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PREFACE

The ice surface of HyO crystalline ice is composed of three distinct groups of
surface-sites. These sites have localized vibrational modes that are observed in the IR
spectrum of an ice surface. By using various sampling techniques, the IR spectrlim of the
ice surface is obtained for nanocrystalline particles (small particles of ice that are
approximately 25-70 nm in diameter) that are formed at ~70 K, and allows the |
assignment of the exposed IR surface bands to specific groups of surface sites. ‘
Therefore, the IR surface spectrum of crystalline ice is composed of IR bands tha\t
corresponds to specific groups of surface-sites. This site-specific view of the icelsurface
is useful in studying the interactions of adsorbing molecules (such as N7 and CO) with
the ice surface. Information such as the heat of adsorption or preferential adsorptlon of
an adsorbate onto specific surface-sites is also be obtained and presented in this tpe51s.
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L Introduction '

I.1. General |

This thesis describes the spectroscopic studies of the crystalline ice surface and of
adsorbates on the surface. Large volumes of literature exist on HyO in its gas, liquid,
glass, and ice phases. On earth, HyO is commonly found in the gas, liquid, and |
crystalline phases, and is an important molecule in terrestrial life. However, most bf the
H»>O molecules in the universe are in the ice phase, and are commonly found in
interstellar dust particles and comets.},2 Small ice particles are also found in the
stratosphere, and participate in atmospheric chemistry.3’4 With the abundance of small
H»>O particles in our universe and our planet, many disciplines of science would béneﬁt
from a detailed understanding of the ice surfaces. Although information about the‘HzO
ice surface would benefit science in general, atmospheric chemists, astrophysics, aﬁd
astrochemists would have immediate applications for such knowledge. ‘

Examples that are of interest to atmospheric chemists are the roles that smfaces
of small ice particles play in ozone depletion and cloud electrification.” Molina aﬁd
coworkers have determined that the uptake of HCl on the surface of H>O, nitric ac%id
trihydrate, and sulfuric acid tnihydrate particles is an important step in the process of
ozone depletion.3a4 The ice surface catalyzes the reactions that release Cl; from élNOz.
Ultraviolet radiation promotes the formation of Cl radicals that react with O3 to form

ClO and Oj. ClO molecules can react with NO7 to form CIONO9 molecules that will

react with the ice surface to produce more Cl radicals that further destroy O3 molecules.

Another interesting prospect for future ice particle research is to study the c‘harge
transfer between ice particles that are involved in cloud electrification.d Up drafts%iand
down drafts are common within clouds and cause charge separation in clouds by |
collisional charge-transfer between ice particles. The ice particles in the down dra‘lft
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collide with water droplets and smaller ice particles in the up draft. This mechanism

causes the cloud to become positively charged at the bottom and negatively charged at

the top. Again, we intend that our research will aid in understanding cloud electrification

and ozone depletion on a molecular level.
Astrophysicists are concerned with reactions within and on the surface of |

interstellar dust particles. Dust particles of HyO ice are usually contaminated by contain

[o)

other molecules such as CO and are found in comets and in interstellar clouds.1,2;
Interstellar dust particles are formed when HyO and other molecules condense or are

produced (by chemical reactions) on the surface of a silicate core. The ice portion of the

dust particles gives an indication to their history. For example, if the ice of the du‘st
particles are amorphous, the interstellar dust particles were formed in interstellar épace at
low temperatures. However, if crystalline ice is present, the particles must have ‘
encountered a heat source.

The surfaces of the icy interstellar dust particles are thought to play a role m
ionization and radical processes that occur in comets and interstellar clouds.6-9 Icy
analogs of cometary ice show that cosmic ray bombardment causes the formation %)f
organic molecules, such as HyCO, CO7, C>0, C30, and H>CO3, from HyO+CO zé’;nd
HyO+CO3 icy mixtures.® Organic molecules, such as CoH30H, HpCO, CHy, CO and
CO», are formed from a 1 um thick layer of CH30OH+H7O mixture that is bombaraed
with cosmic rays. Similar results are observed for UV (ultraviolet) photolysis of i<:;;y
interstellar dust analogs.2 Although the reactions above occur within the mantel oif an
icy analog, they do indicate that carbon bearing molecules could condense (adsorb) on

the surface of an icy dust particle, and could polymerize to form larger organic

molecules. These surface reactions may be significant in determining the abundanice,

history, and distribution of organic molecules throughout the universe. 7
Information about interactions of adsorbates with the amorphous ice surfa(le has

already been useful in debating the origin of Hy frozen on the surface of interstellar dust

2



particles in interstellar clouds.45 Previous theories suggested that Hp molecules are
formed by irradiating H)O molecules with UV light. The Hy molecules would remain
trapped in the mantels of the dust particles or drift onto surface sites.8 However,
knowledge about the adsorption of Hy on the surface of amorphous ice is used to predict
another mechanism for H> molecules frozen on the surface of interstellar dust particles.

This method is that free Hy molecules adsorb on an icy surface upon contact with the icy

interstellar particles.9

Obviously, these examples are not the only application for the knowledge gained

about crystalline ice surfaces. They are meant only to illustrate some potential uses of

our research. Our model of the ice surface could be useful in understanding and
|
evaluating other surfaces. However, this thesis will focus only on the identification and
source of the surface-defect vibrational modes on the crystalline ice surface, as well as

the adsorbate interactions with the ice surface. .
‘.

L2. The Ice Surface

I.2.1. History

The history of the identification of surface-defect sites and adsorption of small
molecules on the crystalline ice surface 1s brief. The earliest scientific results that are
correspond to the crystalline ice surface are reported for a matrix-isolated HyO dimer
study that was published in 1957. 10 This study was the first of many matrix-isolation
studies on HyO dimers. These studies determined the proper geometry for the dimer, and
assighed the infrared absorption frequencies of the vibrational modes for the dimer! 11,12
Molecular beam infrared predissociational spectroscopy!3 and ab initio calculations!4
are also used to assign the dimer structure and the vibrational frequencies of the dimer.
The similarity between the H>O dimer and an H»O ice surface is that the frequency
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assignment for the antisymmetric stretch vibrational mode of the proton-donor molecule
in the dimer (see Fig. 1A) is used to justify the assignment of a surface-defect vibrational
mode that is first reported for the FT-IR (Fourier Transform Infrared) study of amorphous
ice.15 Also, the shiﬁs in the dimer vibrational frequencies upon a change in matrices
(Ar, N», and Xe)1 3 correspond to the observed shifts in the surface-defect vibrational

\
frequencies caused by the adsorption of molecules on an ice surface.46

Figure 1A shows the HyO dimer geometry. The only correspondence between the
dimer and the crystalline ice surface is the vibrational frequency of the antisymmc‘:tric
proton donor HpO stretch of the dimer. One hydrogen of the HyO proton donor nlmolecule
is hydrogen bonded to the proton-acceptor H)O molecule, and the remaining hydri‘ogen 1s
free of hydrogen bonding. The IR vibrational frequency of the antisymmetric pro{:on-
donor stretch is located at ~3730 cm-1.13 This frequency aids in assigning the ﬁrLt
surface-defect vibrational mode observed for amorphous ice in 1975.13 / \

In an infrared spectroscopy study of amorphous ice, Ritzhaupt et al. 15 observed
an IR adsorption band at 3697 cm-1. They assigned the band to the surface-defe:citi
vibrational mode of the dangling-H (d-H) group (see Fig 1B) that forms when H2®
surface molecules lack the four hydrogen bonds that the internal HyO molecules possess.
The defect in the hydrogen bonding leaves one hydrogen free of hydrogen bonding with
the other hydrogen bond to the oxygen of an "internal" H>O molecule. There are \three

hydrogen bonds around the oxygens of the dangling-H molecules, which accounts|for the

shift in the d-H IR frequency to a value than is lower that the antisymmetric proton-donor

dimer frequency.

Observations of icy interstellar dust particles motivated various research gwoups to
create laboratory analogs that could be used to reproduce the infrared spectra of the
interstellar dust particles. 16 Success was achieved by slowly depositing mixtures lof HyO
with other molecules (such as CO and NH3) on an infrared transparent window ata

temperature of ~10K. This formed amorphous ice with various impurities. Ritzhaupt et
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Figure 1. The geometries of the H0 dimer (A) and the d-H (B)




al. and Tielens et al. discovered that the infrared absorption band at 3700 cm-1 increases
intensity as the dilution of HyO increases. 15,17 Tielens et al. correctly surmised that the
3700 cm-! band is due to incomplete hydrogen bonding of the H>O network due to the
increase in impurities, and they effectively assigned the 3700 cm-! band to the d-H.
Tielens et al. did not report that the d-H is an inherent feature of the amorphous ice
surface. However, they did add additional proof to the existence and frequency
assignment of the d-H.

|
|
|
|
\

The d-H was also observed by Page et al. in 1987.1 8 They observed a high

|

frequency band at 3715 cm-! in the infrared predissociation spectra of (H7O)g and
(HpO)19 clusters, which was attributed to the "free" O-H stretch. The "free" O-H ‘stretch

is later shown to be equivalent to the d-H. Their work on (HpO)p, (n=6 and 19) clﬁsters 1S
‘1
The literature information that is relevant to our study of the crystalline ice\\

discussed at length later in this thesis.

surface and that was reported before 1991 has been summarized above. The d-H s“urface-
|
\
defect vibrational mode for the crystalline ice surface is first reported in 1991.19 Since
then, the d-H vibrational mode has been observed in zeolites, silicates, and mono]a\yers of

HyO deposited on a Ni surface.20-23 A complete model of the crystalline ice surf“ace has

. . . . ] .
been developed and is presented in this thesis. Also, the d-H is only out of three distinct

\
surface-defect groups. 1
1.2.2. Localization of Surface-Sites \

It 1s advantageous when a seemingly complicated observation can be understood
by breaking it down into simple notions; especially if these simple notions are rooted in
obvious conclusions. This is the case for the spectra of the crystalline ice surface. | The
IR spectrum in Figure 2A indicates a complex view of the surface. If the IR spectrum for
the bulk vibrational modes can be eliminated from the total (bulk + surface) spectrum,

6




!
the surface spectrum would be revealed, and composed of bands that are due to thL
surface-defect vibrational modes. Figure 2B is an IR spectrum of the crystalline H,O ice
surface obtained by an annealing scheme. However, the difficulty of interpreting t“his
spectrum is reduced by using a simple model to identify specific structures of molc‘\ecules

on the crystalline ice surface. |

The annealing scheme that was used to expose the IR surface spectrum in f? igure
2B will be discussed later in great detail. A simple description is that annealing czluses
small nanocrystals with large surface areas and less bulk become larger nanocrystals with
smaller surface areas and more bulk. The IR spectrum of the surface shown in Figme 2B
is composed of the positive bands that result from subtracting the small nanocrystall
spectrum by the large nanocrystal spectrum. The negative bands are attributed to the IR
spectrum of the interior H)O molecules. The experimental chapter outlines the acFua.l

procedures employed to produce the spectra that are presented in Figure 2.

i
‘
|

In the interior of crystalline ice, there are 4-coordinated HyO molecules (eziph
H»O molecule is surrounded by four hydrogen bonds) at every position in the crystilalline
lattice. This repeating 4-coordinate (4-coord) structure comes to its logical end at the
surface. The end of the repeating 4-coord molecules is considered to be a defect il‘\l the 4-
coord structure, hence the term surface-defect. These defects are seen in Figure 3,i;and
are the 3-coord dangling-H (d-H or d-D for the dangling-D), 3-coord dangling-O (d-O),
and surface 4-coord (S-4). In amorphous ice, the 2-coord d-H molecules are also \

\
observed.!9 The 3-coord d-H molecule is formed by two hydrogen bonds with the

oxygen, and one hydrogen-bond with the hydrogen of the d-H molecule. A surface HyO
molecule that has one hydrogen-bond with the oxygen and two hydrogen-bonds wiLh the
hydrogens will form the 3-coord d-O. The S-4 molecules are 4-coordinate molecules that
experience tetrahedral distortion due to the surface. This model of the crystalline ilce

surface is identical for crystalline cubic ice and crystailine hexagonal ice.24
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Recognition of the d-H, d-O, and S-4 surface-defect sites not only simplifies the
interpretation of the surface IR spectra, and simplifies the spectral interpretation for other
systems such as the Page et al. IR spectrum for the (H20)19 clusters (see Fig. 4). Noﬁce
the qualitative one-to-one correspondence between the (H20)19 spectrum and ouri
surface spectrum (see Fig. 2B). This demonstrates that the consideration of the hydrogen
bonding around H)O molecules is extremely important to the spectra produced. S‘pectra
produced in different systems are directly related to the coordination of the H>0
molecules within that system. Obviously, the coordination of the molecules involved in

producing the surface spectrum are analogous with the coordination of H>O molecules in

the (HpO)1 9 clusters.

L2.2.1. (H20)0

Page et al. created water clusters in a molecular beam and obtained the infrar%d
spectra by using IR predissociational spectroscopy.18 Predissociation spectra are |
obtained by crossing a tunable IR laser with the molecular beam. The (HpO)19 clusters
that are formed by an expansion dissociate when the laser frequency matches a
vibrational mode of the H7O molecules in the cluster. The vibrationally excited HyO
molecules in the clusters cause the clusters to dissociate. Therefore, spectra are taken by
observing the loss of mass from the molecular beam as a function of IR frequency.
However, the traditional bolometer that is used as a detector cannot discriminate between
clusters of different masses. This makes it difficult to obtain IR spectra for particular
(H20)p cluster sizes. Page et al. solved this problem by using a quadrapole mass
spectrometer to determine the intensity for specific masses in the exit beam. This

allowed IR spectra for (HyO)g and (H>O)1g clusters to be obtained. A diagram of their

experimental setup is presented in Figure 5.




55

S0

45

40

Absorbance

35

30

3750

3650 3550 3450 3350 3250 3150 3050
Wavenumber

Figure 4. Page et al. predissociational IR spectrum of (HyO)19

2950



Figure 5. Page et al. experimental diagram



No frequency assignments were reported by Page et al. for the spectra, except the
d-H mode at 3700 cm-1. The main thrust of their work was to determine whether these
clusters are liquid or crystalline as a function of size. Insights into the frequency
assignments of the (HyO)19 spectrum are given by eva]uating H>O)o structuresi that
are theoretically determined by Buffey and Brown?25 and Jordan and Tsai.26 ‘\

The most stable structures from Buffey et al. and Jordan et al. calculations\‘, are
presented in Figures 6A and 6B, respectively. Both groups agree that the most st;ble
structures of the (HpO)p( clusters are composed of 3-coordinate d-H and d-O moliecules,
but Jordan et al. structure also consfst of very distorted S-4 HpO molecules. Bu&%y and
Brown fitted the intermolecular AFHF (analytical fit to the Hartree-Fock sampliné)
potential to over 230 Hartree-Fock calculated dimers of HyO, and the HyO monormers

are defined as rigid molecules using experimental data.25 Jordan et al. used the TIP4P

|

The (HO)p¢ structure in Figure 6A is composed of 3-coord d-H and d-O |

- potential26 to model the intermolecular interactions.

molecules that parallel d-H and d-O surface-defect groups on the crystalline ice su~rface
(see Fig. 3). However, the (HpO)j structure in Figure 6B is composed of 3-coord d-H
and d-O, and S-4 molecules. The difference between the molecules in the (H20)2~0
structure in Figure 6B and molecules in the crystalline ice surface is the amount of
distortion in the S-4 molecules. The IR spectra of (HpO);q and of the crystalline ice
surface are expected and observed to be qualitatively similar (see the spectra presTnted in

Figures 2B and 4). The conclusion that can be made from the preceding observations is

that the spectra of ice surfaces and small (HyO), clusters are viewed as being constructed

from the vibrational modes of d-H, d-O, and S-4 groups.

13



Figure 6. The (H0)>( icosahedral structure of Buffey et al. (A), and the cubic structure
of Jordan et al. (B)




1.2.2.2. The Ice Surface

Further information on the ice surface-defect groups is obtained by analyzipg the
binding and potential energies in the theoretical publications for (HyO)y( clusters ;and
HyO ice surfaces.23-27 This aids in developing a picture of the ice surface by exaiwmining
stability éf the surface-defect groups on the ice surface. The publications of Buffe}y and
Brown25 as well as Jordan and Tsai26 offer binding energies for generic HyO moliecules
in the (HpO)pg cluster. The reason that blndmg energies are calculated for genené
(HpO)»( molecules is that the (HpO)y( structure is not separated into d-H, d-O, and S-4
sub-structures. 25,26 However, Buch's classical simulation of the H»O ice surface ’yleld
potential energy values for the d-H, d-O, and S-4 surface-defect groups.27

Buch created an amorphous (H2O)45( cluster by simulating condensation of
HyO(g) molecules with classical trajectory calculations.2”7 The intermolecular pot\ential
is described by a TIPS2 potential, and the intramolecular potential for an indjvidua’l HyO
molecule is described by a customized potentia127 that accounts for the O-H and H-H
interactions. The trajectories were carried out for the temperature range of 10 to 27 X,
and yielded a structure that has 1-, 2-, 3-, 4-, and 5-coordinate HyO molecules. ThL
(HpO)450 cluster is displayed in Figure 7, and the number of 1-, 2-, 3-, 4- and 5-
coordinate HyO molecules in the 450 molecule cluster is listed in Figure 7. Most (\)f the
‘(HpO)450 molecules are located on the surface. Therefore, the potential energies
determined for molecules on the 3-coord and 4-coord cluster molecules correspond to
potential energies for molecules on the crystalline surface, because the 3-coord and 4-
coord structures of the cluster correspond to the structure on the ice surface.

Buffey et al.23 and Jordan et al.26 calculated the binding energies to be ~ 7\
Kcal/mol and 10 Kcal/mol for the molecules in the (HyO)y( cluster. These binding
energies are for generic H)O molecules, and cannot be separated into 3-coord d-H, d-O,

and S-4 binding energies. Also, the binding energies for the (HyO)(o molecules are

15



1-coord 2

2-coord 30
3-coord (d-D) 30

3-coord (d-O) 59
4-coord 302
5-coord 27

Figure 7. Buch's (HyO)45( cluster, and the number of differently coordinated H>O

molecules in the (Hy0)450 cluster



greater than the HyO dimer binding energy of 5.44 Kcal/mol (experimentally

determined). The increased stability of the (HyO)) molecules is due to the increase in

the number of hydrogen bonds.

Accurate calculations for potential energies of the surface-defect groups were
achieved by Buch.27 The intermolecular potential energies for the d-H, d-O, and é-4
groups are -19.0, -17.7, and -23.3 Kcal/mol, respectively. Advantages of Buch's model
over the others are that the 3-coordinate HyO surface molecules are separated into d-H
and d-O sites, and the surface 4-coord molecules are accounted for. The surface

molecules of ice are more stable than the (H20)70 molecules, which are more stable than

the dimer.
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II. Experimental

II.1. General

The objective of the experimental design is to create sufficient ice surface to be

observed by using infrared spectroscopy. Techniques that have been successfully used to
do this are vapor deposited amorphous ice19, monolayer of HyO molecules on a m§ml
substrate23, and suspended or deposited nanocrystals (small crystalline HyO ice clesters
that are ~25 nm in diameter).19:46 The data reported in this thesis were obtained by
using nanocrystals. ‘

The experimental chapter is divided into three separate sections that descnb‘e the

experimental equipment, procedures, and band fitting. This division into three different

sections allows greater clarity about the means by which the data are obtained and |

analyzed. The experimental equipment section provides a detailed list of the equip:ment
as well as the assembly of the experimental apparatus. The procedure section contzL.ins

topics such as sample preparation, data evaluation, and other procedural tasks. A
discussion of the spectral information, which is used to obtain values for the average size
of the nanocrystals for the surface-defect vibrational mode assignments and for adsorbate

isotherms, is included in the band-fitting section.
I1.2. Experimental Equipment

[1.2.1. Vacuum Line

The vacuum arrangement that was used to obtain the data is shown in Figure 8,
and a description of all the corresponding components is listed in Table 1. The vacuum

assembly eliminates thermal transport from the cooled static cluster cell to the
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Figure 8. The vacuum line assembly
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Table 1.
A list of equipment for vacuum line and diffusion pump

[.D. number I Representation; Function

1 Diffusion Column; cools the oil at the upper tip and condenses it.

2 Qil reservoirs.

3 Heater connection wires; heat the oil.

4 (0-10)mm orifice stopcock; connects vacuum line to mechanical floor
pump.

