum occurs at 1550 m/s and
the distribution spans the 250 m/s — 2550 m/s range.

On the theoretical side, the first modern surface created fot th€H, reaction
was reported by Jordan and Gilbert (JG) in 1895his analytical surface was based
upon functional forms proposed in 1987 by the Truhlar gfouphe major advancement
made in the new JG surface was the introduction of a four-fold symrat treated all
of the hydrogen atoms originally bonded to the carbon atom in methaguaslent.

All previous attempts at describing this reaction had at most 3-fold sygnméich only
treated the three methyl hydrogen atoms as equivalent. Theoaddit four-fold
symmetry increases the complexity of the analytical P&, allows for important
advances in describing the exchange reaction, H #€ICHD; + D, as well as a more
accurate treatment of the abstraction channel, H #-8BID + CD;.**

The next major advancement in the way of analytical surfemethe H+CH
reaction was made by Espinosa-Garcia in 2002 (EG PE®)is surface made an
improvement by treating all of the 5 hydrogen atoms as equiv@entpermutation of
any two atoms in the PES does not alter the potential energy). In addition, tice swata
fit considering new experimental aad initio data. The EG surface was followed by an
ab initio based analytical PES reported by the Manthe group in Z00is surface was
based on the Shepard Interpolation appréachand used fully quantum-mechanical
thermal rate constant calculations as a criterion for accuracy.

The most advanced analytical surface that has been derived tmd#te H +
CH, reaction was produced by the Bowman group at Emory Univérsithis PES was

created by covering the geometrically accessible configumstihat resulted from a



series ofab initio based direct dynamics calculations at the MP2 / aug-cc-p¥iza bf
theory. The energies of the geometries of the 20,728 points restriimg these
trajectory calculations were then calculated at the couplesletllevel of theory with a
more substantial basis set and method (RCCSD(T)/aug-cc-g¥/a@) these energies
were used to map the global PES. This map was then fit toies s®r invariant
polynomials that were originally developed by the Bowman grouputty oother reactive
systems’ *® This surface has been used to perform quasi-classical trajectory tiahsula
with various levels of vibrational excitation in the Cidactant?

1.3.1.1H+ CD4 - CHD3+ D

Another possible reaction mechanism for the H +, Gigstem is a homolytic
second-order substitution (&) reaction, resulting in D + CHproducts. This reactive
channel has been studied in much less detail than the complesingcéion reaction. In
the experiment, they@ inversion mechanism has been confirmed by Chattopadhyay and
co-workers®® The angular distribution of the D atom product relative to the initial H atom
velocity vector was measured using a pump-probe technique. It vessohetd that the
D atoms were mostly parallel to the initial H atom veloeggygtor, leading the conclusion
that an {2-like inversion mechanism was responsible for the exchangeoreadising
electronic structure methods, the barrier to the exchangdamdas been calculated to
be 1.62eV at the CCSD(T)/aug-cc-pvgz//MP2/aug-cc-pvdz level of theory.

1.3.2 H+C,Dg - HD + C;D5/ H + C3Dg - HD + C3Dy

The majority of investigation of the dynamics of H+alkane reacti@assfocused
on the H+methane, reaction but limited work has sought to measumyttamics of
larger systems in the family. In 1992, the Valentini group continued Wk by
publishing a study of the H +,0¢ and H + GDg reactions’® The experimental setup is
largely the same as their studies of H +,CDThe photolysis of HI in their experiments
were resulted in collision energies of 1.56eV+0.13 eV and 1.58+0.13 éN+{o4Dg and
H+C;3Dg, respectively.

Valentini and co-workers also measured absolute reactive crasisnse of
1.5+0.5 and 2.9+0.8 A for the H + GDg and H + GDg reactions, respectively. This
increase in the reactive cross section seems to reflectcteasing size of the molecules
and not necessarily an increase in reactivity. The HD vibratidis#&ibutions in both



reactions show a 4:1 ratio for the ground state and the firsedxstiates\(= 0:1) with
no significant population of the HY(2) states, which matches the H + QBsults.

HD product rotational state distributions were also reported fov'#@and the
v’'= 1 states for both reactions. Both reactions have the sameftygasitive correlation
between HD vibrational and rotational energy seen in their H % é&dperimental
measurementsi.€. there is a larger rotational excitation in the MB() than in the
HD(v'=0) vibrational state). Overall, for H +,0s -~ HD + GDs, the HD average
rotational energy for the’'=1 state is 0.30eV (16% of&iand compared to 0.20eV (11%
of Eavailanid for the HD{’'=0) state. For the H + Dg — HD(v’,J’) + C3D7 reaction the
average HD rotational energy in the1l state is 0.35eV (27% ofkiangd and for the
v'=0 state is 0.22eV (12% of&ilanid-

Oldershaw and Gould have also investigated the B#SHD+C,Ds5 reaction by
irradiating HI and HBr over a range of wavelengths in the pmsef GDe.>" The
reaction mixture was analyzed by mass-spectrometry aneixttigation function for the
reaction was reported. These authors report a threshold fororeactiurring around 55
kJ mol* and a maximum reactivity occurring around 125 kJ'mol
1.4F+Alkanes

After the discussion of H+alkane reactions in Chapters 3 and 4 of this
dissertation, additional studies of the cousin F+alkane reactiompsemented in Chapter
5. Here, we provide a brief literature review of F+alkane r@astthat is intended to put
in perspective the simulations of that chapter.

141 F+CH;—HF+CH3

The reaction of fluorine atoms reacting with alkane moleculggsents a step of
increased complexity in the study of atomic-radical+alkané#erest in the F+CH
reaction has been motivated by the potential exploitation of tisierayto develop a
chemical lasér*® and for the fundamental understanding of reactions with smallveacti
barriers and large exothermicities.

The dynamics of the F+CH> HF+CH; reaction has been extensively studied
also for fundamental reasons. In 1990, Sugawéai. showed that there is some slight

excitation in the umbrella-bending mode of the;GHidical product but no population



inversion exists, even with the ~34 kcal thakaction exothermicity? These authors
report relative vibrational distributions of G®,'=0,1,2) = 1.0 : 0.36 : 0.15 and found
this result to be consistent with the F+@# IF+CHs reaction. The Nesbitt group has
studied the title reaction and published both HF rovibrational statiebdi®ons® and
angular distribution§! Their analysis of the nascent HF vibrational state distribsition
shows strong population inversion with the WiF@istribution being peaked &t=2 and
roughly 10% of the population residing in WFE3). In 2001, the Nesbitt group showed
that there is a strong propensity for HF forward and backwartesogt with a strong
suppression of HF scattering in the sideways regime. Thig nedidates the bifurcation
of reaction mechanisms that occur between rebound and stripping dynamics.

The Liu group has studied both the F+Chhd isotopically substituted F+GD
reaction?®** The first major result from these studies is the positiveetation between
forward-scattering and vibrational excitation in the DF produdibe authors suggest
that this unexpected result is evidence of a gquantum-mechanictiveeeesonance.
Additionally, the Liu group published an excitation function for the Fz@éhction.
They show that the threshold for reaction occurs around ~0.5 kcdiandl that that
maximum reactivity occurs at ~2.6 kcal mol

Several theoretical reaction-dynamics studies of the R+§ldtem based on
analytical surface®™*’ interpolated surfacé§, and a specific-reaction-parameters
Hamiltoniarl® have emerged recently, providing different levels of agreemetit wi
experiment.

1.4.2 F+CyHg—HF+C3Hs

Going beyond the extensive investigation of the FzQehction, analogous
studies for the next member of the F+alkane family, JHsG> HF+GHs, are decidedly
available. The Nesbitt group have studied the nascent rovibratiateldsstributions of
the HF products in the F%Hs reaction. The vibrational distributions measured for
HF(V'=3:2:1:0)=0.28:0.43:0.12:0.16. The rotational state distributions are siatisti
consistent with the available energy in each vibrational manifola.did:ct comparison
exists between calculated vibrational distributions of the HF praahisihg from a full-
dynamics study and those measured by Nesbitt and co-workesfachis likely due to

the difficulty in deriving analytic potential-energy surfaces fotays of this size.



After presenting our work on atom+alkane reactions in Chapters Bib, t
dissertation will move to our efforts in the simulation of gasfaék surface reaction
dynamics in Chapter 6. The change from gas-phase to gas/surfaceniayna
significant, and the following section of the introduction is intendedvi® @n overview
of the relevant work done on the field of gas/organic surface dgeapmior to the
computational work on F+alkane surface reaction shown in Chapter 6.

1.5 Gas/Organic Surface Scattering
1.5.1 Gas/Organic Liquids

While the vast majority of investigation into dynamics at thes/gyaface
interfaces has traditionally lied in the field of gas/metalttecing, there is a growing
interest in the inelastic and reactive scattering of gasepty@ecies from organic surfaces.
Early work in the field of gas/organic surface scatteringused on the inelastic
collisions of closed-shell molecules with organic liquids, such asalaoe
(2,6,10,15,19,23-Hexamethyltetracosane). Over the past 20 years, thess baw
progressed to investigate not only gas/polymer interfaces buthesscattering of gas-
phase projectiles from alkanethiolate self-assembled-monolayer suf&&kls).
1.5.1.1Inelastic Scattering

Early experimental inelastic scattering experiments byh&eson showed the
importance of effective surface mass for energy transfer in thei@odlisf rare gases and
sulfur hexafluoride with both squalane and perfluorinated polyether (PEPBsing
time-of-flight mass spectrometry, the authors analyzed atiiva profiles of scattered
products. The time-of-flight distributions can be separated into twgaoemts, a fast
one, which is surmised to emerge from direct gas phase-likacdtitar of the gas and the
surface and is termed impulsive scattering, and a slow oneh whiginates from the
products that are desorbed from the surface after thermal awmation and is termed
trapping desorptioft They conclude that the bifurcation of the two main collision
mechanisms, impulsive scattering and trapping desorption, isigensithe composition
of the organic liquid.

McCaffery and co-workers used laser-induced fluorescence (etfniques to
probe the internal modes of molecular iodine scattering from a \siuigerof organic

liquids® The authors presented vibrational state distributions for inelbgiscattered
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I, molecules and determined that liquids which present C-H bonds autfaze are
much more effective than C-F bonds at convertipgirdnslational energy into; |
vibrations, thereby increasing the fraction of gas molecules whaghan the surface.
The work of the McCaffery group however analyzed all of theadlecules that passed
through their laser beam and did not provide any information on theaamjstributions
of scattering products.

More recently, the Nesbitt group has probed the inelastic sSogtteehavior of
CO, from a constantly refreshed PFPE surfice.The authors investigated the
rovibrational state distributions of scattering O@olecules as a function of both initial
and final scattering angle. They showed that the impulsaadjtered molecules recoil
predominantly in the forward direction for non-normal collisions and thete is a
strong correlation between large scattering angles (asured from the surface normal)
and rotationally excited COnolecules.

Computational studies of inelastic scattering from liquid organréaces have
lagged behind the extensive experimental investigation of thesecidema The
McKendrick group has used molecular-dynamics techniques to studytehiace of the
vacuum/squalane interface. These simulations showed that the methyl groups on the
squalane molecules are preferentially pointing toward the vacuuowe¢r, they also
estimate that reactions with impinging oxygen atoms can also atenore interior sites
of that liquid alkane.

A more complete study of the inelastic scattering of Nenatfrom a squalane
surface was performed by the Hase groupgAnalyzing the collisions of Ne with initial
translational energy of 10 kcal nfoand an incident angle of @%elative to the surface
normal, they report product angular scattering and translatemedgy distributions.
Using a similar molecular-mechanics model to govern the sudgoamics as the
McKendrick group and an analytical potential for the neon/squalane imvesacthe
authors determine that energy transfer to the surface ®iedy achieved within only a
few collisions of the gas with the surface.
1.5.1.2Reactive Scattering

As the field of gas/organic surface scattering dynamissnetured, the ability to
probe not only inelastic scattering but also reactive scattexuents has become
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possible. Using hyperthermal beams (up to 5 eV translationalygraarg time-of-flight
detection, the Minton group investigated the dynamics of reactio@’Bj atoms with
the surface of liquid squalan®>® The atomic-oxygen species can either scatter
inelastically, abstract a single hydrogen to form hydroxadicals, or abstract two
hydrogen atoms to form water. The authors present energy-tratisfebutions for
inelastic encounters, and translational-energy and angular distributions famo@ucts.

In a series of complementary experiments, McKendrick and co-wohars
studied O+squalane reactions using a different experimental s&t3liphey produce
low-energy (~3.4 kcal mdlaverage collision energy) #X) atoms via photodissociation
of NO,, and measure the internal-state distributions of the nascent OH pusthg LIF.
Alkane liquids other than squalane have also been investigated McHendrick group
to understand the role of surface composition and organization on irgkeraction
dynamics>®

Of particular interest to the work presented in this dissertatieithe experiments
the Nesbitt group on the reactions of fluorine radicals with liquidlage&" ® High-
resolution infrared absorption measurements of the HF product haveeck\detailed
rovibrational-state distributions. The energetics of reaction for the Fesgusystem are
dramatically different than the previously studied O+squalandioeac Although the
collision energy in the F+squalane experiments 0.3 kcal mot) is substantially
smaller than in the O+squalane experiments, the product HF weitebtistributions are
notably more excited than the OH product distributions.

Another important result from the F+squalane experiments is #seire of a
strong positive correlation between product HF rotational and ttenmsh excitation
across all accessible HF vibrational stdfe§® This correlation points to the role of
secondary collisions in the microscopically rough squalane surfaceoahng the
rotational and translational HF degrees of freedom for productsithatt impulsively
recoil from the surface immediately after reaction.

As in the case for inelastic scattering, there have beenaofdw computational
investigations of the reactions occurring at the gas/orgagicd| surface interface.
However, the problem for reactive scattering calculationgaserbated by the fact that

reactive potential energy surfaces for such large systemshand to describe in a
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computationally manageable way. These simulations are chaliedge to the hundreds
of atoms that need to be taken into account for an accurate descoptan organic
surface. Hybrid quantum-mechanics/molecular-mechanics (QM/MMIses have been
shown to provide a workable technique to investigate gas/organic euractive
scattering. These schemes balance the needs for a reBE&#eo describe bond
breaking and forming at the interface and a computationallybleasiethod to describe
the non-reactive surface dynamics. QM/MM approaches to gaslewstattering divide
the organic surface into a reactive region, where the radiaations take place, and an
inactive region, that provides structural support to the reactive r&ion.

Recently, Radalet al®’

have used this approach to investigate the reactions of
fluorine atoms with squalane in an attempt to complement the reeasois by
Nesbitt®* ®° The large computational expenditure associated with the cébmsdorced
the authors to propagate trajectories at much higher collisiogieadi1.53 and 23.06
kcal mol) than experiment (0#D.3 kcal mof'), making it difficult to establish
guantitative comparisons between theory and experiment. Even with thesedimjttie
calculations captured the major experimental trends, includingvantéd HF vibrational
distribution, which is peaked at HF£2) and has roughly equal populationvix1 and
v’'=3, and the quenching of HF rotational excitation as a function oésisdence time on
the surface prior to desorption. The Schatz group has also usedaa sisthodology to
study the reactions of oxygen collisions with both squéfare ionic liquids$?®
1.5.2 Gas/SAM Scattering

While squalane has been a benchmark liquid alkane surface inaxperymental
and some of the few computational scattering studies availablepdaydon self-
assembled monolayers have recently emerged as an atteltgiveative organic surface
for inelastic and reactive scattering experiments and sironfati Self-assembled
monolayers are paradigmatic semi-crystalline organic surfadash are smooth and
highly-ordered® "* These surfaces represent a chemically similar surfacprbute a
physical contrast with the molecularly rough liquid surfacésdditionally, the ordered,
regular nature of these SAM surfaces increases theactawness for computational
scattering simulations and a much larger body of computational exisks probing the

nature of gas/SAM dynamics.
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1.5.2.1Inelastic Scattering

In 1987, Cohenet al. published a study of rare gas atomic and molecular
scattering from SAM surfacés. As in the case of gas/organic liquid scattering, these
authors found that impinging rare gases and molecular oxygenetraiggfificantly more
translational energy to hydrocarbon SAM surfaces than toasilBAM surfaces that are
fluorinated.

As previously mentioned, inelastic scattering simulations from Sg\lvfaces
have been reported by a number of research groups. The firsttemsilaf gas-phase
species scattering from SAM surfaces were performeddsyoBand Hase a decade after
the first experiment§ This work studied the collisions of neon atoms with
hexanethiolate SAM surfaces over a range of collision eneagi@sangles of incidence.
They showed that trapping collisions were favored by impingiegabbms with low
collision energies and near-normal angles of incidence.

The investigation of the mechanisms that lead to trapping behavior lds #&As
extended by joint experimental and theoretical efforts of the Sibener aedgrtaups that
attempted to separate the impulsive-scattering and trappingatiesazomponents of the
product translational-energy distributi6h. They found that efficient energy transfer
from the neon atoms to the SAM surface that leads to thernafizztthe gas can occur
in a single collision event, and does not necessitate the long-tradpaghat had been
commonly hypothesized. Collision geometries that excite theotaksC-C-C modes and
low-frequency chain-wagging modes of the surface facilitatergy transfer and
thermalization of the impinging atoms. The thermalized Ne siwwould then desorb the
surface with a Boltzmann translational-energy distribution astinace temperature that
is seen in the experiment.

More recently the Morris and Troya groups have studied inelastttering
collisions with both atomic and molecular gases with SAMS. The theoretical
scattering calculations have shown the importance of propertyiieg the interaction
potential between the impinging gas and the SAM surface. Thesatigisteare
commonly obtained by fitting analytic Buckingham potentials to eyl ab inito data
and are subsequently used in molecular-dynamic simulations of theurfmse

collisions’® These authors have also reported that for various rare gas (NiEr)A
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SAM (-CHz and -CF terminated) combination, the relative mass of the colliding partner
governs the extent of interfacial energy tranéfer.

Moving beyond atomic scattering into the molecular gas realmTtbyga and
Morris groups have investigated the collisions gfadd CO molecules with both —GH
and —Ck terminated SAMs. While the internal ro-vibrational statecattering diatomic
molecules cannot be assessed with their experimental techniquenlational energy
profiles reveal that a pseudo-monoatomic approximation of the colligisy cannot
accurately describe the scattering dynamics. Alexaau@iTroya extended these studies
to investigate the role that rovibrational excitation of the diatogas has on the
scattering processés. In that work, the authors also presented a stereodynamic
investigation of the role that rotational and vibration dynamics@filecules have on
the mechanism of the collisions and the properties of the desorbed gas.
1.5.2.2Reactive Gas/SAM scattering

Much as in the case of gas/organic liquid scattering, recent vesrinkestigated
the reactions of gas-phase species with SAM surfaces. In 2008othe group showed
an example of the types of reactions that can occur at th8Addsinterface® They
exposed a vinyl-terminated SAM surface to ozone, and monitored thextiei-
absorption infrared spectra (RAIRS) as a function of exposure. tirAeier ozone
exposure, the signal peaks associated with the double bond of theliS&ipear and the
C-H methylene stretching peaks broaden and shift to the blueseTesults indicate that
the ozone molecules react with the vinyl terminus of the SAMnshand increase the
disorder of the surface. The authors comment that even under extubesiire and
washing with water, the SAM surfaces are not consumed as theyfavealkanethiolate
SAM surfaces. This suggests cross-linking between the teohadjacent SAM chains
that protects the underlying region of the surface.

More recently, the McKendrick group have studied the dynamics ®)O(
collisions with alkanethiol SAM& ™ A key finding in this experimental study is that
the relatively smooth SAM surfaces are not as effectivb@saugher squalane surface
in thermalizing the nascent OH product under identical initial camditiA conclusion
stemming from this study is that product species generatecdtiams with the rough

liquid have a larger probability to experience subsequent collisigths the surface.
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These secondary collisions are not as likely on the atomicalbptsnSAMs and the
corresponding product-energy distributions do not show thermalizationy neathe
degree that they do on squalane. Using selectively deuterated, $i#dds authors have
shown that the topmost methylene (-©Hroup of the SAM chains is the most reactive
site (even more than the terminal -gjfoup) and that penetration and reaction can occur
up to 6 carbon atoms deep into the surfice.

By implementing a QM/MM approach similar to the ones descrilmedhe
previous section, both the H&$and the Schat? ® groups have studied the reactions of
oxygen atoms with SAMs. The simulation of reactions of at teésgeace interface has
proven to exhibit a rich diversity of reaction mechanisms and postionfl dynamics.
The interfaces presented thus far have all involved impinging gasutedaeacting with
a condensed phase. The work showed in Chapter 6 of this dissertatoha$epgrogress
in the simulation of gas/SAM reaction dynamics by reporting a study ofadlkgaes of F
atoms with SAM surfaces.

1.6 Hydrophobic Interactions

After showing our work on atom+SAM surface reactions in Chaptere6finalize
our dissertation by presenting simulations on the structure ananygsaf water in the
vicinity of hydrophobic surfaces in Chapter 7. This work is a radieparture from the
reaction-dynamics studies that form the body of this dissmrtat Chapters 3 to 6, and
the following is a brief introduction expected to focus our work tHd bé hydrophobic
interactions.
1.6.1 Motivation

The interactions experienced by hydrophobic solutes and extended sumface
agueous environment have wide-ranging implications in a varietyietdsf Many
phenomena related to essential biological processes are dontiyatieel properties of
water confined in hydrophobic environments. For instance, hydrophobic amido
residues appear prominently in protein-folding mechanisms in aqueous eresitsniriT
8 Moreover, non-polar pockets in proteins have been shown to be respdasible
tremendous protein stability over a large range of presgupeto 2000 atmj’ %8 and
temperatures (up to 400 KJ. In fact, the non-polar regions in the native conformations

of membrane proteins on thermophilic bacteria serve to facibtmal cellular growth
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under extreme conditiori8.Furthermore, it has been recently shown that intervening thin
films of water between hydrophobic surfaces are crucial to the adhediua sgatulae of
geckos to many different chemical substrdtes.
1.6.2 Experimental Results

The mutual structural and dynamics effects that water and hydrapsotiaces
have on one another have lent themselves to extensive experimenttdeanstical
investigation. The first direct experimental evidence of thetteagale and magnitude of
the interaction between hydrophobic surfaces in water was shouvsrdgfachvili and
Pashley in 198%% who reported an attractive force acting at distances asa®ig-15

nm. A subsequent key study by Parkeal >

showed that the magnitude of the attraction
between hydrophobic species in water is much larger than whatdieted from models
solely accounting for electrostatic and van der Waals forceésgabetween the two
surfaces™ ® The inability of traditional inter-surface forces to reprodingestrength of
the hydrophobic attraction therefore led to the conclusion that thetethat the solute
and solvent have on one another need to be explicitly considered.

More recently, a large number of studies using modern surface-fmgaratus
(SFA) and atomic-force microscopy (AFM) techniques have meaduwydcbphobic
attraction at surface separation distaned®0 nm®*'® While there are numerous
experimental accounts of the strength and range of the hydrophobractian, a
definitive mechanism for the measured long-range attractiondtdseen confirmed. The
difficulty in unequivocally determining the mechanism of the ex#@on is due in part to
the dramatic dependence of the force on the type of hydrophobicesymfasent. For
instance, the type of binding of the surfactant molecules to the aigbgtovalent
bonding vs. physisorption) seems to have a major effect on the hydrophobic
interaction**’
1.6.3 Mechanisms of the Hydrophobic Effect

Some of the major mechanisms proposed to describe the attraction of
hydrophobic plates in water include: 1) capillary evaporation of ritexviening water
film, which leads to a collapse of the plat&%2) turbulent and unstable water forming
gaseous bubbles that bridge the surfaces and serve as precuesrtstaomplete

evaporation as the surfaces approach one anbtled 3) increased water structuring
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induced by hydrophobic confinement, which results in attraction bettteeoonfining
surfaces™®

To illuminate the mechanism involved in the long-range attracticguidaces in
aqueous environments and investigate the nature of the confined watesiextwork
has been done using molecular-dynamics (MD) simulations. The atiomd clearly
reveal that the strength of solvent-solute interactions contropribygerties of solvent
molecules near the surface. Strong water-surface interactiaetsas those afforded by
a hydrophilic surface with hydrogen-bonding moieties, result in campled persistent
hydration of the surfac&® *?**2On the other hand, a gaseous depletion layer is formed
for surface-solvent interfaces with solvent-solute interactiorakerethan the solvent self
interactions, such as is the case in hydrophobic surfates.
1.6.4 Molecular Dynamics Simulation

MD studies of confined water in hydrophobic environments have been falfruit
area of study over the past few years. Early MD simulatioagsed on non-atomistic
hydrophobic plates that were modeled as Lennard-Jones particlethasdimited
quantitative comparison between theory and experiff@rt’In an effort to characterize
the proposed capillary-evaporation mechanism for hydrophobic attraéticanget al.
suggested that the critical distance at which capillary evaporaf the intervening water
film occurs (dewetting) depends strongly on the cross sectiaregsl and shape of
hydrophobic plate$® This result is important because atomistic simulationsyraae
tackle the hydrophobic-plate sizes used in macroscopic experin@atambattistaet
al. have also contributed a series of papers describing the efteatsptessure,
temperature, and surface topology have on the critical dewettst@nde for water in
between two silica-based hydrophobic pldféd?’ The calculations show that as the
temperature increases and the external pressure dectbasa#ical dewetting distance
becomes larger. At pressures of 1 bar and 300 K, the largesturferes separation at
which dewetting is observed in the simulations is < 0.8 nm duringinidagion times
studied, which are all at most 1 ns. This body of work also indichtdwater at
distances larger than just 1 nm from a hydrophobic surface showedidrethat was

essentially the same as bulk water.
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As the experimentally-determined forces exist on much longgardies (up to
100 nm) than the simulations predict, a dewetting mechanism as thri@ued in the
simulations does not seem to be solely responsible for the hydroph@dst €ither
signatures that distinguish water confined between hydrophobic esidad bulk water
must extend well beyond the length scale seen in the simulatemsomed above. The
work presented in Chapter 7 of this document seeks to provide an understnitiag
mechanisms responsible for the hydrophobic effect using a sedb simulations to
probe the structural and dynamical properties of water under hydrophobic confinement.
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Chapter 2
Computational Methods

2.1  Introduction

For almost a century it has been known that quantum mechanics Qdns
the movement of electrons, atoms, and molecules in reactive anstimetllisions. To
fully characterize gas-phase reaction dynamics using congnahinethods, all degrees
of freedom of each particle should be studied using a full quantum-mestesed
description. For all but the simplest reactive molecular systanisll QM treatment is
computationally intractable and therefore simplifications must thken into
consideration.

This chapter describes the (quasi-) classical-trajectotiyadevhich is used in all
subsequent gas-phase and gas/surface reactive-scatteringisimwéthis Thesis. The
classical-trajectory method separates the electronic andanutiotions of a chemical-
dynamics simulation into the quantum and classical realms, tesghgc The theoretical
basis for this simplification is the Born-Oppenheimer (BO) appnakion, which argues
that nuclear and electronic motions are separable based onfféraglitimescales of
their motions- The BO approximation states that only one electronic configuratays
a role for a given set of nuclear positions, and thus the nucleaonsaticcur in an
equilibrated electronic configuration. The approximation is valicsystems that do not
have low-lying excited electronic states and for chemicakrys where the nuclei are
moving at exceedingly large velocities. When the nuclei apprdlae speed of the
electrons (translational energies of this magnitude are bdjoséd studied in this body
of work), the Born-Oppenheimer becomes invalid.

Under the BO approximation, nuclear motion is separable from elactroni
motion and the forces acting on the nuclei can be calculated fogieey molecular
configuration independent of the nuclear motions. The classicattivay method treats
the nuclei as classical particles where Newton’s Second dfaMotion governs their
dynamics. The classical trajectory approximation has beennstwmie valid for a wide
range of chemical reactions and with a high quality desonigtf the potential energy of
the system can provide quantitative agreement with both quantum tsomsiland

experiment.
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Newton’s Second Law can be expressed as Equation 2.1:

— R — mdi — mdF

Under the BO approximation the potential energy of the molecultersys only
a function of the nuclear positions and the force acting on each otithe is related to

the potential energy by Equation 2.2:

= _ —du(r)
F=—7 (2.2)

where U (F) is the potential energy as a function of the nuclear coordin&igsation
2.2 assumes that the system studied is not affected by anyadxXteces and that there is
no time-dependence on the potential energy, which is the cagadgrhase reactions
under single collision conditions. Such conditions exist for most modernedross
molecular-beam experiments, particularly under ultra-high vacuamditoons. Setting
Equation 2.1 and Equation 2.2 equal to each other we get Equation 2.3:

—dU(") — £ — mdr
dr dt? (2.3)

Equation 2.3 is the basis for the classical trajectory method, aaldaitraises three
requirements needed for a full treatment of the time-evolution ohdickei. The first
requirement is a proper description of the potential energy forittem gystem to be
studied, which is commonly called the potential energy surfac&)(PEHhe second
requirement needed to implement the classical trajectory methegroper description
of the initial conditions for the reactants, including the inpiasitions and velocities of
each nucleus. And finally, since Equation 2.3 is first-order wisipeet to position and
second-order with respect to time, no closed-form analytical soltti the differential
equation exists. Therefore, the classical trajectory methmpdres a suitable numerical
integration scheme that must balance the need for precisiontia@tltomputational
demands required for implementation. In the following, we addreds @athe three
requirements to propagate classical trajectories for a chemitafrsys
2.2 Potential Energy Surfaces

High-quality potential energy surfaces are an essential comptmeetforming

accurate and predictive chemical dynamics simulations. PESsakanmany forms,
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which will be described below. The major requirement needed foffectiee PES is
that it can provide an accurate potential energy for molecular coatiigog in the
regions of space explored in a dynamics simulation. Modern stofligas-phase
molecular dynamics require the evaluation of upwards df ekergy and energy
gradients Therefore, the PES must be able to provide these calculati@ntne-scale
that allows the simulations to be completed in a reasonable amount of time.
2.2.1 Analytical Potential Energy Surfaces

The most common technique used to describe the PES has been the use of
analytic functions which can be parametrically fit to eithernHeyel theoretical or
experimental data. For simple systems with relativelydegrees of freedom, functional
forms can be used which provide the convenient situation where the bidjustapirical
parameters retain some physical meaning. As an exampleotiden-Eyring-Polanyi-
Sato (LEPS) potential energy function has been widely used andadjustable
parameters can be linearly adjusted to fit different regionBeoPES to be studied with
either the classical trajectory method or quantum scattesfmylations® ®> While the
LEPS function has been used extensively as the functional fortimefetudy of triatomic
reactions, it lacks the flexibility to properly describe ®ES of all triatomic reactions
and a number of other forms based on other empirical relationstsipe been
developed: © While simple functions with physically meaningful parameteray be
used for triatomic reactions, the development of a PES for sydteges than a few
atoms requires significant effort to define appropriate functional forms.

Early attempts to move beyond these LEPS-type functions resulSa which
did not possess the proper permutationally invariant symmetry rdqueeinverting the
position of two identical atoms yields two different energiesfraams and Bowman
have developed a series of permutationally invariant polynomial fundhahshey have
used to properly describe the PES for systems up to 10 &tdnaA. trade-off for these
symmetry-corrected functional forms is the loss of physret#vance of the fitted
parameters and the non-linear ways in which they describe the R&dtionally, the
number ofab initio electronic structure points needed to properly describe the iasreas
dramatically as the size of the system grows. As an exan@adakoet al. recently

published a PES for the F+GHHF+CH;s reaction, which uses the previously described
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polynomials as the functional forth. To properly account for all the degrees of freedom
for this six-atom reaction they needed to calculate ~20,000 singi¢ groérgies at the
CCSD(T)/aug-cc-pVTZ level of theory. Additionally, these mooenplex functional
forms are computationally more expensive the simple LEPS functiothsncrease the
time needed to perform a classical trajectory study forvangreaction. Furthermore,
these potential energy functions lack analytical derivatives.refére, numerical
differentiation needs to be implemented to obtain energy gradienesaébr coordinate,
and this is computationally demanding for systems with more tham atoms. The final
limitation of the analytical function description is that a neSPmust be derived for
each different system to be studied.
2.2.2 Direct Dynamics

An attractive alternative to an analytical description ofRES is the use of direct
dynamics'® Direct dynamics is performed by calling an electroniacstire program at
each step along a classical trajectory to calculate thentmtenergy and the forces
acting on the atomic nuclei. The use of direct-dynamics atmoul has recently come
into vogue and it is philosophically attractive for a number of reas®hg. first major
attraction to the use of direct dynamics is the generality which it can be applied to
any chemical system of interest without the need to deqppeopriate functional forms
or focus on specific regions of the PES. Secondly, the qualityeoflyhamics results
should be directly tied to the quality of the electronic-structure-methos/bespair used
in the dynamics. Therefore any limitations in the accuracghefdynamics should be
tied to either the physics of the electronic structure methddeoassumptions made in
the type of dynamics performed (e.g. classi@lquantum) and not to an error in the
analytical functions resulting, for instance, from insufficient cage of the relevant
regions of the PES. Finally, one can attempt to study proctssemvolve more than
one electronic state smoothly using multireference methodspthaide the potential
energy surfaces and their couplings, as needed in surface-hopping msticbhdas
Tully’s.*> 14

A major limitation of direct-dynamics simulations is the comapiohal expense
associated with the calculation of energies and gradients alohg&gp of the trajectory.

To achieve a full description of the dynamics for a reactiveesy®ne would ideally run
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upwards of 1000 trajectories for each system and set of condithaies consideration.

As previously stated, depending on the initial collision energiesesaudive mechanisms

for a given system, >ICenergy and gradient calculations may need to be performed.
This fact dramatically limits the type of electronic stawe methods and basis sets that
can be reasonably used for a full-dynamics classical-taajestudy. Limited numbers

of trajectories reduce the precision with which dynamics priggecain be calculated and
reduce the effectiveness of direct dynamics methods.

2.2.3 Specific-Reaction-Parameters Semiempirical Hamiltonians

To ameliorate this limitation in the direct-dynamics methodstrategy has
emerged that makes used of specific-reaction-parameters (SBRjempirical
Hamiltonians. Semiempirical methods are based on the same quargahanical
foundation as Hartree—Fock theory, however some of the more computgtionall
expensive electronic integrals are approximated by the use ofieahparameters such
as orbital exponents, ionization energies, and pseudo-potentials for |leoneva
electrons®® The empirical parameters are usually derived so that ctiimdaof several
molecular properties agree with experiments or the thermochgroist large test set of
molecules?

The specific-reaction-parameters semiempirical Hamiltoniathad was first
proposed by Don Truhlar and co-workers in 1991 to perform dynamics caloalah a
nucleophilic substitution reactidd. Their results showed that a SRP Hamiltonian
provided results that improved upon the best analytical PES avaitabkt aime for the
specific chemical reaction that they investigated.

The technique involves taking a standard semiempirical method, whickirsoat
number of empirical parameters, and varying these paramet@rg,auson-linear least
squares fitting technique, in such a way as to match a sét ioftio data specific to the
reaction(s) under consideration. In this method, there is a need &mcarateab initio
map, which sufficiently covers the relevant regions of the PH®IS map requires
substantial computational effort as well as chemical understarafiripe accessible
regions of the PES. The SRP strategy has been shown to be appiacabldying the

reactive dynamics of a varied number of chemical systems hyroup®2°and other$®
31
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Our reaction dynamics simulations have all used the SRP metlegltre the
dynamics of not just a single chemical reaction but two @iffeseries of homologous
chemical reactions, namely the hydrogen abstraction readaifotne H+alkan& 3? and
F+alkané 3 families. For both reaction classes, we have employed a wwitifi of
the Intermediate Neglect of Differential Overlap-1 (INDO1) msampirical
Hamiltoniari>> called the modified symmetrically orthogonalized intermedieglect
of differential overlap (MSINDO) semiempirical Hamiltoni&h>®

MSINDO was chosen because it provided the most accurate descaptthe
intrinsic reaction coordinate for the H+@GHnd H+GHg reactiond and the F+Chl
reactiori° when compared with other semiempirical methods such as'®amt PM3*

2 The MSINDO Hamiltonian provides a set of parameters (4 @&mapijparameters for
H, 9 parameters for C and F, and a specific binding term for @¢aohtgpe pair) that
give the Hamiltonian sufficient flexibility for the SRP process.

Generally speaking, the SRP process requires the calculationnomber of
single point energies in relevant regions of the PES using ddvughelectronic structure
method and a sufficiently large basis set. These calculated goemtserve as the basis
for reparameterization of the SRP Hamiltonian. Since theifgpesegions of the PES
that are important for a proper treatment of the dynamics yasters-dependent, their
choice will be discussed in the subsequent chapters that detardikiglual reaction
classes studied. We have shown that the SRP process can predlmrtiers for
hydrogen-abstraction reactions within 1 kcal thahd reaction energies that are within
1-2 kcal mot* compared with coupled-clustab initio calculations. Similar calculations
performed with both second-order Moller-Plesset and density-functibealyt have
shown average deviations of ~5 kcal thot both the reactive barriers and energies. To
exemplify the dramatic increase in speed that the SRP-Haumaihs, we present the
example of a quasi-classical trajectory study of the Ft@Hction. A sizable batch of
30,000 trajectories calculated ag,E1.8 kcal molt with optimized initial conditions for
reaction (initial separation reactant separation and impact parasasaipling) require the
evaluation of ~9x1benergy gradients. To perform these calculations using the SRP
MSINDO method with 10 processors, the full dynamics study cacobwleted in 2-3
days. To calculate the same number of trajectories usingithecapVDZ basis set, the
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B3LYP method would require approximately seven years to comgietealculations
and second-order Moller-Plessett perturbation (MP2) theory wokéd @pproximately
eleven years. Additionally, the SRP-MSINDO Hamiltonian scage$f, meaning that
doubling the number of basis functions will result in a factor of eigbtease in
computational time. Density-functional methods such as B3LYR sl and MP2
scales as i which means that as the size of the system increasesntipeitational cost
advantages with the SRP-MSINDO method are magnified.

Now that we have introduced the SRP process and we have laid o@ntralg
process for the construction of a suitable Hamiltonian that can ée fas direct-
dynamics calculations, we next present the details for (quassjcal gas-phase and
gas/surface reactive scattering calculations.

2.3  Gas-Phase Initial Conditions

The quasi-classical trajectory method requires well-definetialinconditions
(atomic coordinates and velocities) that correspond to quantum vibreagioshabtational
states of reagent molecules. A known limitation of the clasgejactory method is the
presence of internal vibrational energy redistribution (I¥R)As a polyatomic molecule
propagates through time governed by classical mechanics, eneegartitioned through
different vibrational and rotational modes and during long trajectonegplete energy
scrambling occurs!

In a full quantum-mechanical treatment of the nuclear motion, enbag is
deposited into a specific vibrational mode remains in that mode betiimblecule is
perturbed by a physical collision or interaction with an extefiell. (There are a few
exceptions to this rule which include molecules that have a Fesonance, which
occurs when two different vibrational modes in the same molecule diendar energy
transitions and the transitions are members of the same iféduepresentation. Such
resonances should not occur in the vibrational manifolds of the molquer@sent to
this work as they have been shown to exist in molecules suchtes’ead those that
have carbonyl functionalities, such as £@nd ketone&> %)

Since IVR is time dependent, it is important to prepare moletidgscorrespond
to the proper vibrational quantum states and then optimize the conditiotisatof

trajectory to ensure that the polyatomic molecules react whele still correspond to the
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desired quantum states as faithfully as possible. This sectibbemrganized in two
parts: 1) the preparation of polyatomic molecules in initial stdtat correspond to the
proper quantum states to be studied and 2) the preparation of radicaldeartetial
conditions for quasi-classical trajectories which are then nated to investigate the
dynamics.

