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PREFACE

The photo-generation of mobile protons in cubic ice has been
observed as well as the shallow trapping of these ionic point defects
and the kinetics of their thermal release. The observation was based on
the infrared spectra from irradiated thin films of HZO ice which
contained small amounts of DZO'

I wish to express my gratitude to all who assisted me in this work
and during my stay at Oklahoma State University. In particular, I am
especially indebted to my major advisor, Dr. J. Paul Devlin, for his
guidance, concern and help. I am also indebted to the other committee
members, Dr. Gilbert J. Mains, Dr. H. Larry Scott and Dr. Donald L.
Thompson.
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CHAPTER I
LITERATURE REVIEW
Introduction

Proton transport in hydrogen bonded solids is of great importance
due to its role in the fundamental processes of certain fast-ion
conductors (1) and in biological systems including enzymatic reactions,
energy transduction and apparently the vision process (2,3). Also of
interest is a better understanding of the microscopic processes in ice
itself because ice is an important solid here on earth and throughout
space, and its mechanical and electrical properties are profoundly
influenced by the motions of protons and other defects.

The ability to isolate intact D20 molecules in H20 ice in which
the D20 molecules have not exchanged protons with the surrounding
H20 water molecules and then to follow the isotopic scrambling
spectroscopically (4,5) makes ice a model system in which to explore the
molecular level details of proton transport. This ultrasensitive probe
is ideal for studying the phenomenom of shallow trapping of mobile
protons in ice, in which protons liberated at low temperatures are
quickly trapped and do not cause isotopic scrambling until the crystal
is warmed. In this review I will focus on the areas of ice research
relating to proton transport and especially the spectroscopic method of

detailing proton motions.



Structure of Ice

For an extensive review of the structure and properties of ice see
Ice Physics by Peter Hobbs (6). More concise reviews are by Fletcher
(7,8). Ice occurs naturally in the form ice I (read "one", not "i"),
with the subscript h indicating hexagonal symmetry. X-ray diffraction
has determined the oxygen atom positions to correspond to the
tetrahedrally coordinated wurtzite structure as shown in Figure 1. The
oxygen-oxygen distance is 0.276 nm at just below the normal freezing
temperature. For D20 ice the lattice parameters were found to differ
by less than 0.17 from those of H20 ice (9). Unit cell dimensions in
ice monotonically contract in going from 273 K to 10 K (10). Dantl's
data (11) however shows a negative thermal expansion coefficient below
65 K, not unlike some other tetrahedrally bonded crystals, but there is
disagreement as to the thermal expansion curve at low temperatures. The
angle between the deuterons (protons) of a water molecule in ice has not
been determined exactly, but is thought to lie closer to the tetrahedral
angle than to the gas phase value of about 105 degrees, meaning the

hydrogen bonds in ice are very nearly linear.

Proton Positions in Ice

The difficulty in determining proton positions by x-ray diffraction
allowed much early speculation as to where the hydrogen atoms were.
Refuting the notion that the protons were located midway between the
oxygen atoms, Bernal and Fowler in 1933 (12) suggested that the water
molecules remained intact and that they were linked together so that
each proton of one molecule is directed towards a lone-pair electron

hybrid orbital of a neighboring molecule. This suggestion was accepted



Figure 1. The ice I} structure, oxygen atoms are
represented by open circles and the protons by

filled. Dimensions are those for a temperature
of 77 K. From reference 7.

Figure 2. Average enviroment of a molecule in D50
ice at -50 °C as determined by neutron diffraction.
The deuterons appear in symmetrical pairs of half=-
deuteron pesitions. From Peterson and Levy, Acta
Cryst., 10, 70 (1957).



as reasonable, but it left the problem wide open: it did not specify a
particular arrangement of the molecular orientations. Indeed, one could
picture many different arrangements that would satisfy Bernal and
Fowler's rules. In 1935 Pauling (13) noted that at temperatures above
about 200 K the dielectric constant of ice is similar to that of liquid
water; showing that the molecules can re-orient themselves with
considerable freedom, the crystal changing under the influence of the
electric field. On cooling to low temperature the crystal freezes into
one of the possible configurations, but does not go to a perfectly
ordered one. Pauling calculated the expected residual entropy for ice
obeying Bernal and Fowler's rules to be RlnW, where W is the

number of configurations accessible to the crystal. An intact water
molecule may have 6 possible orientations but the chance that the .
adjacent molecules will permit a given orientation is 1/4. Therefore
the total number of configurations for N molecules is

E%(6/4)N=(3/2)N. For a mole of ice this gives an entropy

1K_l, agreeing closely with the

experimental vélue So(expt)=0.8li.05 cal mole-'lK-'1 of Flubacher

R1n(3/2)=0.805 cal mole”

and Leadbetter (14). Pauling also noted that although no cubic
modification of ice had yet been reported such a configuration would not
be\distinguishable as far as the residual entropy was concerned.
(Interestingly, an x-ray photograph of the cubic form was published in
1935 by Burton and Olivef (15), but they interpreted the simpler
diffraction pattern as hexagonal ice building up only upon certain
planes, as the crystaliéation temperature had been held between the
formation temperatures of hexagonal and amorphous ices.)

Later calculations by Nagle (16) considered the effects of ice



being closed rings of water molecules which further restrict the
configurations available and calculated a value of
Sg(calc)=0.8143+,0002 cal mole "K', which is about 1% higher

than Pauling's value and still in excellent agreement with experiment.

