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and Papa), my sister Simone and my brother Andreas, who died much too early, for many
important and happy hours in my life and for giving me the opportunity to do what I am
doing.

I am very much indebted to my supervisor Klaus Liedl, who first taught me the basics
of research, especially how to use literature research for the planning of one’s own research,
and provided me with insight into state-of-the art theoretical chemistry and second gave
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Maybe the following adaption of a Paul Simon and Art Garfunkel song called “Sounds
of Science” appeals to those of you who feel critical with university life and the place of
science in the world we live in.

I wonder which of the two sides of the “neon god” science shines more.



“Sounds of Science”

Hello darkness, my old friend,
I’ve come to talk with you again,
Because a vision softly creeping,
Left its seeds while I was sleeping,
And the vision that was planted in my brain
Still remains
Within the sound of science.

In restless dreams I walked alone
Narrow streets of cobblestone,
"Neath the halo of a street lamp,
I turned my collar to the cold and damp
When my eyes were stabbed by the flash of a neon light
That split the night
And touched the sound of science.

And in the naked light I saw
Ten thousand people, maybe more.
People talking without speaking,
People hearing without listening,
People writing songs that voices never share
And no one dare
Disturb the sound of science.

"Fools" said I, "You do not know
Science like a cancer grows.
Hear my words that I might teach you,
Take my arms that I might reach you."
But my words like silent raindrops fell,
And echoed
In the wells of science.

And the people bowed and prayed
To the neon god they made.
And the sign flashed out its warning,
In the words that it was forming.
And the sign said, "The words of the prophets
are written on the subway walls
And tenement halls."
And whisper’d in the sounds of science.
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Chapter 1

Introduction

1.1 Todays Environmental Problems Originating in the
Atmosphere

The three environmental problems originating in the atmosphere that are named nowadays
probably most often are long-time ozone depletion, acid rain and global warming due to
greenhouse-gases. Commonly, all of the three mentioned problems have started to become
“problems” after the start of the industrial revolution, when anthropogenic emissions of
pollutant gases increased rapidly. Furtheron, these three issues have in common that they
are dominated by chemical reactions in the atmosphere, particularly in the stratosphere at
a height between 10 and 50 kilometers.! In the following the chemical and physical model

leading to the mentioned disturbances will be presented.

1.1.1 Acid Rain

An important discovery of environmental chemistry in the last twenty years was the recog-

nition of acid rain and unusually high acidity of lakes. In Figure 1.1 on page 8 the measured
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acidity of Sweden’s lakes is depicted. Interestingly the lowest pH is observed in the south-
west region, which is exposed to air circulation from the United Kingdom and Germany.
These two nations are highly burdened with sulfur- and nitrogen-oxides. The deposition of
these acid-oxides is made responsible for the observed high acidity. Major consequences of
continuing low pH are, according to the National Acid Precipitation Assessment Program
(NAPAP), strongly decreasing biodiversity and enhanced solubility of poisonous metals,
e.g., aluminum.

The most important species in clouds and precipitation is the hydronium ion (H3O™").
The presence of atmospheric carbon dioxide and the chemical equilibrium between carbonic-
acid and the hydrogencarbonate ion in aqueous solution results in a natural pH of 5-6.
Precipitation may be termed acidic, therefore, only if the the concentration of HsO" ex-
ceeds 107° mol/l, i.e., pH<5. The aqueous sulfates and nitrates acidify the large amounts of
rainwater deposits? down to a pH of 4 in most industrial areas, which is significantly lower
than 50 years ago. The most acidic fog observed in Los Angeles showed a pH of as low as
1.7, which corresponds to a diluted strong acid. Especially concrete buildings suffer under
such conditions. The dramatic increase in anthropogenic sulfur emissions observed over the
past decades and the resulting environmental effects have made necessary governmental
Sulfur Protocols in the United States, Europe and Asia, e.g., the Montreal Protocol and
the Kyoto convention, which now start to result in a recovery of surface waters.** Besides
HNO3/NOj, HCI/Cl~, HySO,/HSO;, HoCO3/HCO; and NHJ /NHj, i.e., the inorganic
acid/base pairs, also organic acids, like formic acid and acetic acid, and formaldehyde have
been detected in rainwater.® The acidity of the atmospheric water droplets is determined
by the composition of the condensation nuclei, from which they originated, and the sur-
rounding trace gases. Due to the higher solubility of SOy as compared to NO- and NOs- in
water the “acid-rain chemistry” of the two most important acids, namely sulfuric acid and

nitric acid, is quite different. Whereas nitric acid forms in the gas-phase and is dissolved
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Figure 1.1: The acidity of Swedish lakes in 1985 as determined by the Swedish Envi-
ronmental Protection Board. Green and blue areas show “natural” pH values above 6.0,
whereas yellow and red areas show pH values lower than 6.0 due to industrial contamina-
tion. Taken from the atmospheric chemistry book by T. E. Graedel and nobel laureate

Paul J. Crutzen.t
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Figure 1.2: Schematic depiction of atmospheric aerosol particle chemistry starting with
emission (stage 1), agglomeration (stage 2), dissolving soluble gases (stage 3), incorporation
of amphipilic components (stage 4), reactions with the hydrophobic outer part (stage 5)
and ending up with particle deposition (stage 6). Taken from the atmospheric chemistry
book by T. E. Graedel and nobel laureate Paul J. Crutzen.!

as an acid, sulfuric acid forms inside a drop by oxidation with hydrogen peroxide or ozone
of dissolved sulfur dioxide.

A typical atmospheric cycle starting from emission and ending up with particle de-
position is depicted in Figure 1.2. One can distinguish between three major sources of
emission seen under number 1 in Figure 1.2, namely a) spume producing chloride-aerosol,
b) mechanical processing of solid surfaces, e.g., drop of foliage or wind-moved dust and c)

burning of fossil fuel and biomass producing soot (carbon-aerosol). Independent of their

source the smallest aerosol particles aggregate and take up water vapor to reach stage 2
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in Figure 1.2. Now the particle has a solid core coated in an aqueous shell. Next, water
soluble gases like HCl, formaldehyde, ammonia, nitric acid, sulfur dioxide or hydrogen
peroxide enter this shell, which leads to a complex reactive mixture (stage 3). Now, rela-
tively insoluble species gather on the surface of the particle, especially if they contain both
a hydrophobic and hydrophilic subunit like, e.g., n-decanol (stage 4). The new organic
border layer can react with the surrounding gases. In this manner ketones are built from
arenes, and nitrified arenes are produced from reaction of NOs- with polynuclear aromatic
hydrocarbons (stage 5). In the last stage 6 these complicated particles are deposited on
the surface. In most cases only the stage 6 particles can be undertaken a chemical analy-
sis. So it is very difficult to know details about the underlying chemical mechanism. My
interest is especially in the reactions between stage 1 and stage 2 involving agglomeration
and reaction with water. It is supposed that the transformation between gaseous species to
liquid/solid species, i.e., condensation, involves the formation of molecular clusters. These
clusters are supermolecules formed when some small molecules are held together by weak
interactions, e.g., hydrogen bonding or van-der-Waals forces. Weakly bound molecular
complexes containing a varying number of molecules (“clusters”), e.g., SO5-3H50, can be
viewed, therefore, as bridging the gap between single gas-phase molecules and condensed
phases like crystalline clouds extending over hundreds of meters.® Therefore, they are
studied very often in the context of aggregation and condensation. My special interest is

the conversion of sulfur dioxide to sulfates raining down Earth’s surface in a vast amount.