2.3.1 Polyatomic Molecule Preparation

Polyatomic molecular species have a number of degrees dbfrethat need to
be properly accounted for to give correct initial conditions for the iglessical
trajectories. We make use of a modified version of the VENUS8fpuater prografi' *®
which has been interfaced with the MSINDO and SRP-MSINDO relgictstructure
methods to provide proper initial conditions. Due to the scope of this doguweemill
not review here all of the techniques that can be employed to map molecular rovérati
states into atomic coordinates and momenta. However, we will dercai limited
description of the process employed in our studies and we refezatierrto the original
work developing these techniqd®%' and also to the VENUS code documentafiof?
for a more thorough review of these techniques.

Since all experimental comparisons are made with polyatomiccoieke in
supersonically expanded molecular beams, we assume that the emkeeubll located
in the vibrational ground state. Supersonically expanded molecular éxga@nments
result in rotational temperatures that are significantly gk As an approximation to
these conditions, we start all of our polyatomic reactants inafia¢ianal ground state.
We input the equilibrium geometry for the alkane molecules and essi&h matrix from
an electronic-structure calculation with the appropriate method. NBNDO
Hamiltonian, and thus also the SRP-MSINDO, has been shown to overtestihe
frequencies of molecular species by ~20%. To account for this klontation of the
Hamiltonian the vibrational frequencies are scaled by a fauftd.8 relative to the
frequencies found in the Hessian matrix.

All of the n normal modes for the alkane molecules are treated as harmonic

oscillators with energies described by Equation 2.4:

E = {Ef —Zl: E, }[1— RV | (2.4)
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where Eis the energy in each normal modeR is a vector ofn random numbers

between 0 and 1, and’ :ZEi, which is the total energy. The normal mode

amplitudes, A are calculated from the Hessian matrix by thati@hship in Equation

2.5:

_ ()"
w

A (2.5)

where w=21v; wherev; are the harmonic normal-mode vibrational frequesici From
these amplitudes and the ¥ector, the normal mode coordinates and velocitas be
computed as Equation 2.6:

Q = A Cos@/R)

Vi =-@ A sin@27R)

These normal mode coordinates are transformeddattesian coordinates by:

[X] =[L, Q] +[X,]

[p, ] =IMI[L,]IV]

Where [L] is the transform matrix from normal-mode coordézato mass-weighted

(2.6)

2.7)

Cartesian coordinates in the x dimension] [& a matrix that contains the equilibrium
coordinates in the x direction and [M] is a diagamatrix whose elements are the atomic
masses. Equation 2.7 can be generalized for altiaspdirections. This process
introduces additional angular momentum into theetwle due to the approximate nature
of normal mode sampling for finite displacemen@nce we have decided to produce the
polyatomic alkane molecules in the rotational gbstate the total angular momentum
for the system should be zero. To correct for #pproximation, the energy of the
system, E, is calculated using the appropriate Hanm@n (SRP-MSINDO) and the
coordinates and momenta are scaled as in Equagion 2

X = (% ~x")(E°/E)" +x’

. 2.8
pXi - pXi (EO/E)1/2 ( )

Where p, is the momentum of atom i in the x direction akd = E?, which was

previously calculated. When E an8dgree to within 0.1% the process in complete and

then molecules are ready to be used for quasiicidgrajectories.
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2.3.2 Trajectory Initial Conditions
As previously stated, the conditions for the tragees are important to properly
simulate experiments. To
obtain the trajectory initial
conditions, the polyatomic

hydrocarbon molecule is

—_—

placed at the center of a |niial separation, p
Cartesian coordinate

system and the center-of-

mass velocity is subtracted - ‘
so that the molecule is <
stationary as shown in Impact

Parameter, b

Figure 2.1. Three Euler

angles are selected tQigure 2.1: Schematic representation of the initiatonditions for a

randomly orient the atomicgas—phase guasi-classical trajectory

reactant around the hydrocarbon molecule. Theoranadrientation of the two reactants
allows for a complete sampling of the phase-spédtleeoreaction if sufficient trajectories
are generated. There are a number of other paresrtest must be defined in order to
ensure that all possible approaches of the ataimetanolecule are properly investigated.

The initial separation of the impinging atom fréhe center of mass of the target
molecule,p, needs to be optimized. This distance shouldbhg enough that there are
no intermolecular forces between the two collidmegictants at the beginning of the
trajectory. However, the distance should also beslaort as possible to reduce the
computational time and improve the survivability thie quasi-quantum state for the
hydrocarbon molecule, as described in the prewseasion.

A second important initial condition parameterthe impact parameter, which
measures the ‘direct-ness’ with which a moleculaflisson occurs. The impact
parameter, b, is defined as the perpendicularmisthetween two parallel lines drawn in
the direction of the initial velocity vector of tleomic reactant and passing through the
center of mass for each reactant. Since the aassdecular beams used in experiments

have a width that is dramatically greater thanrtitedecular diameter all possible impact
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parameters are sampled. Therefore, to reproducexperiment all impact parameters
for which reaction is possible must be sampled. e Thaximum sampling impact

parameter (hay has to be long enough that all possible reacp@oaches are included
in the trajectories, but short enough that nontreadrajectories due to an excessively
long impact parameter are minimized.

The final parameter to be defined for a gas-pluyasesi-classical trajectory is the
collision energy. The initial collision energydefined by the relative momentum of the
atomic reactant and the center of mass of the logdbon. The collision energy is
typically chosen to match the experiments with \Wwhibe calculations are compared.
While many of the considerations explained heregs-phase reactions need to be taken
into account for the considerably more complicatase of gas/surface reactions, we will
now describe the differences and similarities betwthese two types of reactions.

2.4  Gas/surface Trajectory Calculations

Simulations of gas/surface reactions are sigmfigamore complex than their
analogous calculations in the gas phase. Thechgtenge is to build an organic surface
that is simultaneously physically relevant and cataponally feasible. Our choice for
the reactive organic surface to be studied is kanathiolate self-assembled monolayer
(SAM). SAMs are attractive organic surfaces duartihegular structure and the ease
with which they can be modeled computationally. ddtirse, SAM surfaces have also
been utilized in experimenta® and theoreticdt® studies of gas/surface reactions.
SAM surfaces can also act as a model for liquichkme surfaces which have been used
extensively in gas/liquid scattering investigatiéh&

2.4.1 SAM Model

The main difficulty in simulating gas/SAM react®is in the sheer size of the
system, which contains literally hundreds of atorNsimerous quantum-mechanical
calculations of energy gradients for a system ofhssize is prohibitive, even if
semiempirical Hamiltonians are used. To allevidie tomputational expense of these
simulations, end we have employed a hybrid quameohanics/molecular-mechanics
(QM/MM) technique, which divides the alkanethiol@&M surface into a non-reactive,
structural region and a reactive region. In the oéghis section, we first describe the

molecular-mechanics potential used for the SAM ewst and then present the
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mechanical-embedding procedure used to definentieeface between the structural and
reactive sections of the SAM surface.
2.4.1.1Molecular-Mechanics Model

Simulation of atom/SAM reactions requires a compaoit@l model which can
accurately mimic the behavior of real systems.thi® end we have built upon the wealth
of inelastic gas/SAM scattering calculations thatvénbeen performed in our grotff®
8 The SAM potentials are modeled using the optichigetentials for liquid simulations
(OPLS) force field developed by the Jorgensen gf8uphe OPLS force field treats all
bond stretches and angular bending terms as hacrpotentials with equilibrium values
defined for each atom pair involved. The dihedmabular terms are defined as a
summation of cosine terms with specific parameterseach four-atom group. Non-
bonded interactions are modeled as the summati@oolombic and 6-12 Lennard-Jones

(L-J) interaction terms. The structural SAM potahtakes the final from:
U(r,8,9,R) = z %kr(r - ro)2 + Z %ké)(e - 00)2

stretches angles

| ; - (2.9)
+ > > ik, [L+cos(ng-g)l+ Y cj;g—qu,quLZ_:JA'g“%] _(%]}

dihedrals n=1 Coulombic 4

where r is the bond distance for all bonded pairatoms,0 is the angle formed by all
three bonded atome,is the dihedral angle for all four consecutivebuhd atoms and R
is the distance between each atom and every otber that is either more than three
bonds away or a part of other SAM chains. The segrand6, are the equilibrium bond
distances and bond angles for each two and thoe pair, while kand k represent
harmonic stretching and bending force constantgeively. The kterms are the
torsional force constants expanded around equihbrdihedral angleq,. Regarding
non-bonding interactions, in the Coulombic terfargl g are the partial charges on each
atomic centergy is the permittivity of vacuum and R is the throtgpace distance
between atomic centers. The models used for ga4/GAactive scattering do not have
any partial charges associated with the atomsdrSthM or the impinging atomic gases
and therefore the Coulombic term is zero for @pstin the simulation. The L-J potential
for each atom pair is defined by two different attype specific parameters. The depth

of the attractive well i€ and the distance at which the pair's intermolecelaergy
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becomes zero is. Table 2.1 shows the interaction parameters foofathe relevant
atomic interactions in the OPLS force field.

Table 2.1: The empirical parameters used to define the OPLkSnolecular potential
for the F+SAM system.

Interactions

Parameters

Bond Stretchés

C-H k=340.0 §=1.090
C-C k=268.0 §=1.529
S-C k=222.0 §=1.810

Angular Bend$

H-C-H

k=33.0 8,=107.8

C-C-H k=77.0 8,=109.1
c-Cc-C k=63.0 6,=112.4
s-C-C k=50.0 8,=112.4
Dihedral Torsion$

H-C-C-H, C-C-C-H k3=0.3 ¢;=0.0
C-C-C-C, S-C-C-C ks=2.0 ¢;=0.0

Lennard-Jonés

H

0=2.50 €=0.030

C

0=3.50 ¢=0.066

S

0=3.905 £=0.118

3Stretching parameters Jkunits are (x1§K-A™, and the equilibrium bond lengths)(r
units are A.

bBending parameters dk units are (x1®9K-rad® and the equilibrium angles are in
degrees

°%k; and k are both zero, reducing the dihedral terms tonaplsi cosine function, 4k
torsional bending parameters units are kcal 'mahd the equilibrium angles are in
degrees

®*Equlibrium bond lengthd) units are A and the well deptt®) are in kcal mot.

Past simulations of SAM surfaces have investigdtesl role that explicitly
modeling the hydrogen atoms have on the structace szattering behavior of SAM

surfaces. Early SAM models used a united-atom inedach averages the hydrogen
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atoms into the nearest heavy athm® This simplification dramatically reduces the
number of interactions that must be calculated raxldices the computational times for
SAM simulations. While this united-atom approaatids relatively accurate results, the
Hase group has shown that explicitly modeling tiidrbgen atoms with the OPLS force
field yields a SAM surface which not only preditte correct chain tilt angle but also
has the chain-tilt pointing toward the second n&areeighbor and not the nearest
neighbor as united-atom models preffct.Previous work in our group has shown a
hybrid approach can also provide a compromise whelntains most of the gain in
computational expense of the united-atom approdulewnatching the accuracy of the
all-atom approacf® 8- 8¢ 87

Our choice of force field is motivated by the ctat®n between SAM surfaces
modeled with OPLS and experimentally measurabltasarparameters. A tilt angle of
~30° from normal has been measured experimefftaihd work in our group shows that
the average tilt angle 29.9+2.2°

Our gas/surface reaction cell consists of 25 ottemlate SAM chains arranged
in a hexagonal lattice with sulfur-sulfur separasicof 4.98A. The sulfur atoms are
frozen during the simulation in a configuration ttlig consistent with the equilibrium
position of sulfur atoms on a Au(111) surf&e.Previous studies have explicitly
modeled the gold surface, but fixing the sulfurnagoin the equilibrium positions they
would have on a gold surface does not affect tlatesing dynamics calculations and
greatly reduces the computational expense assdandth explicitly modeling the gold
atoms. Additionally, the regular nature of the SAlMbws for another computational
simplification to be made. Periodic boundary ctinds are implemented in the x- and
y-directions to create an infinite two-dimensiomatface as implemented in the TINKER
program suité®
2.4.1.2Mechanical Embedding Procedure

The harmonic stretching terms in the OPLS molecoiachanics force field do
not allow for the possibility of bond forming andebking. To study the reactions of
atomic radicals with organic surfaces, we have dadsecond component to our system
which is based upon the same SRP-MSINDO Hamiltothahwe used in our gas-phase

classical trajectory calculations.
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Figure 2.2 shows a schematic breakdown of thetsiral and reactive regions of
the SAM surface for
the F+SAM
reaction®® The
interface  between
the reactive and
structural regions of
the SAM surface is
treated using a
common technique

called the

mechanical

Figure 2.2: A description of the QM/MM regions forthe SAM surfaces witt .
the mechanical embedding procedure embedding

procedure (MEPY* In the MEP, the potential energy of the entirgfae is calculated

using a molecular-mechanics method. Then the patemergy of the reactive region is
calculated with the force field and subtracted frtma prior energy. Finally, the gas-
phase SRP-Hamiltonian is used to calculate thengateesnergy of the reactive region
and this term is added back into the total systesrgy. Equation 2.10 expresses the

mathematical representation of the mechanical etibggrocedure:
EQM /MM = Ereactiverstructural(MM ) - E(reactive (MM ) + E(reactive) (QM) (210)

A similar recipe is used to calculate the forcasefgy gradients) acting on each of the
atomic centers that are necessary to propagatscadatrajectories.

In our investigation of the F+SAM system, the tea&cregion consists of the
ethyl-terminus of a central SAM chain and the etieyimini of the six nearest-neighbor
chains in the hexagonally-packed SAM surface. Theinging fluorine atom and these
seven ethyl-terminated SAM chains (50 atoms) regmteshe entire reactive region.
Capping hydrogen atoms are added to the ethyl resied saturate the valence shell of
each of the ethyl temini and facilitate the QM cédtions. The total SRP-MSINDO
calculation of energy and gradients involves 5ératand 105 electrons.

The size of the reactive region and the choicaty model the ethyl termini with

SRP-MSINDO is justified by the results of our dgmes calculations which show that
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<2% of impinging fluorine atoms either trap on thaface or react with the sub-terminal
carbon atom for all initial conditions investigate@&arlier computational investigations
involving higher collision energies and systemg tra less reactive (O+SAMs) found it
necessary to model-butyl chains to account for all of the reactivity @xperimental
conditions®®
2.4.2 Initial Conditions
2.4.2.1Surface Structure

While SAM surfaces are highly regular, the perf8étM depicted in Figure 2.2
does not accurately represent the structural desomdduced by thermal motion in
reactive scattering experiments above 0 K. Totera@aphysically relevant surface we
have simulated a SAM surface in the canonical ebgefoonstant temperature, constant
volume] at 300K for 10ns. We then take the eqralied surface and run an additional
1ns simulation of in the canonical ensemble. Thementary atomic positions and
velocities of snapshots of this second simulati@ntaken and used as the initial surface
conditions for our gas/surface scattering calcoreti
2.4.2.2Reactive Region

Classical, molecular-mechanics simulations provileface conditions that
correspond to the temperature chosen in the simanldiut there is no guarantee that that
total energy will be correctly located in the propérational manifolds of the reactive
region of the surface. To address this issue, awe ladapted a hybrid technique that
assures that our impinging atomic gas interacts ®A/nNs having zero-point energy.

Our technique involves a three step process whistolves first simulating
isolated gas-phase ethane molecules with the prapey-point vibrational motions,
orienting the ethane molecules properly accordmgheir positions in the surface and
finally integrating these molecules into the SAMrfage. Ethane molecules are
simulated using similar techniques to those deedribbove in section 2.3.1.1 for
polyatomic reactant molecules in the gas phase.h&Ve again simulated the molecules
with 80% of the zero-point energy predicted by thessian matrix of an electronic-
structure calculation using SRP-MSINDO and then gleted the process exactly as

described above.
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The second step in the initial condition generafrocess involves obtaining the
Euler angles that rotate the molecule from itsraagon in the gas-phase calculation that
determines proper coordinates and momenta for geird-motion to their orientation in
the SAM surface. Once the Euler angles for rotaaom determined, we must finally
place the ethane molecules into the SAM surface. pibperly incorporate the ethane
molecules in the surface, we begin by placing thieterminal carbon atom coincident
with one of the carbon atoms in the ethane molecWsing that carbon atom as the
origin, we apply the rotation based upon the pneslp determined Euler angles. We
rotate the positions and momentum of the rest ef dthane molecule to match the
positions of the ethyl-terminus for each of theese\6AM chains. Since an ethane
molecule is being placed in the SAM to replace #rylemoiety, one of the hydrogen
atoms must be deleted and the C-H bond is sulestitith the C-C bond that bridges the
QM/MM interface.
2.4.2 3Initial Gas Conditions

The preparation of the impinging atomic gas is $&nphan the surface
preparation due to the lack of internal degreelsegfdom. Figure 2.3 shows a schematic
representation of the initial conditions of an F#ASArajectory. Connecting our
dynamics simulations with the experimental work @@m analogous systems involves
defining a few parameters of the system. The thedmvant spatial parameters are the

initial separation of the atom
from the surface, the angle of
a) b) incidence, 6,, which is

defined as the angle formed
between the initial velocity
vector of the atomic species,
k, and the surface normal,

and the azimuthal angle,
which is defined as the angle
between the vectdr and the

Figure 2.3: A schematic representation of the iniéll conditons ~ SAM  chains  tilt  vector.
for the gas/SAM classical trajectories. a) A siden view showing
the scattering angle and azimuthal angle. b) A tepown view of
the SAM surface showing the circular target area

Molecular-neam experiments
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use the angle of incidence as an experimental gaeanThus, we select this angle in our
simulations to make direct connection with the expents. The size of the molecular
beam cross-section used in experiments is disfifatiger than individual rotational
domains of an alkanethiolate SAM surface, and #iusf the different azimuthal angles
are sampled. To make the connection with experisneve have consequently sampled
the azimuthal angles randomly.

The surface target area is defined as the areaewhemas-phase atom would first
make contact with the top of the SAM surface assgnthat there are no inter-atomic
forces acting on the impinging gas. We define tauget area as a circle around the
central SAM chain in the reactive region, which hasarea equal to the size of the unit

cell. The unit cell is defined as the rhombus fednbetween four adjacent SAM chains.

SAMs formed on a Au(111) surface are arranged &8 a+/3 R30° lattice with 4.98A
nearest-neighbor spacing. These parameters irsalltarget with a ~21.5 %area, and
thus a radius of 2.61A. We sample this target agegenerating two random numbers,
with the first representing a radial component #relsecond an angular component for
the target area. The first random number is saingledratically from 0.6:2.61A and
the second number is sampled linearly from3B0°. The initial height of the impinging
atomic gas above the SAM surface is fixed so thettet are no interactions between the
gas and the surface. These three parametersecouyith this height fixed define the
location of initial gas atom.

The final parameter we need to define is the initi@llision energy of the
impinging gas. Whereas in the gas-phase conditiansgefine the collision energy as a
function of the relative velocity and the reducedssof the system, in the gas/surface
regime we define the collision energy only by trenslational energy of the impinging
atomic species. Reactive scattering experimemetsypically performed on a constantly-
refreshed organic surface where the reactant gésrnsed in a molecular beam and
delivered to the surface with a very narrow tratisteal energy distributiof® In an
effort to match the experimental energy profileg select our initial impinging gas
energy to be equal to the center of the translati®@nergy profile used in the
experiments. We also vary the initial collisioreayy to probe the differences role that

the initial translational energy profiles have be tlynamics that occur at surfaces.
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2.5 Trajectory Propagation
Once the initial conditions and the potential-giyesurface for reaction have been
defined for either the SRP Hamiltonian in the gasge or the QM/MM mechanical-
embedding procedure for gas/surface reactionspagation method must be chosen to
accurately describe the evolution of the nuclebtigh time. As previously stated, there
is no closed-form solution possible for the diffetial Equation (2.3) since the left-hand
side is first-order with respect to time and tightihand side is second-order with respect
to position. The trajectory propagation must blvesb by using one of a number of
numerical integration methods. All of these numedrimethods are based around the
understanding that if the potential is known, aldaeries expansion about the tirge t
can provide the updated nuclear coordinates foivangtime stepAt, as expressed in
Equation 2.11:
y(t, +At) = y(t,) + f'(t,)At + f”(to)%z+ fO (to)%s+...+ f (tO)ATtIn (2.11)
where y(t) is the coordinate vector at time, t, di), f'(t), and f™(t) are the first-,
second-, and"derivatives of the nuclear positions at time tehost popular method
for numerical integration is the fourth-order Rudg#tta method, which is based on a
series of four terms across the time step. Theggation method is described by the
following series of equations, denoted 2°12:
Y(toen) = Y(t, + B1) = y(t,) + Sr2aii2aiaraty)
AY, = At* f'(t,,y,)
At

AY,

AY, = D% Fi(t, + oy, + =) (2.12)
AY3:At*f'(tn+A2—t,yn+A;2)

AY, = At* f'(t, + At,y, + AY;)
whereAY , represents the change in position at differemtgalong the time step.

The term “fourth order” means that the error inheaudividual step is on the
order of (At)® and the overall accumulated error in the posiisoon the order oft*. The
Runge-Kutta method represents a relatively simpiprovement to one of the most
simple integration methods, the Euler method, whlepends only on the first derivative
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. , , . At
at the time { and not the more complicated calculation of tlypelat time(t, +(7])

and also at timet( + At). One of the advantages of the Runge-Kutta meihduht it is

self-starting, which means that it does not needimiormation about the,t position or
velocities?® Another advantage of this method is that it carubed to “back integrate”
each trajectory as a check of accuracy by takiegviHocities of each of the atoms and
reversing each of them and check that the trajgaeturns to the same position as the
initial conditions of the original trajectory, witha given tolerance.

Our simulation methods implement a more sophigt&®redictor-Corrector (P-
C) algorithm, which is based upon the Gear fiftHesrpredictor, sixth-order corrector
algorithm® The first step in the P-C algorithm involves petidg the updated positions
of the nuclei based upon an extrapolation of tHecites of the past four steps in the
simulation:
y(t +At) = y(t) + At(Bv(t) + B,v(t — At) + B,v(t — 2At)

(2.13)
+ B, (v(t —3At) + S5 (v(t - 4At))

where thef; terms are defined by the order of the integrateord the specific
implementation of the P-C algorithm. From thisdacéon step, the velocity, v(td) is
calculated by evaluating the potential with the realculated atomic positions. This new
atomic velocity is plugged into the sixth-orderreator step as in Equation 2.14:

y(t +At) = y(t) + At(B,v(t + At) + Bv(t) + B, (v — At) +

(2.14)
Bs (v —24t) + 3, (v = 3At) + (v - 4At))

After this step the corrector step, the energyvadinies are calculated at the new i
the velocities are saved, and the array of vekgig updated for the next P-C step.
Successive trajectory steps are propagated udweg R-C algorithm until
termination conditions are met. In the case ofgasse calculations, these termination
criteria are based upon separation distances betwdterent atomic centers which
determine products. Alternatively, in gas/surfaeactions, the trajectory is completed

when the impinging gas atom reaches a certainmdistabove the SAM surface where
there are no gas-surface interactions after coflisi
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2.6  Analysis

During the trajectory runs, the instantaneous doatds and momenta for certain
atomic nuclei and the total kinetic and potentinérgy are recorded and printed for
analysis. From the reagent and product coordiaate momenta we have calculated a
number of experimentally measurable quantities sash rotational and vibrational
actions (classical analog of quantum state) fotodi& molecules, distributions of the
angle formed by the initial and final relative valy vectors, opacity functions, which
are a measure of reactivity as a function of imgeetmeter or the ‘direct-ness’ of the
collision, and excitation functions, which are meas of reactivity in terms of cross
section as a function of collision energy.

For gas/surface calculations, final translatiorahergy, scattering angle,
vibrational and rotational actions of diatomic puots, are all calculated and compared
with related experimental results. By printing tteordinates and momenta for all of the
atoms in the reactive region at intermediate titeps we also analyzed the collisions
mechanism. In particular, we studied the role thast-reaction collisions of freshly-
generated products with the surface play in thal fstate distributions. These post-
reaction secondary collisions were analyzed in semh hops (changes in the z-
component of the linear momentum of the gas spgdieeks (changes in the sign of any
of the components of the linear momentum of théodigc product after formation), and

angular-momentum reversals of the diatomic product.
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Chapter 3
Theoretical study of the dynamics of the H+Cljand H+C,Hg reactions
using a specific-reaction-parameters semiempiricaiamiltonian

Reprinted with permission from J. P. Layfield, M. Owens and D. Troya, J. Chem.
Phys. 128 (19), 194302 (2008). Copyright 2008, Acaer Institute of Physics.
3.1 Introduction

Over the last two decades, calculations of theadyos properties of various low-
dimensionality chemical reactions have shown qtatite agreement with experimefit.
The success of these reaction-dynamics calculahassenabled the characterization of
chemical reactions with a level of detail not conmhycavailable from the experiment. A
natural step forward in our understanding of thieashlgics of chemical reactions would be
to extend the accuracy shown by these simulatiomsdctions of larger dimensionality,
including gas/surface reactions. There are two mpjoblems limiting quantitative
studies of the dynamics of large chemical reactibirst, quantum-dynamics calculations
for multidimensional chemical reactions are praiei particularly if many heavy atoms
are involved. Second, accurate analytic potentiakgy surfaces required for quantitative
dynamics calculations are difficult to derive faactions with many active degrees of
freedom.

One of the most popular approaches to circumvenn#ed to derive an analytic
or interpolated potential-energy surface for statstate dynamics calculations is to
perform direct-dynamics calculatiofs.In direct-dynamics simulations, the potential
energy and derivatives required to evolve the chalmsystem in time are obtained
directly from electronic-structure calculations wkeer needed. A major problem of the
direct-dynamics approach is that literally million$ energy gradient are commonly
required to obtain reaction-dynamics propertieshvatatistical significance using the
guasiclassical-trajectory method. This requirenps#es strict limitations in the types of
methods and basis sets that can be used in thehésity’ electronic-structure
calculations, particularly for large chemical sysse

Due to their minimal computational demand, semieitgli Hamiltonians have
been used in past direct-dynamics calculationsanious chemical reactions for which

first-principle methods were prohibitit8° A serious drawback with this approach is
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that standard semiempirical Hamiltonians generddiynot possess the level of accuracy
necessary for predictive reaction-dynamics studieshlar and co-workers pioneered an
elegant solution to this problem, which consistsl@feloping new sets of parameters for
semiempirical Hamiltonians that are specific to heachemical reaction under
consideratiort® Drawing inspiration from that idea, dynamics sasdof various chemical
reactions have been recently carried out using ifspeeaction-parameters (SRP)
semiempirical Hamiltonians "

In this work, we use direct-dynamics in combinatiith an SRP Hamiltonian to
study the reaction of hydrogen atoms with the meghend ethane molecules. This study
represents a step forward in the development of BRMiltonians because while in the
above-mentioned efforts SRP Hamiltonians have lusb&en derived for one specific
reaction, here we present an SRP Hamiltonian testiyate both the H+methane and
H+ethane reactions. Future work will determine hifst Hamiltonian is accurate for
homologous H+alkane reactions.

Our choice of the H+alkane family of reactiongptrform this study is based on
the availability of a number of experiments anduaate theoretical calculations that can
be used to calibrate the accuracy of our apprdagbarticular, H+methane is turning out
to be a benchmark reaction in the progress of #eetion-dynamics field toward
polyatomic reactions. Two main sets of experiméatge provided important information
about the dynamics of the hydrogen-abstraction mélaof the H+methane reaction. First,
Valentini and co-workers reported the rotationastrbutions of the HD product
produced in the H+CPreaction and the absolute cross section at 1.5caWsion
energy> * ?Second, the Zare group has measured thepgdduct speed distributions
of the H+CX, reaction (X=H® D" %), the relative excitation function of the H+GE>
HD+CDs reaction’ and the cross-section enhancement ratio due titagen in the
asymmetric C-H stretching mode of methane in th&€Hs—> H,+CHz; and H+CHDR
reaction?® The hydrogen-exchange channel (H+CGP® D+HCDs) has also been detected
experimentally at a collision energy near 2%\lhe experimental information is more
limited for the H+GHg > H,+CyHs reaction. The Valentini group measured the

rotational distribution of the Hproduct, and the absolute reaction cross sectigrbaeV
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collision energy: ** ?° In addition, Oldershaw and Gould measured thetatian
function of the H+@Dg > HD+C,Ds reaction in the 0.7-1.5 eV range.

In regards to theory, while there have been ahplat of detailed studies of the
dynamics of the H+Cldreaction and isotopomers, reaction-dynamics ssutbe the
homologous H+gHg reaction are still lacking. All of the significattieoretical work on
the H+CH, reaction and isotopic derivatives until 2007 hasrbextensively reviewed by
138

Albus et al‘” so we refer the reader to that reference for wamikmentioned here. Of

7 23 3%and

particular interest to this paper is the work bg Espinosa-Garcid;>® Schat
Bowmar>®’" groups. The Espinosa-Garcia group have used tbwein analytical
potential-energy surfate to calculate angular distributiofisand product energy
partitioning* in the H+CDQ > HD+CD;s reaction. Quasiclassical-trajectory studies of the
angular distribution provided results in sharp casttwith experiment, but the agreement
was improved when the distributions were calculatsihg reduced-dimensionality
quantum-dynamics method$.The energy partitioning to the HD product was well
described by the trajectory estimat&sThat same group also studied the dynamics of the
H+CH,** and H+CHR*® reactions with initial vibrational excitation irhé reagent
molecule. Calculated CHproduct speed distributions were notably more tegcthan
experiment.

Schatz and co-workers carried out direct-dynamigleutations of the of the
H+CD, - HD+CD; reaction at the B3LYP/6-31G* level, and with a dfie-reaction-
parameters semiempirical Hamiltonian. The densityfional-theory based direct-
dynamics calculations yielded good agreement witheement in most casés?® 3
Finally, Bowman and co-workers have constructedt@rmiial-energy surface based on
several thousandb initio points calculated at the RCCSD(T)/aug-cc-pVTZ leead
used it to calculate cross sections and energytipamg in products for the H+Cp>
HD+CD, reaction, and the effect of initial vibration onetH+CH, - H,+CH; and
H+CHD; reactions®3®

In contrast with this wealth of detailed dynamstsidies for the H+methane
reaction, work on H+ethane has been more limiteekk&ni and Clary recently used
guantum-scattering calculations to calculate tleentfal rate constants for the HA >

Ho+CoHs reaction®™ “° Truhlar and coworkers developed a hybrid valence-
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bond/molecular-mechanics potential-energy surfacentestigate thermal rate constants
and kinetic isotope effectd. However, neither of these studies investigatedtiaa
properties unrelated to the dynamics along themrmim-energy reaction path that can be
compared with the experiments of Valentini and arkers ° and Oldershaw and
Gould?”

In this work, we perform high-qualityb initio calculations of the various
channels of the H+CHand H+GHg reactions to obtain an accurate description of the
potential-energy surfaces of these systems.abhiitio calculations are used to develop
a specific-reaction-parameters semiempirical Hami#in that is suitable for both
reactions. Quasiclassical-trajectory calculation® dahen evolved with the SRP
Hamiltonian using direct dynamics. The resultshaf talculations are critically compared
with experiments and earlier calculations to calibr the accuracy of the SRP
Hamiltonian.

The rest of this paper is organized as follows:tiBec3.2 shows thab initio
calculations, Section 3.3 describes the developmaintthe SRP semiempirical
Hamiltonian, Section 3.4 is for the quasiclassicajlectory results, and Section 3.5
presents a summary and conclusions.

3.2 Ab Initio Calculations

We have characterized the most important statjompaints of the potential-
energy surface of the H+GHand H+GHg reactions using high-quality electronic-
structure methods. Geometry optimization and fraqueanalysis of reagents, products,
and transition states have been performed mainiygusecond-order Mdller-Plesset
(MP2) perturbation theory with the correlation-cstent double-zeta basis set of
Dunning augmented with diffuse functions (MP2/aggp®/DZ). Our best calculations of
the reaction energy and barrier have been cartiedising coupled-cluster calculations
with single, double, and perturbative triple exioitas (CCSD(T)) with basis sets up to
aug-cc-pVQZ. All of the calculations have used arestricted reference, and have been
carried out using the Gaussian03 package of pragffam

Table 3.1 shows the reaction energies and barioerthe hydrogen-abstraction
channel, H+RH> H,+R (R=CH;, C;Hs), calculated at various levels of theory and basis

sets. For the H+CH> H,+CHjs reaction, B3LYP calculations overestimate the tieac
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exothermicity by more than 2 kcal rfolwhile MP2 results are about 3 kcal mahore
endothermic than experimefit.CCSD(T) calculations are within 1 kcal ritobf the
experiment, as expected. Regarding the barriersesdhat the B3LYP estimates are ~5
kcal mol* below the CCSD(T) results. Conversely, MP2 cakiofes provide reaction
barriers 5 kcal mdl above the more accurate CCSD(T) data. The resiltthis
comparison between B3LYP, MP2, and CCSD(T) enerdidlew what previously
reported in related cousin radical+methane systérfis.

An important result in Table 3.1 is that dual-lex®CSD(T) calculations using
geometries and harmonic frequencies calculateleaitP2/aug-cc-pVDZ level match to
within 0.3 kcal mof the results of CCSD(T) calculations in which geties and
harmonic frequencies have been calculated at the €2CSD(T) level. For instance, the
reaction energy and barrier calculated at the CTBB{g-cc-pVDZ//MP2/aug-cc-pVDZ
level are within 0.22 kcal mdlof the ‘pure’ CCSD(T)/aug-cc-pVDZ results. Analago
results are obtained for CCSD(T) calculations wile aug-cc-pVTZ basis set. This
finding is important because geometry optimizatioasd harmonic-frequency
calculations for the H+{Hs and larger homologous reactions are overly demagndi
one wants to use CCSD(T) calculations with largeidaets. Therefore, the fact that
MP2/aug-cc-pVDZ geometries and frequencies areicgerit to capture the CCSD(T)
results will enable us to accurately charactetiwednergetics of the H+4B¢ reaction by
performing single-point energy calculations at tB€SD(T) level using MP2/aug-cc-
pVDZ geometries and harmonic frequencies.

To further investigate the adequacy of dual-levalcalations in H+alkane
reactions, we show in Table 3.2 representative géoral parameters of the transition
state (G, symmetry) of the H+Cld > H,+CHjs reaction. All of the first-principles
calculations predict very similar transition-stgeometries. In particular, we see that the
lengths of the bonds that are breaking and fornainthe MP2/aug-cc-pVDZ level are
within 0.03 A of the CCSD(T) estimates with the awgpVDZ and aug-cc-pVTZ basis
sets. This result lends further confidence to tlse wf dual-level CCSD(T)/MP2

calculations in this work.
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Table 3.1 Reaction energetics for the H+RE» H,+R (R=CH;, CHs) abstraction

reactiong:’

H+CH > H,+CHs H + GHg 2 Hy + GHs
Method/Basis set Reaction energy Barrier Reaction energy  Barrier
B3LYP/aug-cc-pVDZ -0.47 (2.45) 8.31 (9.50 -5.21 (-1.92) 4.81 (6.41)
B3LYP/aug-cc-pVTZ -2.21 (0.79) 8.26 (9.58 -7.17 (-3.89) 4.91 (6.57)
B3LYP/aug-cc-pVQZ -2.28 (0.74) 8.23 (9.56 -7.24 (-3.95) 4.89 (6.56)
MP2/aug-cc-pVDZ 4.98(7.89) 18.54 (19.84) 2.21 (5.32 15.37 (16.97)
MP2/aug-cc-pVTZ 3.80 (6.86) 18.21 (19.6p) 0.77 (3.91) 15.06 (16.69)
MP2/aug-cc-pVQZ 3.78 (6.79) 18.20 (19.59) 0.59 (3.73)
CCSD(T)/aug-cc-pVDZ 0.42 (3.48) 13.25 (14.73) -2.51 (0.58)
CCSD(T)/aug-cc-pVTZ -0.37 (2.80) 13.15 (14.71)
CCSD(T) / aug-cc-pvDZ /f  0.59 (3.51) 13.47 (14.77) -2.51 (0.60 10.36 (1195)
MP2 / aug-cc-pvVDZ
CCSD(T) / aug-cc-pVTZ /f -0.10 (2.82) 13.33 (14.62) -3.61 (-0.49 10.19 (11{78)
MP2 / aug-cc-pVDZ
CCSD(T) / aug-cc-pvQz /f -0.10 (2.82) 13.37 (14.67) -3.72 (-0.60) | 10.21 (11.80)
MP2 / aug-cc-pVDZ
MSINDO -4.84 (-1.07) 26.63 (28.58) -14.74 (-11.17) 22.71 (24,91)
SRP-MSINDO -1.08 (2.37) 15.88 (16.82) -3.89 (-0.25)  11.90 (13.53)
Exp?’ 0.7+0.2 -3.2¢0.4

@ Energies are in kcal/mol

P Values between parentheses correspond to clagsieagjies, i.e. not corrected by the

zero-point energy.

¢ Experimental reaction energies calculated from Hkats of formation at 298 K as

reported in Ref*
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Table 3.2Representative geometrical parameters of theitit@mstates of the H+RH>
H,+R (R=CH;, C;Hs) abstraction reactiorfs.

Method / Basis set R(H-H)/AR(C-H) /A | O H-H-C/°
H+CH, > Hy+CHa;
B3LYP / aug-cc-pVDZ 0.888 1.451 180
B3LYP / aug-cc-pVTZ 0.892 1.412 180
B3LYP / aug-cc-pvVQZ 0.892 1.409 180
MP2 / aug-cc-pvVDZ 0.882 1.426 180
MP2 / aug-cc-pVTZ 0.875 1.404 180
MP2 / aug-cc-pvVQZ 0.873 1.404 180
CCSD(T) / aug-cc-pvDZ  0.905 1.417 180
CCSD(T) / aug-cc-pVTZ 0.898 1.398 180
MSINDO 0.932 1.272 180
SRP-MSINDO 0.870 1.396 180
H+C,Hg 2 Ho+CoHs

B3LYP/aug-cc-pVDZ 0.920 1.394 177.6
B3LYP/aug-cc-pVTZ 0.927 1.360 177.8
B3LYP/aug-cc-pvVQZ 0.929 1.358 177.7
MP2/aug-cc-pvVDZ 0.896 1.403 176.2
MP2/aug-cc-pVTZ 0.890 1.382 176.0
MSINDO 0.989 1.403 176.2
SRP-MSINDO 0.910 1.343 173.6

%H is the approaching hydrogen atom, H' is the bgén atom being abstracted, and C is
the carbon atom bonded to the hydrogen atom unohgygdstraction.

A second point of interest is that the reactioargy and barrier are only weakly
dependent on the basis set for all of the eleatretilicture methods explored in this
work (B3LYP, MP2, and CCSD(T)). This is particulattue for the reaction barrier, with
aug-cc-p\WWZ (N = D, T, Q) estimates being well within 0.5 kcal fhaff one another for
each method. The importance of this result is ldrge basis sets do not seem necessary
to accurately capture the details of the potemtredrgy surface for the H+GHeaction to
within 1 kcal mot* accuracy. This fact will facilitate the studytbe H+GHs and larger

H+alkane reactions.
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Figure 3.1: Schematic representations the transitio
states for hydrogen-atom exchange in H+Cl((a), Dsy,
symmetry), hydrogen-atom exchange in H+&Hg ((b),
Cs symmetry), and C—C breakage in H+GHg ((b), Csy
symmetry). Distances are in A, and angles in degrse
Values correspond to MP2/aug-cc-pVDZ calculations.
1 Schematic representations the transition statesif
hydrogen-atom exchange in H+CH ((a), Dsn
symmetry), hydrogen-atom exchange in H+gHg ((b),
Cs symmetry), and C—C breakage in H+GHg ((b), Csy
symmetry). Distances are in A, and angles in degree
Values correspond to MP2/aug-cc-pVDZ calculations.

