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Dissociative Ionization of Liquid Water Induced by

Vibrational Overtone Excitation
Wesley Charles Natzle

ABSTRACT

Photochemistry of vibrationally activated ground
electronic state liquid water to produce HY and OH™ ions
has been initiated by pulsed, single-photon excitation of
overtone and combination transitions. Transient
conductivity measurements were used to determine quantum
yields as a function of photon energy, isotopic
composition, and temperature. The equilibrium reiaxation
rate following perturbation by the vibrationaily activated
reaction was also measured as a function of temperature
and isotopic composition. |

In H,0, the quantum_yield at 283 * 1 K varies from
2 x 1079 to 4 x 10~5 for wave numbers between 7605 and
18140 cm~l. A model is used to characterize the wavelength
dependence. The model gives the quantum yield ‘as the
probability that photon absorption produces an ion pair
times the probability of separation from the ion pair.

The result is proportional to the ionic mobility, to the

equilibrium constant of the ion pair and excited reactant
and to the length of time the reactant remains activated.
The quantum yield rises through the low frequency side

of an absdrption band and is relatively constant through



. the band center and high frequency wing. This behavior
shows.the quantum yield is nearly independent of the-
physical process that broédens the absorption, The
process is either structural differences or combination
excitation of lattice motions. The increase in quantum
yield with femperature is smaller with higher excitation
energy.

- In D0, the dependence of quantum"yiéld on wavelength
has the same qualitative shape as for H0, but is shifted
to lower quantum yiélds. The hydrogen mole fraction
dependence is not monétonié. The position of’é minimum
in the quantum yield versus hydrogen mole fraction curve
is consistent with a lower guantum yield for excitation‘
of HOD in Déo_than for excitation of D50. This behavior
can be explained by an unfavorable flow of energy from an
excited OH4stretch of an HOD when surrounded by D0.

The ionic recombination distance of 5.8 *+ 0.5 A is
calculated from the equilibrium relaxation rate. It is
constant within experimental error with temperatufe in
Ho0 and with isotopic cémposition at 25 % 1°C. The
distance is consistent with recombination in a

four-molecuie hydrogen bonded linear chain.
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CHAPTER I. INTRODUCTION

A‘complete understanding of chemical kineticé requires
exploration of all possible physicél conditions in which
reactions occur. One class of reactions particularly
resistant to study are the reactions of vibrationally
" activated séeéies in condensed phase. This is in contrast
to gas phase reactions where vibrational activation is
commOnplace.1 An arsenal of methods including a pipette
and stopwatch, stopped flow, flow tube, eéuilibrium
perturbation, and NMR exist for study of liquid phase
reactions of molecules with a Boltzmann distribution of
internal energy.3 However, they are unable to produce |
vibrational activation. Perhaps the most clearcut example
of a vibrationally activated reaction, first described
by Goodall and Greenhow?, is the proton transfer reaction
of ground electronic state liquid water induced.by single
photon overtone absorption

hv

<
€

H,0 H,0* 7 H' + OH™.

One other method besides single photon overtone
excitation has been used to produce vibrational activation
of moleculeé in liquids. When Franck-Condon factors are
favorable, photoexcitation can produce molecules with both
electronic and a variable amount of vibrational energy
determined by the excitation wavelength. Typically,
effects resulting from the vibrational energy of the

electronically excited reactant are difficult to observe.



Quantum yields of liquid phase photochemical reactions
are independent of excitation wavelength, and therefore
of the level of vibrational excitatiqn. A portion of

the total product yield is formed during the time the
reactant is vibrationally activated. But in most reactions,
vibrational relaxation competes so effectively with
reaction that the total yield is dominated by reactions
originatihg from the ground vibrational state of the
excited electronic level. Thus, any wavelength dependent
yield arising from vibrational excitation is swambed by
the yield from vibrationally reiaxed molecules. Turro

et al.? fecently reviewed a few exceptions (none proton
transfer reactions) possessing wavelength dependent
organic photochemical yields. But even these examples
have prbbleﬁs.of interpretation. It is difficult to
distinguish a wavelength dependent mechanism involving
participation of higher electronic states (Sp or Tp.

with n > 1) from avmechanism caused by vibrational excit-
ation of S; or for that matter Sg.

There are several advantages when single photon
overtone excitation is used for activation. Since
absorption is on the potential energy surface of the
ground electronic state, only two reactive processes
can occur. They are either the vibrationally activated
reaction or additional thermal reaction caused by the
temperature jump resulting from photon absorption. These

two processes are well separated in time, with the



vibrationally activated molecules reacting on a timescale
fast compared to relaxation of the thermalrequilibrium.
There is no possible interference from the reaction of
vibrationally rela#ed but electronically excited molecuies
as there is in the organic photochemiéal reactions described
by Turro.4

The Goodall and Gree'nhow2 experiments were the first to
use single photon 6vertone excitation to Qibrationally
activate a reaction in either_the gas or liquid phase.
‘They excited the v=3 O-H stretch overtone at 9399 cm—1,
In a subsequent paper, quantum yields were measured as a
function of tem?erature at four fixed wavelengths.5
This thesis describes and discusses quantum yields for
. the .liquid water dissociative ionization as a function
of temperature, wavelength, and isotopic composition.

In addition, thermal récombination rates and distances are
given as a fdnction of temperature and isotopic composition.
The introduction will put this work in perspective

by relating it first to other gas phase vibrationally
activated»reactions} ana then briefly to previous work

on thermal, Boltzmann distribution proton transfer reactions.
This work establishes a conceptual framework for description
and interpretation of reactions of vibrationally activated
species in condensed phase. Unfortunately, disadvantages
inherent in the H,0 proton transfer system prevent a
guantitative physical interpretation of results. A better
experimental system could be amenable to a more quantitative

interpretation (see Appendix E).



I. The Reaction in Perspective

A.  Gas phase vibrationally activated reactions

Most vibrationally activated gés phaée reactions
involye-chemical activation of isolated molecules.

A statistical (RRKM) theory of dissociation works:
well for isolated gas phase molecules. The liquid water
reaction more closely resembleé some gas phase experiments
performed to demonstrate noﬁ-statistical behavior. An
overview of experiments performed will be discussed.

Kineticists find it necessary to explore the limits of
applicability of statistical théories. The goal is not
simply to demonstrate‘ndn-statisticality, but to understand
why e2ception§ occur. Although it is reasonable to expect
the occurrance of‘non¥statistical unimolecular reactions,6
few‘examples have been demonstrated. Most approaches use
some type of non-statistical excitation (chemical or photo-
activation) and look at the reaction rate or reaction products
either on a timescale short compared to the intramolecular
relaxation time (high pressures wiﬁh fapid quenching
rates) or use a system where a non-statistical :eaction
is expected even at long times (extremely low activation
energies). Several approaches were recently reviewed.’

The approaches that examine low activation energy
processes include one that is technically a bimolecular
reaction. It is the addition of fluorine to ethylene8:9

or allenel0 isolated together in rare gas matrices. These



reactions. have energy.bariers 1owmen0ugh«that_activatidn
occurs by vibrational excitation in an energy range low
enough for nearly harmonic vibrations. There is no
intramolecular vibfational relaxatidn in a harmonic
system so a non-statistical distribution of vibrational
energy is expected. Quantum yields are observed for
excitatioﬁ of some modes that do not monotonically
incréése with energy. Unimolecular reactions of matrix
isolated séecies have been considered in a recent review.
‘They show no mode specific behavior.l1l

Another type of low activation energy unimolecular
decomposition is dissociation of gas phase van der Waals
molecules. The internal energy distribution of the
dissociation products is non-statistical.l2,13

Most démonstfations of non-statistical beﬁavior at
high pressures involve chemical activation. The function
of the high pressure is to quench all but the initial
reactions that occur immediately following eXcitation,
before intramolecular relaxation is complete. One inter-
esting example involves methylene addition to a fluorinated
alkene to form a symmetric bicyclopropyl, fluorinated
alkane with only one cyclopropyl ring initially activated.
At high pressures, decomposition of the initially
activated ring predominates with a reduced yield from
the symmetric non-activated ring. Othef reacﬁions where
regions of a large molecule physically separated from

the reaction coordinate are chemically activated also



show a pressure dependent product.distribution. indicative.
of incomplete intramolecular vibrational relaxation
interrupted by collisions;7115‘18v

A few attempts to obServe non-statisticél gas phase
reactions use single photon overtone excitation for
activation. Several molecules show RRKM behaviorl? and
two, allyl isocyanide20r21 and t-butylhydroperoxidezz,
have experimental behavior interpreted aé showing
non-staﬁistical effects. The t-butylhydroperoxide
reaction is similar to the chemical activation
experiments already described in that high pressures
make the activation occur near the reactive site of a
large molecule. The oscillator strength of the excited
overtone transition is assigned to the local mode O-H
stretch of the dissociating O-OH.' Thé experimental
results are consistent with the presence of a rapid
non-statistical dissociation that is not quenchgd along
with a "nofmal" RRKM reaction that is quenched at high
pressures. The allyl isocyanide reactidn shows a
reaction rate not in agreement with RRKM theory at all
pressures tested. .

The full potential of activation by single photon
overtone absorption to test RRKM theory has not been

exploited. (See Appendix D)
B. Liquid Water Reaction

We now return to the liquid water reaction. The



-:liquid structure consists of ‘a.kind of ."supermolecule" .
composed of an.extensive network of individual
hydrogen-bohded water molecules. The overtone spectrum
can be understood in a local mode model23 with absorption
stréngth caUsed by excitation of motions with a large com-
ponent of O-H stretch motion ofvan individual oscillator.
Following OH stretch excitation, the ensuing energy relax-
ation is not confined to a single water holecule, but.can
spread to hydrogen—bonded neighbors of the "sqpermolécule";
Then there is competition between écti?atiqn of the reactive
precursor (perhaps the four-molecule linear chain pfoposed
for the thermal reaétion24) and randomization (relaxation)
into the rest of the "supermoleculé".‘.A purely statistical,
RRKM treatment of the entire "supermolecule" does not -
work. If energy randomization in the "supermoleculé“
was complete beforé any product was formed, then no
laser induced reaction would be observed.

In several respects, the water reaction is similar
to the non-statistical reactions just described. The
activation energy is relatively low, being intermediate
between typical statisﬁical gas phase unimolecular
reactions and non-statistical van der Waals molecule
dissociations or bimolecular reactions of matrix-isolated
species. 'Also, as in the high pressure chemical
activation experiments, the observed reaction is in
competition with "intramolecular” relaxation. The

:~analogy:is strongest for the ‘unimolecular reaction.of



- t=butyl hydroperoxide. As in Hzo,'activation.by
excitation of OH stretch overtones is followed by the
competition of two processes. 1In the t-butyl
hydroperoxide reaction, activation of the non-statistical
O-OH dissociation compétes with statistical energy
randomizatidn into the entire molecule.

The ﬁuestion remains, "What kind of description 3111
be useful for characterization of the liquia_watery
reaction?"™ Once aga;n it is instructive to consider
analogous gas phase reactions. Several authors have
suggested that description of non-étatistical gas phase
un@molecular reactions will require some combination of
RRKM and Slater theories.23 sSlater theory describes the
reaction rate when the energy in each mode is defined
and does not change with time. This situation will
prevail in the limit of weakly ¢oupled modes. In other
words, if the quantum state of each mode is adiabatic
(does not change during the reaction), Slater theory
describes the reaction. The importance of a mode to the
rate calculation depends upon its projection on the
reacfion coordinate; where‘the reaction coordinate is
defined as the lowest enérgy pathway from reactant to
product. If a mode has any projection upon the reaction
coordinate, it will be designated an "active" mode. If
a molecule has enough vibrational excitation in each
active mode to reach the global critical configuration,

then the minimum potential energy of a molecule passing



from the reactant to the product manifold is the potential
energy of the critical configuration. 1If some modes do
not contain enough energy to reach the global critical
configuration, then reaction can still occur, but the
~minimum potential energy is at a local saddle point
instead of the critical configuration of the global saddle
>point. A portion of configuration space which includes
the critical configufation,of the global saddle point is
excluded by the defined quantum state of each mode.

For a sﬁatistical RRKM, unimolecular reaction of an
isolated molecule, tﬁe energy is confined to the éxcited
molecule. Strong mode coupling causes the energy to be
A rapidly shuttled among the available modes. The number
of . strongly coupled modes used in an RRKM caiculatioh is
equal to the numbér of modes in the molecule. Since all
active modes are strongly coupled, and can take on any
energetically allowed quantqm state, the minimum potential
"energy of a reacting molecule is defined-by the global
saddle point energy minimum in the configuration space of
the entire molecule. In other words, all modes of the
molecule are strongly}coupled, and all active modes are
strongly coupled.

To summarize: in RRKM theory, a mode is important
if it is strongly coupled to the modes containing
vib;ational gxcitation. In Slater theory, a mode is
important if it contains vibrational energy and is

"active",
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One promiSing conceptuai.picturexforwnon-statistical
'gas‘phase or for a vibrationally activated liquid phase
process is provided by fifst breaking the modes of the
system into active and non-active modes, and then once
again into modes strongly-coupléd ahd not-stron§1y4coupled
to the modes that are vibratiohally excited. The four
possible types of mode are shown below.

active bnon—active
4

coupled uncoupled (adiabatic)

Non-active uncoupled médes (4) cén bé ignored. The
méjor difference between a statistical unimolecular
reaction and the situation described here is that some
active modes can be uncoupled (3). Thus, the energy
barriér is greater than the global saddle point. A
descriptionvof the.reaction rate by RRKM theory with the
number, and frequency of modes determined by whether a
mode is strongly coupled, and the energy barrier determined
by the number of strongly-coupled, éctive modes will
combine the relevant aspects of both RRKM and Slater
theory. Thus reaction rates in condensed phase depend on
the details of the energy flow; in other words, it depends
on which modes are strongly coupled to excited modes.

No general guideline as to the identity of each mode can

be provided, but it is expected that a reactive gas



-phase molecule.might show-a.higher:. energy barrier and/or-
smaller number of strongly coupled modes when
vibrationaliy activated in a liquid. Conceivably, if

the relaxation path, critical cbnfiguration, and energy

barrier were known, the reaction rate could be calculatedv

quantitatively. However, there are several problems
inherent in the H,0 system which prevent a quantitative

calculation of the reaction rate.  Vibrational relaxation

rates and pathways, and ion pair separation probabilities

are not known. Therefore, §nly guantum yields can be
determined, not reaction ratés. Also, the identity of
the reactive species and éf ﬁhe "active" mbdes is not
known. Appendix:E suggests other potential work'
including some systems where a quantitative treatment
may be possible.

The gas phase experiments are performed by measuring
product gquantum yields as a function of pressure
following a C.W. photolysis. Long irradiation times are
required. This necessitatés use of reactants with an
activation.energy high enough to prevent interfering
dark reaction products. |

There.are major experimental differences between
the gas phase and liquid phase expériments. In a liquid,
the combination of low cross section for high overtone
excitation and lower quantum yields resulting from rapid

intermolecular relaxation makes product detection

11
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following_érELEL_photolysis in liquids very difficult.

Instead, pulsea excitation and transient conductivity

measurements are used to generate aﬁd detect ionic

products. Low activation energy processes can be studied

because the presence of thermally geherated product does

no£ interfere with meésurement of the laser generated .
‘transient products.

The liquid water protdn transfer reaction is also
interesting for several reasons not related to fundamental
chemical kinetics. It is important to increase our
understanding of liquid water and of proton transfer
reactions. Water is the most important solvent in
chemistry, and biology.. Proton transfer reactions have
a similar importance. Acid- and baée—catalyzed reactions.
are ‘important in the synthesis of commercial chemicals,
and proton transfers play a.role in many biologically
important enzyme reactions. Tbe liquid water ionization,
being the simplest aqueous proton transfer imaginable is
an obvious candidate for study.

The vibrationally activated reaction offers a new
way to perturb the H,0 S HY + OH™ equilibrium and
éotentially.offers new information on the reaction and
relaxation of the ion pair precursor not obtained in
equilibrium relaxation measurements. The recombination v
of H* and OH™~ following equilibrium perturbation is
diffusion controlled24, thus no kinetic information is

obtained for the recombination of the ion pair by varying



the temperature or isotopic composition.  The -actual ion
pair recombination is masked by the diffusion. 1In
contrast, the vibrationaliy activated reaction is
dependent upon both the reaction rate to form'the ion
pair, the recombination rate, énd the diffusion rate.
Thus details of rééction, relaxation, and recombination
are to some extent unmasked. |

The remaindef'of the thesis describes' (A) the
experimental apparatus, - (B) analysis‘bf déta, (C) quantum
yield results as a function of temperature, excitation
waveiength, and isotopic compositioh, ﬁhermal
recombination rates as a function of temperature and
isotopic composition, (D) a discussion and qualitative
interpretation of the'results, ‘and (E) “¢oncliusions. -
Several appendices are included to clarify sbme points,

to add some details, and to stimulate thought.
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- CHAPTER II. EXPERIMENTAL

The experimental goai is to measure the transient
»conductivity}of a Sample of pure water following laser
excitation of O-H Stretch overtones. .The experimental
apparatus consists of (1) a'liqﬁid syétem Qsed to contain
transport, pﬁrify and monitor the water, (2) an optical
excitation‘sourcé, and (3) eléctronics used to monitor
and'record the time dependent conductivity. A Cary 14
~spectrometér is used to recbrd absorption spectra. This
section gives an introduction to the operation of the

apparatus, then gives the details of the three subsystems.

I. Introduction to System Operation

The water conductivity is measured by a cell in
the H,0 system along with the triggered differential
amplifier, low pass filter, digitizer and avefager
shown in Figure II-1. The differential amplifier and
digitizer are triggered by a pulse generator. After a
short delay, a Raman-shifted laser source is triggered.
The generated light excites overtones of the water flowing
between electrodes of the conductivity cell. Product
ions give a transient conductivity recorded by a signal
averager. The H,0 system removes impurity ions by

continuously circulating the water in a closed loop



Figure II-1

Transient conductivity changes induced by dissociative

ionization of water are produced and measured with this

\ .

apparatus.
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Figure II-2

Schematic diagram of the water syétem.
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through an ion exchange column immediately preceding the

conductivity cell.

II. Liquid system

This section describes the components, the assembly,
the cleaning, and the operatioh of the water system,

Figure II-2, containing HZO, D0, or isotopic mixtures.

‘The best closed loop circulation system was constructed’

of quartz, Pyrex, FEP Teflon, PTFE Teflon, and silicone

rubber. Other trial systems will be mentioned.
A. Components

The components of the H20 systém consist of'a water
reservoir, a puﬁp, an ion exchange column with constant
temperature jacket, a thermocouple, and a conductivity
cell.

A 225 ml Pyrex bulb is used as a water reservoir
during system fill and evacuation/degassingvgzIt
supplies a Cole Palmer Masterflex pump. The ?ump uses a
model 7545-00 drive unit with a‘7017 peristaltic pump
head using 6411-47 silicone tubing. The tubing is 0.25"
inside diameter (ID) and 0.379" outside diameter (OD). An
18 cm piece of 1/4" SGA Scientific #R8428-14 corrugated,
flexible teflon tubing is connectd to the pump outlet.

The ion exchange column is a 78 cm length of 8 mm OD,
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7 mﬁ ID, TFE Elastofluor tubing parﬁially filled with
Rohm & Haas Amberlite MB-1 mixed bed ion exchange resin.
Column supports are made of 0.21 mm mesh Teflon Spectramesh
grid #146464 from Spectrum Medical Industries. The'grid
'is stretched over a few millimeters-length of | |
polytetrafluoroethylene, PTFE tubing and then inserted
in the column. Larger diameter Vycor glass and
polyethylene columns with'g¥ass wool column supports
were tested with Satisfactofy results. The ion exchange
column is jacketed with a concentric 1-1/8" diameter
copper tube; Brass end caps with Viton O-rings seal the
coppet jacket to the tefloﬁ ion exchange column. The
water temperature is adjusted by éirculating methanol in
the jacket. The methanol is pumped with a Lauda model
’K-4/R_temper$ture controller by Brinkmann Instruments.
The absolute water temperature is measured with a
copper-constantan thermocouple with a water-ice reference.
The conauctivity cell shown in Figure II-3 is machined
from a 1/2" x 1-3/4" x'6" teflon block with a chamber 1/2"
X 4". Inner walls are smooth and edges perpendicular to
the flow ére rounded to minimize water turbulence. The
bare platinum electrodes are made of 0.051" diameter
platinum wire‘bent and flattened>into a staple with 2.7 mm
X 9 mm electrode faces. Electrode pairs are located
2-1/2" and 3" downstream from ihe cell inlet to allow
inlet turbulence to damp before reaching the electrodes.
Quartz windows 1/8" or 1/16" x 1" x 6" are sealed with

Viton O-rings. A 1/16" rubber pad is sandwiched between



Figure II-3

Scale drawing of conductivity cell and electrodes. A 6"

x 1-3/4" x 1/8" stainless. steel plate with a 1-3/4”'x

vl/2" opening facing the electrodes screws into the cell

body and forces a window against the O-ring. The plate

and window are not shown.
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 the window énd'a 1/8" x 6" x 1-3/4” stainless steel
retaining plate which screws into the teflon cell.
_SeVeral other cells were used for some HpO quantum
yield measufeménts. A tefibn éell with epoxied quartz
windows éndlepoxied platinum staple electrodes‘was used
for measurements taken with a CMX-4 dye laser pumped
optical parametric oscillator. AIs@, two laminar fluid
flow cells weré used with a Quanta Ray Nd+3:YAG pumped
dye lasér system. One was made of 3 x 9 mm rectangular
cross‘section quartz tubing with platihum féil electrodes
epoxied to ground quartz inserts. Long times were
requifed to desorb ions from ground glass surfaces of
the quartz inserts after exposure to KCl conductivity
solutions used to determine cell constants. . Another
cell was made from quartz strips epoxied to form a
,réctangular channel 1 mm x 2 mm x 300 mm. Electrodes
were produced by laminating 9 mm x 14 mm strips of 0.001"
platinum foil to the inner wall of the rectangular cell
with FEP teflon film. The electrodes were located 25 cm
from the cell inlet so that turbulence.created at the
cell inlet is damped before reaching the electrodes.
Torr-Seal epoxy from Varian was sélected for its low
interaction with sz. This cell was discarded after
delamination of an electrode. Platinum electrodes
vacuum deposited directly on quartz disintegrated on
contact with water. However, platinum can be vacuum
deposited over an underlayer of titanium or niobium about

200 uym in thicknessl. Metal oxides, Bi203 and PbO,
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have been used for some applications requiring transparent

electrodes?2,
B. Assembly

System assembly is done in two parts. First, the
cell, thermocouple, and ion exchange column were assembled.
Then, the components are interconnected primarily with 8 mm

Elastofluor fittings and PTFE tubing.
1. cell :

Electrical connection must be made to the eiectrodes
before attéching them to the cell body. Copper wire is-
soldered into holes concentrically drilled in the base
of the electréde arms. Then the arms are gripped with
pliers and forced into undersize holes drilled in the
teflon cell. Aluminum foil is used to protect the arms
dﬁring insertion. A uniform interelectrode distance of
2 mm is obtained by using two remo?able glaSS'microscope

slides as spacers.
2. Thermocouple

The thermocouple is encased in a sealed 4 mm OD Pyrex
tube pressure fitted within a concentric 3.5 cm length of
8 mm OD teflon rod. The rod mounts in an Elastofluor. .

fitting. The immersed length is adjusted to about 6.5 cm.



- -

‘The “thermocouple tip lies 778 ¢cm downstream from the final

electrode pair of the conductivity cell.
3. Ion‘exchange column

Rohm and Haas Amberlite MB-1 mixed bed resin is used
in the ion éxchanée column. Trace ambunté of amine and
styrene decomposition products areileached“from'the resin
by soaking in high purity wéter for several days. LTen to
fourteen ml ofbresin are poured into the column in several

small portions to minimize separation of cationic and

anionic forms of the resin caused by a higher-séttling rate

for the denser cationic form. A larger resin volume does
not significantly,imprové'the ionic purity of the H20 and’

will impart trace amounts of orgénic impurities at a higher

rate. Higher pressures at the output of the pump decreases

silicone tubing lifetime. Bio Rad AG501-X8 ion exchange
resin columns were not used because they produced H30

with twice the conductivity of the column described.
4. Interconnection

Elastofluor fittings can not be used to connect the

silicone pump tubing or the fluorinated ethylene-propylene,

FEP, Teflon corrugated tubing to the Elastofluor PTFE tubing.