The Sulfur Cycle

More than 100 million tons of sulfur are emitted per year mainly in the form of dimethyl
sulfide (DMS),” H,S and sulfur dioxide (SO,).1 1% A global atmospheric sulfur balance'?
is depicted in Figure 1.3 on page 12. The balance is largely dominated by industrial

processes resulting annually in 70 megatons (Mt) of sulfur. A quarter of this amount is
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redeposited on the sea due to the influence of wind, weathering and transport by rivers,
which leads to increasing acidification of the sea. The natural emission above the landmass
amounts to just 2 Mt for comparison. From the oceans much more sulfur is emitted
naturally (15-30 Mt) in the form of DMS due to microbiological processes involving algae.
About 90% of this amount reenters the sea, so that the natural and anthropogenic deposit
approximatively equals. Vulcanoes and fumaroles emit an uncertain amount of up to 11
Mt, which is clearly less than all anthropogenic emissions.

The precursor substances DMS and HsS are oxidized subsequently to SO,, which by
itself is oxidized following the Stockwell-Calvert mechanism'® to sulfur trioxide by reac-
tion with the hydroxyl radical and Oy to SO3,'*!” which is in turn hydrated to form
sulfuric acid (H,SO,) and sulfates (SO37). The latter play a major role in the process of
cloud formation as good cloud condensation nuclei.!®2° Especially “Polar Stratospheric
Clouds” (PSC) form from such sulfate nuclei.'®2"2* The so formed sulfate aerosols in-
crease Earth’s reflectance of solar radiation (“albedo”) by about 1-2 W/m?, and thus favor
global climate cooling.”?>2 Tt is therefore difficult to rigorously prove a global climate
warming induced by anthropogenic emissions. More adversely, the total annual natural

710,11 emission of sulfur is the major source of acid rain.>* Changes of

and anthropogenic
the sulfur cycle not only alter Earth’s albedo and the pH of our rain, but are also directly
related to climate change, volcanism and tectonics on Venus®! and presumably also on the
Jupiter moons Europa®? and Io.*® The chemistry of the involved processes is highly de-
pendent on the amount of water available, i.e., on the relative humidity.'®3%3% Especially
the rate and the product distribution of the atmospheric oxidation of SO, to sulfuric acid,
occurring predominantly within these cloud droplets, is strongly affected by the hydration
state. The production rate and amount of the acidic compounds involved under different

conditions of humidity are quantities that would be required for a better understanding of

the recovery process.
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Figure 1.3: A global atmospheric sulfur cycle in megatons per year. Small and large font
numbers correspond to the natural and anthropogenic contribution, respectively. Numbers
were taken from the book of L. Granat et al.'? Figure taken from the atmospheric chemistry
book by T. E. Graedel and nobel laureate Paul J. Crutzen.!
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Figure 1.4: Growth rates of greenhouse gas forcing from the year 1850 to the year 2000.
Contributions from carbon dioxide (light blue), methane (deep blue), laughing gas (green)
and chlorofluorocarbons (red). Note that the additional contribution of the most important
greenhouse gas (according to the Global Hydrology and Climate center of the NASA) is
missing, namely water, which shows a contribution similar to the one of N,O.! Taken from
a publication by Hansen et al.3¢

1.1.2 Anthropogenically Induced Global Warming?

The fundamental source of energy for most terrestrial processes, especially for the climate,
is the uptake of sunlight. In case of an equilibrium the amount of uptaken radiation must be
compensated by thermal, infrared irradiation from Earth. However, because of human ac-
tivities the amount of irradiation can be significantly altered. Especially anthropogenically
forced increases of carbon dioxide (1990: 26 Mt emission), which is the most prominent
greenhouse gas, are of central relevance in this context. An increase in its concentration

first reduces terrestrial backscattering to space, as a great portion is arrested in the tropo-
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sphere (0-10 km height). In turn this yields increased surface temperatures. The radiative
forcing is the amount of reduction of infrared radiation per unit increase of a certain gas.
Methane (1990: 0.3 Mt emission) shows a radiative forcing that is very high. It is even 25
times higher than the forcing exerted by COs, as this gas adsorbs in spectral regions where
no other gases of our atmosphere adsorb. A unit increase, therefore, leads to a much more
drastic reduction of the outgoing infrared radiation. Increasing the CO, concentration
from 250 to 500 ppmv leads to a global warming effect of 3.3 W/m?  whereas an increase
in methane from 1 to 4 ppmw result in a warming of 1.3 W/m?. The highest radiative
forcings, being more than a factor of 1000 higher than the forcing exerted by additional
COa, are found for chlorofluorocarbons (CFCs, 1990: 1 Kt emission) and NoO (1990: 6 Kt
emission).

In Figure 1.4 on the preceding page the contributors to the total radiative forcings are
depicted for periods between 1850 and 1990. Whereas in the 19th century carbon dioxide
was responsible for nearly all of the forcing, nowadays CFCs, CH, and N,O contribute by
more than a third. The total forcing has increased from <0.1 W/m? in the 18th century to
>0.5 W/m? in the late 20th century.?” Assuming a continuous increase in greenhouse gases
the global temperature will increase by 3-6 K till 2100, whereas since 1765 an increase of
less than 1 K was found.?” This leads directly to the prediction of sea-levels raised by
45 cm in the year 2070. A synergistic effect back coupled to the global warming is the
increased water concentration in the atmosphere, which brings an additional contribution
to global warming, as water clusters are potent greenhouse-gases.® It was stated, therefore,
that water is the most dangerous greenhouse-gas.! Nevertheless, there are many positive
and negative feedback mechanisms, like enhanced cloud formation, reduced precipitation in
clouds, increased cloud coverage, chemical reactions, biotic feedback that are very difficult
to predict quantitatively.3®40

One effect that tends to reduce the global climate forcing results from anthropogenic
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——Radiative Forcing by Tropospheric Aerosol——
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Figure 1.5: Partial reflection and absorption of incoming solar radiation by tropospheric
aerosols formed from SO, and soot emissions. Taken from the Atmospheric Chemistry
Research Program of NOAA’s Pacific Marine Environmental Laboratory.
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SO, emissions.”>?® Besides the adverse effects (i.e., acid rain as mentioned above, de-
struction of the biosphere and higher optical density) SO, emissions result in a negative
radiative forcing, because incoming solar radiation is partially reflected and absorbed by
the tropospheric aerosols as depicted in Figure 1.5 on the page before. The positive forcings
of greenhouse gases, the negative forcings exerted by sulfate aerosols and clouds as well as
the balanced natural forcings are depicted in Figure 1.6 on the following page. A secondary
(indirect) forcing effect (“forced cloud changes”) accompanying sulfate aerosol is plagued
with a fivefold uncertainty. An increase in sulfate below a cloud increases the number of
cloud droplets and thus also the clouds brightness, which in turn increases the reflectivity.
It can be seen that the forcings are nearly quantitatively caused by human activities. For
that reason it is clear that these global forcings arise mainly from the more industrialized
northern hemisphere, whereas the contribution from the southern hemisphere is more or
less negligible.

The counterbalance observed in all these forcings renders it difficult to prove a global
warming nowadays. So it was stated that a climate index indicates that climate change
is apparent only in a few regions in Asia and western North America, but in most places

41 However, as

climate trends are too small to stand out above year-to-year variability.
already noted the global area with obvious climate change will increase notably in the next

few years.