Hence, ice is crystalline only in the positions of its molecules
but glass-like in their orientations. Neutron diffraction studies
(17,18) found half-deuterons at each of the possible proton positions on
each bond (see Figure 2) indicative of a statistical distribution of
molecular orientations. Many of ice's interesting properties result
from the existence of many very nearly isoenergetic arrangements of
water molecule orientations which satisfy the bonding rules of Bernal
and Fowler, and the mechanism and dynamics of changing the orientations.

The near equilivance in energy of sets of water molecule orientations
is evidenced by the non-zero low temperature entropy of pure ice, which
is the same regardless of whether the sample is freshly frozen or well
aged. Proton ordering in pure ice at low temperatures occurs with
extreme slowness.

In 1982, Suga and coworkers (19) reported the observation of a
first-order phase transition in annealed KOH-doped ice at 72 K, which
was indentified as the order-disorder transition associated with the
proton positions. An anomaly in the heat capacity curve was the
evidence that about 70% of the residual entropy had been removed. The
KOH was added to catalyze the transition to the ordered phase. Earlier
studies with HF doped ice showed a similar behavior, but to a much
lesser extent (20). A powder neutron diffraction study performed on
0.11 M KOD in D20 ice (21) gave almost identical scattering properties

below and above the calorimetric transition temperature. A model fully



ordered structure which had the same lattice spacings as disordered ice
I was applied to the data. By allowing preferred deuteron site
occupation to vary between 0.5 (fully disordered) and 1.0 (fully
ordered), a best fit was found at an occupancy of 0.63. It was
suggested that the site occupation number of 0.63 was due to the sample
having ordered domains of less than 4 nm in dimension. Their model had

polar domains.

Other Low Pressure Forms of Ice

In addition to ice Ih’ two modifications which are metastable
with respect to ice Ih are commonly formed at low pressure and
temperature. Amorphous, or vitreous, ice (ice Ia’ or Iv) is formed
by slowly condensing water vapor onto a surface which is kept at about
130 K or lower. Sceats and Rice (22) have reviewed the formation of
amorphous ice. Ice Ia transforms irreversibly to cubic ice (ice Ic)
as the temperature is raised and the transition is fairly rapid above
140 K, being completed in a few minutes (23), releasing about 220
cal/mole. Narten, Venkatesh and Rice (24) reported the existence of two
distinguishable forms of amorphous ice. The usual form had a density of
0.94 gram cm.—'3 while a form produced at 10 K on an oriented single
crystal of copper had a density of 1.1 gram cm—3. Handa, Mishima and
Whalley (25) produced a high density form of amorphous ice by "melting"
ice I at 77 K by applying the extrapolated melting pressure of about 10
kbar. The phase had a density of 1.17 gn CM“S énd quickly transformed
to a phase having lower density when warmed to 117 K. In 1985 Mayer
(26) rapidly cooled an aqueous aerosol on a KBr or sapphire window held

at 50-100 K. The infrared spectrum of the sample was compared to that



of vapor deposited amorphous ice and found to have lower OH and OD
stretching frequencies than the vapor deposited form. Whether quenched
liquid water is the same as vapor deposited amorphoﬁs solid water is
still unresolved.

Below about 200 K it is possible to produce cubic ice from the
vapor or from some high pressure ices (27). This metastable state
.slowly converts to ice Ih at higher temperatures (6), converting
"sluggishly" at 175 K. Ice I. has been characterized by vapor
deposition on an electron diffraction apparatus below 170 K by Honjo and
Shamaoka (29). As reviewed by Blackman and Lisgarten (30), ice IC has
essentially the same interatomic distances and angles and the same
volume per unit cell as ice Ih. Figure 3 illustrates the cubic ice

lattice. Also the mid-infrared spectra of ices Ic and I, are

h
indistinguishable (27) due to the fact that the nearest neighbors and
their distances and angles are identical in the two phases, and the
number of nearest neighbors is the same. Sugisaki, Suga and Seki (31)
measured the heat capacities of ices Ia’ Ih and IC and found the

heat capacities of Ih and Ic to be the same within 17. The latent

heat of transformation from Ic to Ih has been measured recently by
Handa, Klug and Whalley (32) using cubic ice made by transforming high
pressure phases of ice confined in a soft metal container to prevent the
formation of the large surface area which forms when vapor deposited
amorphous ice is warmed, which is the common way to produce the cubic

form. They measured -50.5+2.2 J mol"1

at 200 K for the energy
difference between ice I_ and I,. "The two structures differ only
in orientations of second neighbors that are in different layers, and

the distances between molecules begin to differ only between some fourth



Figure 3. Two views of the ice Ic lattice.
Proton positions are not shown, but are
randomly distributed. From reference 6.