Table 3.1 also shows the
reaction energy and barrier for the
H+CHs >  Hx+tCHs  reaction
calculated with most of the same
techniques used for the H+GH
reaction. The trends of the changes in
the reaction energy and barrier with
the electronic-structure method and
basis set parallel what was discussed
before for H+CH. B3LYP

overestimates the reaction

exothermicity and underestimates the
reaction barrier predicted by

CCSD(T), and MP2 results go in

exactly the opposite direction.

CCSD(T) reaction energies are within

1 kcal mol* of the experiment. The
weak dependence of the reaction
energetics on the basis set discussed before f@Hz+s also seen in H+Els. The
reaction energy at the CCSD(T)/aug-cc-pVDZ levekag very well with CCSD(T)/aug-
cc-pVDZ/IMP2/aug-cc-pVDZ dual-level calculationsnfdrtunately, we could not afford
to locate the transition state at the CCSD(T)/autgéDZ level to further test the dual-

level approximation, but the results described teeffor the H+CH reaction show
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compelling evidence for the legitimacy of this agpgrh to predict the reaction barrier in
H+alkane reactions. Representative geometricalnpetexrs of the H+&Hs > Ho+CoHs
transition state (Csymmetry) are listed in Table 3.2. A salient feataf this transition
state is that the breaking and forming bonds atecaltinear. In all of the calculations,
the C—C—H'—H dihedral angle (where H’ is the hydeng atom undergoing
abstraction) isQ

Comparison of the H+CHand H+GHg CCSD(T) energies reveals that the larger
reaction is about ~3.5 kcal nfolore exothermic and has a barrier that is 3 kaall'm
smaller than the H+CHreaction. The increased stabilization of productd transition
state with increasing alkane chain length agreeth wihat recently reported for
O(CP)+alkane-> OH+alkyl reactiond* Comparison of transition-state geometries for
both abstraction reactions indicates that the itiansstate is slightly more reagents-like
in the H+GHg 2>

H,+C;Hs reaction than in the H+CH> H,+CHs; reaction (i.e., the forming bond
is slightly longer and the breaking bonds is sligkhorter in H+GHg). This trend in the
reaction energetics and transition-state structofesomologous reactions agrees well
with the prediction of Hammond’s postul&tand has been described in detail for similar
hydrogen-abstraction reactioffs.
Until now, we have discussed the energetics of HR&®H > H,+R (R=CH;, CHs)
hydrogen abstraction reactions. However, otherti@achannels are possible under the
conditions of the dynamics experiments by Zare emdvorkers, which reach collision
energies of approximately 2.4 eV (~55 kcal Molln fact, the hydrogen-exchange
reaction has been observed experimentally usingppso substitution, H+CP -
D+CHDs;, at energies of about 2 éV/Table 3.3 shows the barriers of this hydrogen-
exchange reaction calculated at various levelsleft®nic-structure theory. Our best
estimate, CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVDZ, dices a reaction barrier well
within the range of energies explored in Zare ge@xperiments. Figure 3.1(a) shows
the transition-state structure for this reactioargiel (B, symmetry), and reveals that the
hydrogen-exchange reaction is formally a seconefoftbmolytic substitution (S
reaction. Interestingly, we find the same weak dépace of the results on the basis sets

explored, so this seems to be a general trend midme calculations. Much as in the
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abstraction channel, MP2 calculations overestintlage CCSD(T) reaction barrier and

B3LYP

Table 3.3Energetics of the hydrogen-exchange H*+®HH*+RH (R=CHs;, C;Hs) and

H+C,Hg > CHg+CH, reactions®"¢

H*+CH; > | H*+C,Hg> | H+CHg > CHs+CHs
H+CHzH* | H+CHsH*
Barrier Barrier Reaction Barrier
energy
B3LYP/aug-cc-pvDZ 31.36 33.98 -17.16 32.21
(31.49) (34.52) (-17.09) (31.49)
MP2/aug-cc-pvDZ 42.03 43.87 -9.71 43.80
(41.99) (44.22) (-9.75) (42.78)
CCSD(T)/aug-cc- 37.66 39.59 -14.54 37.68
pVDZ* (37.62) (39.94) (-14.57) (36.66)
CCSD(T)/aug-cc- 37.50 39.20 -15.51 37.09
pVTZ® (37.46) (39.55) (-15.54) (36.07)
CCSD(T)/aug-cc- 37.23 38.97 -15.36 37.04
pvQZ* (37.19) (39.32) (-15.39) (36.02)
MSINDO 52.02 54.74 -18.53 54.74
(52.20) (55.06) (-18.47) (55.06)
SRP-MSINDO 31.45 32.46 -10.85 26.10
(32.01) (32.59) (-10.66) (27.60)

@ Energies are in kcal/mol

P Values between parentheses correspond to clagsieagjies, i.e. not corrected by the
zero-point energy.

¢ The reaction energy of the hydrogen-exchangeioeaist 0 kcal/mol.

4 Single-point calculations based on geometriestemthonic frequencies obtained at the
MP2/aug-cc-pVDZ.

underestimate it. The hydrogen-exchange reactitimyagy in the H+GHg reaction has a
slightly larger barrier than in H+CHTable 3.3), but is still within the range of ¢sibn
energies provided by hot H atoms emerging from HH8r photolysis. Figure 3.1(b)

shows a schematic for the transition-state streadfithe H-exchange reaction in HxHg
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(Cs symmetry). Note that the breaking and forming Isoade not collinear (angle =
171.6 at the MP2/aug-cc-pVDZ level), presumably duehe steric hindrance of the
neighboring ‘inactive’ CH moiety. This steric hindrance is likely also treuse of the
slight increase of the hydrogen-exchange barriér veispect to H+CHH

Finally, a third reaction pathway that is opentet énergies of the experiment is
H+C,Hg = CHz+CH,. This channel is another $ldrocess consisting of concomitant H-
addition/C-C breakage (we shall refer to this pathwas C-C breakage, hereafter). The
reaction is notably exothermic, and our best esamaf the reaction energy
(CCSD(T)/aug-cc-pvVQZ//IMP2/aug-cc-pVDZ, Table 3.3)grees well with the
experimental value, -14t8.2 kcal/mol?* The barrier for this process is about 3 kcal
mol™* less than that for H-exchange, and the transisimte structure (§ symmetry)
shows collinear breaking and forming bonds (Figlif€c)).

The results of our calculations for high-energgcteon channels (H-exchange in
H+CH, and H+GH;s and C-C breakage in H+Bg) indicate that photolytic hot H atoms
have enough energy to surmount the barriers fothabe channels. Of special interest
might be the C-C breakage channel, as one of tbdupts, CH, can be detected
experimentally using techniques analogous to thosed by the Zare group in their
H+CHj, studies.

3.3 Specific-Reaction-Parameters Hamiltonian

Theab initio study above shows that state-of-the-art electrstriecture methods
can provide reaction energies in quantitative agesd with experiment. However, a
problem with these accurate methods is that theycamputationally prohibitive in
direct-dynamics calculations. Even methods of maigeaccuracy, such as MP2/aug-cc-
pVDZ become restrictive in direct-dynamics studiés reaction as large as HzH. In
fact, earlier direct-dynamics calculations of theGD, reaction were forced to use the
relatively inexpensive B3LYP/6-31G* level of theorgnd even then, the number of
trajectories that could be calculated was limited. **As mentioned in the introduction,
specific-reaction-parameters semiempirical Hamidioe are gaining attention as
affordable and potentially accurate methods foemsitve direct-dynamics studies. In this
section, we describe the development of a SRP Hamah that is suitable for the
H+CH, and H+GHs reactions.
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Tables 3.1-3.3 show the predictions of reactioargy, barrier, and transition-
state structures of the MSINDO Hamiltorifafor the H+CH and H+GHs reactions in
comparison with the estimates of first-principlegthods. The performance of the
MSINDO Hamiltonian is typical of standard low-casgtmiempirical methods for open-
shell systems. The reaction energies are 5-10 kil below experiment, and the
reaction barriers are 10-15 kcal Mdarger than CCSD(T) values. These inaccuracies of
the MSINDO Hamiltonian were revealed in direct-dynes calculations of the H+CD
reaction, which showed strong disagreement witheerpents and more accurate
simulations'® *° Still, semiempirical Hamiltonians are so inexpgedior reactions of the
size of H+CH, H+C,He, and even larger, that investigation of ways terove their
accuracy is warranted. Development of a set ofrpaters specific for the reaction under
consideration is an approach that has worked wel/drious systems; > ??and has in
fact been used before for the H+Qi@action® *°

In this work, we go beyond these earlier approsachg deriving an SRP-
MSINDO Hamiltonian that is appropriate for not orthe H+CH -> H,+CHjs reaction
but also for the H+&Hg = H,+C,Hs reaction and possibly larger H+n-alkane reactions.
A special characteristic of our approach is thathase our SRP development on a grid of
ab initio points so that the accuracy of the SRP Hamiltongm be calibrated in various
regions of the global potential-energy surface.sThpproach marks a significant
difference with the earlier development attemptafSRP Hamiltonian for the H+GD
reaction, in which only information about geomednd energy of reagents, products, and
transition state of the abstraction channel weredu® obtain the specific reaction
parameters® *°

The grid ofab initio points used to guide the SRP development consists
potential-energy surface relaxed scans of relecaotdinates of the various reaction
channels described in Section 3.2. To map the patemergy surface of the
H+CH,>H2+CHs; reaction, we scanned the H—H coordinate from thasition state
value (0.88 A at the MP2/aug-cc-pVDZ level) towaedgents at 0.05 A steps until the
H—H coordinate reached 3.88 A. In each of the poiot the scan, we enforced
collinearity of the breaking and forming bonds bptimized the geometry of the inactive

CHs; moiety at the MP2/aug-cc-pVDZ level. A similar soaas carried out for the C—H
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bond that is breaking from its value at the traositstate (1.43 A) toward products at
0.05 A steps until the C—H coordinate reached 44& minimum-energy reaction path
for the H+CH hydrogen-exchange channel was also included ingttte of ab initio
points. Departing from the transition state (Fig8ri&(a)), we scanned the breaking C—H
bond at 0.05 A steps until it reached a value 84 R. The breaking and forming bonds
were forced to be collinear, but the rest of thgrdes of freedom were optimized. Note
that the minimum-energy reaction path for this loggm-exchange channel is symmetric
about the transition state; therefore, this scagmucas the regions of the potential-energy
surface going from the transition state to productd reagents. We carried out a third
potential-energy surface scan for the H4Clstem that considered the angle between
the forming and breaking bond of the abstracti@ctien. Departing from the transition
state, which possesses a 180—H—C angle, we calculated the potential energy f
H—H'—C angles down to 90%0each 5.0 degrees. The rest of the coordinates were
frozen at the MP2/aug-cc-pVDZ transition-state wealu Accurately capturing this
transition-state anisotropy curve is important $olbsequent dynamics studies, as this
region of the potential-energy surface controlsicai dynamics properties, such as the
angular distribution and thexhbroduct rotational distribution.

Four additional potential-energy surface scansevearried out to map relevant
regions of the H+gHg potential-energy surface, two each for abstraceowa C-C
breakage channels. In each channel, we started fh@rransition state and moved
downhill toward reagents and products. For therabsbn channel, we scanned the H—
H coordinate from its transition-state value (0A89to 3.89 A at 0.05 A steps, and the
C—H coordinate from its transition-state value (LA) to 4.40 A at 0.05 A steps. The
H—H'—C angle was held fixed at its transition-statdue (176.2). The C—C breakage
minimum-energy reaction path was also mapped bgrseg the H—C bond from the
transition state to 4.37 A at 0.05 A steps and@heC bond from the transition state to
4.86 A at 0.05 A steps. The rest of variables wartmized at the MP2/aug-cc-pVDZ
level. Preliminary parameter optimization with thescans resulted in an SRP-MSINDO
Hamiltonian that described poorly the, lHond. Therefore, we included in the fit 41
points belonging to the Hliatomic potential-energy curve from an internacldistance
of 0.55 A t0 0.95 A at 0.01 A steps.
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Overall, the potential-energy surface scans jescdbed provided over 3Cfb
initio points for both the H+CHand H+GHgs systems at the MP2/aug-cc-pVDZ level.
However, since Tables | and Il show that MP2 is aovery accurate method for
H+alkane reactions, we recalculated the energiedl aff the points of the scans at the
CCSD(T)/aug-cc-pVDZ level. These points were therolved in the reoptimization of
the parameters of MSINDO Hamiltonian.

The derivation of the parameters of the SRP-MSINBéDniltonian was based on
a non-linear least-squares parameter optimizatmnhat the differences of the SRP-
MSINDO and CCSD(T)/aug-cc-pVDZ energies of the @asi potential-energy surface
scans of both H+CHand H+GHs reactions described before were minimized. Since
most of the experimental reaction-dynamics inforaratpertains to the abstraction
channel, in the fitting process we emphasized rtbgion of the potential-energy surface
by increasing the weights of the corresponding tgoif the grid. After significant

attempts, we determined that

o _ _ W — CCSD{T)aug-ce-pVDZ
weighting the points corresponding 20r == = MPYaugcopVDZ ]
T e BISINDIO

to the H+CH and H+GHs " N -+ SRE-MSINDO

abstractions by factors of ~15 with

respect to the points on the5 OF
exchange and C-C breakag%_l
channel provided the minimum
deviation between CCSD(T)/aug:;iE 20t
cc-pvDZ and SRP-MSINDO &

. m 10}
energies. Therefore, the

description of the abstraction o}

channel in the SRP-Hamiltonian is

-10F
substantially better than the : s @ mE
exchange and C-C breakage 3 r(C?H‘)fﬁffcsumnj 33
=
channels.

Figure 3.2: Potential-energy surface scans of the-&’
The SRP-MSINDO coordinate in the H+CH, — H,+CH; (a) and H+CHg —

. +C,H5 (b) reactions. The graphs show the reaction of ti
parameters obtained after t otential connecting the transition state to produts. H' is

optimization procedure anéhe H atom that is undergoing abstraction.
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compared with the original set of parameters inld&b4. Typical relative differences

between both sets of parameters usually less t@%# and in no case the original and
SRP parameters are different by more than a faoto2. Figure 3.2 compares the
estimates of the original MSINDO Hamiltonian withet CCSD(T)/aug-cc-pVDZ and

SRP-MSINDO energies in representative potentiatggnesurface scans of the
abstraction channel for both H+@ldnd H+GHe. The improvement in the description of
the potential-energy surface by the SRP-MSINDO Haman is clearly evident, and

this Hamiltonian

Table 3.4:Original and SRP MSINDO parameters involved inkhi@lkane reactions.

Parameter Original SRP
(Y (H) 1.0060 0.8380
(s (H) 1.1576 1.1280
I (H) -0.5000 -0.4817
Ks (H) 0.1449 0.2374
a(l) (H) 0.3856 0.2526
a(2) (H) 0.50308 0.3669
(Y (C) 1.6266 1.0480
Y (C) 1.5572 1.5206
(s (© 1.7874 1.8442
G, (©) 1.6770 1.7480
s (C) -0.8195 -0.9607
I ©) -0.3824 -0.4211
g (C) 10.430 11.613
T (C) 5.0830 4.4681
K © 0.0867 0.1574
a(1) (C) 0.4936 0.5198
a(2) (C) 0.6776 0.5718

reproduces quite accurately the CCSD(T)/aug-cc-p\&@dtimates. Tables I-1ll show the
reaction energies, barriers, and transition statectsires of the MSINDO and SRP-
MSINDO Hamiltonians in comparison with distinctlyone computationally expensive
first-principles estimates. For the H+methane aositvn reaction, we see that while the
original MSINDO Hamiltonian overestimates the exmpental exothermicity by ~5 kcal

mol ™, the SRP Hamiltonian is within 1 kcal rifobf our most accurate calculation and
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within 2 kcal mol* of the experiment. The performance of the SRP-MEWNin the
H+ethane abstraction reaction energy is slightlyteoe showing a deviation from
experiment and our most accurate calculation smidén 1 kcal mét. Note also that the
improvement with respect to the original Hamiltanig10 kcal mol) is larger than in
the H+methane reaction. The SRP-MSINDO abstractieaction barriers show a
deviation of about a 2 kcal mblvith respect to our most accurate calculationslenthe
original Hamiltonian overestimated the barriers &y much as 12 kcal mbl The
accuracy of the SRP-MSINDO Hamiltonian for the edotion channel is even more
remarkable if one compares it with the MP2 (FigBt8) and B3LYP results. Even
though SRP-MSINDO electronic-structure calculati@me orders of magnitude faster
than MP2 and B3LYP calculations, they show moreaueary than these first-principle
methods, whose errors are ~5 kcal Tial the reaction barriers.

Another noticeable result of the reparametrizatbthe MSINDO Hamiltonian is
the improvement in the description of the transHstate geometry for the abstraction
channel. While the original Hamiltonian predictdransition state with a much earlier
character than first-principles estimates, the tles@f the breaking and forming bonds in
the SRP-MSINDO transition states are in close géomegreement withab initio
estimates (Table 3.2).

Regarding the description of the exchange chafiadle 3.3 shows that the SRP-
MSINDO Hamiltonian also represents a notable imprognt with respect to the original
MSINDO results. Although the absolute differencetws=n SRP-MSINDO and
CCSD(T) data are larger than in abstraction charhelrelative differences are similar.
In addition, SRP-MSINDO shows accuracy comparabléeMP2/aug-cc-pVDZ and is
slightly better than B3LYP/aug-cc-pVDZ. The SRP-MSIO is however not superior to
first-principles methods for the C-C breakage rieactchannel, and shows notable
differences with CCSD(T) data, particularly in tteaction barrier. Attempts to improve
the performance of the SRP Hamiltonian in this orgresulted in errors in the
description of the other channels (abstraction exchange). Since the C-C breakage
channel has still not been studied in the experimes decided to carry out our

dynamics calculations with the SRP-MSINDO Hamiltomipresented here, even if the
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dynamics of the C-C channel might not be as acelyrataptured as the rest of the
channels.

In this section, we have shown a way to obtairi@mtially-accurate electronic-
structure method for H+alkane reactions by reoging the parameters of a
semiempirical Hamiltonian based on an extensive gfab initio data. The performance
of the SRP Hamiltonian is superior to that of samanstream first-principles methods
for the lowest-energy reaction channel, even thotlgh Hamiltonian is orders of
magnitude faster. Next, we show the results ofecthdynamics study of the H+Gldnd
H+C,H; reaction using the SRP-MSINDO Hamiltonian deriwedhis work, which can
be used to verify the global accuracy of this etut-structure method.

3.4 Direct-Dynamics Study

We now present the results of a quasiclassicpet@y (QCT) study of the
H+methane and H+ethane reactions at high energieed out with the SRP-MSINDO
Hamiltonian described before. These results arepeoed with experiments and other
calculations to calibrate the accuracy of the SREMDO semiempirical Hamiltonian in
regions of the potential-energy surface removenhftoee minimum-energy reaction path.
Batches of 50,000 trajectories per collision endagyH+C,Hs and 100,000 trajectories
for H+CH, have been used in the calculations of the exaitafunction. 100,000
trajectories have been integrated at initial coodg where experimental data on product
energy distributions are available also in HHg The trajectories have been started at an
initial distance of 15.0 a.u. from the hydrogenicatito the center of mass of the reagent
molecule and have been stopped after collision wdistance between the centers of
mass of the recoiling species reaches ~15 a.u. mbhgimum sampling impact
parameters were 4.25 (4.50) a.u. for the H#(CPBl,) calculations, and 7.0 a.u. for the
H+ethane calculations.

The initial coordinates and momenta of the reagewiecules have been selected
using the VENUS prograifi.As it has been shown befdfethe MSINDO Hamiltonian
overestimates experimental vibrational frequenbiespproximately 20%. Therefore, in
selecting the initial conditions of the moleculevdlved in the calculations, we have
assigned initial coordinates and momenta so theatriblecules have vibrational energy

corresponding to 80% of the SRP-MSINDO zero-poirgrgy. This vibrational energy is
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within 1 kcal mol* of the experimental zero-point energy of the males examined in
this work.
To further examine the performance of the SRP Ham#dn developed in this

work, we have also integrated trajectories withZB83 potential-energy surface (PES)
0-4 T T T

T

of Bowman and co-worker§. The

(a) % TO{)Exb
‘ : 0-0ZBB3 . . .
03} H+CD, a-4 SRP-MSINDO|  details of these trajectory calculation
S E, =195V
! are similar to those described above
AO-Z’ @ > | for the SRP-MSINDO Hamiltonian,
8ol N | including the fact that we have
2 \ calculated 100,000 trajectories for
f #S=s-9— each set of initial conditions. We note
>
<= this is a factor for 5 more trajectories
Q
§0.2 1 per set of initial conditions than
[al® . . . .
calculated in earlier studies with the
0.1 1 ZBB3 PES™
m 3.4.1 Product-energy distributions
e A \\\ A
0424 x : x N X Two sets of experiments have
0 500 1000 1500 2000 2500 3000
methyl lab speed / m/s provided information about the

Figure 3.3: Measured and calculaté laboratory speec amount of energy channeled to the

distributions of the methyl fragment generated in he .
H+CD, - CDs+HD reaction at 1.95 eV (a), and th Vvarious products degrees of freedom

H+CH, > CHjstH, reaction at 1.52 eV (b). Th . .
distributions are normalized to the height. The in the H+methane abstraction

experimental data have been taken from Ref. (a) anc

Ref. °(b). reaction. First; Camden et al.

reported the laboratory speed
distributions of the methyl product formed in thet@H; and H+CDQ hydrogen-
abstraction reactions at high collision enerdiésSecond, Germann et al. measured the
rotational populations of the HD product arisingnfr the H+CQ > HD+CD; reaction at
Eco=1.5 eV° Figure 3.3 shows the measured methyl laboratoegdplistributions in the
H+CD, - HD+CD;s reaction at k,=1.95 eV (Fig. 3.3(a)), and in the H+¢H H,+CH;s
reaction at 1.52 eV (Fig. 3.3(b)) in comparisonhwtite results from QCT calculations
with the ZBB3 PES and SRP-MSINDO Hamiltonian. Bo#iculations agree well with

each other and reproduce the measurements, lendifglence to the accuracy of the
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potential-energy surfaces. We note that the agreemh experiment of the SRP-
MSINDO results shows a marked improvement overualions performed with the
original MSINDO Hamiltonian (not shown), which shaistributions shifted by 750 m/s
to higher speeds.

The comparison between the ZBB3 PES and SRP-MSIK&30lts in Figure 3.3
suggests that both surfaces provide similar enpagiitioning into products’ translation.
Further analysis of the calculations indicates thase two surfaces actually predict very
similar overall energy disposal in products. Foe tH+CD, - HD+CD; reaction at

Ecoi=1.95 eV, the amounts of energy

going into product translation, HD o0 ZBB3

A--A SRP- MSINDO

(a) v’=0 O-O Exp
M
! \
\

vibration, and HD rotation are 1.10 08l _ /
eV (1.14 eV), 0.65 eV (0.51 eV), and '

0.6 \ 7
0.50 eV (0.46 eV), respectively, for 04l ';_\%\ ]
the ZBB3 PES (SRP-MSINDO). For/\oz— ‘}_\@@ |
the unsubstituted reaction affE1.52 = L "%...Q\.,‘m_

(HD)

eV, the energy released to translatioi; W
H, vibration, and H rotation is 1.24

(1.19 eV), 0.41 eV (0.32 eV), 0.27 eV
(0.30 eV), respectively. Although

0.8
0.6

0.4
small, the most notable difference 02

between both calculations is in the 04" SR

amount of energy going into vibration 012345 6 ZH%))g 10“12 131415

of the diatomic product, with SRPrigyre 3.4: Measured and calculated HD rotations

g : distributions generated in the H+CD,>HD(v',J')+CD 3
MSINDO predicting slightly less H reaction at E,=1.5 eV. The distributions are

or HD vibrational excitation than théormalized to the he|ght The experimental data has
been taken from Ref?.
ZBB3 PES.
The similar energy partitioning into diatomic puatl rotation provided by the
ZBB3 PES and SRP-MSINDO Hamiltonian can be eviddnneFigure 3.4. The figure
shows HD rotational distributions calculated at EL.5 eV in comparison with the
experiments of Germann et’alThe calculations agree well with each other, betijzt

HD rotational distributions that are slightly moegcited than the measured ones. For
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HD(v'=0) (Figure 3.4(a)), the calculated rotationaltdmitions are shifted 2-3 quanta to
higher J' states. This separation between theodyexperiment has been discussed in
detail before as possibly emerging from the detaflshe experimerft: *® In effect, H
atoms in the experiment were generated by HI phsitoht 266 nm, which generates two
groups of H atoms. The collision energy of the tasup is 1.53 eV, and that of the slow
group is 0.65 eV. Reactivity coming from the sloamponent would result in a slight
decrease in average rotational excitation, shiftirgmeasured distribution to smaller J’
values. On the other hand, the contribution of skev H atoms does not affect the
rotational distribution in the H®(=1) state because this state is not populatedat |

collision energies. Therefore, theory-experimemhparison of rotational distributions in

the HD@’=1) vibrational state are less biased by posséxperimental complications

than in HDg'=0). Figure 3.4(b) 1k(a) v’=0

z} o0 Exp
shows the HD(=1) rotational 0.8l '

&4 SRP-MSINDO |

distributions. ~ The  agreement ¢
between the SRP-MSINDO results ¢ 41

and experiment in this state iﬁ\,ogk s . |

much better than in HDEO), = o
suggesting accuracy in thg 1
potential-energy  surface. The 0.8¢
ZBB3 PES shows a slightly larger 0.6}
excitation than measured. 041 3
In a separate experiment, 02r "”Z}
Germann et al. reported the 03 12345678910 fnz 314
rotational distributions of the H J(H,)

_ Figure 3.5: Measured and calculated HD rotatione
product generated in the H3ds = distributions generated in the

. _ H+C,Dg>H,(V',J)+C,Hs reaction at E,=1.56 eV
Hz+CoHs reaction at Ei=1.56 eV The distributions are normalized to the height. Th

Figure 3.5 presents a CompariSdﬁ(perimental data have been taken from Ref.

between these experimental results and the SRP-DISINMalculations. As with the

H+CD, results, the calculated rotational distributiomghie ground vibrational state (Fig.
3.5(a)) are shifted by approximately 3 J’ statesnfithe experiments. As in the case of

H+CD,, part of this disagreement is due to the slow camept of the H atoms produced
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in HI photodissociation at 266 nm. The contributminthe slow component (5=0.68
eV) might be even more important in H+ethane thanH+methane because the
abstraction barrier in the larger system is smalled therefore the cross section at low
energies is expected to be more significant. Fi§(b3 exhibits the k{v'=1) rotational
distributions. The contribution of the slow H raalg should not play a role in the
H,(v'=1) state, so theory-experiment comparison mightib principle, more valid. Fig.
3.5(b) shows that the agreement between theoryeapdriment is indeed better than in
H,(v'=0). However, a difference between SRP-MSINDO Itssand experiment that is
not present in the H+C[oeaction but is appreciated here is the detectiantail of high
rotational excitation in the experiments. Germanhaleindicated that a difficulty of the
H+C,Hg measurements is the contribution of thenkblecules coming from the reaction
of the unphotodissociated HI and the H radicalsis Treaction generates highly
rovibrationally excited Bimolecules, which are suspected to populate higtafés of the
Ha(v'=1) distribution® Note that this problem was not present in the H#@iBtributions
because the tsignal coming from the H+HI reaction does not oaprivith the HD
signal of the H+CDpreaction.

The experiments of Germann et al. on the H#Gind H+GHg’ reactions at ~1.5
eV collision energy also provided some limited mfation about the vibrational
distributions of the HD and Hproducts, respectively. In neither reaction wasgaanic
products in thes'=2 state observed above the signal-to-noise r&ar. calculations in
the H+CD, reaction at 1.5 eV collision energy with both tEiBB3 PES and SRP-
MSINDO agree with experiment. The ZBB3 PES (SRPIN3D Hamiltonian) predicts
that 93% (99%) of the HD products are born invb® and 1 states. The SRP-MSINDO
Hamiltonian also agrees with the experimental imf@tion in the H+GHg reaction, with
only 1% of H products predicted to arisevi=2.

3.4.2  Excitation functions

The experiments by Camden et @ktermined the relative excitation function of
the H+CD, > HD+CDs reaction in the 1.48-2.36 eV collision-energy mhdrhese
experiments show a slight decrease in the integoss section with increasing collision
energy. Figure 3.6 displays the experimental nedatiross sections in comparison with
the QCT values obtained with the ZBB3 PES and SRSNDO Hamiltonian. Both

71



calculations describe the decrease in cross sewidittncollision energy detected in the
experiments, but the predictions of both poterdigrgy surfaces differ slightly. While
the ZBB3 PES excitation function shows a more jpitmis decrease in the cross section
than experiment, the SRP-MSINDO cross-section @serés not as sharp as seen in the

experiment.
2 ‘ ‘ While the excitation function
g Zﬁ%ﬁ% | presented in Figure 3.6 is based on
gl'sf * # SRP-MSINDO | relative cross sections, the early
é | experiments of Germann et “al.
§ reported theabsolutecross section at
Ej , 4 153 eV collision energy to be
. 0.50t0.11 a.u.. The results provided

25 by the ZBB3 PES and SRP-MSINDO
at Eq=1.48 eV also predict very

2
E . /eV

coll

Figure 3.6: Measured and calculated relativ
excitation function for the H+CD, > HD+CD; small absolute cross sections
reaction. The cross sections are normalized to t
cross section value at 1.5 eV collision energy. T (0.30t0.02 and 0.360.03 a.u.,
experimental data have been taken from Ref. )
respectively). The calculated cross
sections are close to the experimental measurerbahtust barely outside the lower
limit of the experimental uncertainty. Notwithstamgl it should be noted that the values
of the cross sections are very small, so the atesalfference in reactivity is minor. It
should also be noted that both calculated crossosscare also close to one another. A
point of significance is that the very small crossctions of this system pose an
operational challenge in the calculation of dynanpooperties with classical trajectories.
For instance, typical reactive probabilities witie tSRP MSINDO Hamiltonian are 5-6
reactive trajectories per each 1,000 calculatgddi@aries in the collision-energy range of
Figure 3.6. This small reaction probability implist an unusually large number of total
trajectories need to be calculated, particularlyorfe wants to obtain state-to-state
information with statistical significance.
Regarding the H+ethane reaction, Oldershaw anddGuoeasured the excitation
function of the H+GDg © HD+C,Ds reaction in the 0.7-1.5 eV collision-energy rafige.

The measured cross sections show a monotonic sern@athat range, and have been

72



plotted in Figure 3.7 in comparison with the QCTlues calculated with the SRP-
MSINDO Hamiltonian. The calculated results agred wih the measurements, and this
is particularly remarkable here because the exm@stah cross sections are not relative,
but absolute. In the experimental work of Oldersteawd Gould, estimates of a simple
line-of-centers model also captured the measuressections and predicted a decay in
the cross section at energies above 1.5 eV. Figufeshows that the SRP-MSINDO
calculations also exhibit a decrease in the cressios at high collision energies, in
accord with the line-of-centers model. This behagiso matches what described earlier
for the H+CDOQ - HD+CD; reaction.

A second source of experimental absolute crossiossctfor the H+ethane
reaction is the work of Germann et®alhese experiments were performed for the
isotopically unsubstituted H+8s > H,+C,Hs reaction, and determined that the absolute
cross section atdy=1.56 eV was 5#1.8 a.u. The SRP-MSINDO cross section at that
collision energy is 3.3#.06 a.u., which, as in the H+GB HD+CD;s reaction, is just
barely outside the lower limit of the experimentatertainty.

In summary, the agreement of the trajectory restdisulated with the SRP-
MSINDO Hamiltonian and experiment is rather satisiay in most of the dynamics
properties explored. These include alkyl productesp distributions, rotational and
vibrational state distributions of the diatomic gwet, and relative and absolute cross

sections. The level of agreement between theoryexpériment implies that the SRP-

MSINDO  Hamiltonian possesses 25

Ex
accuracy for the H+methane and | X & SRP-MSINDO ;
H+ethane abstraction reactions rg x &

regions far away from the minimum$g!> 2
energy reaction path. The compariS(ﬁw A
with experiment for the H+ethane

reaction is even more significant®’

because this is the first time that full-

_ _ _ 0 05 I 15 2 25
dimensional calculations based on a Eon/eV

Al . igure 3.7: Measured and calculated excitatic
potential-energy surface derived frOIJ1‘:['Jnction for the H+C,Dg = HD+C,Ds reaction. The

ab initio calculations have performegxperimental data have been taken from Ref.
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to reproduce the experiments. Finally, the perforoea of the SRP-MSINDO
Hamiltonian for the H+Chlireaction is very similar to that of the stateloé-tart ZBB3
PES, even though there are slight differenceslects properties.

3.5 Concluding Remarks

We have studied the H+GHand H+GHg reactions using electronic-structure
theory and quasiclassical-trajectory calculationsohed with a specific-reaction-
parameters semiempirical Hamiltonian.

The energetic profiles of the reactions have bedoutated using high-levelb
initio theory. These electronic-structure calculationsugonot only on the low-energy
reaction pathway—H abstraction to produce-alkyl—but also on the H-atom exchange
channel, and the C-C breakage channel in #CWe learn that the dependence of the
reactions’ energetics on the basis set is minoallomethods investigated in this work,
and that a CCSD(T)//MP2 dual-level approximationaturate in H+alkane systems
studied. The reaction energy and barrier of pHgabstraction reaction are below the
ones in H+CH, and the transition state is more reagents-likesé trends agree with the
gualitative predictions of the Hammond’s postul&egarding the high-energy channels,
the barrier for H-atom exchange in Hi{ is slightly larger than in H+CH likely due
to steric impediments in the former reaction. Wevglhat the H+@Hg > CH;+CH,
reaction has a barrier comparable to that of H-aéaohange. Both the H-exchange and
C-C breakage channels show transition-state stestiypical of SH reactions. All of
these high-energy reaction pathways are expectbed &mcessible in experiments that use
heavy hydrogen halides as photoprecursors of Hatom

Using a substantial grid of CCSD(T)/aug-cc-pVDZgsnpoint energies covering
various regions of the H+CHand H+GHg potential-energy surfaces, we have
reoptimized the parameters of the MSINDO semiermgirHamiltonian to obtain an
SRP-MSINDO Hamiltonian suitable for H+alkane reawt. The reaction-energetics
values of the abstraction channel provided by tR®-MSINDO Hamiltonian are clearly
superior to those of the standard MP2 and B3LYPhous with large basis sets, even
though SRP-MSINDO is orders of magnitude fasten tiha first-principle methods.

Using the SRP-MSINDO Hamiltonian, we have conducigabsiclassical-
trajectory studies of the H+GH> H,+CHz; and H+GHg = H,+C;Hs reactions and
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isotopomers at high collision energies. Variousaigits properties stemming from the
calculations have been compared with experimeetllts on the hydrogen-abstraction
channel and with the predictions of a very recamd atate-of-the-art ZBB3 analytic
potential-energy surface for H+GHCalculated alkyl speed distributions are in vgopd
agreement with experiment and the results of th@ZPES. Calculated HD and,H
rotational distributions are not in as great agmemimwith experiment, but some
complications in the measurements impair a trulgngative comparison. Regarding
diatomic product vibration, the SRP-MSINDO calcidas estimate less than 1% of the
HD and H products are born in'=2 in the H+CD, reaction at 1.5 eV and the Hd;
reaction at 1.56 eV, respectively. These resuisrangreement with experiments, which
did not detectv'=2 products. The SRP-MSINDO also reproduces expenmial
measurements of cross sections in both the H+metlerd H+ethane hydrogen-
abstraction reactions.

The overall good performance of the SRP-MSINDO Hemian for the two
H+alkane reactions investigated in this work intBea the accuracy of this
computationally-inexpensive electronic-structurethd. The detailed comparison with
the available experiments presented in this work igarticularly sensitive test of the
global accuracy of the method because the calonsinvolve regions of the potential-
energy surface well removed from the minimum-energgction path. Overall, the
performance of the SRP-MSINDO method is very simitathat of the state-of-the-art
ZBB3 PES for the H+Clreaction. The advantage of the SRP-MSINDO methdbait it
was derived using approximately two orders of magla lessab initio points than the
ZBB3 PES, and is suitable for the Hi{ reaction. However, the SRP-MSINDO
Hamiltonian is not defect-free. For instance, thetiaction barriers exhibit errors of ~2
kcal mol'. Even though the magnitude of this inaccuracy isfmsmaller than that of
MP2 or B3LYP methods, and does not appear to atfectdynamics at high energy, it
will provide sizeable errors in calculations for ialin chemical accuracy is needed, such
as rate-constant calculations. In addition, the ®Gf€akage barrier in the H+s is
notably smaller than predicted Bip initio methods.

We will use the SRP-Hamiltonian developed in thimmter as the basis for a
more full investigation of H+alkane reactions inapter 4. Additionally, while the
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Hamiltonian developed here is not suitable forshaly of other classes of reactions we
will implement a similar methodology to study theactions of fluorine atoms with
alkanes and ultimately alkanethiolate self-assedhbi@nolayers, in Chapters 5 and 6,

respectively.
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Chapter 4
Theoretical study of the dynamics of H+alkane rea@ns

Reprinted from Chemical Physics Lettet§,7, J. P. Layfield and D. Troya,, Theoretical
study of the dynamics of H + alkane reactions, 248;Copyright (2008), with
permission from Elsevier.
4.1 Introduction

There is a growing interest in the field of reantidynamics to study polyatomic
reactions. While experimental and theoretical investigatiofisow-dimensionality (e.g.
triatomic) reactions continue to provide new reawiilynamics paradignfsecent efforts
are attempting to study reactions of increasingedisionality and complexity. The
reactions in the H+alkane family are an interestiiags of reactions helping to bridge the
gap between triatomic and polyatomic reactions fasy tare among the simplest
radical+polyatomic-molecule systerhsThe smallest reaction in the family, H+GH
actually represents the simplest reaction thatammour at a tetrahedral center and has

10.122%efforts. In addition,

been studied extensively by experimeritdiand theoreticé
the H+alkane systems also carry the physical inapod of being major propagation
carriers for combustion reactioffs.

Early studies of the H+CpDreaction initially proposed that a “rebound”
mechanism in which the #product scatters backwards with respect to then'ataitial
direction dominated the reacti6hThis mechanism is similar to the one describedtfer
simpler H+D} reaction?® However, recent joint experimental and theoretiffirts have
shown that as collision energy increases, a stigppype mechanism that occurs at large
impact parameters competes with the rebound mesidni

In contrast to the wealth of information availalbbe the H+CH reaction, there
has been significantly less theoretical and expemtad study of the next reaction of the
H+alkane family, H+GHs. Valentini and co-workers measured absolute csessions
and H rotational state distributions for the Hig reaction at 1.5eV collision
energy,(26) and Gould and Oldershaw obtained arnation function for the H+gDg
reaction’® In what regards to theory, no calculations on e€,Hg reaction dynamics

that establish direct comparison with those expemitml measurements have been
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conducted until very recently due to the absenca oéliable global potential-energy
surface.

By propagating classical trajectories on the flyfman inexpensive semiempirical
Hamiltonian, our group was recently able to perfarmetailed study of both the H+¢gH
and H+GHs reactions’ A salient feature of that work is that the semieiogl
Hamiltonian was optimized specifically for H+alkareactions so that it describes the
potential-energy surface with accuracy comparabléigh-levelab initio predictions.
Indeed, an extensive calibration of the semiemgliridamiltonian indicated that its
accuracy was superior to standard electronic-stracimethods, such as MP2 and
B3LYP, when compared with CCSD(T) predictions. Hoam the Hamiltonian is orders
of magnitude faster than any of these first-pritespmethods and enables timely direct-
dynamics studies. The Hamiltonian showed consideraccuracy when tested by the
comparison of results obtained from quasiclassicajectories integrated with the
semiempirical Hamiltonian with experiment for batle H+CH, and H+GHjg reactions.
The calculations reproduce the experiments in bbt&H; > H,+CH; and H+GHg -
H,+C;Hs reactions, including excitation functions and prodenergy distributions. The
results for the H+Cllreaction were also in good agreement with thosaidd using the
highly accurate ZBB3 PES of Bowman and co-work&rs.