5 (0-10)mm orifice stopcock; connects the vacuum line to the oil
diffusion pump.

6 (0-3)mm orifice Teflon vacuum valve; connect vacuum line to the
Hastiings DV-5M vacuum gauge.

7 Liquid N» trap; traps impurities when dipped in liquid N>

8 Female glass end; connects the vacuum part of the vacuum line to a
vacuum manifold.

9 O-ring sealed male glass end; connects the vacuum manifold of the
vacuum line.

10 (0-3)mm orifice Teflon vacuum valve; connects the vacuum manifold to
the vacuum line.

11 Vacuum Manifold; connects the vacuum line to the sample portion of
the thermos portion to the total vacuum assembly.

12 (0-3)mm orifice Teflon vacuum valve; connects the sample loading
section of the vacuum assembly to the manifold.

13 SL sample bulb: reservoir for gaseous samples used.

14 (0-3)mm orifice Teflon vacuum valve; connects the 5L sample bulb to
the 1 L charging bulb.

15 1 L charging bulb; connects the sample bulb to the (0-10)mm orifice
stopcock and pressure gauges. Used to provide consistent sampling by
loading to a specific pressure from the sample bulb.

16 Inlet to a Validine gauge.

17 Inlet to a Validine gauge.

18 (0-3)mm orifice Teflon vacuum valve; connects inlets 16 and 17 to the
charging bulb.

19 (0-10)mm orifice stopcock; connect the 1L charging bulb to the vacuum
line.

20 (0-3)mm orifice Teflon vacuum valve; connects the vacuum manifold to
the inlet that serves to eliminate thermal transport.

21 Inlet to the outer portion of the cluster cell that eliminates thermal
transport.

22

Inlet to the inner portion of the cluster cell.




surroundings, and provides a way for loading gas phase HyO/N» samples into the cell.

The vacuum line #21, which is connected to the vacuum through inlet #20, provides the

necessary vacuum that eliminates thermal transport within the cryogenic equipment
assembly. The sample handling region of the vacuum assembly occurs past inlet #19 It
is connected to the cluster cell assembly through vacuum line #22. This part of th‘
assembly has several components, such as the sample bulb (#13), charging bulb (#15),
and stopcock (#19), that will be discussed in detail.

The vacuum in the line is achieved by using a Welch Duo-Seal model 1402

roughing pump, as well as an oil diffusion pump. The minimal pressure observed is
~104 torr. A Teledyne Hastings-Raydist DV-5M gauge is used to determine the rrilinimal
pressure of the vacuum, and is connected to the vacuum assembly through inlet #6‘.
Pressures, which range from 0.01 to 150.0 torr and 0.1 to 1000 torr, are accurately;L
measured by using Validine gauge models AP10-32 and AP10-42, respectively. The
AP10-32 gauge is connected by vacuum line #16, and the AP10-42 gauge is connected by
vacuum line #17. Both vacuum line #16 and line #17 are connected to the vacuum
through inlet #18.

The vacuum apparatus used to load samples into the sample bulb (#13) resembles
the vacuum assembly depicted in Figure 8. The differences are that the vacuum line #21
does not exist and that the vacuum line assembly past inlet #12 is removed (e.g., vacuum
line #22, and stopcock #19). The sample bulb (#13) is attached to inlet #12, and ei‘ther

the carrier gas, liquid H>O sample bulb, or lecture bottles can be connected through inlet

#20.
IL.2.2. The Cryogenic Cluster Cell

The experimental assembly of the cryogenic cluster cell is divided into two parts.

The components of the outer portion of the cryogenic cluster cell assembly are shown in
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Figure 9 and described in Table 2. The components of the inner portion of the cryogenic

cluster cell assembly are presented in Figure 10 and described in Table 3. Both inner and

outer portions of the cryogenic cluster cell are connected to the vacuum line by two

separate inlets that serve two different functions. The first (inlet #26) allows the iyolume

between the cluster cell and the can (#23) to be evacuated at all times (i.e., insulates the

cluster cell from room temperature). The second (inlet #30) is used to evacuate the inner

portion of the static cluster cell or load gaseous samples into the static cluster cell.

|
Inlets #24 and #27 are wire feed-throughs for the temperature diode and |

resistance heater, respectively. The temperature measuring assembly consists of a model

DT-450-SR-13 LakeShore thermal diode (#37; See Fig. 10) connected to a model|201

LakeShore Cryotronics thermometer. The heater components include a ~40 ohm

constantan wire heater (#38) connected to model 116B Powerstat vanable auto

transformer. Component #23, #24, #30, #31, and #32 of Figure 9 were manufactured in

the Oklahoma State University Physical Sciences Machine Shop; the other components

are standard with an Air Products HC-2 water-cooled closed-cycle helium cryogenic

refrigerator that can cool the static cluster cell to ~25 K.

Fig 10A illustrates and Table 3 describes the assembly of the inner portion

of the

cryogenic cluster cell assembly. The ~40 ohm resistance heater (#38) is wrapped around

a copper cylinder that has a lip on one end. The lip serves as a barrier for a brass nut

(#43). The brass nut 1s threaded to fit a copper bolt that is located on the wall of the

static cluster cell (#34) which is butt jointed to the copper cylinder (#38). A thin s

indium is placed between the bolt of the copper cluster cell (#34) and the copper ¢

lab of

ylinder

(#38) to ensure good thermal contact. A bolt with threads to match the brass nut was

soldered onto the cluster cell, and 1s used to connect the cluster cell to the copper
cylinder by tightening the brass nut. Thermal contact is maintained for the therma
(#37) to the cluster cell (#34) by wrapping the diode in an indium nugget and press

indium wrapped diode with the copper tongue assembly (#36) to the cluster cell by

22
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Figure 9. The outer cluster cell assembly
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Table 2. ‘

A list of equipment for the cryogenic cluster cell presented inFig. 9 |

'LD. number | Representation; Function
|

23 Outer can; houses the cluster cell in a constant vacuum to eliminate
thermal transport. |

24 Thermal diode feed through; connect the thermal diode to a Lake $hore
digital readout to determine the cluster cell temperature at the windows.

25 Metal valve; allow pumping on the expander unit as well as around the
exterior of the cluster cell. !

26 Metal-glass joint; connect the vacuum line to the expander unit.

27 Heater wire feed through, connects a 40 ohm heater on the end of the
cold finger to a Variac voltmeter. |

28 Helium gas connectors; connects the refrigerator to the cell by hoses.

29 Expander unit. \

30 Metal-glass joint; connects the vacuum line to the cluster cell. !

31 Metal base; connects the expander unit to the outer can. |

32 3.8 cm side window stainless steal retainer; protects the KBr window
from damage. \

33 KBr can side window.

i
\
|
|
|

|

\
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Figure 10. The inner portion of the experimental cluster cell assembly (A), and

cluster cell (B)
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Table 3.

A list of equxpment for the inner-portion of the cluster cell assembly in Flgures 10A and

10B |
|
LD. number | Representation; Function ‘

34 Brass cluster cell; nanometer sized clusters are formed here.

35 Screw; connects the brass tongue to the cluster cell.

36 Brass tongue; presses the thermal diode to the cluster cell. 1

37 Thermal diode; used to determine the temperature near the zinc sulﬁde
windows. ‘

38 Metal flange with resistance heater; connects the cryogenic cold ﬁnger
to the cluster cell, and heats with a 50 ohm resistance heater. '1

39 Cryogenic cold finger; can cool the cluster cell to ~ 20 K. '

40 Metal expander shroud; protects the expander unit and cold ﬁnger from
damage. |

41 Electrician's plastic tie strap }

42 3.5mm (1.d) rubber tube; connects the Metal-glass joint to the brass
elbow joint.

43 Brass nut; connects the Metal flange with resistance heater to the cluster
cell.

44 3 cm brass retainer; protects and aids in pressurizing the zinc sulfide
windows onto the cluster cell.

45 Brass elbow joint; connects the rubber tubing to the cluster cell.

46 Zinc Sulfide windows.

47 Indium sheet washer; forms a seal between the cluster cell seat and the
zinc sulfide windows to eliminate gas leaks.

48 Cluster cell window seat; allows the windows and indium washers to be
deeply seated within the cluster cell, while connecting the cluster cell to
the windows.

49

Metal bolts; connects the retainer to the cluster cell and pressurizes the
windows to the cluster cell.
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tightening the screw (#35). Rubber tubing (#42) is used to connect the cluster cell to the

outer vacuum line. The rubber tubing is tightly fitted to nozzles machined on the brass

elbow joint #45 and the vacuum inlet #30. The rubber hose is tightened onto the “
machined nozzles with standard plastic tie straps (#41) as used by electricians. ‘

Many of the components illustrated in Figure 10B and described in Table } are
illustrated in Figure 10A. However, sealing the ZnS windows has yet to be discusised.
Sealing IR transparent windows, which can contain gas pressures of an atrnospher%e for
temﬁeratures ranging from room to 20 K, is difficult. The best procedure (we havé
found) to seal the windows (#46) of the static cluster cell (#34) is to use two pape%—thin
indium gaskets (#47) that are placed between the window and the static cluster ceil seat
(#48). One gasket will not fill every scratch and pit that exist on the window and =§ea’t.
Therefore, two gaskets are required for each window. The gaskets are cut out of piaper—
thin sheets of indium by using the equivalent of a cookie cutter (machined at OSU%).

A window is pressed against the static cluster cell by tightening the six 7/6{4 head
allen bolts (#49) within the brass retainer (#44) with an even torque. This is achje;.ved by
using a Model 6103 Proto allen torque screw driver. Each bolt is tighten to a maximum
of 6.5 Kgcm in S intervals 0of 0.7, 2.15, 3.6, and 5.05 Kg cm indicated on the torqlfe

screw driver. This limits the shearing stress due to uneven tightening that can crack the

window.
I1.2.3. Instrument and Interfaced Computer

A digital single beam FT-IR spectrometer is interfaced to a Digilab (Bio-Rad)
3280 data system (Digilab PC) that is based on the Motorola 68000 microprocessor. The
specifics about the instrumentation and the FT-IR scan settings for the collecting the
experimental data are given in Table 4. Some customization is required to investigate the

nanocrystalline ice surface. These changes are to build a mount that suspends the
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Table 4. i
Description of the spectrometer, data station, and data collection settings :

l

Spectrometer | Spectrometer
Type of interferometer Single
Interferometer Michelson interferometer
Spectral range 4000-500 cm-!
Type of beam splitter KBr/Germanium coated
IR source Ceramic glower
Detector Triglycine Sulfate Detector (TGS)
Converter Analog-to-digital

Resolution at which the spectra are collected

4 cm-! (sometimes 2 cm-1)

Purging Dry air

Computer i Computer
Random access memory M
Data storage 801M hard disk drive
Apodization Triangular
Plotter Digilab laser printer/plotter
Computation Fourier transform system
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cryogenic cluster cell above the spectrometer, and to transfer data from the older Digilab

PC (which uses an UNIX operating system) to an IBM compatible PC (which usesja DOS

operating system). |

The experimental data are analyzed by a 486 66Mhz DX2 PC that is capable of ruinning
more programs for spectral evaluations (such as band fitting with the PeakFit progi{am) at
a superior speed to the Digilab PC. This makes data collection from the spectromc;,ter the
only significant function of the Digilab PC. ;

The cryogenic cluster cell, illustrated in Figure 9, can be suspended above tlhe
spectrometer from a firmly suspended grooved plate. The components within this
arrangement are illustrated in Figure 11 and described in Table 5. A grooved stain,i,ess
steel plate (#54) is suspended by securing the suspension assembly to the wall (#51)
behind and the ceiling (#50) above the spectrometer. By sliding the base of the expander
unit (#29) onto the grooved plate (#55), the cryogenic cluster cell can be firmly
suspended. Its height and orientation can be manipulated by adjusting the nuts (#56)
below the grooved plate. These adjustments allow the maximum IR transmittance

through the sample region of the static cluster cell to be achieved. The expander unit is

secured by tightening a thumb wheel clamp (#57) that presses the base plate of the

expander unit to the grooved plate.

I1.3. Experimental Procedures

A major problem that must be overcome to observe surface-defect vibrational
modes is having sufficient surface area to observe the surface-defect vibrational modes.
This research group employs three methods that produce high surface-to-bulk ratios.
These methods are based on gas-phase suspended nanocrystals, window deposited
nanocrystals, and amorphous ice. These methods of creating observable ice surfacés are

reproducible and easy to do. They are also discussed at length in this chapter.
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Figure 11. Suspension assembly




Table 5.
Description of the suspension assembly

ID. number | Representation; Function

50 Steal rod; connects the top plate to the ceiling to secure the plate.

51 Steal rod; connects the top plate to the wall to secure the plate.

52 Top stainless steal plate; Allows the grooved stainless steal plate to be
suspended, and is securely fastened to the wall and ceiling.

53 Threaded rods; used to connect the grooved plate to the top plate, and to
adjust the height of the grooved plate.

54 Grooved stainless steal plate; used to support the cryogenic cluster cell

55 Groove; groove cut out to allow the expander unit to slide into the
grooved plate.

56 Small nuts; threads match the threaded rods, and are used to adjust tllne
orientation and height of the cryogenic cluster cell via the grooved plate.

57

Thumb wheel clamp; secures the base plate of the expander unit to the
grooved plate.
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Standardized procedures are developed to insure sampling reproducibility for the

suspended and deposited nanocrystals.

An obstacle arises from the need to separate the vibrational bands of the interior
ice molecules from the surface-defect infrared absorption bands. One method fogr
eliminating the bulk portion of a spectrum has already been discussed. A detailecii
description for obtaining the annealed difference spectra is given in this section. %The
annealed difference scheme is not the only scheme to differentiate between the ble IR
bands and the surface IR bands. The adsorbate-shifted difference scheme is also
employed to eliminate the bulk contribution to the nanocrystalline spectra. This 5

technique is used to observe the surface-defect vibrational mode behavior in the presence

of an adsorbate. ‘
|

IL3.1. Methods Used to Create Ice Surfaces \

|

The methods that are used to create ice surfaces that are observable by usii‘ng FT-

IR spectroscopy have been discussed. They are suspended nanocrystals, window

deposited nanocrystals, and microporous amorphous ice. These methods are not the only

methods to create observable HyO surfaces, but they are simple, rapid, and inexpensive.

Each method has advantages and disadvantages, but only the suspended nanocrystals and

widow deposited nanocrystalline sample procedures are described here.

I1.3.1.1. Suspended Nanocrystals

Gas-phase suspended nanocrystals (the aerosol of crystalline cubic HyO ice
clusters) were the first H>O ice samples to be studied in the static cluster cell. Surface-
defect vibrational bands were first observed for crystalline ice using this sampling

method. 19 Also, the suspended nanocrystals serve as analogs of atmospheric ice clusters
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that are of interest to atmospheric chemists. A discussion of the experimental

procedures, parameters, and advantages will be discussed in the following sections.
Procedures ‘

Loading a gaseous mixture of HyO (DO) with a carrier gas (usually Np) a‘,‘t
~100/1 molar ratio (N3/H>O) into the 5 liter sample bulb (#13) (see Fig. 8) is the 1
beginning of the procedure. Next, the sample bulb (#13) is connected to the vaculim line.
It is used to charge the 1 L charging bulb (#15) to a predetermined pressure by clo:%ing the
0-10 mm orifice stopcock (#19). During charging with the gaseous sample, the Te‘fbn
valve #18 is left open to allow the pressure to be monitored. Once the desired pres?sure 1s
obtained within the charging bulb, Teflon valves #14 and #12 are closed, and stopé;ock
#19 is opened allowing the gaseous mixture to enter into static cluster cell (#34) (sée Fig.
10). Valves #20, #10, #6, and #5 remain open during loading. The purpose of the
charging bulb is to insure loading reproducibility. |

One preload must be made before good aerosol spectra can be taken. This ‘i!s due
to the excessive uptake of HyO by the 'dry' experimental equipment. A backgrounc%i
spectrum is needed after the initial load, and a new background is also required aft%:r
every subsequent load to compensate for ice that has deposited on the windows. T}}e
background spectra are usually 256 scans at resolution of 4 cm-1 (res 4). Once a lo"ad is
made, spectra that are taken are usually 50-100 scans at res 4. Res 4 is adequate to
achieve the quality spectra that are needed to observe the surface-defect IR bands. [The
resolution of the features that are revealed in spectra taken at a res 2 offer little advantage

compared to the res 4 spectra. The decrease in scanning time for res 4 spectra allows

more scans to be obtained over a given period of time. The increase in the numberiof

scans results in increased signal-to-noise ratio.
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The reason that fewer scans are taken of the suspended nanocrystal than for other

methods is that the nanocrystals diffuse and settle out of the aerosol suspension. ’I"he
half-life for HzO (D70) arosol sample that is suspended in N7 at 70 K is ~ 7 mim';tes
which is time required to run ~100 scans. The half-lives of the aerosol samples inicrease

with temperature, and triple from 70 K to 120 K.

i

Unloading a sample from the cluster cell requires closing the Teflon valve #20

and opening valve #12. Closing valve #20 will retain the vacuum that surrounds the
static cluster cell (#34), thereby not allowing thermal transport and rapid warmingj of the

static cluster cell to occur. Opening valve #12 connects the vacuum line to the inner

portion of the static cluster cell, and evacuates the sampling volume. Once the sarhpling

volume is evacuated, valve #12 is closed, and valve #20 is reopened which allows
|

i
|
i

reloading to begin.

Experimental Variables |

Controllable parameters that affect nanocrystal size are pressure, temperat\l'ilre, and
the type of carrier gas. A reasonable model for nanocrystal formation needs to be i}f,tated.
Quite simply, the gas vapors are dumped into the static cluster cell. On the way inito the
static cluster cell, the HyO (D)O) vapors are cooled, and nucleate to form a liquid
droplet.28 After the formation of the liquid droplets, growth and freezing occur thus
resulting in nanocrystals of cubic ice. Once the nanocrystals are formed and suspended
in the carrier gas, they are depleted by sticking to the walls of the static cluster cell, or the
larger nanocrystals can simply settle out.29 The average diameter of the nanocrystals are
calculated to be from 25-70 nm (see appendix A.1).

By varying the temperature and pressure, the average size of the suspended
nanocrystals can be altered. The dependence of the average size (of the nanocrystals) on

the temperature and pressure is displayed in Figure 12. The average size of the

34




80T | //’l
€ a —
860 —
B
g 40 b
e A |

220 ——— —N
N e e
04 + + + + + ‘

10 150 200 250 300 350 400 450

Charging Press (torr)

Figure 12. A comparison that shows the general trends of pressure versus the average
size of the aerosol HyO nanocrystals suspended in N7 at 120 K (a), 85 K ( b), and
70K (c)
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nanocrystals increases with increasing pressure, because additional HyO (D70O)
molecules are available for growth. The average size also increases with increasing
temperature which relates to the increase in the size of the critical nucleus for thel gas-to-

' |
liquid transition. The size increase due to temperature is also observed as a rise in the

baseline of the aerosol ice IR spectra due to Mie scattering.30 The best concentration
(which we use to provide ample intensity for analysis) of H>O (D2O) ina gaseou;
sample is a saturated sample of HyO (D70) in one atmosphere to N> at and roomég
temperature. |

The advantages and disadvantages of using the suspended nanocrystal sarr;‘_pling
method have been discussed above, but they are summarized here. The advantagés are
that surface-defect vibrational modes are observable for temperatures below 120 K, that
the clusters can be used as analogs of atmospheric ice clusters, and that the proceciiures
and equipment needed to produce suspended nanocrystals are relatively simple. 1i|"he
main disadvantages are that the nanocrystals diffuse and settle out of the sample (?,‘which
lowers the intensity), that the ratio of signal-to-noise is not as good as other sampliing
methods (due to the reduced scanning time), and that a range of temperatures cannot be

evaluated for the same load (limited to the loading temperature).
I1.3.1.2. Window Deposited Nanocrystals (WDN)

This method of sample preparation has proven to be very valuable in studying the
crystalline ice surface. There are many benefits to this method that makes it preferred

over the use of suspended nanocrystals or amorphous ice. Presently, WDN represent the

preferred way to observe and manipulate ice surfaces (with and without adsorbates) in
our group. Several similarities exist between suspended and window deposited

nanocrystals sample preparations, but the differences are significant and are discussed.
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Procedures

In the suspended nanocrystal section, it was discussed that the suspended
nanocrystals diffuse or settle out, and that some of the load will stick on the IR
transparent windows. Approximately 7% of the nanocrystals in each load deposits on the
windows. Therefore, a 'film' of nanocrystals is created by successive loading of gaseous
H0 (D20)/N3 samples. This is accomplished by using the same procedures outlined for
the suspended nanocrystal. However, the exact mechanical procedure for sample
preperation of the suspended nanocrystals is repeated approximately 60 times.