1.1.3 Ozone Depletion

The “ozone hole” was recognized for the first time in 1985.%> This recognition has resulted
in a wealth of studies on the chemical reactions and physical mechanisms involved in ozone
depletion and rebuilding.***7 Loss of ozone was observed by balloon and satellite measure-
ments above the McMurdo station in Antarctic spring, when the stratosphere is warmed

up by the incident sunlight, especially in the months from September to December.*® At
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Figure 1.6: Positive (red) and negative (light blue) climate forcing from 1850 to 1998
caused by greenhouse-gases, anthropogenically induced clouds and aerosols, and natural
happenings. Taken from a publication by Hansen et al.3® The influence of water is not
taken into consideration.

the end of August a total column of 274 Dobson units was measured, whereas at the end
of October the column was reduced to 148 Dobson units. In the following months the
ozone levels recovered again. However, the trend over the years as depicted in Figure 1.7
on page 19 is indicative of the decline of about 7% per decade in the vertical profile of
ozone over the last 30 years.*® This decline is attributed to human influence, especially the
emission of chlorine containing substances, e.g., CFCs, as a clear anticorrelation between
ClO- and ozone could be demonstrated.?® As these record low levels of column ozone can
directly be correlated with the occurrence of “Polar Stratospheric Clouds” (PSC),2"%! the
mechanism that is thought to be responsible for the depletion involves chemical reaction
on frozen particles found in PSCs. PSCs form in the dark polar winter at temperatures
below about 200 K in a height of 10-20 km?® and disappear when the temperature raises.
The PSC lifetime, i.e., the average time an air mass is exposed to temperatures below the
condensation point of PSCs, was found to be between one and twenty days depending on

the composition of the specific PSC type.“® The composition of the PSCs seems to be a
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ternary solution of water, sulfuric acid and nitric acid.?"»?? However, the major component
in all types of PSC is water occurring at least with a relative abundance of 56% in type I
(water-rich) PSCs® and with almost 100% in type II (water-ice) PSCs. During the time of
their occurrence chlorine reservoir species (CIONOg, HCI) are converted to active chlorine
compounds (HOCI, Cl,).>?* In spring these active species are photolyzed by the incident
sunlight to chlorine radicals (Cl-, ClO-), which immediately start to deplete the protecting
ozone layer above Antarctica.?4457

On the other hand there is hardly any decline in the ozone layer above the more in-
dustrialized midlatitudes. It was unclear for a long time why especially the poles are
concerned with ozone depletion. Then it has been observed that the heterogeneous re-

actions on PSC?>-%4

are much more efficient in performing the required conversions than
the homogeneous gas-phase reactions.’>%¢ Additional ozone destruction potential in PSCs
comes from the sequestering of the NO- and NOy- precursor HNOj3 on their surface at low
temperatures of 180 K, thus leading to denitrification of the atmosphere,*® whereas the
ClO- and Cl- pre-cursor substances HOCI and Cl, are released at the same temperatures.
This has the effect that less radical recombination to reservoir species is possible, and a
larger amount of radicals will attack the ozone layer. Not enough, the situation is getting
worse because of the pole centered air circulation system, the polar vortex, which arrests
ClO- rich air for months above Antarctica.

Ozone (O3) is the central species in stratospheric chemistry, although its concentration
does not exceed 10 ppmv (10 volume units under 1 million volume units) anywhere. The
central importance comes from its ability to absorb a great portion of biologically damaging

UV-radiation and its interaction with other stratospheric components. It is built from

molecular oxygen in the stratosphere through photodissociation induced by UV-sunlight
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Figure 1.7: October mean values between 1979 and 1990 of total column ozone observed
in the stratosphere above the southern hemisphere. Data were determined by Total Ozone
Mapping Spectrometry (TOMS) on board of the National Aeronautics and Space admin-
istration satellite Nimbus7. Taken from the atmospheric chemistry book by T. E. Graedel
and nobel laureate Paul J. Crutzen.!
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of a wavelength <242 nm:

2 3 (1.2)

Because most of the oxygen in the atmosphere is found as Oy there must consequently be
mechanisms destroying Oz and leading to O,. For 40 years the mechanism proposed by

Chapman in 1930

3 2 (1.3)

was considered to be solely responsible for this conversion. In the last 30 years it was found

that small components play a crucial role as catalysts destroying ozone

-and O- were proposed by Paul J. Crutzen in 1970 to be especially NO- and NO,- formed
in the stratosphere from surface emissions of laughing gas (N,O). However, oxidation of
NO- to nitric acid in the troposphere greatly reduces the catalytical potential of NO-. A

second species capable of acting as such a catalyst is the hydroxyl radical (OH-) that is



CHAPTER 1. INTRODUCTION 21

formed from the reaction of water with single oxygen atoms:

The third, most important, catalytic cycle was proposed in 1974 by Stolarski and Cicerone
to involve chlorine. One year later M. Molina and Rowland found the connection of this
mechanism with chlorofluorocarbons, which have an enormously long life-time in our at-
mosphere of 60-120 years as they are resistant to reactions with OH-. The lighter species
CFCl3 and CF,Cl, are very mobile and reach the stratosphere in only a few years, where
solar radiation (<260 nm) photolyzes these species in the presence of Oy to CO,, HF
and Cl- or ClO-. The two radicals show the largest contribution, nowadays, to ozone de-
struction, as nearly 100% of CFCs are transported to the stratosphere. Additional sources
of chlorine are methylchloride (CH3Cl) from algae and tropical burning of biomass as well
as eruptions of vulcanoes. The natural concentration of stratospheric chlorine amounts to
0.6 ppbv, whereas the industrial contribution amounts to 3.0 ppbv.

An important natural restriction to stratospheric ozone destruction results from the

reaction of the - catalysts among each other, for example

9 - 2 (1.7)

This leads to so-called reservoir species not capable of fractionizing O3. Prominent members
of these reservoir species are chlorine nitrate (CIONO,), hydrogen chloride (HCI) or nitric
acid (HNOj). The bewildering array of reactions involving these four main catalytic ozone
destroying cycles and the involved chemical transformations are depicted in Figure 1.8 on

the following page.
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Figure 1.8: Catalytic cycles of stratospheric ozone destruction and reactions connecting the
four cycles. Also included are tropospheric and (the very small) ionospheric contributions.
PSC stands for reactions on the surface of polar stratospheric clouds. Taken from the
atmospheric chemistry book by T. E. Graedel and nobel laureate Paul J. Crutzen.!
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1. ome Open  estions to be Ans ered

1.2.1 on ersion o Sul ur Dio ide to Sul ates

DMS is oxidized to SO, at a model-frequency of 0.7 107 s~ , which by itself is oxidized
following the Stockwell-Calvert mechanism!? at a rate of 1.3 107° s~ to sulfur trioxide
by reaction with the hydroxyl radical and O5.}417 Next, SOj is hydrated to form sulfuric
acid (HySO,4) and sulfates (SO; ). 20 Especially “Polar Stratospheric Clouds” (PSC)
form from such sulfate nuclei.!®21"24 These PSC provide a catalytically active surface for
reactions converting chlorine and bromine reservoir species to halogen radicals directly
capable of attacking Earth’s protecting ozone layer.1%:51:5%5559 The detailed mechanisms
and reaction rate constants for these processes are keys for understanding the gas to particle
conversion,'® which can be assessed from both the experimental and theoretical side.'* An
alternative mechanism that can be imagined is direct hydration of SOs to sulfurous acid
and subsequent oxidation to sulfate.