The availability of a computationally inexpensiugt laccurate electronic-structure
method for H+alkane reactions provides an excetipbrtunity to make progress in our
understanding of the dynamics of polyatomic chehmieactions. Therefore, in this work
we perform a comparative study of the dynamicshef H+CH, H+C,Hs, and H+GHg
reactions with the goal of learning the effect lod tength of the alkane molecule on the
dynamics of the hydrogen-abstraction reactions latd#hs.

This type of comparative study has been done bedar¢he cousin Cl+alkane
reactions using experimental methods. The Zare pgtoas studied the dynamics of
Cl+methan&” * and Cl+ethane reactions,and the Dagdigian group investigated the
dynamics of the Cl+propaffeand isobutari@ reactions. A difference between those
studies and the one presented here is that thsionlenergies in this study are about one
order of magnitude larger than in the Cl+alkanekysp the usefulness of a comparison

between both bodies of work is limited.
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4.2 Theoretical Details

We have studied the dynamics of the H4Cld,Hs, and GHs using direct
guasiclassical trajectories. The forces neededdpggate the trajectories were calculated
on the fly using a specific-reaction-parameter ioerf the semiempirical MSINDO
Hamiltonian (SRP-MSINDOY? The SRP-MSINDO Hamiltonian was obtained based on
high-quality CCSD(T)ab initio energies of the global potential-energy surface] a
exhibits better accuracy than MP2 and B3LYP catouha with large basis sets for the
title reactions. Table 4.1 shows a comparison batwab initio and semiempirical
reaction energies and barriers for the HHRR+H, (R=CH;, GHs, C3H7) reactions. The
data show that the improved MSINDO Hamiltonian ogjuces the high-level

Table 4.1: Calculated reaction energies and barriers (kcal‘méor H+alkane —

Ho+alkyl reactions.

Barrier Reaction energy

CCSD(TP | MPZ | SRP- CCSD(Tf | MPZ | SRP-
MSINDO* MSINDO?
H+CH, 13.47 18.54 15.80 0.59 4.98 -1.08
(14.77) | (19.84) (16.82) (3.51) (7.89) (2.37)
H+C,He 10.36 15.37 11.90 -2.51 2.21 -3.89
(11.95) | (16.97) (13.53) (0.60) (5.32) (-0.25)
H+CsHg 10.28 15.37 12.03 2.12 2.72 -4.89
(17)¢ (11.82) | (16.91) (13.48) (0.86) (5.69) (-1.69)
H+CsHg 7.83 12.70 10.27 -4.55 0.47 -5.46
@) (9.51) | (14.38) (12.03) (-1.47) (3.54) (-2.32)

% Values between parentheses correspond to clagsieal not zero-point corrected)
reaction energies and barriers.

b CCSD(T) calculations with the aug-cc-pVDZ basis smploying geometries and
frequencies calculated at the MP2/aug-cc-pVDZ level

¢ MP2 calculations with the aug-cc-pVDZ basis set.

4 Specific reaction parameters MSINDO Hamiltonian

® Energies corresponding to hydrogen abstractitineaput-of-plane primary site of:8s

" Energies corresponding to hydrogen abstractidheasecondary site of:Hs
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CCSD(T)/aug-cc-pVDZ results with an accuracy cheadperior to MP2/aug-cc-pVDZ.
On average, the SRP-MSINDO method overestimates GR&D(T)/aug-cc-pVDZ
barriers by ~2 kcal mdl In contrast, the MP2/aug-cc-pVDZ barriers areagarage ~5
kcal mol* larger than CCSD(T)/aug-cc-pVDZ data. The samatieh is visible for the
reaction energies, but the average deviation of NND&) from CCSD(T) decreases to ~1
kcal mol*, and the MP2 one to ~4.5 kcal iolt should be noted that the accuracy of the
SRP-MSINDO Hamiltonian does not only apply to tmegerties of the minimum-energy
reaction path highlighted in Table 4.1, but alsdhigh-energy regions of the potential-
energy surface. For instance, the root-mean-sqilar@ation between CCSD(T)/aug-cc-
pVDZ and SRP-MSINDO calculations of the H-H'-C tsition-state bending angle in
the H+CH, reaction is 2.4 kcal mdlin the 180-99 range, for which the electronic
energy increases by about 30 kcal ™Tadh addition, other high-energy regions of the
potential-energy surface, such as those leadingytbhogen-atom exchange and C-C
breakage reactions, are also well captured, asideddn detail in our earlier work with
this semiempirical HamiltoniafT.

Since the goal of this paper is to establish apaymon of the dynamics first few
members of the H+alkane abstraction-reaction familys important to verify if the
changes in the reaction energetics along the faarycaptured by the SRP-MSINDO
Hamiltonian. CCSD(T) results indicate that the tmeec energy and barrier decrease
notably when going from methane to ethane, andSRE-MSINDO method reproduces
this result (see Table 4.1). In addition, the Hpame abstraction reaction has two
distinct channels: hydrogen abstraction at the grynsite to produce the,H n-GHy
species (1’ channel), and abstraction at secorsitey yielding H+ i-CsH (2’ channel).
CCSD(T) data show that hydrogen abstraction as#oendary site has a smaller barrier
and is more exothermic than at the primary sitesd, the SRP-MSINDO Hamiltonian
also reproduces this result.

These comparisons between SRP-MSINDO and CCSD@peipVDZ reaction
energies and barriers demonstrate that the senmiealpnethod captures with accuracy
the energetics of H+alkane reactions. Therefore, haee used the SRP-MSINDO

Hamiltonian to propagate classical trajectoriestf@ H+methane, ethane, and propane
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reactions with confidence that the major trendghi@ dynamics will be satisfactorily
borne out by this low-cost electronic-structure moekt

To investigate the dynamics of the title reactioms, have calculated batches of
50,000 trajectories at collision energies from theeshold to ~2.5 eV for the H+GH
H+C,Hg, and H+GHg systems. The trajectories were started at arairdistance of 15
a.u. from the hydrogen atom to the center of mdsthe@ target molecule and were
stopped when the centers of mass of the recoilpegries were ~15 a.u. apart after
collision. The maximum sampling impact parameteese 4.5 a.u. for H+CH 7.0 a.u.
for H+CHg, and 10.0 a.u. for H+ls. The initial conditions for the hydrocarbon
molecules were selected using the VENUS programand consider zero-point
vibrational motion and no rotation. The assignmantzero-point energy is as follows.
From the fixed energies of the ground vibratiortates of each of the normal modes of
the molecules, the amplitudes of the normal modes calculated. With these
amplitudes, normal mode-coordinates and velocdres calculated with random phase,
and transformed into Cartesian coordinates and mtaneThe spurious angular
momentum that emerges from this procedure is rethdwe scaling the molecule
coordinates and momenta so that the total intesnafgy of the molecule corresponds to
the zero-point energy.
4.3Results

To establish a thorough comparison between thendisaof three simplest H-
abstraction reactions of the H+alkane family, wespnt calculated excitation functions,
opacity functions, angular distributions, and pemiing of available energy into the
various products’ degrees of freedom. Particuteengion is given to the comparison
between the dynamics of abstraction at primary sewbndary sites in the H+propane

reaction.
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4.3.1 Excitation Functions
Figure 4.1
shows the excitation

] PerCTy ' |

functions for all of the .
(== H+ (__)[I{\

reactions studied. All ;:5-U'a_a11+L'1119{1‘} P - .~
o . o Qe O T4 CH (2) 1_,-’ 1
the excitation functions._ 4 , ey H 4 CLH, (fully -~ 1
have similar shapes,§ o
" — +
- . e . . bt -
with an initial rise in 83‘0
¥ s

the reactive  Crossq 5ol
A2,

section after threshoIdE

_ Qq0b . .
and a Cross-section ) I PRI

T

plateau at high collision g
energies. Comparison ' E /eV
of the  excitation

] _ Figure 4.1: Excitation functions (reactive cross sgion vs. collision
function of the various energy) for the indicated H+alkane> H+alkyl reactions. H+CyHg

(1), and H+C3Hg (2’) are the excitation functions for abstractionat
systems reveals thakhe primary and secondary sites of propane, respeiely, and

. . + i
cross  sections mcreasé" C3Hg (full) represents all hydrogen abstractions from popane.

with the size of the target

molecule. Neglecting the changes in the barriggtitsifor the various systems, this result
is expected simply based on the fact that the nurabéydrogen atoms available for
abstraction increases with the length of the hyaifoen. To verify if this statistical
consideration is solely responsible for the diffex@s in the cross section between the
various systems, one can compare the ratios afdaicellated cross sections to the ratio of
hydrogen atoms per hydrocarbon (4 : 6 : 8 for nmthaethane, and propane,
respectively). At &;=2.36 eV, the calculated cross-section ratio is:410.6 : 32.7, a
significant deviation from the statistical ratioh&se ratios indicate that the longer
hydrocarbons are more reactive than would be eggdeftom statistical considerations.
This result can be well understood from the faeit tine longer hydrocarbons undergo
reaction with substantially larger impact paramgtéeading to an enhanced reactivity
beyond the expected statistical considerationsddnge for the increased reactivity at

larger impact parameters with the size of the akamolecules at &=2.36 eV is
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provided by the maximum reactive impact paramaieder those conditions, which are
4.4,5.9, and 6.6 a.u. for the H+methane, ethargepeopane reaction, respectively.

Figure 4.1 also shows the separate contributidghetross section for abstraction
at the primary (1’ channel) and secondary (2’ clednsites to the total cross section in
the H+propane reaction. At the highest collisioergy examined (2.36 eV), the primary
: secondary cross-section ratio is 2.7 : 1.0. Tdli® is very close to the statistical ratio of
hydrogen atoms at each site (3 : 1). Examinatiothef maximum impact parameter
leading to reaction for each channel (6.6 and Qu2far primary and secondary channels,
respectively), reveals the expected result tharadison of hydrogen atoms primary sites
can occur at longer impact parameters due to ttgeerdaseparation of these hydrogen
atoms from the center of mass of the propane migecu

An interesting result in Figure 4.1 is that at tlaeger collision energies
investigated in this work, the cross section fostedrtion at the primary sites of propane
overlaps with that of ethane. In classical trajee) the reactive cross sectian,can be
approximated by the equatian = Ttbmnay’ (NreactivdNiota), Where hax is the maximum
parameter leading to reaction, anckaMNvdNwta IS the reaction probability (ratio of
reactive to total trajectories calculated). As nmmdd before, Q. for the reaction at
primary sites of propane (6.6 a.u. aE2.36 eV) is slightly larger than that for ethane
(5.9 a.u. at the same collision energy). Therefadarger cross section could be expected
for reaction at primary sites in propane. The tethat the cross sections for primary sites
in propane and ethane is essentially identical liesphat the reaction probability for
abstraction at primary sites in propane is sligbthaller than that for ethane. A plausible
reason for the decrease in reactivity of the prinsates of propane with respect to ethane
is the presence of reactive secondary sites ingm®pwhich compete with the primary
sites in the dynamics studies.
4.3.2 Opacity Functions

Further insight into the reactivity of H+alkane e¢Bans can be gained by
examination of the opacity function (probability iaction as a function of the impact
parameter). Figure 4.2 presents a comparison obplaeity functions for the H+alkane
reactions studied here. Note that the opacity fanctor the H+propane reaction (Fig.

4.2(c)) corresponds to abstraction at the primégs ©nly (H+GHg— H+n-CsH;). The
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first major  trend

revealed by the figure ' ' ' ; . .
is that reactions occur 02
at much longer impact

parameters as the size (.1

of the target molecule

increases. This

expected trend was .~ 0.2
O

anticipated by the 5~
A0

values of the maximum

impact parameters 0

leading to reaction 0.2
discussed before.
Additional examination 011

of the opacity functions

for each system at the

three collision energies

. . . P igure 4.2: Opacity functions (probability of reaction at impact
included in the figure Indlcate{arameter b vs. impact parameter) for the H+CH; = H,+CHj

that as the collision energyd) b cated cblison energis,
increases, hydrogen abstraction
can occur at longer impact parameters. This rasyities a widening of the cone of
acceptance for reaction with collision energy. Whhis increase in the reactive impact
parameter is rather large when going frogg£0.65 eV to 1.50 eV, it is very moderate
when going from E;=1.50 eV to 2.36 eV. This result suggests thaté¢letions’ cone of
acceptance has an effective maximum value thaeashed at the collision energies
explored here, and is consistent with the platéape of the excitation functions seen in
Figure 4.1.

Another key insight that can be gained by examinimgevolution of the opacity
functions with collision energy for each systenthe sizeable decrease in reactivity at
smaller impact parameters as the collision energyeases. At the lowest collision

energy examined (0.65 eV), the opacity functionwshaa plateau at low impact
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parameters and then a decrease at high impact e@manfor all systems. As the collision
energy increases, we see a decrease in the valtle ajpacity function at very low
impact parameters. The opacity function then iregedao reach a peak at intermediate
values of the impact parameter before falling ofzéro at the maximum reactive impact
parameter. The reason for the decrease of regcttitlow impact parameters with
increasing collision energy can be tied to the argiof the potential-energy surface
explored at the various collision energies. Low-awwigparameter collisions involve a
hard hit between reagents, in which direct inteéoadbetween the incoming H atom and a
C atom in the alkane molecules can take place.oft dollision energies, trajectories
started with a small impact parameter may exploesarncollinear H—H—C
arrangements, which are required for the abstnaataction. As the collision energy
increases, the large velocity of the incoming Hratonakes is possible for the system to
fly past the collinear transition state, leadinghighly repulsive non-reactive H—H—C
arrangements in which both H—H and C—H bonds ammpressed beyond their
equilibrium values at the transition state, whiamidishes reactivity. A second possible
scenario at low impact parameters occurs when yeterm does not explore collinear
H—H—C arrangements. These trajectories hence ieva@lvmore direct interaction
between the incoming hydrogen atom and a carban.a&b high collision energies, such
trajectories may lead to high-energy reaction cklrsuch as H-exchange, and C-C
breakage (for H+ethane and H+propane), which aresable at collision energies above
~1.5 eV. Both the exploration of repulsive regiofshe potential-energy surface and the
presence of competing high-energy reaction charthelefore decrease the reactivity of
the abstraction reaction at low impact parametedshegh collision energies.

We have also analyzed the opacity functions ohiygrogen abstraction reactions
at primary and secondary sites for H+propane ¢olis (not shown). As mentioned
above, reaction at primary sites can occur witlgégsnmpact parameters. Therefore, the
opacity functions of primary abstraction extendai@er b values than those of secondary
abstraction at all collision energies. At low impgarameters, the value of the opacity
function for secondary abstraction is slightly Erghan that for primary abstraction. This

result bodes well with the idea that since seconttgdrogen atoms are bound to the
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central carbon atom of propane, these sites atist&tally sampled more frequently at

low impact parameters than primary sites.

4.3.3 Angular Distributions

Another key metric for the understanding of the aiywits behavior of a reactive

system is the angular distribution. Figure 4.3 shalmekk’ angular distribution for all

three systems studied at collision energies ranfyorg 0.65 to 2.36 eV. In this work,

is the initial relative velocity vector pointingoim the H atom to the molecule center of
mass, an’ is the final

relative velocity vector

pointing from the center
of mass of the alkyl
product to the K

molecule. Figure 4.3(a)

shows the result for the
H+CH4 -> H2+CH3
reaction, where a clear

1 evolution from strongly

backward to increasingly
| sideways and forward
| scattering can be

appreciated as collision

S A . : energy increases. The

-1 05 (I) 0.5 1 explanation  for  this
cos(kk”)

behavior can be traced to

Figure 4.3: Angular distributions expressed in terns of

normalized differential cross sections (DCS, (@0)(do/dQ’), the accessible regions of

where Q' is the solid angle) for the H+CH, & H,+CHj; (a), _

H+C,Hg > H,+C,Hs (b), and H+CiHg > H,+CiH; (1) (c) the global potential-

reactions at the indicated collision energies.

energy surface at the

various collision energies. At low collision enargj the system is restricted to regions of
the potential-energy surface in the vicinity of thenimum-energy reaction path. For the
H+CH,; - H,+CHj; reaction, electronic-structure calculations shbat the minimum-

energy path is characterized by a collinear appradcthe H atom to one of the C-H
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bonds in methane, followed by a collinear sepamatio which H recoils from CH
product in a direction exactly opposite to thathef incoming H radical. This mechanism
is often termed as ‘rebound dynamics’ and leadsttongly backwardkk’ angular
distributions (co¥k’) - -1), as can be seen for,f=0.65 eV in Figure 4.3(a).
Preferential reactivity at low impact parameteralgo a rubric of rebound dynamics, and
our results for H+Chlat 0.65 eV in Figure 4.2(a) corroborate this featf the reaction
mechanism.

An increase in the initial collision energy lifteet restriction of the system to
traverse the area of the potential-energy surfaeae the minimum-energy reaction path
and opens up other reaction pathways. Reactionstale place at longer impact
parameters, which can be observed in the opaaitgtitns of Figure 4.2 at high energies.
Reaction at large impact parameters opens thelplaysior ‘stripping dynamics’. This
mechanism is characteristic of peripheral reactiong/hich the incoming radical largely
does not change its initial momentum as it fliestphe molecule and strips an atom. The
kk’ angular distributions of reactions following strpp dynamics are subsequently
markedly forward (cogk’ )=>1). Mechanisms intermediate between rebound (lopach
parameters, backward angular distributions) andppsirg dynamics (large impact
parameters, forward angular distributions) leadideways scattering (cad( )~0). With
these arguments in mind, the evolution from modbigckward to increasingly
sideways/forward scattering at higher collisionrgres seen in Fig. 4.3 corresponds well
with a change in the scattering mechanism from ustioto an increasingly stripping
type.

The results presented here for the H4CH# H,+CHs; reaction have been
discussed at length by the Zare grdum light of recent experiments and complementary
theoretical work. The novelty of the results preednn Figure 4.3 is that the mechanistic
insight drawn from the studies of the H+£H H,+CHj; reaction seems to apply
perfectly to reactions of H radicals with longeaoh alkane molecules. For both the
H+C,Hs and H+GHg hydrogen-abstraction reactions, the angular bigtions at low
collision energy (0.65 eV) are dominated by backivsarattering (Figs. 4.3(b) and 4.3(c),
respectively). A shift toward increasingly sidewaysd forward distributions is evident

as the collision energy increases. This evolutiothe angular distributions is tied to the
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trends in the opacity functions, which show a megiee for larger impact parameters as
the collision energy increases (Figs. 4.2(b), a@dc}, respectively).

Even though the major trends in the angular thgtrons of the H+gHg, and
H+C3Hg reactions agree with those of the H+CHkaction, there is an appreciable
“flattening” of the angular distributions at§=2.36 eV as the size of the target molecule
increases. For instance, while for the H+QBaction there is no backward scattering at
Ec.oi=2.36 eV, backward scattering is not negligiblehatt energy for the H+Elg and
H+C3Hg reactions. This transition to an increasingly igpic angular distribution with
alkane size is likely a result of the non-spherglahpe of the larger alkane molecules,
which slightly impairs the direct connection betwedepact parameter and scattering
angle that is evident in the H+Gleaction.

The angular distributions for the H4lds reaction presented in Fig. 4.3(c)
correspond exclusively to the reaction at the prinsites of propane. Comparison of the
angular distributions for abstraction at the priynand secondary does not reveal sharp
differences at any of the collision energies ingadéd in this work. For instance, the
averagekk’ angles for the reactions at primary (secondatgssare: 131:3(137.5) at
Ecoi=0.65 eV, and 9377(99.9) at Ey=2.36 eV. Therefore, the reaction mechanism
described above for primary sites appears to appdadly also to secondary sites in
propane.

4.3.4 Energy Partitioning in Products

To gather further insight into the dynamics of Heeale abstraction reactions, we
now discuss the partitioning of available energio ithe various product degrees of
freedom, including relative product translation, Hbtation and vibration, and alkyl
internal energy.

Figure 4.4 shows the trends in energy disposalfasaion of collision energy in
terms of average fractions of available energy;><fThe total available energy in
products is defined as the sum of products relatianslational energy, Hrotational
energy, and Hvibrational energy and alkyl internal energy abdheir corresponding
zero-point energies. If the energy inte tbration or alkyl energy is below their zero
point, the fractions of energy in these modes a&fetned to be zero, and the available
energy is recomputed by adding the rest of prodnetgies.
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Most of the energy is channeled into products irgatranslation for all of the
reactions studied in the entire range of collisemergies (Fig. 4.4(a)). The average
fractions of product relative translation decreasth collision energy, indicating that
product internal excitation is favored at high isadin energies. An interesting result is
that the structure of the reagent alkane molemflaences the amount of energy going

1

: into translation. Larger alkanes

J— H+C‘H4 (b)
09 " ~oe BHCHg seem to promote energy release
o\ - BCHM 0ot 1 _ o
081 N N\o- HHCHQ)] | - into products internal excitation,

N U P it suggesting that the molecular

06
(a)
— 0-50 L

degrees of freedom not directly

involved in the process of bond

<f’ >

making/breaking are not entirely
orthogonal to the reaction
coordinate, particularly at high

energies. Also interesting is the

S fact that reaction at secondary sites
Ecol]/ eV in H+C3Hg results in less release
Figure 4.4: Average fractions of energy in various into products translation than

products degrees of freedom for the indicated . . .
H+alkane—H,+alkyl reactions as a function of collision ~ reaction at primary sites.

energy. (a) Average fractions of products translatin; (b) Figures 4.4(c) and (d)

average fractions of alkyl internal energy; (c) aveage
fractions of H,vibration; (d) average fractions of H, exhibit the fractions of available

rotation.
energy going into Kvibration and rotation, respectively. An increaseollision energy

favors energy deposition into these modes for edictions studied. Remarkably, the
fractions of H energy are rather insensitive to the reaction ustlely, which implies
that energy disposal to the newly-formeglisl not markedly influenced by the structure
of the alkane molecule from which abstraction isdoiced. This result is consistent with
measurements of Varley and Dagdigian in the Cl+itafe and propane reactions at
energies much smaller than those studied herehichvthe energy channeled

into rotation of the newly formed diatomic moleauldid not depend strongly on the

abstraction sité®
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The average fractions of alkyl energy are displayedrigure 4.4(b). The first
apparent trend in the figure is that the fractidrawailable energy going into the alkyl
fragment is more insensitive to collision energwprnththe other products degrees of
freedom examined. Interestingly, there is a notatiféerence between the various
reactions, with larger alkyl fragments receivintpgger fraction of available energy. In
addition, energy released to the i-propyl prodadhie H+propane abstraction reaction at
secondary sites abstraction is larger than to tipeopyl product in the primary-site
reaction, and the difference between the two isemaccentuated at low collision
energies. Comparison of Figures 4.4(a) and (byvshbat the trend of increasing energy
partitioning to the alkyl product with moleculazsioccurs at the expense of product
translation.

In summary, the emerging picture of energy parniti)g in products of the
H+alkane—> Hy+alkyl reactions is as follows. Most of the avalalenergy goes into
product translation, but this propensity decreagds collision energy. As the collision
energy increases, internal excitation of thepkbduct becomes important. Reactions with
larger alkanes deposit less energy into produostasion because larger alkyl fragments
absorb more energy released from the reactioricpkntly at low collision energies.

4.4 Concluding remarks

Quasiclassical trajectories have been calculatetheoH + methane, ethane, and
propane reactions using a specific-reaction-pararmesemiempirical Hamiltonian to
describe the potential-energy surface. Cross segtimpacity functions, angular
distributions, and energy partitioning in produaie examined to obtain thorough insight
into the dynamics of H+alkane reactions. A changemechanism is seen from
predominantly rebound to increasingly stripping @wics as collision energy increases.
While this shift in the mechanism was describedtifier H+CH, reaction in prior work,
our results indicate that it seems general to Haradkreactions. Subtle differences in the
dynamics of the H+alkane reactions are found thnoug the properties examined, but
the most noteworthy is the increased channelingvaflable energy to the alkyl product
with alkane size at the expense of product traioslat

This work presented in this chapter completes tudiss of the H+alkane family

of reactions. We have shown that usaiginitio data from the relevant regions of the
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PES for the H+Cll and H+GHgs chemical systems we can build an SRP-Hamiltonian
which can be used in a direct-dynamics theoresitaly for the first few reactions in the
H+alkane family of reactions. The methodology usedmplement this study and the
work in Chapter 3 will be used in Chapter 5 to gttite reactions in the F+alkane family
and extended with a QM/MM technique in Chapter &tialy the reactions of fluorine

atoms and alkanethiolate self-assembled monolayers.
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Chapter 5
Direct-dynamics study of the F+CH, C,Hg, CsHg, and i-C4H o reactions

Reproduced in part with permission from J. P. Lelgfi A. F. Sweeney and D. Troyh,
Phys. Chem. A13(16), 4294 (2009). Copyright 2009 American Chemical Society.

5.1 Introduction

Recent measurements of the dynamics of atomicabgitkane reactions are
continuing to instigate the development of theosdtireaction-dynamics studies that
complement the descriptions that experiment cawiged”’ Use of full-dimensional
guantum-dynamics techniques coupled with highlyueate analytic potential-energy
surfaces has enabled impressive agreement betweenreental results and theoretical
predictions for various triatomic systefhs, but progress to larger reactions has been
slow. The ability to move from triatomic reactiots higher-dimensionality systems,
such as radical+alkane reactions, is difficult tuevo main limiting factors. First, a full
guantum-dynamics treatment of multidimensional dleai reactions is currently
unwieldy. Second, despite promising advari@&$,approaches to obtain analytical
potential-energy surfaces for polyatomic reactions timely manner are still scarce.

Accurate potential-energy surfaces are requireghetble quantitative description
of the dynamics of chemical reactions by theorétim@ans. Construction of these
potential-energy surfaces has traditionally beeriezhout by fitting analytic functions to
high-quality ab initio data. However, physically-reasonable behavioregians of the
global potential-energy surface not covered by dbeinitio data cannot always be
guaranteed in this approach, and this becomessag fer systems having many degrees
of freedom, such as radical+alkane reactions. A weaygircumvent the need for an
explicit potential-energy surface is the use oédirdynamics® Direct-dynamics studies
calculate the necessary information about the pategnergy surface using electronic-
structure methods whenever they are required in diggpamics simulation. A
disadvantage of this method is that a typical ieaaiynamics study using classical
trajectories can require an excess of Hhergy and gradient calculations, which
dramatically confines the types of electronic-stuoe methods that can be used in all but
the simplest reactions. This limitation restritte overall accuracy of the studies and

represents a major hurdle for the use of direcadyns.
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Semiempirical Hamiltonians have emerged as a @ioguiclass of electronic-
structure methods for timely computation of the iayrpotential energies and gradients
involved in a direct-dynamics study. These compaonaily-inexpensive methods are a
simplification of the Hartree-Fock theory based reylect of three- and four-centered
integrals, parameterization of additional lowerardntegrals, and use of pseudo-
minimal basis sets, among other approximatidnhese approximations drastically
reduce the computational expense associatedakitmitio and even density-functional
theories, making semiempirical Hamiltonians atixectandidates for use in large-scale
reaction-dynamics studies. The deficiencies inugxy resulting from these major
simplifications to Hartree-Fock theory are partialompensated by including into the
Hamiltonian empirical parameters, which are adpisising information obtained at a
more sophisticated level of theory or from expenm&Vhile the resulting semiempirical
Hamiltonians possess impressive accuracy/computdtexpense ratios for the systems
included in the derivation of the empirical paraenst accuracy outside the calibration
set is commonly lacking. This is particularly true the description of the global
potential-energy surfaces of chemical reactionsijtasitions in which bonds are forming
or breaking are typically not included in the cedifion sets of popular semiempirical
Hamiltonians.

Building a specific-reaction-parameter (SRP) sempieical Hamiltonian has
proven to be a convenient method to overcome ttendrge inaccuracies of standard
semiempirical methods in describing global potérereergy surfaces of relatively simple
chemical reaction¥*® SRP Hamiltonians are created by deriving a new dfet
parameters so that the Hamiltonians desalb@itio or experimental information on the
potential-energy surface of only a single reactisraccurately as possible. The improved
semiempirical Hamiltonians are then used in ditgetamics calculations of the single
reaction under consideration, and their accuracybeafurther tested by the comparison
of computed dynamics properties with available expental results. While this
approach has shown to work reasonably well in &twapf reaction-dynamics studies,
one of its limitations is that a SRP Hamiltoniaredg to be derived for each specific
reaction under study. Very recent efforts have stigated the possibility of deriving

SRP Hamiltonians specific to a homologdasnily of reactions, in contradistinction with
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asinglereaction. Specifically, our group has recentlyivet a SRP Hamiltonian to study
the H+alkane class of reactions by includaiginitio information of the potential-energy
surface of the first few members of the family e tderivation of the SRP set of
parameters® The resulting Hamiltonian generally reproducesegixpental information,
including relative excitation functions, alkyl pnoct speed distributions, and angular
distributions for the H+methan® H,+methyl reaction, and the absolute excitation
function of the H+GDg¢ - H,+C,Ds reaction. The encouraging results of the SRP
Hamiltonian for these two reactions have elicitedtady of its applicability to larger
reactions in the family**

In this paper, we develop a SRP Hamiltonian fer F+alkane class of reactions
and carefully calibrate its accuracy by comparisbrcalculated dynamics properties in
the F+CH - HF+CH;, F+CD, > DF+CDs;, and F+GHg - HF+GHs reactions with
available experiments. Once the accuracy of the iltaman is determined, we
investigate the F+methane, ethane, propane, andanré reactions with the goal of
learning the effect that the abstraction site ia #lkane molecule (i.e., primans.
secondarys.tertiary) and alkyl fragment size have on the tieacdynamics. Motivation
for these studies is provided in part by the inteastivity that has been recently focused
on the F+alkane> HF+alkyl family of reactions. The dynamics of tke-CH;, -
HF+CH; reaction has been extensively studied due to igsifeant potential as a
chemical laséf and for fundamental reasons. Experimental studie® provided CH
product energy distributiorfS, HF rovibrational state distributiofistelative excitation
functions®* and angular distributiorfS.Isotopically substituted analogues of the F4CH
reaction have also been extensively studiédl.?’ Several theoretical reaction-dynamics
studies of the F+CHsystem based on analytical surfate8’interpolated surface$,and
a SRP Hamiltonialf have emerged recently, providing different lexalagreement with
experiment. In stark contrast with the vigorous otleéical studies of the
F+CH,~>HF+CH; reaction, analogous studies for the next membethef F+alkane
family, F+GHg > HF+GHs, are lacking, which is likely due to the difficulin deriving
analytic potential-energy surfaces mentioned befdne fact, no direct comparison

between calculated vibrational distributions of tHE& product arising from a full-
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dynamics study and those measured by Nesbitt andodcers has been reported yet,
and this provides additional motivation for thegmet study.

The remainder of this paper is as follows. Firsg¢, showab initio calculations
performed to capture the main aspects of the Falk@tential-energy surfaces. Then
we use this information to reparameterize a semigcap Hamiltonian. We then present
a direct-dynamics study where this Hamiltonian sedito propagate trajectories for the
F+CH,, GHs, CsHg, and i-GHsp reactions with a focus on computing experimentally
determined properties to test the accuracy of tlanillonian and investigate the
differences in the dynamics of F+alkane reactiomsadunction of the reagent alkane
molecule.

5.2  Electronic-Structure Calculations
5.2.1 Abinitio Study

We have characterized the main stationary poihteeF+CH, CHs, CsHsg, and
i-C4H10 reactions using bothb initio and semiempirical methodsAb initio geometry
optimizations and frequency calculations have beeriormed for all reactions using
second-order Moller-Plesset perturbation theory ZMi2 combination with Dunning’s
correlation-consistent double-zeta basis set autgdewith diffuse functions (aug-cc-
pVDZ). Single-point coupled-cluster calculationsttwsingle, double, and pertubative
triple excitations [CCSD(T)] with the same basits Is&ve been carried out with the MP2
geometries to obtain a higher-accuracy estimatth@fenergies. The validity of these
CCSD(T)/IMP2 dual-level calculations in determinirggction energies has been shown
before for the F+Clireaction, where ‘pure’ CCSD(T)/aug-cc-pVDZ reswdtgee with
CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ energies witldi.01 kcal mot.'® All of the
ab initio calculations have been performed using the GAUSIBRA package of
programs® Even though non-adiabatic crossings between thee tipotential-energy
surfaces that correlate with tfiy, and®Py, states of F are expected, experiments on the
effect of non-adiabatic dynamics are still lackiidperefore, our calculations refer only
to the ground-state potential-energy surface.

Table 5.1 shows the calculated energies of thdékkma reactions studied in this
work in comparison with experimefft.** The F+GHg and F+i-GH1oreaction each have

two possible channels, corresponding to the twaiptessites of hydrogen abstraction in
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each alkane molecule (primary and secondary gdsGnd primary and tertiary in i-
C4Hi0). Moreover, there are two symmetry-inequivaleninary sites for each of these
two reactions at 0 K (see Figs. 1 and 2 of R8f.but the differences in the potential-
energy surfaces of these two approaches is so $hadlhwe will not distinguish them
here. Instead, we report here the lowest-energyrefdor primary abstraction, which for
both GHg and i-GH1o correspond to sites that produce JCH,CH3; and CHCH(CH;),
radicals of @ symmetry.

The CCSD(T)/aug-cc-pVDZ results shown in Table @niformly underestimate
the experimental reaction exothermicity beyond ltlmét of chemical accuracy (~1 kcal
mol®) for all of the reactions studied. This inabilityf CCSD(T)/aug-cc-pVDZ
calculations to capture the reaction energies walidmical accuracy is mainly due to the
use of an insufficiently large basis set. In effeddmplete-basis-set extrapolations from
CCSD(T)/aug-cc-pVTZ and —pVQZ calculations for feCH; > HF+CH; (AH=-33.18
kcal mol) and F+GHg = HF+GHs reaction {H=-36.78 kcal mot ) provide the level
of agreement with experiment expected from CCS@iulations. In contrast to the
uniform underestimation of the reaction exothertigsi by CCSD(T)/aug-cc-pVDZ
calculations, MP2/aug-cc-pVDZ reaction energies aseally more exothermic than
experiment for the smaller members of the familyt lzoincidentally agree with
experiment quite well for the F+i,8,, reactions.

Table 5.1 also contains results obtained with thandard MSINDO
semiempirical Hamiltoniaf® *® Remarkably, the reproduction of the reaction eperfy
the F+CH > HF+CH; is comparable to that of MP2/aug-cc-pVDZ calcalasi, even
though theab initio calculations are orders of magnitude more comiouially
demanding. However, the ability of MSINDO to be hift 3 kcal mof of the
experimental reaction energy in F+g#lickly disappears when one examines the results
for larger F+alkane reactions.

For F+GHs, the errors in the MSINDO predictions rise to Talkmol*, and they
continue to escalate for the reaction energieslvitwp secondary and tertiary sites. In
fact, the poorest description of the experimenuocgfor the abstraction at the tertiary
site in the F+i-GHjo reaction, for which the MSINDO reaction energglisiost 20 kcal

mol* more negative than experiment.
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Table 5.1 Reaction energies for F+alkad&lF+alkyl reaction$.

Reaction CCSD(P) MPZ MSINDO SRP- Exp™
MSINDO

F+CH, -30.09 -35.24 -36.59 -32.10 -31.4,

(-26.63) (-31.78) (-32.70) (-28.21) -31.6

F+CoHe -33.20 -38.08 -46.50 -35.40 -35.3,

(-29.54) (-34.35) (-42.80) (-31.63) -35.8

F+CaHg (1) | -32.81 -37.50 -45.88 -35.95 -35.2,

(-29.28) (-33.99) (-42.68) (-32.25) -35.4

F+CHg (2)° | -35.24 -39.75 -53.95 -38.59 -38.6,

(-31.62) (-36.13) (-50.69) (-34.99) -37.8

F+i-CHio | -32.13 -36.65 -46.62 -36.25 -35.7
1) (-28.70) (-33.23) (-43.36) (-32.75)

F+i-C4H1o | -36.43 -40.67 -60.17 -40.85 -40.7
(3)° (-33.16) (-37.40) (-56.90) (-37.25)

*Energies are reported in kcal MoValues in parentheses correspond to classical
energies, i.e., not corrected by zero-point ensrgie
PCCSD(T)/aug-cc-pVDZ/IMP2/aug-cc-pVDZ energies.

‘MP2/aug-cc-pVDZ energies.

9F+C3Hg - HF+CH,CH,CH;,

eF+C3H3—> HF+CH,CHCH;

"F+i-C4H10~ HF+CH,CH(CHg),

IF+i-C4H10— HF+C(CH)3

"Experimental Data from Ref/

'Experiemental Data from Ref

Notwithstanding, the expected tréithat the reactions become more exothermic
in the primary-> secondary> tertiary sequence is borne out by all electrotigesure
methods, including MSINDO.

Table 5.2 shows the calculated barriers for thallkane reactions studied here
and the essential geometric parameters of the sponeling transition states, including
the lengths of the forming (F-H) and breaking (Chahds and the angle formed by
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Table 5.2.Calculated transition-state geometric propertrebr@action barriers for

F+alkane>HF+alkyl reaction$.

R(F-H)/A | R(C-H)/A | O F-H-C/° | Energy / kcal mol*
MP2/aug-cc-pvDZ
F+CH, 1.466 1.137 180.0 1.45 (3.44)
F+CHe 1.545 1.130 161.3 0.15 (1.65)
F+GsHg (1) 1.552 1.131 156.6 -0.02 (1.36)
F+GsHg (2)° 1.621 1.125 149.4 -0.58 (0.38)
F+i-CsH10 (1)° 1.549 1.130 157.8 -0.08 (1.33)
F+i-C4H10 (3) 1.691 1.122 148.7 -1.00 (-0.39)
MSINDO
F+CH, 1.284 1.131 180.0 2.53 (3.85)
F+CHe 1.400 1.128 165.7 0.97 (1.91)
SRP-MSINDO
F+CH, 1.546 1.117 180.0 0.85 (1.16)

@ Reactions missing from the table indicate thatadition state could not be located

with that particular method.

P Values in parentheses correspond to classicagjieset.e., not corrected by zero-point

energies.

CF+C3H3 -H F+CH2CH2CH3
9F+C3Hg — HF+CH:CHCHs

°F+i-CyH10 - HF+CH,CH(CH)s
fF+i-C4Hlo—> HF+C(CH3)3

them. (The absence of values for some of the @actuinder the MSINDO calculations
means that no first-order transition state was diolan those reactions.) The properties of
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the transition state of the F+GH> HF+CH, reaction have been discussed at length in
the literature?® Briefly, the transition state located at the MR@f&c-pVDZ level has a
much earlier character than the predictions of Ca¥Bug-cc-pVDZ (R(F-H)=1.643 A,
R(C-H)=1.124 A,0 F-H-C = 153.4, reaction barrier=-0.43(0.32) kcal rifot®). This
result limits the usefulness of dual-level CCSD&uy-cc-pVDZ//MP2/aug-cc-pVDZ
calculations of the reactions barriers, and theeeBuch calculations are not shown in
Table 5.2. Two points are worth noting about thengition state of the F+GH>
HF+CH; reaction predicted by the standard MSINDO semieiogliHamiltonian. First,
it has a much earlier character than MP2. Secdrelregaction barrier (3.85 kcal rifol
without inclusion of zero-point energy) is highbath MP2/aug-cc-pVDZ. This result is
significant because in the experiments carriedbyuthe Nesbitt group on this reaction,
the collision energy is only 1.8 kcal riplwhich is below the MSINDO classical barrier.
Therefore, even though the absolute difference éatvthe MSINDO barrier and more
accurate estimates is relatively small, quasiatassiajectory studies at the collision
energy of the Nesbitt experiment would result inraactivity unless zero-point energy
leakage from the CHmolecule to the reaction coordinate occurs. Tth&rrinvestigate
the ability of the original MSINDO Hamiltonian tonsulate experiment, we integrated
10,000 trajectories at 1.8 kcal rifotollision energy and found only 4 reactive ones,
which emerge from zero-point energy violations glahe trajectories. Therefore, even
though the deviations between the predictions efstandard MSINDO Hamiltonian and
ab initio methods are not dramatic for the F+Qidaction, this method clearly does not
provide reliable physical insight into the reactiomder experimental conditions.