A reference spectrum is taken before loading occurs. The WDN procedure
requires loading N7/HpO (D70) (100/1) into the static cluster cell at ~70 K. The
charging bulb is pressurized to ~250 torr before the sample is loaded into the cluster cell.
The amount of signal intensity for the vibrational modes consistently increases with

repetitive loading, but an ample intensity is obtained after 60 loads which takes

approximately 3 hours to complete.

Experimental Variables

The temperature and carrier gas effect on the nanocrystal size of one load and
multi-loads are discussed here. As with suspended nanocrystals, trends are observed that
relate the WDN size to experimental conditions. While suspended in the N7 carrier gas,
the behavior of the nanocrystals is identical to that discussed in the previous section, but
the deposition process affects the average nanocrystal size.

The temperature effect on the average sizeof the WDN corresponds to the
temperature effect on the size of the suspended nanocrystal. As the temperature
increases, the size of the deposited nanocrystal increases. The carrier gas of a sam ple

coats the cluster and prevents further growth as the boiling point of the carrier gas is
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approached. The further the temperature is below the boiling point of the carrier gas, the

faster it coats and restricts nanocrystal growth. This is observed until liquefaction| of the

carrier gas becomes significant enough to make the evacuation (through the vacuum line)

of the static cluster cell difficult. Figure 13 shows the relationship between the |

percentage of nanocrystals deposited on the windows and temperature. Argon ‘\
percentages correspond to those of Ny with a 10 K shift that corresponds to the 101 K
difference between the boiling points of the two gases. The reason that lower
temperatures are not used to deposit nanocrystals is that the liquefaction of the cari;rier

gases makes the subsequent evacuation of the static cluster cell difficult.

\
&
Advantages and Disadvantages ‘.

Similar to the suspended nanocrystals, the surface-defect vibrational rnode% are
observable by the WDN method. However, the IR intensities of the surface vibrati?onal
modes for the WDN are much greater than the suspended case because of the repetitive
loading that increases the thickness of the WDN samples. The only factor that has been
determined to limit the measured intensity for the surface-defect vibrational modes is the
endurance of the person performing the deposit. The IR absorption intensity of the
surface-defect modes increases upon the continual deposition of nanocrystals. This
allows surface-defect vibrational modes to be observed better than for suspended
nanocrystals.

The fact that nanocrystals are deposited on the windows allows for interestl‘ng
options that are not possible for suspended nanocrystal. The pressure of an adsorbing gas
(such as Ny, Hp, or CO) can be varied to interrogate surface groups and to measure
isotherms that determine the heat of adsorption for adsorbates on the cubic ice surface.
WDN allow for particle size selection to be accomplished by annealing; thereby allowing

the surface-defect vibrational spectrum to be exposed though the use of difference
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spectroscopy. Kinetic experiments that could lead to a better understanding of

preferential deuterium bonding and sublimation of ice can also be conducted on the

|

i
WDN surface. 31,32 1
I1.3.2. Difference Spectra

The dangling-D band is compared to the bulk stretching-mode absorptions in

Figure 14A. Even for small nanocrystals, the bulk region of the IR spectrum domirgxates
the nanocrystalline IR spectrum. Therefore, methods that eliminate the bulk vibrat?ional-
mode contribution to the spectrum and that retain the nanocrystalline surface spectirum
are devised. Exposing the IR spectrum of the nanocrystalline surfaces is accompli$hed
by employing difference spectra that are created by subtracting spectra taken undeq

different conditions. Two methods for obtaining difference spectra are the annealej_d

difference spectra scheme and the adsorbate-shifted difference spectra scheme.

I1.3.2.1. Annealing Difference Spectra Scheme

The preparation of the WDN is achieved by the successive loading of No/HpO

(100/1) at ~70 K. After the deposition of nanocrystals is completed, the sample is

warmed to 100 K where it is annealed for 30 minutes. The sample is recooled to ~80 K
where an IR spectrum is taken. Once the spectrum is taken, the sample is rewarmed and
annealed at 150 K for ~30 min. Another spectrum is collected upon recooling to ~80 K,
and the spectrum of the 100 K annealed sample is subtracted by the spectrum of the 150
K annealed sample (see Fig 14B). Both spectra are taken at ~80 K to insure that no
temperature effects will influence the difference spectrum.

Annealing the deposit is used to increase the average size of the nanocrystals in

the deposit, thereby causing the nanocrystals of the sample to lose surface area and |gains
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bulk. So, the 100 K annealed nanocrystals are smaller than the 150 K annealed
nanocrystals. If the two IR spectra are subtracted, the smaller nanocrystals that have
greater surface area are shown as positive IR bands in the difference spectrum, arid the
larger nanocrystals that have increased bulk and decreased surface area are shown as
negative bands in the difference spectrum in Figure 14B.

The effects of adsorbates on the surface-defect vibrational modes are also-
investigated by using the annealing strategy. The same annealing scheme is applied to
the WDN described above. The only difference is that an IR spectrum is collected with
an adsorbate present (see Fig. 14C) before and after annealing. The adsorbate-shifted
surface-defect vibrational bands for the crystalline ice surface are shown as the po‘}sitive

bands and the bulk vibrational-modes are shown as the negative band.

I1.3.2.2. Adsorbate-Shifted Difference Spectra Scheme

The procedures used to create the sample in the adsorbate-shifted difference
spectra scheme are similar to the annealing scheme. A sample of WDN is made at ~70 K
by using a N»/H»O (100/1) gaseous sample and is annealed at 100 K for 30 min. After
annealing, the sample is recooled to a temperature where the adsorbate adheres to the
nanocrystalline surface. An IR spectrum for the bare ice surface is collected at theE
chosen temperature. The adsorbate is applied, and a second spectrum is taken. Fi gwe 15
is generated by subtracting an adsorbate-shifted IR spectrum with a spectrum of thé bare
surface. The positive peaks result from the shifted surface-IR-bands, and the negative
bands correspond to the bare surface-defect vibrational mode positions of the bare%;
surface. Adsorbate-shifted difference spectra are more difficult to interpret than |
annealed difference spectra because the bands shift by different amounts in the pre%ence

of different adsorbates, so, a higher frequency band that has a large adsorbate-indué:ed
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shift may shift onto a lower frequency band position that has a small adsorbate-induced

shift.
IL3.3. Annealing

Annealing the nanocrystals deposited on the windows of the static cluster ?:ell
increases the average size of the nanocrystals as the annealing temperature is increased.
The use of annealing has already been discussed regarding the production of différence
spectra. It also has been stated earlier that the annealed difference spectra exhibit loss of
surface area and gain of bulk ice upon increased annealing. The gain in the intenéity of
the bulk spectral region (negativé bands) indicates that the HyO (D70) molecules that
are vaporized from the smaller nanocrystals are redeposited on larger nanocrystals
(appendix A.2), and are not significantly lost to the cell.

A model for the physical processes that occur during annealing is obtained by
* using the nanocrystal-vapor pressure relationship that is obtained from classical
nucleation theory.29-33 It can be shown that the vapor pressure exerted by small blusters
is greater than the vapor pressure exerted by larger clusters (cluster being defined hs
small aggregates in any phase). Therefore, the average size of the nanocrystals increases
upon annealing at increasing temperatures, because the smaller nanocrystals vaporize and
its molecules deposit on the larger nanocrystals. The size of the unstable nanocryétals
increases upon annealing at higher temperatures. A semi-quantitave model of thei
annealing process is presented in appendix A.2.

A distribution of nanocrystal sizes is found for WDN. However, the range‘;of this
distribution in WDN size is not yet known. As a sample is annealed, ample time (fusually
~30 minutes) is allowed for annealing to occur, thus all the samples annealed at a given
temperature have the same average size of the nanocrystals. This is based on the d-H(D)

IR band intensity. A plot of the average WDN size versus annealing temperature for a
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D50 deposit, which was annealed at each annealing temperature for ~30 minutes and
which was recooled to obtain spectra at 80 K, is presented in Figure 16. The data plotted

in Figure 16 are fit an exponential equation that is related to the vapor pressure of the

clusters as shown in appendix A.2.

IL4. Band Fitting

Band fitting was used during this research, and was important part in evaluating
the surface-defect vibrational mode assignments in the infrared spectrum. Also, tHe
determination of the fractional surface coverage, which was crucial for the evaluation gf
an adsorbate isotherm on the crystalline ice surface, was made possible by band—ﬁt‘;ting
the bare and adsorbate-shifted positions of the d-H(D) band. The same band-fitting
computer program that was used to determine fractional coverage was also used to fit
various theoretical equations to experimental data. For example, the use of the Peakfit
program by Jandel is used to determine the heat of adsorption (AH, ) for the adsorbates
H», N7, and CO (see section IV 4),

Band fitting was used to determine the areas of various surface-defect IR bands.
These areas were used to determine the average size of the nanocrystals, to resolve the
annealed difference spectra, and to determine the fractional coverage of an adsorbéte on
the nanocrystalline surface. The band-fitting routine that was used to fit IR spectrzi was
also used to fit various equations (such as the Langmuir isotherm equation) to the ‘

isothermal data. General information about the band-fitting program and band fitting in

general is included in this section.
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I1L.4.1. General

Band fitting has a subjective quality to it. The initial guesses for the band
positions, band intensities, choice of bands (e.g., Gaussian, Lorentzian, or Voilt
functions), type of background, and the number of bands that are used to fit a given
spectrum are all subjective aspects of band fitting. Although the accuracy may be
questioned, precision is obtained by fitting a given data set with the same initial
parameters. The results yield useful information within a given data set. Other criteria
are used to justify the "goodness" of a particular fit, such as comparing results of the fits
to theoretical results (simulated IR spectra or ab initio calculations), and the conservation
of signal. One of the best guides is the question, "Does the fit make physical sense?"

Band fitting is carnied out on a Gateway 486DX2-66Mhz IBM capable PC with
the "PeakFit" program by Jandel. The program uses a fourth-order polynomial to fit the

background, provides a choice of 27 fitting functions, allows manually inserted fitting
| functions, and can fit up to 8 functions at one time. Other abilities of the PeakFit
program are to lock various values that comprise fitting functions (such as the amplitude
of a Gaussian function), to manually enter initial guesses for any function, to choosé the
number of functions that are needed to fit the spectrum, to manually manipulate and lock
values for the baseline, and to manipulate the data prior to fitting. The Gaussian function
are commonly used to fit the spectral data. Solid state spectral bands tend to be
described by Gaussian functions because of the dominance of inhomogeneous

broadening.
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I1.4.2. Nanocrystal Size

The size of the average nanocrystal is determined by obtaining a surface/bulk

ratio as shown in appendix A.1. From appendix A.1, the average size of the nanocrystals

is calculated by

(1) r=(A[bulk)/A[d-H]) x 1.39x10-2 nm,

where A[bulk] and A[d-H] are the fitted band areas for the bulk vibrational modest and
dangling-H(D) portions of an IR spectrum, respectively. The constant (0.0139) is from
appendix A.1, and r is the average radius (in nanometers) of the nanocrystals. The ratio
of the areas is determined by fitting the dangling-H(D) and the bulk stretchjng-mo{ie
regions of a nanocrystalline IR spectrum with Gaussian functions. WDN and suspénded
nanocrystal spectra are fit similarly to determine the surface/bulk ratio.

The fitting procedure for the d-H (D) region of a bare ice surface is identical for
all cases, and is displayed in Figure 17A. The d-H(D) portion of an IR spectrum is
selected by choosing reasonable end points. To the high frequency side of the d-H(D)
band, the points are considered to be on the baseline. To the low frequency side, tﬁe
points that are selected account for a portion of the out-of-phase d-O band, but the
PeakFit baseline fit accounts for this. A non-restricted baseline and a single non-
restricted Gaussian function (see Fig.17A.c) are used to fit this portion of the
nanocrystalline IR spectrum with consistent results.

Determination of the area of the bulk band included only enough Gaussian
functions to yield a good fit (see Fig. 17B). This required six non-restricted Gaussi%m
functions with two of the six Gaussian bands accounting for small amounts of the total
area, and a baseline that is restricted by allowing it to only move vertically. None of the

fitted bands is assigned to any IR absorption. Only the total area of the bulk bands is

used to calculate the average size of the nanocrystals.

48



0.03
8 0.02
8
2 a
2
< 0.01 b
C
0
3740 3720 3700 3680 3660 3640 3620 3600
Wavenumber
2
1.5
3
g
§ 1
—2 a
0.5 b
T ¢
0
3600 3450 3300 3150 3000 2850 2700
Wavenumber :

Figure 17. The band fit for the N7 shifted d-H (A) and bulk (B) portions of an HyO
WDN spectrum ‘

a) the original spectrum b) the fitted spectrum c) the fitting components



IL4.3. Fitting the Surface Portion of the Annealed Difference Spectra

A discussion regarding the procedure that is used to fit the annealed differénce
spectra is given here for the bare and adsorbed gas cases. Also, an evaluation of the
"goodness" of the spectral band-fits is determined for an annealed difference spectrum by
reproducing the experimental adsorbate-shifted difference spectrum with the band fitted
annealed difference spectrum of a bare surface and band-fitted annealed difference
spectrum of a covered surface. The adsorbate-shifted difference spectrum produced by
the band-fitted spectra is compared to the true experimental adsorbate-shifted différence
spectrum.

The surface bands exposed by the annealing difference scheme were fit w1th five
non-restricted Gaussian functions and a restricted baseline. A flat baseline was
imposed as shown in Figure 18A. The initial guesses for the five Gaussian functions
were loosely guided by using band positions and band intensities that were theorotically
predicted of the in-phase and out-of-phase vibrational modes of S-4. Known assignments
were used for the initial band positions for the out-of-phase mode of d-H and d-O. End
points were chosen that would fit the bulk region of the IR spectrum, and are shovs%n in
Figure 18A. Fitting the bulk region was accomplished by adding three more Gaussiian
functions which raised the total number of Gaussian fuctions to the maximum of eight
functions that are allowed by the program.

Fitting the bulk portion of the difference spectrum was necessary to correctly fit
the surface portion of the spectrum. While fitting the surface and bulk regions, thé
"goodness" of the fit was sacrificed in the bulk region, but this sacrifice gives a goéd fit
in the surface region by accounting for the low frequency bands. Once this fit wasi
obtained, the bulk bands were frozen, and two new end points were chosen that
accounted for the surface IR spectrum only. The fitting routine was rerun to obtain a

better fit for the surface region (see Fig.18B). The adsorbate-shifted annealed différence
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spectra were fit in a similar manner; except all the Gaussian bands were shifted toj‘ lower
frequencies (see Fig. 19B).

The experimental adsorbate-shifted difference spectrum (see Fig. 20a) is
reproduced by subtracting the band fit of the band-fitted adsorbate-shifted annealed
difference spectrum with the band fit of the band-fitted annealed difference spectrum of
the bare surface (see Fig. 20b). However, this is only a fit that reproduces the
experimental adsorbate-shifted difference spectrum, and other fits that are better may
exist. The agreement between the experimental and fitted spectra (see Fig. 20) aids in
validating the choice of Gaussian functions that reproduces the 3750-3350 cm_'l pbrtion
of the difference spectrum. The assignments of the fitted bands to surface-defect

vibrational modes may not be accurate, but some justification is given by their spectral

reproducibility.
I1.4.4. Isotherms

Fractional coverage for the saturation of d-D surface-defect sites with adsotbed
molecules is determined by fitting the d-D band positions for the bare and adsorbed
surfaces. Fitting the d-D region of the nanocrystalline IR spectrum to determine |
fractional coverage is similar to fitting the d-D region of the bare surface; except that
extra Gaussian functions are needed to account for the adsorbate-shifted d-D band. The
consistency of the fits is determined by using the conservation of signal. As in the bare
case, the baselines are unrestricted for CO, N, and H induced shifted bands. Thé
isothermal data obtained from fitting the d-D spectral region are fit by using the
Langmuir and custom isotherm equations.

The conservation of signal comes from the fact that a certain number of d-D
oscillators remain constant after annealing the sample at a given temperature. The IR

band for a limited number of d-D oscillators shifts and exhibits an intensity enhancement
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upon interaction with a particular adsorbate. So, the number of d-D oscillators
corresponds to the area under the d-D IR absorption bands and is given by
(2) Altotal d-D bare] = A[d-D bare] + (1/(Enh)) x A[d-D shifted],
where A[d-D bare], A[d-D shifted], and A[total d-D bare] are the fitted areas for the
unshifted d-D band, adsorbate-shifted d-D band, and the total unshifted d-D band,
respectively. The variable Enh represents the intensity enhancement factor for a §peciﬁc
adsorbate. The A[total d-D bare] is used to evaluate the consistency of the band fits
within a given data set. Usually, the A[total d-D bare] values are within 10% of eéch
other, and allow the use of a statistical test to accept or reject various fits. 34 |

The band fit for the partial coverage of CO on d-D sites is displayed in Figure
21A. Two unrestricted Gaussian functions are used to fit the CO-shifted d-D band, and a
single unrestricted Gaussian function 1s used to fit the unshifted d-D band. Two b;ands
are needed to fit the adsorbate-shifted d-D region because of the probable CO molecular
orientations on the d-D sites and/or the asymmetry of the broad CO-shifted d-D band. 45
initio calculations of the CO-HyO complex show that the interaction of the CO with an
H>O molecule prefers the carbon atom to interact with an H0.33 but both orientations
of CO interacting with the d-D surface sites are possible.35 Also, the CO-shifted d—D IR
band moves with respect to the amount of surface saturation, and has an average intensity
enhancement factor of 2.1. ‘

Spectra of N7 and H) adsorbed on the d-D surface sites are fit by using idebtical
procedures, and are displayed in Figures 21B and 21C. One unrestricted Gaussian:
function is used to fit the adsorbate-shifted IR band, and another Gaussian function with
a restricted band center is used to fit the unshifted d-D band. Restricting the unshifted d-
D position is needed to produce consistent and meaningful results. Other reasons for
freezing the unshifted d-D band center are that the amount of shift between the
adsorbate-shifted band position and the unshifted band position is small (8-15 cm‘ll), and

that shifts in the unshifted band position towards the adsorbate-shifted band positidns at
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intermediate coverages yield unphysical results. Also, consistent resuits are obtai:ined by
loéking the unshifted band center. The average intensity enhancement factors are;‘ 1.1 for
N7 and 0.85 for Hp.