The silicone tubing is simply slipped over and clamped onto

“the' Elastofluor tubing with'metal tubing clamps.
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The FEP tubing is attached as shown in Figure II-4.
Thé smooih ends of the FEP tubing and the Elastofluor
tubing are slipped over a_snug—fitting 7 mm OD, 3.2 cm
length of PTFE tubing insert. The assembly is covered
with an FEP sleeve under PTFE heat shrink tubing, SGA
catalog No. R8428-5, and is heated with a héat gun above
the approximate 270°C melting point of the FEP sleeve.
The FEP Teflon melts forming a strong bond to the PTFE
tubing., Care must be taken not to heat the portion éf

the FEP corrugated tube beyond the PTFE insert.
C. Cleaning

The Teflon, gquartz, Pyrex, ana silicoﬁevrubber parts -
of the system must be éleaned to prevent contamination of
the high purity circulating water. |

The Teflon cell body, Elastofluor fittings,
and Speétramesh column supports were cleaned by soaking
in aqua regia and then rihsing in water for about 5 hours.
The PTFE tubing and flexible FEP tubing were assembled
with the clean Elastofluor fittings and filled with
concentrated nitric acid for about 5 hours. The syétem
was then rinsed and filled with water for 4 hours. Quartz
windows were cleaned with methanol then soaked in an
aqueous 2% sodium hydroxide, 1% sodium EDTA solution to

remove adsorbed ions. The Pyrex water reservoir and



Figure II-4
Attachment of FEP corrugated tubing, A, to Elastofluor
PTFE tubing, B, is shown. The corrugated tube must be

slipped on the PTFE .insert, C. . Then 'the heat .shrink

tubing, E, and FEP sleeve, D, are heated to seal the FEP. .
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thermocouple well are boiled for several minutes in dilute
nitric acid.

Electrodes were cleaned before assembly by immersion
in 1 part nitric acid to 3 parts hydrochloric acid followed
by passage of 1 amp of current for two minutes through
the positively charged electrode. A platinum wire éérved as
the negative electrode. silicone tubing for the peristaltic
pump was cleaned by\rinsing with methanol followed by
immersion in boiling water which is allowed to cool to
room temperature.

Preferred materials and dleaning procedures for high-

purity systems are discussed in reference (3).
D. Liquid system operation

Operation of the liquid system with H,O includes the
following steps: (1) cell constant determination, (2)
preparation of feedstock water, and (3) eStablishing the
proper temperature, purity and flow in the circulating
water. System preparation and isotopic analysis with

Ho0/D,0 mixtures will also be described.
l. Cell constants

Cell constants for both electrode pairs were determined
by measuring the resistance of a 10~2 molar KCl solution
with an A.C. Wheatstone bridge. The cell is immersed in

a constant temperature bath of known temperature and allowed



to equilibrate. The cell capacitance and resistance is
determined by bridge balance. The cell constant, k, was
found by the equation

k = KR
where R is the cell resistance &nd K is the conductivity
of 10-2 molar KC14, 1.413 x 10-3 [1 - 1.981 x 1072(25 - T)]
ohm=1 cm=l. The cell constant is 0.319 * 0.15 cm~1 for |
.both electrode pairs. The cell must be rinéed, thed
filled with pure H,O fof a day or more following cell
constant determination to remove contaminating potassium

and chloride ions.
2. Feedstock H30

Feedstock water for the'circulatingAwater system
came from two sources. One source was a Pyrex and quartz
pyrolytic still where the water vapor is passed in an
oxygen atmosphere through a 900°C quartz tube pyrolyzer.
Trace organic impurities are oxidized to CO2 and H30
during passage through the pyrolyzer. The condensed'Hzo
is then redistilled in a second stage and stored. An
oxygen purge prevents atmospheric CO; from reaching the
water. In the second source, water was prefiltered in
Barnstead charcoal and ion exchange resin filters, then
distilled in a Corning Mega-Pure still. No difference

in conductivity is noticed using water from either source.



3. Establishing proper conditions

Water is iﬁtroduced to the system by filling the
expansion bulb. Dissolved COj and.many air bubbles must
be removed after pouring an ion eXchange coldmh and
filling the sytem with HyO. Evacuation of the system
using a dry ice/acetone trapped mechanicalvpump causes thé
water to boil. Vertical orientation of the ion exchange
cdlumn eliminates trappiné df risin§ gas bubbles. Several
eVacuation/représsurization cycles while circulating the
water are needed to remove dissolved atmospheric gasses.
| The system is repressurized with argon to exéiude
atmospheric COz-from‘the system. The'periétaltic pump

circulates the water by squeezing flexible silicone

- tubing with moving rollers. The flow rate of about 2.5

ml/sec corresponds to about 60 pump revolutions/min or
180 pressure pulses/min. Flow rate changes caused by
the pressure variation at the outlet of the pump can
produce turbulence in the ¢onductivity cell contributing
to low frequency noise in the conductivity signal.;
These variations are minimized by impeding the fluid
flow at ﬁhe conductivity cell inlet and allowing the
system volume between the pump and the flow restriction
to expand and contract in response to pressure pqlses
from the pump. An 18 cm section of corrugated FEP teflon
tubing and to some extent, the flexibility of the
silicone pump tubing allow system expansion. The flow

restriction is provided by the ion exchange column.
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An alternate technique is to allow the syétem to expand
‘and contract into a chamber partially filled with a bubble
of éompressed gas. This method is undesireable beéause‘
dissolved gas comes out of solution as the pressure is
reduced in the ion exchange column and conductivity cell.
‘Bubbles forming or pass;ng,neér the conductivity cell
electrodes produce spurious signals. Water temperature
was varied from 50°C to about =-0.1°C for supercooled H,O0.
The stability is * 0.2°C over 2 minutes. At 8.5°C, the
water cools a maximum 0.2°C while traveling'from
conductivity cell to thermocouplé. The overall error in
the absolute temperature measurement is * 0.4°C. Most
tubing, the ion ekchange column, and the conductivity
cell are insulated with foam rubber or Armstrong Armaflex.
Four systems were used toAmaintaih the purity of -
circulating H20 when measuring the wavelength dependence’
of the quantum yield: (1) an ion exchange column, (2) an
ion exchange column plus a 1.2 um and 0.47 um Millipore
filter, (3) an activated charcoal column with an ion
exchange column plus both Millipore filters, and (4) an
ion exchange column plus a 100 watt Hanovia Hg lamp
immersion well5 plus both Millipore filters. A GC/MS of
water which was photolyzed longer than 1.5 hours in
system (4) showed no detectable organic impurities or less
than 5 ppm by weight. The quantum yields measured with

each system agreed within experimental error. The simplest
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system, an ion exchange columh, was.used with H,0/D30
mixtures and for temperéture dependent studies in H,O.

. The conductivity of the system ranges between 102%
to 200% of theicoﬁductivity caused by the equilibrium
éoncentration of hydroxide and hyd:onium ions (5.5.x_10-8

ohm=1 cm=1l at 25°C). The poorest conductivities were

“with the quartz cell with ground glass inserts. The all

Teflon system.typically gives a conductivity 110% of

theoretical.
4. 1Isotopically mixed system

.‘The-isdtopicallyvmixed systemAis nearly-idéntical to
the H,O system with the following exceptions. Feedstock
D0 must be prepared, an ion’exchange column‘deuterated,

and isotopic composition of the system analyzed.
4a. Feedstock D50

' Feedstock 99.8% D0 (Bio-Rad catalog no..710-1003 or
Aldrich catalog no. 15,188-2) was pyrolytically distilled.
The still was pre-deuterated by distilling and then
discarding about 10 ml of D70 while heating all normally
cool regions of the still with a heat gun. After cooling,

200-300 ml of D,O was added to the still and collected

after the first stage of distillation.
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4b. Column:-deuteration:

A deuterated ion exchahge column was obtained by
preparing the column with H,0, followed by three successive
cycles of draining, filling, and mixing with high purity
D;0. Mixingvis*accomplished by degassing the system at
least six times. Vigorous boiling during'degassing assists
mixing. The ratio of the volume of retained water .in the
drained system to the volume of the filled system is 1:8.
The mole fraction of hydrogen in the final mixture with
highest isotopic enrichment was 0.0057 * 0.002. The
ionic conductivity was 110% of the theoretical conductivity
of equibrium D3O+ and OD~ in the mixture.

Highly deuterated-colﬁmnsvwith-awsmaller'DZO'
expenditure could be obtained by drying the column before
exposure to Dzd. Direct vacuum drying or after pre-
rinsing with dioxane or ether produced resin beads with a

tendency to disintegrate upon re-hydration.
4c. 1Isotopic analysis

The isotopic composition of the Hp0 was determined
from samples drawn through a Teflon-coated silicone rubber
septum with a syringe. Density measurements with a 3 ml
pyncnometer are used to determine isotopic enrichment

for hydrogen mole fractions greater than 0.10. Liquid
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_-phase infrafed:spectroscopy was used for smalkler hydrogen

mole fractions. Measured hydrogen mole fractions have an
uncertainty of 0.002 at 0.000 mole fraction hydrogen

increasing to.0.01 at 0.10 mole fraction hydrogen. The.

uncertainty is 0.01 -over the remaining range.

Infrared speétra with 8 cm~l resolution were taken
on a Nicoiet 7199_FTIR spectrometer usihé a HgCdTe:
detector, KBr beamsplitter, and Globar source. Liquid
samples were taken in 1 cm path cylindrical quartz cells.
Figure II-5 shows the infrared spectrum of three différent
H,0-D,0 mixtures in Ehe 5600 cm~1 to 6800 cm’l-region.
The peak in the 0.003 mole fraction Hy0 spectrum at
6250 cm~1 ié a D,0 peak, and the shoulder a£'6030 em~! is
an HOD absorption..'The.shbulder height increases linearly
as hydrogen mole fraction»iS»increased.‘ To determine
isotopid composition, the peak height of a water sample
from the liquid system is compared to a calibration
based on measurements at 0.011, 0.032, 0.058, and 0.140
mole fraction hydrogen.

Higher resolution gas phase spectra of water vapor in

equilibrium with the liquid taken with the same instrument

in 15 cm pathlength sapphire window cells could also be

used to analyze the isotopic composition.  The area of

' several well-resolved OH and OD stretch lines of HOD and

D,0 can be measured if pressure broadened beyond the

instrumental resolution of 0.06 cm~l by addition of an

- inert bath gas; 673 torr of N; produces a measured line
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Figure II-5 ' '
Thé infrared spectra of 0.003, 0.017, and a 0.038 mole
fraction hydrogen samplé of water are showﬁ by curves A,
B, and C, respectively. The peak at 6030 em~l is from

1l is from D,0. The pathlength

HOD. The peak at 6250 cm”
is 1 cm. The absolute scale for spectrum A, B, and C,
is 0.0760, 0.0804, and 0.0800 base 10 absorbance

units/division.
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width of..0..28 cm~1. The' 1liquid:.phaser spectral.analysis: -

was found to be easier and probably more accurate.

III. Excitation sources

This section. describes éeneration, waveléngth
selection, and alignment of light between 1.41 um and
0.55 um.used to excite liquid watér;

Preliminary experiments used a Chromatix CMX4/IR
with IR-1 mirrors and model 300A oven and temperature
controller. A Chfomatix CMX-4/1IR consists of a temperature-
tuned, LiNbO3 optical parametric oscillator pumped by a
Chromatix CMX-4 fléshlamp pumped dye laser. The theory
of optical‘pafametric oséillationris desc;ibedfin‘several
review articles6:7, Wavelengths between-l.35 um and
0.98 um mere generated. The signal and idler beam were
separated using a Schott JB-639522 near IR linear variable
filter. Up to 200 uJ pulses of combined signal and
idler wavelengths couid be generated when pumping with a
6 to 7 mJ, 1 us pulse near 0.59 um. Typical powers
after the linear variable filter were 10-30 pJ. Output
powers were measured with a Molectron J3-05 pyroelectric
detector. Wavelengths were determined with a Bausch and
Lomb 600 groves/mm diffraction grating biazed at 28°41°.
The grating is calibrated using visible light from the dye
laser. The dye laser wavelength is determined with a 1.5

meter Jobin-Yvon monochromator.



_-i..Quantum.yields .at..9050 -cm~lzand.10204. .cm~1 agree

- within 7% and 27% of values measured with the Quaﬁta Ray
system to be described. ‘Much higher pulse energies were
obtained with a Quanta Ray DCR-1, Nd+3:YAG—pumped |

PDL-1 dye laser thatbcan be Stokes shifted in a
high~-pressure hydrogén or methane Raman cell8. This
system is used for all,repo:ted quantum yields. Dye
laser output is focussed first with a 50 cm lens éxternal
to the 1 m Raman cell.. Sixty centimeters from this lens
is an internal 6.7 cm focal length lens supported in a
teflon holder. The internal lens produces a second Focus
which enhances second Stokes output. Figure II-6 shows
the geometry of thé_Raman generator.  The desired output
~wavelength is .selected with a quartz prism, Corning 7-56
or Corning 7-69 fiiter, Power is optimized by.adjusting
the Raman cell gas preésure and divergenée of the dye
laser. Table I1I-1 showé optimum conditions at several
output wavelengths.

The dye laser wavelength is checked with a Beck
Wavelength Reversion Spectrometer. Reported“wavelengths
are accurate to 1 nanometer. Near infrared frequencies
are calculated from thé'dye laser frequency and the Raman
frequency of the gas in the Raman cell. - Hydrogen produces
a frequency change of 4155 cm—1 per shift. - Methane
produces a frequency change of 2917 cm-1 per shift. The
typical average light flux at the cell is 20 MW cm~2 in a

'spot 1.5 mm2. This corresponds to an 8 nsec pulse, with a
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Figure II-6
Excitation source and Raman shifter geometry. The
external lens is a 50 cm F.L. quartz lens. The internal

lens is a 1 cm diameter 6.7 cm F.L. glass lens.
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fluence of 0.16 J/cm2 and energy of 2.4 ﬁJ. The beam
profile is not a uniform Gaussian.because the final dye
amplifier is longtitudinally‘pumped with the "doughnut"
mode Quanta Ray. ' |

| For some experiments at 1.06 um, a Raytheon SS404
Nd*3:YAG laser is used®. The maximum flux of 55 MW cm~2
at 1.06 um was used in quantum yield measurements in D5O0.
“The pulse length is 15 ns, the fluenée 0.83 J/cm2, and
the beam area 1 mmZ2. The Raytheon beém'profile is of
good quality with no "doughnui". For 2.28 um output, the
laser pumps an angle tuned‘LiNbO3 optimal parametric
oscillatorl® to generate a 1.2 mJ, 10 ns pulse with a
12 MW cm~2 flux at the conductivity cell; Pulse ehergies
are measured with a Scientech 38-0101 calorimeter.

Comparisons of quantum yield measurements at
- 1.06 um show that the quantum yield is independent of
electrode geometry, focussing parameters, and beam
profiles. Table II-2 shows that measurements with three
cells and three laser sources agree within 35%.

The cell is initially aligned with a visible beam
by tilting thé cell until the spot reflected from the
rear window does not strike the electrodes. An Eastman
Kodak IR Phosphor card is used to direct the near infrared
light. Spurious signals result if the laser beam strikes
the cell electrodes. The problem is eliminated by use

of a mask. The mask is made of a pair of anodized



Table II-1. Table of Raman cell output energies

Raman Raman - 2 in X out ‘Energy
Dye Medium .Shift o (nm) (nm) (mJ)
DCM  Hp  2nd Stokes 650 1410 > 0.4
Rh6 40 Hp ~ 2nd Stokes 600 _ 1197 1.6
Rh610  Hp  2nd Stokes 586 1142 2.25
Rh610 Ho 2nd Stokes 577 ‘1110 2.4
Rh590 Hp 2nd Stokes 572 1090 1.4
Rh590 .HZ 2nd Stokes 560 11047 2.1
DCM : CHy4 ” 2nd Stokes 628 990 1.7
DCM CHy 2nd Stokes 624 980 1.3
DCM CHy  2nd Stokes 615.8 = 961 0.75
RH640 * CHy 2nd Stokes 616.6 . 950 2.9
Rh640 CHy 2nd Stokes  605.8 937" 1.2
Rh640 - CHy 2nd Stokes 600 923 3.5
DCM Ho 1st Stokes 663.8  916.5 2.0
DCM Hop lst Stokes 660 909 2.4
DCM Ho lst Stokes = 650 890.5 = 2.7
DCM Hz' . 1lst Stokes 629 852 4.2
DCM Hp lst Stokes = 627 847 4.0
Rh640 Ho lst Stokes 611.6 820 4.0
RH640 Hj | lst Stokes 600.4 800 3.5
RH590 Hp  1lst Stokes 564.7 738 5.1

Optimum pressures for 2nd Stokes is 400-500 psi for both

Hy and CHy4.
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Optimum pféssure for 1lst Stokes output in hydrogen is
- 165 psi at 738 nm, increasing to 375 psi at 916.5 nm.
Typical energy conversion efficiencies for 1lst Stokes in

' 'hydrogen are between 10 and 17%, 2nd Stokes efficiency

in hydrogen is 4-5%.
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razor edges l.4 mm apart, 9 mm in front of the electrodes.
The razor edges are oriented parallel to the electrode

plane.

IV.'_Electronics

This section describes both tﬁé important and-
the unwanted featurés 6f the signai, then defails the
electronics chosen to record the'impoftant and eliminéte
the unwanted bortibns. | |

Important features of the éonductivity versus time,
Figure II-7, include (i) the pre-laserfbaékground
conductivity, (2) the peak conductivity immediately
following excitation, (3) the conductivity relaxation
‘rate, and (4) the baseline increase éfter relaxation.
Unwanted features of the observed conductivity include
(1) the small magnitude of the transient signal; especially
when compared'to the largé background coﬁductivity, and
(2) £he presence of large amplitude ldw frequency noise.
The transient signal magnitude is as sﬁall as 3 x 10-6
times the background conductivity resulting fr§m~equilibrium
hydronium and hydroxidé ion plus a small concentration of
unidentified ions. The equilibrum conductivity has a
time varying noise component with a frequency between
D.C. and about 20 Hz. The magnitude is up to 700 times
as large as the signal magnitude. The noise comes from

flow turbulence in the cell and from an undetermined



Table II-2.-Comparison of~quantum-yields for excitation at

9400 cm~1
Cell Laser Source ITemp. S )
' (°C)
Knight et al.A Ndt3:glass 10 3.6 x 10=7
Laser Associates .
25 6.0 x 10~7
Expoxied Strip Quartz - Raman shifted dye 10 2.8 x 10~7
Teflon - Raman shifted dye 10.6 3.25 x 10~7
Raxtheon : o 10 3.8 x 10~7
Nd*3:YAG , , .
23 - 4.85 x 10~7
25 4.6 x 10~7

A) B. Knight, D.M. Goodall, R.C. Greenhow, J. Chem. Soc.

Faraday Trans. 2, 75, 841 (1979).
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source.’ Perhaps reactivewmétalfatoms reduced from Na*t
ions near the cathodé catalytically produce OH™ ions and
Hy gas. | .

An A.C. qdupledvamplifier could have been used to
eliminate problems caused by the two unwanted features

of the signal by amplifying the small fast transient

while filtering out the static background and low frequency

noise. However, it would also produce baseline overshoot
or baseline droop which distorts the magnitude of the
baseline step.

- The electronics actually used conéists of four
parts. The conductivity monitor Separates the static
conductivity from the transient conductivity and
amplifies only-the»transient'conductivity., The static
conductivity'is-monitbred separately. The triggered
differential amplifier increases the transient voltage
and attenuates the low frequency noise. The digitizer
records the signal. The optical isolator prevents laser

noise from entering the system along triggering lines.
A. Cbnductivity monitor

The conductivity monitor, shown in Figure I1I-8, is a
conductivity bridge with transient current differences
between the two arms detected with an Analog Devicesb

AD507K operated as a current to voltage converter. The
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.Figure I11-7

Transient conductivity in H30 showing (1) the pre-léser
background conductivity, (2) the peak conductivity |
" immediately following excitation, (3) the relaxation
rate, and (4) the baseline increase aftet relaxation.
The magnitude of the transient is as small as 3 x 10‘6
times the level of background conductivity, (1). The
siQnal shown here has a peak magnitude about 10-4 times
the background conductivity; - The temperature is 19.8 C,

with excitation at 9400 cm~1,
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to ground by one arm of the conductivity bridge. The
cell in the other arm is illuminated by the laser.
Potentiometer R6 allows D.C. balance of the bridge to
prévent current flow into the curtent to voltage
converter in the absence of a transient conductivity.
Bridge balance eliminates contribution from the_static.
conductiyity. biodes Dl and D2 protect the amplifiet
input from voltage surges caused by switching the bias
voitage polarity. Capacitors C2 and-C3 prevent the bias
voltage reference point from changing on the timescale
of the transient conductivity signal. Capacitor cl
prevents the magnitude of the bias voltaée from varying
with time. |

‘ Thevvoltage across R3 is’monitored'with'VOltage'
follower LM310 and is proportional to the equilibrum
conductivity. Signal output from the current to voltage

converter proceeds to the triggered differential amplifier.
B. Triggered Differential Amplifier

The triggered differential amplifier is shown in
simplified form in Figure II-9. The circuit hés two modes
of operation depending on whether or not the signal is
being digitized. When the conductivity is not being
digitized, the FET is turned on, sending the same signal
tovboth inputs of the CA3130 differential amplifier. This

results in a gain of one and an output near zero volts.



Figure II-8

Schematic ‘diagram of the transient and static conductivity
monitor. -Résisﬁaqce is in ohms and capacitahce in ufd.

V* and V- are +15v and -15v. RCl and RC2 are the

conductivity cell resistances.
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Figure iI-9

Schematic diagram for the triggered differential amplifier.
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Durihg this mode, low frequency noise is eliminated.
The mode of opefation is changed after digitization
begins. The FET is turned off, capaciter.cl stores the
instantaneous signal voltage, and the circuit amplifies
the difference between the stored voltage and the
subsequent voltage with a gain ef 20. The system
risetime from conductivity monitor input to triggered

differential amplifier output is about 2.5 usec.
C. Digitizer

The signal is D.C. coupled to the 7Alé vertical
amplifier of a Tektronix 7912 transient digitizer with a
PDP 11/10 Digital Equipment’computer'averager or to the
7A16P vertical amplifier of a Tektronix 7912 AD transient
digitizer with LSI-11l computer averager. The digitizers
use an electron beam to write on a diode array, similar
to the way an electron beam writes on the phosphor screen
" of an oscilloscope. Digitization occurs when a second
electron beam reads the diode array. If high frequency
noise is not filtered out, the writing beam intensity is
spread over so many vertical diodes in some horizontal
channels that no written'signal.is detected by the read
beam. Inaccurate decay times and peak amplitudes can
result.

A low pass filter preceding the digitizer input

filters out high frequency noise. A cut off frequency
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of 300 kHz is for signal decéy times less than about
75 us. fhe cut off frequehcy is 60 kHz for longer
decay times. The low pass filter also attentuates the
signal for a nef gain from triggered differential
amplifier input to low pass filter output of 12.29 for

60 kHz cut off and 6.3 for 300 kHz.
D. Timing Electronics

Three synchronized electrical pulses needed tq
control the experiment are shown in Figure II-10. They
’are»(l} a digitizer trigger pulse, (2) a control pulse
for the FET of the triggered differential amplifier, and
(3) é laser Q-switch trigger needed to generate laser-
output. Generally, laser-generated electrical pulses
are used for pulses (1) and (3). A pre-laser baseline
is digitized during the time between pulse (1) and pulse
(3). Occasionally, longer delays than provided by the
laser are needed. A pulse_generator and adjustable
. delay can be hsed to trigger the digitizer and laser?
Pulse (2) is generated externally. This section
describes the optical isolator used to isolate the laser
electronics from the signal collection electronics and

the timing circuit used to generate pulse (2).