Examination of the MP2 saddle-point geometries filoe various F+alkane
reactions in Table 5.2 shows that the transiti@esbecomes increasingly earlier along
the primary-> secondary> tertiary sequence. This shift in the geometryhef transition
state towards reagents is accompanied by a dedre#tse barrier height and an increase
in the reaction exothermicity (Table 5.1). All teesults are rubrics of the well-known
Hammond postulat®, and nicely agree with similar recent work on O-aalk
reactions’*

CCSD(T)/aug-cc-pVDZ geometry optimizations failedlécate a transition state

for the F+GHg > HF+CGHs reaction. To verify whether this reaction possessdirst-
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order saddle point at the CCSD(T)/aug-cc-pVDZ lgeved show in Figure 5.1 contour
plots of the relevant region of the potential eyesgrface calculated at that level of
theory. The two dimensional grid of points has bebtained by scanning the breaking

and forming bonds in a collinear

geometry while holding the rest of
the coordinates of the system fixed
at their values in reagents. The fact
that the F-H and C-H bonds are

collinear and the ethyl moiety is not

allowed to relax during the scans

will result in an increase in the

potential energy with respect to the

15 20 25 30 35 40 45 true minimum-energy reaction path.
H':F‘H}-"'A Figure 5.1 shows that even though

the calculated scans do not truly
Figure 5.1: Contour plot of the potential-energy stface tth .
of the F+C,Hg - HF+C,H5 reaction at the CCSD(T)/aug- represen € minimum-energy

cc-pVDZ level. F-H is the forming bond and C-H ishe ;
breaking bond. These bonds are held collinear in # reaction path, the pathway from

scans and the rest of the variables are fixed at ¢fir reagents to products is continuously
values in reagents. Units of the z-axis scale are& mol™.
downhill at the CCSD(T)/aug-cc-

pVvDZ level, confirming the absence of a first-ordgansition state. Based on
Hammond’s postulate, we do not anticipate thatdahger reactions will exhibit transition
states at the CCSD(T)/aug-cc-pVDZ level, partidylafor the more exothermic
secondary and tertiary reaction channels.
5.2.2 SRP-MSINDO Hamiltonian

As stated earlier, a computationally inexpensivehuod to calculate the potential
energy and energy gradients of the system is eakdot extensive direct-dynamics
studies of all but the smallest chemical reactiddsmiempirical methods offer this
attractive feature, but as shown in the prior sectdo not generally provide sufficient
accuracy to achieve meaningful results. For inganbe MSINDO Hamiltonian
overestimates the exothermicity of the F+alkanetreas other than F+CHby at least

10 kcal mot. Additionally, the errors in the difference in ctian energies between
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primary and secondary sites in propane (~8 kcal'nfiml MSINDO and ~3 kcal mdi
experimentally) and primary and tertiary sites f0#i-CsHio (~15 kcal mof for
MSINDO and ~5 kcal mdi experimentally) would likely result in inaccuratenclusions
when comparing the dynamics of the reactions avéneus sites.

With the goal of obtaining more meaningful resuttglirect-dynamics studies of
F+alkane reactions, we have derived a SRP-MSIND@iktznian specific to that family
of reactions that possesses higher accuracy tleastandard Hamiltonian. The parameter
set for this Hamiltonian has been derived usibgnitio information of the energetically
accessible regions of the F+gBind F+GHg potential-energy surfaces at the conditions
of extant experiments, in addition to the reacemergies of all of the reactions studied
here. The ab initio characterization of the potential-energy surfacé the
F+CH,>HF+CH; reaction was carried out via scans of the breakimdj forming bonds
in a collinear geometry. The forming H-F bond distawas scanned from its value at the
MP2/aug-cc-pVDZ transition state (1.46 A) to 3.9680.05 A steps. During this scan,
the F-H-C atoms are forced to be collinear, but rdmaaining degrees of freedom are
optimized at the MP2/aug-cc-pVDZ level. A similaas of the potential-energy surface
was performed for the breaking C-H bond from italce at the transition state obtained
with the same electronic-structure level (1.14 dBt64 A at 0.05 A steps. To obtain a
better coverage of regions of the potential remofrech the collinear approach and
incorporate important points of relatively high eme we scanned the angle between the
forming H-F and breaking C-H bonds from 180° (vatdi¢he angle at the transition state
in MP2/aug-cc-pVDZ calculations) to 90.0° with stegf 1.0°. In this scan, the H-F and
C-H coordinates were held fixed at their transisvate values, but the rest of the
coordinates were relaxed at the MP2/aug-cc-pVDZellevA similar ab initio
characterization of the potential-energy surfacéhefF+GHg - HF+GHs reaction was
performed, including a scan of the H-F bond from titansition state (1.54 A) to 5.24 A
at 0.05 A steps and a scan of the C-H bond frontrimesition state (1.13 A) to 4.83 A
with the same step size. In all of the RHg potential-energy scans, the forming and
breaking bonds were constrained to the correspgndimgle at the transition state
(161.3°), but the g¢Hs moiety was relaxed at the MP2/aug-cc-pVDZ levehc8 the
MP2/aug-cc-pVDZ level of theory does not providaighly-accurate description of the
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F+alkane reaction energetics, we have recalcuthednergy of each of the points of the
MP2/aug-cc-pVDZ scans at the CCSD(T)/aug-cc-pVD&le

Preliminary reparameterization efforts using th@SD(T)/aug-cc-pVDZ energies
of the 5 scans described before resulted in ratteacurate H-F and C-C equilibrium
bond distances. To avoid those deficiencies, weesgently included in thab initio
grid a scan of the HF molecule internuclear distainom 0.735 A to 1.275 A and a scan
of the C-C bond in ethane from 1.430 A to 1.62@Ath scans used a 0.010 A step size.
The grid of ab initio information used for the reparameterization of M&INDO
Hamiltonian also contained the reaction energieslbbf the reactions in Table 5.1.
Starting with the parameters of the F, H, and Omatdn the standard MSINDO
Hamiltonian, we used a non-linear least-squarecegoiare to obtain a new set of
parameters for which the differences between th8@C)/aug-cc-pVDZ energies of the
points in the grid described before and semiengdirenergies were minimum. The
parameters were not constrained at any point duhiagorocedure. After several initial
attempts, it was determined that attributing défdrweights to various points of thé
initio grid resulted in an overall better fit. Thus, teal set of SRP parameters was
obtained by weighting the points of the entrancanciel of the F+Chireaction and the
exit channel of the F+Els reaction 10 times more heavily than the rest ef fbints.
The SRP parameters obtained in this way are showeomparison with the original
MSINDO parameters in Table 5.3. The relative ddfees between the original
parameters and the new SRP-MSINDO parameters aagaesage 14%, with only one of
the 28 parameters varying by more than a facttwof

The improvement in the accuracy of the MSINDO Hé&wnilan when using the
set of parameters derived here for the F+alkanetioes can be clearly seen in Tables
5.1 and 5.2. Table 5.1 shows that while the origfd&INDO Hamiltonian grossly
overestimates the CCSD(T)/aug-cc-pVDZ energy of ynah the F+alkane reactions
studied here, the SRP Hamiltonian is in substdntiadtter agreement, exhibiting an
accuracy comparable to MP2/aug-cc-pVDZ. Remarkalthe large errors in the
differences between the reaction energies of pginagd secondary, and primary and
tertiary sites obtained with the MSINDO Hamiltoniare nicely corrected in the SRP-
MSINDO Hamiltonian. Regarding the transition stdteations and energies, SRP-
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MSINDO also exhibits better agreement with the CCSIaug-cc-pVDZ results than the
original MSINDO Hamiltonian or even MP2/aug-cc-pVDgsults. Notably, the SRP-
MSINDO F-H bond distance is 6% shorter than the DO¥aug-cc-pVDZ result, which
is roughly half the deviation of the MP2/aug-cc-pX/Desult. Moreover, the SRP-
MSINDO Hamiltonian does not exhibit a barrier fteetF+GHg reaction, which is in
agreement with the CCSD(T)/aug-cc-pVDZ predictif@fig. 5.1). This can be verified in
Fig. 5.2a, where we show a contour plot of SRP-M3INenergies for the same region
of the potential-energy surface of the RiHg reaction as that displayed in Fig. 5.1 with
CCSD(T)/aug-cc-pVDZ energies. In contrast with #issence of an appreciable barrier
on the classical potential-energy surface predittedoth CCSD(T)/aug-cc-pVDZ and
SRP-MSINDO, the contour plot for MP2/aug-cc-pVDZigF5.2b) clearly shows a
transition state for this collinear approach in eththe geometry of the inactiveids

moiety is fixed to its geometry in reagents.
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Table 5.3 List of MSINDO and SRP-MSINDO parameters that evarvolved in the
SRP developmerit.

Parameter MSINDO | SRP-MSINDO
S ) 1.006 1.11357
s () 1.1576 1.0749
Ks  (H) 0.1449 0.1713
s (H) -0.5000 -0.4841
Y (© 1.6266 1.2780
Y © | 15572 1.6829
s (© 1.7874 2.2545
p (© 1.677 1.6671
Ks (©) 0.0867 .09632
11s  (©) 5.083 5.1193
g1 (©) 10.43 10.6686
ls © -0.8195 -0.7793
I (© -0.3824 -0.3872
(S 23408 2.1754
Y ) 2.2465 2.2079
s (A 2 4974 2.8586
p (B 21351 2.4626
Ks (F) 0.1769 0.1602
s  (F) 8.6043 8.6438
g1 (F) 2519 28.2496
s (F) -2.0238 -2.4281
b -0.6868 -0.7015
a(l) (H) 0.3856 0.3811
a2 (H) 0.5038 0.3432
a(l) (©) 0.4936 0.5465
a2 (©) 0.6776 0.3410
a(l) (F) 0.1521 0.1489
a2 (F) 0.1059 0.0031

2 For a definition of parameters, please see Ref.
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A more complete calibration of the accuracy of 8RP-MSINDO Hamiltonian
with respect to the CCSD(T)/aug-cc-pVDZ results tha have used as a benchmark is
presented in Figures 5.3 and 5.4. Figure 5.3 dyspthe F-H and C-H scans for the
F+CH; > HF+CH; reaction that have been used in the reoptimizadfothe MSINDO

15 20 25 30 35 40 45 15 20 25 30 35 40 45

R(F-H)/A R(F-H)/A

Figure 5.2: Contour plot of the potential-energy stface of the F+GHg - HF+C,H5 reaction at the
SRP-MSINDO (a) and MP2/aug-cc-pVDZ (b) levels. F-Hs the forming bond and C-H is the
breaking bond. These bonds are held collinear in #hscans and the rest of the variables are fixed at
their values in reagents. The scale of the z-axipdtential energy) is the same as in Fig. 1.

Hamiltonian parameters as described before. FiguBa shows the region of the
potential-energy surface connecting the transisiiate with reagents. The SRP-MSINDO
results deviate from the more accurate CCSD(T)&igvDZ values uniformly by
about 0.5 kcal mdi, and they considerably improve upon the MP2/aug\¢dZ
energies. A deficiency of the SRP-MSINDO Hamiltania that it is unable to describe
the van der Waals’ well in the reagents valley mted by the CCSD(T)/aug-cc-pVDZ
method. This well is caused by dispersion intecastibetween the approaching reagent
species, which are known to be difficult to modgl d&l but the most sophisticated
treatments of electron correlation. Even though $/NDO does not capture the well
region with excellent accuracy, it represents atgnm@provement over an earlier SRP-
PM3 Hamiltonian published befot® That Hamiltonian exhibited a sharp, deep well in
the region of the potential-energy surface preagthie transition state. This well did not

appear to affect classical-trajectory calculatiankw energies, however, the appearance
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Figure 5.3: Potential-energy surface profiles of th
F+CH,>HF+CH; reaction calculated at various levels of
theory. (a) Represents the region of the potentianergy
surface connecting the transition state with reagds and (b)
is for the region connecting the transition state vth products.

of that spurious well in the SRP-
PM3 Hamiltonian points out the
necessity of providing a dense
coverage ofab initio information
when deriving SRP Hamiltonians.
Figure 5.3b shows the
region of the F+Ch{l > HF+CH;
potential-energy surface (PES)
connecting the transition state with
products. All of the methods
predict a precipitous fall in the
potential energy with small
increases in the C-H coordinate
right after the transition state.
Much as in the reagents region,
while SRP-MSINDO is quite close
to the CCSD(T)/aug-cc-pvDZ
energies, the agreement is not

guantitative. Notably, SRP-

MSINDO is unable to describe the well caused byoldifguadrupole electronic

interactions between the separating HF and §pécies in the products valley.
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Comparisons between similar potential-energy psfipredicted by various
electronic-structure methods for the RHg > HF+GHs reaction are shown in Fig. 5.4.
The overall conclusions about the accuracy of tRE-MSINDO Hamiltonian stemming
from the figure are analogous to those mentioneavaljor the F+Ch > HF+CH;
reaction. SRP-MSINDO reproduces CCSD(T)/aug-cc-pVI@Aergies with better
accuracy than MP2/aug-cc-pVDZ,

3 : ;
except for the shallow potential- 5 | ey sal b
energy wells in the reagents and 3 || — ﬁgfﬁﬁgwr’wz
products valleys. Figures 5.3 and = ol / A ‘???D(T)/dfgf‘:pw?
5.4 also include CCSD(T) points gﬂ_l_ '''' -

calculated with the larger aug-cc- & ot

pVTZ basis set in an attempt to 5
calibrate the error of the SRP

Hamiltonian emerging from having _ O

used the relatively small aug-cc-é 10}

pVDZ basis set in the CCSD(T) g 0f

calculations wused in the fit. 5 30}

Interestingly, use of the aug-cc-L% il

pVTZ basis set does not have a i 3 i 5

3
dramatic impact on the CCSD(T) R(F-H) / angstrom
energies in reagents, as shown in
Figures 5.3(a) and 5.4(a). Ifrigure 5.4: Potential-energy surface profiles of ta

. F+C,Hg>HF+C,Hg reaction calculated at various levels
products, use of the larger basis s@tory. (a) Represents the region of the potentianergy

) ) surface connecting the transition state with reages and
results in a slightly morew) is for the region connecting the transition stee with

exothermic energy profile. Foproducts.

instance the F+CIPHF+CH;

reaction is predicted by CCSD(T)/aug-cc-pVTZ cadtions to be 1.3 kcal midlmore
exothermic than by CCSD(T)/aug-cc-pVDZ. For the BHE>HF+CGHs reaction, the
difference between the aug-cc-pVDZ and —TZ exotletims increases to 1.7 kcal rifol
These basis-set studies give a measure of theslohthe accuracy of the SRP MSINDO
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Hamiltonian stemming from the limited accuracy dfet CCSD(T)/aug-cc-pvVDZ
calibration data points.

Figures 5.3 and 5.4 show the performance of the-BBMDO Hamiltonian in
the chemical reactions for whichb initio information was explicitly included in the
reparameterization. A test of the idea that SRP illamens can be derived for families
of reactions without the need to includle initio information for all the members of the
family can therefore be provided by examining a parison between CCSD(T)/aug-cc-
pvDZ scans for the F+Elg and F+i-GH;o reactions and the corresponding SRP-

MSINDO energies. This is what we show in Figure tb the regions of potential-

oF . . . . 1 energy surface connecting the
(a)

= — CCSD(T)aug-cc-pVDZ .. .
£ -10f -- SRP-MSINDO 1 transition state with products for the
5 20 b e F+CHs > HF+CHCHCHs (Fig.
T NN 5.5a) and F+i-GHio > HF+C(CH)s
=1} e N
g -40¢ D g ST 1 (Fig. 5.5b). We choose to show the

=l profiles of the abstractions at the

I 15 2 25 3 35 4
R(C-H) / angstrom secondary and tertiary sites in these

0 : , : : : larger reactions because explicit

®) |

information about these abstraction
channels other than the reaction
energies was not included in the SRP

optimization, and this therefore

Energy / kecal/mol

poses a more demanding test than

[ 15 2 25 3 35 4 .
R(C-H) / angstrom the primary  channels. The

conclusion from Fig. 5.5 is that the

Figure 5.5: Profiles of the region of the potentiaknergy SRP  Hamiltonian for F+alkane

surface connecting the transition state with produts for : : : : ;
the F+CiHg>HF+CH-CHCH5 (a) and F+i- reactions derived in this work using

C4H10>HF+t-C4Hy (b) reactions calculated at various  detailedab initio information of only
levels of theory.

the first two members of the family
appears to capture larger reactions of
the family with comparable accuracy. This conclasie particularly important, as it

offers a practical way to derive improved semiemsplrHamiltonians for a variety of
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large-dimensionality chemical reactions with miniméiigh-level ab initio
characterization of their PES.
5.3  Direct-dynamics Study

Using the SRP-MSINDO Hamiltonian derived in thisrk; we have integrated
direct quasiclassical trajectories of the FH#CHK,Hs, CsHg, and i-GH1o reactions.
Batches of 20,000 trajectories calculated for esygdtem and set of initial conditions
except for systems and conditions where experirh@nftzrmation exists, for which we
raised the number of trajectories to 50,000. Thg¢tories have been started with the F
atom at a distance of 15 a.u. from the center adsntd the hydrocarbon molecule and
stopped when the products are ~15 a.u. apart. mbhgimum sampling impact
parameters are 7.0 a.u., for F+£Hnd 10 a.u. for F+Els, F+GHg, and F+i-GHjp
reactions. Initial conditions for the hydrocarb@agent molecules consider initial zero-
point energy and no rotation, and were selectedguiie VENUS prograrft. The
MSINDO Hamiltonian is known to overestimate vibeaial frequencies by ~208%,%°so
we have used VENUS to select initial coordinated mmomenta that correspond to 80%
of the MSINDO zero-point energy in each of the narmodes. This procedure gives the
alkane molecules zero-point energy that corresptmttee experimental values.

From analysis of the atomic initial and final cdimates and momenta, we have
calculated a variety of dynamics properties, ingigdpartitioning of energy in products,
angular distributions, and opacity functions. Wetfshow comparisons with experiment
with the goal of calibrating the accuracy of thePSRSINDO method for dynamics
calculations and subsequently present the resuiscomparative study of the dynamics
of the various F+alkane reactions studied in thoskw
5.3.1 Comparison with experiments

Figure 5.6 shows the HF vibrational distributioagsing in the F+Chkl >
HF+CH; (Fig. 5.6a) and F+&s > HF+GHs (Fig. 5.6b) reactions at 1.8 and 3.2 kcal
mol™* collision energy (&), respectively. The HF vibrational distributiomisthe F+CH
reaction show agreement between SRP-MSINDO andxperimental results of Nesbitt
and co-worker$, with both distributions being clearly inverted apdaking atv'=2.
Quantitatively, the average HF vibrational energel(ding zero-point energy) in the
SRP-MSINDO energy is 26t0.2 kcal mof', while the experiment is 27.4 kcal ritol

114



The figure also shows the results calculated uguragsiclassical trajectories the original
MSINDO Hamiltonian at 3.2 kcal mdl This collision energy is slightly larger than the
one used in the experiment and SRP-MSINDO calaratbecause, as previously stated,
MSINDO calculations at 1.8 kcal mbbo not provide significant reactive due to thehhig

reactive barrier of this

method. 3.2 kcal mdl sl (@ %E;%%Nm i
represents a collision energy 0.5} |
above the barrier in the 4] 1
MSINDO calculations similar 3;
to that in experiment. o |
MSINDO clearly E_/ o—%;gj

underestimates the level of 20-6’ 1
vibrational excitation going e |
into HF vibration, with the Ej
peak of the distributions 02t |
being atv’'=1. Figure 5.3b 0.1F 1
shows that the origin of this "% f_'

dlscrEpanCy with eXpe”mentFigure 5.6: HF vibrational state distribution for the F+CH, 2>

|S due to the Incorrect Shape d’fF+CH3 reaction at Eco||:1-8 kcal mOll (a), and the F+QH6 9
HF+C,Hs reaction at E,,=3.2 kcal mol'. The experimental

the MSINDO potential-energyresults in (a) are taken from Ref* and in (b) from Ref.®. The
collision energy in (a) for the MSINDO results is @ kcal mol*

surface, and not the reactio(see text).

exothermicity.

Figure 5.6b shows the SRP-MSINDO HF vibrationatribution arising from the
F+C,Hs reaction at E,=3.2 kcal mof' in comparison to the experiments by the Nesbitt
group’ To our knowledge, this is the first time that fdjinamics calculations are used to
simulate those experiments. While the vibrationaktributions do not agree
guantitatively, the peak of both distributionslsitcurs av’=2, neither shows significant
population inv’=4, and the average HF vibrational energies aneasonable agreement
with each other (28#0.2 kcal mof- for SRP-MSINDO and 25.7 kcal mblin the
experiment, including zero-point energy). The mawmurce of discrepancy between

theory and experiment occurs foi=0, where the experiments report 16% of the
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population, but our calculations only yield 1%. Awtriguing aspect of the experiment is
the bimodal nature of the vibrational distributiprgth v’=1 showing less population
thanv’'=0 andv’'=2. In the experiments, it was discussed thatpresence of a larger
alkyl fragment than in the case of the F+Q#daction might elicit a second mechanism,
in addition to a direct, impulsive release of eydargthe onset of product separation, that
would channel energy from the ‘active’ F-H-C moidtyto the alkyl fragment via
intramolecular vibrational redistribution (IVR). iBhsecond mechanism would act to
exclusively populate the H¥E0) state. Even though classical trajectorieskar@wn to
accelerate the rate of IVR, the presence of thewdaied mechanism is not seen in the
present calculations, so the intriguing bimodatifythe experimental distributions must
emerge from errors in the SRP-MSINDO Hamiltoniannoour classical treatment of the
nuclear dynamics. To verify that the absence daifiBgant population in HR(=0) is not
associated with zero-point energy leakage fronCdté; molecule into the newly-formed
HF bond, we have integrated trajectories in whichiOs started with only half or a
guarter of the zero-point energy. None of theseutalions yields significant population
in HF(V'=0), suggesting that the inability of the calcidas to reproduce the subtle
bimodality seen in the experiment might be tiednaccuracies in the SRP-MSINDO
Hamiltonian or quantum effects.

Figure 5.6b also shows the results for the MSINDériitonian. Even though the
MSINDO calculations seem to be in good agreemetit wxperiment, analysis of the
average energy deposited into HF vibration (33.d! kool*) shows a relatively large
(~7.5 kcal mol) overestimation of the experiment (25.7 kcal MoAn interesting result
is that the HF vibrational distributions obtainedhathe original MSINDO Hamiltonian
in the F+GHe reaction (Fig. 5.6a) appear to be in better ages¢with experiment than
in the F+CH reaction (Fig. 5.6b). However, a detailed analysiiggests that the
improvement in the agreement with experiment fog #+GHg reaction is largely
fortuitous. As shown in Fig. 5.6a, MSINDO undemesttes the amount of vibrational
excitation going into HF. This underestimation ast@inately balanced out by the ~10
kcal mol* overestimation of the reaction exothermicity i th+GHg reaction by this
method (Table 5.1) so that the amount of energggoito HF seems to agree better with

experiment than in the F+GHeaction.
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The Liu group has measured additional informatiboud the release of energy
into products for the F+CJ3> DF+CD;, including partition of energy into translationF-D
vibration, and DF rotation at various collision mgies ** A particularity of those
measurements is that they correspond to speciicnal states of the Gproduct. This
detail challenges a quantitative comparison with quasiclassical-trajectory results,
since no exact technique to map coordinates andemtanof polyatomic molecules into
vibrational states currently exists. In additiolassical-dynamics calculations suffer from
rapid IVR, which further complicates the determioatof the exact final quantum state
of a polyatomic vibration via projection of finabardinates and momenta into harmonic
normal mode&® Even though establishing comparisons between cjaasical-trajectory
calculations and the GBtate-selected experiments is not possible atatgative level,

a comparison of the trends can provide furthergimsiinto the accuracy of the
calculations. The Liu group have provided insightoi the dependence of energy
partitioning in products with collision energy fdahe F+CD->DF+CD;(0000,N~4)
reaction’” These state-specific results indicate that theumtsoof HF rotational energy
and products relative translational energy incresitle increasing collision energy. On
the other hand, HF vibrational excitation decreag#s collision energy.

Table 5.4 presents the calculated results of engagiytioning in products at the
same collision energies measured in the experimé&his results include averages over
all of the trajectories, and of the trajectoriesMinich CD; emerges with less energy than
its nominal zero-point energy (values between phesmes). The restriction of the
analysis to trajectories with low GIs a rough attempt to represent ground-state, @®
measured in the experiment. Regardless of the sinatgethod, the calculated trends
agree with experiment: while DF rotational and tie& translational energies increase
with collision energy, DF vibrational energy de@es with increasing collision energy.
Even though the calculations reproduce the expetahetrends, limitations in the
accuracy of the calculated energy partitioning to tation and relative translation are
evident. In the experiment, the largest amount BfrBtational excitation measured was
1.4 kcal mot (at Ei=8.37 kcal mot), which is notably smaller than the calculated
results irrespective of the way trajectories ar@ymed. In addition, the largest average

final relative translational energy measured wa&sk8al mol* (at E.=8.37 kcal mot),
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Table 5.4 Calculated average energies in products in ti@z+> DF+CD; reaction”

Econ / kcal mol' | < E'vpr>® | < Erpr | <E'v™ | <Ecps
1.48 256(28.0f 2.7(3.1) 7.7(7.6) 13.1(10.5)
2.77 247(275] 3.3(3.5) 9.0(8.9) 13.4(10.5)
5.37 23.1(26.2) 4.1(4.2) 12.0(11/8)3.5(10.5)
8.36 21.9(25.7) 4.9(4.9) | 15.1(14.6) 14.1(10.6)

3 All energies in kcal mat

b Valuesbetween parentheses correspond to trajectoriebithvCD; arises with less
energy that its nominal zero point energy.

¢ Calculated from the bottom of the potential wélDd .

also smaller than the calculated results. Thesdtseslearly point out inaccuracies in the
calculations, which originate from the potentiaksyy surface, the quasiclassical-

trajectory method, or more likely a

combination of both. Part of the errors in | T = g{j&:},; (@)

DF{v’=3)
= DE(v=4)

/
7

the quasiclassical trajectories might |}

751
emerge from excessive leakage of the8

energy of reagent normal modes that s il A _

should largely be adiabatic into the

0 0.5 1
reaction coordinate. In an attempt to 5 cos(kk’)

qguantify the possible errors introduced by ®)

0.3r

excessive zero-point-energy leakage, we_
W o)

. . — 02+
have performed trajectory calculations at=

Ecoi=5.37 kcal mof with varying degrees 1

of initial vibrational excitation in CR 0

0 1 2 4 5 6

3
Calculations with one half or one quarter b/a.u.

igure 5.7: Calculated DF vibrational statespecific
ngular distributions in terms of differential cross

in the calculations of Table 5.4 indicate $gctions (a), and opacity functions (b) for the
F+CD, > DF+CD; reaction at E.;=5.37 kcal mol*.

correlation between initial CPvibration The distributions are normalized for area.

) . Absolute cross sections for the DM( )=1, 2, 3, and
and final DF and CP internal energy. 4 states are (a.u.) 10.4, 21.4, 14.3, and 1.6,

However, the amount of energy releas&gPectively.

of the initial CL, vibrational energy usecf;
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into product relative translation is unaffectedthg amount of initial vibrational energy
in CD4, suggesting that the overestimation of experimdéytour calculations in this
property discussed before is likely a weaknest®fIRP-MSINDO Hamiltonian derived
in this work.

In addition to energy partitioning in productse t6D;(0000, N~4) state-specific
measurements provided information about the angdigributions. In particular, DF
vibrational state-resolved angular distributionseacly showed an evolution from
backward scattering to sideways and forward scagfewith increasing vibrational
excitation in DF* In Fig. 5.7a, we show DF vibrational-specific atgudistributions
obtained in the F+CpP-> DF+CD; reaction at E,;=5.37 kcal mof. The calculations
replicate the trend that highly vibrationally exclt DF has a larger propensity than
vibrationally colder DF to scatter in the forwargledtion. This is an important result, as
the experiments speculated that forward scatteforgDF(v'=4) might herald the
appearance of a reactive resonance. The preseradadtkward> forward trend with
increasing DF excitation in our classical calcwas indicates that a reactive resonance
does not seem necessary to obtain this trend.alhstee DF vibrational state-specific
opacity functions in Fig. 5.7b show that the trezah be partially explained by the
preference of collisions at longer impact paranseterform vibrationally excited DF.
These reactions at long impact parameters alsoiggomore forward scattering, as
F+alkane reactions are dominated by a direct r@actiechanism.

In summary, comparisons between the predictionsthe® SRP-MSINDO
Hamiltonian derived in the work and experimentautes on the F+Ci F+CD, and
F+CHs reactions reveal that the Hamiltonian captures bheader aspects of the
dynamics, including the amount of vibrational eryepagrtitioned into the newly-formed
bond and angular distributions. Even though thee@gent with experiment is not
guantitative in some properties, all of the expental trends are satisfactorily
reproduced by the calculations. In the following present a comparative study between
the dynamics of the F+CHF+GHe, F+GHg, and F+i-GHj reaction with the goal of
identifying how the length of the alkane molecuhel &he site of abstraction influence the

reaction dynamics
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5.3.2Comparative dynamics of F+alkane reactions

Figure 5.8a shows the HF vibrational distributioois all the channels of all 4
chemical reactions investigated in this work a§£3.2 kcal mof. Leaving the F+CH
reaction aside, the trend for rest of the react@mnprimary abstraction sites is that HF
vibrational excitation decreases with increasinge sof the reagent alkane molecule.
Since the exothermicity of the primary abstracti@action is very similar for all
F+alkane reactions studied here except F#Gthe conclusion offered by these results is

that the size of the alkane

07r (a) & CH, .
0.61 8.5 CH, {1 molecule helps channel energy
— % = CH,, primary _
%“0-5 NE| O FcHgpimy ] in modes other than HF
04 N E = C.H,.secondary T . . .
?;03 § = - Lélﬁm, wmiary |  Vibration. Comparing the HF
20 = \
A0 § = vibrational distributions  for
N E _ .
0.1 § = abstraction at primary vs.
0 p—_ = . .
0 L2 3 4 secondary and tertiary sites
v’(HF)

(b) reveals that energy release to HF
0or BNE vibration increases along the
0.5t = | _ _

A o4 = primary->secondarytertiary
T oal = sequence. This result bodes well
0.2f = E] 1 with the corresponding

O.1F BN E ] IEH ' §|H 1  exothermicities.

HF(vib)  HF(rot)y  Trans Alkyl To gain further insight into
Figure 5.8: Calculated HF vibrational state these trends, we show in Fig.
distributions (a), and average fractions of availake ) )
energy in products (b) for various F+alkane 5.8b fractions of available
reactions at E=3.2 kcal mol*. The average . . d
fractions of alkyl internal energy and HF energy Into various products

vibrational energy in (b) are calculated from the

. . degrees of freedom for all of the
corresponding zero-point energy levels.

channels in all of the reactions
studied at E;=3.2 kcal mof. The figure shows that HF vibration is the prefdrmode
for energy deposition in products, followed by teka translation. In comparison,
partitioning to HF rotation and internal alkyl eggris relatively small. Examination of
the average fractions of energy in products for ghienary channels of all reactions

indicates a general trend to decrease the fraadfoanergy going into HF vibration,
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rotation, and translation with the size of the m@agalkane molecule. Consequently, the
fractions of energy going into the alkyl fragmeiserrapidly for larger alkane molecules.
This result suggests that the modes of the alkyktpdhat do not participate directly in
the bond breakage/formation process governing Rralkreactivity are not entirely
orthogonal to the reaction coordinate. The oridithe fact that energy partitioning into
the alkyl degrees of freedom is enhanced for reastinvolving larger alkanes is likely
the rapid growth of low-energy normal modes. ThHasge-amplitude vibrational modes
of the forming alkyl moiety can effectively couple the reaction coordinate and absorb
energy released in the reactive process. Compaoikenergy partitioning into the alkyl
product between primary and secondary sites inFth@&Hg reaction and primary and

tertiary sites in the F+i-{Hio

0.8

-~y | @ reaction shows a relative
0.6¢ insensitivity of the fractions to the
60_ Y| — abstraction site. Therefore, the fact
= = fﬁﬂ( primary that  the HF  vibrational
B = 'LLH':“MP'”T” e | distributions exhibited in Fig. 5.8a
r— ILHO” ;Cmar'v 0 05 : | are more excited for secondary and
cos(kk’) tertiary sites than for primary sites
(b) is primarily driven by the larger
il exothermicity of the former sites.
@ Finally, we present the angular
a o1l ‘K-\\--_ | distributions of the various
\‘-{\' _ reactions and channels af,E3.2
0 4 3 T kcal mol' in Fig. 5.9a, and the
b/au. corresponding opacity functions in

Figure 5.9: Calculated angular distributions expresed ir
terms of differential cross sections (a) and opagit
functions (b) for various F+alkane reactions at Ex=3.2  show a larger flux in the backward
kcal mol™’. The distributions are normalized for area.

Absolute cross sections for the F+Clj C;Hg, CsHg, and  hemisphere than in the forward

i-C4H 1o reactions are (a.u.) 50.9, 96.2, 120.7, and 142.0, ) ) )
respectively. hemisphere.  This  result, in

Fig. 5.9b. The angular distributions

combination with the large reaction-

probabilities at low impact parameters in Figurgb5 suggests that a direct rebound-like
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mechanism in which the HF product travels in adiom opposite to that followed by the
F atom is more probable than a mechanism in whehR atom abstracts a hydrogen
atom as it flies past the molecules without sigaifitly changing its direction of travel.
Leaving the results of the F+methane reaction asvdesee that the angular distributions
for all of the reactions at primary sites esselytialerlap. This result suggests that the
reaction mechanism is largely the same for allh&fsé abstraction reactions. A more
interesting result emerges when comparing the anglistributions of the primary and
secondary channels in the FsHg reaction; reaction at secondary sites resultighty
more backward angular distributions than at primsitgs. This trend is exaggerated
when comparing primary and tertiary sites in the®€zH1, reaction, where the angular
distribution for tertiary sites is clearly more ka@rd than that of the primary sites. The
origin of such a result seems to be tied to thatioo of the secondary and tertiary sites
of the propane and i-butane molecules with respegirimary sites. Primary sites are
more removed from the center of mass than secoraasyrtiary sites, thereby enabling
reactions at longer impact parameters. In thesee rperipheral reactions on primary
sites, the fluorine atom can abstract a primarydgyein atom without largely changing its
momentum, which enhances forward scattering. Thashanism is popularly known as
stripping dynamics. The presence of enhanced stgpdynamics in abstractions at
primary sites due to a more peripheral reactioreiisforced by the opacity functions in
Fig. 5.9b. In that figure, one can see that reastiat primary sites in F+8g and F+i-
C4Hip collisions do indeed take place at longer impaatameters than in the
corresponding secondary and tertiary sites. Therdigcan also be used to provide an
estimate of the effective size of the alkane mdEswsed in this work. In effect,
comparison of the maximum impact parameters leatbngeaction for all the primary
abstraction sites shows the expected trend thaéffleetive molecular size increases in
the methane> ethane> propane> i-butane sequence.
5.4  Concluding remarks

We have usedb initio calculations to map the potential-energy surfacthefr+CH
and F+GHg reactions in areas predominantly around the mimremergy reaction path,
but also exploring other areas of the PES thataezgetically accessible in previously

reported experimental studies. Using thissinitio information, we have reparameterized
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the MSINDO semiempirical Hamiltonian to correct tlegest errors of this electronic-
structure method in its description of the F+alkaractions, particularly the sharp
overestimation of the exothermicities of the reawdi The empirical parameter set
specific to the F+alkane hydrogen abstraction reast endows the MSINDO
Hamiltonian with a good degree of accuracy in comspa with CCSD(T)/aug-cc-pVDZ
energies. Except for the shallow intermolecularIsvéh the reagents and products
valleys, the SRP-MSINDO Hamiltonian is shown to pmuform the predictions of
MP2/aug-cc-pVDZ calculations for the regions of go#ential-energy surface covered in
our study.

Using this computationally-inexpensive SRP-MSINDM{amiltonian, we have
carried out an extensive direct-dynamics quasidakstrajectory study of the
F+methane, ethane, propane and i-butane reactibostest the accuracy of the
Hamiltonian in dynamics calculations, we have core@aa variety of calculated
dynamics properties with available experimentsjuiing HF vibrational distributions,
energy partitioning in products and vibrationaltestspecific angular distributions. The
SRP-MSINDO Hamiltonian is seen to reproduce all toé trends found in the
experiment, but the agreement with experiment tsaiways quantitative, particularly in
regards to the amount of energy released to HEi@atand relative translation.

Comparison of the dynamics of the hydrogen-abstiacE+alkane reactions
studied in this work reveals a number of interggtimesults. First, HF vibrational
distributions of reactions at primary sites becanweasingly colder as the size of the
reagent alkane molecule increases. This result se¢enbe tied to the increase in the
number of energy modes that larger alkyl molecutes couple to the reaction
coordinate, which effectively absorb some of thergy released during reaction. On the
other hand, the HF vibrational distributions becomereasingly hotter for reactions
along the primary—> secondary-> tertiary abstraction-site sequence. This is a
consequence of the increase in exothermicity atbagsequence, and not to a difference
in the relative energy partitioning in products tbe various sites. Analysis of angular
distributions and opacity functions helps eluciddte broader aspects of the reaction
mechanisms. Reactions at primary sites are morghgeal than at secondary and tertiary

sites, and therefore exhibit less backward scatghian the more central reactions.
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A major conclusion of this work is that reparamigggion of a semiempirical
Hamiltonian is an attractive strategy to enable asyits studies of relatively large
chemical reactions. Our study shows that by usxtgnsiveab initio information of only
the smallest members of a family of chemical reasti one can generate electronic-
structure methods that are reasonably accuratbdiorologous reactions in the family.
While the semiempirical Hamiltonians are not appiaip for extremely precise studies
in which subchemical accuracy is required in théeptial-energy surface, this paper
contains evidence that they can capture most afeetion-dynamics trends.

The work presented in this chapter concludes ouestigation of gas-phase
reaction dynamics. However in Chapter 6 we useegy \similar SRP-MSINDO
Hamiltonian to the one that has been developedtbheserve as the quantum mechanical
method in a QM/MM study of the reactions betweermpinging fluorine atoms and

alkanethiolate self-assembled monolayers.
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Chapter 6
Theoretical Study of the Dynamics of F+AlkanethiolSelf-Assembled
Monolayer Hydrogen-Abstraction Reactions

Reprinted with permission from J. P. Layfield andTBoya, The Journal of Chemical
Physics132(13), 134307 (2010). Copyright (2010), Americastitute of Physics.
6.1 Introduction

There is a growing interest in the field of reastidynamics to understand
chemical reactions involving an increasing numbfedegrees of freedom. In particular,
the reactions between atomic radicals and gas-pdiaees have been heavily studied
with both theoretical and experimental techniquesrdécent timé:®> This interest in
characterizing the dynamics of radical+alkane reasthas progressed to the gas/surface
reaction-dynamics field, where a variety of expenms have probed detailed aspects of
the dynamics of radical/condensed-phase alkanéioaaf °*°

Examples of experimental gas/organic-surface maatynamics studies are
provided by the ample work by the Minf6hand McKendrick™® groups on the reactions
of ground-state oxygen atoms with squalangHé;, a low-vapor-pressure liquid alkane
at room temperature). Using a hyperthermal (up t&5~kcal mol' collision energy)
beam of atomic oxygen and time-of-flight detectmfnthe product species, the Minton
group has investigated a variety of dynamics prigeerin O+squalane collisions,
including energy transfer in inelastic encountensg product translational-energy and
angular distribution§2 McKendrick and co-workers have also studied O-+gmea
reactions, but using a different experimental set-f In these experiments, low-energy
(~3.4 kcal mof average collision energy) #) atoms are produced via
photodissociation of NPat 355 nm, and laser-induced fluorescence is tsddtermine
the internal-state distributions of the nascent @étuct, which complement the product
translational and angular information provided Ine tMinton experiments. Alkane
liquids other than squalane have also been inastigby the McKendrick group to
understand the role of surface composition and rmizgdon on interfacial reaction
dynamics"?