Figure 4. The three normal modes of
vibration for the water molecule.



neighbors in different layers. The difference in energy was, therefore,
expected to be small."(32)

Honjo and Shimaoko (29) investigated the possible hydrogen atom
positions of cubic ice using electron diffraction because hydrogen atoms
make a relatively larger contribution in electron diffraction than in
x-ray diffraction. They found that the cubic equivalent of Pauling's
statistical model of ice Ih still holds. Gough and Davidson (33)
measured the dielectric behavior of cubic ice and found it to be almost
completely identical to that of hexagonal ice. In light of the
equivalence in bond lengths, angles, unit cell dimensions, dielectric

behavior, and identical infrared and Raman spectra, it is assumed that

other microscopic processes will also be the same in the ices Ic and

Ih’

Ice Spectra

The H20 molecule has 3N-6=3 degrees of freedom which implies 3
possible normal modes of ;ibration. These 3 modes obey the symmetry
properties of the point group sz and are shown in Figure 4. The Vo
bending mode belongs to the irreducible representation Al’ i.e. the
displacements from equilibrium are symmetric under all operations of the
point group. The vy vibration belongs to A1 and is principally an
in-phase stretching of the two O-H bonds, a symmetric stretch. The
out-of-phase O-H stretch, or antisymmetric stretch, Vg belongs to the
representation B1 and is antisymmetric under the rotation Cyora
reflection operation. From page 14 of ref. 7, the vapor phase
frequencies are:

1

vy = 3651.7, vy = 1595.0, = 3755.8 cm

V3
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In ice, three different type of modes contribute to infrared absorption.
In the first place there are intramolecular modes corresponding

principally to combinations of the three fundamental modes of the

isolated water molecule, their frequencies being significantly shifted

by the effects of hydrogen-bonding. In HZO ice the V1 and \£)

modes and the v, overtone contribute to the complex peak near 3200

cm.-1 which is shifted to near 2400 cm_1

shift of about il/z.

in D20 ice, a frequency

The other vibrational modes of the crystal may be called
intermolecular, since they involve interactions between neighboring
molecules. The intermolecular modes may be of two types, either
translational, in which case the shift in going from H20 ice to D20

ice will be close to (18/20)1/2

, or rotational, in which case the
shift will be about ii/z. The rotationally based modes, the
librations, contribute to the broad peak extending from 500 to 1050

cm.—1 in H20 ice and from 350 to 750 cm.—1 in D20 ice. The

translational modes give a set of fundamental peaks below 400 cm_l.
The interaction of the modes as well as the possible effects of the
proton disorder and Fermi resonance make a more detailed assignment of
the ice spectra very difficult. As the theory of ice spectra can be

found in much more detail elsewhere, I will only cover points of

interest to this study.

Far Infrared Spectra

If there is a difference in the spectra of ices Ic and I, then

h’

it should be most apparent in the lattice mode region in the far

infrared. Bertie and Jacobs (34) in 1977 reported for the first time



differences in the spectra of ices Ic and Ih. The range measured

was 240 to 20 cm_1 and the temperature was 4.3 K where the broadening
anharmonic effects are minimized. Overall the spectra were still mostly
identical: the major difference found was that a peak at 160 cm—1 in

ice Ic was somewhat split into a doublet in ice Ih. The spectrum of
x-ray-verified cubic ice agreed very well with the spectrum of a sample

made by vapor deposition at 173 K (35).

Mid Infrared Spectrum

Figure 5 shows the infrared absorptivity profile for ice as
determined by Bertie, Labbe' and Whalley (36). Whalley (37) studied the
spectra of ice IC and Ih and presented a detailed assignment based
on the spectrum of the high pressure ice VIII, whose structure consists
of two interpenetrating ice IC lattices in which the protons are in an
ordered configuration. The proton disordered form with the same oxygen
lattice, ice VII, has a very similar spectra (bandwidths included) as
ice VIII. Whalley noted that assignments can be difficult because the
vibrations cannot be treated as arising from a single molecule because
of the strong intermolecular coupling that exists in ice, the coupled
crystalline lattice. Whalley contended that there should be strong
similarities in the spectra of ordered and disordered ice Ic’ and that
the spectra of ices IC and Ih are identical. He also provided a
brief review of previous assignments of the ice I spectrum.

The assignment of the ice spectrum in fullest detail is the subject
of much controversy. Rice et al. (38) described the OH stretching
spectra of ice Ih’ ice Ia and liquid water from a unified point of

view. A molecular dynamics simulation was done on a 216 molecule cell

11
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using a total Hamiltonian which was the sum of terms for intramolecular
harmonic motion, intermolecular anharmonicity, hydrogen bonding to
nearest neighbors, and transition dipole-transition dipole coupling to
all other neighbors, in that order of importance. They concluded the
stretching spectra was dominated by the effects of OH-OH oscillator
interaction and much smaller effects were due to Fermi resonance and the
proton disorder. Collier provided a review of the experimental work and
the theory of ice spectra in his 1983 thesis (39). Important to this
study is that the spectra of 0-D oscillators isolated in otherwise H20
ice are relatively clean and simple and have been unambiguously

assigned.

Spectra of Dynamically Isolated

Isotopomers gi_ﬂgg_;g_lce

Haas and Hornig (40) studied the 80 K spectra of various mixtures
of D20 and H20 in the spectral range 700 to 7000 cm—l. For the
lowest HOD concentrations a sharp 0-D stretch was observed at 2416
cm_l. (The sharpness of the uncoupled 0-D stretch makes it a good
probe to the structural changes in the crystal, for example Figure 6
shows the shift of the peak to lower frequency as the temperature is
lowered and the lattice contracts. The shift is due to increased
hydrogen bond strength weakening the O-H stretching force constant.)
When the HOD concentration was increased side bands appeared at 2393 and
2442 cm_l. These side bands were assigned to the coupled vibrations
of neighboring HOD molecules. For a bond angle of 109 degrees a simple
calculation estimated an intensity ratio of 2 to 1 for the in-phase and

out-of-phase bands.