PeakFit is aiso used to fit the fractional coverage resuits with the Langmuir
isotherm equation and a custom isotherm equation (see appendix A.3). The "user defined
function" option is used to enter various equations into the program, and the baseline is
frozen at the zero value. Some initial values that are used to curve fit an equation are
guessed, except for the cases where some experimental data existed. 56,57 A discussion
of the physical relevance of the isotherm equations and a derivation of the custom

isotherm equation are presented in the adsorbate chapter IV and in appendix A.3.
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HIL Infrared Spectra of the Surface-Defect Vibrational Modes

HL1. Review

As discussed in the experimental chapter II, depositing icy nanocrystals oﬁ
infrared (IR) transparent windows permits major increases in the surface-defect irifrared
band intensities with improved signal-to-noise levels compared to that for suspended
nanocrystals. The resulting spectra obtained from window deposited nanocrystals
(WDN) clearly reveal the surface-defect vibrational mode of the 3-coord d-H(D) (see
Fig.14a; Section I1.3.2.1). To eliminate the bulk "ice" vibrational modes from the ispectra
of the deposited nanocrystals, the annealing difference scheme or the adsorbate-sﬁiﬁed
difference scheme is used to uncover and display the surface-defect vibrational mbdes
(see Fig. 14b, 14c, and 15; Section I1.3.2.1). The purpose of this chapter is to the assign
the surface-defect vibrational mode in the IR spectra and to discuss the justiﬁcatidn of
these assignments.

An ice surface (particularly a crystalline ice surface) can be viewed as being
composed of individual surface-defect components of 3-coord d-H(D), 3-coord d-O, and
4-coord S-4 (see Fig. 3; Section 1.2.2). Also, the IR spectrum of (HyO)p( clusters is
similar to the H)O WDN surface spectrum above 3400 cm-! (see Fig. 22A and 22B),
thereby confirming that the IR spectrum of the crystalline ice surface is composed :of
surface-defect vibrational-modes that are separated into individual bands that corréspond
to specific groups of surface sites, and that the IR spectrum for d-H, d-O, and S-4 HzO
molecules in any phase (nanocrystalline surface, amorphous ice surface, or (H20)20
cluster) is similar. The number of IR bands that are produced by the surface-defecit
vibrational modes must be known to separate the IR surface spectrum into individual

bands. If the three surface-defect groups have out-of-phase and in-phase stretches, then a
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minimum of six bands are expected in the stretch-mode infrared spectrum of the WDN
surface. Also, three IR bands are expected in the bending region of the surface spectrum
Assiénments for the surface-defect IR bands are not straightforward. Dimer and
HyO molecular beam cluster data were used to assign the out-of-phase d-H at ~ 3700
cm-!. However, dimer frequency assignments led to an incorrect assignment of thé in-
phase stretch of d-H as 3563 cm-1.36 Accurate theoretically calculated frequencieS were
needed to provide guidance in assigning the surface-defect vibrational frequencies ‘below

3694 cm-!, and were obtained from the computational studies done by Leutwyler et
al.37, Hermansson et al. 38, and Buch et al.39

II1.2. Theory

Numerous HyO dimer frequency calculations and experimental Hy,O dimer:]‘
stretching-mode assignments have been reported. 10-13 vibrational frequencies of “ithe
H»O dimer are well known and understood. Fewer publications exist on HyO ring}
structures, and their corresponding frequency assignments.14.37.40 Rings such as 1the
(HpO)s (see Fig 23A) offer insight to the out-of-phase and in-phase stretches of twc?-
coordinate H>O molecules, but not 3-coord HyO molecules which are the lowest 1
coordinated molecules observed on the crystalline ice surface.40 Theoretical frequéncy
calculations on 3-coord d-H(D), 3-coord d-O, and S-4 are needed to model the IR sr%xrface
spectrum and to aid in assigning the IR bands of the ice surface. Only a few |

computational studies have been conducted for these types of frequency calculatiods.

IM.2.1. Leutwyler et al.

The structure of the (HyO)g cluster (see Fig. 23B) was optimized by using the

GAUSSIAN-86 program with the 4-31G basis set.37 This SCF calculation is apparently
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Figure 23. Leutwyler et al. (HpO)5 14 (A) and (H20)837 (b) structures
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the only ab initio calculation for the vibrational frequencies of small cage-like water
clusters. The significance of this structure is that it contains the 3-coord d-H and fhe 3-
coord d-O molecules with frequency calculations for both groups. Although Buffey et
al.25 and Jordan et al.26 (see sections 1.2.2.1) had minimized the geometry and potential
energy for the (HyO)y structures, they did not calculate vibrational frequencies fbr any
of the clusters they studied.23.26 |
Leutwyler et al.37 calculation assigns the out-of-phase stretch of d-H at ~3:740
cm-! and the in-phase stretch at ~3200 cm-1. The d-O out-of- and in-phase stretches are
located in the ~3600 cm-! region, and are not individually assigned. Assignments.are
made for the bending modes of d-H and d-O molecules at 1680 cm-! and 1720 cm.-‘_‘1 with
overtones in the ~3400 cm-! region. Although the vibrational frequency calculations
were incomplete (no S-4 molecules are present), the work of Leutwyler et al. offer; the

only computational results that aid in assigning the bending modes of the d-H and d-O

surface sites.
M1.2.2. Ojamae and Hermansson

Ojamae and Hermansson used an ab initio approach to calculate the binding
energies for an HyO molecule that is tetrahedrally surrounded by four other HyO
molecules (see Fig. 24A).38 By selectively removing HyO molecules from around lthe
central HHO molecule, binding energies were calculated for geometries that match the 3-
coord d-O (16 Kcal/mol) and d-H (15.8 Kcal/mol) geometries (see Fig 24B and 246). A
binding energy was calculated for a structure that corresponds to the S-4 (22 Kcal/rrzxole)
structure (Fig. 24A) which is formed by not removing H>O molecules from around ithe
central HyO molecule. Hermansson et al.4! also did calculations for interior HyO
molecules in bulk ice. The IR frequency assignments and IR intensity enhancements for

the d-H, d-O, and S-4 structures were calculated by Ojamae and Hermansson, and
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Figure 24. Ojamae and Hermansson38 S-4 geometry (A) with the OH stretch indicated
d-O geometry (B) with the OH stretch indicated, and the d-H g geometry (C) with the free

OH stretch (b) and the internal OH stretch (a) indicated
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Hermansson et‘al.38a41

The vibrational frequency calculations for S-4, d-O, and d-H are the same
structures as those in the binding energy calculations. The S-4 vibrational frequency is
calculated for the tetrahedrally bonded H>O molecule (see Fig. 24A). The d-O frequency
is calculated for a structure where the central H)O molecule has both hydrogens Bonded
to other HyO molecules, and one HyO molecule bonded through the lone pair of

‘electrons on the central HO molecule (see Fig. 24B)). Finally, the d-H structure is
represented by surrounding a central H)O molecule with three H)O molecules ina
tetrahedral arrangement, where two of the surrounding HyO molecules are bonded
through the lone pair of electrons on the central HyO molecule, and the remaimng HyO
molecule is bonded through a hydrogen of the central HyO molecule (see Fig. 24C).

The frequency calculations are for localized OH stretches. This eliminateé
intramolecular coupling, and focuses only on the intermolecular static field effect on
vibrational frequencies. The calculated decoupled frequencies are analogous to thé
vibrational frequencies that are determined for the O-H stretch of isolated HOD. With
this in mind, only one vibrational frequency is calculated for S-4 at 3534 cm-!, and one
vibrational frequency is calculated for d-O at 3628 cm-1. The calculations yield eXtefnal
(out-of-phase) d-H(O) and internal (in-phase) ‘d-H(I) vibrational frequencies of 3788
cm-! and 3473 cm1, respectively (see Fig 24C a and b). If calculated out-of-phase d-
H(O) frequency value is scaled to the experimentally observed d-H value of 3694 ém'],
the scaling factor could be used to adjust the internal vibrational-mode value for d-H and
scale the d-H(I) assignment to 3377 cm-l. The adjusted S-4 and d-O vibrational
frequencies would be observed at 3438 cm-1 and 3532 cm-!, respectively.

The intensities that correspond to the given vibrational modes are also deteﬁined
by Ojamae and Hermansson>8, and are important here and to Buch et al. simulateci IR
spectra.39-46.72 It is observed that vibrational stretching frequencies red-shift frofn the

H»O gas phase frequencies due to increased hydrogen bonding, and that an increasie in [R

64



intensity corresponds to shifts. The intensities for the vibrational modes of d-H, Ed-O, S4,
and "bulk" H>O molecules are not explicitly given, and had to be inferred from tfle
information that is available in Hermansson et al. publications.38.41 |

Figure 25A shows a chain of seven HyO molecules. From the chain structure, the
relationship between the infrared intensity and the vibrational frequency shifts is
obtained. By plotting this relationship, a linear relationship between the frequenéy shifts
and infrared intensities is given in Figure 25B. The intensities for the d-H, d-O, S4, and
"bulk" HyO molecules are shown on the plot in Figure 25B. The ratios of the inte;nsities
of d-O/d-H (3.86), S-4/d-H (5.53), and S-4/d-O (1.44) were useful in validating thé

experimental assignments discussed later in the chapter.

I1.2.3. Buch et al.

Buch created an amorphous (H>O)450 cluster by employing classical trajéctories
to simulate H>O condensation 27 Annealing was simulated by adding energy to the
amorphous cluster to form a fully annealed (HyO)45¢ cluster. A "Morse basis"42}v was
used to describe each localized OH (or OD) oscillator.42 The ground state 1s desdribed
by the product of all the Morse ground states, and the excited state was described by a
linear combination of the "Morse basis" with one quantum placed in a localized Morse
oscillator which is located on an OH bond with all remaining bonds set to zero.42
Frequency calculations were then done for the 450 molecule cluster. An OH bond fora
classically determined cluster structure was described by a "Morse basis" that is uéed to
calculate the OH vibrational frequency for each OH stretch in the cluster. ‘

Buch et al. calculated the vibrational frequencies specifically for surface-defect
vibrational modes.39 The frequency results of the calculations are expected to a@ee
with the experimental surface-defect vibrational frequencies because the calculatiéns

were conducted for the purpose of studying the ice surface. The out-of-phase vibri;tional
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modes for the d-D, d-O, and S-4 molecules were calculated to be 2700 cm-1, 2590 cm-1,
and 2490 cm-1, respectively. The in-phase bands for d-D and S-4 groups were calculated
to be at 2380 cm-! and 2390 cm~1. The calculated out-of-phase and in-phase vibrational
mode assignments for the d-O are smeared within the 2600-2300 cm-1 frequency range.
The theoretical approach of Buch et al. produces an IR spectrum for the (HyO)450 fully
annealed cluster. In the cluster, 360 H>O molecules out of 450 a;e either d-D, d-O, or S-
4 molecules. Therefore, the simulated fully-annealed cluster spectrum is effectively a
surface spectrum with bands for the interior vibrational mode omitted. The inteneity
assigned to each OH vibrational mode was extrapolated from Ojamae and Hermahsson
data. '

Figure 26A shows the simulated (D20)450 fully annealed cluster spectra ef the d-
D (solid line), d-O (dot-dashed line), S4 (dashed line), and the total cluster spectrum
(dot). The spectrum in Figure 26B is generated by subtracting the fully annealed cluster
spectrum by a previously simulated spectrum of bulk ice.42 The positive bands |
correspond to the surface-defect vibrational modes, and the negative bands corresf)ond to
the bulk vibrational modes as in the experimental annealed difference spectrum. ’
Similarities exist between the experimental annealed difference spectrum (see Fig% 22B;
Section [1.3.2.1) and the simulated difference spectrum (see Fig. 26B). This agreement

between theory and experiment is discussed in the following section regarding the.

experimental frequency assignments.
I11.3. Experimental Assignments

In the experimental chapter, the difference schemes that are employed to
eliminate the bulk IR bands from the surface-defect vibrational bands are discussed in
detail. The experimental spectrum that demonstrates the relationship between an

experimental spectrum for D7O nanocrystals and the simulated annealed difference
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spectrum is the annealed difference spectra. A one-to-one correspondence is ob§erved
between the experimental and simulated spectrum, where the bands in the experimental
annealed difference spectrum qualitatively agree with the bands of simulated annealed
difference spectrum. The obvious assignments from the spectra that are presented in
Figures 27a and 27b are the out-of-phase vibrational modes of d-D, d-O, and S-4 at 2725
cmr-!, 2645 cm-1, and 2580 cm-1, respectively.

Further assignments are obtained by band fitting the experimental annealed
difference spectra. The band-fitting procedure that is used to resolve the experimental
surface spectrum is discussed in the experimental chapter. Briefly, Ojamae and
Hermansson38 infrared intensity data and the simulated vibrational frequency |
asSigrxrr;ents are used to guide the band fitting of the experimental spectrum, which is
displayed in Figure 28B. The out-of-phase and in-phase bands that compose the surface
portion of the annealed difference spectrum are assigned to the vibrational-modes of d-D,
d-O, and S-4. The imtial Gaussian baqd centers for the out-of-phase modes of d-D, d-O,
and S-4 are taken from spectral results. The initial band centers for the in-phase
vibrational modes are taken from theoretical results.”2

Figures 28A and 28B demonstrate the relationship between the cluster simulated
spectrum of the fully annealed cluster and the band-fitted experimental spectrum. The
fitted band positions of the surface-defect vibrational modes and their respective
intensities qualitatively agree with the simulated spectrum. This experimental fit of the
surface-defect IR spectrum reveals that the in-phase vibrational modes of d-D(1), d-O(I),
and S-4(1) cannot be confidently assigned. The fitted band at ~2490 cm-! is broad, and is
composed of in-phase d-D, d-O, and S-4 bands that cannot be resolved into individual
bands (because the band centers of the three bands are too close to each other). Sub-
surface vibrational modes could also be located in the ~2500 cm-1 region which further
complicates the interpretation of the fit. Sub-surface vibrational modes are the

vibrational modes of the D20 (H2O) molecules that are located within a few layers from
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the surface. So, the 2490 cm-1 band in the fitted experimental spectrum is comﬁosed of
many bands. |

The out-of-phase surface-defect vibrational modes for the d-D, d-O, and S-4 are
confidently assigned 2725 cm-1, 2640 cm-!, and 2564 cm-l, respectively. The reason for
the confidence is because of the agreements between theoretical and experimental
assignments. As seen in Figures 29A and 29B, the ratios of fitted experimental ihfrared
band intensities for the out-of-phase bands agree with ratios of intensities calculzited by
Hermansson et al. 41 for the surface-defect groups (see Fig. 29A), and the assigngd
experimehtal frequencies are between Ojamae and Hermansson38 and Buch et al 46,72
calculated frequencies (see Fig. 29B). | |

Two bands are singled out in the d-O region of the simulated cluster spec%crum. A
sharp band for the out-of-phase d-O mode is assigned to ~2600 cm-!, and a broacier
underlying band for the in-phase d-O mode is assigned to ~2500 cm-1. The out-of-phase
d-O is experimentally observed at 2640 cm-1 in Figure 28, and the band centeredé at 2600
cm-1 in Figure 28 accounts for the asymmetry in the out-of-phase d-O and S—4 bands

Band fitting is not necessary to assign bands in the bending region of the ice
surface spectrum. In Figure 30, the bending mode region of an experimental arm“ealed
difference spectrum is compared to the unadjusted IR bending spectrum of |
nanocystalline ice. The computational study of Knochemuss and Leutwyler37 idéntiﬁes
the bending mode of d-O at 1690 cm-! and the bending mode of d-H at 1650 cm'gl. In
the experimental annealed difference spectrum (see Fig. 30a), there is an intense é)and at
1650 cm-! that is assigned to the bending mode of d-H and broader band at 1690 “icm'l
that is assigned to the bending mode of d-O. Also, the bending mode bands assi@ed in
the annealed difference spectrum correspond to a horn and a shoulder that are obéerved
in the bending region of the unadjusted standard spectrum (see Fig. 30b). The cldse

agreement between theory and experiment gives credibility to these assignments. |
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The assignments of the surface-defect vibrational modes emerge by comﬁaring
theoretical and experimental assignments. Table 6 lists the assignment information for
the experimental vibrational modes of the bare surface. Figure 29 displays the trends that
are apparent for the theoretical and experimental frequencies of the surface-defect
vibrational modes. The experimental assignments of the vibrational modes agreé, within
the range of theoretical assignments which are shown in Figure 29B, and the ﬁﬁéd ratios
of the experimental band intensities agree with the ratios of the theoretical band
intensities which are also shown in Figure 29A. Thereforé, the assignments for the out-
of-phase vibrational modes are considered by us to be correct, and the assignments of the
bending modes are also considered by us to be reasonable. The assignment for in-phase
vibrational modes of S—4 is based on the band at 2490 cm-! that we consider dubious,

and the assignments for the in-phase d-D and d-O modes are based solely on the -

simulated spectrum of Buch et al.
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Table 6.

Summary of vibrational frequency assignments in cm-1

H>O D>O

d-H d-O S4 d-D d-O S4

out-of- 3692 3564 3485 2725 2640 2564

phase

in-phase | 3150* 3300* 3440 2350* 2450* 2490

bending 1650 1690 ? 1215 1235 ?
3-coord HOD
d-H d-D
free stretch 3688 2712

* The frequency values for DO are taken from the simulated IR spectrum, and the H>O
frequency values are extrapolated from corresponding DO values by using the isotopic

shift factor of ~1.35.
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IV. Adsorbates

IV.1. Introduction

The D20 (HO) crystalline ice surface is a bilayer consisting of three distinct
surface-defect groups. These are the 3-coordinate dangling-D (d-D), dangling-O (d-O),
and the surface 4-coordinate groups (S-4) (see Fig. 3; Section 1.2.2). The surface-defect
groups have out-of-phase and in-phase vibrational modes as well as bending modes. The
assignments for the D70 (HO) out-of-phase vibrational modes of d-D (d-H), d-O; and S-
4, are 2725 (3692) cm"1, 2640 (3564) cm-!, and 2564 (3485) cm-1, respectively. The
assignments for the D>O (H7O) in-phase vibrational modes of d-D (d-H), d-O, and S4
are 2350 (3150) cm-1, 2450 (3300) cm-!, and 2490 (3440) cm-!, respectively. Algo, the
D70 (H70) bending modes of d-D (d-H) and d-O are assigned 1215 (1650) cm-! and
1235 (1690) cm-1. The band-fitted D70 and HyO annealed difference Qpectra, wﬁich are
used to assign the surface-defect vibrational modes, are displayed in Figures 30B and
20A (see sections I11.3 and 11.4.3). “

Assignments of the surface-defect vibrational modes allow the HyO ice surface to
be separated into individual bands that correspond to specific surface sites. This ailows a
site-specific view to be derived from the resolvable surface IR bands. Also, this site-
specific view of the ice surface is used to study adsorption onto the ice surface by
employing the FT-IR techmques, which are described in the experimental chapter 2
Adsorbed molecules have a significant effect on the IR spectra of the ice surface. -
Observation of the effects that adsorbed molecules have on the surface-defect sites{; 1S
achieved by using the methods of difference spectroscopy (the adsorbate-shifted

difference spectrum and the adsorbate-shifted annealed difference spectrum), and by

using the standard unadjusted spectra of WDN.
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Adsorbates on the ice surface cause red shifts relative to the surface-defed; IR
bands of the bare surface, and enhance the intensities of the adsorbate-shifted IR bands
relative to those for the bare ice surface. Data gained by applying adsorbates allow for a
qualitative and quantitative description of the adsorption process (site specificity), of the
interaction strength, of the heat of adsorption, of the ice surface morphology, and of othér
aspects that give insight into the interactive nature of the ice surface. This information is
site specific and adsorbate specific. The binding energies of the adsorbed moleéules are
site dependent, and thus cause different spectral characteristics for each group of Sifes on
the surface (such as the magnitude of the adsorbate induced IR shift of the d-H(D)).

The topic of the adsorption on the ice surface is too broad to be'completelj
covered in depth in this thesis. However, the information presented in this thesis éhould
provide a reasonable model of the ice surface, and its interactive nature. A review of the
literature on adsorption, general information about adsorption that was obtained m our

research, information obtained from our experimental isotherms, and an adsorptioh study

of CF4 on the HyO (D70) ice surface are presented.