Figure I1I1-10

Timing diagram of electrical pulses used for experimental
control. Pulse (1) triggers a digitizer. Pulse (2)
controls the triggered differential amplifiér, and pulse
(3) controls the laser Q-switch. (A) and (B) show the.
timing of the laser output and conductivity signal

relative to the electrical pulses.
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The 'schematic diagram in Figure II-1l1 sths an
optical isolator which eliminates transmission of laser
noise to the signal collection electronics. It consists
of a 6N136 optical isolator chip followed'by an inverting
amplifier capable of driving both the signal averager and
a timing circuit for.the FET'in,the triggered differential
'amplifier. With.the-Quanta-Ray Nd:YAG laser there is a
deléy of about 240 us between the-lamp pulse out an§
the laserlpulse. Digitizer triggering with the lamp out
pulse, (1), allows a prelaser baseline to be reéorded.
With the Raytheon YAG laser there is an = 200 us delay
between the first amplifier out pulse (1) and laser
output. |

The timing éircuit in Figure II-legeherates a
:gate which controls the FET. A pulse from the
opto-isolator triggers the LM31ll comparator, which
starts.a timing cyclé in a 555 chip configured as a
monostable multivibrator. The 7 or 60 ms output pulse

turns off the FET after inversion by LM311l, A2.
E. Electronics performance
Signal collection proceeds at the 10 Hz laser

repetition rate. Typically, 512 shots are averaged, the

conductivity cell polarity reversed, and the same number
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Figure I1-11
Schematic diagram of optical isolator. Resistor values
are from left to right, 300 2, 1 Megohm, 22 k@,

49.9 ka, 200 kQ, and 51 Q. The capacitor is 0.47 uFd.
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Figure II-12

Schematic diagram of timing circuit used to control the

FET in the triggered differential amplifier. Resistor Rl

is 62K or 510KR for a 7 or 60 ms output pulse.
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of additional shots averaged. Subtraction of the two

signals eliminates pick-up and multiﬁlies the

conductivity signal by two. The subtracﬁed pick~-up is

about 5 k 10-10 A in magnitude. A step increase of about | &
1.5 x 10710 A with 300 V applied to the conductivity cell

produces a conductivity step with signal to noise of one

after averaging 1024 shots. This step increase -

cbrresponds to a 3 x 10-13 molar change (3 ppm) in

hydronium and hydroxide ion concentrations at 25°C.

V. Absorption spectra

Absorption spectra between 1.19 uym and 0.63 um were
taken of H20/D20 mixtures in a 10 cm cylindrical quartz
cell using a Cary 14 spectrometer with an IRl detector.
Mixtures were érepared by weight. Results at several
wavelengths of interest are shown in Table II-3.

The spectra are shown in Figure II-13. The absolute
baseline was set by comparison with D70 data by
Sullivanll, The absorbance in-HZO at 650 nm is 13%
greater than measured by Tam and Patell2 by optoacgustic

measurements. -



Figure II-13 v

Absorption épectrum of liquid HZO (A),V0.485 mole fraction
hydrogen .(B), 0.297 (C), 0.198 (D), 0.099 (E), D20 (F),
and the spectrometer baseline (G). Curves D and E should
be shifted upward by 0.005 absorbance units.‘ The path

length is 10 cm.
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Table II-3. Absorbance?® of H20/D20 mixtures.

mole fraction hydrogen

A (nm) D50 0.099 0.198 0.297 0.485  H,0

737.8  0.000278® 0.0015 0.0028 0.0039 0.0058 0.0117
799.25 0.00042°  0.0016 0.0028 0.0039 0.0053 0:0097
820 0.00052 0.0017  0.0029 0.0040 0.0058 0.0108
847.3  0.0008  0.0027 0.0046 0.0061 0.0097 0.0185
890.5 0.0017 0.0040 0.0062 0.0089 0.0134 0.0258
909.4 0.0016 0.0048 0.0067 0.0091 0.0148 0.0316
916.5  0.0016 0.0049 0.0071 0.0104 0.0160 0.0344
922.6 0.0018 . 0.0051 0.0079 0.0112. 0.0184 0.0403
923.6 0.0018 0.0051 0.0083 0.0116 0.0189 0.0414
950.2  0.0021  0.0120 0.0226 0.0345 0.0585 0.1259
950.4  0.0021 0.0121 0.0227 0.0349 0.0592 0.1279
961.1 0.0037 0.0197 0.0383 0.0565 0.0928 0.1830
989.8  0.0055 0.0188 0.0343 0.0499 0.0836 0.1862
1047.0  0.0050 0.0125 0.0208 0.0284 0.0427 0.0681
1063.0 0.0044 0.0112 0.0186 0.0257 0.0383 0.0635
1101.0 0.0048 0.0105 0.0175 0.0250 0.0385 0.0817
1109.0  0.0050 0.0114 0.0186 0.0264 0.0426  --

2 Absorbance (cm—1l)
b from Sullivan, reference (1l1l)

C extrapolated form Sullivan's data

/1, = 10(-Abs) (length)
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- CHAPTER III.  ANALYSIS

The analysis consists of two parts. The first is a
calculatidn of the quantum yield for the laser induced
reaction. The second is a calculation of the thermal
recombination rate from the equilibfium relaxation that
follows perturbation by the laeer-induced dissociative
ionization. The end of the enalysis section includes a
diseussion of experimental errors in the laser induced

reaction.

I. Laser-induced dissociative ionization quantum yields

The goal of the data analysis is to relate the
transient voltage changes shown in Figure II-7 to the
chemical and physical processes of the dissociative
ionizatioh reaction. This section showsvthat the

transient can be related most directly to reaction

quantum yield. First, after some background, it is shown

that the reaction kinetics can not be determined directly
from the traneieht conductivity.

Absorption of a photon with energy greater than the
dissociative ionization reaction threshhold initiates ‘two

competitive processes, both affecting the solution

conductivity. The processes are (1) formation of separated

product ions, H3O+ and OH™, and (2) energy thermalization

to produce a temperature jump.
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The kinetics of the two processes are described by
the following equations:
kla k1b |
(H,0)* = (8% ... o0H") T— H' + on" (1)
_ ) -
k-1a k-1b

(HzO)* <«—— (H20) . - | (2)

(Hp0)* denotes a vibrationally activated species, probably
involving more than one H,0, (H,0) a vibratiohally relaxed
species, (HY ... OH™) an ion pair, and H* + OH™ separated
ions. |

Processes (1) and (2) can be observed by monitoring

the transient conductivity. The conductivity, L, is

L=|x C + A C ]+Aici (3)
gt gt OH™ OH™

with A; and C; the single ion equivaleht conductivity
and concentration of species i, respectively. So,
process (1) directly increases the conductivity in
proportion to the concentration of product ions Cy+ and
Cog—- The temperature jump of process (2) increases the ' o
conductivity by increasing the equivalent ionic
conductivity, A, of the pre-existing ions and increasing
equilibrium ionic concentratiqns.

There are two timescales in the reaction kinetics

that affect the conductivity. A rapid thermalization



rate, ky, and rapid ion pair formation rate, Kiar
preceding a slow relaxation of the H,0 = H' and OH'
disequilibrium, (3) in Figure II-7. 1If the electronics
were infinitely fast, (1), the trahsient risetime in
Figure II-7 would_be'related to k3 and kj. In practice,
the electfonics riéetime is slow compared to 1/k; and
1/k5, but.fast éompared to the equilibrium relaxation
rate. This means neither kl'nor ko can be determined
from the signal risetime.

However, the quantum yield can be detefmined from
step (4) in Figure II-7, and the equilibrium relaxati;n,
(3), extrapolated to (2), the conductivity peak. The
quantum, yieid, ¢; fdr the production of separated ions
is the fraction of vibrationally activated species that
react. |

_ ky [(H0)*] (4)
T Tk F Ky [(H,007]

where k; is the overall rate for production of separated

ions. Recognizing

___El—— {[(H_.O)*] = [reactive events] (5)
k1+k2 2

and
[(H20)*] = [absorbed photons] (6)

the quantum yield becomes
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¢ = [reactive events] - [product HY) (7)

[absorbed photons] [absorbed photons]

The remainder of this section shows how the quantum
yield is calculated. The concentration of absorbed
phoﬁons is calculated, from either the baseline step,
which is proportional to the temperatdre jump, or from
the absorption spectrum and transmitted laser energy.
The conceﬁtration of reactive events is related to thé
conductivity jump. Also, the measured vpltage‘changes

must be related to the absolute conductivity changes.
A. Concentration of Absorbed Photons

The concentration of absorbed photons is calculated
from either the measured conductivity step or from the
absorption spectrum of the water. First, the method

using the conductivity step is described.

l. Concentration of absorbed photons from the

conductivity steps.

The concentration of absorbed photons is related to
the temperature increase calculated from the conductivity
step. The necessary equations for any composition and
temperature are given. Calculated concentrations assume

a uniform spatial distribution of absorbed photons and
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product ions. Actually, the laser intensity is not
uniform and does not completely fill the interelectrode
region., The'acﬁual laser geometry does not influence the
calculated quantum yields as shown in Appendix A. |

The concentration of absorbed photons, [N], is given

by" | : | |
: CopaT . ' .
(Nl = Foom- | (8)

A

where Cp is the specific heat, p is the density, Np

'is Avogadro's number, and hcv is the photon energy.

For Hp0, equation (8) becomes

(N] = (28730)AT | | -  (9)
AV]

where v is in cm‘l, AT is in degrees Celsius and [N]

is in moles/cm3.

For D30

(N] = (25780)AT (10)
B TE— ‘
and for isotopic mixtures, a linear interpolation is
made. Cp and p are considered temperature independent
over the temperature range studied with values taken at

25°C.
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Cp = 0.998 cal/gm C 1 ang
p = 0.99704 gm/cm3 2.
For D30,
Cp = 1.004 cal/gm C 3band
p = 1.10445 g/cm3 2,

For small conductivity changes, temperatufe changes

are given by the derivative of equation (3).

AL=d_;‘ AT , | - (11)

with the derivative given by

: dxj dcj (12)
a 3w (e L)
dT dar daT .

i

Thus, two sources contribute to the conductivity step.
The first tefm is the.température—inddced change in ionic
mobilities and the second is the temperatpre—dependent
water ionization equilibrium.

The conductivity and concentration of four different
ions, H*, OH™, Na‘t, and Cl-, are used in equation (12).
The theoretical concentration ahd conductivity of H* and
OH™ ions is used in equation (12). The concentration
of Nat and Cl- is found by attributing the measured
excess conductivity above that from H* and OHT to Nat

and Cl7. No significant error is introduced if the
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excess‘conducnivity is produced by a fully dissociated
species other than NaCl.' (The discussion of errors
section shons that the quantum yield is relatively
insenSitive to errors in the conﬁribution of impurity
ionS-pb the conductivity step and jump.) The temperature
dependence‘of the equivalent conducﬁivity is gi&en by |
the temperature dependence of the solvent viscosity
indepéndéné of the ionic identity for smali
concentrations and temperatu:e—independent ionic radii.
Pj

Ay = (13).
-n(T) ' ’

- where n(T) is the solution viscosity and Pj is the

proportionality constant. From Stokes' Law, Pj =
2eoF/1800 nrj. 2Zeqy is the ionic charge, and rj the ionic
radius.4 The equivalent conductivities used for NaCl

are as follows.

For H20
A + A = 67.188 + 2.135(T) + 9.49 x 10-3(T)2  (14)
Nat Ccl- : :

with T in degrees Celsius and A in cm?2 ohm~! mo1-1,8

For D30
ANa*+(25°C)
n (T) _ (15)

A + A
Nat cl-

where
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n(T) = expl(669.2/(T~133.98)) - 3.966] (16)

'with.T in Kélvin and n in centipoise. Equation (16) is
obtained by modifying a functional form that works well
for H,0 5 to fit data for D,0 6 within about 2% from
20°C to 40°C. The conductivity of NaCl in D0, A (25°C), b
is 104.2 cm2 ohm-1 mol=l after a small 0.2% correction

to thé data of Giere at 98.,9% D20‘7 For mixtures of

H0 ana'Dzo, a linear interpolation is made between

equations (14) and (15). The error is 1l.6% when compared

.to Giere's experimental result at 25°C in 47.8% D?_O.7

Ionic conductivities used for HY and OH™ ions are as

follows:

For H,0 8,
A = 110.88 + 3.468(T) : (17)
OH~™

with T in degrees Celsius and Aog~ in cmzohm"lmol'1 fits

experimental data9-1l within 6% from 0°C to 75°C and

within 2% from 15°C to 75°C.

Agt = 224.33 + 5.305(T) - 0.0113 (T)? (18)

fits experimental data9,11-13 within 2% from -6°C to 55°C.
For D0 and H,0/D;0 mixtures at 25°C, a linear extrapolation

with mole fraction is unsatisfactory. However,

A + A = 548.9 X

+ 411.2 X + 363.4 X (19)
Lt oL- HDO

H20 D20



is -satisfactory with an error of 0.65% at 0.096 mole
fraction deuterium?. Agreement Qith experimental data
is within about 4% over the temperature range from 18°C
to 75°C7 if the conductivity'of an arbitrary mixture

of hydrogen.and deuterium is scaled by the temperature

dependence of H,0 conductivity given in equations (17)

-and (18). Equation'(l9) requires Hy0, D20, and HDO

mole fractions of a given isdtopic'mixture. If the
distribution of hydrogen iﬁ"hydrogen/deuterium_mixtures

is statistical, then the equilibrium expression for

H20 + D20 & 2HDO
is

[HDO] 2/ [H,0] [D,0] = 4. | ©(20)

This approximatelekpression is used only.to obtain a fit

of hydrogen and hydroxiae ion conductivities. The reader
should see reference (14) if a more precise expression for
the equilibrium constant is required for other applications.:

Equation (12) also needs the temperature dependence

- of the equilibrium hydrogen and hydroxide ion concentrations,

or Kyu(T). For HO0,
PK = -6.118 + 4476.6/T + 0.017105(T) (21)

with T in Kelvin, agrees within about 0.3% with experimental

data15 for Ky between 0°C and 60°C and is in reasonable
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agreement with Ackermann's value at 80°C. For D50,

pPK = 4900/(T) - 7.5527 + 0.0200854(T) (22)

with the temperéture in Kelvin, matches ekperimental
resultsl? for K, within about 0.7% between 5°C and

50°C. The pK of (22) is multiplied by a factor of 0.999_
to agree with Gold and Lowe18 at 25°C3 Then K is |

calculated from the expression

Ky = Kgll = n + 02?1 = n + n(Kp/Kg)e ™1 (23)

w

where Ky is Ky for H70, Kp is Ky for D70, n is the
deuterium mole fraction and &, taken to be 0.69, is

the fractionation. factor for L3O+ ions.. L'repreéents
an H or a D. Calculated-values match éxperimental
values at 25°C within 4.5%, with the maximum deviation
at 0.5 mole fraction deuterium. Several alternate
expressions for Kyw which fit the experimental data
equally well are given by Gold and Lowel8, Finally,
(N], the concentration of absorbéd photons, is found by
insertion of equations (14), (15), (17),.and (23), their
temperature derivatives, and the measured conductivity
step into equation (12) to give AT. Then AT is

inserted into equation (8).



2. Concentration of Absorbed Photons from Absorption

Spectra.

The method described above is not universal. In
DO, and some isotopic mixtures, the abserbance and the‘
tehperature dependence of Ky ere_smaller than for H3O0.
Therefore, the baseline step is too small to measure
aceurately. Instead, absorption spectra and transmitted
laser energies are used to calculate a baseline.step and
the concentratioﬁ of absorbed photons. The absorption
spectrum and transmitted energy givee the energy
deposited in the solution. The baseline conductivity
efep is proportional'to the deposited energy. The
" proportionality constant is given.by calibrationat
~wavelengths and isotopic compositions where;a baseline
step is readily observed. |

The energy absorbed is given by

PE - PE = (10%€C% - 1)PE (24)
(o}

where PEy is the laser pulse energy before the cell,

PE is the transmitted pulse energy, and ecf is the
absorbance ofvthe water. Generally, the absorbance is
calcuiated from Cary 14 spectra of isotopic mixtures.
given in the Experimental section. For wavelengths longer
than 700 nm, a linear interpolation is made between the

two spectra closest in hydrogen mole fraction to the
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sample being measured. For a few wavelengths shorter
than 600 nm, Cafy 14 measurements at 650 nm as a function
of hydrogen mole fraction are scaled to match results by

Tam and Patel for H,0 and D2019. The equation used is

€(650,Xyg)- €(650,D50)
e(A,Xg) = . lepp(A,H20) - €(A,D30)] +
€(650,H0)~ €(650,D50) : »

eTp(A,Dzo)

where €(1,Xy) is the molar extinction coefficient at
wavelength A, and mole fracﬁion hydrogen, Xyz. Subscript
TP dehotes data by Tam and Patel. Two sources are used
for the pure D70 spectrum at wavélengthé longer than

700 nm. Cary‘14 spectra are used for anelengths longer
than 820 nm. Data by Sullivan20 are used for wavelengths
between 820 nm and 700. nm.

The deposited energy; if measured in millijoules,

is related to a conductivity step as follows:

- -4
AT = (PE4 PE)(§633 x 10 cal/mJ) (25)

p

where p is the density in g/cm3, Cp is the heat capacity

in cal/g °C, and V is the effective volume. Replacing AT

in equation (6)

(PE, - PE)(2.39 x 107%)
AL = SuL

dT (26)
pCpV _ v




where AL is the conductivity change, and dﬁ/dT is given
in equations (1l1l) énd (12). All variables in this equation
are known except V, the effective'volﬁme. To determine

V, a wavelength and isotopié'composition are chosen where

both an absorbed energy and a conductivity step are easily

‘measured. The values are inserted in equation (26) and

it is solved'for V. Values at 1.06 um with hydrogen mole
fractions of 1.0, 0.9, 0.40; énd 0.32; 0.547 um witﬁ mole
fractions 1.0 and 0.9; and 1.1 uym with a hydrogen mole
fréction»of 0.32 were averaged to yield an effecti&ev
volume of 0.141 + 0.01 cm3. Once V is determined,

equation (26) is used to calculate baseline conductivity

.steps at other wavelengths and isotopic '‘compositions.

The method for determining the concentration of absorbed

photons from the conductivity step was already described.
B. Concentration of reactive events

The remaining informationvneeded to calculate the
quantum yield is the concentration of reactive events.
The concentration of reactive eQents is equal to the
concentration of produét hydronium ion. This shows how
the concentration of product hydronium ion, AChx+, is
obtained from the peak conductivity. 'As mentioned
previously, the two rapid processes influencing the peak

conductivity are: (i) an increase in ionic mobility
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caused‘by the rapid temperature jump; and (ii) formation
'_of ionic products. The contribution of process (ii) to
the peak conductivity is found by subtracting the portion
arrising froﬁ process (i). The contribution to the peak
conductivity change from process (i) is proportionai to
fhé baseline conductivity step.

ThevcondUCtivity maqnitude is abdut one-third the
step size. The lowest arrow curve C, Figure III-1
indicateé the contribution to the peak frdm process (i).

For small temperature and ionic concentration changes

- {3L] AT [, | 3L  ACyx+ 4 AL ACog- | (27)
3T aCy+t 9Con~
Ci T T

where ALmob’reﬁresents the mobility induced conductivity
change of process (i) and ALpp is the ionic product
induced conductivity change of process (ii). Equation

(27) can be simplified by consideriﬁg each term separately.
First, consider the temperature-dependent mobility term.
The temperature derivative of the conductivity is
calculated in the previous section and is given in
equations (11) and (12). The term in equation (12)
involving dCi/dT is zero because there are no temperature
induced changes in ionic concentrations immediately

following the laser pulse; or
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| dij
ALmob = ) Ci Q@T AT , . (28)
1

Previously described eQuations for equilibrium idnic
concentrations, Cj, ionic mobilities; Ai(T), and ‘
the temperature jump, AT, are used to determine ALpop.
Now, éonsider the second term of eqﬁation (27).

Replacing 3L/3Cjy,

ALip

A AC + X AC : ' ‘ (29)
H* HY OH™ OH™ ' : o

AC
Ht OH™

Since AC

equation (29) becomes

ALip = (A + A )ACH+‘ (29a)
Ht OH™
Solution of equation (27) gives the concentration of

product hydronium ion.

E3

[reactive events] = AC = (AL = ALpop)/(X + A ) (30)
Ht it on~
Expressions for the ionic mobility of H* and OH™ were
given previously. Equation (8) and equation (30) are

combined in equation (7) to give the gquantum yield.
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C. Conductivity from signal voltages. .

The previous treatment uses solution conductivity
changes in the data analysié. The transient signal
voltages recorded dufing the experiment mus£ be converted
to solution conductivity changes. The conversion is o
described in this section as follows:

(1) The voltage change at the output of the conductivity
monitor is calculated given a smali change in |
conductivity. |

(2) This voltage is amplified and the final voltage at
the signal averager inpﬁt is calculated, giving a

v relationship between cell conductivity'changes and
recorded voltages.

(3) The soluﬁién condqctivity change is calculated given
an identical small change in cell conductivity.

(4) The relationships are combined to yield the solution
conductivity change as a function of recorded voltage

change.

The schematic for the cell amplifier is shown in 4 .
Figure II-8. At bridge balance, the bias voltage across
the illuminated cell, RC2, is

RC2 v . (31)
Ve = RC2 + R5 + R6
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where V is the 300 V bias battery. The current through

the illuminated RC2 arm of the bridge is
For small conductivity changes

di

c - |
8i, = ———— A(1l/RC2) o (33)
d(1/RC2)
The derivative
= Vo - (33b)

d(1/RC2) © (RC2 + RS + R6)2

The second term can be neglected
RC2 is large compared to R5 + R6
is only 3-4% of the first term.

capacitors on the reference side

for two reasons. First,
so that the second term
Also, V. is fixed by

of the bridge. The time

~constant for a change in Vo is several tens of milliseconds,

long compared to the transient signal. Thus,
Aic = Ve A(1/RC2). | (33c)

The ADS07K op amp forces the current differences
between the two arms of the bridge through feedback
resistor; R7. The voltage change at the conductivity

monitor output is
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The cell monitor voltage is further amplified before
being sent to the signal averager. The final voltage at

the Signal averager is
AV, = [Gain]avgp . | (35)

where [Gain] is the gain'df the triggered differential
amplifier and ldw pass filter. Replacing AVem and V. from
equations (34) and (31)

[Gain] RC2 V(R7)

AV = - A(1/RC2) , (36)
(RC2 + R5 + R6)

(3) and (4)

The solution conductivity is

kc2
L = (37)
~ RC2

where ko is the cell constant. For an identical small

change in conductance (1/RC2)
AL = kga A(1/RC2) (38)

Rearranging (36) and A(1/RC2) in (38) gives an expression
relating conductivity changes to measured voltage changes:

-kco (RC2 + RS + R6) AVg

AL = (RC2) [Gain] R7 V | (39)




Numerical values are as follows: kC2 = 0.319 cm‘l; RC2 =
5.27 M2 at 25°C and 110% of theoretical conductivity of pure
water; R5 = 115 KQ, R6 = 7K, Gain = 12.29 with a low pass

filter setting of 60 KHz and V = 300 V.

II. Thermal recombination rate

The exponential decay of the conductivity signal

© following equilibrium perturbation by the laser induced

reaction is caused by recombination of the excess H* and
OH™. The recombination rate, k_; of equation (2), is
obtained from the experimenﬁal decay time, T 21,
1 - koplC  +C 1+ kg | ' (40)
T H* OH™ :
The ionic production rate, kj, is ignored because it is-
small compared to the first term (R). ' The equilibrigm
constant of equation (23) is used to calculate C + C

: Ht OH~™
when solving for k_j.

III. Discussion of Error

This section describes the sources of both random
and systematic error in the quantum yield determination.
The error for determinatioﬁs based on the conductivity
jump and conductivity step are discussed first. Since
the absorbance based quantum yields are calibrated against
the conductivity based quantum yields, they will retain

the systematic error of the conductivity based quantum

89
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yields. In addition, there is a calibration error and
errors in the absorption spectrum not present in the

conductivity based gquantum yields.
A. Conductivity Based Quantum Yields

There are two sources ofrsystematic error and two
sources of random error. The systematic error comes from
cell constant uncertainty'and ffom errors in the
,expressions used for”temperature—dependent ionic
éonductivities and~the‘water equilibrium constant. The
random error comes from statisticél uncertainty in the
peak conductivity and in the baseline step increase. The
magnitude of each of these errors will.be determined by
estimating its contribution to the peak and step voltéges
used in the quantum yield calculation.

Error estimation requires knowing the sources of the-
conductivity}signal. The lower arrow in curve C of
Figure III-1 indicates the contribution to the conductivity
peak from the temperature-dependent mobility of H*Y and OH™
and of Nat and C1-. 1In H,0 near 25°C with a D.C.
conductivity 10% gréater than for ionically pure water,
the arrow is located 0.31 times the baseline step. The
remaining 0.69 of the baseline step comes from Ht and OH™ <
equilibrium relaxation. Of the (0.31) (step) increase,

11.5% is from the temperature-dependence of the Nat and

Cl- ionic conductivity and 88.5% is from the temperature



Figure III-1
Transient conductivity signals at 16670 (A), 11740 (B),

and 8440 cm~l (C). The initial baseline for each signal

is given by the dotted’:line (.%.). The conductivity jump-

extrapolated to the time of the laser pulse is shown with

an arrow (+). The calculated jump for a quantum yield of-

zero is shown with an arrow (+).