In this work the focus is on the mechanism of the atmospheric hydration of SO, to
H,SO3 and SO; to HoSO, and the corresponding reaction rate constant following the

reaction schemes:

3 2 37 2 2 4 2 (1.9)

where n is the length of the water bridge. It is now well established that the second part

of the reaction, i.e., the unimolecular isomerization, has a substantial activation barrier,
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which is overcome by the pre-association reaction acting as driving force.®® In molecu-
lar beam studies the decay of SO3; has been attributed mostly to the complexation of
one HyO and one SO3; moiety, which rapidly isomerizes to HySO4.5%%2 The conversion
time set an upper limit of 13 kcal/mol on the reaction barrier to unimolecular isomer-
ization.%% The bimolecular hydration rate constant corresponding to this process was
determined to be about 9.1 10~ 3cm3s™ as early as 1975.%* Newer studies carefully elim-
inating heterogeneous wall reactions have inferred upper limits of 2.4 10~ °cm3s~ and
5.7 10~ ®cm3s~ for the homogeneous reaction.3*%66 All these studies assume a linear
dependence of the SOj3 loss rate on water vapor pressure. More recent gas-phase studies
yielded a second-order dependence of this rate with respect to water vapor pressure3* 67
implying the involvement of water-dimers.?> Experiments under both turbulent®® and lam-
inar® flow conditions yielded a nitrogen pressure independent conversion rate constant of
SO; to sulfuric acid of 2.0-3.0 1072 cm s~ at 300 K.

Concerning the reaction energetics, especially the activation barrier to the hydration
coupled with proton transfer, experimental information is missing. From the theoretical
side it has been established that the reaction barrier in the 1:1 complex is rather high (23.2—
29.0 kcal /mol).5% "2 Involvement of the water-dimer instead of a single water molecule leads
to a reduction of the predicted barrier to 7.4-12.4 kcal /mol.”™ The possibility that even
higher hydrates are responsible for the reaction chamber results and/or the atmospheric
reaction has not received much attention in the literature. A careful investigation of the
reaction path and rate for the different hydrates taking into account quantum effects like

tunneling is also missing in the literature to the best of my knowledge. In summary, the

open questions are:

How many water molecules are involved in the atmospheric conversion of sulfur diox-

ide to sulfates?
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Does atmospheric hydration precede oxidation or not?

What influence has quantum mechanical tunneling on the reaction path?
What is the exact reaction path?

Why has sulfurous acid HsSOj; never been detected?

What consequences can be expected on further increasing atmospheric SOy and H,O

levels?

In order to get at least an idea on the answers to these questions I performed a calculation on
the dynamics of this hydration in the presence of up ton 3 water molecules by variational

transition state theory and multidimensional tunneling methods.

1.2.2 on erting hlorine Reser oir Species to Acti e Species

The importance of PSCs in depleting ozone results from the rapid’® absorption of chlo-
rine nitrate and hydrogen chloride together with their subsequent hydrolysis on the cloud

surface by the vast amount of contained water according to the reactions

2 2 3 (1.10)

and

2 2 3 (1.11)

In the absence of PSCs the chlorine nitrate hydrolysis takes place at much slower

reaction rates.®® The hydrolyses involving the acidic cloud components have been shown
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56,7 Thus, the PSCs can be seen much more as

to take place with a much smaller efficiency.
liquid water than an acidic ternary mixture or concentrated sulfuric acid.?® Especially the
dielectric constant is very similar to the one of liquid water. The products of the reaction are
nitric acid (presumably in the form of a contact ion pair H3Ot NO3~ ) and hypochlorites,
which are easily photolyzed to the strong Cl- and ClO- radicals in springtime.»” These
radicals can be desorbed to the gas phase at 155 K, whereas nitric acid remains in the
condensed phase.” Therefore, the PSCs not only act as source of chlorine radicals, but
also as a sink of NO radicals, which normally protect the ozone layer by destroying the
active chlorine species.’” A detailed knowledge of the rate constants and the mechanisms
involved in ozone depletion is inevitable for predicting future ozone levels, especially for
predicting the year in which the “ozone hole will shut” because of governmentally forced
reductions of chlorine emissions as manifested e.g. in the “Montreal Protocol of Substances

That Deplete the Ozone Layer” entering into force on January 1, 1989.”7 In summary

similar questions like the ones on sulfur dioxide hydration can be formulated:
Which of the two reactions is more important to understand ozone depletion?

How many water and/or HCl molecules are required to reproduce model rate con-

stants found appropriate for present day ozone variations?
What is the exact reaction path?
What is the influence of tunneling on the rates?

What kind of consequences are expected on increasing halogen and water concentra-

tion in the atmosphere?

Why is the homogeneous reaction much less efficient in promoting ozone depletion

than the heterogeneous reaction on PSCs?
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It was my intention to seek for answers to these questions by theoretical chemistry

methods, as described in the following chapters.



Chapter

Methods

.1 Theoreti al hemistry

It is often the case that experiments approach a technical limit beyond which it is impossible
to gather “chemically” meaningful information. For example it was long believed to be
impossible to obtain spectroscopic data on species along a reaction path other than the
equilibrium structures. Recent advances in “Femtochemistry”, for which Ahmed ewail was

.7 and the technique of supersonic-jet cooling

awarded the 1999 nobel-price in chemistry,
in combination with Terahertz spectroscopy, invented in the group of Richard Saykally,

have made this possible at least for some selected ultrafast reactions, e.g., tautomerization

80-82 83-90

in DNA model base-pairs and the proton dynamics in selected cyclic water clusters.
However, such techniques are still far from being generally applicable. Especially, when the
reaction educts and the reaction by itself are not well defined it is still considered impossible
nowadays to gather detailed experimental information on the electronic structure along the
reaction coordinate. The here studied processes are a typical example for such a situation.

Undefined water content of the reaction complexes, lack of data on the concentration of the

different species at different altitudes and the impossibility to imitate the exact atmospheric

28
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pressure, composition and temperature conditions in a certain apparatus hamper detailed
experimental insight to atmospheric chemistry.

When experimental chemistry reaches its limit, theoretical chemistry comes into play.
Whereas it is hardly possibly to prepare defined reaction conditions in the laboratory, it
is very easy to do so on the computer. It is also very easy to “freeze in” transition states
on the computer for a long time, whereas they disappear in fact within a femtosecond.
The critical point in theoretical chemistry concerns the usefulness and reliability of the
model used. A model can be called reliable as long as the predictions are at least close to
the experimental findings. It is assumed that if the model reproduces known experiments
well it will also predict the outcome of unfeasible experiments well. In the following the
model used for the prediction of the mechanism and the reaction rate constant at different
temperatures for the different atmospheric reactions will be presented. The chapter after
this one will deal with the verification of the model used on the example of double proton
transfer in carboxylic acid dimers. Such dimers are well suited for this validation due to the
wealth of both experimental and theoretical studies on this topic. Especially advantageous
is the availability of studies on the kinetics of this reaction by various optical, scattering
and NMR techniques. Such studies are rare for the atmospheric reactions described in

Chapter 4.

.  Theory o ea tion ynami s

Widely used approaches to calculate reaction rate constants are collision theory®® and
transition state theory (TST).%2% The latter has already been accommodated for its use
in computer models.?> % Hence, I have chosen an advanced variant of the TST approach.
A description more detailed than the following, involving all algorithmic details and all

important equations, can be found in my master thesis.'%
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In TST the reaction rate is obtained a riori only from information about the reactants
and the transition state or, more generally spoken, the bottleneck of the reaction. The
products themselves contribute not to the evaluation of the rate constant k, as a major
point of theory is the “no recrossing assumption”, i.e., each trajectory that reaches the
energetically highest point on the reaction path is assumed to be converted to products
and trapped there on the potential energy surface (PES). This assumption is not fulfilled
in reality, and trajectories in fact can recross the highest point several times. Therefore
the TST rate constant provides only an upper limit for the experimental rate constant. By
varying the location of the hypersurface, dividing reactants from products and minimizing
the computed k and thus minimizing recrossing, this error can be reduced drastically. This
approach is called variational transition state theory (VTST) and can provide considerably
better agreement with experiment than pure TST.%%8