In a series of papers Devlin and colleagues (41-43) assigned the
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vibrational frequencies of the isotopic ices. . FT-IR and polarized Raman
spectra were obtained, and infrared spectral subtractions were performed
with the FT-IR computer. With only a small amount of isotopic
scrambling, isolated DZO in H20 polycrystalline ice can now be
routinely made by co-deposition of HZO and DZO vapor beams onto a

cooled infrared window, with the DZO beam being about 50 times less
dense than the H20 beam. At <125 K amorphous samples are produced,
unless the window has a crystalline ice base layer formed at 145 K or
higher, in which case crystalline ice is grown epitaxially. The crystal
form produced is probably cubic in view of the 160 cm_1 singlet peak

in the spectra of Bertie and coworkers for samples formed under the same
conditions (27,34,36) though diffraction validation is unavailable for
the samples containing isolated D20. Figure 7 shows the FT-IR

spectrum of a freshly prepared sample with the O-D stretching region
boxed in. Spectra of fully scrambled samples, which are of course
available, may be scaled and subtracted from initial deposits of D20

in H20 to obtain spectra for pure isolated DZO in HZO ice with no

HOD contaminant. Spectra of "pure" neighbor coupled HOD molecules,
(HOD)Z, can be obtained from samples treated by ionizing radiation to
give a dominant concentration of (HOD)2 by subtracting scaled pure

DZO and HOD spectra. The results at 90 K are shown in Figure 8, each
having the background H20 ice absorption subtracted. The same

strategy may be employed to obtain the pure spectra of the O-H
stretching modes of H20 and (HOD)2 isolated in D20 ice, but is

somewhat complicated by the coincidence of the HOD band with one of the
H20 bands. Most recently, Devlin has reviewed the refinements of the

experimental data for isolated isotopomers of HZO in HZO and D20

15
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ices and the implications towards past assignments and theoretical
studies (44). The éeparability of the 0-D multiplet allows the
concentrations of DZO’ (HOD)2 and HOD to be followed
spectroscopically when isotopic scrambling proceeds as a result of

proton mobility.

Near Infrared

The spectra of Haas and Hornig (40) did extend up to 7000 cm-l.

The overtone spectra to 7000 cm—1

of H20 and D20 ices and mixtures
were also investigated by Kroh and Ron (45). The absorptions were
measured and attributed to various overtones and combinations of
fundamentals. From the OH overtone frequency they inferred a lower
limit of 18 kcal/mole for proton movement in ice. Sceats and Rice (46)
analysed the fundamental and overtone spectra of ice made from
HZO/DZO mixtures in terms of how the intramolecular potential is
altered by hydrogen bonding strength. Bertie, Labbe' and Whalley (36)
did include absorbance traces up to 10000 cmflz the absorbance was
very weak and featureless between 7000 and 10000 cm-l. Figure 9 shows
Irvine and Pollack's absorption coefficients vs. wavelength for liquid

water from 15 to 0.2 microns and from 15 to 0.9 microns for ice; the

absorptivity of ice follows that of the liquid very closely (47).
Visible

This section is exceedingly brief since ice appears to be "totally
transparent" througout the visible spectrum. There appears not to be

any reliable data on pure bubble-free ice crystals in this range.
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Ultraviolet

Cassel (48) studied the vacuum ultraviolet spectra of ice formed
from water vapor at liquid air temperature, finding an absorption
continuum with a long wavelength limit of 167 nm. Onaka and Takahaski
(49) compared the vacuum uv spectra of the vapor, liquid and solid forms
of water, They observed absorption beginning at 180 nm in the vapor,
shifting to 177 nm for ices Ih and Ia. On top of the gradual rise
of absorption of the other ices, cubic ice was found to have a well
defined band at 143 nm which could not easily be explained. In no
modification was there any noticeable absorption of wavelengths longer
than 190 nm. Figure 10 shows the uv absorption of ice and liquid watef
from 180 to 2100 nm from ref. 50.

Ghormley and Hochanadel (50) have monitored by optical absorption
the formation of OH radicals during uv flash photolysis of ice using a
Xe flashlamp through suprasil optics (short wavelength cutoff - 160 nm).

They attributed a 265 nm absorption to OH which had been produced by
the Xe flash lamp. Quickenden et al. (51), studied the uv excited
luminescence from crystalline HZO ice at 88 K. With excitation using
220 and 255 nm radiation two broad luminescence bands of low intensity
around 340 and 420 nm were observed. The spectra exhibited memory
effects which were erased by temporary warming to 130 K or higher. The
260 nm absorption and 420 nm emmision were attributed to photolytically
produced OH radicals which accumulate in the ice lattice. Looking at
Figure 11, which reproduces their figures 2 and 4, the 260 nm band is
quite apparent, but at the shortest wavelenths the intensity is again
rising and it appears from the figures that radiation shorter than 220

nm would be more effective in producing OH.
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Electron Beam Radiolysis

Quickenden, Trotman and Sangster (52) irradiated ice with a 0.53
MeV electron beam. The ice samples were single crystals and were grown
from water which they had taken extreme care to purify and to prevent
any probable uv emitters from entering. A broad 385 nm emission was
- observed and assigned to OH, the product of the bimolecular reaction
between H3O+ and trapped electrons. Later, thin films of amorphous
and polycrystalline ice (vapor deposited onto Cu) were irradiated with
0.53 MeV electrons while at 97 K (53). Luminescence curves had the same
general shape as for single crystal ice agd had no thickness dependence
from 45 nm to 4 microns. Memory effects which had been observed in uv
ionized and also in electron beam ionized single crystal ice were,
however, diminished in the amorphous and polycrystalline ice films.
Also it was noted that amorphous ice gave 4 times more OH emission than
the polycrystalline.