A~
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“*dependence*of’the“H+“and“OH’Fionfcwconductivity; These -

ratios hold with an accuracy of * 2% for D0 as well.
First,.uncertainty in the position of the érrow is
considered. The sourcé of this uncertainty is uncertainty
in the temperature derivative of the ionic conductivity.
The maximum systematic error caused by uncertainty in
the temperature derivative of ionic conductivities is
estimated22 to be 15% for H* and OH‘V23 and 15% for Nat
and Cl1~ 24, The uncertainty in the temperature
derivative of Ky is < 2%. The total maximum error in
tne calculated photon concentration is then
(0.7)(0.02) + (0.3)(0.15) =~ 6%.
The total fractional error in the calculated contribution
of the laser-induced ibnization,to the peak  conductivity
caused by an error in thé position of the arrow is
dependent on the relative magnitude of the peak and step.
The approximate expression is |

(0.15)[(0.3) stePi
peak - [(0.3) step]

Thus the total error is excitation energy dependent.

The maximum absolute error in the quantum yield is

zero when the peak ~ to the step (¢ = 2 x 1077 in H,0),
because the peak error and the step error cancel. The
total ¢ error at 1.06 u is about 2%. When the conducti-
vity signal looks like curve A in Figure III-1l, the error
in the peak is insignificant and the baseline step error

dominates, giving a total quantum yield error of 6%.

93
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The relative error for intermediate hydrogen mole
fractions or as a function of temperature is the same.

Another source of systematic error is uncertainty in
‘the cell constant of the conductivity cell. An error in
cell constant produces an error in the measured
concentration of impurity ions and therefore an error in
" the calculated position of the arrow indicating the
temperature-induced conductivity Jjump. Consider H,0 near
ZS;C with a D.C. conductivity from impurities 10% greater
than from H* and OH™. A 20% errorvin cell constant will
triple the measured Na't and Cl"concentratioﬁ and triple
its éontribution to the transient conductivity. It will
change the position of the calculated arrow from 0.31
(step) to 0.35 (step), a less than 2% error in the peak
at 1.06 u and a 7% error in the number of absorbed photons,
for a net 5% quantum yield error. The wavelength
dependence is identical to that already described. The
‘relative error as a function of hydrogen mole fraction is
nearly zero. The maximum combined systematic error from
a 20% cell constant error and from ionic conduéﬁiyity
uncertainty is about 7% at 1.06 u.

There are also two sources of random error. There
are statistical baseline errors and statistical peak
errors. The statistical peak errors are typically about 4%
of the distance above the final baseline, independent of
absolute peak height. The statistical baseline step uncer-
tainty is about 1 x 10-3 V for a low pass filter setting

of 0.06 MHz, with 1280 shots averaged at each polarity.



Table ITI-1

"hydrogen mole fraction

statistical baseline uncertainty

0.00567
1 0.0174
0.038
0.153
0.3179

1.0

208
208
15%
108
5%

< 2%
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Table III-1 shows the estimated statistical baseline step
error for data at 1.06 ﬁm as a function of hydrogen mole
fraction. The statisticai peak error exceeds the |
baseline error for 1.06 um excitation at‘a hydrogen mole

fraction > 0.4.
B. Absorbance based quantum yields

Quantum yields based on the absorption spectra are
not dependent on the baseline step in¢rease. Thus,
statistical baseline error is eliminated. Systematic and
random uncertainty from the zero absorbance point of the
spectrometer and pen reproducibility is added. After the
zero ‘absorbance point is set, measured absorbances at
650 nm differ from those of Tam and Patell9 at 650 nm by
about 0.00016. Their stated absolute accuracy is about
0.00014. The pure D0 measurement differs by about
0.0005 cm~1, Therefore, an absolute accuracy of
0.0005 cm-1 is assumed. 1In addition, a statistical
uncertainty of about 0.0005 cm~l is found for the
spectrometer pen position. Table III-2 shows the
systematic and random error from uncertainty in the
absorption spectrum at an excitation wavelength of 1.06 um.

Comparison of absorbance based and conductivity step
based quantum yields at 1.06 um for hydrogen mole fractions

between 0.15 and 0.32 shows agreement within about 10%.



Table III-2

mole fraction hydrogen

' D0
0.0174
0.038

1 0.1108
0.198

Quantum yield error from absorbance

uncertainty
statistical systematic
12.5% 12.5%
9% 9%
7% 7%
4% 4%
2.7% 2.7%
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for a 4% deviation and a range of ionic mobilities of
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for a 2% deviation and a radge of ionic mobilities of

70 cm2 ohm~1l equivalent.
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CHAPTER IV. RESULTS
Results are presented in two parts. The first part
presents quantum yields of the laser-induced reaction. The

second part presents thermal recombination rates.

I. Léser?induced Reaction

Quantum yields for the laseﬁfinduced reaction are
presented as a function of fluence, phéton energy, temperature,
and mole ffacﬁion hydrogen. The reader should keep in mind
that as the mole fraction of hydrogen is increased from 0
to 1.0, the composition of the solution changes approximately
as in Equation (20) of the analysis section. Most hydrogen
is" in the form HOD at low hydrogen mole>fractibns.

The initial transient voltage as a function of laser
pulse energy or fluence is shown in Figures IV-1 and iv—z.
Figure IV-1 shows results for H,0 at 10°C. Thevinitial
transient voltage is proportional to the quantum yiéld.

The dependence is linear in pulse energy over a factor of
twenty at 12,500 cm~1l and a factor of fifty at 16,670 cm-1,
Figure IV-2 shows results for 0.12 Xy, the mole fraction
of hydrogen in D50. The initial peak height is linear in
the pulse energy over a factor of twenty for excitation at
16500 cm~l. The absolute peak magnitude for excitation

at 11802 cm"1

in 0.0057 mole fraction hydrogen in D50
is 60 to 70 times smaller than for pure Hy0. The reduction

is caused by a lower overtone absorption (x 1/20), lower



Figure 1IV-1

" The dependence of quantum yield on fluence in H5O0 near
10°C. Normalized initial transient voltage (AV/AVp) as a |
function of nofﬁalizad pulse energy (E/Ep); (O) data at
16670 cm~! where AVm’is 0.525 * 0.015 V and E is 11.5 *
0.1 mJ; () data at 12500 cm™l where AV, is 0.144 * 0.008V
and Ep is 2.02 ¢ 0.05mJ. The solid lines represent the
behavior ex?ectéd for a single;photon process. 10 mJ
corresponds to an intenéity of 50 * 25 MW cm~2 and a fluence

of 0.4 + 0.2 J em~2.
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Figure IV-2
The dependence of the quantum yield on fluence is
shown. The normalized initial transient voltage AV/AVp

as a function of the normalized pulse energy E/Ep. (e)

.repreéentsﬂdata for 0.12 mole fraction hydrogen in D,O0.

The temperature is 24°C. The photon energy is 16,500 cm~1

AVp is 0.023 V and Ep 'is 9.2 mJ.
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proddct ion mobilities (x 1/1.5), and a lower quantum
yield (x 1/2) in D50. |

| .The photon enérgy de@endence of the quantum yield'
between 8000>cr'n'l and 17,000 cm~! is shown for»HzoAand.
0.12 Xﬁ; 0.512 Xﬁ, 0.406 Xy, 0.318 Xyg; and less than
0.017 Xy in Figures IVv-3, IV-4, and IV-S. |

The absorption bands in ﬁhis wavélength fange
cdrrespond to O-H or O-D stretching overtones or to stretch
plus bend combinatiopé. For H,0, the depafture from a-
Smooth increase of ¢ with v is outside the limits of
experimental error. The most striking feature of Figﬁre
IV-3 is that superimposed on the trend of increasing § with
increasing v noted in reference 1 is a pattern which
correlates with the absorptionISpectrum{ The quantum
yield rises rapidly on the low-frequency side of a band
and is relatively constant through the band center and
high-frequency wing.

No qualitative difference in behavior is seen between
bands involving purevstretching excitation and those
involving combination with bending vibrations. A sméll
hump in the gquantum yield.at the 3vg + vp overtone is
present. | |

In the wavelength range shown, the absorption strength
of a D0 molecule is more than an order of magnitude smaller
than for an H20 or HOD molecule. This meané that at 0.12
Xy, mole fraction of hydrogen added to D30, the absorption

spectrum is roughly proportional to that of H,O as shown in



106

Figure IV-3

Quantum yield (¢) as a function of photon energy (v)
for 0.12 mole fraction hydrogen in Dzb a‘t 24 £ 1°C, (@) .
Quantumvyield for photoionization of H,0 at 10 * 1°C,
(0) as a function of‘photon energy (v). A line is drawn
through experimentél points.‘ Estimated errors are shown
for H,O0. Fdr 0.12 mole fraétion hydrogen, Log(¢) has a
10% random uncertainty at 9400 cm~1, 15% near 11100 cm~1,
and 35% near 12200 cm~l. The absorption spectrum of HZO
is shown as the dependence of the natural absorption
coefficient (a) on wavenumber (Q). [I/Io'= exp(al).]
Band assignments shown (ref. 2-4) with subscripts b and s

representing bending and stretching modes, respectively.
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Figu:e V-4

Quantum yield as a function of photon energy
fof photoionizationldf several‘mole fractions of hydrogen
in Dy0. Experimental points for successive mole fractions
are displaced upward by one unit. The bottom of the graph
represents logjg(¢) = -8, -9, '‘and -10 for Xy = 0.512 (X),
0.406 (@), and 0.318 (0), respectively. The vertical
scale is +ldecade/division. .The solid line has the same
shape as the quantum yield for H,0, but is displaced to
overlay the experimental points. Random error varies from

about 7% at 9400 cm~1l to 17% at 12200 cm—-1.
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Figure 1IV-5

Quantum yield (¢) as a funcﬁion of photdn énergy (v)
in predominantly D30. The mole fraction of hydrogen is
Xg £ 0.017. The relative error can be estimated from

points shown in the figure.
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Figure II-13. The quantum yield of the Xy = 0.12 mixture
‘is shaped like the H,0 quantum yield, but is displaced to
lower yields. The quantum yields for higher hydrogen mole
fractions, Figure IV-4, show behavior similar to Xy = 0.12.

vFigure IV-5 shows the quantum yield along with the |
absorption spectrum near the v = 4, 0-D stretch in nearly
pure Dzo; Xy < 0.017. At this composition, the absorption
is mostly by D0 molecules. The quantumlyield rises
sharply 6n the red side of the v = 4, O-D stretch overtone
absorption, then declines thfough the center of the band.
It goes through a miniﬁum on the blue side of the band,
then rises as hi-her overtones begin contributing to the
absorption.  Additional strﬁcture in the qﬁantum'yield ér
the absorption spectrum from higher Qvertones'is not
resolved.

The first observable quantum yield is ffom excitation

-1

of the v = 3 0-H stretch in Hzo at 10250 cm and the v = 4

0-D stretch in D,0 at 9000 cm~l. There is no known feature
in the absorption spectrum of isotopic mixtures at énergies
higher than 8000 cm-1 enabling selective excitation of

either HOD or DyO. However, for dilute H0 in D30, a band
centered at 7168 cm~l is attributed to the overtone of the

5,6

O-H stretch of HOD molecules. D,0 absorption is small.

Excitation of this feature at 7072 cm—l

in 0.038 Xy did not
produce an observable laser-induced reaction.
Figure IV-6 shows the temperature dependence of the

quantum yield for five excitation wavelengths in H30. The
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.Figﬁre IV-6

H,0 guantum yield as a funétién of temperature for
éx¢itétioh of four quanfa of O-H stretch; (A) 13570 cﬁ“l,
(X) 12484'cm‘1; three quanta of stretch plus one bend,
’(O) 11737; or three quanta of stretch, (+) 10065 cm‘l,
(o) 9399 -em~1. . Thé-quantum~yields at each: wavelength are
normalized by the quantum. yield at 0°C, ¢ (T = 0).
Random error is approximately‘iO%bfor excitation of v = 3,

and 15% for excitation of v = 4.
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quantum yield increases as tempefature increases. The
fractional iﬁcrease is smaller with a higher photon energy.
As temperature goes from 0 to 40°C, the quéntum yield'
ihcrease is a factof of 1.7 for three §uanta of OH stretéh
and a factor of 1.3 for three quanta.of stfétch plus dne.
-bend or for four quanta of OH stretch. Figure IV-7 shows
the.températufe dépehdence'of the guantum yield for nearly
pure D,0; Xy = 0.017, for excitation at 9400 cm™%. The
yieid.increases a factor of 1.8 from 0°C to 40°C, almost
,idéntical_to the behavior of H,0.

The structure of liquid water becomes more ordéred as
the temperature is reduced below 4°C’. Measurements at
9400 cm“l show. no change from the general decline of ¢ with
décreasing‘temperature»as the temperature is reduced below
4°C.

The dependence of the quantum yield on hydrogen molé
fraction is shown in Figure IV-8 for excitation at 11800 ém'l
and 5400 em~l and in Figure IV-9 for excitation at 15380 cm~1l.
Figure IV-8 shows a 2.5 times larger quantum yield for H7O
than for DoO. However, the increase in quantum yield is
not monotonic with increasing hydrogen mole fraction. A
quantum yield minimum occurs for ébout a 0.2 hydrogen mole.
fraction. Figure IV-10 shows 9400 wavenumber conductivity
curves recorded at 0.0174, 0.15, 0.60, 0.81, énd 1.0 mole
fraction hydrogen. figure IV-9 shows an eleven times larger
quantum yield for H,O than for D,0 at 15380 cm~l., The

increase with greater hydrogen mole fraction is monotonic.
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Figure 1IV=7 ‘ '
Thé quantum yield of nearly pure D70, Xy = 0.0174,

as a function of temperature for excitation of fbﬁr quanta

of O-D stretch at 9400 cm~l. The éuantum yield

is normalized by the gquantum yield at 0°C, ¢ (T = 0).
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Figure IV-8

The dependence of the quantum yield (¢) on hydrogen
mole fraction for excitation at 9400 cm~1 at 25 * 1l°C (+)
and 11800 cm~1 at 24.5 * 1°C (O). The quantum yield is
normali;ed by the quantum yield in pure D30 at the
excitation wavelength, ¢ (D30). The Valuésvdf $(D30)
are 1.93 x 10~7 at 9400 cm~l and 8.12 x 10-7 at
11800 em~l. The solid curve is a fit to the form of

$ = § éici2»¢i/ ;Aeicil
i i

where i represents H;0, HDO, of D50 and ejcif is the
absorbance of species i. At 9400 cm‘l, the best fit is
with ¢y o = 3.81 x 1077, ¢yop = 2 x 1072, and ¢p o 2.54 x
10-7. At 11800 em™1, ¢y o = 1.037 x 1076, ¢,o0 _3.62
X 10'7, ¢y 0 = 1.69 x.1036. Estimated uncertainty at
9400 cm~l is shown in Table III-2. Estimated uncertainty

at 11800 cm~1l is approximately three times the values in

Table III-2.
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Figure IV-9

The dependence of the 'quantum yield (¢) on hydrogen
mole fraction for excitation at 15380 cm~l. The quantum
yield isinormalized by the ‘quantum yield in pure
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Figure 1IV-10

Experimental‘transienﬁ conductivity curves for several
hydrogén mole fractions; Excitation is 9400 cm~l and
temperature, 25°C. The'peak amplitude is scaled to equal 1.
A larger baseline step aenotes a lower qugntum yield,‘to a
first approximation. Curve A has the lowest_quantum yield
and curve E the greatest quantum yield. Curve A (0.15 Xg),

B (0.60 XH)’ C (0.81 XH)' D (0.0174 XH)' and E (1.0 XH)o
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The apparent decline in quantum yield for the point with
highest deuterium enrichment is not outside the combined
experimental error for conductivity peak height and
spectral absorbance. If the true absorbance of D30
were lower than used in the quantum yield calculation,
then the first two or three points in Figure V-9

would have a higher position. Two factofs could produce
excess absorbance in the feported DZO'absorbancess;

H,0 contamination, or organic contaminants in the

feedstock D,0.

II. Thermal Recombination Reaction

This section présents the thermal recombination rate
as a function of temperature and'isbtopic éomposition.'
Figure IV-11 shows the temperature dependence of the rate
in H0 and in D30. An Arrhenius plot, in Figure IV-12
gives k = 3.94 x 1013 exp (=3.49/RT). In H,0, the
Arrhenius rate increases from 6.37 x 1010 L/mol s at 0°C
to 1.72 x 1011 L/mol s at 50°C. The rate at 25°C is
1.09 x 1011 L/mol s. The Arrhenius line lies slightly
below the average of the experimental points at 1.12 x 1011’
L/mol s. D30 results are not as accurate due to lower
signal amplitudes and fewer measurements. A normal
isotope effect is observed with the rate for hydrogen
greater than the rate for deuterium. The rate in Xy =

0.017 D,0 at 25°C is 7.07 x 1010 L/mol s. Table IV-1
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Figure 1V-11
Thermal ionic recombination rate as a. function of

temperature for H,O0 (®) and D30 (x).
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Figure IV-12

Arrhenius plot of 1ln(k) vs 1000/T for the thermal
recombination. The solid line (=) is a least squares fit
of this data (.). ' The dashed liné (==) ié a combarison
Qith reference 9, the points (A) are from reference 10.
The point (O) isvfrom reference 11, the point (X) from

reference 12, and the point (+) from reference 1.
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Table IV-1

Table of recombination rate, relaxation time, and

recombination distances in H20 and D30

‘recombination reéombination
' rate relaxation distance (A)
(L/mol s)- time (us) .
‘H20
Ertl and Gerischer2 1.46 x 1011 34 9.2
Eigen and DeMaeyerb 1.3 x 101l ‘ 37. 8.03
Barker et al.C 1.12 x 101l 44 . 5.85
This workd | 1.12 x 101l 44 5.85
'Knight et al.® 1.25 x 10ll - . -
Briere and
Gaspardf 7.83 x 1010 63.5 ~ 0
D20
Ertl and Gerischerd@ 8.9 x 1010 150 8.1

This workd 7.5 x 1010 178 6

‘Recombination distanées are recalculated from the relaxation
times given by other workers uéing the.ionic conductivity
given in the ahalysis section and the dielectric constants
given in the Discussion.

drecalculated data of V.G. Ertl and H. Gerischer,

2. Elektrochem. 66, 560 (1962)
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brecalculated data of M. Eigen and L. De Maeyer, Z.
Elektrochem. 59, 986 (1955)

cRecalculéted data of G.C. Barker, P. Fowlés, D.C. Sammon,

and B. Stringer, Trans. Faradéy Soé.__g, 1498 (1970)

dD20 result is estimated from extrapolation of mole fraction
dependence to pure Dy0. H0 result is not from an Arrhenius
fit, it is an average of points near 25°C.

€B. Knight, D;M. Goodall, and R.C. Greenhow, J. Chem Soc.
Faraday 2, 75, 841 (1979) |

frecalculated data of G. Briere and F. Gaspard, J. Chim.

Phys. 64, 1071 (1967) .



. shows a comparison with previous results from both H,0
and DQO at 25°C. Our results for Hy0 show cioser
agreement with Barker -et al.? than with the other
" resultsl0-12,

Figure IV-13 shows the recombination rate as a
function of hydrogen mole fraction. There is a monotonic

increase from pure D0 to H3O.
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Figure IV-13
Thermal recombination rate as a function of hydrogen
mole fraction. Error bars show the range of at least four

- values in a weighted least squares average.
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CHAPTER V. DISCUSSION

This section is broken into two parts. First, the
thermal recombination rate, then the laser-induced

reaction will be examined.
I. Thermal Recombination Reaction.

The recombination reaction was first modeled by
Eigenl+r2 as a diffusion-controlled approach ofwhydronium
and hydroxide ions followed by a rapid neutralization by
proton trénsfer. Ionic diffusion coefficients are combined
with recombination rates to yield a recombination distance.
Following Holzwarth et gl.3
k_y = 4nNDyg o 6/(e8 = 1) ‘ (1)
where k_j; is the recombination rate, N is Avogadro's number,
Dapp is the sum of the diffusion coefficients for reacting
ions A and B, ¢ is thé reaction distance and § is given by
| § =2, 25 e2/cckT. (2)
Zpe and Zpe are ionic chafges, e is the H70 dielectric
constant, T is the temperature and k is Boltzmann‘s
constant. Physically, 8 is the ratio of the Coulomb
energy at the recombination distance to the thermal
‘energy. Ionic diffusion coefficients are given by ﬁhe
Nernst-Eipstein relation
Dy = RTZ; A;/F2 (3)

where F is the Faraday constant and Aj is the single ion

equivalent conductivity. The dielectric constant for
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H,0 and D,0 is given by Vidulich et gl.4. A linear
interpolation was used for intermediate mole fractions.
Expressions used for ionic conductivities and recombination
rates were given .in the analysis section.

: .The reection distance calculated from equations (1-3)
for H,0 at 25°C is 5.85 * 0.5 A. A comparison with previous
results is given in Table IV-1. The dependence of reaction
distance on temperature and mole fraction of hydrogen is
given in Figure V-1. Both Ertl and Gerischer> ana Barker
et gl.s report results at temperatures other than 25°C.

The results reported by Ertl and Gerischer show considerable
scatter, varying from 5.9 R to 8.5 A for five temperatures
between 5°C and 32°C with perhaps a slight increase in
distance Qith-increasing temperature. Barker et gl.6

repert a 0.6 A decrease in distance with a temperature.
increase from 25°C to‘50°C. However, it is not clear what
values were used for ionic diffusion coefficiente and
dielectric constants. The constant reaction distance of

5.8 *+ 0.5 A with temperature and isotopic composition
observed here is physically more pleasing than the variation
suggested previously5:6. The extensive hydrogen bonding

in liquid water produces local structure with tetrahedral
arrays of H,0 oxygens having O -+« O atom distances in
neutral water of about 2.8 A7/8, This distance is

nearly independent of temperature and isotopic

composition of the liquid. Structure need not be broken

for transport of hydronium and hydroxide ions through



the solution. Approximately 80% of the proton
conductivity is caused by an ionic hopping mechanism
where the proton jumps from an H3O+ to the 0O atom of a
neighboring H,0 moleculeg. A similar mechanism can
accounf for high hydroxide mobility. The potential
energy a proton hopping towa:ds a hydroxide ion feels
can be thought of as a superposition of a symmetric
barrier midway between equilibrium positions of the
oxygen atoms with an attractive'Couiomb potential.

The poténtial is shown schematically in one dimension

in Figure V-2. Thus, fhe possible ionic recombination
distances should be "quantized", with the allowed
distances determined by the location of successive O
atom wells. Neutron diffraction studies show that the
distance is considerably compressedbin the hydronium

and hydroxide ion relative to neutral waterlo‘with an

O «++ O distance of about 2.52 All for hydronium in
either H0 or Dy0. Bond distances in crystals containing
hydronium ion hydratesl2-15 and theoretical studies

of hydrated hydronium ionsl6é also show a similar O s++ O
atom distance. Theoretical studies of hydrdxide ionsl6
with a successively increasing number of water molecules
of hydration show an O <+« O distance between 2.45 A and
2.61 A. This distance is somewhat larger than for the
corresponding hydronium ion but still greatly compresssed
relative to the neutral water distance. C(Crystal

structures containing hydroxide ion hydratesl7'18 also
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Figure V-1
Recombination distance as a function of temperatue

(X) in H,0 and mole fraction hydrogen (0) at 25°C.

The recombination distance is constant within experimental

error with temperature and mole fraction hydrogen. Thé

solid line is a recombination distance of 5.8 A.
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Figure V-2.

One-dimensional schematic diagram of the potential of

a protod in a linear chain of hydrogen bonded oxygen atoms

(A); the Coulomb attraction of a proton to a hydroxide ion

(B); and (C), the superposition of potentials (A) and (B).
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show a slightly lénger O ¢++ O distance than for the
corresponding hydronium ions. |

Eigenl,2 firsﬁ*proposed a linearly bound, four oxygen,
ion pair chain intermediate for the ionic recombination;
"This intermediate will have a COnfiguration—dependent
"allowed" distance for the ionic ends of between 6.3 A
and 4.2 A. This assumes a 2.52 A nearest neighbor oxygen
atom separation similar to ions father'than the 2.8 A for
neutral water. The ion pair H-O ++¢ H bond angle is 109°.
The measured recombination distance is between these two
extremes. The distance is not expected to vary strongly
with temperature or isotopic composition because the 0-0
atom separation does not change markedly. Figure V-3
shows the geometry for the two extreme configurations. -

In conclusion, the observed recombination distance
and lack of temperature and isotopic dependence is con-

sistent with the linear four-molecule chain intermediate.