Nevertheless, this strategy still fails to describe non-classical trajectories tunneling
through a barrier. Especially when the curvature of the PES near the transition state
is large, the rate constants without inclusion of quantum-mechanical tunneling methods
can be considerably wrong.’®% The amount of tunneling is taken into account by multi-
plying the pure variational rate constant k  (T) with a transmission coefficient , where
the superscript CVT indicates that a canonical ensemble was assumed for the calculation.
Depending on the curvature of the minimum energy path (MEP), which is defined as the
steepest descent path in mass-weighted Cartesian coordinates connecting saddle points and
minima,'?! different quantum-mechanical methods can be used to take into account the
nuclei’s quantum properties. The minimum energy path semiclassical adiabatic ground
state (MEPSAG) method is appropriate, if the tunneling path coincides with the MEP.02
Therefore it is also called the zero curvature method ( CT), because a one-dimensional,
straight reaction path is assumed. As the reaction path is in fact curved, tunneling is

assumed to occur on the path defined by the classical turning points on the concave side of
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the MEP (“anti-bobsleigh effect”). This type of calculation is called centrifugal-dominant
small curvature semiclassical adiabatic ground state (CD-SCSAG) method, a small cur-
vature tunneling (SCT) approach.'®® For light atom transfer reactions the reaction path
curvature is very large and the centrifugal dominant approximation breaks down. In the

large curvature ground state approximation, version 3 (LCG3),%-104

a large curvature tun-
neling (LCT) method, it is assumed that the short distance between tunneling start and
end point forces the system to take straight paths between these two points. As the end
points can be far away from the transition state, a much wider area of the hypersurface far
away from the steepest-descent path is traversed, which is called the “reaction swath” 105107
Clearly defined, the reaction swath is the region on the concave side of the reaction path
extending beyond the transverse vibrational turning points and/or beyond the local radius
of curvature. Motions over the swath are initiated by vibrations orthogonal to the MEP as
well as parallel to it. Sudden tunneling along straight line paths over the swath may provide
the most effective tunneling mechanism for a system of high reaction-path curvature, e.g.,
the bimolecular transfer of a light atom between two heavy atoms. The effective potential
for tunneling over the adiabatic part of the swath is obtained from Hessian calculations on
the MEP, whereas the effective potential for nonadiabatic regions (those beyond the vibra-
tional turning points and/or the local radius of curvature) are obtained from single-point
energy calculations along those portions of the path.%: 104,108

The LCG3 approximation includes contributions from all straight-line tunneling paths
with equal kinetic energy in reaction coordinate motion at the pre- and post-tunneling
configuration coordinate by using a quasiclassical distribution function to average over
paths with different end-points. Especially at low temperatures, can deviate from one
(i.e., no tunneling) considerably and change calculated rate constants by several orders of

magnitude. Depending on the nature of the PES, can also vary strongly with the level of

sophistication of tunneling inclusion. For strongly bent PES the differences between ,
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and can rise to several orders of magnitude even at room temperature.!%% 10

The maximum value of (SCT) and (LCT) is called ( OMT), where OMT stands
for microcanonical optimized multidimensional tunneling.

One should be aware that calculations can only lead to results comparable to experiment,
for a wide range of temperatures, when the provided PES is accurate enough. Due to
limitations in resources, it is hardly possible to calculate the whole PES in terms of a nitio
calculations and it is, therefore, necessary to find a cheaper method for a good description
of the hypersurface as described in the following sections. The detailed mathematical

procedures and computational formulas are discussed elsewhere.% 98,100

. eneration o ea tion ypers r a es

The reaction barrier of proton transfer does not only depend on the energetics when the
proton is moved alone, but also on the relaxation of the not directly participating heavy
atom skeleton as found for several different intramolecular hydrogen bridges.!'' 1% There-
fore, the energy of the system depends on a large number of coordinates and can only be
understood by means of a high-dimensional potential energy surface (PES).'0%120-122 The
choice of the method affordable for the PES critically depends on the number of explicitly
described atoms in the system. As the reaction rate strongly depends on the barrier, it is
desirable to know this value as exactly as possible. The stationary points of the systems,
therefore, should be evaluated properly incorporating electron correlation. If no additional
hypersurface information is computationally feasible application of pure transition state

theory?%%

with Wigner tunnel correction'? is possible only. Variational transition state
theory (VTST) requires the calculation of the steepest-descent path from the TS to the
minima in mass-scaled coordinates (scaling mass of 1 amu). All figures in the “Results”

chapter as well as all text segments dealing with reaction coordinates (and Bohr) refer to
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this mass-scaled coordinate system. For the purpose of calculating the steepest-descent
path various integrators have been developed, e.g., Page-Mclver,'?* Euler!?® and some re-
lated ones.'?67130  All of them require the calculation of many points along this path. It
is therefore hardly possible to afford the same high-level of theory as for the stationary
points. An unique hypersurface is gained from interpolating between these two according

to a sophisticated logarithm of ratios scheme.!3!

On these hypersurfaces various paths
are possible connecting educts and products. Some are short but exhibit rather high po-
tential differences, others are longer but flatter. Furtheron, classical over-barrier jumps
are unlikely for movement of the lightest particle in the periodic table. Instead quan-
tum mechanical tunneling plays an enormously important role especially at low reaction
temperatures.!3? It is the task of the theoretical chemist to localize paths fulfilling these
criteria best, i.e., to find the least-action path. This extreme value problem of seeking the
best path is known as the “multidimensional tunneling” problem.'** Compared to omit-
ting microcanonical optimized multidimensional tunneling ( OMT) a proper treatment
yields proton exchange rates higher by orders of magnitude especially at low temperatures,

108,126,134

but even at room temperature. Such rate constants are in good agreement with

experiments, especially when high-level PES are used.!!0 135139

. Ele troni tr t re ethods

As the results critically depend on the underlying reaction hypersurface, it is worth spend-
ing a few words on the electronic structure methods used for the calculation of points on
these hypersurfaces. Theoretical chemistry can be divided in two major areas, namely the
quantum mechanics (QM) area and the molecular mechanics (MM) area. Molecular me-
chanics relies on the assumption that the total energy of the reaction system can be summed

up from contribution arising from non-optimal configurations of different atomic groups. In
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this manner bond-length, bond-angle, dihedral, van-der-Waals, hydrogen-bonding energy
terms are summed up depending on the positions of the atom nuclei. This is compu-
tationally rather easily to manage, and, therefore, systems containing many thousands
of atoms can be treated fairly easy. The disadvantages are that a force-field containing
many different atom types has to be parametrized before the system of interest can be
investigated, accuracy is quite low and bond-breaking and bond-making (i.e., a chemical
reaction) can not be described. On the other hand quantum mechanics directly solves the
(time-independent) electronic Schr dinger equation by numerical methods in order to find
the electronic energy for a certain atomic arrangement. These methods require not an
a riort parametrization and are, therefore, called a initio methods. The disadvantage
of these methods is that it is very time-consuming to perform such calculations. With
present implementations of the QM-methods, as e.g. in GAUSSIAN98,!%% and present days
computers it is affordable to calculate the electronic energy of systems containing about
20 atoms in a reasonable time of, say, a month, when using methods that take electron
correlation effects carefully into account. From this last sentence it is clear that the quan-
tum mechanical methods can be divided in many subgroups of different accuracy and time
expenditure. There are many textbooks giving a good overview on this topic, e.g., the
book written by Levine'! or the book written by Jensen.'*? All of these methods employ
the Born-Oppenheimer approximation stating that the heavy nuclei stay statically in their
positions, while the light electrons move very fast into favorable positions. The electrons
are only allowed to move in certain areas in space determined by the so-called basis-set,
which is a set of (mostly) atom centered functions. The computationally unfeasible limit of
an infinite basis-set results in the lowest possible electronic energy reachable by a certain
method. The methods differ in their way of taking the electron-electron interactions into
account. The most easy way to do so is to neglect it at all, as is done in Hartree-Fock