An extensive study of the 3 MeV electron beam pulse radiolysis of
pure ice at various temperatures was made by Taub and Eiben (54). Below
about 200 K they observed optical absorption bands at 670, 280 and 230
nm which they attributed to solvated electrons, OH radicals and HO2
radicals, respectively. The assignments were supported by ESR spectra.
At 260 K the 280 nm band was not observed.

It seems to be generally assumed that when ice is exposed to
ionizing radiation, water molecules dissociate but only the hydrogen
atom leaves the site of the original water molecule and the OH remains
behind, hydrogen bonded to water molecules (50). Indeed, ESR of OH in

irradiated ice yielded spectra consistant with the OH remaining at a



lattice site (55). Other ESR studies revealed that, at 4.2 K, H and OH
are formed and are stable, but when warmed to 77 K all of the H and only
part of the OH disappear (56). The H + H and H + OH combination
reactions occur at comparable rates but the OH + OH combination is
immeasurably slow (57). With energies less than those of the electron
beams, it is still unclear what wavelengths and power levels are
necessary to produce observable ion state defects in ice and, in

particular, mobile protons.
Defects

Thus far only ice in which all of the molecules strictly obey the
rules of Bernal and Fowler have been considered. However there are many
imperfections which occur in real crystals: surfaces, impurities,
dislocations, po%nt defects and so on.

The structure of a perfect ice crystal is a configuration which
satisfies Bernal and Fowler's (BF) rules: (1) each lattice position is
occupied by a water molecule tetrahedrally bonded to its four nearest
neighbors; (2) water molcules are intact so that there are just two
protons near each oxygen; (3) there is just one proton on each bond.
Violation of the first rule leads to a vacancy, an impurity or an

interstitual., Violation of the second rule leads to ion states.
Ion States

A pair of ion states H30+ and OH is formed, at least
formally, when a proton jumps from the normal end of a bond to a
position near the other end. Calculations disagree as to the existence

of a second minimum in the potential curve, but at best the ion states
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would be metastable towards recombination. There is, however, a finite
possibility that a further proton jump may separate the two ion states.
Figure 12, a projection of an ice lattice in two dimensions with oxygens
at the intersections and protons marked by dots, illustrates such a
formation and separation of an ion-pair. Further proton jumps may then
lead to either recombination or a diffusive separation of the two ion
states against the attractive electrostatic force between them.

In the lattice the extra proton is expected to have a perturbing
influence on the local structure and the excess charge will be
distributed over a number of neighboring molecules. Proton hopping does
not move an entire proton charge because water molecule dipoles are
reoriented at the same time as the positive ion migrates.

In thermal equilibrium the_concentfations will be given by
n,=n_ in pure ice and change with temperature as exp(—Hf+_/2kT)
where Hf+_ is the enthalpy for the formation of a defect pair. The
value for Hf+_ is the sum of two parts, that involved in proton
transfer along the bond and a further part arising from the separation
of the two ion states against their electrostatic attraction.

The equilibrium ion concentrations are extremely difficult to
measure and estimates vary greatly, but are orders of magnitude 1e§s
than values for liquid water extrapolated to the same temperature.
Jaccard (58) postulated that the positive ion states are much more

mobile than the negative ions, which was later confirmed by Collier,

Ritzhaupt and Devlin (59).

Orientational Defects

Orientational defects exist in violation of the third BF rule.
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(a) (8)

Figure 12. (a) Formation of an ion-state pair, H30+ and OH ,
by a proton jump along a bond.
(b) Separation of these two ion states by further proton jumps.

(a) (6

Figure 13. Formation of an orientational defect pair, D and L,
by an oblique proton jump or, equivalently, by rotation of a
water molecule by 2y/3 about one of its bonds. (b) Separation of
these two orientational defects by further oblique proton jumps.



Originally put forth by Bjerrum (60), the defects are produced formally

by the rotation of a single molecule through 120 degrees about one of
its bond directions, leading to one doubly occupied bond (D-defect) and
one unoccupied bond (L-defect) as shown in Figure 13. The two defects
can then diffuse apart by successive rotations of neighboring molecules.
The molecular rotations involved can be pictured by an oblique jump of
a single proton from one bond to another on the same molecule, the
distance in the perfect lattice is about 0.16 nm. Using ab initio
molecular orbital methods, Scheiner and Nagle (61) calculated the
fraction eB/e of the full protonic charge carried by Bjerrum defect
migration in ice. Their value of 0.36 was found by calculating the
change in dipole moment after a defect has been transported down a chain
of H20 molecules. The estimated energy of formation is roughly 15
kcal/mole (7). Motion of point defects has been used to explain many
properties of ice, including the mechanical and electrical properties;
and, as will be shown in detail later, isotopic scrambling of DZO in