II. Laser Reaction

One goal of the Discussion is to give a physically'
meaningful interpretation of the results. The discussion
of the laser-induced reaction consists of two parts, The
first part is a physical interpretation that is independent
of the model used to describe the quantum yield kineticé.
The second part is a formulation and application of a
quantum yield model. Many of the quantum yield results
cannot be given a physically meaningful interpretation

~without development of a model.
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Figure V-3
The minimum and maximum distance geometry for a linear

chain of four hydrogen-bonded water molecules.
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A. Model Independent Interpretation
1. Nature of the laser-induced reaction.

The experiméntal_results-demonstrate that the laser
reaction is induced by Qibrational overtone absorption
of a single photon in liquid water to produce
H3O+ and OH™ ions. The evidence is as follows: The
linearity and unit slope of the conductivity peak vs.
pulse enefgy plots of Figures IV-1 and IV-zldenote'a
single photon process. Agreehent of the'measured
relaxation rate with previous measurements of the H3O+
and OH™ equilibrium relaxation rate (Table IV-1l) is
consistent with H3O+ and OH  final prbducts; Signal from
an impurity absorption would not correlate with the H0
overtone ébsorption spectrum, contrary to data shown in
Figures 1IV-3, IV-4, and IV-5. Additional evidence that
an impurity does not produce the conductivity signal is
provided by the absolute magnitude and the relative
magnitude of the conductivity peak‘in H,0 and D30. An
impurity would absorb photons by making either an overtone
transition or an electronic transition. Estimates of the
magnitude of the peak conductivity in each case follo&.

The first possibility is overtone absorption into an
A-H stretch of an impurity molecule, A-H. 1If the absorption
strength of the A-H bond were the same as the O-H stretch

of an H,0 and the reaction quantum yield were 1, then the

C



146

impurity level would have to be about 40 ppm to produce
~the observed quantum yield of 4 x 10-3 at 18;140 cm-1,

A more realistic, lower estimate of the quantum yield
would require a > 40 ppm impurity concentration. No
impurities were observed in a GCMS at a.sehsitivity of

5 ppm. Therefore, a vibrational transition by an impurity
could not produce the conductivity signal..

The second possibilitx is electronic absorption of
an impurity to produce an excited electfonic state with -
lower pK than the ground state. The absorption strength
would be considerably larger for an electronic absorption
than for an overtone‘absorptioh. An impurity could be
present at a level < 5 ppm and still produce the observed
signal.  However, the relative conductivity peak magnitude
observed upoh changing the solvent from H,0 to D30
eliminates the possibility that electronic absorption by
én impurity caused the transient conductivity. Solvent
change does not affect the electronic absorption strength
of the impurity, but could cause a signal decrease due
to both ionic mobility and reaction rate or equilibrium
isotope effects. The maximum peak conductivity can be
estimated. Kinetic and equilibrium isotope effects lie
in a range from 1.5—1119. An isotope effect of 11
coupled with the mobility decrease upon a solvent change
from D0 to H0 produces at most a factor of 16.5
reduction in the conductivity peak height. The measured

peak height reduction is by a factor of 60-70.
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2. Wavelength dependence of the quantum yield'inino

Interpretation of»the constancy of quantum yield
Qith_wévélength within an absorption band requires
knowledge of the main source of band broadening. Two
broadening hechanisms for O0-H or 0O-D sttetch fundamentals
and first overtones in the solid or liquid water will be
_diécussed. The mechanisms are (1) inhomogeneous.
vbroadening caused by a random, slowly-changing
distribution of O <+« O distances of neighboring H-bonded
molecules; and }2) a combinétion overtone series caused
by strong coupiing of O-H stretch motions with O se¢ O
stretch vibrations. |

Rice and Sceats20 have developed a model for liquid
water based mainly on spectrdécopic measurements of the
liQUid and ofvthe crystalline, or amorphous solid. The
model was used by Sceats and Belsley2l to interpret the
overtone OH stretching spectrum. First, the fundamental
O-H stretch was examined. A total width caused by a
temperature-dependent homogeneous and a temperature-
independent inhomogeneous portion ié.calculated for the'
ice I O-H stretch spectrum of HOD in D,0. The local
structure and spectral features caused by lib;ational
and translafional motions in the liquid are similar to
ice. Since these motions are responsible for the

homogeneous spectral width in ice, the same
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temperature-dependent width was assumed for the'liquid.

A root mean square hbmogeﬁeous widthvincreasing from

28 cm~1l to 42 cm~l between 10°C and 90°C was found for

the liéuid. The calculated homogeneous width is much
smaller than'the measdred spectral widths; consistent with
their hypothesis that the'dqminant contribution to the O-H
stretch lineshape arises from inhomogeneous broadening.
Sceats and Belsley conclude £hat the homogeneods component.
of the overtone 0O-H stretch shduld.be'only slightly
'blarger than for the fundamental. The Sceats and Belsley
‘model assumes the O-H stretch absorption band is a "pure"
band, not in.combination with other liquid motions.

The second broadéning mechanism involving a
combination of O-H stretch with the O-H ¢++ O stretch of
hydrogen-bonded oxygens has recent experimental
support22=27, This mechanism has been. used successfully
for interpretation of;spectra of other hydrogen-bondéd.
systems. References 24 through 27 describe experimental
and theoretical work on the gas phase Me,0 -+ HCl1l and
Me,O <+« HF systems. The spectra are adequately described
in a model using a Born-Oppenheimer type separation of
the rapid X-H stretch motioh from the slower X-H e+ Y
hydrogen bond motion. The XH ¢+« Y bond wavefunctions
are determined by an effective potential, that is
dependent upon the gquantum state of the X-H oscillator.
When a spectroscopic transition is induced in the X-H

oscillator, the quantum state of the XH +++ Y oscillator



~will change simultaneously if a shift in the effective
potential minimum causes a favorable "Franck-Condon"
factor.

A similar model can be invoked to explain the infrared
‘épectrum of hydrogen-bonded clusters of gas phase water
molecules?22, There:are several peaks in the fundamental
-0=H stretching region separated by 150-200 cm~1l, the
approximate OH ceo O stretching frequencyf The same
pattern is observed in the depolafization CARS spectrum
of liquid water23, This technique enables resolutién
of the unde:lying spectral features which compose the
fundamental O-H stretch absorption, in contrast to
normai infrared or Raman spectroscopy where the fundamen-
tal has a single broad unresolved peak. A

There is a generally accepted precedent in a
different condensed phase system for using combination
bamds of an intramolecular vibration with lattice motions
to explain infrared spectral lineshapes28. The infrared
lineshapes of impurity molecules embedded in rare gas
matrices typicélly show a sharp "fundamental" zero phonon
line accompanied by a broad, blue shifted, phonon sideband.
The sideband is composed of a combination of the
"fundamental"” motion with latice phonons. If the lattice
phonons are strongly coupled to the fundamental, then the
zero phonon line is weak and the phonon sideband dominates

the spectrum. The broad absorption lines in water could
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be analogous to the phonon sideband of a matrix isolated
mblecule strongly-coupled‘to lattice motions.

Armed'with two possible spectral broadening
mechanisms, we can use each model to interpret the
conétant qﬁantum yield within water absorption bands. 1If
the bulk of the broadening is inhomogeneous, as suggested
by the Sceats-Rice—Belsleyzoer-model, then the quantum
yield, ¢, is independent of the differences in regional
structure thch cause the spectral broadehing. .Sinée )
= Kreact/Krelaxr either the ratio kreact/krelax is
independent of regional structure, or the system remains
activated long enough to thermally sample the average
regional structure. Rice and Sceats20 mention a 10-11
second order of magnitude time for the thermal diffusibn
processes thét altervreéional structures.

if broadéning comes from combination of OH ¢++ O
latticevmotion with the O-H stretch, then excitation of
the low frequency lattice mode does not produce reaction
products as efficiently as an equivalent energy of OH
stretch. Either, the iow_frequency OH +¢+¢+ O stretch 1is
not strongly coupled to the reaction coordinate (Kyeact
is nearly constant with increasing excitation of the
OH ee¢+ O) stretch; or energy in the OH <+« O stretch is
rapidly delocalized and thefmalized by strong coupling
to surrounding H70 molecules (Kpe1ax 1s greater for

excitation of the OH «++ O stretch).



It is reasonable to expect OH s+« O stretch lattice

vibrations to be delocalized rapidly relative to O-H

 stretch vibrations. The lattice yibrations come from an

ongen atom moving with respect to its neighbors,
whereas the OH Stretch is predominantly an intramolecular

motion.

3. Quantum yield temperature dependence.

A temperature increase raises the quantum yiéld by
increasing the rate of ion pair fbrmation and/or the
rate of ionic separation from the ionvpair.

| Results at several photon energies show that a
temperature increase .is less effectiye in promoting the
laser reaction as the phdton énergy goes up; The thermal
fraction of the total energy is smaller as the photon

energy increases.

4. Hydrogen mole fraction dependence of the quantum
yield and the wavelength dependence in nearly pure

DzO;

A hypothesis that the quantum yield for HOD is small
compared to the quantum yield for D20 in a predominantly
D0 solution is consistent with the experimental results
shown in Figures IV-8 and 1V-5. First, the quantum yield
dependence with mole fraction of hydrogen of Figure IV-8

is considered.
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As ehe mole fraction of added hydrogen increases,
the coméosition and the concentration of each excited
species changes. The absorption strength of an 0O-H
stretch is more than an order of magnitude greater than
an OD Stretch for wavelengths between 9400 cm-1 and
15,380 cm—1, Upon addition of H,0 to D,O, the major
excited species in the solution rapidly switches from
D0 to HOD, the predominant hydrogenated species present
at small hydrogen mole fraction. There is an equal
absorption into OH and OD stfetches at 0.06, at 0;04,
and between 0.0l and 0.06 mole fraction hydrogen for
excitation at 9400 cm~1l, 11800 ecm~l, and 15380 cm-1,
respectively. Figure V-4 shows the relative absorbance
of Hy0, D30, and HOD as a function of hydrogen mole
fraction for excitation at 9400 cm—l. The dips in the
quantum yield vs. mole fraction hYdrogen curves of Figure
IV-8 are in regions where the absorption is shifting
from D,0 to HOD. Figure IV-S includes a fit of the
quantum yield vs. mole fraction hydrogen to the form

L ej ¢f _
¢-_1T—%+- | (4)

i
Species "i" represents H,0, D70, or HOD. The base 10
absorbance of species i in the isotopic mixture is ¢j.
For excitation at 9400 cm~l, the fit corresponds to a
linear combination of the curves in Figure V-4. The

best fit at both 11800 cm~l and 9400 cm~1l is with an
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HOD quantum yield less than either H30 or D30. The
curve from equation (4) has the correct qualitative
shape, with a better fi£ at 11,800 cem-1 thaﬁ at 9400 cm~1.
However, the curve for'greater than O.S moie fraction
hydrogen does not have as much upwafd curvaturé as the
experimental points. |

Assumption of a smallef guantum yield for HOD than
for D0 can also reproduce the quantum yield dip on the
-blue side of the ébsorptionvband shown ih Figure IV-5.
The absorpt;oh maximum for HOD peaks on the blue side of
the D0 band. A 0.017 moie fracfion hydrogen mixture
will have SO§ oD stretch'absorption-and.SO% OH absorption
at the OH stretch maximum. On thelged side of the band,
the OD stretch is domihant with 75% absorption and the
OH stretch contributes 25%. Thus,'as the excitatidh
source is tuned fromvthe red to the blue side of the
band, increasing amounts of HOD relative té D,0 are
excited. Equation (4).can predict the quantum yield
behavior. If a relatively small HOD quantum yield of
1.8 x 1078 is assumed, then a D,0 quantum yield of
1.8 x 107 is required to match the observed 1.38 x 10~7
quantum yield for excitation on the red side of the band
at 9450 cm~l. The predicted quantum yield on the blue
side where the OH stretch has maximum absorbance is
9 x 10-8, This agrees quite well with the measured

8.4 x 10-8,
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Figure V-4

)

The relative absorbance of H,0 (----- )+ D0 (
- and HOD (=*-¢=-+=+) as a function of mole fraction hydrogen

for excitation at 9400 cm~1i.
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The qUestion of why the gquantum yield for HOD is

less than for H0 arises. 1Isotope effects in chemical
reactions of isolated gas phase systems are well
characterized29. substitution of D for H atoms in a
reacting system lowers the zero point energy of both the
reactant and the tfansition state. The usual result is
an increase in activation energy and a decrease in
reaction rate. The experimental measurement of isotope
effects in thermal proton transfer reaction rates and
equilibria in condensed phase. have gained increasing
interest30,

- Typically, rates‘are not linear, but are monotonically
increasing with hydrogen mole fraction, in contrast to
the quantum yield results. There are two qualitative
differences betﬁeen the isotopic dependence of a quantum
yield and of a reaction rate. The non-monotonic behavior -
of the water ionization dissociative gquantum yield
must have its origin in these differences. First,
the overali quantum yield isotopeAeffect depends on the

individual isotope effects for several elementary

processes including (a) the diffusive separation of

ions from the ion pair, (b) the ion pair formation, and
(c) the pathway and rate of énergy relaxation. Secondly,
the activated system is not in equilibrium. Itsvenergy
is much greater than the typical thermal energy and is -

not statistically distributed immediately following



- photon absorption. The O-L stretch‘motion of bonds
containing' hydrogen are preferentially excited in-
isotopic mixtures. Finding the source of the quantum
yiéld mole fraction dependence requires development of a

‘model for the individual elementary processes.

'B. Quantum yield model

This section develops a model for the ion formation
mechanism. The goal is to provide a qualitative’
inferpretation of the experimental results. ‘So far, the
_discussion,is independent of the model chosen for the
reaction and relaxation processes taking place following
o&e;tone excitation. The quantum,yieid described in the

analysis section will be discussed here as arising from

two consecutive processes. The first process is (a)

formation of an ion pair in competition with deactivation

of the excited molecule or group of molecules involved
in the transition state. ‘This is followed by the second
pfocess, (b) diffusive separation of the ion pair to
form free ions in competition with recombination.

The modeling approach is to divide the ionization

" processes into two parts with one part dependent on only

bulk properties of the solvent and another part dependent

on only the local properties of an activated reactant.

The function of the division is to remove the

contribution from bulk diffusion which has been established

and well characterized by thermal recombination work from
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the local rate process.that could not:be observed in the
previous work. Thus, new information about the local rate
processes will be obtained. Thermal recombination studies
provide no kinetic information for the local ion pair -
recombination because diffusion to form the ion pair is.
rate determining. Large changes in ion pair recombination
rates will not affect the observed thermal relaxation
rate. In contrast, the quantum yield of the laser-induced
reaction is dependent on both the efficiency of ion pair
' separation and the local relaxation, ion pair formation
and recombination rates. »

Thus, the quantum yield is described by

¢ = Prp P1s- | | o (5)

The probability of ion pair formation, Pyp, is given by
the competition of ion pair formation Qith rélaxation,
Prp = k1a/(k1a + k). (See the analysis section for a
definition of the rates.) Pyp is dependent only upon
local reaction and relaxation rates of the activated
reactant. The probability of ion pair separation, Pzg,

is composed of a bulk and a local contribution.

1. Probability of ion pair separation.

The overall energetics for ion pair formation
and separation is shown in Figure V-5. 1In order
to contribute to the conductivity signal, an ion
pair resulting from the laser-induced reaction must

diffuse apart; out of the attractive Coulomb well.



The standard treatment for~diffusive encounters in the
recombination of reacti?e species was first described by
quluéhowski3lv32 and solved for a Coulomb potential by
Onsager33. The.solution, assumingvan infinite
recombination velocity at the recombination distance was
applied to the thermal recombihation as described in the
fifst‘discussion section. The assumption is a reasonable
approkimation for the diffusion controlled ‘thermal
recombination, but not for the ionic separation fbllowing-
the laser-induced reaction. An infinite recombination
velocity gives a quéntum yield of zero. More recently, a
solution with - finite recombination velocity was provided
by Hong and Noolandi34. TbeY’give an expression for the‘
ionic survival probébility of an isolated»ion“pair as a
function of (i) time following. the initial ion formation,
(ii) recombination distance, and (iii) formation distance.
The conductivity a microsecond or two following excitation
is related to the survival probability at long time for
an ion pair formed at the recombination distance. The
geminate recombination, or recombination of the ion pair,
is fast on the timescale of the Hong and Noolandi survival
probability and dnly the ions that permanently escapé
geminate recombination contribute to the conductivity
peak. Then, the quantity of interest for modéling the
quantum yield is the survival probability at infinite
time given initial formation at a radius equal to the

recombination distance.
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Figure V-5

Energetics of ion pair fdrmation and ion pair
separation to form free ions. The photon’energy is
greater than the net endothermicity. The speciés present
in the solution at each energy is shown at the right. A
linear four-molecule hydrogen-bonded chain, the ion
pair, and free ions are shown. Approximate energies are
for Hy0 near 5°C. The 5.8 A distance denotes the

distance between oxygen centers in the ion pair.
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From Hong and Noolandi, the survival probability at

time t given initial ion pair formation at radius rqy is

U(rg) B
Pig(t) = l + —— (6)
‘ U(e) U(e) (nDt)1/2 ’ |
where r, = ez/ekT and D is the ionic diffusion

coefficient. U(r) is given'by

-(re/rx) Dre -(ro/a) .
U(r) = e +— -1} ¢ . (7)
ka2
Where a is the recombination radius and « is the
recombination velocity. At infinite time the survival
probability becomes.
U(rg)

U(=)

From microscopic reversibility, the ion pair
formation distance for the thermal reaction, r,, is
identical to the recombination distance, a. Assuming the

same formation distance for the laser reaction,

Dro -1

(9)

Prg(») =

ka2 oFe/? + [(Dro/xa?) - 1]



This equation can be simplified by considering the
first multiplicative term. Substituting x = k_j5% and

‘ 2
Dr, kaigs +°F¢

= o (10)

xaz 2k_la 2a?

where 2 is the average ionic jump distance during
diffusion, k.15 is the recombination rate constant of
‘the ion pair (sée equation (1) of the analysis section],
and kgjff is the rate constant for diffusive jumps.

A much larger numeraﬁor-than denominator
is obtained from the followiné: from‘thermal
recombination studies, the distance ro is a factor of
1.2 larger than a = 5.80 A and the 2.8 A of 2 is about

2
re 2

< l. From

two times smaller than a. Therefore, 5
. . ac 1

thermal recombination studies, the recombination rate,
k-1a >> the diffusion rate, kgjff. Or,
' 2

1> =

2k-la 2a2 Kaz

Equation 9 becomes

Dre 1
k_laf.a

(11)

(12)
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The absolute magnitude of this equation cannot be
deterhined because k-ia is unknown. However, thé
temperature and isotopic composition dependence can be
estimated. The thermal recombination rate studies
already described show the récombination distance ié
approximateiy constént with temperaturé.and isotopic
composition, varying by less than 10% in H30 for a
temperature change from 0°C to 455C and by less than
15% at 25°C for an'isotopic change from Hp0 to D20.
The temperature dependence of r, = e27ekT is‘a weak

-1 dependence, varying by about 15% from 0°C to 45°C.

ro/a
Use of a constant e "and a2 and replacing D/kT

with u yields35

Prs(=) « u/k_1a o
where u is. the ionic mobility. Thus, the probability of
separation from the ion pair, Pyg, is composed of u, |
which is'dependent upon bulk properties of the solvent
and 1/k.15, which is a local property of the solution.

Now the full quantum yield expression can be-grouped
intq a local and a bulk term. [See equations (1) and (2)
of the analysis section for a definition of the rates.]
Physically, 1/(kjz + kj) is the length of time a reactant
remains activated, k), is the rate of laser induced ion
pair formation, 1l/k_j5 is the length of time an ion pair
remains before recombination, and u, the ionic mobility,

is a measure of the ion pair separation efficiency.



Kia
Pip Pis = ¢ = : M
k-1a (k1a + k2)

{local] ~ [bulk]

The remainder of this section examines each term of
Equation 14 in more depth. Only the ionic mobility, u,
is known quantitatively. Notvenough information is known
abqut vibrationally activated processes in a liquid to -
formulate a quantitativé model for the other "local"
terms. The goal is to obtain a qualitative idea how
each term behaves as the‘temperatufe, excitation energy,

and isotopic composition are changed.

/

2. kja’/k-1a

The energetics of the forward and reverse thermél
reaction are known from thermal measurements. _The
barrier to recombination should be < the 3.5 kcal/mole
activation energy measured by an Arrhenius plot of the
diffusion-controlled thermal recombinatiqn rate. Since AH
in H70 at 25°C is 13.5 kcal/mole; the forward barrier
is < 17 kcal/mole. Photons with enough energy to
induce observabie ionization (> 25.7 kcal/mole) can
produce activated reactants with 8.7 kcal/mole of energy
above the forward barrier or activated products with 8.7
kcal/mole above the reverse barrier.

| Since the excitation energy is high and the reverse

barrier is low, a local equilibrium is assumed. The

165
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model for kjs/k-15 will be taken to be the density of-
states ratio of product to reactant, at the excitation
energy. The semiclassical Marcus-Rice37 expression is
used for the density of states. |
| (E + E,)S™1
N(E) = ‘ (15)

(s = 1)! I hvj
: i

where E is the total non-fixed energy,‘s is the number of
strongly-coupled modes sharing the.énergy, hvj is the energy
per quantum of mode i excitation and E, is the zero »
point energy. The non-fixed enefgy of the product is

Eph + Ezr - Ezp - Eo (see Figure V-6). The non-fixed energy
of the reactant is Eph. The density of statés ratio of

product over reactant is then

kla Eph - AEO + Ezr i
. = (16)
k-1a Eph * Ezr g“p

where the subscript r or p represents the reactant or
product, respectiQely. Eph represents the photon energy,
and AE, is the energy difference from prdduct to reactant
}potential well minima.

This expression is exact if the ion pair yield is
dominated by the yield a picosecond or two following
excitation and if the reactant and product ion pair are
in equilibrium at the excitation energy. Equilibrium

will be achieved if the forward and reverse reaction rates
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Figure V-6.
One-dimensional potential energy'surface'for the
- water ionization reaction. The solid line shows the
surface for .the thermal reaction. The dotted potential
éurface is described near the end of section C3 of the
discussion. 'This-potential is for the laser reaction
when no strongly-coupled excited modes undergo a frequency
change upon going from reactants to products. Eg for
~this potential is approximatély equal to AH, the thermal

reaction endothermicity.
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are rapid compared to the relaxation rate. 1In the
opposite extreme where relaxation is rapid compared to
the reaction rates, an RRKM type expression is more
appropriate for the forward rate and the reverse |
rate is the thermal rate. An RRKM forward rate
expreésion is nearly proportional to Equation (15) with
the npnjfixed energy for the transition state being |
shifted by the few kcal reverse barrier, Ep, and thé‘
power, s, incréasing by one in the numerator.
- E)S (s - 1)1 T hvy

i

Kla = , ' = :  (1léb)
(Epp + Egyp) s! g hvpg

(Eph = Eg + Egp

This expression will have the same qualitative .
dependence on isotopic éomposition, and photon energy,
as equation (16). The subscript, TS, represents the

transition state,

3. 1/(kj1a + k3)

The remaining term in theruantum yield contains
the relaxatioh rate of activated reac;ants, 1/(kia + ko).
In the limit of large vibrational relaxation rate, kj,
this term becomes 1/ks. No direct measurement of the\
vibrational relaxation rate of excited O-H stretch
motions in liquid water is available. However,

relaxation measurements performed on several hydrocarbons
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and chlorinated hydrocarbons support some general
conclusions about how vibrationally excited molecules
relax in a room-temperature 1iquid.38‘42 Both
solvents interacting and solvents not interacting with
the solute have been studied. H30 excited in H0, or
D,0 excited in D30 are expected to be more strongly
interacting than HOD in D30. |

In non-interacting solvents, results are explained
by rapid intramolécular equilibratioh of energy among
levels energetically near and coupled to the excited
level, followed by slower transfer to £he solvent. For
CH stretch excitation, other CH stretch modes and-Fefmi
resonant bend overtones can couple efficiently with the
excited CH stretch. In an interacting solvent,
intermolecular relaxation to neighboring mélecules can
‘compete with intramolecular relaxation.