theory. Other approaches start from the Hartree-Fock solution to the wave-function, which
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is perturbed by the action of an operator, in order to take electron correlation into account.
These methods are called M ller-Plesset calculations up to different order, e.g., MP2 or
MP4. Coupled cluster methods work with cluster operators converting the wave-function
in such a way that excited Slater determinants contribute to the wave-function. E.g.,
CCSD(T) allows for single, double and perturbative triple excitations. Other approaches,
called multideterminant approaches, introduce configuration interaction, i.e., the possi-
bility that electronically excited states contribute to the wave-function. However, all of
these methods are computationally too intensive and scale unfavorably with increasing
system-size in order to be a useful method for the generation of a reaction surface of many
hundred point in a 10 atomic system. Therefore, I only used MP2, CCSD(T) and G2(MP2)
methods in order to calculate energies for the stationary points on the hypersurface. For
the wealth of points on the surface I used hybrid density functional theory employing a
medium sized basis-set containing both diffuse and polarization functions. This method is
comparable in computational cost with Hartree-Fock calculations and shows a fortuitous,
but systematic, error cancellation when using medium sized basis-sets. Hybrid density
functional theory relies on the Hohenberg-Kohn theorem, which states that it is possible to
calculate all ground-state molecular properties from the electron probability density. The
Kohn-Sham equations tell one how to calculate the exact electronic ground-state energy.
This equation contains the exchange-correlation energy, for which a rigorous solution is im-
possible. Many approximate functionals have been developed in a rather empirical manner
for the exchange-correlation energy. There seems to be no systematic way of improving
this contribution. Most of these functionals are derived from the homogeneous electron
gas and involve the local spin-density approximation for molecules. Hartree-Fock theory
can be viewed as a special (unaccurate) example of density functional theory. In hybrid
density functional theory the exchange-correlation is calculated as a linear-combination

of the Hartree-Fock exchange and the exchange-correlation functional. A hybrid density
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functional calculation, therefore, is only slightly more expensive than a Hartree-Fock calcu-
lation and a useful method for the calculation of many points on the reaction hypersurface.
I have chosen to employ Becke’s 3 parameter functional containing also a non-local corre-
lation developed by Lee, Yang and Parr (B3LYP). The three parameters in this functional
are optimized in order to get the best agreement with the known energies of a molecule

test set (the G1 test set).

. Pro ed re

Geometry optimization of the equilibrium structures and the transition states was per-

formed both by hybrid density functional theory (B3LYP/6-31 G(d))*** and second-order

144 a5 implemented in Gaussian98.14°

many-body perturbation theory (MP2/aug-cc-pVD )
The nature of these stationary points was verified by diagonalization of the Hessian ma-
trix. All transition states exhibit a single negative eigenvalue. Coupled cluster with single,
double and perturbational triple excitation energies at geometries found by application
of second-order M ller Plesset perturbation theory (CCSD(T)/aug-cc-pVD //MP2/aug-
cc-pVD )46 and by Gaussian-2 theory using MP2, i.e., G2(MP2),'*7 served as verifi-
cation of the generally high performance of hybrid density functional theory B3LYP for

107,148-150 and as benchmark for the reaction energetics, especially

hydrogen-bonded clusters
the reaction barrier.
The path of steepest-descent (MEP, IRC)'?" 1?8 was evaluated in a mass-scaled coordi-

! using a reduced mass of 1 amu starting from the transition state (TS) at

nate system?!’
B3LYP/6-31 G(d) level'*® 148151 with the aid of the path integrator of Page-Mclver!?* 125
and a stepsize of s 0.05 Bohr (1 Bohr corresponds to 0.53 ). The Hessian was updated
every third point in both directions. Altogether about 900 points at B3BLYP/6-31 G(d)

level of theory were computed on the MEP according to the techniques implemented in
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Polyrate8.2'5%153 and using the path convergence parameters found to be successful for
the much more critical “pure” proton transfer reactions.!?®197 Additionally a grid of 600
points was calculated in the reaction swath at the same level of theory for the calculation
of the LCT correction. The reaction path and especially the reaction barrier obtained
from hybrid density functional theory were adjusted to the G2(MP2) results by an in-
terpolation procedure!'% 131,134,154 that has already proven to give results very close to
experiments.!*® The reaction rate for the unimolecular isomerization step was obtained
from classical variational transition state theory (CVTST)% corrected semiclassically to
describe non-classical barrier penetration, i.e., tunneling, and reflection.%%:105,106 Thege
non-classical effects were quantified by the microcanonical optimized multidimensional tun-
neling method ( OMT)'® as implemented in Polyrate8.2.15%153

The effect of the pre-equilibria on the reaction rates for a homogeneous reaction was
taken into account by calculating the association constant of the water molecules and guest
molecules in the initial unimolecular complex!®® and multiplying them with the unimolec-
ular reaction rate constants. This procedure ensures that the effect of a potential energy
minimum, i.e., hydrogen-bonded complex, on both the activation energy and the tunneling
correction factor is taken into account properly.!® The Gibbs free energies required to

obtain the equilibrium constants were gathered by calculating partition functions for the

involved species using B3LYP/6-31 G(d).
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a 1idation o the Method

.1 Proton Trans er in arbo yli A id imers

Any model that is used to predict something has the drawback that it is just a model
relying on assumptions and approximations. In the case of variational transition state
theory corrected for multidimensional tunneling such approximations are besides others the
Born-Oppenheimer assumption of electrons instantaneously reacting on changes in nuclear
coordinates, the reaction path separability assuming that the transition from educts to
products occurs along a single reaction coordinate separable from all other 3N-1 degrees of
freedom in an N-atom system, the assumption that there is just a single transition state,
the assumption of electronic adiabaticity, i.e., that no electronic transitions occur along
the reaction path. In order to test whether these assumptions and approximations are
justified, comparison with reliable experimental results has to be sought. For the multiple
proton transfer reactions investigated in this study carboxylic acid dimers seemed to be a
good example for the validation of the method, especially because a wealth of experimental
studies is available on formic, acetic and benzoic acid dimers. For all of these dimers the

most favorable orientation is the planar dimer as depicted in Figure 3.1.

38
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Figure 3.1: Hydrogen bonded dimer of formic acid as existant both in condensed phases
and the gas-phase.

. Previo s E perimental and Theoreti al t dies

The synchronous double proton transfer in carboxylic acid dimers is long known and has
been studied thoroughly. For a long time experiments focused on equilibrium proper-
ties, e.g., determination of geometries of the monomers and dimers and the energetic sta-
bilization upon dimerization using IR-, Raman- and microwave spectroscopy as well as

electron diffraction.t57-161

These measurements were soon followed by theoretical investi-
gations.'627167 Studies of the dynamics have been possible by means of T -NMR spin-lattice
relaxation spectroscopy. The fully symmetric double well potential found theoretically in
isolated dimers is modulated in the condensed phase of benzoic (p-toluic) acid dimers to
an asymmetry of about 0.10-0.24 kcal /mol.160,161,1687171 Tp thege experiments the apparent
activation energy for the hydrogen transfer at room temperature has been determined to
be 1.15-1.44 kcal/mol. All atoms together are dislocated by 0.69-0.80  during the reac-
tion, which occurs with a frequency between 2.6 10 and 3.7 10 s~ for differently
meta and para substituted benzoic and aliphatic acid dimers.'6%17%172 These results have

