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ABSTRACT

Mixtures of DBr-HZ, DI-H2 and HBr-CD4 were photolyzed
with monochromatic light. Thirteen different wavelengths

were used in the DBr-H DI-H2 systems yielding deuterium

29
atoms with initial laboratory energies ranging from 0.6 to

3.0 eV, We were able to obtain the integral reaction yield

where kl and'k2 are effective bimolecular rate coefficients
for the processes:

D* + H2 — DH + H (1)

D* + H, = D+ H, (2)
These processes describe rates of reaction and thermalization
which accompany the injection of monoenergetic atoms into
thermal H2 gas. We were also able to obtain the integral
reaction yield for the H + CD4 system at five wavelengths
with initial H atom laboratory energies ranging from 1.15 to
3.0 eV,

For both the D + H, and H + CD, systems we were able

2
to show that the integral reaction yield is a monotonically

increasing function of energy over the energy ranges scanned.

For D + H2 A ranged from O at about 0.6 eV to 0.66 at 2.86 eV

initial laboratory energy while for H + CD4 A ranged from

0,015 at 1,15 eV to 0.040 at 3.0 eV initial laboratory energy.
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There is an order of magnitude difference between the integral

reaction yields for H + CD4 and either D + H2 or H + D2.

These differences were attributed to the greater probability
of inelastic collisions occuring in the H + CD4 system than

in the D + H2 or H + D2 systems. Finally, we were able to

show how reaction cross sections can be extracted from
the experimental integral reaction yield using a steady state
Boltzmann equation.

We were also able to measure the abstraction fraction a

for the reaction of H with DX (X = Br, I). The results were

a(DBr) = 0.99 £ 0.03 and a(DI) = 0.97 ¥ 0.05.

Finally, using the integral reaction yield versus energy

plot for D + H, plus additional DI-H DI-He experiments we

2 2"

were able to determine the fraction f of iodine atoms

produced in the excited 2P state in the photolysis of DI

1/2
at 4 wavelengths. The results are: f(ZSOOX) = «0,08 I 0.27,

-+

£(25378) = 0.46 ¥ 0.05, £(24008) = 0.60 ¥ 0.07 and £(2138R) =

+

0033 - O.l.
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1. INTRODUCTION

The understanding of simple chemical reactions is a major
area of interest in the field of chemical kinetics. It is profitable
to study such systems experimentally since the results can be
compared with detailed theoretical calculations leading to better
understanding of detailed processes involved. One quantity in
particular that is interesting to study is the reaction cross
section. This quantity is important in that it enables chemists.
to gain greater insight into the molecular dynamics of chemical
reactions. However, the amownt of detailed information on this
quantity, even on simple chemical systems, is small. The informa-
tion available has been obtained by the elegant and cowplicated
technique of molecular beams. However, this method has been used
mainly in studies of reactions involving alkali atoms and/or
halides, and even though it is now being extended to other systems,
the energy dependence of total reaction cross sections for reactions
with appreciable activation energy is not yet available. This
study was undertaken to obtain cross section information on some
elementaxry reactions by a relatively simple photdchemical technique.

The two reactions reported here are the hydrogen isotope
exchange reaction:

D+ H, == DH+ H
and the reaction of hydrogen atowms with per-deutero methane:
H+CD, == HD+ CD_.

L 3
The thesis is comprised of (in addition to this introduction)
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L papers, a section of conclusions and 6 appendices. It should
be mentioned that the first 3 papers were written in conjunction
with Drs. J. M. White, D. R. Davis and A. Kuppermann who contri-
buted much to the work reported here. The first paper deals with
the D + 32 reaction, the second with the abstraction fraction for
the reaction H *+ DX (X = I, Br), the third with the fraction of
iodine atoms produced in the excited P, /o State in the photolysis
of DI and the fourth with the H + CDh_ system., The appendices
expand on details of experimental technigues and results not

included in the papers.