H20 ice.
Electrical Properties

Of the properties relating to proton transport in ice, historically
the electrical properties have recieved the most attention.
Investigations of the electrical properties have been performed since
the beginning of this century. Unfortunately, early measurements of the
dielectric spectrum and static conductivity yielded data varying by
orders of magnitude which made comparison with theory difficult.
Introducing his theoretical treatment to explain the electrical data in

terms of proton transport and orientational defect motion, Jaccard wrote
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that (58) "pure ice is altogether a bad conductor and insulator”.
Similar theories of ice conductivity were put forth by Jaccard (58),
Granicher (62,63) and Onsager (64); all requiring the motion of both
ionic and orientational defects. In the mid 1960's strides were made in
experimental techniques. The effects of surface conductivity were
recognized and steps taken to avoid them (6), in particular by the use
of guarded three and four terminal electrodes. Another difficulty is
that ice conductivity is purely protonic while normal electrodes supply
or accept electrons, which leads to the build up of space charge at the
electrodes (65). Taking electrode effects into account, totally
insulating, or blocking, electrodes have been used (66); or, on the
other hand, proton injecting and accepting electodes made of hydrogen
loaded palladium (67) or ion exchange membranes (68) have also been
employed. These advances resulted in more consistant agreement between
researchers, but there is still disagreement concerning the d.c.
conductivity and its activation energy. .In his 1974 book, Hobbs (6)

reviewed the experimental data and the theories to explain it.

Dielectric Constant

A typical electrical experiment seeks to measure the dielectric
constant and conductivity of pure or doped ice as a function of
frequency. Steps in the dielectric data curve occur at the
characteristic frequencies related to the Maxwell relaxation times of
the defect partial conductances. Around 1016 Hz the value 1.72 is due

14 Hz the value rises to 3.16

to electron polarization, and around 10
due to ion polarization. The Debye relaxation in ice, with

characteristic frequency oDD, is conditioned by reorientation of water
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molecules caused by the motion of defects. Typical values for L:b are

1 at 0 °C with an activation energy of 13.1

around 3x10° s~
kcal/mole (6). The observation of other dispersion steps is dependent
upon the electrodes used, as discusssed by Petrenko and Ryzhkin (65).

The characteristic frequencies depend strongly on the temperature and

sample purity.

Static Conductivity

Ice I has a static conductivity whose measured value at 263 K

ranges from 1077 S/cm (69) to 10711

S/cm (70). The conductivity
increases exponentially with increasing temperature, with an activation
energy measured by Durand et. at. (68) to be ~9 kcal/mole above 200 K
and ~13 kcal/mole at lower temperatures. They used ion—-exchange
electrodes over the range 173 K to 253 K. The conductivity has been
shown to be purely protonic without any noticeable contribution from the
electrons, the electronic band gap being about 7.3 eV (ref. 7, p212).
Careful electrolysis experiments on ice confirmed the current to be
totally protonic (71). The conductivity has an extremely critical
dependence on the sample purity; for example doping with HF increases

the DC conductivity by several orders of magnitude and decreases the

activation energy.

Theoretical Treatment of Ice Conductivity

The Jaccard theory of protonic conductivity in ice breaks the
conduction into two steps, one involving the transfer of a proton from a
H30+ ion to the next water molecule and the other a rotation of the
molecule, not unlike the theory of protonic conduction in liquid water

of Conway, Bockris and Linton (72).



30

'If at some temperature one type of defect is the majority carrier,
then the high frequency conductivity is determined by the majority
carrier and the static conductivity is governed by the less effective
carrier, that is the one whose product of concentration times mobility
is much less.

To explain the static conductivity, motion of both ionic and
orientational defects must be considered. If a single type of defect
moves along a chain of bonds, the chain becomes polarized so that it is
impossible for another defect of the same type to transverse in the same
direction, as shown in Figure 14. The passage of a defect of the
opposite type will reset the chain and is necessary for sustained
current, Figure 15 (58). The total charge transported is the proton
charge and is divided between the types of defects necessary for its
transduction. The effective charges are

e, tey =e, e, = 0.62e ,
as given by Hubmann (73) who reviewed and commented on Jaccard's theory
in a 1979 paper. From studies of pure aﬁd acid doped ice, the majority
carrier in pure ice at 263 K was determined to be the orientational
defects (6). Below 200 K both positive ion and Bjerrum defects were
comparably effective in proton transport in the samples of Collier,

Ritzhaupt and Devlin (59).
Spectroscopic Studies of Proton Transport

As mentioned before Devlin and coworkers developed the technique
for isolating D20 in HZO thin-layer ice samples for infrared studies
at 130 K, and they definitively assigned the spectra of the isotopomers

of H20 isolated in H20 ice(4,42,43). Upon warming such a sample to
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Figure 14. Blocking of a
chain parallel to the c-
axis by a D-defect. While
the protons shift according
to the arrows, the D-defect
moves downward. The chain
then offers no possibility
of downward motion to
another D-defect.

\/
G)'\
/
\

®
/\/ / Figure 15. Reactivation of

° a blocked chain by a positive
ion. The shifting protons
1 move the ion downward, and

this brings the chain back to
its original state, as it was
in the figure above.




165-180 K the D,0 bands at 2444 cu = and 2367 cu  lost intensity
and the isolated HOD band at 2418 cm_1 gained intensity. This was due
to the thermal proton-deuteron scrambling reaction:

DZO + H2

By sampling the spectra at several time intervals and subtractively

0 —> 2HOD .

separating the spectra into its D20 and HOD components, the rate of
exchange could be followed at a particular temperature. Over the
temperature range of 165 to 181 K the activation energy was found to be
9.3 kcal/mole (4), close to half the formation energy of a pair of ionic
defects (17.6+1.3 kcal/mole) found by Bullemer et al. (74).