173,174

been confirmed by inelastic neutron scattering measurements. At low temperatures

(15-50 K) the apparent activation energy goes down to 0.18-0.30 kcal /mol. Different non-
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aromatic carboxylic acid dimers exhibit an about ten times slower interchange than the
benzoic acid dimer.!”™ In crystals of benzoic acid dimers the deviation from centrosym-
metry, i.e., the energy asymmetry of the double-well potential, can be removed by doping
with guest heteroaromatic molecules (e.g. 107* mol/mol thioindigo).'" '8 The tunneling
matrix element and isomerization rate are practically unaffected by the nature of these
guest dyes.!™17:177  A]] studied substituents of the acid dimers yield similar results, ex-
cept ortho-substituted aromats.'”® ! The most precise determination of the tunnel-matrix
element by fluorescence line narrowing at 1.4-4.2 K yields 0.32 0.03 cm™ together
with a zero-temperature proton tunneling rate of k 2 10 s~ in the doped crystals.'®?
In mixed acetic-fluoracetic acid dimers the splitting was estimated from microwave rotation
spectra as early as 1964 to be between 0.5 and 5.0 cm~ .!%® The temperature T below
which tunneling predominates the over-barrier mechanism is found to be between 50 and
120 K in different experimental studies, but tunneling also remains relevant in the mainly
classically activated high-temperature limit.'!3 176,183,184

From the theoretical point of view the experiments show that the description of the
dynamics by one-dimensional models is insufficient as the exchange in the benzoic acid
dimer is influenced by several normal-modes.!'®® Namely, in the first excited state of
a heavy atom rocking mode the exchange is 56 times faster than in the ground state.!8¢
Shortening of the OO-distance by external pressure also increases reaction rates.'®* 187 Such
an increase has been found computationally for excitation of the interdimer-stretch and the
COg rocking mode in the formic acid dimer as enlarged tunneling splittings corresponding
to increased reaction rates (k 2).172

Early estimates for the reaction barrier of the formic acid dimer were about 15 kcal /mol
at Hartree-Fock level of theory''!!88:189 and 12 kcal/mol at MCPF and CISD level of

theory.'881%0 Nowadays, the highest level of theory available is a G2 calculation based

on MP2/6-31G(d,p) geometries and on single point energy corrections at MP2, MP4 and
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QCISD(T) level with large basis sets containing diffuse and polarization functions.'”! The
barrier obtained by this G2 approach is 5.20 kcal/mol with zero-point correction and
8.94 kcal /mol without. The apparent discrepancy of the rather high theoretical and rather
low experimental exchange barrier estimates was attributed to “transitions between OHO-
fragment vibrational levels under the action of random forces of the surrounding” and
“proton tunneling promoted by the low-frequency mode excitations” in a two-dimensional
study.'® However, there is no quantitative data accounting for the difference between
bare barrier height and apparent activation energy. Here, the factors contributing to the
lowering of the apparent activation energy will be presented in a reaction path dynamics
study directly obtained from a initio data. In contrast to other studies the approach used
in this work is full-dimensional rather than three-dimensional'®%'9%19 and full a initio
1

rather than relying on a specially parametrized semiempirical hypersurface,!®’ which is

important for a proper description of a wide region of the potential energy surface (PES).1%
I further studied the transfer reaction of systems containing one (HD) and two (DD)

deuterons instead of the carboxylic protons. Additionally, the first correlated calculation

of the exchange barrier in the benzoic acid dimer is presented.

3.2.1 Tunneling Splitting

For further comparison to experiment the tunneling-splitting  has been estimated from
the data of the reaction path calculation. Namely, the ground-state tunneling probabil-
ity P at zero-temperature and the equilibrium reaction-coordinate double-well potential

frequency  can be utilized for this purpose:!97>194:195
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Therefore, the zero-level tunneling splitting is related to the low-temperature limit of the
tunneling correction. It is hence temperature-independent and can be compared directly
with molecular beam experiments, which involve measuring pure transitions between two
well-defined quantum states. These “rough estimates” have been quite successfully used
to predict ground-state splittings  .'%01% Data for the transfer in (HF), obtained from
reaction path calculations (0.44 and 0.61 cm™ )'% are comparable to accurate quantal cal-
culations (0.43-0.66 cm™ )?°%201 in predicting the experimental value (0.66 cm™ ).202 As
the sudden straight line paths are expected to be the most probable reaction mechanism
yielding the highest rates, the LCG3 tunneling probability has been used for this esti-
mate. However, if more precise information like mode-specific splittings are desired other

approaches to obtain tunneling-splittings have to be applied.19%203-210

. es Its Obtained by T T

3.3.1 Reaction Rate and Mechanism

As can be seen in Figure 3.2 on the next page the highest tunneling corrections stem
from the direct corner-cutting (LCT) approximation, which is reasonable for the mass-
combination of the transfer studied. The reaction thus takes place by first following the
MEP some way up starting from the minima in order to decrease the OO-distance. When
the system has reached an orientation where the potential in the swath is favorable it crosses
the dividing surface in a straight manner by directly following the OH-stretch direction.
Typically, this orientation is near to the TS at high temperatures (i.e., OO-distance re-
duction of nearly 0.3 ) and near to the minimum structure at low temperatures (i.e.,
OO-distance reduction of less than 0.1 ). The representative tunneling energy is 1.0 and
2.0 kcal/mol below the saddle at 300 and 100 K, respectively. A similar mechanism of a

preliminary hydrogen bond compression has also been found in some other systems show-
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Figure 3.2: Reaction rate constants for the concerted proton exchange in (HCOOH), at
MP2///B3LYP level employing different tunneling corrections.

ing multiple hydrogen transfers.!'® 116118119211 1 comparison to the LCT rate constants
obtained directly from VTST at AMI1-SRP level of theory'” my predictions are higher
by two orders of magnitude at 200 K and one at 300 K as predicted qualitatively previ-
ously.'® The difference is on the one hand due to the much steeper ridge of the reaction
swath106:10%:212 5t AM1-SRP level and on the other hand due to the AM1-SRP barrier
higher by 0.7 kcal /mol.

3.3.2 Importance o Tunneling up to Room Temperature

The crossover-temperature T between the high- and low-temperature regimes is found to
be between 70 and 100 K from the change between the two linear regions in the Arrhenius
plot. Already the CT approximation provides a good estimate for T , although the
intermediate region is broader compared to the LCT result. Especially the latter compares

113,176,183,184

very well with the experimental curves. Below T tunneling predominates

clearly as can be seen from the small amount of heavy atom movement. Above T tunneling
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still plays a major role. Namely, a proton tunneling distance of more than 0.4 is found
at the representative LCT path (300 K). A similar result has been obtained by Kim.'%!
The total displacement between the two minima of 0.63  compares very well with the
recent neutron scattering result of 0.686 .!"> More than half of the total hydrogenic
motion occurs, therefore, in the classically forbidden tunneling region even at ambient
temperature.

The associated tunneling splitting is estimated to be 0.09 cm™ . This is an order
of magnitude higher than the one found employing a three-dimensional PES.'® It has
been suggested that the adiabatical treatment of the strongly and linearly coupled low

111,172,208,209 i5 the reason for the small splitting found in this

frequency CO, rocking mode
study.!®2% However, comparing the employed MCPF barrier of 12.0 kcal /mol with the
G2 barrier of 8.9 kcal/mol'®! the difference rather seems to emerge from the too high
barrier. Other low-dimensional studies yielded splittings of 1.8 cm~ (Makri, Miller?'?)

and 0.3 cm~ (Chang et al.'®®) for the ground-state but seem to suffer from neglecting

skeletal motion and thus give an unphysical low effective mass.

3.3.3 Isotopic Substitution

The results for the LCT isotope effects on the rate compare not very well with the experi-
ments.! 1168170 Ohyiously they are suffering from the fact that the straight line paths are
poor approximations for the deuterated species. However, the found kinetic isotope effect
in the small curvature tunneling regime shows a similar tendency to the experiment.'
While the curve for the ratio of k(HH) to k(HD) approaches  at high temperatures,
higher values at lower temperatures are found due to enhanced tunneling. A similar be-
havior is calculated for the ratio of k(HD) to k(DD) with the exception that it starts from
lower values at low temperatures and drops slower to  at increasing the temperature.