IV.2. Literature

Few surfaces described in the literature have specific surface groups that czin be
used as probes of surface interactions. To our knowledge, the only reasonable analog to
the dangling groups of the ice surface are the dangling-OH groups on the zeolite
surface.43 An infrared study of adsorbed molecules on the H-ZSM-5 zeolite smfaée
reveals a downward shift in the bare dangling-H band located at 3640 cm-1 for Ar,%Oz,
CHy4, CO, and CoHy4. This red shift of the d-H frequency mimics the adsorbate—inciuced
shifts observed for the same adsorbates on the ice surface. The d-H adsorbate-induced
shifts on the zeolite surface qualitatively agree with the observed shifts on the HZO: ice

surface. These d-H shifts occur in the same order of increasing adsorbate interaction

78



(Ar<0y<CHy4<CO<CyHy) for both surfaces. However, the magnitudes of these ‘fshifts
differ by a factor of ~10 with the shifts in adsorbate-shifted d-H zeolite band beiﬁg
greater than those for the ice surface. |

The IR intensity enhancement was observed for the d-H band of an adsorbate
covered zeolite surface. The ratios of the adsorbate-enhanced IR intensities versﬁs the d-
H intensities for the bare ice surface increase linearly with the magnitude of the
adsorbate-shifted d-H position (for a fully covered surface). Therefore, CoHy adé_orption
causes a greater enhancement in the d-H intensity than CO adsorption, and the order of
increasing intensity enhancement is Ar<O<CH4<CO<C3H4. This linear relationship
was calculated by Hermansson et al 38 (see section I11.2.2), and was used by Bucfj et
al.39 (see section I11.2.3) to assign intensities for the bands of the simulated surfaice
spectra. Intensity enhancement is the result of the charge flux that is due to the cflarge
transfer and polarization along the hydrogen-bond axis.44 |

Results have been reported by Devlin et al 45,46,49 for Hp, Np, CO, Ar, ész,
C;Hy, and CF4 adsorbed on amorphous and crystalline ice surfaces. The ortha-para
conversion of Hy molecules on the ice surface was investigated.45 Nitrogen, Ar, C2H2 ,
CoHy, and CO were adsorbed onto the ice surfaces to study the effect on d-H(D) sites. 46
Infrared spectra of the CO stretch and Raman spectra of the CoHp C-C stretch reviealed
that the fundamentals are split into two bands.47.48 This indicates that the adsorﬁed
molecules occupy two strongly perturbing groups of surface sites. The transverse ioptical
and longitudinal optical (TO-LO) splitting of CF4 is used to determine surface |
morphology.49 Most of the previously reported adsorbaté studies on ice surfaces ?xre
directly related to this thesis, and are discussed in this chapter. H ortha-para coniversion
and CoHp adsorption are not directly related to this thesis and are not be discussea in this
thesis.

Ab initio calculations for complexes of an HyO molecule with a Hy, No, HF CO,

CoHj, COy, CoH5OH, or CHO molecule give estimations for the adsorption interaction
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strengths, and for the site (d-D(H) or d-O) that the adsorbing molecules prefer to |
occupy.33s 50-55 The calculated complexes of the dimer are arranged such that a
molecule interacting with the HyO molecule bonds through a hydrogen of the HyO (the
proton donor complex) (see Fig. 31A), or bonds through the lone pair of electrons on the
oxygen of the HyO molecule (the Lewis base complex) (see Fig. 31B). The proton donor
complex corresponds to an adsorbed molecule interacting with a d-H site, and the Lewis
base complex corresponds to an adsorbed molecule interacting with a d-O site. The
dimer results that are used in this thesis are those for the H)O molecules binding w1th
Hy, N, and CO.53

Isotherms determined by using IR absorption (optical isotherms) have been
reported for Hy and CO adsorbed on the crystalline surface of NaCl.56,57 Optical
isotherms were obtained by following the IR spectra of the adsorbed molecules. The Hy
and CO isothermal data for adsorption on the NaCl surface were fit by the Langrnjxir
isotherm equation, which accounts for the adsorbate molecule-surface site interaction ‘

only. The Langmuir isotherm equation has no provisions for the adsorbate molecule-

adsorbate molecule interaction or any other interactions. The heats of adsorption (A
Hags) for Hy and CO adsorption on the NaCl surface are determined to be -0.81 :
Kcal/mol and -3.35 Kcal/mol, respectively. The binding energies for CO and H> on the
H»O ice surface were also determined by Sandford and Allamandola. They folloWed the
vibrational intensity of the adsorbates as a function of the desbrption time, and calbulated

binding energy values of 3.5 and 1.1 Kcal/mol for CO and Hy adsorption,
respectively.58,59
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IV.3. Adsorption on the Ice Surface

The selection of molecules that we adsorbed on the surface of the WDN was
dictated more by practicality than curiosity. In some cases, the available 1iteraturé
encouraged the use of various adsorbates at cryogenic temperatures (N9, Hy, CO); but
there exist minimal requirements that guide adsorbate selection. Because of the d_esign
of the static cluster cell (see Fig. 10; Section I1.2.2), the adsorbing gases must pass
through a precooled rubber tube (#42), inlet #45, static brass cluster cell (#34), and
penetrate the nanocrystalline window deposit. The adsorbing molecules must also adsorb
on the ice surface in a monolayer not a multilayer. The maximum temperature that
surface-defect vibrational modes can be observed for the WDN is ~160 K. This rriust be
considered while selecting adsorbates.

The pracﬁcality of the selected adsorbate molecule is also determined by tfle
temperature range that the application and spectral evaluation of an adsorbate on the ice
surface can be conducted. For example, CO» is a poor choice for a WDN sample ihat 1s
not annealed to temperatures above 120 K, because the amount of time that is reql;ired to
evacuate CO» for another trial would be hours if at all. Carbon dioxide cannot bel
evacuated within an hour from the ice surface at temperatures below 120 K with our
vacuumn equipment. The same is true for evacuating N+ out of the static cluster ceil at
~60 K. Carbon dioxide is a good choice for experimental conditions that allow thé
annealing temperature to exceed 130 K. So, (depending on the purpose of the
experiment) the adsorbing gas needs a vapor pressure of a ~half torr to be evacuatéd
within an hour. This requirement for a particular adsorbate limits its use to certain%
experiments.

As positions on the D2O (H»O) ice surface are occupied bsf the adsorbed
molecules, the surface-defect vibrational modes (d-D, d-O, and S-4) shift to lower |

frequencies. Several examples of the adsorbate-shifted d-D IR bands are displayed in
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Figure 32, and the IR frequencies of various adsorbate-induced d-D and d-O shjﬁs are
listed in Table 7. Also, IR intensity enhancements are observed by compaﬁng the area
under the adsorbate-shifted out-of-phase d-D band (see Fig. 32b-e) to the area under the
unshifted out-of-phase d-D band (see Fig. 32a). The intensity enhancements are |
quantified in this thesis by band fitting the out-of-phase d-D bands.

Ab initio calculations of dimer complexes are suggested as a good estimation of
surface-defect site that an adsorbate molecule occupies first. The exact behavior éf
adsorbed molecules on the ice surface is only speculation at this time. However, these
calculations accurately predict the surface-defect sites that are preferentially occupied at
low surface coverage (except for C2H247). The potential energies of the experiméntal
interactions between the adsorbed molecules and the d-D and d-O sites are predicted by
the calculations of the dimer complexes, and serve as a guide to determine the amount of
preference that one set of surface sites have relative to another. However, the
magnitudes of the predicted binding energies may not agree with the experimental
binding energies due to cooperative effects that are caused by increased H—bonding of the
surface-defect sites.38 ‘

The adsorbate-shifted difference spectra of Hy adsorbed on the ice surface ;‘give
validation to the calculated site preference. Hydrogen is prédicted (by the ab initié
calculations of the dimer complexes) to prefer the d-O sites over the d-H(D) sites.
Therefore, the majority of adsorbed Hy molecules at low surface coverages are exéected
to occupy the d-O sites, and the d-D sites should be occupied as the vapor pressureaof the
adsorbing gas increases. So, intensity of the d-D adsorbate-shifted band increases é.t
higher pressures, once the d-O sites are occupied. An adsorbate-shifted difference;i
spectrum for which most of the d-O sites are occupied is shown in Figure 33a. An
adsorbate-shifted difference spectrum with additional Hy added to cover the remaifling d-
D sites is displayed in Figure 33b. The d-O and S-4 regions in Figure 33b changed ilittle

upon increasing the Hy surface coverage (this indicates that these surface-defect sites are
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Table 7.

Summary of some adsorbate-shifted D7O surface-defect vibrational f'requenéies

Adsorbate d-D position d-O position
Bare 2725 2645
Hy 2719 2631
CF4 2719 2617
N> 2712 2625
) 2696 2619
CoHy 2671 2595
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already saturated with adsorbate molecules), but the adsorbate-shifted d-D band increases
significantly. This agrees with the dimer prediction that the d-O sites are occupiéd at
lower pressures, and the d-H(D) (and d-O) sites are occupied at higher pressures.

The areas of the out-of-phase d-D and d-O IR bands at the unshifted band
positions are determined by band fitting the adsorbate-shifted spectra for partially
covered surfaces. The band-fitted areas may not be accurate , but the fits are coﬁsistent
and do show trends (see section I1.4.1). As seen in Figure 34, the areas of the d-D and d-
O bands are detenninéd by band fitting the adsorbate-shifted difference spectrum with
unrestricted Gaussian functions. The ratios of the d-O and the d-D band areas at 'the
unshifted band positions of the bare ice surface (A[d-O)/A[d-D1]) are used to sthv site
preference. The unshifted band positions are used to determine the ratio of the af_eas
because of the reproducibility and simplicity of the fits. If the d-D sites are preferred (1.
e., are lower in potential energy), the ratio of the areas is "small" at a low surface
coverage because the d-D band area dominates the ratio. The ratio of the areas increases
with the increase in surface coverage because more d-O sites are occupied. Howéver, the
opposite is expected for adsorbates that prefer the d-O sites.

Carbon monoxide is an adsorbate for which the ab initio calculations of tf)e dimer
complexes predict d-D(H) preference. The d-D(H) sites are predicted to be more stable
than the d-O sites by 1.09 Kcal/mol.55 Band fitting is used to evaluate the d-D and d-O
band areas of the adsorbate-shifted difference spectra. The band fits of the spectra are
displayed in Figure 34, and the ratios of the areas with their corresponding surfacé
coverages of d-D sites are listed in Table 8. The ratios increase with increasing sf;rface
coverage , which agrees with the theoretically predicted d-H(D) site preference f(;r CO.

Nitrogen adsorption onto the ice surface is predicted to prefer the d-D siteg over
the d-O sites by 0.56 Kcal/mol.35 The areas of the d-D and d-O bands at the unstiifted
band positions are obtained by band fitting the adsorbate-shifted spectra. The ﬁttéd

spectra are displayed in Figure 35, and the ratios of the band areas are listed in Table 8.
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Table 8.
Summary of the band-fitted adsorbate difference spectra for CO, N, and Hz
* the area of the d-D was taken from the adsorbate-shifted position

CO
% coverage d-D area d-O area d-D area ratio of
(d-0/d-D)
4 0.005 0.010 0.500
63 0.033 0.041 0.805
98 0.083 0.050 1.66
N2
% coverage d-D area d-O area d-D area ratio of
(d-0/d-D)
31 0.014 0.026 0.538 _
57 0.035 0.059 0.593
81 0.075 0.116 0.646
H?
% coverage d-D area d-O area d-D* area ratio of
(d-O/d-D)
32 0.014 0.014 1.00
47 0.027 0.027 1.00
65 0.038 0.045 0.844
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* The values of the ratios for Ny increase with the increase in the surface-site coveriage of
d-D sites, but the rate of increase in the ratios is less than for CO adsorption. So, the d-D
sites are preferred by the adsorbing N» molecules, but the preference of N> for thé d-D
sites is not as great as CO preference for the d-D sites.

The experimental ratios of the band areas for Hy adsorption are obtained, and
agree with the predicted behavior for an adsorbate that prefers the d-O sites. Hydfogen is
calculated to prefer the d-O sites by 0.11 Kcal/mol over the d-D sites.>5 Thus, the ratios
of the band-fitted areas decreased with increasing surface coverage of Hy. The band-
fitted adsorbate-shifted difference sbectra are shown in Figure 36, and the ratios a:'}'e listed
in Table 8. The adsorbate-shifted d-D band position is used to determine the d-D area
because of the errors fitting the unshifted band position of the bare ice surface, an;i the
unshifted band position of the d-O is used to evaluate the d-O area. Site preferencée

predictions from the calculations of the dimer complexes agree with the trends observed

in the experimental ratios of the band areas.

IV.4. Isotherms

Isotherms are used to calculate values such as the heat of adsorption (AHads) for
a particular adsorbate on the ice surface. This is done by using the pressure dependent
equilibrium that exists between adsorbate gas-phase molecules and the adsorbed
molecules on the ice surface. A detailed derivation of an isotherm equation, whicﬁ 1S
used to fit the Hy isothermal data, is presented in appendix A.3.

The selection of an isotherm equation to fit the isothermal data that include

fractional d-D surface coverages and their corresponding pressures indicates the nziture of

adsorbed molecule-ice surface interactions. If the adsorbate-site interaction is localized,

the isothermal data are fit with the Langmuir isotherm equation. The Langmuir isotherm

equation is
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(1) 8=Xp/(1+Xp),

where 0 and p are the fractional coverage and pressure, respectively, and X représents a
ratio of partition functions of the adsorbed and the 'free' gas-phase molecules. The
adsorbed molecules have significant interactions only with the surface-sites, and have
trivial (not accounted for in the isotherm equation) interactions with other adsorﬁed
molecuies.56,60,61 The Langmuir isotherm equation is the simplest isotherm eQuaﬁon
that can be used to fit isothermal data. However, other isotherm equations are available
to fit the isothermal data, and can account for other interactions such as the interéction
between adsorbed molecules.60-63

An intriguing property of the crystalline ice surface is observing the adsoijate
~ molecules interacting with specific groups of surface sites (d-D, d-O, and S-4). ﬁis is
possible because the vibrational spectrum of the surface-defect modes allows site-
specific adsorption to be followed. The fractional coverage for a specific group of
surface sites is determined by following the intensity of a particular adsorbate-shiﬂed
band such as the out-of-phase d-D band. ‘

In this thesis, the out-of-phase d-D band is chosen to determine the fracti(;nal
surface coverage because of its distinct and easily observed band position at 2725 cm-!
in the unadjusted WDN IR spectrum. The other surface-defect vibrational bands are not
sufficiently resolvable (i.e., can be separated into individual bands) to follow theit

fractional coverages. Therefore, the AH,4g, which is calculated by using the isothermal

data, is site specific for the adsorbate-d-D interaction.
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IV.4.1 The CO Isotherm

Review of Spectral Information

Spectra that demonstrate the intensity transfer from the d-D IR band position for a
bare surface to the adsorbate-shifted d-D band position as a function of d-D site
saturation are displayed in Figure 37A for CO. The band-fitted IR bands, which &e
necessary to determine the fractional d-D site coverage from Figure 37A, are shown in
Figure 37B. The "goodness" of the fitted spectra that are used to determine fractiénal
coverage is determined by the conservation of signal, and a statistical test34 is useid to
either accept or reject the fitted results (the band-fitting procedure is outlined in section
11.4.4). The fractional coverage of d-D sites with adsorbed CO molecules is obtained for
different pressures and temperatures. Drifts in the CO-shifted d-D band position from a
maximum shift of ~30 cm-! to adsorbate-induced shifts of less than ~30 cm-! are 5
observed (see Fig. 37A) as the coverage of the d-D sites decreases. However, the R
intensity enhancement of the CO-shifted d-D band remains unchanged with the dnﬂs in
shifted frequencies. The expenmental results for the CO isotherms are summarized in
Table 9.

Ab initio calculations of the dimer complexes predict that CO molecules prefer
the d-D sites over the d-O sites. From these calculations, a binding energy for the f)roton-
donor complex is calculated to be 1.76 Kcal/mol, and a binding energy for the Lewis base
complex is calculated to be 0.667 Kcal/mol.33 Therefore, CO is theoretically expected

to prefer the d-D sites, and is experimentally observed to prefer the d-D sites (see section

IV.3).
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Isotherm
taken at
85.1K

Pressure
in torr

0.0
1.5
33
5.2
72
10.2
20.6

Isotherm
taken at
90.1 K

Pressure
in torr

0.0

1.2

53
10.1
14.0
19.8
24.6
30.5
40.3
61.4
89.9
115.3
151.7

Table 9.

Summary of CO isothermal data for an ice surface annealed at 120 K

Freq
d-D
Bare

27243
2723.7
27232
27229
2722.6
27215
2720

Freq
d-D
Bare

27244
27241
2723.4
27225
2721.9
2721.1
2720.5
2720
27195
2720
2720
2720

Freq
d-D
CoO

2710.5
2700.2
2702.1
2700.7
2699
2698.7

Freq
d-D
CO

2705.3
2703.4
2703.9
27033
2702.4
2701.8
2701.1
2700.2
2698
2696.6
2696
2694.9

Area
d-D
Bare

0.0400
0.0190
0.0159
0.0107
0.0085
0.0063
0.0038

Area
d-D
Bare

0.0450
0.0409
0.0257
0.0181
0.0153
0.0114
0.0104
0.0089
0.0073
0.0044
0.0025
0.0013
0.0000

Area
d-D
CO+ghst

0.0079
0.0360
0.0483
0.0536
0.0612
0.0672
0.0777

Area
d-D
CO+ghst

0.0000
0.0035
0.0349
0.0470
0.0529
0.0609
0.0645
0.0690
0.0744
0.0738
0.0791
0.0820
0.0840
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Fraction
Surface
Coverage

0.09
0.43
0.57
0.63
0.72
0.80
0.92

Fraction
Surface
Coverage

0.00
0.04
0.42
0.56
0.63
0.72
0.77
0.82
0.89
0.88
0.94
0.98
1.00

Conservation
of
Signal

0.0439
0.0366
0.0396
0.0370
0.0385
0.0392
0.0418

Conservation
of
Signal

0.0450
0.0426
0.0429
0.0412
0.0412
0.0412
0.0420
0.0427
0.0438
0.0406
0.0413
0.0415
0.0412



Isotherm
taken at
95.1K

Pressure
in torr

0.0
43
11.1
16.8
21.6
271
346
40.2
50.2
599
87.1
143.4
195.7
300.3

Freq
d-D
Bare

27244
2723.9
2723.6
2723.2
27229
2722.6
27223
2722.2
2720.9
2720
2720

Freq
d-D
CO

2700.1
2700.6
2702.5
2702.8
2702.7
2702.7
2702.5
2702.2
2701.6
2700.2
2697.4
2696.5
2695.3

Area
d-D
Bare

0.0393
0.0336
0.0220
0.0178
0.0148
0.0122
0.0092
0.0075
0.0086
0.0077
0.0053
0.0000
0.0000
0.0000

Area
d-D
CO+ghst

0.0108
0.0276
0.0442
0.0508
0.0542
0.0593
0.0637
0.0668
0.0679
0.0719
0.0757
0.0797
0.0798
0.0842
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Fraction
Surface
Coverage

0.13
0.33
0.52
0.60
0.64
0.70
0.76
0.79
0.81
0.85
0.90
0.95
0.95
1.00

Conservation
of
Signal

0.0446
0.0472
0.0436
0.0427
0.0414
0.0413
0.0404
0.0402
0.0419
0.0430
0.0424
0.0391
0.0391
0.0413



The CO Isotherm

Carbon monoxide isotherms that were determined by using the IR spectruh of
CO to determine the surface coverage were obtained for CO adsorption on a NaCZl
surface.>7 The determination of the fractional coverage of CO is achieved by following
the IR intens;ity of the C-O vibrational stretching mode. The resulting isothermal idata are
fit with the Langmuir isotherm equation which requires that the CO interaction w1th the
NaCl surface to be "localized". The Langmuir isotherm equation does not involvé any
adsorbate interactions other than the interaction of adsorbed molecules with a cerfain set
of surface sites. Therefore, interactions of the CO molecules with themselves (adgorbate-
adsorbate interaction) and/or interactions of CO molecules with neighboring surfaice sites
are considered trivial because of the fit of the Langmuir isotherm equation to the
isothermal data.56-62 The resulting AHg4s value for CO adsorption on a NaCl sﬂrface 1s
-3.35 Kcal/mol.57 The binding energy of CO adsorption on an HyO surface, whié;h was
obtained in a non-equilibrium study that differs from Ewing et a1.56,57.62 and omf
equilibrium studies, is calculated to be 3.05 Kcal/mol.59 |

The adsorption of CO on the crystalline ice surface is similar to the adsorpfion of
CO on the NaCl surface. Isothermal data that were obtained at temperatures of 85 1,
90.1 and 95.1 K for a 120 K annealed WDN surface are shown in Figures 38A a, b and c,
respectively. The solid lines that are shown in Figures 38A a, b, and c, are fits of tﬁe
Langmuir isotherm equation to the isothermal data . Fits of the isothermal data with the
Langmuir equation allow the determination of AH,4g by using the van't Hoff equa{iion,
and the fits justify a localized description of CO adsorbed on d-D sites. The van't ﬁoff
equation is
(2) AHagg/R=d(In(p))/d(1/T) g 5, :
where T, P, and R are the temperature, pressure, and the gas constant, respectively?;:. The

van't Hoff equation is evaluated at 50% d-D coverage. From the slope of the line m
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Figure 38B (van't Hoff equation), a AHa4g value of -2.80 Kcal/mol is calculated for CcO
adsorption onto the d-D surface-defect sites. |

The following model is proposed for CO adsorption on the crystalline ice%surface
with respect to the d-D sites. The CO molecules prefer to occupy the d-D sites over the
d-O sites. Therefore, most of the CO molecules occupy d-D sites at low surface
coverage. The CO molecules adsorbed on the d-O sites do not appreciably intera;:t with
empty d-D sites, because the amount of d-O sites occupied at lower adsorbate cowi'erages
are less than the number of occupied d-D sites, and the isothermal data can only t?e fit
with the Langmuir isotherm equation if the adsorbate interactions are localized. The
previous statement requires some conjecture, but all interactions other than the Cb—d—D
interaction are trivial, and the CO-d-D interaction is considered "localized". |

The term "localized" must be used carefully. If the interaction is exclusively
localized, the spectra would exhibit two out-of-phase d-D IR bands (for intemediate
fractional coverages) at the unshifted band position and at the full CO adsorbate-sihiﬁed
position. No intermediate positions of the CO-shifted d-D band would exist. Thls on-off
adsorption model is clearly not applicable for the observed CO adsorption (see Fig. 37).