PAPER 1

1. INTRODUCTION

The chemical reaction cross section is a very fundamental
dynamical quantity which permits the formulation of bulk reaction
properties in terms of the molecular level dynamics of reacting

systems.l

Furthermore, it contains information about the forces
at play during reactive collisions of molecules.2 Similar state-
ments can be made about nuclear reaction cross sections, and
indeed they have been extensively and profitably used by nuclear
physicists in describing nuclear reactions and nuclear scattering
processes and in developing a detailed understanding of these
phenomena.3 However, until ten or fifteen years ago, very little
was known about chemical reaction cross sections. The main
reasons were that experimentally no good methods were available
for their determination and, theoretically, the calculations
involved could not be carried out analytically and were far too
elaborate to be done with the computational equipment then
available.

The experimental difficulty was due to the fact that most
measurements of reaction rates were made under thermal distribu-
tion conditions. For reasons described below, if the activation
energy of the reaction is in excess of about 5 kcal/bole, such
measurements do not contain information about the reaction cross

section except relatively close to an effective threshold energy.

Even with the use of the elegant and powerful crossed-molecular



beam technique,h'

it is still very difficult to determine the
energy dependence of the cross section of such reactions over an
extended energy range.

We will be concerned in this paper with the very important
elementary process

D+ H2 — DH <+ H

which, with its isotopic counterparts, has played a central role
in the development of the foundations of chemical kinetics. 1In
recent years, using a classical approximation to the motion of the

nuclei during reaction,2

it bhas been possible to calculate the
energy dependence of the cross section of this reaction from
first principles. In addition, theoretical formulations5 and
numerical techniques are presently being developed which should
permit quantum mechanical calculations of good accuracy in the
near future. For these reasons, it is highly desirable to obtain
as much experimental information as possible about the cross
section of this reaction and of its isotopic counterparts over a
wide energy range. Information of this type is also desirable
for systems too complex to perform & priori calculations, in
order to test the validity of approximate models.

In this paper we describe a photochemical technigue designed
1o measure the energy dependence of the integral reaction yield A
[defined by Eq. (8)] of the D + H, exchange reaction, a quantity
closely related to the reaction cross section. Preliminary
results concerning the phenomenological energy threshold of this

reaction have been previously described.6



In Section 2 we discuss the difficulties associated with
obtaining reaction cross sections from thermal rate constants and
crossed molecular beam measurements. In Section 3 we describe
the basis of the present method, in Section 4 the experimental
techniques, in Sections 5 and 6 the mode of analyzing the data
and the results of the measurements of A for the relative energy
range of 0.3 to 1.4 eV, and finally in Section 7 we discuss its

relationship to reaction cross sections.

2. DIFFICULTIES IN OBTAINING TOTAL REACTION CROSS SECTIONS FROM

THERMAL RATE CONSTANTS AND

CROSSED MOLECULAR BEAM MEASUREMENTS

2.1. Thermal Rate Constants

Let us consider a homogeneous gas phase elementary
bimolecular reaction between molecules A and B under conditions
such that termolecular collisions are negligible. If all molecules
A were in internal quantum state 1 and all B in state J and if
collisions between A and B occurred at relative energy E, then the
bimolecular rate coefficient for such a reaction would be

kij(E) = v(E) O‘ij(E) (1)
where v(E) is the relative translational velocity of the reagents
at energy E and oy j (E) the total reaction cross section for such
collisions. For more realistic conditions under which the reac-
tants posses wider distributions of internal and relative trans-

lational energies, the bimolecular rate coefficient is given byl
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k= 1‘?5 xAi )(BJ _/; fiJ(E) a‘iJ(E) dE (2)

where fij(E) is the normalized distribution function of relative
translational energies of A in state i and B in state j and XAi
and XB are respectively the fraction of A and B molecules in
those states. The summation extends over all the states partici-
pating in the reaction. For the case in whici f and the X are
given by Boltzmann distributions at temperature T, k becomes the
bimolecular reaction rate constant at that temperature and is

expressable as

k(T) = W 1?3 exp [-(eA-+ ij)/kT] (1/”#)1/2(2/“)3/2;:
Jo, @e e EY

Here Z, and Zp are the internal partition functions of A and B,

€ and €g are the internal energies of A and B in states i and

J iespectiiely,;; is the reduced mass of the A + B system and k
the Boltzmann constant. For convenience in the discussion which
follows, it is helpful to consider the hypothetical case in which
most of the contribution of k(T) comes from relatively few inter-
nal states 1, J and crij(E) is almost independent of i, j for

those states. This seems to be the case for the exchange reaction
between hydrogen atoms and hydrogen molecules2 and its isotopic
counterparts (at temperatures below 1000°K), considered in this

paper. Under these conditions, Eq. (3) reduces approximately to

k(T) = (l/wp)l/ 2(a/k'r)3/2j; DPor(®) E BT g5 (%)