The stronger decrease of the OD vs. the OH stretching frequencies in the minimum
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structure compared to the TS causes an increase in the zero-point corrected B3LYP/6-
31 G(d) barrier from 3.97 to 4.68 and 5.44 kcal/mol from the HH to the HD and DD

species, respectively.

3.3. Apparent Acti ation nergy

The reduction of these zero-point corrected barriers due to tunneling is shown in Figure 3.3
on the following page. Earlier attempts to reproduce the experimental results!68170-172
suffered from uncorrelated barriers, incompletely optimized transition states showing too
long OO-distances and from omitting tunneling.!'!>188:189.214 The curves given here are in
considerably better agreement, but still slightly higher than the experimental results, i.e.,

113,168,170 The task arising from Figure 3.3 on the next

1.4 kcal /mol at room temperature.
page is to find the reasons for the remaining small differences. I surmise that some further

effects account for the remaining discrepancy:

Correlated Barrier in the Benzoic Acid Dimer

First, the barrier for benzoic acid dimer (BAD) is lower than for formic acid dimer (FAD).
For BAD the barrier seemed to be lower by about 2 kcal/mol judging from calculations
not taking into account electron correlation, which was unfortunately the highest level
of theory available in the literature for the system of 128 electrons.2'* Thus I provide
here to the best of my knowledge the first correlated barrier for the proton exchange in
BAD. Namely, at B3LYP/6-31 G(d) level of theory the barrier is 7.40 kcal/mol, meaning
a barrier reduction of 0.99 kcal/mol compared to FAD caused by the phenyl substituent.
The main reason for the lower barrier is that the OO-distance is reduced from 2.72

(FAD) to 2.68 (BAD) in the minima, but not affected in the TS, i.e., 2.43  for both.
The “presumably underestimated” experimental ground-state barrier'!? contributes further

to a better matching between the two activation energy plots.
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Apparent Activation Energy [kcal/mol]
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Figure 3.3: Isotope effect on apparent activation energy of intermolecular proton ex-
change in (HCOOH), HH , (HCOOH)(HCOOD) HD and (HCOOD), DD at B3LYP/6-
31 G(d) level with small curvature tunneling correction from ground-state. For compari-
son the zero-point corrected barriers are shown (straight lines).

Additionally, incoherent transfer is important for some experimental results. This theo-
retical study focuses on the coherent transfer that has been realized experimentally through
the doped systems of benzoic acid dimers. The effects arising on the transition to inco-
herent transfer are not subject of the present study. Although I do not believe that the
small energy asymmetry can influence the here presented results drastically, especially
at temperatures above 100 K, presently many steps are taken towards a more complete

understanding of dynamics in the condensed phase.2!5-219

Vibrational citation

Finally, excitation of vibrations due to the thermal bath of neighboring molecules can lead

to a considerable increase in the rate constants.'® 172 185,186,209

It is thus necessary to
investigate the normal-modes participating in the reaction in order to identify the modes

accelerating the reaction on excitation. Therefore, the MEP was recalculated in another
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Figure 3.4: Minimum energy path for the concerted hydrogen exchange in (HCOOH), in
Dy (TS) normal-mode mode basis (see Figure 3.6 on page 50). All other normal-modes
exhibit coefficients lower than 0.05.

coordinate system using the 24 vectors of vibration at the transition state as basis. The
multiples of each vector needed to reach a special point on the MEP from the TS are
called a set of coefficients.19:220 Analyzing these set of coefficients along the whole MEP
one can assert that mainly four vectors (i.e., normal modes) are relevant for the proton
exchange. The coefficients of these important normal-modes are depicted in Figure 3.4. 1
thus agree with a previous study?®® that at least a four-dimensional treatment is necessary
for a correct description of the dynamics. These four dimensions are the synchronous
hydrogen transfer (OH-stretch), interdimer-stretch, CO; rocking and CO4 bending modes
(cf. Figure 3.6 on page 50). The OH-stretch mode contributes to the reaction for the whole
process, whereas the other three modes do not participate near the TS (-0.5-0.5 Bohr), i.e.,
they are just assisting prior to the actual hydrogen transfer by reducing the OO distance.
The rate of transfer is, therefore, strongly influenced by excitation of these modes. Raising
the OH-stretch from the ground state to the first excited state leads to a shortening of the
OO-distance by 0.073 and an increase of the tunneling-splitting by a factor of 10-100 as

predicted from spectra of carboxylic acid bimolecules.'®® In contrast to a previous study it is
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Figure 3.5: MP2///B3LYP curvature couplings to the minimum energy path.

found that motions of other symmetry than A or B; like the asymmetric hydrogen transfer
coordinate (B ) contribute not to the coherent reaction.!®® The corresponding coefficients
are perfectly zero, while other A or B; modes show contributions lower than 0.05 along
the whole path. However, the representative LCT-path is in qualitative agreement with
the most probable path (MPP) found by Shida et al.!90192

The curvature couplings of the various modes to the intrinsic reaction coordinate are
depicted in Figure 3.5. The same modes as in Figure 3.4 on the page before are found to be
relevant. The OH-stretch mode is missing as it is the transfer coordinate by itself. The re-

1.298 These modes

maining modes are essentially the same as those found by Benderskii et a
have only small non-zero normal-mode coefficients, but the coupling constant becomes as
large as 2.4 Bohr™ for the monomer rocking. Most of the modes show maximal coupling
between 0.3 and 0.7 Bohr where also the gradient reaches a maximum. Only the coupling
of the CO, rocking mode increases continuously towards the entrance channel of the re-

action. Excitation of modes curvature coupled to the reaction path enhances the reaction

rate due to an increased energy flow to the reaction coordinate.%%: 101120205 Therefore, the
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COg rocking is perfectly suitable for accelerating the transfer in its vibrationally excited
states in the entrance channel. The other modes can enhance the reaction in later stages
of the reaction, even in the part of the reaction where direct corner cutting occurs, because
the modes of Figure 3.5 on the preceding page are as well coupled to the LCT paths. The
characterization of all relevant normal-modes is shown in Table 3.1 and Figure 3.6 on the
following page. For the minima all slow and fast modes are within 10% and 3% of the

experimental'®® result at B3LYP/6-31 G(d) level of theory, respectively.

Description
monomer rocking | 1751 4.1 Bj
bending of H bonds | 1639 1.1 A
free H bending 1406 1.1 Bs
monomer bending | 1400 6.6 A

CO3 bending 737 6.6 A
interdimer stretch 491 92 A
CO, rocking 231 12.5 By

symm. H transfer | 13241 1.1 Bj

Table 3.1: Frequency cm~ , reduced mass amu and irreducible representation  of

the normal-modes important for the HH-transfer at the transition state as predicted from
B3LYP/6-31 G(d).

In summary this study shows what is required to reach an accuracy within the exper-
imental error limits. First, the full-dimensional nature of the reaction path needs to be
considered, i.e., no vibrational degrees of freedom may be frozen out. Second, the elec-
tronic structure methods need to contain electron correlation effects. Third, the reaction
barrier needs to be known to the best possible accuracy. Fourth, multidimensional op-
timized tunneling corrections need to be employed. If attention is paid to all of these
points the experimental results can be approached rather closely, so that smaller effects

like vibrational excitation can be invoked to be responsible for the remaining discrepancies.
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Figure 3.6: Normal-modes of the transition state participating actively in the concerted
proton transfer in the formic acid dimer.
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