However, CO interactions, other than the CO-d-D interaction, are small enough td be

ignored.
IV.4.2. The N3 Isotherm

Review of Spectral Information

The behavior of N> adsorption on crystalline ice surface parallels the behdyior of
CO adsorption. The positions of the No-shifted d-D IR bands as a function of the -
fractional coverages of the d-D sites are given in Figure 39A. The "goodness" of the

band fits to obtain the fractional coverage are determined in the same manner as for the
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CO data, and the band-fitting procedure 1s discussed in the experimental chapter (siee
section I1.4.4). Drifts in the out-of-phase adsorbate-shifted d-D band position to
adsorbate-shifted band positions less than the maximum shift of ~11 cm-! are obsi;rved_
The IR intensity enhancement of the Np-shifted d-D band is independent of the shifted-
band position with respect to the adsorbate coverage of the ice surface. The isothe;'mal
data collected for Ny adsofption on the WDN surface are summarized in Table 10;‘:‘
Nitrogen molecules are predicted by ab initio calculations of the dimer coniplexes
and experimentally shown to prefer the d-D sites on the ice surface.d3 Binding enérgiés
of 1.15 and 0.577 Kcal/mol are calculated for the proton-donor and the Lewis base:‘.
complexes, respectively.55 Calculations of the dimer complexes also show that thé Ny
preference for d-D sites is less than CO. This result is verified experimentally by

evaluating A[{d-O}/A[d-D] as a function of fractional d-D coverage (see section IV.5).

The N7 Isotherm

To our knowledge, nitrogen isotherms studied by optical techniques have nét
been reported. Isotherm equati0n556‘63 that accounts for non-localized adsorbate
interactions with the ice surface were used to fit the Ny data that accounted for the
adsorbate molecules interacting with the surface in a non-localized manner, but the% best
fit of an isotherm equation was obtained by using the Langmuir isotherm equation. ThlS
is expected because of the existing computational and experimental agreements bet%ween
N> and CO adsorption. Describing the interaction that exists between the adsorbed:; Na
molecules and the d-D sites reduces to the simple "localized” model as offered in tﬁe CO
case. ‘

The N7 isothermal data for a 100 K annealed crystalline ice surface at 70, 75 80,
and 85 K are displayed in Figure 40A. The solid lines represent the fits of the Lang:imuir

isotherm equation to the isothermal data. The van't Hoff equation, which is used tof
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Isotherm
taken at
699K

Pressure
in torr

0.0
0.5
09
1.3
2.0
43
6.1
8.2
10.4

Isotherm
taken at
748K

Pressure
in torr

0.0
0.7
1.2
22
4.2
6.1
10.2
19.9

Table 10.

Summary of N7 isothermal data for an ice surface annealed at 100 K

N»-
Bare shifted
d-D d-D
Position Position
27247
27247 2720.7
27247 27192
27247 27185
27247 27175
27247 27162
27247 27155
2724.7 2715
27247 27146
N»-
Bare shifted
d-D d-D
Position Position
2724.7
27247 27208
27247 27208
27247 27195
27247 27182
27247 27175
27247 27165
27247 27153

Area
d-D
Bare

0.0899
0.0381
0.0319
0.0279
0.0230
0.0164
0.0136
0.0111
0.0097

Area
d-D

0.0896
0.0603
0.0428
0.0352
0.0270
0.0228
0.0179
0.0122

Area
d-D
Coverage

0.0000
0.0507
0.0583
0.0629
0.06%4
0.0798
0.0860
0.0918
0.0955

Area
d-D
Coverage

0.0000
0.0294
0.0457
0.0539
0.0636
0.0691
0.0772
0.0883
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Fraction
Surface
Coverage

0.00
0.51
0.59
0.64
0.70
0.81
0.87
0.93
0.97

Fraction
Surface
Coverage

0.00
0.31
0.48
0.57
0.67
0.73
0.82
0.94

Conservation
of
Signal

0.0899
0.0844
0.0850
0.0852
0.0863
0.0891
0.0921
0.0948
0.0968

Conservation
of
Signal

0.0896
0.0882
0.0861
0.0865
0.0874
0.0885
0.0912
0.0960



Isotherm

taken at
799K
N2- .
Bare  shifted Area Fraction Conservation |
Pressure  d-D d-D Area d-D Surface of |
intorr  Position Position d-D  Coverage Coverage Signal
0.0 2724.6 0.0808  0.0000 0.00 -0.0808
1.2 27246 27199 0.0659 0.0165 0.19 0.0813
2.8 27246 27199 0.0494 0.0332 0.38 0.0803
55 27246 27199 0.0288  0.0519 0.60 0.0772
9.7 27246 27186 0.0228  0.0593 0.69 0.0781
15.1 27246 27177 0.018  0.0651 0.75 0.0794
19.8 27246 27172 0.0158 0.0690 0.80 0.0802
38.1 27246 27159 0.0109 0.0778 0.90 0.0835
Isotherm
taken at
850K
N»o-
Bare shifted Area Fraction Conservation
Pressure d-D d-D Area d-D Surface of
intorr  Position Position d-D  Coverage Coverage Signal
0.0 2724.6 0.0810  0.0000 0.00 0.0810
8.8 27246 27194 0.0461 0.0384 0.44 0.0822
13.8 27246 27194 0.0319 0.0517 0.60 0.0804
19.8 27246 27194 00198 0.0623 0.72 0.0783
248 27246 27188 0.0181  0.0648 0.75 0.0789
31.6 27246 27183 0.0156 0.0678 0.79 0.0793
40.7 27246 271777 0.0135 0.0709 0.82 0.0800
53.0 27246 27171 0.0121  0.0743 0.86 0.0818

72.6 27246 27165 0.0100 0.0776 0.90 0.0829
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determine the AH, (g value, fits of the Langmuir results to a line shown in Figure 4;}0B.
The AHy g value (-2.08 Kcal/mol) for N adsorption was determined in the same @amer
as for CO adsorption (see section [V.4.1).

The proposed model of Ny adsorbed on the ice surface is identical to CO
adsorption. The interaction between N7 molecules is trivial compared to the N2-4-D
interaction. The effects of N adsorbed on surface sites that are neighbors to d-D isites at
low pressure are trivial compared to the N7-d-D interaction. However, this model% of Np-
d-D interaction being completely "localized" is not accurate because of the same
argument used for the CO-d-D interaction (see IV.4.1), but the "localized" model éf

adsorption agrees with the theoretical predictions for N7 adsorbed on the ice surface.

IV.4.3. The Hj Isotherm

Review of Spectral Information

The unshifted and Hy-shifted d-D IR bands at various adsorbate coverages %)f the
crystalline ice d-D surface sites are displayed in Figure 41A. Band fitting the d-D riegion
of the IR spectrum (to determine the Hy fractional surface-coverage) is described m the
experimental chapter (see section I1.4.4), and is shown in Figure 41B. The positioﬁ of the
Hp-shifted d-D band is observed to drift between the maximum Hj-induced shift of ~6.5
cm-! and the unshifted band position (see Fig. 41B). The IR intensity enhancemenit of
the Hy-shifted d-D band is independent of the Hy-shifted d-D band position (see Fig.
41B; This is also observed for Ny and CO adsorptions). The isothermal data for Hz
adsorbed on the WDN surface are listed in Table 11. |

Unlike CO and Np, the ab initio calculations of the dimer complexes predict that
Hy molecules prefer the d-O sites over the d-D sites.5> Binding energies of 0.44 and

0.55 Kcal/mol are calculated for the proton-donor and the Lewis base complexes, |
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Isotherm
taken at
259K

Pressure
in torr

0.0
0.5
1.0
1.3
1.7
22
2.7
3.0

Isotherm
taken at
298K

Pressure
in torr

0.0
1.1
2.1
3.1
4.1
6.0
8.0
10.2
159
20.3

Bare
d-D

Position Position

2724.6
2724.6
2724.6
2724.6
2724.6
2724.6
2724.6
2724.6

Bare
d-D

Position Position

2724.6
27246
2724.6
2724.6
2724.6
2724.6
2724.6
2724.6
2724.6
27246

Hp-
shifted
d-D

2719.9
2719.6
2719.5
2719.3
2719.1
2719.0
27189

Hp-
shifted
d-D

2720.2
2719.9
2719.7
2719.6
27194
2719.2
2719.1
27189
2718.8

Table 11.

Area
d-D

0.0801
0.0425
0.0392
0.0371
0.0351
0.0333
0.0309
0.0299

Area
d-D

0.0827
0.0547
0.0503
0.0477
0.0453
0.0426
0.0401
0.0373
0.0342
0.0320

Area
d-D
Coverage

0.0000
0.0318
0.0353
0.0375
0.0397
0.0420
0.0447
0.0462

Area
d-D
Coverage

0.0000
0.0223
0.0262
0.0285
0.0306
0.0338
0.0363
0.0394
0.0428
0.0458
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Fraction
Surface
Coverage

0.00
0.45
0.50
0.53
0.56
0.59
0.63
0.65

Fraction
Surface
Coverage

0.00
0.32
0.38
0.41
0.44
0.49
0.52
0.57
0.61
0.66

Summary of Hj isothermal data for an ice surface annealed at 75 K

Conservationé
of
Signal

0.0801
0.0786
0.0792
0.0796
0.0801
0.0808
0.0815
0.0823

Conservation
of ’
Signal

0.0827
0.0812
0.0813
0.0816
0.0816
0.0827
0.0832
0.0841
0.0850
0.0863



Isotherm
taken at
350K

Pressure
in torr

0.0
10.1
15.1
20.2
2438
30.1
351
40.7
60.3

Bare
d-D

Position Position

27244
27244
27244
27244
27244
27244
27244
2724.4
27244

Hy-
shifted
d-D

2719.1
2719.0
2718.9
27189
2718.8
2718.8
27187
27185

Area
d-D

0.0839
0.0539
0.0504
0.0475
0.0456
0.0438
0.0420
0.0409
0.0370

Area Fraction
d-D Surface
Coverage Coverage
0.0000 0.00
0.0243 0.35
0.0272 0.39
0.0297 0.42
0.0316 0.45
0.0339 0.48
0.0354 0.51
0.0366 0.52
0.0408 0.58
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Conservation |
of
Signal

0.0839
0.0830
0.0829
0.0831
0.0835
0.0843
0.0843
0.0846
0.0859



respectively.55 This site preference is experimentally observed by evaluating the
adsorbate-shifted difference spectra with respect to Hy coverage of the d-D sites (siee Fig.
33, Section IV.3), and observed by following the A[d-O}/A{d-D] ratios in the samé
manner (see Table 8; Section IV.3). The change in surface site preference infers a}
change in the type of isotherm equation that is used to fit the Hy isothermal data, and that

is used to describe the interaction of the Hy molecules with the ice surface.

The Hy Isotherm

Hydrogen adsorption on a NaCl surface was followed by observing the H-H
vibrational stretching-mode to determine the surface coverage.56 For Hy and CO, %che
isothermal data are fit with the Langmuir isotherm equation that requires a localized
adsorbate-site interaction, and that requires all other adsorbate interactions to be ‘
trivial. 36 So, the Hy-H, interaction is considered to not contribute to the overall H2-
surface interaction. The AHgzg value that is calculated for Hy adsorption on a NaCi
surface is -0.81 Kcal/mol.56, and a binding energy for Hy adsorbed on HyO ice surt%ace is
calculated to be 1.1 Kcal/mol by Sandford et al..>8 Isothermal data for Hy adsorbed onto
the WDN surface are not successfully fit with the Langmuir isotherm equation. |
Furthermore, isotherm equations that included a parameter for adsorbate-adsorbate
interaction are also unsuccessful at fitting the Hy isothermal data.60-62 Therefore, a new
isotherm equation that is used to fit the Hy isothermal data is derived in this thesis (?see
appendix A.3). |

The derived isotherm equation (using information provided in reference 61) lS
named the adsorbate-neighbor isotherm equation (ANIE), and incorporates a paraméter
that accounts for adsorbed Hy molecules interacting with unoccupied d-D sites (d-Di sites

that are not occupied with adsorbed molecules). The adsorbate-neighbor isotherm

equation is
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(3) p=(0/(1-6)) X (-(@-Hwi(kT)),
where 0, p, w, k, and T represent the fractional coverage, pressure, interaction enerégy
(the important new term), Boltzman constant, and the temperature, respectively. The
ratio of partition functions for the adsorbed and the gas-phase molecules is represe}lted
by X. The derivation of the adsorbate-neighbor isotherm equation is presented in
appendix A.3. :

The isothermal data for Hy adsorbed on the WDN surface at 25.9, 29.8, and 35.0
K is given in Figure 42, and the solid lines represent the ANIE fits to the isothermaﬁ data.
The Clausius-Clapeyron relationship is used to calculate a AHy 45 value for Hp |
adsorption, and a AHp4g value of -0.644 Kcal/mol is calculated (see Fig. 43). The
Clausius-Clapeyron equation is expressed as |
(4) AHp4s/RT2=d(In(p))/dT.
A procedure for solving the AHp 4 value is given in appendix A.3 and this chapter. -

The model for the behavior of the adsorbed Hy molecules with respect to thé! d-D
sites differs from the model of CO and Ny adsorbed on the ice surface. The Hp 1
molecules do not prefer the d-D sites, therefore, Hy on other surface-defect groups cian
interact with unoccupied d-D sites at low adsorbate coverages. The function of the S-4
sites is not known for Hp, Ny, or CO adsorptions, but the Hy on the surface-defect si“\tes

that surround the d-D sites, which includes S4 and d-O sites, significantly effect the'd-D

sites.
IV.4.4. Justification of Isothermal Results

The AHy(s results for CO and Nj isotherms are -2.80 and -2.08 Kcal/mol, an%i are
similar to the binding energies of 1.76 and 1.14 Kcal/mol that are reported for the
calculated proton-donor complexes.>> The AH,q value for CO adsorbed on WDN
surface d-D sites differs by 25% of the AH, 45 value for CO adsorbed on a NaCl surféce
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i

(-3.4 Kcal/mol).37 Also, our AHygs for CO differ by 25% from the experimental binding
energy determined for CO adsorption on the crystalline ice surface (3.5 Kcanol>.59
We believe that the AHp g result for CO is credible because our AH, 4 value agrees with
the published results of Ewing et al>7 and Sandford et al.>9, and the fits of the
established Langmuir isotherm equation to the isothermal data. 60,61 Although we have
found no isothermal data for N to compare with our results, we believe that our AHads
value for N adsorption onto a crystalline ice surface is good because of the fits of the
Langmuir isotherm equation to the N isothermal data. ‘

The Adsorbate-neighbor isotherm equation (ANIE) is also used to fit the ;
isothermal data, and calculates values for the ratio of the partition functions (X) and the
interaction energy (W) that are used to calculate AHy 4. The ANIE equation is
(4) p=(6/(1-0)) X &(-(B-1)*w/(k*T)),
where X is determined for isothermal data that were obtained at different temperatzures,
and plotted against the corresponding temperature (see Fig. 43). The resulting blotl is fit
with the equation ‘

(5) X =((2amkT/h2)3/2 kT) (1-exp(-A/T)) (1-e(-B/T))2 ¢(-u0),

which is displayed as the solid line in Figure 43. The terms m, k, T, h, and ug représent

the molecular mass, Boltzman constant, temperature, Plank's constant, and the zero{ point

binding energy, respectively. A and B are |

(6) A =hv,/k, and B = hvy/k, ‘

where v, and vy values represent the "rattling" frequencies (see appendix A.3) for én

adsorbed molecule trapped on a d-D site. The AH,qs is calculated by substituting t?le

values from equations 5 and 6 into ‘

(7) AHpgs = -(/2RT + RT [e-AT) (A/TY/(1-e(-A/T] + 2R T [e(-B/T) (B/T)/(l-e(B/T )

- ug + W12, ‘
There are three observations that we believe justify the validity of the ANIE

results. The first observation 1s the agreement between CO and Ny AH,4g values that are
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obtained from the fits of the with ANIE and the Langmuir isotherm equations to tﬁe
isothermal data. When same procedures that are used to determine the AH, 4 valuie for
H» adsorption are applied to CO and N7 adsorptions, the ANIE results reproduce ti}e
Langmuir results. The fits of ANIE to the CO isothermal data and the fit of equati(‘f‘m 5to
the ANIE results, which is used to determine the AH, 4 value, are given in Figures} 44A
and 44B. Also, the fits of ANIE to the N isothermal data and the fit of equation S}to the
ANIE results are shown in Figures 45A and 45B. The AHy(g values that are calcm%ated
by using the ANIE procedures for CO and N2 adsorption on the WDN ice surface a;re
-2.81, and -2.10 Kcal/mol, respectively. Therefore, the AH, 4g value that is calcula’:;ed by
the ANIE model agrees with the AHy g value that is calculated by the established
Langmuir model. We believe that this agreement adds credibility to the use of ANIE A
listing of these results is presented in Table 12. |

The second observation, which is used to justify the use of ANIE, is the |
comparison between the experimental AH, s, v, and vy values for Hy adsorption énd
the corresponding literature values. The AHg4g value of -0.64 Kcal/mol differs by +25%
from the AHgz g value that is calculated for H) adsorption onto the NaCl surface,56zand
differs by 70% from the experimental binding energy that is determined for Hy adscz)rbed
onto the crystalline ice surface.98 Also, Our AHgpdg value by ~30% from the bindiﬁg
energy of the proton-donor dimer complex.53 Our values for vz (256 cm-1) and vy 33(55
cm‘l) are close to the v, (193 cm‘l) and vy (63 cm‘l) values for Hy adsorbed on th¢
NaCl surface. So, The values generated by and within the ANIE model agree with
literature values. |

The third observation, which is used to justify the use of ANIE, is that the |
direction and magnitude of the interaction energy (W; see equation 4) agree with thé
thermodynamical behavior that is predicted for adsorbed CO, Ny, and Hp moleculeé on
the ice surface. As seen in Table 12, the interaction energy is positive for CO, and N2

adsorption. The reasons are that adsorbed molecules prefer the d-D sites (or interact with
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Table 12.
A summary of the AHg s values for CO, No, and Hy on the WDN surface for ithe
Langmuir results (a) and the ANIE results (b)

Isotherm Up . AH
Ccoa — J— 2.81
Cob 2.66 2.64x10~4 -2.80
Npa e \ — 2.08
N5 2.00 1.05x10-4 -2.03
HyD 0.508 -1.11x10"3 -0.644
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the d-D sites stronger than the other sites), and that the adsorbed molecules must a:dsorb
energy to leave the d-D sites. A4b initio calculations of the dimer complexes predi(ift that
CO binds stronger to d-D sites than N2.55 This is evident in the magnitude of the‘i1
interaction energy for CO and N7 adsorption in which CO is greater. The interaction
energy is negative for Hy adsorption. This agrees with the theoretical prediction t};at Hy
molecules prefer the d-O sites over the d-D sites.55 Therefore, energy is released {;s the

adsorbed Hy molecules leave the d-D sites.