The samples mentioned above were, however, made_in a cell that had
small quantities of aromatic bases from an earlier persuit adsorbed on
its walls, which impurity molecules slowly desorbed and contaminated the
‘ice with deep traps for thermally generated protons (5). As the
contaminate slowly cleared equivalent amounts of exchange per minute
occured at lower temperatures, After a time the rates did become
constant and reproducible. The temperature range where exchange in
"pure" ice Ic could (and still can) be followed is 135-160 K. At
these lower temperatures the peaks now attributed to (HOD)2 became
apparent (the absorbance of (HOD)2 was discussed before and shown in
Figure 8). The exchange reaction:

DZO + H20 —> (HOD)2 ——> 2HOD (isolated)
can account for the 135-160 K data and the earlier doped 165-181 K data
if the second step was much faster at the higher temperature as expected
for base-doped samples.

The first step was reasoned to be a proton transfer which would

produce next-neighbor HOD molecules, (HOD)Z, from an isolated D20
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molecule, but proton transfer alone cannot separate the deuterons by
more than hydrogen-bonding distance from thé initial oxygen to which
they were attached. In the second step a Bjerrum defect migrates
through the site, rotating the molecules and further separating the two
deuteriums. Figure 16 illustrates the two steps. The first structure
contains an isolated D20 unit, the deuterons of which cannot be
separated by rotating the molecule but only by the migration of a plus
ion defect through the D20 gite, resulting in (HOD)2 as shown in the
middle structure. Further proton transfer cannot place another oxygen
between the deuterons but the passage of a Bjerrum L-defect will, as
shown. The deuterons in the resulting third structure can now be
further separated by succesive transfer and turning-steps. Collier,
Ritzhaupt and Devlin (59) reported the detailed study of the thermal
reaction with an analysis based on the two step process above. The
rates were fit to the differential equations describing the process:
D20 {==> (HOD)2 <{==> 2HODnn - 2H0Dfully separated’
where 2HODnn refers to (HOD)2 uncoupled by the passage of an
L-defect but not yet affected by another proton transfer step. The rate
constants for the first step relate to proton transfer and the rate
constants for the second step are related to the turning step. The
ion-pair defects and the Bjerrum orientational defects were found to be
comparatively mobile in cubic ice at temperatures around 150 K. From
the analysis they obtained an activation energy of 9.5 kcal/mole for the
proton transfer step and 12 kcal/mole for the rotational step.
In this work the effects of proton hopping in the absence of
orientational L-defect mobility will be studied. Below 130 K extensive

proton hopping in an HZO crystal which initially contains isolated
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D20 molecules will lead only to (HOD)Z and DZO existing in an
pseudo-equilibrium. From statistical considerations the (HOD)Z:DZO
ratio should tend to 4:1. In untreated pure ice below 130 K the mobile
proton concentration is effectively zero, but at these low temperatures
mobile protons may be generated by other than thermal means. If protons
are liberated at temperatures below 110 K they quickly become associated

with shallow traps.
The Shallow Trapping of Mobile Protons

The bulk properties of ice such as the electrical and mechanical
relaxations are usually interpreted in terms of theories considering the
motion of noninteracting equilibrium concentrations of ionic and
orientational defects. However the equilibrium concentrations of
positive ion defects have been shown to be affected by shallow traps,
both at relatively high temperatures (75) and at low temperatures (76).

Kunst and Warman (75) observed the microwave conductivity jump and
decay rates of ice samples subjected to ionizing pulsed—electrbn beam
radiolysis at 230 X to near the melting temperature. Their model for
the decay kinetics of localized solvated electrons involved the presence'
of a psuedo-equilibrium between mobile protons and protons immobilized
by association with shallow traps. They believed these shallow traps to
be the orientational Bjerrum L-defects.

Devlin and Richardson (76) subjected samples of cubic ice
containing isolated D20 molecules to a 1.7 MeV electron beam at 90 K.
The spectra indicated proton-deuteron scrambling progressed at 90 K but
ceased when the irradiation was stopped, as shown in Figure 17.

Subsequent warming to 120 K resulted in rapid (minutes) conversion of
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D20 to the spectroscopically unique neighbor-coupled HOD molecules,
(HOD)Z. At 120 K the thermal generation of mobile protons would be
insufficient to cause comparable conversion of the D20 even after
several months. Therefore the scrambling at 120 K must have been due to
mobile protons which were generated during the 90 K radiolysis, rapidly
immobilized by shallow traps, and, finally, thermally liberated at 125
K. The inclusion of the organic base, 7-azaindole, in the ice reduced
the effects of the irradiation by at least an order of magnitude.
7-Azaindole had previously been employed as a deep proton trap in ice
by Collier, Ritzhaupt and Devlin (59).

Electron beam radiolysis is, however, rough treatment as prolonged
exposure may ultimately convert crystalline ice to amorphous ice. The
intermediate doses used may possibly have generated many vacancies,
interstitials, grain boundaries and other defects. The possibility of
these other defects suggest applying caution to the interpretation of
the electron beam radiolysis data. There is a need to ensure that the
trapping is an intrinsic property of ice, one that would have
considerable consequences for the analysis of the kinetic and thermal
properties of ion defects is ice.