In water, Fermi resonant bends and intermolecular
ﬁransfer are expected to influence the OH stretch
‘relaxation. Figure V-7 shows an energy level diagram
for liquid H0 and liquid D30. Fermi resonant bend
overtones are expected to contribute to relaxation of OH
or OD stretch excitation in H0 or Dy0. Nearly resonant
intermolecular transfer may be important for pure H0
or pure D70 because broad absorption lines maintain
near resonance by compensating for the anharmonicity
df the overtone v + v - 1 transition. Intermolecular
transfer should be reduced for excitation of an OH

stretch in predominantly D20 solution where‘neighboring



Figure V=7

Eneréy level diagram for H,0, HDO, and Dy0. Center
frequencies are Shown. Typical real widths are several
hundred wavenumbers. Energy levels shown hse fundamentél
frequencies. The diagram is similar for excitation of
an O-ﬁ stretch overtone. Letters s, b, b+ L, L, and T
correspond to stretch; bend, bend plus libration ‘
combination} libration, and hindered translational or
phonon modes, respectively. The average librational
edergy is shown for greater than three gquanta of
libration of H,0 and for greater than two quanta of

libration for HOD and D,O0.
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D0 .molecules have no resonant transition. -Spectroscopic
~ studies show that at least for the fundamental, features
‘in the O-H stretching region of ice Ih and the amorphous
solid are dominated by effects of intermolecular coupling
of theboscillators43‘45. A radical change in the
impottance of intermolecular coupling is not expected

for the liquid43.
C. Application of the quantum yield model to fesults.

The following section applies the quantum
yield model developed in the previous section to the
hydrogen mole fraction, wavélengﬁh, ahd temperature
dependence.of the quantum yield. The approach taken in
each case is as follows: |

(i) The iohic mobility is known as a function

of mole fraction hydrogen and temperature.
The effect this term has on the quantum
yield can be removed from the results.
(ii) The form of the kjz/k-15 term and therefore
the shape of kjs/k_15 versus hydrogen mole
fraction, temperature and excitation
_wavelengthvcan be obtained from equation
(16).

(iii) Some energy relaxation pathways that may
be important were mentioned. However,

the influence which the relaxation
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pathway has upon the gquantum yield is not

known.

lo ¢ vVS. XH

Now we return to the question of why the quantum
yield for HDO excitation in predominantly D70 solution
is less than the quantum Yield for D,0. Each term
‘which contributes to the quantum yield will be examined
in turn to see if it _can account for the non-ﬁonotonic

dependence of the quantum yield on hydrogen mole fraction.

(i) Ionic mobility

The ionic mobility, u, as a function of
hydrogen mole fraction is known quantitatively from the
ionic conductivity of H¥ and OH™ in isotopically mixed -
water. It increases monotonically With hydrogen mole
fraction and therefore cannot account for the quantum
yield dip'for HOD in D;0. The contribution of the
mobility term to the quantum yield is removed and shown

in Figure V-8.

(11) kja/k-1a
Consider the kj,/k_j15 contribution to the
quantum yield ratio Q(XH)/¢(D20), where Xy is the hydrogen

mole fraction. From equation (1l6),
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Figure V—S'
Quantum yield divided by ionic mobility. The

points represent (kla/k_la)[l/(kla‘+ ko)1,
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s-1
I 1 Ezri
Vri +
kla . .
- (Xg) I Pj(Xp) o o1
- , i .
la _ vai 1 + ‘'Zzri
- i Eph (17)
: E,y(D,0) 571
gla nvr(Dzo) 1l ¢+ — =
k-1a . '

s-1

. E,r(D50)
v (DzO) ]l 4 —_-
. P
1 Eph

Index, i, is a label for each possible isotopically
substituted reactant, and Pj(Xg) is the probability of
species i in a mixture with a hydrogen mole fraction of
Xy. Rearranging £he term involving frequencies, and

using the Teller-Redlich product rule4?7,

Tvp(Xg)  Nvp(DQ0) |
: =1 (18)

HVr(Dzo) HVP(XH)

will eliminate all terms involving frequencies. Also,
since the denominator is a constant, D, with hydrogen

mole fraction, equation (17) can be simplified

_r 3
s-1
Kila Ezri
(XH) Pi(XH) 1l +
= ] J r (18b)
kja i D - Egzri
(D20) 1 +
k_1a Ephi
. J
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.As the hydrogen mole fraction of a mixture
increases, species with more hydrogens substituted for
" deuterium become increasingly probable and have a greqter
relative contribution‘to equation (18b). A higher zero
point energy for ﬁhese spécies implies a monotonic:

increase of'equation (18b) with hydrogen mole fraction.

(iii) 1/(k1a + k3)

The final term, the relaxation, must
account for the non-monotonic dependehce of ¢ with Xy.
For the discussion, it-is helpfui to divide the
vibrational modes of the system into reactive and
unfeactive modes. Then excitation of HOD in D0 changes
the energy flow relative to excitation of H;0 in H,0
or excitation of D30 in D30 by either (a) increasing
the transfer rate to unreactive modes or (b) decreasing
the transfer rate to reactive modes. Either the presence
of an OD in_a molecule with excited OH or presence of OD
(lack of OH) bonds in the surrounding molecules causes
the change of energy flow. This section demonstrates
that the experimental data cannot distinguish between
the two possible causes of change in energy flow. Nearly
any model which has (1) a lower ¢ for HDO excitation
than for H,0 or D0 excitation or (2) a lower ¢ for OH
excitation in the presence of surrounding OD bonds is in

qualitative agreement with the data.



Curve A of Figure V-9 shows a fit to the

experimental data for excitation at

dependence of'¢ upon ionic mobility

9400 cm~1. The

is removed. The

form for the quantum yield is the same as Equation (4).

This corresponds to a lower quantum

yield for HDO

excitation, condition (1) above. Compared to D0, one

potential difference in intramolecular energy flow is -

that transfer of energy from the excited OH to the OD

bond of an HOD molecule should be slower than the nearly

resonant transfer from an excited OD to the 6ther oD of

a Dp0 molecule. If excitation of both OL bonds of an

L0 molecule promotes reaction, then the quantum yield

for HOD compared to D0 or H0 will

Curve A qualitatively fits the
previousvfit of Equation (4) to the
"is. insufficient upward curvature in

mole fraction region. A better fit

be reduced.

data, but as in the
quantum yield, there
the high hydrogen

is obtained with a

model having a greater dependence of quantum yield on

the fraction of neighboring bonds with the same isotopic

identity as the excited bond. Figures V-9 and V-10,

curves B, C, D, and E show results from such a model.

The model assumes a form for the quantum yield.

¢i7
= 2 = eiCilXy)e
u ij u

¢ (Xg)

Pj(xH/Z eiCi(Xg)2
1
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Figure V-9
Empirical curve ( - ) for three different empirical

fits of ¢/u andlexperiméntal points (f) fof 9400 cm-1l

excitation at 25 % 1°C. The curves are deséribed

in the text. The line (-~--) represents contribution

from H,0 excitation, (e—e —) from HOD excitation, and

(= -—) from D70 excitation.
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Figure.v-lo

Empirical curve (——) for three different empirical
fits of ¢/u, and experimental points (+) for
9400 cm~l excitation at 25 * 1°C. The curves are
described in the text. The line (---)~representsi
contribution'from.Hzo e#citation,.b-o—) from HOD

excitation and (—--—) from D70 excitation.
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where i reéreéents an initially excited Héo, D,0, or

HDO, €;Cj(Xg)% is the absorbance of species i in
pathlength 2 at concentration Ci in a mixture of hydrogen:
mole fraction, Xz. Thus, species i absorbs a photon with

a probability €jCi(Xglr/z €3Ci(Xg)2. Index j represents
: i '

the isotopic configuration of two additional OL bonds,

the possibilities being OH, OH; OH, OD; or OD, OD. The
loca;ion.of'these bonds relative to the excited

molecule is not specified. P5(Xy) is the probability of
configuration j. Then ¢/u in equation (19) represents

the sum of thevprobabilities of excitation of
cbnfiguration ij times ¢ij/“' the quantum yiela/ionic
mbbility for excitation of spécies ij. The experimental
points were fitted with four different sets of constraints
on the coefficients ¢ij/u. 'In each case,.¢ij/u for the
ehtirely hydrogenated species is constrained to the
experimental value in pure H,0, and ¢ij/“ for the
entirely deuterated case is constrained to the experimental
value in pure D20. The additional constraints on
coefficients ¢j45/u that were tested and the possible
physical interpretations are:

(1) ¢i4/u for i = HOD and j = any possible isotopic
configuratibn are'approximateiy equal to each‘other but
not to ¢ij/“ for i = Hy0, jJ = OH, OH or to i =Dy0, j =
OD, OD. Other coefficients are not cohstrained. A
possible interpretation of these constraints is if the

presence of both OH and OD in the excited HOD molecules
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causes ihe quantum yield to be ‘independent of the isotopic
structure of £he surrounding liquid, whereas with H0 or

DO excitation, the quantum yield dependé dn the surrounding
¢oncentrati§n of bonds withAthe same isotope as that
excited. Curve B of Figurg V-9 shows close agreement of
this model with_experimental results.

(2) ¢ij/“ for i = HOD and j = OH, OH,ié approximately
equal to ¢ij/“ for the pure solvents, i = Hy0 and j = OH,
OH or i = D0 and j = OD, OD. A possible physical
interpretation of this constraint is that the quanta of
the excited OL bond must hop to two other OL bonds of the
samé isotopic species to produce a laser reaction. Then
coefficients ¢ij/“ will be large for i = H30, j = OH, OH;
i = DO, j = OD, OD, ang, sihce the OH_boﬁd absorbs most
of the light in an HOD molecule, ¢ij/“ will be large for
i = HOD, j = OH, OH. The model does not specify the
location of the two OL bonds represented by index j. They
could be OL bonds of a neighboring molecule or of a linear
hydrogen bonded chain. Curve C of Figure V-9 shows
close agreement of this model with experimental results.

OH, OD is approximately

(3) ¢ij/u for i HOD and j

equal to ¢jj/u for i = H0 and j = OH, OH or for i = D30
and j = OD, OD. A possible physical interprepation'of
this_constraint is that an excited molecule must have one
particular adjoining molecule of the same isotopic
identity to produce a laser reaction. For this model,

j denotes the isotopic identity of the molecule. Curve D



186

of Figure V-9 shows a less acceptable fit than models
(1) and (2).

(4) ¢ij/u for i = HOD and j = OD, OD is approximately
equal to ¢j35/u for i = D30 and j = OD, OD. If the
exothermic intramolecular relaxation from the excited OH
stretch to the OD stretch of an HOD molecule dominates
the initial relaxation, then the system might behave
similarly to when D0 is the initially excited molecule.
Curve E of Figure V-10 shows a less acceptable fit than
models (1) and (2).

‘Final coefficients for each model are shown in
Table V-1.

A model in which nearby OD quenches activated OH

was also ﬁested to see if it could fit the non-monotonic

dependence of ¢ on Xy. Curve F of Figure V=10 shows a

fit of
1
eopCop(Xp)® ¢p o + 2 Px eouCou(Xg) 2 ¢y o
¢ 2 ” A(l + ngB) 2
1] EODCOD(XH)'?' + EOHCOH(XH)‘Q (20)

to the experimental data. The model corresponds to a
relaxation rate, ko, for excited OH equal to A + BngA.
This is the pure H;0 rate, A, plus a term proportional
to the number of nearest neighbor OD bonds, ng, in the
excited molecule and in the six OL bonds in the nearest

neighbor sphere of the excited molecule. The quantum
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Table V-1
Coefficients, ¢;3/(1 ~+ A __)a, for empirical ¢/u vs. Xy
. H OH~
curves.
coefficient ( x 1010) mol ohm cm=2
Ho0(1) : HDO(1)
curve

OH, OH(j) OH, OD(j) OD, OD(j) OH, OH(j) OH,0D(J)

B 8.28 3.2 1.95 3.36 2.48
C 8.28 2.06 1.14 7.07 1.66
D 8.28 0.3 . 0.42. . 4.0 5.97
E 8.28 3.5 - 0.274 3.0 0.667
HDO( 1) | | D50( 1)
oD, oDp(j) OH, OH(j) OH, OD(j) OD, OD(j)
B 1.56 0.82 2.18 5.06
C 1.82 1.11 2.21 5.06
E 6.0 0.667 0.2 . 5.06
a 9i5/(A A ) is proportional to ¢/u. A =F(u) where
: Ht OH~™

F is Faraday's constant. Index i denotes the initially
excited species. Index j represents the isotopic identity

of two additional OL bonds.



yield for D30 excitation is independeht of the isotopic
composition bf the nearest neighbor OL bonds. B is a
proportionality constant. Pk is the probability of
configuration K. A satisfactory fit of the experimental
data is obtained.with B = 0.55; Thus, when two of the
seven O-L bonds nearest to an excited O-H are O-D bonds,
the relaxation is 2.1 times as fast as for pure H3O.

The success of model (1) in fitting the experimental
data suggests a model involving resonant transfers of OH
stretch excitation may be involved.in thé laser reaction.
A physically reasonable model requiring resonant transfer
of OH stretch quanta in a linear hydrogen-bonded chain of
four water molecules can be devised. The ion pair
intermediate of the model to be described is identical
to that postulated for the ﬁhermal reaction. Motion of
the three hydrogen-bonded. hydrogens of a four-molecule
linear chain intermediate is required to form an ion
pair. The»three molecules could be activated by a
minihum 6f two hops of OL stretch quaﬁta from the exciﬁed
molecﬁle to neighboring molecules. Assume atom nine of
molecule C of Figure V-1l is excited. A hop of one
quantum tb a molecule above C along with the hop of a
second guantum to one molecule below C will form an
"activated" three-molecule linear chain.

The model has no adjustable parameters, other than
that the results are constrained to pass through
experimental points for pure H,0 and pure Dy0. The

following assumptions are made:
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Figure V-11
A tetrahedral cluster of hydrogen-bonded water

molecules is shown.
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(A) In order for'reaction to occur,rat least one
quantum muét be in each of three molecules in a linear
chain. In other words, in molecules A, C, and E; A, C}
and D; B, C, and E; or B, C, and D.

'(B) An excited H,0 or an excited D,0 shares
excitation among both bonds in the molecule. An excited
HOD does not. This means that if an OH in HOD with the
hydrbgen fepresented'by atom 9 in Figure.v-ll is excited,
then’quanta cannot hop to molecule E because atom 10 is a
deuterium. | “

(C) The ratewof,OL'stretch transfer, kpop, from Hp0*
or D,0* to bonds.z, 3, 5, 6, 7, and 8 is proportional
to the number with ‘the same isotope as the excited OL
stretch. The * represehtsAthe initially excited molecule.

(Df Since HOD* does not share excitation between the
OD and OH, the rate of transfer from HOD* is proportional
to the number of bonds, 2, 3, 5, and 6 with isotopes
identical to the excited bond. | |

The dependence of ¢ on the rate of energy transfer
out of the initiélly excited bond depends on the relative
rate of thermalization. If thermalization is fast
compared to the hop rate, then. the two hops necessary to
~activate the three-molecule chain before thermalization
occur wi;h probability proportional to (kihop)zpiz' P>
is the probability that for isotopic configuration, i,
two quanta that randomly jump will form an activated

‘three-molecule linear chain. The rate kihop is the
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hop rate for isotopic configuration, i. If the hop rate

is fast compared to the relaxation rate, then ¢ is

independent of the hopping rate and is proportional to Pj).
Let theAprobability of isotopic configuration i be

P;1(Xyg). Let

No. of activated configurations for a hop of 2 quanta

Pj2 =
Total number of configurations for 2 quanta

and

k* = Ang | - (22)

where ny is the number of hydrogens on bonds 2, 3, 5, 6,
7, and 8 when an H70 is excited, or the number on 2, 3, 5,
and 6 for OH stretch excitation of an HOD molecule. A is
‘a proportionélity constant. Then the quanfum yield for

excitation of ‘an OH or OD bond is

¢op(l = Xg) = ¢éop(Xy) = L Pil(kihop)ZPiZ (23)
1

if the hop rate is slow compared to the relaxation rate or

sop(l - Xg) = ¢om(Xg) = I Pi1Pi> | (24)
1

if the hop rate is fast compared to the relaxation rate.
The proportionality constants for OH or OD excitation are
found by constraining values in pure H70 and D30 to the
experimental result.

In addition, two other conditions were tested for_the

model providing the best fit of the data [Equation (23)].
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(1) what if the gquanta must remain in the OH bonds in
the linear chain for reaction to occur? -For instance,
with molecules A, C, and D activated, if atom 1 or atom
10 of Figure V-11 is the same isotope as the initially
excited bond} then reaCtiQn occurs with one-half the
probability Ehat it does when the atQm is the opposite
isotope. The reason is that if either of these atoms is
the same isotope as that initially excited, then a quantum
bfvstretch is shared equally between the two identical
molecular O-L bonds and only one of these bonds is in
the activated linear chain.

(2) what if the quanta need not remain in thevlinear
‘bonded Obeonds‘but can be in any mode of the linearly
bonded molecules?

Figure V-12,_curves G and H show the results for
excitation at 9400 cm~l (three OH stretch or four OD)
assuming an activated three-molecule chain is formed
with probability (kihop)zpi' This is the model where
thermalization competes effectively with the OH stretch
hop. Curve G assumes the quanta must remain in the OH
bonds of the linear chain, and curve H assumes that the
energy need not remain in the OH stretch. The best fit
is for curve H. The shape of the durve is correct, with
the minimum at approximately the correct mole fraction,
but the minimum is lower than the experimental points.
The discrepancy is not severe for a model Qith no

adjustable parameters. A greater quantum yield for HOD
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excitatiaﬁ relative to H0 or D70 would produce a better
fit. This could arise from Several sources which the
model does not include:
(i) There'could'be‘a contribution from a thermal
component, not requiring resonant transfef, which
is approximately constant with hydrogen mole fraction.
(ii) A possible contribution from the next sphere of
hydrogen-bonded water molécules was not included. Second
sphere re;ctions favor Hp0, D0 mixtures relative to the
pure isotope because in order to form an activated
reactant involving a second nearest neighbor molecule,
both quanta that hop must leave the excited molecule

through the same nearest neighbor H30. If an excited OH.

is surrounded by other OH's, then there is a < one-third
chance that the second quantum will leave the excited
molecule by entering the same molecule the first quantum
entered. 1If surrounded by only onevOH.and many other
OD, the second quantum gggg‘leave through the single
available OH. .

(iii) HOD may not relax as rapidly as Hy0 or D,0
because the bend overtone in HOD is not nearly as
~resonant with the OH stretch as is the case for Hy0 or
D,O. This would raise the quantum yield for HOD relative
to Hy0 or D0 and would raise the empirical curve

closer to the experimental points.



The curve assuming a rapid hop rate compared to the
thermalization rate, eqdation (24), with activation not
constrained to the linearly bonded.OH bonds, does not
produce a satisfactory fit of the experimental data‘

(Figure V-12b).

2. $ vs. T

" If the contribution of the “bulk" mobility term is
divided out of the quantum yield, Ehe remainder, ¢/u

decreases with increasing temperature. 1In other words,

¢ increases more slowly with T than does u, the mobility;

The kja/k-1a term of Equation (16) will increase with
increasing temperature.. . Therefore, either (1) the
"relaxation rate increases with temperature, or (2) the

ion pair separation occurs at an effective temperature

higher than ambient or both. The photon energy is greater

than the endothermicity for the ion}pair formation
reaction. The excess energy could raise the effective
temperature seen by the diffusing ion above the ambient
tempefature. Ten kcal of excess energy distributed over
100 modes, about 16 molecules, increases the temperaturé
by about 50°C.

If the ions diffuse faster than the excess energy
does, then the use of the ambient temperature is correct.
If energy diffusion is faster than ionic diffusion,

the excess photon energy can raise the temperature in
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Figure Vv-12

Empirical curve (——) and experimental points (+)
for ¢/u. Experimental points.are for 9400 cm~l excitation
at 25 * 1°C. Activation of the water ionization is by
hopping of'dH stretch quanta to neighboring molecules.
The line (?—-—).represents contribution from H50

excitation, (—e—) from HOD excitation, and (=—=—)

from D0 excitation.
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Figure_V—le

Empirical curve (—) aﬁd experimental points (+)
for ¢/u.  Experimental points are for 9400 cm~l excitation
at 25 * 1°C. Activation of the Qater ionization is by
hopping of OH stretch quanta to neighboring molecules
"with a hop rate fast compared to the enefgy thermalization
rate. The line (----) represents contribution from H30
excitation, (—e—) from HOD excitation, and (=—-—)

from D30 excitation.
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Figure V=13 _

The quantumAyield divided by ionic mobility at a
higher than ambient temperature as a function of"
temperature for excitation of liquid water near v = 3 OH
stretch (®,+) and near v = 4 OH stretch (X,4,0). The
mobility usea is for 14°C higher than ambient for

excitation near v = 3 and is 60°C higher than ambient

for excitation near v = 4.
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the neighborhood of the diffusing ions above ambient. A
thermal conductivity for water of 6.4 MW/cm K48 yields a
thermal diffusivity of 1.5 x 10-3 cm?2/sec, one order of
magnitude greater_than the 1.46 x 10-4 cm2/sec diffusion:
coefficient for H* and OH- ions. Figure V-13 shows that
the temperatue deéendeﬁce of the quantum yield could be
attributed to ion pairfseparation at a temperature 14
degrees above ambient for excitation near v = 3 of the OH
strefch or at a temperature 60 degrées above ambient for
excitation near v = 4. More excess energy is available
for excitation near v = 4Ythan for excitation near v = 3
(= 7900 cm-1 versus 5000 cm‘l). Therefore, the effective
temperature should be greater than for excitation near

v = 3.

3. ¢ Vs A

The goal of this section is to characterize the
experimental results. It is assumed that the ¢ vs A
dependence is dominated by the kja/k-1a term described by
equation (16). The actual dependence of the relaxaﬁion
term, 1/(kja + k2), on excitation energy is not known but
is assumed to be negligible. The mobility term does not
contribute. The previous section showed the effective
temperature of the ion pair separation could be affected
by the amount of excess photon energy. However, a change

in effective temperature from 24.0°C to 70.0°C produces



less than a factor of two increase in the ionic mobility

compared to approximately two orders of magnitude increase

in quantum yiéld over the 9400 cm=l to = 12,625 cm—1
wavelength range required to produce the corresponding
effective temperature.

Equation_(lG),should be considered an empirical
equation. Equation (16) is ékact fof a gas phase reaction
where Ezf, AEs, Vi, and s have a Qell defined_exact
physical>definition. In a liquid, these parameterS-are

not physically well defined. They are dependent upon an

unknown number of coupled vibrational modes of undetermined

frequency. The approaéh will be (1) to define Egz,,
AEq, Vi, and s for a hypothetical‘gas phase system,

(2) to.éompare a gés phase system to a liquid phase
system, and (3) to estimape reasonable relationships
between E,r, AE5, and s for the liquid water system.
Values are then inferred from the experimental data. Egz,
is the reactant zero point energy, AE5 is energy from
reactant to product well bottom, and s is the number of
coupled modes. Thus, the equation must be considered
empirical until experimental results from other systems
confirm or deny any physical meaning fdr the parameters
of the equation. Some concepts developed here may be
applicable to unimolecular reactions of other large

systems following non~-statistical activation.
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Consider a unimolecular gas phase isomerization
system with two stable wells separated by a barrief. If
a single molecule in the mixture is excited above the
barrier, the fraction of excited population in each well
is determined by the density of states ratio of Equation
16. The system is closéd on the timescale of molecule
collisions, with Ez, and s determined byvthe modes of
the excited molecule. ‘There are other modes present in
thé unexcited molecules of the system. These modes are
not included in Ezy Or s becaﬁse they are not coupled
to the excited molecule until a collision occurs.

Contrast this situation with the open sYétem of the
liquid water dissociative ionization reaction; The
excited OH bond is coupled not only to the intramolecular
modes, the local phonon (hindered translational), and
local librational (hindered rotational) modes of the
excited molecule, but also to most other H0 molecules
in the solution through an extensive network of strong
hyarogen bonds. The number of modes, the mode frequencies,
and the magnitude of AEy is not obvious.

It is useful to break the system into two parts,
one part being modes "strongly coupled" to the excited
OH stretch, and one part being "weakly coupled”. The
system is then identical to the gas phase system in the
limit of infinitesimal "weak cqupling" and of "strong
coupling®” large enough to ensure energy randomization

among strongly coupled modes at a rate rapid compared to



Figure V-14
Experimental points for the'quantum yield versus

excitation wavelength (o) along with several fits

vto ¢ =vA(Eph - Eg + Ezr/Eph + Ezr)s'l..zThe parameters

L .=1200 cm™t , Eg = 7041-cml, and

used are s = 9, E °

2
A=1.70 x 1073 (—); s = 12, E, = 1000 cem™1,

e, = 5900 cm™}, and A = 1.60 x 1073 (---); and s = 16,

E._ = 650 cm~Y, E. = 4734 cm™ 1, and A = 3.89 x 1073 (eees).

zZr o)
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the reaction rate. The identity of the strongly coupled
modes depends on the details of the energy flow. The
modes physically close to the excited molecule or with
fundamental or overtones close in energy to the excited
bond are expected to .be strongly coupled. Since details .
of the enérgy flow are not known, the approach taken ié
to fit a curve with the form of Equation (16) to the data.
The larger s is,.thé more modes involved. The larger E,
is for a givén s, the higher the average méde frequency.