While squalane has been a benchmark liquid alkarface in many experimental

studies, recent work has investigated the dynaofic(P) collisions with an alkanethiol
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self-assembled monolayer (SAM), which exemplifiemirystalline organic surfacés.
A key finding in this experimental study is thaetrelatively smooth and highly-ordered
SAM surfaces are not as effective as the roughealage surface in thermalizing the
nascent OH product under identical initial condito The study suggests that product
species generated in reactions with the rough diguave a larger probability to
experience subsequent collisions with the surfaaelead to thermal accommodation of
the gas species. These secondary collisions arasbkely in the atomically-smooth
SAMs, and the corresponding product-energy distiobs do not show as much
thermalization as in collisions with squalane. Kalnet al. have provided additional
understanding of radical reactions on SAMs by feitg the degradation of octanethiol
SAMs by hydrogen-atom bombardment using scanningeting microscopy® **°

Of direct interest to the work presented in thigogr are the measurements by
Nesbitt and co-workers on the reactions of fluorfadicals with liquid squalarfe.
High-resolution infrared absorption measurementstha nascent HF product have
revealed detailed rovibrational-state distributiomsd partial translational-energy
information. Comparison between the product progerin F+squalane reactions and
those in the counterpart O+squalane system deddoé®re shows dramatic differences
between the two systems. For instance, even thdhghcollision energy in the
F+squalane experiments (8(0/3 kcal motf) is substantially smaller than in the
O+squalane experiments, the product HF vibratidmstibutions are notably hotter than
the OH distributions. In effect, while experimentsport an inverted vibrational
distribution of HF*®'° |less than 10% population in OM{1) is observed in squalane
reactions with oxygen at low energf@sThis difference in product internal excitation
seems to be tied to the significant differenceshim potential-energy surfaces of both
reactions. For instance, while O+alkane hydrogestrabtion reactions are only slightly
exothermic AH = ~ 0 — -5 kcal moat),?* F+alkane reactions are markedly exothermic
(AH = ~ -35 — -40 kcal md),?* thus making available more energy in products. In
addition, the barriers for hydrogen abstraction drgund-state atomic oxygen from
primary, secondary, and tertiary alkane sites ate/éen 3 and 10 kcal mbf' but the
analogous reactions involving fluorine atoms shdatlielor no barrier even for primary

sites?® Another interesting result in the F+squalane erpemts is the presence of a
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strong positive correlation between HF rotatiorad &ranslational excitation across all
accessible HF vibrational stafes™ This correlation points to the role of secondary
collisions in the microscopically-rough squalanefate in cooling the rotational and
translational HF degrees of freedom for product to not impulsively recoil from the
surface immediately after reaction.

In contrast with the wealth of experimental stgdien the dynamics of
radical/organic-surface collisions, analogous tagcal studies have been so far sparse.
This paucity of theoretical work is mostly due te tdifficulty in propagating classical
trajectories for gas/organic-surface systems, whiththeir most simplistic model
representations are comprised of literally hundrefimtoms. Driven by the fact that
accurate analytic potential-energy functions fartslarge systems are difficult to obtain,
and direct-dynamics studies employing high-levedctbnic-structure methods are
prohibitive, hybrid quantum-mechanics/molecular-htdcs (QM/MM) schemes have
emerged as a promising approach to represent teat@d-energy surface of gas/surface
systems. In these QM/MM approaches to gas/surfeattesing, the system is divided
into an active region, where the radical reactiwm the surface take place, and an
inactive surface region, which provides structuraégrity to the active regioff. The
potential-energy surface of the bond formation/kag@ processes occurring in the active
region is described using QM methods (commonly semirical Hamiltonians), while
the inactive region is represented with computaligrinexpensive MM force fields.
Using this approach, H&Seand Schatz' % studied the reactions of oxygen atoms with
SAMs and squalane to make contact with the expertismaentioned before.

More recently, Radakt al’ have continued to use this approach to investigate
the reactions of fluorine atoms with squalane imt#ieampt to complement the available
measurements on that reactfol™ The large computational expenditure associated wit
the calculations forced the authors to propagaigdtories at much higher collision
energies (11.53 and 23.06 kcal iothan experiment (0#0.3 kcal mot), making it
difficult to establish quantitative comparisons vibe¢n theory and experiment.
Notwithstanding, the calculations captured the majperimental trends, including an
inverted HF vibrational distribution, and the quleing of HF rotational excitation as a

function of its residence time on the surface ptmresorption. Another difficulty in
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those F+squalane computational studies is the umaces of the MSINDO
Hamiltonian®” 2 which was used to treat the QM portion of the ptig-energy surface.
An example of these inaccuracies is seen in theriggéisn of the reaction barrier. For
instance, while highly-accurate CCSD(T) calculasiondicate the absence of a barrier
for the F+GHg > HF+GHs reaction?? the MSINDO Hamiltonian exhibits a first-order
transition state of significant energy above re#éh.9 kcal mot). More importantly,
the Hamiltonian predicts reaction energies that aogably more exothermic than
experiments (~15 kcal mibloverestimation of the reaction energy for absivactt
secondary sites and ~20 kcal rhatk tertiary sites).

In this paper, we aim to augment our theoreticalenstanding of the dynamics of
gas/organic-surface reactions by investigating riction of fluorine atoms with an
alkanethiol self-assembled monolayer. While the [@M/theoretical framework that we
employ in this paper is essentially identical inuna to that of the work described before,
a key improvement in this work is the use of a Hmereaction-parameters (SRP)
semiempirical Hamiltonian to describe the QM regi@s opposed to a standard
Hamiltonian. SRP Hamiltonians are based on the tmagmation of the empirical
parameters contained in the Hamiltonian for a paldr chemical reaction so that the
Hamiltonian is accurate for that specific reactidhis approach has recently proved
useful in improving the general lack of accuracyrfd in common semiempirical
methods in reaction-dynamics studies, while manmgi an affordable computational
expendituré? >33 A low computational expense is supremely necesséugn a large
number (>16) of energy gradients need to be calculated, ahescase in classical-
trajectory reaction-dynamics studies. While the SR#hod has been shown to be quite
effective at reproducing the PES and dynamics mfiraber of reaction classes, there are
limitations to the size and type of systems that lba studied with this technique. For
instance, Hase and co-workers have shown that ifgrlyhcorrelated systems, where
large basis sets are necessary, semiempirical oeetimoght not be flexible enough to
capture the entire potential-energy surface with Eiccuracy?

The SRP Hamiltonian used here to describe hydragsiraction from an alkane
surface by fluorine atoms is based on recent warknmdel gas-phase F+alkane

reactions? In this work, a modified version of this SRP Hawnilian is used to propagate
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trajectories of F+SAM collisions at energies conajpée to those of the experiments on
F+squalane. Analysis of the trajectories providds poduct-energy distributions and
mechanistic information about the hydrogen-abstraateactions. Particular emphasis is
given to the elucidation of the role of post-reactHF/surface collisions in cooling the
HF product rotational, translational, and vibratdbdegrees of freedom.

The remainder of this paper is organized as falowirst, we present the details
of the computational methods used in this studgluning the reparameterization of the
semiempirical MSINDO Hamiltonian, the QM/MM hybridethod used to describe the
potential-energy surface, and the specifics oftthgctory calculations. We then show
the results of our direct-dynamics QM/MM study o#SAM collisions, including
comparison with both experimental and prior thacabtresults on the F+squalane
reaction. Finally, we offer concluding remarks.

6.2 Computational Details

In this section, we describe the development apecific-reaction-parameters
semiempirical Hamiltonian that accurately reproduab initio data on the potential-
energy surface of elementary F+alkane reactionstiWe explain the incorporation of
this SRP Hamiltonian into a hybrid QM/MM scheme ttha used to describe the
potential-energy surface for the entire F+SAM sysiavestigated in this work, and the
details of the gas/surface trajectory calculations.

6.2.1 Specific-Reaction-Parameters Hamiltonian

To describe the potential-energy surface of theraution of fluorine atoms with
alkanes, we have optimized the parameters of thédNMIS Hamiltonian so that it
captures with accuracy the energetics of benchriraddkane reactions. This effort is
heavily based on recent work by our group on theadyics F+methane, ethane, propane,
and isobutane reactiofsso we refer the reader to that paper for full itetef the
semiempirical-Hamiltonian optimization. Briefly,afSRP-MSINDO Hamiltonian in this
work was obtained using a grid of high-qualgly initio points of the potential-energy
surface of model gas-phase F+alkane reactions asfeaence. Theab initio map
primarily included information on the F+GH> HF+CH; and F+GHg > HF+CGHs
reactions around the minimum-energy-reaction péitlt, also probed other regions,

including the cone of acceptance for the F4GHHF+CH; reaction. All of theab initio
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calculations were computed using unrestricted cmpluster theory with single, double,
and perturbative triple excitatiofis [CCSD(T)] in combination with Dunning’s
correlation consistent double-basis set augmented with diffuse functions (aug-cc
pVDZ).*® Sample calculations using the aug-cc-pVTZ basismeze also conducted to
investigate the effect of the size of the

T T

— CCSD(T)/aug-cc-pVDZ

basis set on thab initio calculations, é 2 . . — MP2/aug-cc-pVDZ 1
¢ - - - MSINDO
. . . \
which was found to be minor. Using= ;| * 4 COSD(M)/aug-cepVTZ 1
'&) '\‘ — SRP-MSINDO
this grid of high-level ab initio ~ AR

information, the parameters of the F,%‘J
-1F
H, and C atoms in the MSNDO &

Hamiltonian were optimized using a 2 3 4 5

non-linear least-squares method so
that the differences between the 0y, | | - (b) ]

semiempirical andab initio energies £ -10] |-
< \ -

were minimal. The SRP-MSINDOZ -20f

Hamiltonian derived in this wayg;-30r

. . e = -_—.
. —
D — -

closely reproduces CCSD(T)/aug-c%% -40 si= 1

pVDZ energies for the first members -50; ‘ :

2 3
of the F+alkane reactions (including R(C-H) / angstrom

'@ure 6.1: Potential-energysurface profiles of the
+C,H¢>HF+C,Hg reaction calculated at variout
isobutane), and is superior to othévels of theory. (a) Represents the region of t
potential-energy surface connecting the transition sta

more computationally demandingith reagents and (b) is for the region connectinghe
) transition state with products (see text). CCSD(1
electronic-structure methodssalculations are based on geometries obtained at tl

. . .. MP2/aug-cc-pVDZ level.
including Moller-Plesset second-order geep

perturbation theory (MP2) with the aug-cc-pVDZ Isaset.

F+methane, ethane, propane, aﬁ

Figure 6.1 illustrates the accuracy of the SRP-M3BINHamiltonian derived in
this way in comparison withb initio calculations for the F+Elg > HF+GHs reaction.
The figure shows relaxed scans of the region ofptttential-energy surface connecting
the reagents (a) and products (b) asymptotes Wwélhstrong-interaction region. Figure
6.1a shows a scan of the F-H forming bond from 54 5.24 A at 0.05 A steps and
Figure 6.1b represents a scan of the C-H brealongl from 1.13 A to 4.83 A with a step
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size of 0.1 A. The figure clearly indicates the moyement in accuracy of the SRP-
MSINDO Hamiltonian with respect to the original MEDO Hamiltonian. For instance,
the SRP-MSINDO Hamiltonian does not show an appl#ei barrier for reaction, in
agreement with CCSD(T)/aug-cc-pVDZ and —pVTZ eresgiOn the other hand, the
original Hamiltonian and the MP2/aug-cc-pVDZ resubredict a sizeable barrier
(Fig.6.1a). The reaction energy is also satisfagtoeproduced by the SRP-MSINDO
calculations, which also improve upon MSINDO and d&g-cc-pVDZ results. The
major difference between the SRP-MSINDO Hamiltornggnived in this work and that
of Ref. 22 is in the description of the attractwell in the products’ valley, which can be
seen in Fig. 6.1b. This well in the potential-eryesyirface is caused by stabilizing
intermolecular dipole-quadrupole interactions bemvéhe nascent HF product and the
alkyl radical. While the original version of the MNEDO Hamiltonian and the previously-
derived SRP-MSINDO Hamiltonidhdo not capture this subtlety of the potential-gger
surface, the SRP-MSINDO Hamiltonian derived in thiwk satisfactorily reproduces the
high-level CCSD(T) data. This improvement indicatieat even though semiempirical
Hamiltonians are based on drastic approximationthéoHartree-Fock solution of the
electronic Schrodinger equation, relatively weakerimolecular interactions can be
accounted for via reparameterization of the Hami#in. The parameters of the SRP-
MSINDO Hamiltonian derived in this work are colledtin Table 6.1 of the supporting
information.

The level of agreement between the SRP-MSINDO Hamdn derived in this
work and CCSD(T) energies showcased in Figure 6rlthe F+GHg > HF+GHs
reaction extends to other members of the F+alkenéiF+alkyl family of reactions.
Table 6.2 of the supporting information containgmfitative comparisons between the
SRP-MSINDO Hamiltonian and CCSD(T) data for somehaf simplest F+alkane gas-
phase reactions, and suggests that the accuratyeocBRP-MSINDO Hamiltonian is
general to the F+alkane family of reactions. Theseilts lend confidence to the use of
this improved Hamiltonian to describe the reactegion of the potential-energy surface

in F+alkanethiol SAM reaction-dynamics studies asadibed below.
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Table 6.1 List of MSINDO and SRP-MSINDO parameters thatevewvolved in the

SRP developmerit.

Parameter | MSINDQ SRP-MSINDO
(¥ (H) 1.006 1.365
(s (H) 1.1576 1.2736
Ks (H) 0.1449 0.1979
s (H) | -0.5000 -0.3708
(Y (C) 1.6266 0.9938
Y (C) | 15572 1.8790
(s (C) | 1.7874 1.6282
&, (©) 1.677 1.622
Ks (C) | 0.0867 0.1257
Ko (O 0.0478 0.0428
S (®) 5.083 5.663
&s  (C) 10.43 12.12
s (C) -0.8195 -0.9952
l, (C) | -0.3824 -0.4373
) 2.3408 2.3034
(Y (F) | 2.2465 2.7611
(s (F) | 2.4974 2.4018
&b (F) 2.351 2.377
Ks (F) 0.1769 0.1019
Ko (F) | 0.0127 0.0101
s (F) 8.6043 9.0039
&s  (F) 25.19 27.35
s (F) -2.0238 -2.2337
l, (F) | -0.6868 -0.7873
a(l), (H) 0.3856 0.3924
a2 (H) 0.5038 0.2306
a(l) (C) 0.4936 0.4926
a2 (C) 0.6776 0.6935
a(l) (P 0.1521 0.1654
a2 (F) 0.1059 0.0593

2 For a definition of parameters, please see Bef.
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Table 6.2 Reaction energies for F+alkabeiF+alkyl reaction$.

Reaction CCSD(P) MPZ MSINDO SRP- Exp.%®
MSINDO

F+CH, -30.09 -35.24 -36.59 -31.03 -31.4,

(-26.63) (-31.78) (-32.70) (-26.83) -31.6

F+CHg -33.20 -38.08 -46.50 -33.19 -35.3,

(-29.54) (-34.35) (-42.80) (-30.85) -35.8

F+CsHs (1) -32.81 -37.50 -45.88 -34.5 -35.2,

(-29.28) (-33.99) (-42.68) (-30.93) -35.4

F+CsHg (2)° -35.24 -39.75 -53.95 -37.00 -38.6,

(-31.62) (-36.13) (-50.69) (-35.95) -37.8

F+i-CsH10 -32.13 -36.65 -46.62 -35.49 -35.7
)" (-28.70) (-33.23) (-43.36) (-31.85)

F+i-C4H10 -36.43 -40.67 -60.17 -44.48 -40.7
(3) (-33.16) (-37.40) (-56.90) (-40.91)

*Energies are reported in kcal MoValues in parentheses correspond to classical
energies, i.e., not corrected by zero-point ensrgie

PCCSD(T)/aug-cc-pVDZ/IMP2/aug-cc-pVDZ energies.
‘MP2/aug-cc-pVDZ energies.

4 Ref. 38
® Ref. 39

"F+CsHg — HF+CH,CH,CH;

9F+CzHg ~ HF+CH,CHCH;

"F+i-C4H10— HF+CH,CH(CHy),

'F+i-C4H10— HF+C(CHp)s
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6.2.2 QM/MM scheme

The F+SAM system simulation unit cell is comprisgdhe fluorine atom and 25
octanethiol chains arranged according to theirtjmos on an Au(111) surfaé@Periodic
boundary conditions are used to replicate infigitedis unit cell in the two surface
directions. Drawing inspiration from earlier watk?*the potential-energy surface of this
F+SAM system has been represented using a QM/MMmsehThe active (QM) region
is comprised of the ethyl termini of 7 chains oé tbctanethiol SAM surface and the
fluorine atom. These 7 ethyl moieties are arrarggethat one central chain is surrounded
by its six nearest neighbors. The remainder ofSA& surface constitutes the inactive

(MM) region. A schematic of thi

QM/MM separation is shown i
Figure 6.2. The QM/MM boundary i

the seven central octanethiol chal

gas/surface interface. Hydrogen i

S s
‘:'“‘ < - 3
atoms are used to cap the carb Ly "'f _{'A.'.:{Tm

2

4'"- l"n. r'n:‘"

radicals generated in the QM/M
separation and saturate the Carbﬁﬁure 6.2: Schematic of the QM/MM procedurt
showing the delineation between the structural MN

valence shell for the electronictegion and the reactive QM region. The inset shows

_ _ top view of the region of the SAM surface inclded in
structure calculations of the activehe QM region.
site. Once the active and inactive
regions are defined, the potential energy of th&esy is computed using the popular

mechanical-embedding proceddte:

Eomimm = Eactiveinacive (MM) = E g (MM) + E 0 (QM) (6.1)
According to Eqgn. 6.1, obtaining the potential rgiyeof the system requires three
calculations. First, the energy of the entire F+Saydtem is computed at the MM level.
Second, the energy of the active region is compalsal at the MM level and subtracted
from the overall system energy. Finally, the enenfjyhe active region is computed at
the QM level and added back in to yield the QM/MiMergy. A similar recipe is applied
to compute the forces on each atom (energy grajieatjuired to propagate classical
trajectories. In this work, the QM calculationstbé active region are carried out using
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the SRP Hamiltonian described before, and the MMutations are conducted using the
all-atom OPLS force fiel§* ** as implemented in the TINKER package of progras.
Of the three calculations, the QM evaluation ofrgge(and gradients) of the active
region using the SRP-MSINDO calculation is cleatthg most time-consuming step.
Even though calculation of the millions of energgdients required in routine classical-
trajectory studies of reaction dynamics is reldyivimexpensive for small gas-phase
systems such as F+GHor F+GHg using semiempirical Hamiltonians, the QM
calculations in this work involve electronic-struigt calculations of a system of over 100
valence electrons using an unrestricted referenEgen using semiempirical
Hamiltonians, calculation of millions of energy drents for such a large system is still
challenging, and virtually leaves these approximawethods as the only reasonable
electronic-structure technique for such large-saadéculations. In this context, the
development SRP Hamiltonians that can capture dbengal-energy surface of reactive
systems with reasonable accuracy appears to beieupaly useful strategy.
6.2.3 Dynamics calculations

Two sets of reaction-dynamics calculations havenbasnducted in this work.
First, we have propagated quasiclassical trajexgasf the F+Ckland F+GHg reactions
to calibrate the accuracy of the SRP-MSINDO Hamila derived in this work via
comparison with available experiments. Batches 0f0@0 trajectories have been
calculated for each system and set of initial coowis. The trajectories have been started
with the F atom at a distance of 15 a.u. from theter of mass of the hydrocarbon
molecule and stopped when the recoiling produats~dr5 a.u. apart. The maximum
sampling impact parameters are 7.0 a.u. for F4Giid 10 a.u. for F+Ee. Initial
conditions for the hydrocarbon reagent moleculessicier zero-point energy and no
rotational energy and have been generated usinyENUS progranf® The MSINDO
Hamiltonian is known to overestimate vibrationabduencies by ~20%; ** and
therefore we have selected initial coordinatesrandthenta that correspond to 80% of the
MSINDO zero-point energy in each of the normal atlonal modes. This procedure
gives the alkane molecules an amount of vibratierergy that corresponds to the

experimental zero point.
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Second, the body of this work is comprised of F+SAlk/surface trajectory
calculations. Initial conditions for the seven ethanoieties of the active region of the
QM/MM potential-energy surface were selected usuigNUS with coordinates and
momenta that also correspond to 80% of the MSINB@®-point energy in each of the
normal modes. The rest of atoms in the surfacegciwbelong to the inactive region, start
the trajectories with coordinates and momenta tedkem a 1 ns canonical (constant
temperature (300 K) and pressure (1 atm)) simulati®he impinging fluorine atom is
initially located at least 10 a.u. above the swgfatthe SAM, a distance long enough that
the interaction between the fluorine atom and thdase is negligible. The initial
velocity components of the F atom are selectedrdoupto the collision energy, angle of
incidence, and azimuthal angle. The collision epevgs varied over the 0.80-11.53 kcal
mol™ range, and the incidence angbg.dj, defined as the angle between the fluorine
initial velocity vector and the surface normal @ried from 0° to 60°. The azimuthal
angle, which is formed between the projection efitiitial fluorine velocity vector into a
plane parallel to the surface and the projectiothef alkanethiol chains into the same
plane, is selected randomly between 0° and 360&. fitorine atoms are aimed at a
circular 21.5 & area surrounding the tip of the central QM chaihich constitutes the
reactive unit cell of the SAM and is uniformly saexgb by the trajectories of the fluorine
atom. Since the lateral separation distance betwlerchains is ~4.98A and they are
arranged in a hexagonal pattern, the target amalea completely the entire SAM unit
cell, and therefore the entire SAM surface. Wiitbse initial conditions, batches of 1000
classical trajectories are integrated until therilie atom has reached a height of 30 a.u.
above the sulfur level or ~20 a.u. above the exgpdseminus of the SAM surface.
Occasionally, trajectories where the fluorine atenirapped on the surface, either as an
unreacted fluorine atom or after an abstractiootrea as HF, for more than 7.5 ps occur.
Less than 2% of the total trajectories undergo tinggping process at all initial
conditions, and are discarded from the analysismFthe initial and final atomic
coordinates and momenta, HF vibrational, rotationahd translational-energy

distributions are calculated and compared with grpent where available.

138



6.3 Results
6.3.1 Gas-phase calculations

To calibrate the accuracy of the SRP-MSINDO Hamila used in this work for
the F+alkane family of reactions, we have propatjdtajectories for the F+CHand

F+C,Hs reactions under conditions where experimentarinégion exists: *® *°Analysis

of trajectories for the F+CH - 025 — Expt. v=3
_ ' -+ SRP-MSINDO
HF+CH; reaction at Ey= 1.8 kcal 021 = -- MSINDO Lﬁ 1
. , 7\ ]
mol* shows an inverted HF product I’ ‘i
AT / 1
vibrational  distribution in good (s I g ]
. . ’l*i---z./I_/ \\E I
agreement with experiment. 0 e ,

Quantitatively, the average energy 0.15
going to HF vibration in theg 0.1
calculations (28.3+0.2 kcal mdl mo.os
matches quite well experiment (27.4

kcal molY).*® Similar results are

0.15
obtained in the analysis of the
F+CHe¢ - HF+GHs reaction at

E.o=3.2 kcal mot, but the

0.1

0.05

‘E. I'\x
L ‘/% 'i\-m s
15 20 25

ok

calculations slightly overestimate the

J’

experiments (<&, t7.>=31.2+0.2 kcal

Figure 6.3: HF rotational state distributions for the

mol! vs. 257 kcal mof, F+CH, - HF+CH, reaction at E.=1.8 kcal mol’. The
_ _ ) experiments are taken from Ref®

respectively). In this reaction, both
theory and experiment show qualitatively similar tABrational distributions with peaks
in v'=2 and a larger population '=3 thanv'=1. However, the largest discrepancy
between theory an experiment is that the calculatido not show significant population
in the HF{’'=0) state, but the measurements show 15+4% papuolafThe lack of
guantitative agreement between theory and expetimaght be rooted in weaknesses in
the SRP Hamiltonian derived in this work. Calcwas using preliminary SRP MSINDO
Hamiltonians, and other semiempirical Hamiltoniéas13) all fail to provide substantial
population in HR¢’=0). Direct-dynamics calculations employing highadjty ab initio

methods, seem therefore necessary to clarify whete absence of population in
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HF(v'=0) is tied to inaccuracies in the SRP potentiangy surfaces. Recent calculations
by Sun and Hase have shown that even MP2/6-31@ttditynamics calculations in the
related GHsF>HF+C,H, reactions are not accurate enough to provide daawe HF
vibrational distributiond/ so large basis sets might be needed in the ctitmsga

Figure 6.3 shows calculated HF rotational distidou for the F+CH -
HF(v’,J")+CHj3 reaction at E;=1.8 kcal mof in comparison with experimeft. The
experimental distributions show the expected trehtbtational cooling with increasing
vibrational excitation, which is illustrative of@ghcompetition between HF vibration and
rotation. These trends are correctly reproducedthgy calculations using the SRP-
MSINDO Hamiltonian. Quantitatively, the average myyein HF rotation over all
vibrational states is 1.5 kcal nfofor SRP-MSINDO compared to 1.4 kcal mah the
experiment. Figure 6.4 shows an analogous thequgreéxent comparison of HF
rotational distributions but for the F+8s > HF+CGHs reaction at &;=3.2 kcal mof.

040 b v Also included in the figure are the
0.30 »++ SRP-MSINDO 1 results obtained with the original
0.20 4 {1 MSINDO Hamiltonian under identical
0_10~" | initial conditions. Clearly, the SRP-
0.00 MSINDO Hamiltonian represents a
V= vast improvement over the original
~ 0207 1 Hamiltonian and agrees reasonably
E/O.IO' well with experiment.

A note of interest is the colder

0.00 ‘ | ‘ HF rotational distributions found in
0.15¢ V=l 1 both theory and experiment in the
0.10 T 1 F+GHg reaction compared to the
0.05 { F+CH; reaction. This is somewhat
0.00 ‘ ‘ '“"m-? mmmmmm unexpected because the available
() 5 10 15 20 . .

] energy in products in the F+is

Figure 6.4: HF rotational state distributions for the reaction is 5.3 kcal mdl larger than
F+C,Hg —» HF+C.Hs reaction at E,=3.2 kcal mol’. _
The experiments are taken from Ref* in F+CH, due to the combined effect

of the larger exothermicity (=35.3 in F3tds > HF+GHs vs.—31.4 kcal mot in F+CH,
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> HF+CH,)*® and the larger collision energy used in the expenis (3.2vs. 1.8 kcal
mol™) in the larger reaction. Two effects might conitibto the apparent cooling of the
HF rotational distributions in the F+Bs reaction compared to the F+¢kHaction. First,
the presence of a larger alkyl moiety can enhaneeamount of energy being channeled
into that product, thus limiting the overall avaia energy. Second, the attractive
alkyl----HF well in the products’ valley is deeper for thed;Hg reaction than for the
F+CH, reaction (4.6vs. 3.3 kcal mof below the products’ asymptote, respectively,
calculated at the CCSD(T)/aug-cc-pVTZ//IMP2/aug-otF level) and is therefore
expected to have a larger cooling effect in the Hg@eaction. The effect of this well on
the rotational distributions is induced by its ocwar C:--H-F geometry, which arrests the
torque on the recoiling HF product and thus rediliesamount of rotational excitation.
Orr-Ewing and co-workers have shown that post-ttmmsstate dynamics in Cl+alkane
- HCl+alkyl reactions, which possess a similar vielthe products’ valley, govern the
amount of rotational energy partitioned to the H@bduct?® Thus, the increased
HF---C,Hs attraction should serve to cool the HF rotationsreneffectively than the
weaker HF--CHgs interaction.

The reasonable level of agreement between expetriamehcalculations on these
model gas-phase F+alkane systems serves to calibeaccuracy of the SRP-MSINDO
Hamiltonian, which we have subsequently used terdes the reactive potential in the
F+SAM calculations described below.

6.3.2 Gas/surface calculations

In the following, we focus on characterizing thendgics of F+SAM hydrogen-
abstraction reactions, including reaction prob&ibgi and HF internal-state distributions,
and on providing insight into the reaction mechami€omparisons between the results
provided by the SRP and original MSINDO Hamiltoniare made throughout in an
effort to characterize the importance of differipgtential-energy surfaces on the
dynamics of F+SAM collisions.
6.3.2.1Reactive Probabilities

As mentioned before, the QM/MM boundary in this ke drawn between the
second and third topmost carbon atoms of the SAMhSeparation assumes that all

reactivity comes from the —GHCH; tip of the SAM chains, or in other words, that
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fluorine atoms do not penetrate the surface beytred boundary. To verify this
approximation, Table 6.3 shows reactive probabfgitifor hydrogen abstraction in
F+SAM collisions for the terminal-CHs) and subterminal{CH,—CH;s) sites of the
active region of the SAM. The results corresponddfculations conducted at normal
incidence, which promotes penetration, and varamlission energies. The table indicates
that the majority of reactions occur at the metteyminus, with less than 5% of the
reactive trajectories leading to abstraction in #wbterminal moiety in the SRP-
MSINDO Hamiltonian. These results justify the plaent of the QM/MM boundary
between the second and third terminal carbon atdrtie octanethiol chains.

At low collision energies, the SAM surface is quitactive, with ~75% of all
trajectories resulting in abstraction from the tiexathcarbon atoms. Comparison between
the reaction probabilities of the SRP and origidamiltonian reveals some of the effects
of reparameterization of the SRP-MSINDO Hamiltontzased orab initio data. First,
the reactivity of the original Hamiltonian is mudbwer than that of the SRP
Hamiltonian. This result is a direct reflectiontb& elimination of the barrier to reaction
present in the original Hamiltonian (1.9 kcal fhah the F+GHg > HF+GHs reaction,
Fig. 6.1). The absence of a barrier in the SRP-MEINHamiltonian implies that
hydrogen abstraction is highly likely when fluorinadicals are in the vicinity of an
alkane C—H bond. In fact, the calculations revéait if an incoming fluorine radical
comes within ~1.3 A (2.5 bohr) of a hydrogen atastraction will be produced. Since
the terminal —CHhl group is the moiety first encountered when F apghes the surface,
most of the reactivity occurs in that unit, and féwatoms are able to make it to the
subterminal —Ck- group. The presence of a barrier in the orighh@miltonian implies
that the interaction between the incoming F atontstae terminal —Cglgroup is not as
reactive as in the barrierless SRP-MSINDO HamilianiThus, F atoms are more likely
to penetrate the SAM and abstract hydrogen atorteaubterminal —CH unit with the
original Hamiltonian.

Since the ability to penetrate the SAM surface ddpeon the initial collision
energy, one would expect an increase in the prétyabf hydrogen abstraction in the

reactivity in the subterminal —GH unit with increasing collision energy. This
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expectation is nicely corroborated by the datatfa original MSINDO Hamiltonian,

which shows an increase in the reaction probabilithe subterminal position from 4%

Table 6.3: Reactive probabilities for F+SAM collisions at @l incidence and various
collision energies’

Econ (kcal mol) | Inelastic | Abstraction (1)) Abstraction (2')] Trapped
Original MSINDO

3.2 0.67 0.29 0.04 0.00
11.53 0.35 0.50 0.14 0.00
SRP-MSINDO

0.8 0.25 0.73 0.01 0.01
3.2 0.21 0.78 0.01 0.00
11.53 0.13 0.85 0.01 0.01

@ Reaction at 1’ sites correspond to abstractiomydfogen atoms of the terminal
—CHs group, and 2’ sites are for the subterminal ~€group.

to 14% with an increase in the collision energynfr8.20 to 11.53 kcal mdl On the
other hand, the large reactivity of the terminalHsCgroup in the SRP-MSINDO
Hamiltonian precludes substantial penetration, naigas of the initial collision energy.

Another interesting trend offered by o9

B Expt. ‘(F+squalane, 0.7 keal mol ) ]
. . |l SRP-MSINDO (F+SAM, 0.80 kcal mol )
0.8 s
the results in Table 6.3 is the B SRP-MSINDO (F+SAM, 3.20 keal mol )
0.7 SRP-MSINDO (F+SAM, 11.53 kcal mol )
B MSINDO (F+squalane, 11.53 kcal molrl)

different increase in reactivity with
0.6

collision energy for the original and_ |

SRP Hamiltonians. While reactivit)g:o.m
doubles from E;=3.20 to 11.53 03§

kcal mol* in the original
0.1F

0 1 2 li3ﬂ_
than 10% in the SRP-MSINDO v’

Figure 6.5: HF vibrational state distributions in F
llisions with a SAM at various initial collisior
energies and normal incidence. Also shown are t
experimental results of the F+squalane reaction (Re?)

. . . . 17
energy is a signature of an activated theoretical results from Ref.

Hamiltonian, it increases by less

calculations. The large increase

reactivity with increasing collision

process in the original MSINDO Hamiltonian, consigtwith the presence of a barrier in

143



this Hamiltonian. This trend is not so strong oa 8RP-MSINDO Hamiltonian, which in
agreement with high-levelb initio calculations, does not present a barrier to reacti
6.3.2.2HF Vibrational Distributions

Figure 6.5 shows the vibrational-state distribusiarf the HF product in F+SAM
hydrogen-abstraction reactions. Included in therBgare the results calculated in this
work at various collision energies when F approagtmmal to the surfac®{=0°). As
has been seen in gas-phas¥: * and in gas/surface studies™ the HF vibrational
distributions emerging in F+alkane reactions aveited, with the peak typically being at
v'=2, and this is true also in the current F+SAMcadditions. An interesting result of the
present F+SAM calculations is that the vibratiodatributions become cooler with
increasing collision energy. For instance, whilehag lowest collision energy examined
in this work (0.8 kcal mal) the population in the'=2 state is more than twice larger
than that inv'=1, at E=11.53 kcal mol, the populations of the’=1 andv’'=2 states
become more comparable. Quantitative data of teeage vibrational energy in HF as a
function of collision energy can be seen in Tabld. 6fhe trend of HF vibrational
excitation being inversely correlated with collisienergy has been witnessed before in

2299 and condensed-phadeeactions of the F+alkane family. There are twaim

gas
reasons for the cooling of HF vibration with inged collision energy in gas/surface
reactions. First, as collision energy increases, diistem can explore regions of the
potential-energy surface beyond the minimum-eneeggtion path. F+alkane reactions
all have a very early transition state, with refaly long F—H distances that enable a
large storage of energy in product HF vibratiornhasreaction proceeds. At high collision
energies, reaction can occur at other geometrias db not favor so much energy
disposal in HF vibration. Second, HF formed in FA&A&ncounters at high collision

energy might experience a more violent impact \hih surface immediately after being
formed than at low collision energies. Since F+adkaeactions are peripheral, it is
possible that some of the F atoms approaching direction normal to the surface

abstract hydrogen atoms prior to reversing itsaimaomentum in the surface direction.
This implies that, momentarily, the forming HF puatl travels towards the surface prior
to reaching its turning point. The subsequent gfrimtieraction with the surface might
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facilitate energy transfer to the SAM chains, theshoving part of the energy initially
partitioned to HF vibration.

The F+SAM results obtained in this work are comepain Figure 6.5 with the
experiments in the cousin F+squalane reactioft, which were carried out at
Ecoi=0.7+0.3 kcal mof and normal incidence, and with the F+squalaneutations of

Radaket al. at E=11.53 kcal mot (Ref.'"). Since the F+squalane calculations did not

Table 6.4: Average energies and scattering an@igit the HF product generated in the

F+SAM reaction at various collision energies arzidant angle&®

Ecol Binc <E'r> <Evis> < E’ro™ <>
0.80 0° 3.2 23.2 0.9 33.9
320 |0° 4.0(6.6) | 225 (22.0) 09(7.1) | 31.1(33.7)
1153 |o° 4.7(6.9) | 209 (18.8) 1.0(5.6) | 31.2(25.0)
3.20 30° 4.0 23.1 0.9 33.2
3.20 60° 3.6 23.6 0.9 34.2

2 All energies are in kcal moland angle in degrees. Errors bars are approxiynb®8b
P Values between parentheses correspond to catmsatiith the original MSINDO
Hamiltonian.

consider normal incidence, the results in Figurg fepresent an average of three
different incident angles probed in that work (3@%°, and 60°). There are two
noteworthy conclusions stemming from the comparisbR+SAM and F+squalane HF
vibrational distributions. First, the F+squalandcutations at 11.53 kcal mdlprovide
HF distributions remarkably similar to the F+SAMsuéis at the same collision energy.
Even though the F+squalane calculations were paddrwith the original MSINDO
Hamiltonian, it seems that the relatively largdismn energy of the calculations washes
out the differences in the potential-energy sudaeed between the SAM and the
squalane surfaces. Lower-energy collisions thatpgamegions of the energy surface
closer to the minimum-energy reaction path mightrtwee indicative of the effect of the
alkane surface structure and the potential-eneugiace in the calculations. Second, the

experiments report HF distributions that are coltean all of the calculations. Of
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particular significance is the inability of the calations to reproduce the relatively large
population in the HR(=0) state. The measurements by the Nesbitt groughe
gas/surface reaction also show HF vibrational iistions significantly colder than in
the F+CH or F+GHg experiments of the same grotig? which led the authors to
propose that secondary collisions on the squalamiacg might be involved in the
cooling of the HF vibrational distributions. Postction HF collisions on the squalane
surface that quench the vibrational excitationhd tiatomic species require relatively

long residence times on the surface g

00

30°

60°
F+C2H6

(several tens of picoseconds). This

trapping is facilitated by the roughness 06;
of the surface of liquid squalane,
which makes it possible for HF to bé?““’
attracted to various alkane strands of
the liquid simultaneously. The il J

F+squalane calculations atoE=11.53

0 1 2 3
kcal mol* were not able to reproduce v’

C . . ; igure 6.6: HF vibrational state distributions in
this vibrational cooling likely becaus€+SAM collisions as a function of the angle of indience

the collision energy used in thét E.i=3.2 kcal mol* in comparison with calculations
of the F+C,Hg - HF+C,H5 reaction at the same collisiot

calculations was too high, and thenergy.
forming HF has enough translational energy to bthakattractions with the rough liquid
surface’’ In addition, Fig. 6.1b shows that the original IMBO Hamiltonian employed
in that work does not show attractive intermolecuigeractions between the forming HF
molecule and the alkyl fragment, which further lisnihe amount of trapping.