There are a number of conceivable ways to introduce mobile protons
into ice at low temperatures. One would be again to ionize ice itself,
using photons rather than electron beams, and with lower energies to
reduce the possibility of crystal damage. The excitation of an OH
stretching overtone in the near infrared may be sufficient to emulate a
step of the thermal process of generation of ionic defects. The
dissociative ionization of liquid water induced by single photon

vibrational excitation has been pursued in some detail by Goodall and
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coworkers. Knight, Goodall and Greenhow (77) provided a detailed
account of the experimental apparatus and techniques used, providing
substantial evidence for the single photon nature of the ionization and
that steps were taken to account for sample heating effects. The
quantum yields were measured as a function of laser wavelength in the
vibrational overtone and combination range 7605 to 18140 cm.-1 in a
later study by Natzle, Moore, Goodall, Frisch and Holzwarth (78). They
claimed that the pattern of the quantum yield correlated with the
absorption spectrum, rising rapidly on the low frequency side of a band
and remaining relatively constant throughout the peak and high frequency
wing. Photoionization of ice with wavelengths ranging from near
infrared to ultraviolet will be pursued here.

Another means of creating an enhanced proton concentration in ice
is by doping the ice with an acid. Producing crystalline ice requires
temperatures of 145 K or greater to nucleate on a clean surface and
temperatures of at least 125 K to continue the growth epitaxially.
Under these conditions the acid could easily outnumber the intrinsic
trapping ability of pure ice at a temperature where the orientational
defects are active enough to enable considerable scrambling of the D20
and HZO into HOD during the deposit, meaning the loss of the
spectroscopic probe. Deposits of acid doped H20/D20 vapor do show
an enhanced (HOD)2 concentration, but provide little information about
the trapping process. The informative experiment would be to produce
mobile protons in ice at a lower temperature than necessary for crystal
formation.

Mobile protons may also be introduced by doping with a "delayed"

acid. That is by doping with a neutral compound that can be triggered



39

into becoming acidic after the crystal has been produced and the
temperature lowered. 1- and 2-naphthols, o-nitrobenzaldehyde and
8-hydroxypyrene-1,3,6-trisulfonate are such compounds.

2-Naphthol has a phenolic OH whose pKa changes from 9.5 to about
2.5 upon absorption of an ultraviolet photon (79). Ice doped with
2-naphthol will be studied.

An o-nitrobenzaldehyde molecule and a water molecule combine
irreversibly to form o-nitrobenzoic acid under uv illumination. The
photoconductivity of such doped ice crystals has been studied by
Petrenko and coworkers (80). They noted an increase in both high and
low frequency conductivities of the doped as compared to a pure ice
sample. The spectroscopic study of similarly doped ice crystals
containing isolated DZO may provide interesting data. Petrenko also
noted that no attempts to observe protonic photoconductivity in pure ice
had generated enough charge carriers to be detected by electrical
measuring apparatus.

The kinetics of proton diffusion in polycrystalline ice were
studied by Pines and Huppert (81) using this pH jump method. Their
dopant molecule was 8-hydroxypyrene-1,3,6-trisulfonate. In the first
electronically excited singlet state the hydroxyl group is acidic and
may form a hydrated proton as with the naphthols. The pH jump involved
using intense short laser pulses to increase the proton concentration of
a neutral or basic solution by several orders of magnitude. They did
not measure the conductivity but rather the optical absorption of the
HPTS molecule, whose absorption maxima is unique from its deprotonated
form. The proton mobilities deduced were lower than those from

conductivity experiments and well below those expected for supercooled
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water at the same temperature.
Presentation of the Problem

The goal of this study is to employ the molecular level probe of
proton transduction detailed by Collier, Ritzhaupt and Devlin in the
study of ice irradiated at temperatures where the thermal processes
cause no noticable effects. The electron beam radiolysis work of Devlin
and Richardson has shown that a concentration of shallow trapped protons
is generated in ice at 90 K, and it was speculated that the traps were
Bjerrum L-defects. The goal is to study the release of the protons from
the traps, which can be populated by the photolysis of special dopant
molecules or possibly by the photoionization of ice itself at energies
lower than that of the electron beams and which can be followed
spectroscopically, and to determine the activation energy for the
process. The test of photoionization will involve irradiating ice films
containing isolated DZO with wavelengths ranging from the near

infrared stretching overtone region to the ultraviolet region.



CHAPTER II
EXPERIMENTAL APPARATUS and PROCEDURES
The Apparatus

The problem of isolating D20 in HZO ice without extensive
isotopic scrambling is quite similar to that of isolating reactive
species in a matrix for study, hence the techniques used here were
essentially the same as used in.matrix isolation spectroscopy. The low
temperature cell is based on an Air Products CSA-202 closed cycle helium
cryogenic refrigerator which can cool its cold station down to about 12
K in about an hour. The refrigerator consists of a bulky helium
compressor which is connected by hoses to a smaller expander module
where high pressure helium expands, does "external" work, and cools the
cold station. The two piece arrangement allows the expander to be
carried from the vacuum rack to the FT-IR instrument.

The cell is diagramed in Figure 18. The expander unit may assume
any orientation and has a copper block attached to the end of its cold
station for mounting a cesium iodide window for infrared transmission
studies. Indium wire gaskets provided good thermal contacts between the
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