To determine AE,, the laser reaction is compared to

~ the thermal reaction (see Figure V-6). For a thermal

feaction, AE, is estimated from the AH for the thermal
feaction and the zero point energies of reactants and
products. If iﬁ is assumed that .the thermal vibrational
energy of reactant is equal to the vibrational energy of

products, then AH is the same as the energy between

reactant and product zero point, and

The quantity AE, is unambiguous. Every mode which has an
energy change upon going from reactant to product will
contribute to 4Eg. If modes are included in calculation
of the zero point energies which do not exéeriénce a
frequency change upon going from reactant to product,
then there is no contribution to AEg because Ezy = Ezp is

Zero.
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For the laser reaction, the modes wﬁich are coupled
strongly are not necessarily the same modes which
experience a frequency shift upon product formation.

Only the modes strongly coupled to thé excited bbnd

should be included in the density of states calculation

and should be included in calculation of AEg. Thus, AEg
can range between AEO(thermél) to AH depending on how many
modes with a frequency shift are strongly coupled'to the -,
excited OH bond. 1If every mode with a freéuency shift is
strongly coupled to the excited O-H bond, then AEg(laser) =
AEg(thermal). If no modes with a frequency shift are
strongly coupled, then AEg(laser) =>AH. ‘

TheAthermai value for AEO is estimated from mode
frequencies given by More O'Ferrall gg‘gl.Afor H,0,

H3O+ 49,50 ang oH~ (H20)351. The frequencies are.
calculated from a molecular force field with force
constants adjﬁsted to match known experimental frequencies
for HZO, H3O+ 52'57, and OH-(H20)358'63. Degeneracies and
frequencies used in the zero point energy calculation are
'given in Table V-2. 1In Hy0, the zero point energy for
ionic products is 25,480 cm~l and 27,787.5 cm~l for the
reactant water. AEo(laser) can range between AH = 4734 cm~1
and AEo(thermal) = 7041.5 cm'l. The irregular dependence
of ¢ with excitation energy requires a fit of quantum
yields with excitation at equivalent points in successive
OH stretch bands. Quantum yields at 6700 cm’l, 9983 cm‘l,

13,240 cm’l, and 16,500 cm'l, corresponding to excitation
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Frequencies?@ used in zero point energy calculation

40" | (H,0) 30H"
degeneracy frequency degeneracy frequency
' (em=1) . (cm~1)
1 12840 | 1 3670
2 ' 2540 2 1025
1 1140 3 2790
2 1630 | 3 3440
1 580 3 1560
2 610 , 1 750
3 200 | 2 585
1 450
2 440
3 500
12 200

¢
@Most frequencies are given by Kresge et al. .Phonon

frequencies are taken to be 200 em-1,

Three librational frequencies of 500 cm~1l are assumed for

the hydroxide ion.
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of v=2, 3, 4, and 5, respectively, are used. Figure
V-14 shows a best fit of the experiméntal points to
'Equatioh (16) for values of AE, (laser) equal to 4734 cm‘l,
5900 cm—1l, and 7041.5 cm~l. sSatisfactory fits (within
about 20%) were obtained for s ranging between 8 and 16,
and E, ranging between 650 cm~1 (the lowest allowed Ez)
and 2000 cm~1,

If the values of.s and E,, obtained from the fit have
pﬁysical significance, then in the limit of a large
distinction between strongly- and weakly-coupled modes, 8
to 16 modes are strongly cdupled and the average energy of
the modes is between 160 cm~l and a few hundred c¢m~l. The
number of strongly-coupledvmddes is about one-third to
one-half the total number of moaes in a three or four
molecule linear chain.

Knight et 3&.64 used an expression of the form

¢ = A[(E - E;)/E]® (26)

to fit the temperature and wavelength dependence of the
guantum yieid, where E is the photon energy, Ez is the
barrier, s is the number of coupled modes, and A is a
proportionality constant. The temperature dependence in
this model comes from the temperature dependence of Ej.
Additional temperature dependénce expected from the ion
pair separation step is not included in the Knight model.

There are several important differences between the
Knight model, and the model reported here. Knight assumes

an RRK reaction rate with an exponential energy relaxation.
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The activatién energy is given by AH, the reactién
endothermicity. They assume recombination in the ion pair
is negligible. The high level of excitation and low
reversé barrier for geminate recombination suggest that
'recqmbinatiqn méy be important. The modél reported here
assumes recohbination in the ion pair is rapid enough to
produCe lqcal equilibrium. »Also, the relaxation rate is
assumed to be constant or weakly dependent on the level of
excitation. _ |

In spite of the differences‘between the model reported
here and Knight's model, the resulting expressions are
similar. The value Knight found for of s, the number of
coupled modes, is 8.4; within fhe:8—16 range determined
here.

The fit of the experimental data to equation (16’ can
be used to estimate if bend excitation is as efficient as
stretch excitation in producing the vibrationally activated
Areaction. Between 50% and 80% of the absorption at the
stretch and bend combination band near 11,800 cm-1l is
from underlying v = 3 O-H stretch excitation. Equation 16

predicts a quantum yield of 5.7 x 10-7 for excitation of

pure v = 3 OH stretch and 2.7 X 106 for pure excitation

of the 3 stretch + 1 bend combination. Thus, the predicted
quantum yield at 11,800 cm~l is between 1.64 x 10-6 and

1.0 x 10-6, This compares to a measured quantum yield

bf 1.75 x 10-6, wWithin experimental error, excitation

of the bend is as efficient as excitation of the stretch.
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One additional model for the photon energy dependénce
of the quantum yield was tested. If the vibrationally
activated laser reaction comes about from a small locélly
hot region near the initially absorbéd photon, then one
might expect a Boltzmann quantum yield dependence,

¢ = A exp (-8HN/Ey), | (27)
where E), is the available energy imparted by the photon,
AH is the enthalpy change for the ionization reactions,
and n is the number of modes.sharing £he ehergy. The
energy available for the ion pair'formation reaction is
the full photon energy, Eph pPlus thermal energy, nRT.
. If the recombination reaction is rapid enough tovachieve
eéuilibrium, the ehergy available for recombination is the
photon enefgy plus thermal energy minus the endothermicity,
Eph - AH + nRT. Thus, the correct energy to use in
equation (27) is between Epp + nRT and Epp - AH + nRT.
.Figu;e V-15 shows the phdton energy dependence predicted by
equation (27) for E), = Eph + nRT and E, = Eph = 4H + nRT
along with the experimental points. The prediction is made
by constraining equation (27) to match experimental values
at 16,500 cm~l and 13240 or 9983 cm~l. With the curve
constrained to go through the 13240 cm~1 point, the best
fit is with A = 6.91 x 103 and n = 23.5 for AH = 5075 cm~1
(14.5 kcal) when E; = Eéh + nRT. The best fit is A = 5.27 x

10‘4 and n = 7.85 for AH = 5075 cm'l when EA = E - AH + nRT.

ph
When the curve is constrained to match experimental points at

9983 cm'l, no real solution exists with E, = Eph + nRT.
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For E, =E - AH + nRT, the best fit is with A = 1.38 x 10-3

ph
and n = 10.76. The small value for n in each case supports
the hypothesis that a small number of water molecules is
involved as was found in the other wavelength dependence

models. The curve with E, = Eph - 4H + nRT matches the

experimental points more closely than E, = Eph + NRT.
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Figure V=15

Experimental pointé at 10 % 1°C for the quantum
yield versus excitation wavelength, (o), along with™
three fits to ¢ =A exp(-AHNn/E,), where AH = 5075 cm~l
(14.5 kcal). The parameters usea are A = 6.91 x 10-3 and
n = 23.5 (——) for EA = Eph + nRT. The parameters

are A = 5.27 x 1074 and n = 7.85 for E, = E,, - AH + nRT,

P
(-—-). The curve (—--—) is A = 1.38 x 10-3 and n = 10.76,

with Ey =Epp — AH + nRT.
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CHAPTER VI. CONCLUSIONS

The conclusions are divided into two parts: (A) major
conclusions based on the thermal equilibrium relaxation
rate; and (B) major and minor conclusions based on quantum

yields for the vibrationally activated reaction.

I. Thermal Recombination Reaction

- The recombination distance is constant with isotopic -
composition and temperature with a distance of
5.80 * 0.5 A. 'The activation energy for the recombination

reaction is 3.5 kcal/mole,

II. Vibrationally Activated Reaction

First, the model independent conclusions will be
given. The major model independent conclusion is that
single photon overtohe excitation can be used to
vibrationally activate a liquid phase reaction. Excited
liquid water transfers a proton to form H30+ and OH . The
quantum yield has the same genéral wavelength dependence
for excitation of H,0 or D;0, but is shifted to lower
quantum yields in D20. The hydrogen mole fraction
dependence of the quantum yielé and the wavelength
dependence for v = 3 OH stretch or v = 4 Ob stretch

_excitation in 0.017 mole fraction hydrogen in D20 is
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consistent with a lower quantum yield for HOD excitation
in D30 than for D30 excitation in D20. A temperature
increase causes a smaller fractional quaﬁtum yield
increase forvlarge excitation energies than for small
excitation energies. fhe constancy of quantum yield with
wavelength across an OH stretch absorption band results
from one of two possibilities depending on the source of
broadening in the. absorption bahd. If thé broadening
comes from différences in liquid structure, then the
quantum yield is independent of those structural
~differences. 1If the broadening comes ffbm combination
excitation of low freqdency lattice motioné, then
excitation of lattice motions doés not produce reaction
products as efficiently as the. equivalent energy in O~H
stretch motions.

The major model dependent result is that the minimum
in the quantum yield as a function of hydrogen mole_
fraction results from an increase in relaxation rate or
from an unfavorable change in the relaxation pathway for
HOD in D30. The two possibilities cannot be distinguished.
In addition, the diffusive ion pair separation probably |
occurs at an effective temperature higher than ambient.
An empirical fit of the quantum yield versus wavelength
was given. In the limit of large distinction between
strongly and weakly coupled modes, the fit shows about

one-third to one-half of the modes in a 3-4 molecule



linear chain are strongly coupled, and the zero point
energy involves modes with low average frequency. The
physical validity of the fit must be tested by experiments
on other systems. Excitation of bend modes is as efficient
in produciﬁg the vibratioﬁally activated reaction as |

excitation of stretch.
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APPENDIX A

This sections demonstrates that the.absolute transient
voitages ére independent of the position and intensity
distribution of the illuminated region for a uniform
interelectrode electric field. Figure A-1 shows a
schematic diagram of the intereleétrode regi§n and the
eqhivalent electrical c;rcuit. Region 2 is the illuminated
region. | |

It is easy to show the relative signal magnitudes
‘are independent of the position of the illuminated region.
The foilowing statements hold independent of position.

l. The temperature change in the illuminated region

is conétant.

2. .The number of ions prbduced by the laser reaction

is constant.

3. The change in ionic conduétivities and

equilibrium H* and OH™ concentrations produced

by the tehperature increase is conétant.
Therefore, the changes in solution conductivity and the
relative magnitude of the transient voltage peak and
baseline step are independent of the position of the
illuminated region.

The absolute transient voltage change is also
" independent of position, spot size, and intensity profile
for a uniform interelectrode electric field. 1In all
experiments, the illuminated region is ¢, the central

interelectrode region where the electric field is most
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W

Figure A-1l
A séhematic diagram of the interelectrode region of
the illuminated electrode pair, and the equivalent

electrical circuit.
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uniform. Field uniformity means that resistances are
dependent only upon geometry. The resistance, R = 2/AL.
L is the solution conductivity in>the region ofvinteregt,
‘A 1s the area of the facé péraliel to the electrode
and £ is the thickness. |

Referring to the circuit equivalent of the electrode
pair shoWn in Figure A-1, the total resistance of the
eléctrode is RC2 ='R4(Rl + Ry + R3)/R; + Ry + R3 + R4.
The quantity of interest is the current change given a
change in resistance of the illuminated region. Equation
(32) of the analysis section gives

ie = Ve/RC2 , - (1)
“ where i¢ is the current through the cell of reéistance
RC2 given an applied Qoltage of V.. The current change
is |

d Vo/RC2

Aig = —— ARp ‘ (2)
d Rp :

Replacing RC2 and taking the derivative, (2) becomes
_ -Ve | A
Aig = > AR) (3)

Replacing the resistances with R = &/AL, and using
1 - [1/(1 + X)] = X for small X,
-Vo %2 A

Aig = 5 AL ' (4)

Equation (4) shows the absolute signal magnitude is

constant with constant interelectrode spacing,
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(21 + 22 + 23), and irradiated spot thickness,vlz. The
signal is independent of position, i.e., the relative (
value of 23 and £3.

If the temperature increase is linear in the absorbed
energy density and if also, the ionic conductivity and Ky
is linear in temperature, then the absolute signal
magnitude is independent of spotvsize and beam profile
because AL is then inversely.proportional'tQ the
irradiated volume, £3A, or AL = AE/%,A where AE is ﬁhe
total absorbed energy. Half the spot size implies twice
.the temperature increase, twice the trénsient.ibp
concentration, and, therefore, twice the conductivity
change, AL in the illuminated region. Egquation (4)
becomes

_Vc

A = o— AE , - (5)
(nl + 2,5 + 23)

Equation (5) is independent of spot size and therefore
intensity profile. Since the absorbed energy density and
resulting‘temperature increase is small, a ;inear
tempertature, linear iénic conductivity, and linear Ky

with absorbed energy density are excellent approximations.
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Appendix B - ABQMHD.WES

Program to calculate the quantum yield for dissociative
ionization of water in an arbitrary isotopic mixture.
ThisAprogram calculates the quantum yield from both
the measured transient voltage étep and from the absorbance
and transmitted laser energy. Comments for the program and
subroutine functions, a definition of variables used in

the program, and the program text are given.
-A. Program comments

10 Open a file for ﬁérd'copy output

15 ~ Open an output file for results

50-450 Input data

460-480 Calculate quantum yields, and write the
intermediate results to the hard copy
output file _

490 Form hardcopy and'output files for final
quantum yield results based on the transient
voltége step and for quantum yield results
based on the absorbance and transmitted

energy.
B. Subroutine function

500 Calculate quantum yield ,

860-990 1Initialize variables
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1230

& 1810 Read raw data for analysis

1440 =~ Input routine for the thermocouple voltage
115401 Input routine for the wavelength

1740 Input routine for the monitor vdltage

1910 Open an output file |

3400 . Read data from a previously analyzed file'

for -re-analysis
C. Definition of variables

Al absorbance»of watér

A2 ' factor for calculating the baseline étep from
absorption spéctra

A6 >conductivity step from absorbance and

transmitted laser energy

A8 conductivity step from transient voltage step
A9 conductivity jump
B7 total conductivity jump-thermal jump,

or portion of jump caused by the laser
induced reaction (based on the absorbance
and transmitted laser energy)

B9 | total conductivity jump-thermal Jjump, or
portion of jump caused by the laser induced
reaction (based on the transient voltage step)

D1l HDO mole fraction

D2 D,0 mole fraction



D3

D4
D5

D6

D7
‘D8
D9
Gl

HO
H1
H2
H3

H4

K4
K7
K8

K9

L4

L5

228

density of water as a_function of hydrogen
mole fraction |

dKy/dT for D20

dK,, /4T for H0

temperature jump from absorbance and
transmitted laser energy

dKQ/dT for an arbitrary isotopic mixture
temperature jump from t:ansient voltage step
d[L30]/dT |

post cell amplifier gain

parameter for H3O+ molar conductivity
parameter for H3O+ molar conductivity
parameter for H3O+ molar conductivity

H,0 mole fraction

AHy foOr an arbitrary temperature and isotopic
composition

energy of 1 mole of photons/specific heat
capacity

theoretical [L3O+], hydronium ion concentration
reference cell constant

K, for D20 as a function of temperature

K,, for Hy0 as a function of temperature

K, for water as a function of temperature
and isotopic composition

signal cell constant

excitation wavelength

laser setting



M4

M5

M6

M7

M8

-NO

N1l
N2
N3

N9

Pl

P4

Q7

Q9

experimental conductivity of solution
dr(L30% + OLT)/4T in an arbitrary isotopic
mixture'

dix(Nat + C1l7)/dT in an arbitrary isotopic
mixture |
mole ffaction hydrégen

ionic conductivity of'H3O+ + OH™ at 25°C as
a funcﬁion of hydrogeh mole fraction |
ionic‘conductivity of H3O¥ + OH as a function
of temperature and hydrogen mole fraction
rélaxation rate 6f the thermal eqUiiibrium

pafameter for NaCl molar conductivity

~parameter for NaCl molar conductivity

parameter for NaCl molar conductivity

DO viscosity

experimental [Nat] and [C1~] from excess
conductivity above thé theoretical (L30+ +
OL™) conductivity

transmitted laser power

mixture purity

quantum yield based on the absorbance and
transmitted laser energy

quantum yield based on the transient voltage
step

energy of 1 mole of photons/specific heat

capacity
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. Rl
R9
'Sl
S2

S3

T8

V1

V2

V3.

v4

V5

230

total resistance on the illuminated side

of the conductivity bridge

feedback resistaﬁce forfthe_cell>amplifier
operational amplifief

cell resistance

dx(Nat + C17)/4T in H,0

ionic conductivity of Nat + Cc1” in D,0 as a
functibn of temperature

ionic condﬁctivity of Nat and c1” in H,0 as a
function of temperature

ionic conductivity of Nat and Cl- as a function
df temperature and hydrogen mole fraction
thermocou?le voltage

temperature

monitor voltage

" transient jump voltage

transient step voltage
recorded transient voltage step
recorded transient voltage jump above the

final baseline

Real voltages are one-half the recorded voltages because

the recorded waveform is the waveform at positive polarity

minus the waveform at negative polarity. Also, the real

transient jump includes the baseline step.

\'A:

transient step voltage calculated from

absorbance and transmitted laser energy



e

WO
Wl
W2
X1
YO
Y1

Y2

applied voltage

parameter for 1ln Ky (H20) vs. temperature
parameter'fer In K, (H;0) vs. temperature
paraﬁeter for 1ln Ky (sz) VS. temperature
dx(H50%)/dT in H,O

parameter for OH™ molar conductivity
parameter for OHT molar conductivity

hydroxide ionic conductivity in HO

D. Program listing (see pages.232-236)
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10
15
20
30
40

60
70

90
92
95
96
100
110
130
132
134
136
137
138
155
160
170
180
190
200
210
220
23
240
250
260
270
280
290
300
102
303
304
30,
306
307
308
309
310
311
312
313
314
315
316
320
330
340
350
360
370
380
390
400
410
420
430
440

232

OFEN #5 AS *HULDEC.WES® FOR WRITE

GOSUB 1910

FRINT *ENTER NO OF FILES®

INFUT J3
LET EN=1
DIM T(J3)»V2(J3)»V1(J3)sL4(J3),V3(I3)
DIM A(S11) :
DIM V4(J3)sVUS(JI3),DB(I3) »PA(I3) 1 HA(IZ) B9 (U3) _ .
DIM H5(J3)sN5(J3),»VU8(JI3)sL5(JI3)
DIM M6(J3)»TB(JI3) +M(JI3) :
DIM D6(J3),07¢(J3) ' .
DIM AL(J3)P1(JI3),A2(J3) -
A2=1,7E-03

LET T=O\LET V2=0\LET V1=0\LET VZ=0\LET M=0\LET L.4=0

LET V4=0\LET VS=0\LET N8=0\LET F4=0\LET H4=0\LET 09=0

LET HS=O0\LET NS=O\LET UB=O0\LET T8=0\LET L%=0

FRINT °IF REANALYZING A PREVIQUSLY ANALYZEL FILEs, TYFE 1°

INPUT 23

IF Z3=1 THEN GOSUB 3400

IF Z3=1 THEN GOTO 155

GOSUB 1230

IF 23=1 THEN GOTO 304

FRINT °FNTER TC VOLTAGE IN UVOLTS IF SEVERAL FILES HAVE THIS®

FRINT °*VOLTAGE ENTER NEG VULTS®

FOR N4=1 TO J3

GOSUB 1420

NEXT N4 -

PRINT *ENTER MONITOR VOLTAGE IF SEVERAI FILES HAVE THIS®

PRINT *VOLTAGE ENTER NEGATIVE MONITHR WUL 1AGE®

FOR N4=1 TO J3

GOSUB 1720

NEXT N4 .
FRINT *ENTER DYE LASER FREQ SETTING AMD ENTEFR G 1R N VI
PRINT ®*1ST ,2NIl OR O STOKES I[N W2, -1 BR =2 FOR 0H4°

FOR N4=1 TO J3

GOSUR 1520

NEXT N4

FRINT *FNTER MOLE FRACTIOM HYTROGEN®

FNR N4 = L TO J3
INPUT M&A/IN4)

NEXT N4

PRINT °ENTER ABS:IsA"

FOR N4=1 TO J3

PRINT °*FILE®sNAy»"ABSsI,A"

INPUT A1(N4)»FPL(N4)I\AL(N4)=A1(N4)/10

NEXT N4

FRINT *FILE®»"ABS*»*I°,*A*

FOR N4=1 TO J3

FRINT N4sA1(N4)»P1(N4)1A2(N4A)

NEXT N4

WAIT

PRINT

PRINT °*TC VOLT TEMP MON LASER SET LAMHDA FILE®

FOR N4=1 TO J3 : 3
PRINT TB(N4)»T(NA)»VLI(NA)rLS(N4)1LA(NA)INS .

NEXT N4

PRINT °*WHICH COLUMN DO YOU WANT TO CHANGE? 0 1S NOJ CHANGE®
PRINT °*CHOOSE 1» 3 OR 4°

INPUT Q@S

PRINT °*WHICH FILE DO YOU WISH TOCHANGE?®

INPUT N4 :

IF QS=1 THEN GOSUR 1440

IF QS=3 THEN GOSUB 1740

IF Q5=4 THEN GOSUB 1540

IF QS=0 THEN GOTO 460



450
440
470
471
472
473
474
475
474
477
478
479
480
485
490
500
510
515
517
518
519
520
530
535
536
540
550
552
Ss3
SS4
S5
556
557
sS8
560
561
563
564
565
570
580
590
400
620
630

690

693
694
695
696
710
720
725
726
727
728
729
730
73s
740
745
750

755
760
770
780

GOTO 360
FOR J2=1 TO J3

GOSUE 500

FRINT\FRINT #S,°*FILE®*,JD .

PRINT #S,M6(U2)sT(J2)

PRINT #S»X2/H3,s011+02,M7»M8

FRINT #5,S3/N3,52,5,K7,K8

FRINT #5+K9:D3,H&»QsD14, 05

FRINT $S5/07+HID9»X1»S1,MS

FRINT #S5+M4:LsAB8,A9,B9,46

FRINT #S,R7

FRINT #5, .