IV.5. Other Adsorbates

Several adsorbates have been studied on the crystalline D>O (HyO) ice surt%'ace,
and their effects on the d-D IR band are given in Figures 32 and in Table 7 (see secztion
IV.3). Although each adsorbate can offer a uniﬁue insight to the interactive nature ipf the
ice surface, the majority of the adsorbates that were applied to the crystalline ice suirface
were not studied in depth. The reasons were lack of time and the lack of spectaculzzir
spectral results that were obvious to us. Carbon monoxide, Nitrogen, and HydrogerE}
adsorbed on the WDN surface are chosen to be studied in greater detail than the otl';er
adsorbates because of the information and interest that exist about them in the literz%.ture,
and because of their vapor pressures at temperatures below 120 K (easy to measurej@
isotherms). |

An adsorbate that exhibits spectral results that are of interest to us is CFy. A
property that CF4 exhibits is the splitting of the triply degenerate v3 mode into tranéverse
optical (TO) and longitudinal optical (LO) components upon application onto the WDN
surface.49 This split in the v3 vibrational-mode arises from the long range ‘
intermolecular coupling between CF4 molecules.®4 The amount of coupling is eviciient
in the magnitude of the split between the TO-LO band and in the shape of the TO-Lb

bands. The TO and LO bands region of the IR spectrum is used to determine surface
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morphology by using a monolayer of adsorbed CF4 molecules to produce the TO-i.,O
spectrum.
Spectra of CF4 on the crystalline ice surface and the amorphous ice surfacées are
given in Figures 46a and 46b. The TO - LO splitting of the v3 CF4 band is best shiown in
Figure 46a, where the TO and LO bands are centered at ~1330 cm-1 and ~1250 cnirl.
For adsorption on the crystalline surface, there exist little intensity between the Td—LO
band positions, which indicate strong dipole coupling between the CF4 molecules and a
smooth surface. For adsorption on the amorphous surface, considerable intensity eixists
between the TO and LO IR band positions, which indicate weak dipole coupling and a
rough surface that causes pooling of the CF4 molecules within micropores on the s%urface
of amorphous ice. The CF4 spectrum for CF4 molecules adsorbed on amorphous ice
surface is reproduced by adsorbing CF4 molecules on the surface of silicate smokeis.65
Silicate smokes are known to be amorphous and have a very rough, disordered, and
spiked surface that is observed by using scanning tunneling microscopy.6® The re%ulting
spectrum for CF4 molecules adsorbed on the silicate smoke surface (see Fig. 46¢)
resembles the spectrum of CF4 adsorbed on the surface of amorphous ice (see Fig. 146b)
because of the IR intensity between the TO and LO band positions. The effect of séurface

morphology on the TO-LO split of the v3 band allows CF4 to be used to determinegthe
morphology of a surface.
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Figure 46. The spectra of CF4 adsorbed onto the crystalline ice (a), amorphous ice (b),

and silicate smoke (c) surfaces

121



V. Summary and Further Studies

V.1. Summary

Defects in the tetrahedrally hydrogen-bonded HyO network of cubic and
hexagonal ices occur at the surface. By viewing the cleaved surface of crystalline iée
(see Fig. 3; Section 1.2.2), the ice surface is modeled as being composed of a bilayeér.
The first (top) layer of the bilayer has H)O molecules that are involved in three hyd;;ogen
bonds (3-coordinate), and the second layer has HyO molecules that are involved in f;'our
distorted hydrogen-bonds (4-coordinate). Water molecules in the first layer of the biilayer
are further divided into two groups. Water molecules that have two hydrogen bonds%;
through the hydrogen of HyO with a third hydrogen-bond through the oxygen are dezﬁned
as the 3-coordinate dangling-O (d-O) molecules. Water molecules that have one 3
hydrogen bond through the hydrogen of HyO and two hydrogen-bonds through the ‘
oxygen, are defined as the 3-coordinate dangling-H (d-H(D)) molecules. The distortied
tetrahedral HyO molecules in the second layer of the bilayer are the surface 4-coordiinate
molecules (S4). |

Surface-defect molecules are not only observed for HyO ice surfaces, and
observed in small (HyO)yg clusters.18 The calculated structures for (H2O)0 cluste%rs
are composed of d-H(D), d-O, and S-4 molecules (see Fig. 6; Section 1.2.2. 1),25 26 énd
the IR spectrum of the (HyO)yq clusters qualitatively agree with the IR spectrum of ithe
cubic ice surface (see Fig. 22; Section II1.1). So, the surface-defect vibrational mode%s are
observable and comparable for the ice surface and the (HyO)yq clusters. Also, a |
classical computational study conducted for an ice surface finds that the potential
energies of d-H(D), d-O, and S-4 are -19.0, -17.7, and -23.3 Kcal/mol, respectively.2%7

The experimental objective is to obtain IR spectra of the HyO ice surface. ‘

|
Various experimental equipment and experimental procedures are used to produce an ice
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surface that has observable surface-defect vibrational modes. Depositing nanocryétals
onto the windows of the static cluster cell (see Fig. 10; Section 11.2.2) is (in our opi;inion)
an excellent way to create enough cubic ice surface that is observable in the IR speTctrum
Window deposited nanocrystals (WDN) are formed by loading a gaseous sample of 100/1
(N2/Hp0O) molar mixture into the static cluster cell that is precooled to ~70 K, wheire
approximately 5% of the nanocrystals deposit on the IR transparent windows of thé
cluster cell (see section I1.3.1.2). By repeating the loading of the gaseous sample irlilto the
precooled cluster cell, a deposit of nanocrystals is created on the surface of the winidows.
WDN allow the average WDN size to be changed by annealing the sample, and a11<:|>w
pressures between a few torr (from isothermal data; see section IV.4) and an atmos?phere
of an adsorbing gas. Annealing is used to expose the surface (see section 11.3.2), and
applying pressure of an adsorbing gas over the WDN allows the collection of isothc%rmal
data that are used to calculate thermodynamical values such as AHy 4 (see IV.4). A
WDN sample remains good for weeks, and allows good signal-to-noise levels becalilse
time does not limit the number of scans that can be taken.

WDN have enough surface area that the d-D surface-defect vibrational mod%e 1S
observed in the standard unmanipulated [R spectrum. However, there exist a signit?want
contribution from the bulk ice spectrum (see section Fig. 1; Section [.2.1) to the totz:ill
WDN IR spectrum. Therefore, techniques are devised to expose the surface-defect IR
spectrum. This 1s achieved by using two difference-spectra schemes, which are the;
annealing difference scheme and the adsorbate-shifted difference scheme. i

The annealing difference scheme exposes the IR spectrum of the WDN surfzz;ce by
increasing the average size of the WDN upon annealing to higher temperatures (seelrl
11.3.2.1). In the annealing scheme, a WDN sample is annealed at a temperature T, Eand
then cooled to a temperature T, where a spectrum Sy is taken. The sample is rewa%rmed
and annealed at a temperature T3 that is higher than T{. The sample is then recooleid to

T>, and a second spectrum 57 is taken. The difference spectrum is given by subtraci;lting
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S1 by S (see Fig. 15; Section I1.3.2.1). The positive IR bands are due to the surface
spectrum, and the negative IR bands correspond to the bulk spectrum, because the LWDN
in S have more HyO molecules in the bulk portion of the nanocrystals and less sdrface
area than the WDN in S1. The adsorbate-shifted difference spectra are obtained by
adsorbing molecules onto the ice surface (see section I1.3.2.2). A WDN sample is
annealed at a temperature T1 and cooled to temperature T9. An IR spectrum S of the
bare ice surface (an ice surface with no molecules adsorbed on it) is taken. Adsorﬁate
molecules are applied to the ice surface at temperature T, and a second IR spectrum Sy
is taken. The difference spectrum is given by subtracting Sy by S1 (see Fig. 16; Seétion
11.3.2.2). The positive IR bands are due to the adsorbate-shifted surface-defect |
vibrational modes, and the negative IR bands are attributed to the surface-defect
vibrational modes of the bare surface. |

The qualitative agreement between the (H>O)yg IR spectrum 18 and the surlface
portion of the annealed difference spectrum indicates that the coordination of the HizO
molecules accounts for specific bands in the IR spectrum and is similar from phase%to-
phase. One of the earliest assignment of a surface-defect vibrational mode is for thé free-
OH stretch at ~3700 cm-1 (i.e., the d-H(D)). 18 The d-H(D) IR band is observed in ‘Zthe
unadjusted standard nanocrystalline IR spectrum at 3692 (2725) cm-!. Also, the d-h@)
band is observed in low density amorphous ice, and in zeolites.19-22

The surface portion of an annealed difference spectrum can be resolved intoi
separate IR bands by band fitting (see Fig. 19; Section [1.4.3). The initial Gaussian pand
positions and intensities are obtained from computational and experimental data.39“i3 The
band fit of the surface region allows further assignments of the surface-defect vibraéional
modes to be made. The out-of-phase vibrational modes for the d-H(D), d-O, and S—4
surface-defect groups are assigned 3692 (2725), 3564 (2640), and 3485 (2564) cm‘l‘:i (see
section I11.3), respectively. The in-phase vibrational modes for d-H(D), d-O, and S-4 are
tentatively assigned 3150 (2350), 3300 (2450), and 3440 (2490) cm-! (see section IfI.3),
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respectively. The in-phase vibrational mode assignments for d-H(D) and d-O are t%lken
from the calculated frequencies of Buch et al.72_and the assignment for S+4 is taken
from the band fit of the annealed difference spectrum (see Fig. 28; Section I11.3).
Finally, the surface-defect bending modes for d-H(D) and d-O are assigned 1650 (1{215),
and 1690 (1235) cm~1. The assignments of the out-of-phase vibrational and bendiri}g
modes are considered to be correct, because of their agreement with the computatic%mal
results (see section I11.3). However, assignments of the in-phase vibrational modeséal are
not made as confidently as the out-of-phase modes, and are primarily determined fréom a
simulated IR spectrum of the annealed cluster.”2 |
Adsorption of various molecules onto the ice surface causes the surface-def;ect
vibrational modes to shift to lower frequencies (red shift). These shifts are observe%i in
the adsorbate-shifted difference spectra and the adsorbate-shifted annealed differenice
spectra (see sections I1.3.2.1 and I1.3.2.2), and the magnitudes of the shifts in the d-h(D)
and d-O IR bands for different adsorbed molecules are given in Table 7 in section IV3
The interactive nature of the ice surface is evaluated by applying adsorbate onto thei ice
surface (see section [V.1). Preferential adsorption of adsorbate molecules onto a ‘
particular group of surface-sites is experimentally observed (see section IV.3), and
theoretically predicted by ab initio calculations of dimer complexes that involve an EHzO
molecule interacting with another molecule, such as N7.33 The two calculated dim%er
complexes correspond to adsorption on the d-H(D) and d-O sites (see section IV.4).1§
Fractional coverage of adsorbed molecules on the WDN surface is determinéd for
a specific group of surface-sites (see section IV.4). An isotherm equation is used to wﬁt
the isothermal data that contain the fractional coverage, pressure, and temperature.
Values calculated by fitting 1sotherm equations to the isothermal data are used to -
calculate values for the AH, 45 (see IV. 4). Isothermal data collected for CO, N», and Hp
used the d-D sites to determine fractional coverages. The values of -2.81 and -2.08

Kcal/mol for AHg g are calculated for CO (see Fig 39; Section [V.4.1) and N7 (see Flg
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41; Section IV.4.2) adsorptions on the d-D sites by using values that are determine‘ld by
the fit of the Langmuir isotherm equation to the isothermal data. The use of the |
Langmuir isoﬁherm equation requires that the adsorbate-site interaction must be
localized. So, CO and Ny adsorbed molecules interact with d-D sites in a localizeid
manner, and all other interactions, such as the adsorbate-adsorbate interactions, are
trivial. A value of -0.664 Kcal/mol for AH (s is calculated for Hy adsorption. Ho:wever,
Hj isothermal data are fit with an isotherm equation (ANIE) that is used to accourz;t for
occupied site-unoccupied site interactions (see Fig. 43; Section 1V .4.3). Thereforei, Hy

molecules adsorbed on the ice surface are not exclusively localized on the d-D siteis, but

interact with the unoccupied d-D sites while adsorbed on neighboring sites.

V.2. The Simplistic Model of the Ice Surface

Our simplistic model of the ice surface considers the H>O crystalline ice 5111rface
to be a cleaved crystalline ice surface (see Fig. 3; Section [.2.2). The surface-defeczt
groups are identified by the hydrogen-bonded environment that surrounds a surfacé
molecule, and the vibrational modes in the surface IR spectrum are observed for C%Ch
group. Therefore, the IR bands in the IR surface spectrum correspond to a particuliar set
of surface sites. Any interaction of an adsorbate with the ice surface is evaluated w1th a

site-specific analysis. By following the effect of an adsorbate on the specific sites,“rthe

interactive nature of the ice surface (such as the heat of adsorption) can be determined.
V.3. New Experimental Results and Revision of the Simplistic Model

By following the TO-LO (transverse optical and longitudinal optical) splittiing in
the triply degenerate v3 CF4 vibrational mode, the surface morphology is determin%:d for

the nanocrystal surface.07 The morphology of the nanocrystalline surface is smoot%h (no
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micropores that are found on the surface of the low density amorphous ice), and |
disordered (does not have evenly and repetitively spaced surface sites). This diffe]‘irs from
the cleaved surface structure of the simplistic model that considers the nanocrystai
surface as a smooth-ordered structure. Therefore, the model of the ice surface
morphology is changed from an ordered cleaved surface to a more disordered surf';lce.
Other results that differ from those reported in this thesis are the assignmer;ts for
the in-phase D7O surface-defect vibrational modes of d-D, d-O, and S-468 1n thlS thesis,
the in-phase assignments reported for d-O, S-4, and d-D, which are made by band %iﬂing
the annealed difference spectrum and by using the simulated IR cluster spectrum, are
2450, 2490, and 2350 cm-1, respectively. The latest assignments for d-O, S-4, anq d-D
in-phase vibrational modes, which are deduced from adsorbate-shifted difference s;pectra,
are located at 2480, 2430, and 2300 cm~1.68 This change in the in-phase assignméints
- does not effect the out-of-phase surface-defect vibrational mode assignments. Alsé}, the
contribution of the sub-surface (the layers of HyO molecules that are immediately ?:)elow

|
the surface bilayer) vibrational modes to the IR surface spectrum are trivialized in ‘Fhis

thesis, and are significant contributors to the IR spectrum of the ice surface.”2

i
|

V.4. Further Studies ‘

We believe that the study of the crystalline ice surface, which is reported in%this
thesis, lays the groundwork for many future experiments. The accessibility to study?r
specific groups of surface-site on a molecular level allows many expeﬁments to bei
conducted on this surface, but only four experiments that can be done in the future 1;are

listed in this thesis.
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1. Better assignments for the surface-defect bending modes need to be made for tine d-
H(D), d-O and S4. The previous assignments for d-H(D) and d-O bending modes{iE may

be correct, but no S-4 bending-mode assignment has been made.

2. We expect formation of clathrate hydrate nanocrystals to exhibit interesting prc;iperties
such as the increase the order of the surface and sub-surface structures, which can be
probed with CF4 and difference spectra analysis. By annealing WDN under the priessure
of a clathrating gas, we believe that clathrates can be formed at temperatures lowei‘; than
the reported formaﬁon temperatures. Clathration occurs when guest molecules (such as

i

CO, or ethylene oxide) are surrounded by an ordered HyO cage.

3. Crystallization of molecules on the ice surface could force order in the surface énd
sub-surface structures of the nanocrystals. This is presumably achieved by adsorbing
various molecules to the surface of the WDN and warming the sample under a presésure
of an adsorbing gas. Once adsorbate crystallization occurs, the sample is cooled tolza
temperature at which the adsorbate has little or no vapor pressure, and CF4 is appliéd to

determine the surface morphology. Ordering of the sub-surface could be observed by

evaluating difference spectra.

4. Ice is a major éomponent in the upper atmosphere and in interstellar space.2‘9 Many
reactions and interactions occur on the surface of "ice" clusters ("ice" may not be soElely

[
composed of HyO molecules).2-9 The use of the H>O ice surface that can be used to
facilitate low temperature reactions which are similar to those in space is interestiné to
us. The reactions can be followed for the reactants, products, and the nanocrystal
surface-sites. Simple reactions (such as NO dimerizing) could be studied at first, but the

study of reactions of interest to astrophysics would be the ultimate goal.
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APPENDICES
Appendix A.1. Average Size of the Nanocrystal

: |
The average size of nanocrystals is calculated by using well-established physical

constants (such as the density of cubic ice) to solve for the avei'age radius of the

nanocrystals. The values that are obtained experimentally are the integrated areas of the
out-of-phase d-H(D) IR band and the bulk H0 (D20) IR stretching region (see Fi xg 18;
Section I1.4.3). These areas are used to solve for the average radius by using two ’
assumptions. The first assumption is that the d-H(D) surface—defect sites represent half
of the defect-sites on the top layer of the surface bilayer (the other half is d-O surface-
defect sites), and the second assumption is that the IR band intensity of the bulk OH
stretch is 28.4 times greater than the IR band intensity of the d-H(D) band.69 By using

\
3
l

these assumptions, a ratio of (d-H band area)/(bulk HyO band areas) corresponds to”
ratio of the (number of surface molecules)/(number of bulk molecules). |
The ratio of band areas is used to calculate the average nanocrystal radius by}
using |
(1) K=(# of surface molecules)/(# of bulk molecules)=(41rr25)/(4/31rr3d), |

where K, S and d are the ratio of the surface-to-bulk molecules, number of H,O

molecules per unit area, and the density of cubic ice, respectively. The density of c&bic

ice (0.917 g/em3) is known, 70 but the surface area density is not available. However, the

value for S is approximately determined by using the density of cubic ice in the folléwing

manner.

(2) d=0.917g/cm3=30.6522 H>0 molecules/nm3
(3) 1 H0 moleule=0.0326241 nm3=4/3 x 7r3
(4) r=0.1982211 nm/H>O
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Since the average radius of an H)O molecule in cubic ice js obtained, the radius isf{ used

|
to calculate S. |

(5) mr2=0.1234382 nm2/H,0 ’
(6) S=8.10123 HyO/nm?2 :

If equations 2 and 6 is substituted into equation 1, an equation that relates the radluls
the ratio of the surface-to-bulk molecules is |
(7) K=0.7928857nm/ry,, ‘

|
where 1y, is the average radius of the nanocrystals. |

Areas of the d-H(D) and the bulk IR bands correspond to the concentratlons of the
surface molecules and bulk molecules. Beer's Jaw and the second approximation of this
appendix (the IR intensity of the bulk vibrational modes is 28.4 times greater than the d-
H(D) band intensity) are used to properly weight the extinction coefficient that |
equivocally relates the d-H(D) IR absorbance to the bulk [R absorbance. A ratio of
(surface molecules)/(bulk molecules) from equation 1 is obtained.