It would seem at first glance that an experimental determination
of k(T) followed by a numerical solution of the integral Eq. (k)
should furnish 0(E). For reactions whose activation energy E, is
large compared to kT, as is usually the case for Ea > 5 kcal/mole
and T < 1000°K, this method results in complete failure, and is
responsible for the central difficulty in obtaining reaction cross
sections from rate constants. The nature of this difficulty c¢an
be easily understood by considering a simple model for o(E) for
reactions of the type being considered. Such a model is the
hard-sphere line of cenﬁer one given by

E
1rb2[1 - 2] for E2 E
E o}

o(EF (5)

0 for E £ Eo
This cross section rises from zero at threshold energy Eo and
approaches T2 at large energies. Its important feature is that
its rate of rise with E is much slower than the rate of fall of
E exp(-E/kT) for E >> kT. Since, to within a few kT, E_ is
approximately equal to Eo (this result can be easily derived from
Egs. (4) and (5) and the usual definition of E_ as ~kd1nk(T)/6 (1/1))
this last inequality is satisfied for reactions of the type being
considered. If we consider a cross section with 7b® of the order

of ]A2

and Ej of the order of 7 kcal/mole (~0.3 eV) and a tempera-
ture below J.OOOOK, a major fraction of the contribution to the
integral in Eq. (4) will come from the relatively narrow energy
range of 7 to 9 kcal/mole (~0.3 to O.k4 eV).7 In other words, the

Boltzmann distribution of translational energies samples effectively



a relatively small energy range beyond the threshold energy,
insofar as contributions to the rate constant are concerned. This
conclusion is valid independently of the validity of Eq. (6), as
long as o(E) can be characterized in terms of an effective thresh-
0ld energy E, such that for E< E, it 1s negligible [in terms of
its contribution to k(T)] and for E > E, oE increases with energy
much more slowly than exp (E/kT). Under these conditions, after
a short range of rise, oE exp(-E/kT) decays with E at a rate
essentially characterized by the Boltzmann factor exp(-E/kT).

This is likely to be the case for most reactions satisfying

E; > > kT. Therefore, for such reactions, even if Eq. (L) were
accurate, i.e., if OKJ(E) were independent of i and j, it would
be very difficult to obtain information about o"(E) beyond a
relatively narrow range (a few kT) of E around E,. This point is

further discussed elsewhere.8

The actual dependence of OEJ(E) on
i and J makes the situation worse, since several of these now
contribute to k(T) in relative amounts which change with tempera-
ture. An attempt at increasing the energy range over which the
reaction cross section is sampled by the Boltzmann distribution
by substantlially increasing the temperature and therefore shifting
the tail of this distribution to higher energies brings with it
an increase in the number of i, J states which may contribute
significantly to k(T) and hence the number of significant and
unknown OEJ(E)' In many thermal experiments, in addition, as the

temperature is substantially increased, processes of higher

activation energy than the one of interest may start contributing



appreciably to the reaction mechanism, wmaking it much more diffi-
cult to measure rate constants for the individual steps involved.
Also, the rate of the reaction may increase by orders of magni-
tude which further increases the difficulties of accurate rate
constant measurements. For all these reasons it has not been
possible in the past to obtain much information from thermal expere
iments about the energy dependence of reaction cross sections

with activation energy much greater than kT, and there is not much
hope that such information can be gotten from such experiments in
the future, except perhaps within a few kT of threshold for suffi-
ciently low T. However, to understand the molecular dynamical
properties of bimolecular chemical reactions and to test approxi-
mate theoretical calculations, reaction cross sections over a

much wider energy range are highly desirable.