NEXT J2 ) -
T3=0

GATy 1000

IF J2=1 THEN GOTO 840

LET x2=H0+H1‘T(J2)+H2*T(J2)*T(J2)

DELETE R

H3=M6(J2)"2

D1=2%xM6(J2)-2%H3

D2=1-H3-D1 :
M7=H3IXG48.94+D1%411 . 2402%363. 4

LET Y2=Y0+Y1%T(J2)

T2=(X2+Y2)/547,.48

M8=M7x%xT2

LET Z=Z0+Z1xT(J2)

LET S3=NO+NI1XT(J2)+N2XT(JI2)KT (ID)
N3=EXP(669.2/(T(J2)+273016—133.98)'3-966)
§2=116.287/N3

S=S3*”6(J2)+32*(1‘H6(J2))

MP=1-M&(J2)
N7=EXP(-11272/(T(J2)+273a16)*17.374*o0462046*(T(J2)+273.15))
F2=M9%1.25893/(,69)"3
F1=(1-H9+H9*.69)“3/(1.25993"H9)

LET NQ=EXP(UO+U1¥(T(J2)+273.2)+U2/(T(J2)+273.2))
K9=N8‘F1*(1-"9+F2*K7/K8)
D3=N6(J2)l.99704+(1-H6(J2))*1.10445
H6=H6(J2)*o998+(1-H6(J2))¥1o004
@=28591/D3/H6/L4(JI2)

LET R=R1%(VXS5093/V1(J2)/122850-1)

LET L=K/R

LET H=K9".5/1000

LET N9=(L-(M8)%xH)/S

LET PA(J2)=L/((MB)XH)

PRINT

LET A9=K'(R1+R)‘U2(32)/Gl/R?/V/R
D4=K7¥(-.0462046+11272/(T(JZ)+273«16)"2)
DI=KBX(W1-W2/(T(J2)4+273.16)~2) -
D7=Fll(05‘(1-H9+F2*N7/NB)+F2{(D4-K7*D5/K8))
D?=D7/H/2000000

LET X1=H1+2%XH2%T(J2)

LET S1=N142XN2XT(J2)
H5=51‘N6(J2)+(1-"6(J2))*116»287*669.2/N3/(T(J2)+273o16-133.99)"2
MA=M7%(X14Y1)/547,48
AB=A2(J2)I(EXP(2.30259¥A1(Jz))-l)tpl(J2)/D3/H6¥(Htﬂ4+N9*H5+H8*H9)
A6=KX(R1+R)/G1/R9/V/RRVB(J2)

V3 (J2)=ABXRAVXRPXG1/K/ (R1+R)

DB(J2)=A8/ (HXMA+NIXMS+MEXDS)

D6(J2)=A6/ (HEMA+NPRMS+MBXDT )

B9=A9-(HXMA+NFXMS) 2DB(J2)
B7=A9-(HEM4+NPXMS ) XD& (JD)
Q9(J2)=Q%xE9/(MBXDB(J2))

Q7(J2)=Q%B7/(MBXDG6(J2))
ZB=F1¥F2*K7*(-.°462046.(T(J2)+273-16)“2*11272)
H4(J2)=1.937/K9‘((1-"9)*F1XK8'(U1‘(T(J2)+273o16)"2‘“2)+ZB)
H5(J2)=10G(1-H4(J2)/Q)
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810

850
- 860
870
880
890
900
?10
920
930
940
950
9460
970
980
990
1000

1001

1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
~ 1110
1120
1130
1140
1150
1160
1170
1180
1183
1184
1185
1186
1190
1195
1197
1200
1201
1202
1203
1206
1207
1209
1210
1215
1216
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340

234

PRINT

RETURN

OFEN #4 AS °*MULDAT.WCN® FOR WRITE

WRITE ‘4v.31915!.31897(304.97122000v12.285!2149000

WRITE #4+224.33+5.305,-.0113,110.88,3.448

WRITE 04!22.97'-868167.188.2.13519.49E—03

WRITE #4+14.0896,-.03939,-10308

CLOSE ¥4

OFEN $#4 AS °*MULDAT.WCN® FOR READ

READ #4,KsK4,VsR1+G1,R9

READ $4,HO,H1+H2,YO»Y1
READ $#4,Z05Z1+NOsN1sN2
READ $4,W0,W1,W2
CLOSE #4
CANCEL °*MULDAT.WCN®

GOTO Si10 -

FRINT $S,°*TEMP LAMEDA JUMP STEF TRUE JUMF TRUESTEF®
FRINT #S,"ABQUKT.WES OF*,Ds :

FOR N4=%1 TO J3 )

FRINT ’5'T(N4)rL4(N4)7V4(N4)7U5(N4)'V2(N4)rV3(N4)

NEXT N4

PRINT

FRINT #5»°TEMFP TC VOLT MON VOLT PURITY LAMEDA LASER SET®
FOR Na=1 TO J3

FRINT #5!T(N4)'TB(N4)vVl(N4)vP4(N4)vL4(N4)vL5(N4)

NEXT N4 ' ’ -

PRINT

FRINT #S,°TEMF LAMEDA QUANT YIELD LOG(QY) D[ELTA HO LUG(L1-HO/E) "
FOR N4=1 TO U3

FRINT 05;7(N4)9L4(N4)109(N4)9LOG(Q9(N4))/2.303;H4(N4);HS(N4)/2.303
NEXT N4 .

FRINT $S,481 ‘
FRINT #Sy°*TEMFP LAMEBDOA . T JUMF SLOFE. MOL FR H QUANT YIELD®
FOR N4=1 T0 U3 )

FRINT ’5!T(N4)9L4(N4)vDB(N4)rH(NQ)vHé(N4)’Q9(N4)

NEXT N4 :

FRINT #S»°FILE®s»°*ARS*,*TRAN POWER*» "NORMALIZATION"

FOR N4=31 TO J3

FRINT #SsN4,A1(N4A)»P1(N4)»yA2(NG)

NEXT N4

WRITE 03’LOG(09)/2.3037H5/2'303rHvDGvL4vTrH4vTBvVIyP4vL5vG9rU4rU57U2
WRITE #3+V3+sM61A1sP1,A2

IF T3=1 THEN GOTO 1215

CLOSE #3

T3=1

V3=V8\D8=N6\QR9=Q7

FRINT °®*2ND PASS®

PRINT #S» *MHDDKT TO PRODUCE °*»D$

CANCEL Ds

OFEN #3 AS D$ FOR WRITE

GOTO 1000

CLOSE aLL

CLOSE AtLL

STOP

PRINT *HOW MANY ELEMENTS IN THE ARRAYS?*

INFUT U4

DINM JO(JA) 1 J7(3904) 2 JB(39J4)sR(JS)

READR #2,J69J07,U89R

GOSUB 1810

FOR I=1 7O U3

LET V3(I)=J4(1)

LET V2(I)=J7(1,1)

LET M(1)=J8(C1,1)

NEXT I

CLOSE ¢2

RETURN
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13S0
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1545
1550
1560
1570
1580
1590
1600
1610
1620
1630
14640
1650
1660

1670

1480
1690
1700
1710
1720
1730
1740

1750

1760

1770

1780
1790
1800
1810
1820
1830
1840
1850
1880
1889
1890
1900
1910
1920
1940
1950
3400
3410
3415
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FRINT °*WHICH FILES ALSO HAVE THIS VALUE?®
PRINT °"AFTER LAST FILEs ENTER A NEGATIVE NUMERER®
INPUT N&

IF N4<O THEN GOTO 1410

LET NS(N&)=NS(N4)

GOTO 1370

RETURN

FRINT °*FILE NO. °v+N4 :

IF TB(N4):>0 THEN GOTO 1500

INFUT TB(N4) '

IF TB(N4):x0 THEN GOTO 1%00

LET TB(N4)=-TB(N4)

LET NS=T8

GOSUB 1350

LET T8=NS

LET T(N4)=(~-3B.6+5QR(3B.46"2+.,166XTB(N4)))/.083
RETURN

FRINT °FILE NO. °*/N4

IF LS(N4)<>0 THEN GOTO 1710

INFUT LS(N4)

L4(N4)=0

INFUT Q4

IF LS(N4)>0 THEN GOTO 1610

LET LS5(N4)=-LS(N4)

LET NS=LS

GOSUB 1350

LET L5=N5

FOR I=N4 TO J43

IF L5(I)=0 THEN 5070 1700

PRINT. I .

IF L4(I)«<>»0 THEN GOTO 1700

IF Q470 THEN GUTO 16&0

LET L4(I)=1/(40000/LS(I)~-R4%,.4155)

GOTO 1700

LET LA(I)= 1/(40000/L4(I)+04¥ 2914)

IF NS(N4)=0 THEN LET I=J3

NEXT I

RETURN »~
PRINT °*FILE NO., °sN4

IF V1(N4)<:-0 THEN GOTO 1800

INPUT V1(N4)

IF V1(N4):>0 THEN GOTO 1800

LET V1(N4)=-V1(N4)

LET NS=V1 -
GOSUB 1350

LET V1=NS

RETURN

PRINT °*FOR WHICH FILE DO YOU WISH TO CHANGE THE INITIAL CHANNEL?®
INPUT P7

IF P7=0 THEN GOTO 1900

FRINT °HOW MUCH DO YOU WISH TO SHIFT THE CHANNEL?®
INPUT Pé

LET J7(1,P7)= EXP(LDG(J?(I-P?))+J8(1'P7)!P6¥R(P7)/51
PRINT J7(1+P7)9J8(1sF7)+R(P7)

G60TO 1810

RETURN

FRINT *INPUT QUTFUT FILENAME®

INPUT B

OPEN #3 AS B$ FOR WRITE

RETURN

PRINT °*WHAT FILE IS PREVIOUS QUTPUT IN? -

INPUT Ds

PRINT °HOW MANY PTS/ARRAY IN FREVIOUS OUTPUT® .



3416
3417
3418
3420
3430
3435
3440
3450

DELETE L4¢T»T8,V1,5LG

INFUT 27
DIM LA(Z7) 9 T(Z7) 2 T8(Z7)sV1(27)4L5(Z7)
OFEN #1 AS Iis
READ #1,L4yLAsMiLArLA»T»TBT8IV1»LIwLS)V4,VAIVS»V2,U3 I ME

ve=v3S/
CLOSE
RETURN

2
#1

FOR READ
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APPENDIX C - RECDIS.WES

Program to calculate the recombination distance of

H3O+.+ OH™ from the equilibrium relaxation rate.
A. Program comments

10 Open an output file for results
20-140 - Input raw data

_305 Open a-file for hard copy output
460-480 Calculate the recombination distance
490 Form hard copy and output files for

recombination distance results

‘B. Subroutine comments

500 calculate the recombination distance
860~ Initialize variables

1910 Open an output file

3400 Input raw data from a file previously

created. The hydrogen mole fraction,
relaxation rate, and temperature are

needed for this program.
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C. Definition of variables

D1
D2
" El
E2
E3

H3

K1
K7
K8

K9

M6

M7

M8

M9
S2
S3
S4

T2

Ul

HDO mole fraétion

D5,0 mole fracﬁion

dielectrié constant, e, for isotopic mixture
dielectric constant for D30 |
dielectric constant for H0

H70 mole fraction

theoretical concentration of L3O+, [L3O+]

‘"recombination rate

Ky for D0 as a function of temperature

FKw for H70 as a function of temperature

K, for water as a function of températufé
and isotopic composition

hydrogen mole fraction

ionic conductivity of H3O+ + OH™ at 25°C as
a function df hydrogen mole fraction

ionic conductivity . of H3O+ + OH™ as a function
of temperature and hydrogen mole fraction
deuterium mole fraction |

delta times sigma, Ac (see discussion)
delta, & = 2, 2_ e?/4ne eokT

recombination distance = o, sigma
temperature dependence of the ionic
conductivity of H30+ + OH™ in H,0

diffusion coefficient of Ht + OH™



D.

X2 hydronium ionic conductivity in H7O

Y2 hydroxide ionic conductivity in H3O

Prdgram listing (see pages 240-241)
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10 GOSUB 1910 ’

20 P
30 I
40 D
SO D
100
110
130
132
134
136
137

140
305
310
440
470
480
490
S00
S10
915
S17
S18
519
$20
530
S35
536

oSS

T
557
SS8
560
Sé61
S90
600
4610
620
&30
640
450
660
670
850
860
870
880
890
900
910
920
930
940
950
960
970

- 980

990
1000
1010
-1020
1025
1030
1040

RINT °ENTER NO OF FILES®

NPUT J3

IM S4(J3)vSB(JB)pS”(J3)oEl(J3)rHB(J3)9T(J3)vH(J3)

IM ULGJ3) s H(J3) »ME(I3) K1 (I3)

LET T=0\LET V2=0\LET V1=0\LET V3=0\LET M=0\LET L4=0
LET V4=0\LET VUS=0\LET ['B=0\LET P4=0\LET H4=0\LET Q9=0
LET HS=O0\LET NS=O\LET V8=0\LET T8=0\LET LS=0

PRINT °IF REANALYZING A PREVIOUSLY ANALYZED FILEs TYIE 1°
INPUT 23

IF Z3=1 THEN GOSUER 3400

IF Z3=1 THEN GOTOD 140

FRINT :
OFEN #5 AS *MULDEC.WES® FOR WRITE
FRINT
FOR J2=1 TO J3
GOSUE 500
NEXT J2
GOTO 1000
IF J2=1 THEN GOTO 860
LET X2=HO+H1XT(J2)+H2XT(J2)XT(J2)
DELETE R
H3=M6(J2)"2
D1=2%XH6 (J2)-2%H3
=1-H3-D1
M7 H3XS4B,9401%411,2402%363 ., 4
LET Y2=YO04Y1XT(J2)
T2=(X2+Y2)/547,48
M8(J2)=M7%xT2
M9=1-M&(J2)

K7=EXF(~11272/(T(J2)4273.16)+17. 374-.0442044K T(J2)4273.15%) )

F2=M9%1,25893/(.69)"3
F1=(1-MP+MP%.49)"3/(1.,258v4" H?)
LET K8=EXF (WO+W1X(T(J2)+273,2)+W? ZCTCI2)Y+273.2))
K9=K8XF1X%X(1-MP+F2%XK7/K8)
LET H(J2)=K9".5/1000
K1(J2)=-1000000%M(J2)/2/H(J2)
Ul(J2)=MB(J2)X8,930397E-10X(T(JI2)+273.16)
E2=EXP(4.47335-4.6351E-03%T(J2))
EI=EXF(4.47632-4,5844SE-C3xT(.J2))
E1(J2)=M9%XE2+(1-MP)IXEI
S2(J2)=-1.6711E-03/(T(J2)+273. 16)/EI(J")
53(J")-LOG(SH(J")‘7046b699E+"4*U1(J7)/h1(J2)+1)
S4(J2)=82(J2)/53(J2)
RETURN
OFEN #4 AS °*MULDAT.WCN® FOR WRITE
WRITE #4,.31915/+.31897+,304.8,122000+12.285,2147000
WRITE #4,224.33,5.305,-.0113+110.88,3,.468
WRITE $4+,22.97,.868967.1838+2.135,9.49E-03
WRITE $4,14.0896,-.,03939,-10308
CLOSE #4
OFEN #4 AS °*MULDAT.WCN® FOR READ

READ $#4,K+K4,V/R1,G1sRY

READ #4+HO»H1sH2,Y0,»Y1

READ #4,Z0+Z1+NOsN1sN2
READ $4,W0rU1,W2
CLOSE $4

CANCEL °*MULDAT.WCN®

GOTO S10 ’

PRINT #S5+"DIFF "y *MOLE®s *RECOMR® s *RELAX®»*K RECOME®y *TEMP®

PRINT $5,°COEFF*»"FRACTION H®»*DISTANCE®»*TIME"y *CM3/MOL")

PRINT #S

FOR N4=1 TO J3

PRINT $5,U1(N4)sME(NA)»SAING) »—1/M(NA) yK1(NA) »T(N4)
NEXT N4
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1050 PRINT #5,°DELTA =Z(H+)Z(OH-)E~2/4FIEPSILON(OIEFSILON ke 7 ®
1060 FRINT #5+°SIGMA = REAGCTION I'ISTANCE®

1065 PRINT #5,°DELTA®,*DELTA SIGMA®s *EFSILON®y *MOK H20*» *CONC H+*
1070 FOR N4=1 TO J43

1080 FRINT 15753(N4)vS”(N4)vE1(N4)vH8(N4)vH(N4)

1090 NEXT N4

1100 WRITE #3,U1sM69,S4sM»K1+sT+S3+52,E1sM8sH

1200 CLOSE ALL
1210 CLOSE aLL
1220 STOF .
- o N R S AT M ST PRy Mttt IR,

1240 fLosF—32

1S40 WETGN

1910 FRINT *INPUT FNPOse—ani OUTFUT FILENAHES'
1920 INPUT we B .
FPIO0—BREN— =TT ARt

1940 OFEN #3 AS B$ FODR WRITE

1950 RETURN .

3400 FRINT °WHAT FILE IS PREUIOU° OUTHUT IN?
3410 INFUT Ds

3415 PRINT *HOW MANY PTS/ARKAY IN FREVIOUS OUYFUT®
3416 DELETE M&sM»T

3417 INPUT Z7

3418 DIM M&O(Z7)9M(Z7)9T(27)

3420 OFEN #1 AS D'$ FOR READ

3430 READ #11M6yMbrMosMeTH»T

3440 CLOSE #1 :

3450 RETURN
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APPENDIX D - Comments on non-statistical effects in

overtone photochemistry

The introduction discusses several attempts to find
non-statistical effects in gas phase overtone chemistry.
'However, a complete unified attempt to demonstratev
non-statistical efﬁeqts‘following overtone excitation has
not been made.v For ﬁhe purposes of the discussion it .is
importaht to have a deséription of the process of overtone
absorption (see McDonald).l Assume ¢g is a zero order
anharménic XH oscillator, local mode state and ¢; are all
the orthogonal molecular basis functions. 1In this basis
set, ¢g has nearly all thé overtone oscillator strength.
These basis functions are not molecular eigenstates,‘butf
the molecular eigenstates, ¢n, can be expressed in terms
of these basis functions. Or alternatively, ¢g can be
expressed in terms of the molecular eigenstates. The
oscillator strength of an eigenstate is approximately
proportional to the square of the ¢g component of that
eigenstate. The width of the eigenstate is given by the
rate of collisions, radiation, dissociation and any
other processes that remove population from the ¢g level.

It is possible that adjoining eigenstates have
differing reaction rates. Classical trajectory studies
of model potentials show that it is possible to.have both
stable, repetitive and random, stochastic trajectories in

the same energy region.2'3 If the same behavior exists..
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for eigenstates of real molecules above the dissociation
energy barrier, such qualitatively different trajectories

may have qualitatively,different dissociation rates and

‘spectroscopic properties. Recent work by Heller4 on

Raman spectra gives a relétionship between classical
trajectories and spectroscopic pfOperties. If the
molecular state density is low enough, The precision

of C.W. dye laser overtone excitation'achws*excitation

of single eigenstates. So far all overtone chemistry
experiments use broadband.C.W. excitation. Thus, éeveral
eigenstates are probably‘excited simultaheously; As the-
laser is tuned, only the "average" behavior of the excited

eigenstates in a spectral region is observed. 1If only a

few eigenstates are not stochastic, then+only narrow band -

excitation will.detect.non-stochastic behavior.

A second possible way to detect non-statistical
behavior is a way first suggested by Moore and Smith.>
They suggested that coherent picosecond éx;itation of
vibrational overtones of reactants in a cqndensed phase
might show non-statistical effects. This suggestion can
be given a slightly more quantitative foundation in
McDonald's "molecular eigenstates" framework. Assume the
reaction rate of the excited state is proportional to the
probability that it looks like a local X-H stretch. One
might imagine this to be tfue if the projection of the
excited X-H stretch on the reaction coordinate is large.

McDonald shows us that if ‘more than one eigenstate is
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coherently excited, an interference effect is present.
The shorter the excitation pulse; the.larger the bandwidth
of coherently excitéd eigenstates. The initial
constructive interference produces a iarger initial X-H
stretch probability and therefore a larger initial
reaction rate. Thué, the fate at high pressure, where
the initial reaction will dominate the total yield, will
be higher than the low pressure rate where dissociation
of the relaxed species dominates'the yield. This could
be the quantum mechanical explanation of thevChandler6
overtone experiments,7 and an analogous description
almost certainly is the explanation fo the Rabinovitch8

cyclopropane experiments.

(e
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APPENDIX E - FURTHER WORK

This section suggests further work on agueous systems,
outlines how data from these systems can be analyzed, and

suggests some completely new but related systems.
Aqueous Systems

Measuring quantum yields for liquid mixtures other
than HZO/DZO mixtures could provide useful information.
Potentially helpful references include 1 through 5. A
mixture of Héo and Hy0, can produce a "broken" link in a
linear chain of H20 molecules without too great a disruption
of physical or of vibrational structure. A mixture of
H,0 and alcohol, ROH, will alter mixture conductivities
and perhaps provide an efficient relaxation path through
the R group. Also, several solutes which do not hydrogen
bond to the water can be tried, such as acetonitrile,
acetone, or CBroF5. The CBryF, has no high frequency
modes that can couple to fhe OH stretch of the excited
water.

Analysis of data from these systems cannot be done
by the same method used for pure Hp0. Insufficient
information is available in the literature. The number
of photons absorbed by H20 can be determined from the
spectroscopy of the water/solute mixture and the
transmitted laser intensity. If product ion conductivities

are known, the number of reactive events can be determined
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from the portion the transient conductivity peak resulting
from laser iﬁduced reaction. Product ion conductivities
for a particular mixture can be determined with adequate
accuracy from a conductivity bridge and solutions of
KOH, HC1, ahd KCl. The portion of the conductivity peak
caused by the laser induced reaction caﬁ be determined
by subtrécting a multiplé of the thermal curve obtained
by tuning the lasér to a wavelength longer- than about
1.3 u where there is no laser induced reaction. The
multiple is chosen so that the‘therhal baseline step is
eliminated. Absolute yields can be determined by

calibrating with puré H;O.
Non-aqueous systems

Two ﬁon—aqueous systems would be interesting to try.
The first is neat liquid ammonia. Liquid ammonia is a
weakly dissociating, hydrogen bonded liquid similar to
water. It would be intéresting to know if liquid water

is the dnly system which shows a laser induced reaction.

(Preliminary experiments on neat MeOH showed no discernable

conductivity peak.)

‘'The other non-aqueous system is an entirely different
class of condensed phase syStem that may'avoid some of
the disadvantages of the H0 system. Proton transfer in

acid-base pairs isolated in a Shpolskii matrix of

-n-paraffins7 could be activated bysovertonefabsorptibn. .
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Electronic spectra of dye molecules in an n-paraffin matrix
at 20°K often show a éharp line spectra with about 1 em—l
width instead of the usual braod band structure present ]
in a liquid. Spectral analysié shows that a Shpolskii
matrix possess a few inequivalent sites which do not
interact strongly with the guest molecule. Since the
fluorescence excitation spectra are sharp,»both the
ground and excited state must be sharp,a;9 and it.is
reasonable to expect the overtone spectra to be sharp as
well. Ideally, if a Shpolskii type of matrix can be made
of pér-haloéenated oils; then any potential interference
from host overtone absorption can be eliminated.

If acidic dye molecules are introduced with an excess
of base, or if basic dye molecules are introduced with»an
excess of acid, it should be possible to form acid-base
pairs in the low dielectric constant paraffins.10 Thus,
there will be two potential wells for the proton; one on
the acid and one on the base. As the temperature is
lowered, the proton should lie in the lowest well.
Alternatively, a molecule such as methyl salicylate,
with an intramolecule proton transfer, can be used;

Many strongly fluorescing dye molecules show wavelength
‘differences in an acidic versus a basic form.2,10-13
These should be unambiguously resolved in the Shpolskii
matrix and can thus serve as a probe of the relative

concentration of the acidic and basic form of the dye.
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The experiment is carried out by using a C.W. dye
laser to probe the concentration of the highest enthalpy

form of the dye molecule. Upon initial formation of the

"matrix, the low temperature ensures that most of the dye

molecules are in the low enthalpy form. Very few high

enthalpy molecules will be thermally excited ‘and

fluorescence will be weak or non-existant. A pulsed dye

laser is used to excite overtones of the matrix isolated

~dye molecule. A fraction of the excited acid-base pairs

.can transfer a proton to'produce the high enthalpy form

if the photon energy of the pulsed dye laser is above the
energy barrier. These molecules will abéorb C.W. dye
laser photons and fluoresce. The fise and fall of the
fluorescence signal_serves as a monitor of the time
dependent concentration of the high ehthalpy dye molecules.

The same sensitivity advantages obtained in the
liquid water reaction by making a transient rather than
a C.W. measurement are obtained, but fewer disadvantages
are present. |

The spectroscopy is unambiguous, absorptioﬁ lines
should be relatively sharp and assignable to specific
hydrogens of the acid base pair just as in gas phase
spectra. The lines should be narrower than in the gas
phase because there is no rotational structure. Hydrogens
in the acid, in the base, nearby, or far from the reactive

proton may be selectively activated.
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The system is closed in the sense that the reactive
solute is a well defined entity separate from the weakly
interacting solvent, in contrast to the water system.
The number of modes present in both the acidic solute and L
basic solute are known. The number of modes in the
non-dye molecule can be varied systematically. |

The concentration of acid-base pairs or of other
species added'to'quench the excitation can be varied and
is known. The barrier height can be variéd‘by changing
the acidic or basic strength of the non-dye molecule.

The system potentially has Qery rapid time
resolution. If two picosecond sources are ﬁsed, a
picosecond resolution, pulse-probe experiment can_be
performed. ' The time behavior. is obtained simply by
measuring total,fludrescence as the time delayvbetween
the excitation pulse and probe pulse is changed. No

expensive streak cameras are needed.

-
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