(8) EBH20=28.4 x Eq.ly

(9) Ald-HJ=Eq.f x b x csp00

(10) A[BH0]=28.4 x Egyxbx CBH20

(11) cSH20/cBH20= (28.4 x A[d-H]YA[BH,0)]

The constants Egpy>y and E4.H are the extinction coefficients for the bulk and d—Hi,(D)

i
|
|
\
\
\
\
\
i
\
\

IR absorptions. The variable Al[d-H] is the band-fitted area of the d-H(D) IR band, |
A[BH0] is the band-fitted area of the bulk IR region, CSH2 () represents the
concenfration of surface H,O molecules, and CBH20 represents the concentration of the
bulk HyO molecules. The ratio of CSH20/CBH20 is related to K by the assumption that
half of the surface-defect sites within the top layer of the surface bilayer are d-H sites.
(12) 2 x cgHO/cBH20=K

By substituting 11 into 12, an equation that relates the integrated band areas to K is
(13) K=2x28.4 x A[d-H)/A[BH;0].
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By combining equations 7 and 13, an equation that relates the integrated IR band areas to

the average radius of the nanocrystal is

14) 1,,~(0.0139 nm) x A[BH,0] /A[d-H].
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Appendix A.2. Annealing

\
\
\
i
l

The following derivation uses a quantitative approach used to illustrate th
relationship that exists between vapor pressure and cluster size. This derivation 1s‘ not
intended to predict accurate cluster sizes, but the predicted sizes of clusters are w1thm the

range of the experimental sizes that are observed for WDN. The purpose of this |
|
illustration is to demonstrate that smaller clusters at a given temperature are more

}

unstable than larger clusters. This "vaporization model” is used to explain the ann%:aling
process that occurs for WDN. ‘
The free energy expression from the liquid drop nucleation model is used as a

r
I

starting point to show the cluster size-to-vapor pressure relationship,33 and is |
(1) AG=-nAu+ocA, ;
where AG is the Gibb's free energy for a cluster, n is the number of molecules in the
cluster, Au represents the chemical potential (”(vapor)‘”(hqmd)) A is surface area[of a
cluster, and o represents the surface tension of a cluster. Equations for A, n, Au, and c

are used to change equation 1 into an equation that is used to relate vapor pressure to

cluster size. }
(2) n=p(4/3)ar3 ‘
(3) A=4nr2

(4) Aw=KkT ln(PV/Peq)

The variables T, k, Py, Peq, and p are the temperature in Kelvin, Boltzman constant,

vapor pressure, equilibrium vapor pressure of the clusters, and density of cubic ice,

respectively. By substituting equations 2, 3, and 4 into equation 1, the following

equation is derived:
(5) AG = -(4/3) nr3p(kT In(Py/Pegq)) + 4omr2.
The AG is eliminated by evaluating equation 5 at the critical radius of a cluster. The

critical radius is when the internal binding-forces that hold the cluster together and the
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vaporization forces that destroy the cluster are minimized with respect to the radilllls (ie.,

|
BAG/or = 0).

(6) 0AG/or = -4prrZ(kT In(Py/Peg)) + 8cmr =0 \

By rearranging equation 6 and solving for PV/Peq, the relationship between pressu‘ire and
cluster size is ' 1
(7) Py/Peq=e(2/Pk)(e/Tr)),
(8) W=2/pk,

(9) PylPeq = eW(c/(Tr)),

|
i
1
i
i
1
1

Where r is in units of nanometers.

For a particular phase, the term 2/pk is a constant that is calculated from the densify, and

|
|
Boltzman constant. ‘

The largest approximation that is used to derive the cluster size-to-vapor pressure

relationship is calculating a value for . The surface tension is determined by ﬁttirilg a
reverse sigmodal function to known surface tensions (see Fig. 47A).70 The ﬁmcti(:m is
used to determine the surface tension at temperatures lower than 256 K. The calcuiylated
surface tensions are 94.063, 92.764, and 90.401 g/s at 100, 120, and 150 K, respectliively.
This seems to be an unreasonable way to determine o for clusters because 'liquid' thase
H>O clusters do not exist at 100 K. However, the cluster sizes that are predicted b}' using

this assumption are within the range of experimental sizes for WDN (~25-70 nm). l\
|
Equation 9 gives the relationship between pressure and radius, but the equilibrium

a
vapor pressure must be determined to allow the calculation of approximate vapor |

i
|
|

pressures for each cluster size. By using vapor pressure data that is obtained from |
|

reference 71, Peq 1s approximated by using E
!

(10) Peq=c®, |

where @ is the flux off the surface of crystalline cubic ice. The flux is obtained by gtiﬂing

a 4th-order polynomial to the experimental data presented in reference 71 (see Fig. 47B)

|
!

!

1
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Figure 47. The fitted plots of the surface tension (A) and flux (B) versus temperature
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This allows the equilibrium vapor pressures to be determined for particular temperaitures
[
below the reported temperature in reference 71. Values extrapolated for @ at 100, 120,

and 150 K are 4.0667, 9.618, and 13.650 molecules/(cm? s), respectively. The meax%x

molecular speed of the vaporized HyO molecules is represented by ¢.”1 By substituZting

) . . . . | .
equation 10 into equation 9, the equation that relates the cluster size to vapor pressure is

ven by
i 1) Py, =[eW(o/Tn)lcp.

A plot of equation 11 for the temperatures of 100, 120, and 150 K (common |

|
!
i
|

annealing temperatures for WDN) is given in Figure 48 . The dependence of the vépor
pressure on the cluster size is demonstrated at the different temperatures. Also, largﬁér
clusters are shown to be more stable than smaller clusters because of the rise in vap(?)r

pressure (above the equilibrium vapor pressure) as the cluster sizes decrease, and larger

clusters vaporize as the annealing temperatures increase (due to the increase in PV). ' This
|

is the reason that larger clusters are formed upon annealing at increasing temperaturies.

|
I
!
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Appendix A.3. The Adsorbate-Neighbor Isotherm Equation (ANIE)

The structure of the crystalline ice surface consists of a bilayer of smface-iefect
groups. This bilayer is composed of 3-coordinate dangling-D and dangling-O sz
molecules that are connected by surface 4-coordinate molecules (see Fig. 3; Sectioh
1.2.2). The approximate ratio between the d-H(D), d-O, and S-4 sites is 1:1:2 for the
cleaved crystalline ice surface. Therefore, a fourth of the surface sites are d-H(D) é})r d-O,
and half of the surface sites are S-4. We assume that this is the average surface sitg
arrangement which is used to derive the following isotherm equation. For the clea\é(ed
ice-surface model, a d-H(D) site is surrounded (on average) by three S-4 moleculesi?i at2.8
A° (oxygen-to-oxygen distance), and is also surrounded by three d-H(D) and three c}-O
sites at 4.5 A° (oxygen-to-oxygen distance). Molecules adsorbed on sites that are ﬁmin
4.5 A° from unoccupied d-D sites are consi>dered to interact with the d-D sites, and iare
important in the derivation of the adsorbate-neighbor isotherm eQuation (ANIE).. ‘

A symbolic representation of adsorbed molecules that are localized on the 51:1rface
sites is presented in Figure 49A. Symbols Ag, Ac, and A represent adsorbing ,
molecules on the B, C, and D sites, respectively. The B, C, and D sites represent the d-
H(D), d-O, and the S-4 surface sites in their assumed ratios, respectively. The total
number of adsorbed molecules is \
(1) Ng=Np+ Ne +Ng,

where N¢, Np, N, and N are the total number of occupied surface sites, and the number

\
of occupied d-H(D), d-O, and S-4 sites, respectively. By applying the postulated ratios
|

between surface sites, equation | is becomes ‘

(2) N¢=4Np.

|
|
i

The molecules that are adsorbed on the ice surface interact with neighboring
unoccupied surface-sites while adsorbed on other surface sites as displayed in Figure

49B. The total number of adsorbate-empty site tnteractions is
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Figure 49. Symbolic representation of localized adsorption (A), adsorption + ne

neighbor interactions (B), and an arbitrary potential energy plot for adsorption (¢




(3) Nao = Npo + Neo + Ndo,

where Npo, Nc0, Ngo, and are the number of molecules adsorbed on the d-H(D), d-O,
and S-4 sites that interact with unoccupied sites, and N p() represents the total number of
adsorbate-to-empty site interactions. The number of interactions that involve the
occupied d-H(D) sites with neighboring empty sites is Np /4. If all the possible
combinations of occupied site-empty site interactions are evaluated (using the ratio of 1
d-H(D): 1 d-O: 2 S-4), the number of occupied sites that interact with bare d-H(D) sites is
also Na (/4. Therefore, the number of occupied site-empty site interactions that involve
the d-H(D) sites is No(/2. The determination of the number of interactions that involve
d-H(D) sites is gtven in Figure 50.

The adsorbed-to-empty site interactions are important in developing an isotherm
equation that is used to fit the Hp isothermal data. A pictorial representation of the
adsorbed-to-empty site interaction is displayed in Figure 49B. Also, an arbitrary
potential-energy plot to illﬁstrate the potential-energy wells of the surface is displayed for
the symbolic surface (see Fig. 49C). We assume that the wells are localized on the
surface sites and the equation for the potential is
(4) U=u[AR; B] + u[Ac; C] + u[Ap; D],
where U, u[Ag; B], u[Ac; C], and u[Ap; D] represent the total localized potential energy
of the surface sites, and the potential energies for adsorbed molecules that have localized
interactions on the B, C, and D sites, respectively. The interaction energy that accounts
for the adsorbed-to-empty site interactions is expressed as
(5) W=Zw{AR; C, D] + Zw[A(; B, D] + Zw|[Ap; B, C],
where W is the total interaction energy, and w is the summation of the interaction
energies for molecules adsorbed on one surface sites interacting with the other.sites

By following the out-of-phase d-H(D) IR band during adsorption, fractional
coverages are determined for the d-H(D) surface-defect sites only. This eliminates lhe

potential-energy terms for the d-O and S-4 surface-defect groups, and simplifies the
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There are three sites in a 1:1:2 ratio

B Di C Dy

The possible interaction pairs (excluding a site pairing with itself) are
B-D; Dy-B CB Ds-B

B-C Dj-C C-Dy Dy-Dy

B-Dy D2-Dj C-Dy D)-C

The number of pairs that are involved with B is 6 (172 of the total pairs)
B-Dj, Dy-B, C-B, D-B, B-Dy, B-C

The number of pairs that are involves with sites interacting with B is 3 (1/4 of the total

pairs)

D;-B, C-B, D»-B

Figure 50. Determination of the fraction of occupied-unoccupied site interactio
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derivation to only account for localization on the d-H(D) sites. Theretore, equation 4

simplifies to
(6) U= u[Ag; Bl

The interaction energies are simplified by determining the fractional coverage for

the d-H(D) sites. All interaction-energy terms are ignored, except the average number of
occupied sites that interact with unoccupied d-H(D) sites. This average number of
adsorbed-unoccupied d-H(D) interactions is represented by avg[N s ¢/4], and reduces
equation 5 to l
(7) WoB = avg[Npg/4] W. \

The partition function for an adsorbed diatomic molecule on a d-H(D) site is‘
given by
(8) Qads = dx 9y 9z 9H-H Ir,n e(UlAB; BD), |
where dads, dx, dy» 9z- 9H-H> and gr p correspond to the partition functions of the l
surface adsorbed molecule, "rattling" (vibration of the trapped (adsorbed) adsorbate
molecule in the potential well of the surface) in the x direction, "rattling" in the y
direction, "rattling" in the z direction, diatomic vibration, and rotational with the nuclear
spin accounted for, respectively. Rattling in the x and y directions is degenerate, so,
equation eight is further reduce to
(9) dads = 9x? 4z 9H-H dr,n e(WAB: Bl
The canonical partition function is

(10) Qags = Z2(Np, NB) (dags) NP e(-ave(NAO/4) W/(zkT)),

where Ny, and Np are the number of occupied d-H(D) sites and the total number of|d-
H(D) sites, respectively. The total number of ways that the d-H(D) sites can be occupied

is represented by £g(Np, NB), and z represents the number of neighbor sites that
surround a d-H(D) site.

The term Zg(Np, NB) is expressed as
(11) Zg(Np, NB) = Nl/(Np! (Ng-Np)!).
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By substituting equation 11 into equation 10, the canonical partition function is given by

(12) Qags=NBY(Np! (NB-Np)!) (qadsNP e(-ave(NAO/4) WAZKT)),
The average number of occupied site-empty d-H(D) site interactions (avg(NA(/4)

) must

be expressed in terms of N, and Ng. The method that is chosen to solve the avg(Na (/4)

1s called the "crude approximation method", and is outlined in reference 61.

The following relationships (found in reference 61) are used to solve avg(Np (/4)

for Np and Ng. These equations are

(13) 2 avg(NaA) + avgNAQ) =z Na,
(142) 2 avg(Noo) + avg(NaQ) =z (Ng-Na),
and (for a system with randomly occupied sites) |

(152) 2 (ave(NAA)) 2 (ave(Noo)) = (ave(NAD))?,

where N5 and Ng represent the total number of occupied sites and the total number of

sites, respectively. By adding equations 13a and 14a, an equation for the total number of

sites is

(16a) 2 avg(Naa) +2avg(Ngo) + 2 avg(Npg) =z Ng:

Equations 13a-to-16a are changed into equations that incorporate of Ny, and Ng. This is

!
accomplished by relating Na o, N, and N to the d-H(D) sites. So, equations |3a-

16a become

(13b) 2 avg(NAA/2) + avg(Na/4) =z Np,

(14b) 2 avg(No(/2) + avg(Nap/4) = z (NB-Np),

(15b) 2 (ave(NAA/2)) 2 (ave(Nop/4)) = (ave(Npp/4))2,

and

(16b) 2 avg(Na@/2) + 2 avg(Nop/4) + 2 avg(Nap/2) =z NB.

By rearranging equations 13b and 15b, and substituting them into equation 16b, th
avg(Na o/4) is given by

(17) avg(Np/4) = z (Np-Np2/NR).
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If equation 17 is substituted into equation 12, the canonical partition function for |

molecules adsorbed onto the d-H(D) sites 1s changed to
(18) Qads = NB/(Np! (NB-Np)!) (qads)NP e(-(Nb-Nb Nb/NB) W/(KT)),

The above equations must be changed to a common isothermal relationship that

uses pressure and fractional coverage. To do this, an equation is used to relate
Helmbolt's free energy to the chemical potential, and is given by
(19) A=-®OM+uN,

where A, @, M, u, and N are the Helmholt's free energy, surface area, spreading w

|
|

coefficient, chemical potential, and the number of occupied sites, respectively. Aq

equation that corresponds Helmholt's free energy to the canonical partition functioin for

adsorbed molecules is
(20) A =-kT In(Qaqs)-
If equation 19 and 20 (with equation 18 substituted into equation 20) are set equal

each other, the resulting equation is

(21) -® M+ u Np, = -kT In[Ng!/(Np! (Ng-Np)!)] -kT Npln(qads) + Np-Np2/Np

The chemical potential is solved by applying the Sterling’s approximation to

to

Ww.

equation 21 and then taking the derivative of equation 21 with respect to the number of

occupied sites (Np). Once these operations are performed on equation 21, an equation

that gives the chemical potential in terms of Ny, Ng, and g, is
(22) u/(kT) = In[Np/((NB - Np) gads)] - (Np/NB - 1) W/AKT),
Equation 22 is simplified by using the definition of
(23) 6=Np/Np,
and becomes ‘
(24) w/(kKT) = In[6/((1 - ©) qads)] - (B - 1) W/(KT).

Adsorbed molecules on d-H(D) sites are in an equilibrium with adsorbate

molecules in the gas phase. The chemical potential is related to the partition funct

gas-phase molecules through
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(25) w/(kT)= 1/(kT) (OA/ONp) = a/aNb (-ln(ans)),
(26) Qgas = (Gtrans IH-H Ir.)NP,

where Qgas, dtrans. 9H-H- and qr,p are the canonical partition function for gas-phase

molecules, translational partition function, vibrational partition function, and the
rotational-nuclear spin partition function, respectively. By using the standard form
translational partition functionf0,61 and substituting it into equation 26, Qgas 1s giy
(27) Qgas = [(2nmkT/h2)3/2 KT/p) qi1.H ar,nIN,

where p, h, and m represent the pressure, Plank's constant, and molecular mass,

of the
‘en by

respectively. By substituting equation 27 into 25 and rearranging, an equation that relates

the chemical potential to the pressure is
(28) u/(kT) = In(p) - In(q(p)),
where q(p) represents the pressure related gas-phase partition function, and is

(29) q(p) = ((2amkT/h2)3/2 KT) qip qr .

The equation that is used to fit the H) isothermal data in chapter 4 is obtained by

combining and rearranging equations 24 and 28 to obtain

(30) p=(q(p)/gads) (/1 - 6)) (0 - ) WAKT))

The ratio of the partition functions (q(p)/qads) and the interaction energy (W) are
obtained by fitting equation 30 to the isothermal data (see Fig. 43; Section IV .4.3).

Values that are used to calculate AHads are calculated by fitting an equation for

q'(p)/qads to the experimental ratios of partition functions (see Fig. 44; Section IV}4.3).

The equation for the ratio of the partition functions is obtained by dividing equation 29

with equation 8, and is given by
(31) q(pVaads = [(2rmkT/h2)3/2 kT)/(qyx? q,)] e(-U[AB; B]),
The rotational and vibrational partition functions for gas-phase and adsorbed molec

council out in the ratio of q'(p)/qads-
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The partition functions of qx2 and q is evaluated to determine the heat of
adsorption (AH,4s). These partition functions are described as the "rattling" of MpLed
diatomic molecules in the d-H(D) potential well. The partition functions are of the [ :
standard vibrational partition-function form60,61_ and are i
(32) qx2 =[1/(1 - e(-hwx/(kT)))12, |
(33) qz=[1/(1 - ChvZ KDy

I
i

where vy and v, represent the rattling frequencies in the x and z directions, respectively.

i
!

If equations 32 and 33 are substituted into equation 31, an equation that is used to ﬁt the
experimental ratios of the partition functions at different temperatures is
(34) qi(p)/qads = [(2mmkT/h2)3/2 kT) (1-eCA/ )] [(1-e(-B/TH)2 e(-u[AB; B])

(35) A =hv,/k, and B = hvy/k.

The goal of this derivation is to calculate the thermodynamic value of AHa&S.
Assumptions. which are made in this derivation, are that the four surface-defect sité:s
have the set ratio of 1 (d-H(D)): 1 (d-O): 2 (S4), that the surface-sites are occupieci
randomly upon adsorption, and that the adsorbate-adsorbate interactions are trivialand
can be ignored. The ratios of the partition functions are obtained by fitting equation 30

to the isothermal data. The ratios of the partition functions are then fit with equation 34,

and yield values that are used to calculate AHads. By using the Clausius-Clapeyron
equation, AH, s is calculated by J

(36) -AH,4¢/(RT2) = (8ln(p)/aT)g = d[In(q(p)/qads) + In(6/(1-6))-(6-1) w/(kT)]/a’fl" ,
where R represents the gas law constant. By substituting equation 34 into 36 and

performing the derivative with respect to temperature, The equation that is used to

calculate the AHy 4 1S

(37) AHggg = -5/2 RT + RT [e(-A/T) (A/T)(1-e(-A' D)) + 2 RT [e(-B/T) (B/T)/(1-
e(-B/T)) . u[AB; B] + W/2. |
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The important equations that are used in this thesis are the adsorbate-neighbcj)r
isotherm equation (ANIE), the ratio of the partition functions, and the equation that 1s

used to calculate the AH, o, which are given by

(30) p=(q(p)/gads) (8/(1 - 8)) 8 - 1) W/(kT)),

(34) q(p)aads = [((2rmkT/h2)3/2 kT) (1-e(-A/T)] [(1-e(-B/T))12 e(-ulAB; BD,

(37) AHygs =-5/2 RT + RT [e(-A'T) (A/T)/(1-e¢-A/T))] + 2 RT [e(-B/T) B/T)/(1-
e(-B/T)) - u[AB; B] + W/2.
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