While we observe some long trapping of HF in o#tSAM calculations (about
2% of the total trajectories calculated), its extes limited by the smoothness of the
SAM surface, which as nicely demonstrated in vesgent measurements, impairs
trapping in comparison with a squalane surficéNhile the results for the
F+CHg - HF+GHs show that the SRP-MSINDO Hamiltonian predicts menergy in
HF vibration than the experimental results of Nesénd co-workers, particularly the
lack of population inv’=0, the discrepancy between the gas-phase and M+®Aults

might not only be a deficiency in the SRP-MSINDOthwel. Secondary collisions might
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play a major role in the final HF vibrational dibutions as well. In order for the HF
distributions obtained in this work on F+SAMs to tofa more quantitatively the
experimental distributions obtained in the F+sgo@laystem, about 25% of the reactive
trajectories would need to exhibit trapping of tHE product on the surface for a long
enough time to undergo vibrational decay fros?2 to v'=1 and fromv’=1 to the ground
state.

Figure 6.7 shows the HF
0.30

— Expt. V=
- SRP-MSINDO

vibrational state distributions

obtained in F+SAM collisions as a 020
function of incident angle at A
Ecoi=3.2 kcal mof compared to

the results of gas-phase FHg=> 0.00 ; SRS

HF+CHs calculations with the 0.20

same SRP-MSINDO Hamiltoniarn=
~ ;
at the same collision energy. The 0-10

gas/surface calculations reveal a 0.00

very mild tendency to decrease HF
vibrational excitation for more 020
normal approaches to the surface, o.10l/7
which is particularly appreciable in

the populations of the'=1 state. 2% 5 BT T

Lo : r
Average vibrational energies are _ _ o
Figure 6.7: HF rotational state distributions for the

shown in Table 6.4. MoreF+SAM collisions at E,=0.8 kcal mol* and normal
incidence in comparison with experiments of the
importantly, there is a SlgnIfICaniF+squaIane reaction at similar initial conditions Ref.

difference between the F+SAM anc?

F+CHs results, with the latter showing a considerablgéa HF vibrational excitation.

This result is a direct consequence of the involeiof more energy-absorbing modes
of the alkane collision partner in a SAM and thegence of HF+SAM secondary
collisions before HF desorption from the surfage] was anticipated in the comparison

between gas-phase and gas/liquid experinfents.
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6.3.2.3HF Rotational Distributions

HF rotational state distributions for F+SAM coltisis at Ey=0.8 kcal mof and
normal incidence are shown in Figure 6.7 in congumeriwith the measurements on
F+squalane at a comparable collision energy+@3 kcal mof). The simulations
reproduce experiment very well, which is in contragh the more qualitative agreement
seen before in the HF vibrational distributions.e3é distinct levels of agreement
between F+SAM calculations and F+squalane expetsrgiggest that the effect of long
trapping of the formed HF product on the surfacerafeaction might have a more
dramatic effect on the final vibrational energyH# than on its rotational energy. Since,
a small number of collisions are needed to cooHReotational degrees of freedom, the
fact that there are substantially less collision@a&AM than on squalane does not affect
the comparison between HF rotational distributiamsthe F+SAM and F+squalane
reactions as markedly as it does in the HF vibnafialistributions. In fact, comparison of
energy release in gas-phase and gas/surface reacéweals that while the amount of
energy going into HF rotation in the Fids > HF+GHs gas-phase measurements is
only about 1 kcal mdl larger than seen in the F+squalane measureméets is an
approximately ~7 kcal mdlloss of HF vibrational energy when going from BHgto
F+squalané.

Figure 6.8 exhibits the effect of the potentialygye surface used in the
simulations on the HF rotational distributions lmyrparing the results obtained with the
SRP-MSINDO Hamiltonian derived in this work and g$koof the original Hamiltonian.
The figure shows HR(=1) rotational distributions calculated ag.f=3.2 kcal mof and
0, 30, or 60 incident angles. Clearly, the SRP-MSINDO Hamiltonipredicts a much
smaller energy release to HF rotation than thermalgdamiltonian at all incident angles.
Similar results are obtained also when comparihgrotiF vibrational states (not shown).
In looking at Figure 6.1, one can see some of ifferdnces in the potential-energy
surfaces of these two electronic-structure methfodsthe representative F+B¢ -
HF+C,Hs reaction. Even though the original MSINDO Hamileomis shown to predict a
larger exothermicity than the SRP-MSINDO Hamiltanithe larger energy available in

the calculations with the original Hamiltonian istrsolely responsible for the excessively

148



hot HF rotational distributions obtained with thi®thod; the description of the attraction
between the forming HF and the alkyl fragment playsole too. While the SRP-
MSINDO Hamiltonian describes the attractive -HElkyl intermolecular interactions

reasonably well, this feature of the

: : : _ Loe=0°
potential-energy surface is absent in oos| T vsmno 0 J

the original Hamiltonian (see Fig. or
0.04 -

6.1b). As mentioned above, the

presence of this well limits thex °©
c_ 0.06F

amount of rotational excitation of the?l“
I 004t

recoiing HF species, which isz

0.02

consistent with the results seen @ .
0

Figure 6.8. A second consequence of
0.06

the presence of this attractive well is ool

the potential for an increase in the |

amount of HF trapping on the surface.

Wk,

0 10 BRE 20

Analysis of the post-reaction HE(v’=1,J")
dynamics of HF on the SAM withFigure 6.8: Calculated HF{'=1) rotational-state

distributions in F+SAM collisions at 3.2 kcal mot*
the original and SRP Hamiltoniamol!ision energy and (a) normal, (b) 30° and (c) 6
corroborates this expectation. Fcl)?CIdence'
instance, at &=3.2 kcal mof* and normal incidence, the SRP MSINDO Hamiltonian
predicts that the formed HF product collides apprately twice as many times with the
surface as predicted by the original MSINDO Haomian before desorption. A more
detailed analysis of the post-reaction dynamiddBfwill be presented below.

A second point of interest in Figure 6.8 and Tdbkis the lack of dependence of
the HF rotational distributions on the incidencglanwhich has not been explored in the
experiment yet. Since only a very few number ofteaction secondary collisions are
needed to cool the HF rotational modes, the ratatidistributions not a sensitive enough
probe of subtle changes in the reaction mechartisiihane would expect to occur with
varying incident angles.

The results in Figure 6.8 can also be used tonalime the lack of quantitative

agreement between the calculated HF rotationalriligions in the F+squalane
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calculations of Radakt al!’ at 11.53 kcal mdi and the F+squalane experiments. As the
figure shows, the overexcitation seen in the calowuhs is tied to severe defects in the
original MSINDO Hamiltonian used to obtain the atonforces during the trajectory
propagation. Other anticipated effects, such aslig@arity in the collision energy of the
calculations (11.53 kcal mdj and experiment (0#0.3 kcal mof) or in the incidence
angles (normal in the experimerg. 30, 45, and 60in the calculations) play a role, but
perhaps not as significant.

6.3.2.4Reaction mechanism

We now present an analysis of the microscopic Betdi F+SAM collisions to
provide fundamental insight into the mechanismsegowng reactivity and product
properties. First, we focus on the path travelethieyF atom before reaction, and then we
detail the dynamics of the formed HF product beftgsorption from the surface.

A common feature of the reactive trajectories &t tthhey predominantly occur
when the F atom first collides with the surface. tilis work, we define that reaction has
taken place when the distance between the incofaiagom and the reactive H atom
reaches 2.5 bohr.) For collisions at a glancingderce angle (30° and 60°) more than
80% of the reactions occur before the fluorine atexperiences a reversal of the
component of its linear momentum perpendiculahtdurface. For collisions where the
fluorine atoms impinge with a normal incidence,vwen one-third and one-half react
before the fluorine atom reverses its velocityhie surface-normal direction (z axis). In
the trajectories in which F first collides inelastly with the surface before abstracting a
hydrogen atom, the average number linear-momentwarsals in the z axis for all
collision energies studied is always less than ITherefore, in most reactions that are
not direct, the F atom only collides inelasticailljth the SAM surface just once.
Furthermore, a negligible number of reactive trajges are found in which a fluorine
atom first thermally accommodates on the surfackthen abstracts a hydrogen atom.
The analysis of the post-reaction dynamics of Hbased on the examination of the
evolution of its translational, rotational, and national energy as a function of the
number of its encounters with the SAM surface ptodesorption. Precedent for this
type of analysis is provided by the numerous restrdies of inelastic collisions between
closed-shell gases and SARs>? In this work, we define that the HF product has
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undergone a collision or encounter with the SAMaxg if there is a reversal in any of
the Cartesian components of its center-of-massdineomentum. This analysis differs
slightly from earlier work on inelastic atomic deming from surfaces, which
traditionally has only considered momentum reversal the direction normal to the
surface’® A difficulty in attributing gas/surface encountacsreversals in the center-of-
mass linear momentum of a diatomic molecule likeisiEhat collisions of the H atom

with the SAM might not necessarily lead to a linsamentum reversal of the HF

molecule. In effect, the location of the centendss of HF implies that HF rotation can

0.6

be viewed as a circular orbital motiory, os
:_._': 04

of the peripheral H atom around thg o3}
O 02f

central F atom. To account for th§ o1l

10 20 30 40

0
T . 0
pOSS|b|I|ty that the H atom collides Number of Linear Momentum Reversals

0.6

with the SAM without recording a ., os

= 04
linear-momentum reversal of the H% 03]

S 02f
center of mass, we have als® .l

. . 0
examined reversals in any of the ° 2 9 » 5 100

Number of Angular Momentum Reversals

Cartesian components of thEigure 6.9: Calculated distributions of the numberof

) (@) linear-momentum and (b) angularmomentum
rotational angular momentum of thesversals for the HF molecule after reaction. E,=3.2
HF molecule. Figure 6.9 shows thlc(ecaI mor*,
probability distributions of the number of lineaementum (a) and angular-momentum
(b) reversals of the HF product in F+SAM collisicaisE=3.2 kcal mof and various
angles of incidence. The figure shows that in adwlf of the collisions, the HF
experiences less than a handful of encounters defesorbing from the SAM surface.
However, a noticeable result shown in the figuréhat there is a substantial fraction of
trajectories in which HF collides repeatedly withe tsurface before desorption. The
figure also indicates that there are many more langmomentum reversals than linear-
momentum reversals. Again, this is expected becdugsperipheral H in an HF molecule
experiences encounters with the SAM surface whiaffhtnot substantially alter the
direction of travel of the HF center of mass. Congmm of the post-reaction behavior of
HF for various angles of incidence reveals an aseein the probability of desorption

after a small number of reversals in tfe @0 < 60° sequence. This result indicates a
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slight tendency for HF to desorb more promptly frtme surface with more grazing F
approaches.

To see the effect of these collisions of HF wite 8AM surface on the amount of
energy retained by this product, we show in Figudd average (a) translational and (b)
rotational energy as a function of the number édir-momentum reversals. The average

energies in the figure clearly indicate that cadlis with the SAM surface are effective in

guenching both the translational and

B s
B 153 real mor” 1 rotational energy of the HF product,
i i t | which ends up absorbed by the
‘ | surface. Similar analyses of the
| <E.> ]

average HF vibrational energy do not

i | reveal any quenching with the number
05f i i ﬁ 1 of encounters in the time scales
% T EOL computed in this work (< 7.5 ps).

0
Number of Linear Momentum Reversals )
Figure 6.10: Calculated average (a) translation: Therefore, the F+SAM calculations

energy and (b) rotational energy in the desorbing H concur with the traditional notion
molecules as a function of the number of line:

momentum reversals that the HF molecule experiense that both translational and rotational
after reaction. Data presented here represent coflions ) )
with normal incidence. relaxation requires a much shorter

L (a)

1
O - N W A
T

<E’ >/ kcal mol

time scale than vibrational relaxation. To probe time scale needed for vibrational
relaxation, we have computed model trajectorieshich vibrationally excited HF (v=2)
starts the trajectory trapped on a SAM surfaceiamibt allowed to desorb. These model
calculations indicate that approximately 50 psrarpiired for HF to lose one quantum of
vibrational excitation.

An ancillary consequence of the fast relaxationdBfrotation and translation on
the surface observed in the F+squalane systemeigpdbitive correlation between HF
translation and rotation. The experimental measangsndetermined that HF molecules
recoiling fast from the squalane surface also wetationally hotter than those which
recoiled more slowly.Figure 6.11 shows the correlation between HF tatiosal and
rotational energy in the F+SAM calculations perfednin this work. The calculations
nicely reproduce the experimental trend, and camate the mechanistic origin of the

positive correlation between HF rotation and tratish: HF products that receive a
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significant amount of translational energy can pecihe attraction by the SAM surface
and desorb without significant encounters with @lleane chains that might quench its
rotational energy. On the other hand, if the amaintenter-of-mass kinetic energy of
the HF molecule in a direction normal to the susfeenot large enough, HF might trap
on the surface, which as shown in this work, ldads decrease in both its rotational and
translational energy in a short time scale.

6.4 Conclusions
6

We have studied the dynamics of o kel mor”

F+SAM hydrogen-abstraction_l _ flzs‘ffc:;‘i ;1,1
reactions using theoretical methodsé i
Our approach has been based oj—g
propagating gas/surface classica}gff
trajectories employing a hybridLH’

QM/MM  potential-energy surface.

While this approach is gaining r2 3 4 s J6 78 9 10 1
momentum in  the field ofFigure 6.11: Calculated average HF translational

. . energy as a function of HF rotational state for F+8M
gas/organic-surface  reactions,  th€actions at normal incidence.
novelty in the specific technology used in this kvoesides in the use of a specific-
reaction-parameters semiempirical Hamiltonian atifromab initio calculations of the
potential-energy surface of exemplary F+alkat»e HF+alkyl reactions. The SRP
Hamiltonian captures reasonably accurately the msjrects of thab initio calculations,
including the absence of a barrier and the preseh@erelatively deep intermolecular
well in the products’ asymptote. Energy profilesd areaction-dynamics calculations
indicate that the SRP Hamiltonian has accuracy reup&® commonly-used standard
semiempirical Hamiltonians and even some first-g@ple methods.

Employing the derived SRP-MSINDO Hamiltonian inr @@M/MM scheme, we
have carried out an extensive direct-dynamics stofdyluorine atoms reacting with
alkanethiol self-assembled monolayers at variolissiom energies and incident angles.
The calculated HF rotational distributions are ieryv good agreement with recent
measurements in the cousin F+squalane reactioeraiow collision energies (~0.8 kcal

mol?). On the other hand, while both theory and expenimproduce inverted HF
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vibrational distributions, these distributions astightly colder in the gas/liquid
measurements, which seems to be a combinationeofatlyer propensity of the HF
product to undergo long trapping on the roughekme surface than on the smoother
SAM surface used in this work and errors in the SRRNDO method. Increasing
collision energy decreases slightly the amount redrgy channeled into HF vibration,
increases even more slightly the amount of enediggginto HF translation, and does
not affect HF rotation. Investigation of the effettthe incident angle shows virtually no
change in the energy partitioned to the HF prodagggesting that the amount of energy
present in the desorbing HF product is largely maletd by the post-reaction interactions
of this species with the surface.

We have put particular emphasis on examining the ob post-reaction HF-
surface collisions on the energy of the desorbifgokbduct as a means to help elucidate
the differences between gas-phase and gas/sudacgans. The analysis reveals that a
substantial fraction of the formed HF products idellrepeatedly with the SAM surface
before desorption. These collisions are quite &ffecdn quenching the rotational and
translational excitation of the HF species. HoweWf desorbs long before substantial
vibrational deexcitation can occur in the F+SAMcecédtions. A consequence of post-
reaction collisions is that HF products with higarislational energy are also rotationally
hot, corroborating the findings of recent F+squealarperiments.

A major conclusion of this work is that reparamietgion of semiempirical
Hamiltonians is an attractive strategy to enableadyics studies of relatively large
chemical reactions, including gas/organic-surfaeactive collisions. Our study shows
that by using relevanab initio data from only the smallest members of a family of
chemical reactions, one can generate electronictsie methods to be used for a direct-
dynamics simulation of atom/surface reactions. [&/the semiempirical Hamiltonians
are not appropriate for extremely-precise studiesywhich subchemical accuracy is
required in the potential-energy surface, this walitkws that a great degree of accuracy
can be achieved relating to the energy of recojiiraglucts.

The work presented in this chapter concludes audias$ of reactive dynamics at
the gas/organic-surface interface. We will useenallar-mechanics techniques similar to

those implemented in the QM/MM scheme as a wayrtde the nature of thin water
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films confined in hydrophobic environments. Chapfewill present our molecular-
dynamics simulations in an effort to understand mthechanisms responsible for the

hydrophobic effect.
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Chapter 7
Dynamics of Water Confined Between Alkanethiolate &f-
Assembled Monolayers

7.1Introduction

The hydrophobic effect is the tendency for solutdsch interact weakly with
water to attract each other when placed in solutibhe magnitude of these interactions
and the length scales on which they occurs aresasily explained by basic chemical
concepts. The hydrophobic effect is not only resgae for causing interesting
phenomena in solutes and biological molecules,alsg exhibits a strong influence on
the structure and dynamics of water. Narrow chnfoaind in biological membranes
allow for the transport of water in and out of tbell, while their narrow diameters
prevent ion transport:> Many of these channels are lined with non-potaugs, and the
conduction of water is facilitated by strong wateter interactions and unfavorable
water-channel interactions. Quasi-1D water bridipesugh carbon nanotubes (CNTS),
which were used to mimic these membrane channetspdstrate the strong water-water
interactions that are induced by hydrophobic carfient’® These bridges are also
important in proton-transport mechanisms, wherehas been shown that proton
conduction can be up to an order of magnitude fatyeugh CNTs than in bulk wat?r.
Additionally, confined water near the hydrophobiesidues of a protein exhibits
dynamics that are consistent with a super-cooks stven at room temperaturé.

The mutual structural and dynamics effects thatewand hydrophobic surfaces
can have on one another have lent them to exterestperimental and theoretical
investigation. Parkeet al. performed pioneering work in 1994 describing ttteaation
between curved surfaces covered with a hydrophlalyier submerged in watér.This
work showed that hydrophobic attraction deviatesrjglly from the classical Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory, which onlycagnts for the attraction
between two curved surfaces in terms of electriostatd van der Waals forces, but it
does not include any treatment of the interveniolgent-molecule effect® ** DLVO
theory’s deficiency in accounting for the hydroplwinteraction accurately leads to the
conclusion that the solute-solvent effects arerdgigdan this phenomenon.
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Water is such a unique solvent that extensivesigation has illuminated many
properties that do not exist for even other polatvents. For instance, using
thermodynamic arguments, Chandler has suggesteédhbasolvation of hydrophobic
species is not a universally entropically-drivengass-? Instead, from his calculations,
he concludes that while entropy controls solvafmmsmall-radius hydrophobic solutes,
this process is enthalpically driven for extendedaxes with a larger radius of curvature.
Chandler’'s work serves as an example of the waystinalies of the hydrophobic effect
have challenged many of the previously held theoaigout the nature of solvation and
aggregation of hydrophobic particles in aqueousreninents.

7.2 Early investigations of the hydrophobic effect

While the theory of the hydrophobic effect had rb@bdenomenologically linked
to many important aspects of biomolecular conforomatand colloid formation and
interaction™® no experimental evidence of the distance deperden magnitude of the
forces between hydrophobic solutes in agueous @mvients was available until the mid-
1980s. For instance, in 1959 Kauzmann describesolkreof ‘hydrophobic bonding’ in
the structuring of proteins in their native configiion!® Ben-Naimet al. report the
hydrophobic interaction of methane, ethandyutane, and benzene in,® and DO
using a thermodynamic cycle to estimate the diraéom energy of the small molecules
in water® While Ben-Naim and co-workers were able to est@ntie energetics of
solution for the small molecules studied, they donibt give an accurate description of
the magnitude or length-scale of driving forcespoesible for the dimerization
processes.

Israelachvili and Pashley performed the first expental measurement of the
length-scale and magnitude of the attractive fdveéwveen two hydrophobized mica
surfaces submerged in water in 1982In that study, they reported an attractive force
superior in magnitude and range to simple van demalg/forces acting between the
surfaces. The long-range nature of this attradbvee, 10-15 nm, gave definitive proof
that the concept of a direct ‘hydrophobic bondwWestn the surfaces, which was initially
conceived to be analogous to a hydrogen bond, cbelddisprovet? *° as it had

previously been challenged on a conceptual Basis.
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The results of Israelachvili and Pashley usingrbgtobized mica surfaces
sharply deviated from two earlier studies on bareamsurfaces under the same
experimental setup, which showed excellent agreemh the previously discussed
water-neglecting DLVO theord/: ® The discrepancy between the bare mica surface and
the surfactant-covered surface studies led Isrheilaand Pashley to agree with the then
contentious idea that the attractive force wasrésellt of a rearrangement of the inter-
surface water moleculés. Discrediting the “hydrophobic bond” mechanism |eml
extensive studies probing the nature of the attmadbetween hydrophobic surfaces in
aqueous environments.

7.3 Theories of the hydrophobic interaction

This section includes a brief summary of the thetshind hydrophobic
interaction in molecular solutes as explained by-Baim in 1982 The key concept
found in Ben-Naim’s work

VEH o)
involves two  spherical .

hydrophobic solutes being 0 " 0

brought close together in as
a(n) (aqueous) solvent from
infinite separation to a
contact distance, designated

Inyuricd
0. Assuming that this

process is occurring under 0 “ 0
conditions of constant a.n0
WS (o)

temperature (M and

. igure 7.1: A thermodynamic cycle describing the pocess for
pressure (P), Equation 7'Eydrophobic aggregation in solutionAG(R).

describes the Gibbs free energy change of thisegroc
AG( - 0);p, =G(T,P,solvenfR,, =0)—-G(T,P,solventR, =)  (7.1)
where R is the separation between the hydrophobic solutes.

For simplicity sakeAG(co — o) will be abbreviated aAG(o) in the rest of this

section. Using the thermodynamic cycle depicte#figure 7.1, the quantifxG(o) can

be expressed as Equation 7.2:
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AG(0) = Dup = 20ug +AGE (o) (7.2)

where Au‘; is the change in chemical potential of (X=S,solatel X=D,dimer) and
AG% is the gas-phase free energy of dimerizationthéf solutes are approximated as
structureless spherical particleAGZS (0 =UsqdRi2=0), where WqRi,=0) is a direct

interaction potential that can be expressed wiinmgple intermolecular potential such as

a Lennard-Jones function.

Moving from the specific to the general, sind&J (R =UgqR) for any value of
R, andAyg can be written as a function of R, Equation 7.2 lbame-written as:
AG(R) =U (R)+ &G (R) (7.3)
whereU (R is the same interaction potential described alemeedG™ (R )is the free
energy of hydrophobic attraction expressed as atifum of solute separation. Since
Us(R) is completely independent of choice or even presesf solvent, any solvent
effects will be completely located in th&" (R) term in Equation 7.3.

Direct measurements &X™ (R) are difficult by definition since it is a measure
of the indirect work done by the solvent to bringotsolutes to an intermolecular
separation of distance R. One attempt to desthiseindirect work quantity is through
examination of the pair correlation functiogg(R , Which is the solute-solute pair-
correlation function. The functional form @f;;(R is)found in Equation 7.4:
0ss(R) = exp[FAG(R) / KT] (7.4)
where k is the Boltzmann constant and T is tempegd? Combining Equations 7.3 and

7.4 we get:

gss(R) = exp{{U s(R) + 8" (R))/KT} = exp[-U oo(R)/ KT exp[-dG"" (R)/KT]  (7.5)
which can finally be re-written as:

9ss(R) = Yss(R) exp[-U so(R) /KT] (7.6)
where y.(R)s the pair-correlation function associated with Iyon the

J&G™ (R) component of the total free energy. Practicallgaging, the pair-correlation
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functions describe the probability of finding awgel molecule at a given distance from a
point centered on another solute molecule.

Ben-Naimet al. have exploited an approximation that uses an ethawiecule to
approximate a methane dimer af,®,=1.54 A, which is the equilibrium C-C bond

distance for ethane. This approximation allowesgtrito close the thermodynamic cycle

depicted in Figure 7.1 and calculate the quanti@™ (o, , ald more importantly
& (g,), at a single distanag=1.54 A

Using this line of experimentation, the investayat provide a number of

interesting results regarding the uniqueness oémag a solvent. The absolute magnitude
of &" (o,)is on average more than 0.5 kcal thahore exoergic than other solvents

studied, which include cyclohexane, 1,4-dioxana] anseries of short-chain alcohols.
The other major result of Ben-Naiet al.’s work is that the hydrophobic interaction in
water has a strong dependence on the solution tatope. The strength of the

hydrophobic interaction increases by ~15% from d@@°C in water, but for all of the

other solvents studied there was no appreciabéetediver that same range.

Ben-Naim and co-workers later investigated the tbkt kinematics play on the
hydrophobic effect by comparing the results ofdpitally-substituted solvent§ At low
temperatures (10°C) the hydrophobic effect in ragwater is ~3% more exoergic than
in D;O. As the temperature is increased, the differ&eteeen the two solvents vanishes
and the hydrophobic effect is essentially the samtbe two solvents. While Ben-Naim
et al. could offer no definitive mechanism for this pherenon, they provide evidence
that a simple treatment of the pairwise potentiddiced structure of water is not able to
describe the differences betweesO-and BO.

Major theoretical and experimental efforts haveeeged the theory of the
hydrophobic effect to include a more robust treatiha the factors influencing small
solute aggregation and the attraction between aesfacovered with hydrophobic,
surfactant molecules.
7.4Proposed mechanisms of the hydrophobic interaction

Building on the theoretical work of Ben-Naim arftk texperimental work of

Israelachvili and Pashley, a number of researchetgght to study the nature of the
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experimentally measured attractive forces betwegdrdphobic surfaces in aqueous
environments. Claesson and Christerféamd Rabinovic and Derjagdf both showed
that the attractive force between hydrophobic sadaextended nearly an order of
magnitude beyond the 10-15 nm range first meashsedsraelachvili and Pashléy.
These new experiments led theorists to corrobdhatiethe long-range attraction between
hydrophobic surfaces cannot be a direct interadiietveen the surfaces; the intervening
water film must play a role.

Three major mechanisms of attraction were propbsseéd on the results of these
new experiments. The first mechanism, proposed aghley et al. states that the
thermodynamically-stable state between hydrophsbitaces is a vapor state with only
gas-like water molecules preséhtThis mechanism is supported by the fact thatpora
layer persists between hydrophobic surfaces fotawnies up to a few hundred
nanometers when they are separated from molecolatact. This mechanism also
assumes that the barrier to water evaporationadage to be energetically accessible
until the surfaces are brought to near moleculatams. As the surfaces are brought near
to one another, the barrier to evaporation is resdaand a small density fluctuation in
the confined region can result in drying betweea shrfaces (also termed dewetting).
Lum et al. report a critical dewetting distance that can bémeged based on
experimentally measured factors?as:
D 2

¢~ W (7.7)

where [ is the critical dewetting distancegis the surface tension between the liquid/gas
phases of watey)y is the chemical potential of the liquid (x=I) agds (x=g) phase of
water, andy is the number density of liquid water.

Determining the experimentally-controllable fastothat govern this critical
dewetting distance will be invaluable in helpingtake a connection between theoretical
simulations and experimental results. To this dndbenedetti and co-workers have
contributed a series of papers describing the wffétat pressure, temperature, and
surface topology have on the critical dewettingatise for water in between two silica-
based hydrophobic plates, studied with molecularadyics (MD) techniqueS:?’ The

calculations show that as the temperature increaseéshe external pressure decreases,
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the critical dewetting distance becomes larger. @aeetting process implies that the
hydrophobic surfaces will collapse if they are aial to move during the simulation. At
pressures of 1 bar and 300 K, the largest valuéesfetting in the simulations by
Debenedetti and co-workers is < 0.8 nm for the fatan times studied, which are all 1
ns or less. As the attractive forces measuredheneixperiment exist on much longer
distance scales than the simulations predict, aetteag mechanism cannot be solely
responsible for the hydrophobic effect.

An MD study by Huang, Margulis, and Berne of watenfined between two
non-atomistic hydrophobic ellipsoids has shown ttie critical dewetting distance
depends strongly on the cross sectional area aapesbf hydrophobic platé&.This
result is particularly important in understandirte tdegree to which computational
studies can be applied to understanding the expeatathmeasurements on macroscopic
systems of similar chemical composition. The sizghe hydrophobic plates and the
number of water molecules simulated represents grmamiting factor for MD
simulations performed, in addition to the normat@iation-time limitations.

The complete dewetting/capillary-evaporation medra of attraction is a
promising mechanism to explain attraction at clesparation distances. However, the
long-range attractiore(L0O0 nm) present in experimental studies cannoulbe éxplained
by this mechanism. One possible explanation is #dbng separation distances, the
attraction is caused by a precursor state to eapi#vaporatiofi’ 2°

A second proposed mechanism for the attractiorhyafrophobic surfaces in
agueous environments involves electrostatic forths.electrostatic class of mechanisms
encompasses many different possibilities, from t®idyer surface forcé$to charge-
fluctuation forces® **which create electrical bridges from one surfacthée other. Each
of these variations has been shown to not propmeghain the forcevs. distance curves
seen in experimental studies of single-layer stafgcmolecules. Yoon and co-workers
have proposed a mechanism including the formatianaomplete or partial micellar bi-
layer that includes a component of electrostatices in the descriptioff.

A third major mechanistic category involves thduation of structural changes in
the intervening film of water between the hydropbkoburfaces. Marcelja and Radic

proposed a mechanism based on the variational firddrapproximation in 1976 which
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hypothesized that small structural changes in théemwfilm were responsible for the
hydrophobic attractioi Since these models were unable to properly desdtile
interaction free energy and experimental forcesy thvere extended by Ceet al* to
include the effects of water orientation, and byr@ssky and Sornett&, with limited
success. Eriksson, Ljunggren and Claesson propasedodel that expanded upon
Marcelja and Radic’s original mean-field approximas that explains the attractive
forces between the hydrophobic surfaces as a refuicreased ordering of water
molecules, which produces enhanced hydrogen-bondetgvorks relative to bulk
water®’ Erikssonet al’s variational mean force-based model balancesfrdeenergy
gain associated with reorganization of the watelemdes near the hydrophobic surface
and the free-energy cost associated with reduamig@y due to the constricted motion
of water molecules in hydrogen-bonding networks near the surfaces. This model
estimated that the free energy related to thedcditimforces is on the order of 16 10°
KT per water molecule, which makes the subtle &fed the hydrophobic attraction
difficult to study using MD or any other atomistieeoretical technique. Additionally, the
investigators provided an alternate hypothesihéar findings, which proposes columns
of water forming quasi-1D hydrogen-bonded bridgeswieen the surfaces, and are
precursors to capillary evaporation between th&epla
7.5 Experimental results

Parker, Claesson, and Attard used a surface-apparatus (SFA) to measure the
attractive forces between freshly formed glassaa@s that were covered in a partially
fluorinated hydrocarbon silane molecufesTheir work investigated the role that
temperature and electrolyte concentration had enattractive forces between the two
hydrophobic surfaces. The first result they préeserthe presence of discontinuities in
the forcevs. distance curves as the surfaces are initially dginotogether. The authors
hypothesized that these discontinuities or stepshén force curves are the result of
bubbles that span the gap between the two surfathese bridges form as a result of
nanoscopic bubbles that are present on the hydbophsurfaces even at infinite
separation. The authors propose a model for bufabieation that assumes the sub-
microscopic bubbles found in bulk water are stabdi when they come in contact with

the hydrophobic surface.
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The presence and stability of the nanobubbleseptealong the hydrophobic
surfaces are crucial to Parket al’'s mechanistic understanding of the hydrophobic
effect. Ducker has recently written a letfedescribing the stability of these bubbles at
the water/hydrophobic-surface interface and he ggep a mechanism for their relatively
high stability and low contact angles, which haderbemeasured previousiy. *°
Ducker’s mechanism assumes that surfactant molkeal#sorb from the surface and
insert themselves along the gas-liquid interfaeglion. Hu, Fang, and co-workers have
shown that there are three different stable foromatiof gas bubbles that can form at the
liquid-solid interface and provide a thermodynammcierstanding for these three types of
bubble formatiorf?

Parkeret al’'s bridging bubble mechanism proposes that each stdjis@ontinuity
in the measured force curve is the result of arntiaddl bubble bridging the gap between
the surfaces. To test the robustness of their brdgubble hypothesis, the authors
investigated the effects of a number of experimntontrollable variables on their
force vs. distance measurements. By increasing the temyperibm 22°C to 41°C, the
measured attractive forces increase by a factor 2 t The mechanistic explanation for
this temperature relationship is that the bridgprgcess is an activated one and the
increased temperature provides more thermal ensygpvercome that barrier and
increases the propensity for the bridges to form.

In addition to temperature effects, Parkeral. studied the effects of electrolyte
concentration in the intervening water solutionheTaddition of NaBr and NaCl to the
solution increases the attractive forces betweerhyldrophobic surfaces. This evidence
provides further proof that the dominant mechanfienhydrophobic attraction cannot be
explained by electrostatic forces alone, sinceattaition of electrolytes would screen the
charge effects. Secondly, the slight increase tra@ton between the hydrophobic
surfaces is consistent with the bridging-bubbledtlgpsis since there is no appreciable
difference in the surface tension of water withceldyte concentrations in the range
studied. Parkeet al.’swork represents the earliest systematic study trgegsg the role
that differing experimental conditions have on iyerophobic effect.

The advent of atomic force microscopy (AFM) greatikpanded the study of

42-60
n

hydrophobic interactions and has led to a wealtmeiv information;”>" which is
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summarized in a review by Christenson and ClaeSsdie reviewers conclude that
there is no consistent mechanism that can desaiibef the measurements of the
attractive forces between hydrophobic surfacesopadd up to that point. They divide
the experimental work into two different categorigy surfaces that are hydrophobized
by chemical reactions (i.e. a covalent bond is fmnbetween the surface and the
surfactant molecule) and 2) surfaces where thedpyahbic surfactants are physisorbed
onto the substrate. The authors conclude thaexperiments that fall into the former
case the mechanism is unequivocally dominated Isybgable bridging as previously
described by Parket al? However, the mechanisms for those experimentsersécond
category are less clear, which was mostly due @daht that those systems had not been
studied with the same frequency at the time. Theerg@l for mobility of surfactant
molecules and exposed surface ions can lead toadicaity different mechanisms of
hydrophobic attraction.

In an attempt to build a mechanistic understandihghe hydrophobic effect
when the surfactant molecules are physically alexbdmto the substrate, Sakametal.
presented an experimental study of the hydrophadfect acting between alkyl
trimethyl-ammonium salts (TAC, where n is the number of carbon atoms in tkgl a
chain) adsorbed onto silica surfaédhe investigators studied the role that molecular
chain length and surfactant density have on thenihate and range of the attractive
forces between the surfaces. Sakanwit@l report that increasing chain length in the
CnTAC increases the attractive forces between thedpyubbic surfaces monotonically,
with no hydrophobic attraction measured for chaimgths shorter tham&AC. For the
longest chains studied {§TAC), hydrophobic attraction force curves were mgpd to
investigate the role that the density of the suafisic molecules plays in determining
hydrophobic interaction. At low concentrations ofsTAC (1x10° M), hydrophobic
attractive forces were measured, but the magnitudklength scale of attraction were
both less than at 3xfOM, when the silica surfaces are completely coveres the
concentration of surfactant molecules increasestw the critical micellar concentration
(cmc), the forces between the two surfaces aracditte at large separations and become
repulsive as the surfaces are brought close tcaanther € 10 nm). At concentrations

above the cmc, the foras. distance curves measured are completely repulsive.
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The discontinuities in the foroes. distance curves originally reported by Parker,
Claesson, and Attard were also present in Sakamtl.’s study and the bridging-
bubble mechanism was presumed to explain the taweadorces seen at large
separations. To verify this assumption, Sakanebtal. attempted to measure the forces
between hydrophobic surfaces when the water has degassed. The investigators first
showed that general degassing procedures of boiliaigr for an hour, followed by
freezing it in a sealed vessel with liquid nitrogeamd then melting the water at reduced
pressures is not enough to avoid formation of gddbles on the surfactant surface.

Even with these standard degassing proceduressoapic bubbles formed on
the surfactant surface and were imaged by Sakaeto&d. To ensure that no bubbles
were present, surfactant powder was placed on asded block of ice in an evacuated
vessel. As the ice melted, the surfactant molecdissolved and the authors saw no
bubbles on the surfactant surface with AFM. Ushegse degassing procedures to ensure
no bubbles were present, these authors report tractate forces between the
hydrophobic surfaces, which further confirmed thelding-bubble mechanism in their
estimation.

The Ducker and Yoon groups report conflicting tessuwsing a similar
methodology to Sakamotet al. to study octadecyltrimethylammonium chloride
(C1sTACI) adhered onto a silica surface. These authargee shown that in solutions
where the GTACI concentration is below 1xTOM, smooth forcevs. distance curves
show long-range attractive behavior without thecaliginuities reported by earlier
investigation. Yoon and co-workers have shown #tatmaller concentrations (10
C1sTACI), there is only a slight difference in the d¢gh scale of attraction between
degassed water solutions and air-equilibrated isolsit The authors propose a competing
mechanistic understanding, which involves the pngfe between air-equilibrated and
degassed systems. Ducker, Yoon and co-workers geoplat the major difference
between air-equilibrated and degassed solutiongoisthe presence or absence of
nanoscopic bubbles, but a change in the pH of thgisn. By removing C@from the
solvent, the pH is raised dramatically and at tighdr pH a micellar bilayer of the
surfactant molecules forms. The outer layer ofrtheellar structure contains surfactant

molecules having a reverse orientation with respeethe substrate surface, and thus has
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the positively charged ammonium side of the suafsicmolecules exposed to the other
surface. The positive charges repel one anotherrasult in the repulsive forces.
distance curves reported. At low concentratiomgrd are not enough surfactant
molecules in solution to form the bilayer with apgable coverage and thus even at high
pH values (degassed solutions), the differencastiaction are minimal.

To further support their hypothesis, Ducker, Yoand co-workers report a
screening of the attractive forces by the preseoteNaCl in solution with salt
concentrations as low as 40 and almost complete attractive screening at 3xD
NaCl concentration. The authors offer no additionachanistic insight into the nature
of this screening except to propose that electtiostarces contribute to the surface
attraction. McNameet al. have investigated the role that ion screening draghe
attraction between G TACI covered mica surfacés.While Ducker, Yoon, and co-
workers found that the presence of NaCl effectivetyeens the long-range attraction
between the surfaces, the presence of Nallli@s not screen these same forces. This
finding indicates that the size and shape of thenapresent can have an effect on the
screening of the long-range attractions.

7.6 Measures of hydrophobicity

Sakamoteet al®® and Zhanget al® have both independently shown that longer
chain surfactant molecules exhibit greater attoacitn AFM experiments when compared
with shorter chain surfactants. Whether by scregrtime surface charges, inducing
additional structure in the neighboring water males, or enhancing the presence and
stability of surface-bound gas bubbles, all currerperiments agree that the more
hydrophobic a surface, the greater the magnitudeeohydrophobic effect in both AFM
and SFA experiments. Quantification of the absobarteven relative hydrophobicity of
different surfaces is a non-trivial matter. In attempt to discern the relative
hydrophobic character of surfaces, two major thémake methods have emerged.

Giovambattistaet al?’

have made use of a technique developed by Wemttrca-
workers in 200% to compute the nanoscopic contact angle betwegvea surface and a
water droplet comprised 0fO(10°) water molecules and surfaces of varying

hydrophobicity. The calculations on these nanoscogiter droplets have been shown to
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correspond to macroscopic contact angle measuremehich are a good indication of
the relative hydrophobicity of a surface for macagsc systems.

Additionally, Gard&® and Chandléf" #* have collaborated to expand the
understanding of hydrophobicity near small sphérlgadrocarbons and hydrophobic
surfaces. These authors have shown that a bedasure of the hydrophobicity of a
surface or solute is the degree to which the densit water fluctuates near the
hydrophobic particl& ®” Chandler has shown that the probability distributdf the
fluctuation of density near a hydrophobic surfaee be fit to a Gaussian function and
that the width of that function is an excellentigador of the hydrophobicity of the
surface? Verifying the degree to which different surfacesegent a hydrophobic
environment will help to illuminate the differertwctural and dynamical effects that the
intervening water molecules have on the hydropheffect.

7.7 Computational metrics of the hydrophobic effect

The use of MD to study molecular phenomena hasdexd number of analytical
techniqgues and metrics to probe the output of ithelations. While direct computational
studies of the hydrophobic attractions are diffi¢al perform due to the aforementioned
limitations of system size and simulation time esalthere are many different MD
simulations that have shed light on the mechaniams$ structural effects of water
confined near hydrophobic surfaces. The firstatffeat has provided information about
water structuring is the presence of water layeriegr hydrophobic surfac€s. The
areas of high and low density provide insight itlte cooperative aggregation of water
molecules near the surface, as shown in Figure Dghsity layering occurs because the
hydrophobic surface or solute interrupts the hydmgonding networks that exist in bulk
water. This interruption induces aggregation ofevanolecules into layers of high and
low density by increasing the number and strendgthydrogen bonds as a function of
distance from the hydrophobic surface.

The layering of density leads to regions whereewatolecules are aggregated to
the degree that no strong order exists in the watacture. Conversely, regions of low
density provide the opportunity for water molecuiesrder into tetrahedral formations,
which are similar to ice crystals. Errington andb@nedetti created the concept of a

structural order parameter, g, defined as
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i=1l k=j+1
whereyy is the angle formed between the O-O bond vectotseofour nearest neighbors
of each individual water molecufé.In a perfectly tetrahedral environment (@{O-O-
0)=109.5°) g=1, and if the particles have no defisucture relative to one another (as
in a sufficiently high temperature ideal gasDqThe degree of tetrahedral structuring is
indicative of the balance between the enthalpiagfiom hydrogen bond formation and
the entropic penalty paid for reduced water motion.

Another major metric for describing the structuré Imuids is the radial
distribution function (RDF). The RDF provides a amere of the relative density of
water molecules from a point centered on eitheictrger of mass or the oxygen atom in
each water molecule. The features of the peak&ienRDF give an indication of the
degree to which the individual liquid molecules @avstructure regular to each other. A
RDF with sharp peaks indicates a liquid with a wargular structure and distinct spacing
of one water molecule relative to its nearest nsogh, whereas a smooth featureless
RDF indicates a disordered liquid without a regusénucture. As shown earlier in
Equation 7.5, the RDFy(R , )for dissolved species in a solvent can providérect
measure of the hydrophobic effect.

All of the previous computational metrics havelued either static or steady-

state measurements, but an

indication of the dynamical

ater effects can expressed by

3

measuring the diffusion

coefficient of the water

Density / g cm

molecules as a function of their

=
in
T

distance from hydrophobic

surfaces. Measurements of the

05 : s : 5 2 2 dynamical relationships of
Z-coordinate / nm
water molecules are
Figure 7.2: Density profile for a 2.0nm-thick film of TIP5P . .
water confined between hydrophobic SAM surfaces 00 K. Particularly important because
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the formation of nanoscopic bubbles could be diydd to the dynamics of water at the
interface.

MD simulations can be analyzed to provide diffasamefficients as a function of
distance from the hydrophobic surface. The Einstelationship is used to calculate

diffusion coefficients as expressed in Equation 7.9

D== Ar(7)? >
2dr

where D is the diffusion coefficient Ar(r)? > is the mean-squared displacement of

(7.9)

each particle for the time periagdand d is the spatial dimensionality of the systerq.(
d=3, for a three-dimensional system). Wick and Diazwge provided a more sophisticated
treatment of diffusion coefficients near an intedawhich divides the lateral and
perpendicular diffusion coefficients into two segtar components, which we have
implemented in this work to determine the lateiffLidion behavior of confined watéf.

A final computational variable that will be impant in quantifying the structure
and dynamics of water near hydrophobic surfaces/estigating the orientation of water
molecules with respect to the surface. The wettindewetting of a hydrophobic surface
is crucial to understanding the water dynamics reafaces and other hydrophobic
solutes. Calculating the degree to which O-H bopaist towards the surface gives an
indication of the types of solute-solvent interans that are involved in the hydrophobic
effect and their range.

7.8 Water Models/Molecular Dynamics Simulations

Using many of the same techniques that have bestrided before, MD
simulations have provided a unique level of infatigra about the nature of water near
hydrophobic and hydrophilic surfaces. The distwefproperties and ubiquitous presence
of water in many different biologically and techogically relevant environments makes
it particularly difficult to model it without a vgrsophisticated treatment of the electronic
structure” Many molecular-mechanics (MM) based models hasenbproposed and
tested extensively for water at varying conditiofise ST2 model of watétwas the gold
standard for MD simulation of water properties utite TIP3P and TIP4P models were
developed by Jorgensen and co-workers in 188%. These water models were all

parameterized using experimental data of water uahbient conditions and treat water
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molecules as internally static molecules. For #latively small range of experimental
data used in the parameterization of these motledy, are able to give qualitatively
correct descriptions of water behavior in interfhaegions and over a relatively wide
range of temperatures.

More recently, two models have emerged as thepezf methods for performing
MD simulations of water. The first is the singleimt charge-extended (SPC/Ejnodel
of water which was introduced in 1987 and is anroupd version of the earlier single
point charge model (SP&)that includes a self-energy correction. The SPQuilel
improved agreement between experimental and cééculaater bulk radial distribution
functions, density and self diffusion coefficieotger the SPC model. SPC/E model water
molecules have a rigid structure with a fixed O-¢hd distance of 0.9572A and a H-O-H
bond angle of 104.52°. The effective pair potentralthe SPC/E model implicitly
includes some polarization effects without explycibcluding polarization terms into the
potential. One theoretical limit of the SPC/E maddhat it only models the three atomic
centers for each water molecule and does not attplieclude the lone-pair electrons on
the oxygen center.

Although the SPC/E model of water is the most Widesed model for MD
simulation today; 2>" "°there are some properties of the model that arelesirable,
especially over relevant temperature ranges, fouksitions of interfacial water behavior.
A simulation of the co-existence gfite and liquid water to determine the melting poin
of a wide variety of water models predicts the bulélting point for SPC/E water to be
213%2 K, or ~60 K below the experimental freezimmgnp at ambient pressure.

A more sophisticated water potential that can &rek some of the deficiencies
of SPCIE is the TIP3 model. Briefly, TIP5P explicitly considers all #& atomic
centers and the two lone electron pairs. The mebelvs remarkable accuracy in the
predicted density of water over the range from €% 75°C (238 K - 348 K) and
predicts the appropriate temperature of maximunsitheim comparison to other water
models. One of the most striking improvements ef ThP5P model over SPC/E is that
the predicted melting point of water is 271+Z%However the TIP5P model's major
drawback is that the 5-site model tends to ovediptehe tetrahedral nature of liquid

water. This will be an important factor to consides we use the TIP5P model, in

173



conjuction with SPC/E, to investigate the naturenvater interacting with hydrophobic
surfaces in this work.

Let us return to the MD simulations performed sbBnedetti and co-workers on
the effects of pressure and temperature on therenatuwater confined between two
atomically defined plateS: > A major conclusion of their work investigatingeteffects
of pressure for water confined between hydrophgilates that are separated by a
distance of 1.6 nm is that as the pressure isasexd the water between the plates begins
to form more well defined layefs. The density near the plates increases as moer wat
molecules accumulate in the first water layer. fiddally, that first water layer moves
closer to the plates. This density increase wittraasing pressure indicates that the
effective hydrophobic nature of the plates is redlic As a metric of this phenomenon,
the coordination number, the number of other watelecules within 0.3 nm, increases
to ~4 at the interface. External pressure alsceases the coordinated nature in the water
that is confined between the plates, but not atrtte¥face. Debenedetti and co-workers
also probed the tetrahedral nature of the confimatir. Increasing the external pressure
does not in fact alter the maximum of the tetrabkdrder distribution of the confined
water, but it does extend the range of water thadimilar to bulk water when using
tetrahedricity as a way of comparison.

The other major work relevant to this study isanplementary MD study by
Debenedetti and co-workers that investigated tlfectsf that changing temperature has
on water confined between hydrophobic plafesThe trends seen as the temperature
increases are all similar to those when the pressutecreased except for the behavior of
the tetrahedral order of the confined water. Wthike maximum order parameter of the
confined water is unaffected by the external presstithe simulation, the water near the
plates is more ordered, and the range of maxintirorg extends to within 0.3 nm of the
hydrophobic plates. When the temperature is lovdtging the simulation, the increase
in the range of the maximum ordering is still selemt, the degree of ordering increases
monotonically from a maximum of ~0.625 at 300 K-t 75 at 220 K. One issue of note
for these simulations is that the water model (S#IC/E) has a freezing point of 2136
K8 and the dynamics exhibited below the physicalzireg point of water can exhibit

artifacts of the water models and do not necegsemirespond to reality. Even with this
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caveat, these simulations provide

Pressure Coupling along X-axis

the most complete description of

water confined in both

hydrophobic and hydrophilic g

surfaces availab@:?" " 8 83 A

final conclusion from this series
of papers is that at Ilow
temperature and high pressure

Py
the differences between the type§fg:

-

i

of surfaces are minimized.

While the simulationsFigure 7.3:A schematic representation of the NPT nlecular
dynamics smulation of water confined between hydrophobic

just described represent state-af§Am surfaces.

the-art calculations in the field, the authors g further studies which include semi-

crystalline and amorphous solids. These typesudases are similar to the surfactant

molecules used in all of the experimental studegsorted previously and represent the

basis for our simulations.

In summary, we have presented in this sectionhilseorical and theoretical
background of the hydrophobic effect. The resthié work is organized as follows.
First we present the details of the computer sitraria of bulk water and water confined
near hydrophobic surfaces. We then present thdtsesf our simulations using the
metrics described above. Finally, we compare esults with previous MD simulations
and with prevailing theories of hydrophobic intdrac.

7.9 Simulation details

In an attempt to model realistic hydrophobic suefaove have employed in all
simulations alkanethiolate self-assembled monotay{&AMs), which are commonly
used in the experiment to hydrophobize gold sugacehe SAM surfaces are composed
of hexanethiolate molecules arranged in a hexaguoatéérn with an inter-chain spacing
of 4.98A and a chain tilt angle of 30°. These SAWnditions correspond to the
experimental equilibrium conditions of a SAM on a(A11) surfac&* The forces acting

on all of the atoms are described by the all-at@msien of the OPLS force fief3.Our
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choice of this force field was informed by its s#dctory reproduction of the
experimental tilt angle of the alkanethiol SAM swés on gold (~30%f.

In the simulations, two SAM surfaces are placed@lthexzplane so that the
separation between them can be controlled by miodjftheir coordinates along the y
axis only. The confined water is in equilibrium liteservoirs of water along the x
direction of the box. In our simulations we valng tength of the inter-surface water film
from 0.8 to 5.0 nm. The analysis of the structame dynamics of water is performed
only for those molecules of water that are in betwthe two surfaces.

All of our simulations have been performed usinge GROMACS molecular
dynamics prograffi’ The long-range Coulombic interactions are modelsihg the
particle mesh Ewald (PME) sum technidfido facilitate the simulations, the positions
of the non-hydrogen atoms of the SAM surfaces westrained by a force constant of
1000 kJ mof nm? using the LINear Constraint Solver (LINCS) algomifli also
implemented in GROMACS.

Most of the MD simulations were performed in a sésotropic NPT (isothermal,
isobaric) ensemble in which the pressure was cledrdy a Berendsen barosfaand
the atomic velocities were scaled to maintain tewrtpees over the course of each MD
simulation®™ The external pressure for all MD simulations wadar along the x-
direction, while the lengths of the box were frozdang the y- and z-axes. Figure 7.3
shows a cartoon depiction of the simulation. A stilod calculations where performed in
the NVT (constant temperature and volume) ensemitlean average water density of 1
g cm?® to check the generality of the results presemeithis work. We did not find any
significant differences between the results of IR and NVT ensembles.

7.10 Results
7.10.1 Density layering

Thin water films that are confined in hydrophobitvieonments have been shown
to organize in such a way that water layers forrthendensity across the film, as shown
in Figure 7.2. The magnitude and number of thesesitly layers depends on the relative
hydrophobicity of the confining surfaces and thiekhess of the film itself. Figure 7.4
shows the density profiles across the thin filnwater for a number of films of varying

thickness. As the film thickness increases, thebarmof layers increases from two layers
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for plate separations of 1.1
nm up to five layers at 2.0
films

nm. For all

thicknesses >2.0 nm, therg
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. Figure 7.4: Density profiles for TIP5P thin water films of
extends approximately 0.3nicknesses varying from 1.1-3.0nm and 300 K.

nm into the film, the water density approaches thfabulk water. This can be fully
appreciated in the density profiles of 2.5 andr8rOfilms, where the central region of the
film clearly exhibits bulk density.

While these water density layers influence thecttme and dynamics of water in
the interfacial region, there is no indication ttiegy can account for the distance scale of
water structuring required to explain the experitabmeasurements of the hydrophobic
effect (>> 10 nm). Debenedetti and co-workers hslvewn that these characteristic
water layers are unique to hydrophobic confinenard that the degree to which the
confining surfaces present a hydrophobic envirorinienmportant to determining the
degree of water layering in similar thin filrffs.

7.10.2 Contact angle

62 33
l. I

Sakamotoet al’” and Zhanget al”™ have both independently shown that longer
chain surfactant molecules exhibit greater attoacin AFM experiments when compared
with shorter chain alkyl surfactant changes. Alfreat experiments agree that the more
hydrophobic a surface, the greater the magnitudeeohydrophobic effect in both AFM
and SFA experiments. Quantification of the absobarteven relative hydrophobicity of

different surfaces is non-trivial and has warrarggténsive study in the paét®’ %
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To investigate the relative hydrophobicity of tBAM surfaces in this work, we
have performed MD simulations of nanoscopic watepkbts (~2500 water molecules)
located on top of different infinite hydrophobic rieces and over a range of
temperatures. From these simulations, we calctit@eontact angle of the droplet over

a range of temperatures and with a number of sathstrto determine the effects of

temperature on surface hydrophobicity. We use thodelogy similar to that used by

Figure 7.5: Snapshots of TIP5P water nanodropletsroSAM surfaces at 300 K a) Initial water
configuration at t=0 b)Equilibrated nanodroplet at t=5 ns.

Debenedetti, Rossky, and co-workar§" &

to calculate the contact angle between the
water droplet and the surface. Figure 7.5a showmitial snapshot of the simulations
and Figure 7.5b is an equilibrated snapshot duhegsimulation that clearly shows that
the SAM surface used in this work is hydrophob@uantitatively, the calculated contact
angle is 132 at 300 K, employing the TIP5P water mode and ahethiol SAM. This
result is in very good agreement with the resylDlalvi and Rossky (129°), using an
dodecanethiol surface and a water droplet of apprately the same size as that used in
this work but modeled with the SPC/E model, anchgisi slightly different calculation
procedure that assumes that the droplet is sphéfidBoth calculations slightly
overestimate the contact angle measured in magrizseaperiment&® presumably due
to the fact that experimental SAMs commonly contd@fects at the gold surface and
contain multiple boundaries between alkanethiol diois

Additional calculations were performed for a shoedeain, reduced-dimensionality
model of the surface consisting of just the eth@neinus of the hexanethiol SAM. The
ethane molecules have the C atoms frozen to tlsitipns in regular SAM so that the
average separation between the SAM chains (4.98sApaintained throughout the

simulations. The contact angle of water for thisaee surface is identical to that using
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the fully-dimensional hexanethiol SAM, suggestimgttthe ethane surface is a time-
saving representation of the full SAM. In the exmemts referred to above, the
hydrophobicity of short-chain SAMs was found to dmealler than that of longer-chain
SAMs likely because surfaces made with alkanetmalecules with less than 6
methylene units do not possess enough inter-chapeidive attraction to form a regular
self-assembled monolay&t.In our work, we do not see this loss of hydropbiopwith
decreasing chain length because we deliberateyzdérahe non-hydrogen atoms for
simplicity. The calculated contact angles provieefication that these surfaces present a
hydrophobic environment in which to model the pmtipe and dynamics of confined
water.
7.10.3 Interfacial orientation

The orientation of water molecules confined neairderface provides another
metric to describe the degree of hydrophobicitya &urface. In 1984, Lest al. showed
that water confined near a flat hydrophobic watid® to orient itself in such a way as to
have one of its O-H bond vectors pointing dire¢twards the hard-wall surfaé®This
orientational structure minimizes the interactitve$ween a water molecule and the hard
wall, thereby allowing the other three hydrogen-tiog vectors to actively participate in
hydrogen bonds with either interfacial water moleswr water molecules deeper into
the film. A decade later, Lee and Rossky showedl the exact opposite case is true for
hydrophilic surfaces, where an O-H bond preferdgt@oints away from a hydroxylated
silica surface, allowing the other three hydrogemding vectors to interact with the
hydroxyl sites on the silic&. Using a similar confining surface, Giovambattistaal
have shown that as they atrtificially vary the lodgdole moment of hydroxyl sites on the
surface there is a smooth transition from hydrophdb hydrophilic character in the
orientational structure of water at the interf&teThis smooth transition in orientational
structure provides a metric by which the relatiyefophobicity of the confining can be
probed. Figure 7.6 shows the distribution of O-Hhdb@ngles relative to a vector normal
to the SAM surface and pointing away from it oveaage of distances from the surface.

Figure 7.6(a) shows the orientations of water @nfttst layer of water (0-0.3 nm,
where 0 is the z-coordinate of the terminal cartayer). The figure indicates a strong

propensity for the water molecules to orient thdwese with one of their O-H bonds
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pointing towards the surface, while the

other O-H bond points back into the

. - 0.12
water film to establish hydrogen 0.0-0.3nm

bonds. The next water layer (0.3-0.6 (g

nm) shows  water molecules

0.04

preferentially located in a el |

complementary orientation to those in.
D 0.12} 1
the interfacial layer. Molecules in thigy (b)

layer form an enhanced hydrogen 0-08f 0.3-0.6nm T

bonding network with the interfacial 0.04

layer when compared with bulk water. 0.16 ON
However, the height of the peaks in the ;5| T~ T

distribution is slightly smaller than in 0.08 0.6-0.9nm
the purely interfacial data, suggesting a '
small loss in the anisotropy of the %% 30 60 90 120 150

: : o : 0/°
orientation distribution. The third layer_ R
Figure 7.6 Distribution of O-H bond angular

(0.6-0.9 nm) shows a largely isotropi@istributions between water molecules and the nornma
vector pointing away from the SAM surface over a

distribution, implying no preferenceange of distances from the SAM surface. Simulatits
for any particular orientation of O-I—"ilr g)rrlg'ovr(]enc]tthic a¥i|\F/)ér)Pt\6vaE[ ré"@ﬁr%%%? K(This IS
corroborated by analysis performed at longer deganfrom the surface.) Therefore,
while the hydrophobic SAM surface has a dramatfectfon the orientation of water
close to the surface, its effects disappear wdtreereaching a depth of 1 nm within the
film. The lack of preferred O-H bond orientationseg into the water film provides
another piece of evidence from the simulations lbrag-range structuring does not seem
like a possible explanation for the experimentatigasured range of hydrophobic

attraction.
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0.4 x x : X X To investigate the role

that temperature plays on thin

water films we present

0.3t
temperature dependent

D ool interfacial O-H orientational
= profiles in Figure 7.7. Over
0.1+ the range of temperatures

studied, the interfacial

0 1 1 1 distributions are all
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Figure 7.7: Distribution of O-H bond angular distributions qualitatively - similar. The

between water molecules and the normal vector poiimg away sharpness of the peaks at
from the SAM surface over a range of temperatures.

Distributions are calculated from all water molecuks that are lower temperatures indicates
within 0.2nm of the terminal carbons atoms in simuhtions of 5.0 ) ) ]
nm thick TIP5P water films at 300 K. increased orientation that is

associated with a reduction in the entropic peratitpwer temperatures.
7.10.4 Structural ordering

The strong interfacial orientation seen in the ipsection can serve as a template
to structurally order the water molecules. Tetrabkdrdering of water molecules in a
thin film occurs as a function of water’s ability form four different hydrogen bonds.
The formation of these hydrogen-bonding networkfésresult of a balance between the
enthalpic gains as a result of bond formation dredentropic penalty that is paid due to

the restricted motion of water molecules in a hgérebonding network.
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The temperature ‘

dependence on the 314°K

tetrahedral order
0.03

parameter is exhibited in

Figure 7.8 where we

o0t
present the orders

parameter for bulk water
simulations from 260-314 o.01
K using the SPC/E water

model. The order- 0 ! ! ! !
0 0.2 4 0.6 0.8 1

0. .
parameter distribution is Tetrahedral Order Parameter, q

. igure 7.8: Distribution of the order parameter, q,for bulk water
shown to be bimodal oVetls:imulations at temperatures ranging from 260-314K.Simulations
the range of temperatureyere performed for 10ns and used the SPC/E water rdel.

studied, with a smooth transition from high-tempem@ disorder to more ordered systems
at lower temperature. Note that even if some ofetkiglored temperatures are below the
normal freezing point of water, we do not observe formation because the freezing
point for the SPC/E water model is 213 K.

The effects on confinement on the ordering of wéitms are shown in Figure

0.04 T — 7.9, where we exhibit the

1.0nm Film
2.0nm Film
3.0nm Film

0031 Bulk Water 4 of all water molecules

| order parameter distribution

i | confined in films with

Sonl _| thicknesses ranging from 1 to
3 nm. The bulk water
001 | distribution is also plotted as

a reference. All simulations

0 1 | 1 | 1 ! 1 ! 1 in Figure 7.9 were run at
0 0.2 0.6 0.8 1

04
Tetrahedral Order Parameter, q 300K and used the TIP5P

Figure 7.9: Distribution of the order parameter for thin water .
films ranging from 1.0-3.0nm thicknesses. Simulatins were water model. The figure
performed using the TIP5P water model at 300K. indicates that there is a

significant level of disorder induced by narrow toeament, but films with thickness of 3
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nm approach that of bulk water. Simulations of aoed water with thicknesses larger
than 3 nm (not shown) are nearly coincident with Iulk water and provide no insight
into the mechanisms responsible for the hydropheffect at the long hydrophobic-plate
separation distances explored in the experiments.

We confirm this conclusion by investigating the r@gge order parameter as a
function of location
in the film. Figure
7.10 shows the

P : : ; 0.8

. L — Density
water denS|ty - = Order Parameter, q i

profile (left axis) :

-1

and average order

parameter (right

Density / g mL
<q>

axis) as a function

of the inter-surface 05

coordinate across a = 7

5.0 nm-thick water | L ‘ R LU
. i 0 1 2 3 4 < 6
flm using the Z-coordinate (nm)

TIPSP model at 300Figure 7.10: Density distribution and average ordeparameter for a 5.0nm
thick film confined between hydrophobic SAM surface. Water film is
modeled using the TIP5P water model at 300K.

slight enhancement of the tetrahedral orderingmatar beyond the first water layer but

K. There is a very

this enhancement does not extend beyond 0.5 nnthattim, where the order parameter
falls to its bulk value. Near the interface, thaakedral order parameter becomes zero
due to the absence of neighbors in a tetrahednarogment in the vicinity of the
hydrophobic surface.
7.10.5 Diffusion coefficients

One consequence of the depletion layer that foatshe interface between
extended hydrophobic surfaces and water is theepoesof enhanced water mobility in
the surface plane. Our final characterization eftthin films of water under hydrophobic
confinement is an analysis of diffusion coefficenf water parallel to the hydrophobic

plates. The diffusion coefficients are calculatgdnibeans of a modified version of the
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Einstein relationship. We calculate the survivallability, P{), for molecules that are

located in a given slab for a period of time

NOD) 7 10)

P(7) = N ()

Molecules that enter the box after the initial tisiep or leave the box and return are not
counted in the analysis. The next step is calagatie mean-squared change in position
in the surface (xy) plane.

(ary (D7), :ﬁmzm[(x(r) - x(0)? + (y(1) - y(0))] (7.12)

WhereR represents the set of all molecules that remaaparticular slab centered at z
from time t=0 through t= The diffusion coefficients are then calculatesthg Equation

7.12

<Ar><y(r)2>Rk

Py (D=5

(n12

For this work we have chosen a valuaof ps and slabs that are 0.25 nm thick
in the z-direction. These chosen values need teatanced with the total simulation time
to give the desired level of precision, since serafilabs and longer values ofboth
decrease the survival probability.

Castrillénet al. have sought to describe the length-scale alonghwiniterfacial
water ceases to exhibit characteristics that aséinduishable from bulk water in the
vicinity of hydrophilic surface&® To illustrate the evolution of water from intesfal to
bulk-like conditions they present distance-depehdéfusion coefficients and rotational
relaxation times. These authors have shown that ikalepressed translational dynamics
of water on the length scale where density layedogurs but no differences from bulk
behavior beyond the distance where density layeraogirs.

In Figure 7.11, we present parallel diffusion ¢oeints for the TIP5P water
molecules as a function of distance from the hydodyic surface at 300 K. The results
show that water closest to the hydrophobic surfaoges substantially faster than water
more removed from the interface. The figure alsowshthat this fast lateral motion of
water persists relatively deeper into the watem fihan the prior structural metrics

described earlier in this paper. In effect, thdudifon coefficients of the confined water
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Another conclusion that
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can be obtained from Figure 7.11
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is that the diffusion coefficient is

independent of film thickness for

I I
0 0.5 1 1.5

“Z-coordinate / nm films thicker than 2.0 nm. The

_ o o _ previous work done on
Figure 7.11: Parallel diffusion coefficients as aunction of the
distance from the hydrophobic SAM surfaces over aumber of ~ hydrophilic surfaces found
film thicknesses. The films considered in thesersulations use . .
the TIP5P water model at 300K. that this behavior was
showed the same result, but for all plate separatgreater than just 1.0 nm, which is
also the distance where density layers extendti@ahin water film in that work. The
water model used to describe the motions of watdecnles is important to describe the

accurate lateral translations of confined wateranwles.

Figure 7.12 shows a !¢ * * * *
comparison of lateral diffusion :gII)PCS/E
coefficients of water predicteds 4|
by the TIPSP and SPC/E watef_
models normalized to theirE>< 1
respective bulk values. The“l?

. . .o A
simulations correspond to films

g

5.0 nm thick and were run for

! !

10.0 ns. Clearly, water 0 05 I 15 2 25

Distance from surface, z / nm
modeled by TIP5P shows
) . Figure 7.12: Parallel diffusion coefficients for TP5P and
much more enhanced diffusiogpc/e water molecules as a function of distance fiothe
. SAM surface. Diffusion coefficients are normalizedo the
that SPC/E at the Irlterfaceoulk water diffusion coefficients for the given waer model.
This discrepancy between th imulations are performed at 300K and have film
thicknesses of 5.0nm.

two water models further illuminates the need fighkquality molecular mechanics force

fields that are able to correctly describe thecttme and dynamics in a wide range of
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environments. An interesting result of the compmariss that the range over which a

difference from bulk behavior can be ascertainegry similar for both models.

35 : —— To investigate whether the

range of enhanced diffusion of water

is correlated to density layering, we

all have investigated the effect of

Xy

temperature on both of this metrics

Xy

D_ (z)/D_ (bulk)

using TIP5P water. In Figure 7.13

we show distributions of lateral

diffusion coefficients as a function of

z/nm distance from the SAM surfaces.

Figure 7.13: Parallel diffusion coefficients for TP5P Since the diffusion coefficient is
water molecules as a function of distance from th8AM

surface over a range of temperatures. Diffusion greatly dependent on the
coefficients are normalized to the bulk water diffsion

coefficients for the given temperature. Simulatios are  temperature, the distributions in
performed for film thicknesses of 3.0nm. Inset: Tk ) .

water density profiles as a function of distance smthe  Figure 7.13 are normalized to the

SAM surface for the given temperatures. bulk diffusion coefficient for each
temperature. The length scale for enhanced wadaslational motion is much larger at
250 K than at 300 K. This trend is faithfully folled in density layering occurs, as
shown in the inset. The obvious conclusion is that enhanced water structuring that
occurs with decreasing temperatures is correlatéd an increase in the range with
which hydrophobic surfaces influence the dynamics water film.

Finally, our MD study shows a connection between lttteral diffusion coefficients
of water and the density fluctuations that havenbdescribed by Garde and co-workers
to quantify the degree to which a surface is hydoiic®®®" ©°® The Garde group has
shown that for a spherical cavity near a hydrophahirface, the degree to which the
density in that sphere fluctuates directly corresjsoto the degree of hydrophobicity of
the surface. The length-scale of these densitguations for a sphere with radius of 7.5
A actually is remarkably similar to that of thed! diffusion coefficient enhancement
that we have presented in this work. Figure 7.1dwshthis comparison between the
density fluctuations and the lateral diffusion d¢méénts for films of thicknesses from 3-5

nm. The correlation between the density fluctuetiand lateral diffusion coefficients
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provides evidence that the density, "

(a) — 3.0nm
. . /{0'47 — 4.0nm
fluctuations can be explained by the, | — S0
2 03
enhanced lateral diffusion. 2 o0af
\%
7.11 Conclusions 7, UF

, : ! (b)
We have investigated the extent tg
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which  hydrophobic  confinement can% 25l

N

influence both the structure and dynamics 6F - o5 i is

z-coordinate / nm

water via calculation of density profiles,tigure 7.14: A comparison of the (a) density

interfacial O-H bond orientation, an(?uctuations for a spherical pavity, measured as
<N*>-<N>?)/<N> where N is the number of

diffusion coefficients from MD molecules in the cavity and (b) the lateral diffusin
coefficient as a function of distance from the SAM

simulations. In agreement with previousirface for three different film thicknesses.

work, we have shown that an alkanethiamutlr?g?rr;;;vpe Lﬁaﬁgfﬁq@rﬂiﬁjaﬂnggf '|(<)_nm fhickfim
SAM surface perturbs the density profile and tegdhaltity of water in direct proximity
for the surface and favors an orientation of watetecules with O-H bonds pointing at
the surface. However, we see in this work thabhllhese structural effects are short-
ranged, and do not extend very far into the thitewélm, i.e., less than 1 nm at room
temperature. We have also shown that the latefalsthn coefficient of water near
hydrophobic plates is enhanced with respect to kuater, and extends deeper (>1nm)
into the film than any other metric of hydrophobicwe have examined in this work.
Lower temperatures increase the range of the effiettte surface on the oscillations of
the density profile of water and the lateral diftus coefficients. The enhanced water
mobility exhibited in this work correlates directiy the density fluctuations that have so
thoroughly been studied by Garde and co-workerd, fm@sent a more detailed
understanding due to their two-dimensional nature.

A somewhat dissatisfying conclusion of this wosktlat even if this work has
been able to reveal that the effect of a hydrophaehbirface on the dynamics of water
extends further than previously thought from MD glations, the range of the effect is
still about two orders of magnitude smaller thaensen the experiment. However, the
turbulent behavior of water near hydrophobic swe$amight lend support to one of the
disputed theories that try to explain the long e interaction between hydrophobic

plates: bubble formation. In effect, the enhancatewmotion seen in this paper, coupled
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with the dissolved gas bubbles that are known tonfen hydrophobic surfaces in
aqueous environments, could provide an insight into precursor eventst thae
responsible for bridging-bubble formation in expegntal investigations of the
hydrophobic effect. This effect could be furtheaearbated by the imperfect nature of
common hydrophobic surfaces used in the experingmth as alkanethiol SAMs on
gold. Steps, vacancies, and boundaries betweenedtial domains which are rotated
with respect to one another could provide nucleasites for bubble formation. Since the
hydrophobic surfaces used in theoretical work lHedse imperfections, in the future it
will be interesting to learn how the presence omowmn defects in the hydrophobic

surfaces affect the results of the simulations.
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Chapter 8
Concluding Remarks

8.1General comments

The goal of the research presented in this diggmrtes to study reactions in both
the gas phase and at gas/organic-surface intertawghe structure and dynamics of
water confined near hydrophobic surfaces. To ¢imd we have performed theoretical
reactive dynamics studies on a variety of chensgatems in the atomic-radical+alkane
reaction class. In Chapters 3 and 4, we have miegalirect-dynamics quasi-classical
trajectory studies of the first few reactions ie tH+alkane family using a Hamiltonian
developed in our group. While the F+alkane reactotass exhibits a dramatically
different potential energy surface from the H+akaractions, we have used a similar
methodology to study these reactions in Chapter 5.

Moving beyond the gas phase, we have extendednwastigations of F+alkane
reactions to explore the dynamics of hydrogen abstm from alkanethiolate self-
assembled monolayers (SAMs) by fluorine atoms. n@sa hybrid quantum-
mechanics/molecular-mechanics (QM/MM) scheme, wee hatilized the Hamiltonian
that we developed for gas-phase reactions to stegtions at the gas/organic-surface
interface in Chapter 6.

Finally, in Chapter 7, we have presented the behmaof water films under
hydrophobic confinement. Employing classical molacmechanics simulation
techniques, we sought to gain insight into the maims responsible for the magnitude
and length scale of attraction between hydrophsbitaces seen in some experiments.
8.2 Gas-phase reaction dynamics

Classical trajectory simulations require an aceuscription of the potential
energy surface if quantitative dynamics resultstarbe achieved. In our work on gas-
phase reaction dynamics, we demonstrated that fepesaction-parameters (SRP)
Hamiltonians can be used to provide such accur&pecifically, the work presented in
this dissertation has extended the SRP-Hamiltoteghnique from describing only a
single reaction to the first few reactions in a letmgous reaction family.

SRP-Hamiltonians have shown that they can provideeast semi-quantitative

agreement with experimental dynamics results winery tire used to propagate direct
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classical trajectories. While maintaining this destrated level of accuracy, the
simplifications that have been made in the semigngbimethods afford the opportunity
to study reactions that have previously been irembke to accurate theoretical
simulation.

8.2.1 H+Alkanes

For the H+alkane class of reactions, we have shityanby using high-levehb
initio data from only the H+CHand H+GHg systems we can build a SRP-Hamiltonian
that is suitable to describe the dynamics of thesetions as well as the H+propane
reaction. Our SRP-MSINDO Hamiltonian has shownatyics results for the H+GH
and H+GHg reactions that reproduce the methyl product lamé& speed distributions,
excitation functions, and #HD vibrational and rotational state distributiomger a wide
range of collision energies. Our results compareofably with a state-of-the-art
analytical potential energy surface that has bemldped for the H+Clteaction, but
we are able to study other reactions without thexlrte derive a new Hamiltonian.

Our comparative dynamics study of the H+alkane famif reactions reveals a
number of distinct mechanistic trends that emergenwe compare the nature of the
alkane reactant and the relative collision enelfgghe reactants. Larger alkanes tend to
absorb more of the available energy after readiom to the increased presence of low-
frequency vibrational modes. This partitioningesfergy into the alkyl radical comes at
the expense of product relative translational enendnich is still the dominant energy
channel for all of the reaction conditions studie@ihere is also a consistent trend of
increased stripping dynamics as the collision epargreases for all three alkane
reactants studied. Stripping dynamics is the tedutnhanced reactivity at large impact
parameters that lead to enhanced forward scattefitige B product. Although we have
not calculated the dynamics of larger alkane maéscteacting with hydrogen radicals,
our SRP-MSINDO Hamiltonian should be able to asiesemi-quantitatively describe
the dynamics of these reactions.

8.2.2 F+Alkanes

The hydrogen abstraction reactions from methaimanet propane and isobutane

by fluorine atoms have been studied using a diffe@RP-MSINDO Hamiltonian to

propagate direct trajectories. Our simulations tbé F+CH—HF+CH; reaction
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reproduce the general trends of HF vibrational eotdtional distributions and product
energy partitioning found in experiments. We hals shown that there is a positive
correlation between DF vibrational excitation amsiwlard scattering of this diatomic
product in the F+CPreaction. Our classical trajectories proved th& result can be
explained as a feature of the potential energyasaraind is not necessarily evidence of a
reactive resonance in the dynamics as had beerntegiped.

The comparative study of the dynamics of hydrogestraction reactions from
different gas-phase alkanes exhibits a number afham@stic trends. Some of these
trends are similar to those found in the H+alkagstesn, despite the dramatically
different potential energy surfaces governing thesetions. As the size of the alkane
reactant increases, there is an increased pereepfathe available energy partitioned
into the alkyl product. As in the case of H+alkaeactions, this partitioning is the result
of increased low-frequency vibrational modes in #heyl fragment. In this family of
reactions the increased energy in the alkyl fragnmmemes predominantly at the expense
of HF vibration, which is the major energy sink fine reactions studied. The major
result from our study of F+alkane reactions isuke of SRP Hamiltonians to efficiently
model relatively large chemical reactions that agaiuld extend beyond those studied in
our work.

8.3 Gas/organic-surface collisions

By employing a QM/MM scheme, we have studied tlaetiens of fluorine atoms
with alkanethiolate SAMs. Our hybrid potential emesurface employs both the OPLS
MM force field to provide structural support foretheactive region of the SAM surface
and the QM SRP-MSINDO Hamiltonian to describe bbmnelaking and forming in the
reactive region. As we have demonstrated, theowgment of the SRP-MSINDO when
compared with the original MSINDO Hamiltonian, thiepresents a major step forward
in the computational modeling of gas/organic-swefeeactions.

Our simulations reproduce the major trends of thE #brational state
distributions and provide quantitative agreemernthwhe rotational state distributions
measured in F+squalane experiments. We haveralsstigated the role that secondary
collisions have on the final rotational state amahslational energy. However, HF

molecules leaving the SAM surface. Within a fewstp@action collisions, there is an
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effective cooling of the HF rotational and translaal energy but HF vibrations are not
significantly affected by secondary collisions dgrithe residence times of the HF
molecules on the surface.
8.4 Confined water simulations

Our final set of MD simulations investigated theura of water confined between
hydrophobic SAM surfaces. The motivation for thesaulations was to determine the
physical phenomena responsible for the hydrophelffiect. We calculated density
profiles, interfacial O-H bond orientations, anéfuion coefficients for water molecules
in confined thin films. Our simulations demonstraihat water density and structuring
are only affected near the SAM surfaces and cabegin to explain the length scale of
attraction measured in experiments. In accordamitle other simulations of water
confined near extended hydrophobic surfaces, auulstions show O-H bonds that
preferentially point toward the surface at therifatee. While these hydrophobic surfaces
perturb the water proximal to the SAMs, neithergiignlayering, water structuring, nor
O-H bond orientation extend deep into the watendil We have demonstrated that the
diffusion coefficients parallel to the SAM surfacehow enhanced water motion
compared to bulk water simulations. This enhandiédsion of water parallel to the
confining surface can extend >1nm into the waten ind could potentially lead to the
formation of bubbles that bridge between the SAMames. Some experimentalists have
hypothesized that bubbles such as these mightdpemsible for the attraction between
two hydrophobic surfaces in aqueous environmemiswk as the hydrophobic effect.
8.5 Future directions

To build upon the work presented in this dissestgtithere are a number of
directions that these lines of investigations @ketin the future. In the area of gas-phase
reaction dynamics, a number of other types of reastcan be studied to investigate the
breadth of reaction mechanisms that can be actyrdiescribed by using SRP
Hamiltonians to propagate direct trajectories.

In the area of gas/organic-surface reactions,litbeiinteresting to investigate the
reaction of hydroxyl radicals with alkanethiolatéMs. Motivated by recent inelastic

scattering measurements of OH radicals from SAMases, these reactive simulations
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would represent an advance in the complexity ottreas that can be studied at the
gas/organic-surface interface.

Finally, in the field of molecular simulations of ater in hydrophobic
confinement, adding dissolved gases into our systeold be a logical next step. The
existence of nanoscopic bubbles composed of disdajases has been verified on SAM
surfaces when they are submerged in water, andndieiag their role in promoting or
suppressing the diffusion of water parallel to byelrophobic surfaces should provide
insight into the mechanisms of the hydrophobicaffe
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