2.2, Crossed Molecular Beam Measurements

An alternative to thermal rate constant measurements for the
determination of reaction cross sections is the elegant and
powerful technique of crossed molecular beams.llr In such experie-
ments, the relative energy of the reactants can be maintained
within a narrow distribution by keeping one of the beams at room
temperature and velocity-selecting the other one. The information
of greatest importance which has been derived from this technique
up to the present has been the measurement of the angulsr and
energy distribution of the products and its interpretation in

terms of molecular dynamical models. For technical reasons, most
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measurements to date have been limited to processes whose cross
sections are greater than about 1082 and/br which have essentially
no activation energy (less than 2 kcal/mole). Even for such
reactions the determination of the total cross sections has been
made difficult and unreliable due to the necessity in many instances
of including the contributions of large laboratory scattering
angles, not always accessible to the detectors. In addition, if
the beams are produced by thermal effusion ovens, the accessible
relative energy range is relatively low. For beams of highly
reactive free radicals, such as H or D atoms, it is not possible
to produce acceleration by hypersonic expansion at high pressures9
due to problems of radical recomwbination, and the lightness of
such species precludes use of the seeding technique.9 Finally,
many elementary bimolecular reactions have activation energies of
5 kcal/mole or greater and reaction cross sections around thresh-
old, as suggested by thermal rate constant measurements, of the
order of 182, TIn addition, the reactants cannot in these cases
usually be detected by surface ionization techniques. As a
result of these circumétances, the crossed molecular beam teche
nique has not been very successful in studying such processes,
even at thermal energies. A particular example are the hydrogen
atom=hydrogen molecule isotope exchange reactions

D+ H, — DH+ H

E+ Dy, = HD+ D

10,11

Early attempts to study these reactions by crossed non-velo-

city-selected molecular beams were strongly limited by low signal
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to noise ratios. However, a modulated-crossed beam experiment

on the reaction of D with H, has been reportedl2 recently in which
the angular distributions of product HD were measured. However,
no energy dependence measuwrements were made,

In sumary, essentially no experimental information is
available about the energy dependence of the hydrogen exchange
reactions above from either thermal rate constant or crossed
molecular beam studies, and furthermore there are no indications
that such information, in the very important relative energy range
from threshold to about 70 kcal/mole (~0.3 eV to ~3 eV), is forth-
coming from these techniques. We now describe a method capable of

furnishing such information.

3. FOUNDATIONS OF THE METHOD

3.1, The Integral Reaction Yield
6,13-16

It is well known that translationally "hot" hydrogen
atoms are formed in the photodissociation of HX (X = I,Br) and

can be distinguished from thermal ones by their reaction properties
(similar statements being also valid for the corresponding
deuterium and tritium isotopes). Furthermore, if monochromatic
radiation is used, these atoms are initially almost monoenergetic
(there is a small spread associated to the thermal translation

and rotation of the parent halide molecule), their average initial
laboratory energy E{O) depending only on the wavelength A of the

phaotodissociating light. The method of studying the D + H2
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exchange reaction consists in photolyzing mixtures of DX (X = I,Br)
and H2 with wonochromatic light, and in determining the integral

reaction yield

Xy ()

(0}, -
e R Vs oy

(8)

as a function of E§O). Here kl(k) and k,(A) are the effective
bimolecular rate coefficients for the elementary processes

D* + H2 - DH + H {1]
A [2]

describing the rates of reaction and thermalizetion which accom-

D¥ + H2 =D+ H

pany the injection of monochromatic deuterium atoms into a thermal
H2 gas. The asterisk is used to denote translationally "hot"
deuterium atoms, as defined in Section 3.2. (A more rigorous
definition of A, which does not invoke the concept of hot D, is
given in Section 7.) These rate coefficients depend’on the energy
with which the D¥ are initially formed and therefore on A. The
integral reaction yield is a measure of the competition between
reactive collisions and non-reactive ones, and its variation with
A is related to the energy dependencies of the corresponding cross
sections. If information is available about the differential none
reactive cross sections, from either theoretical calculations or
independent experiments, the exchange reaction cross section o(E),
averaged over the distribution of rotational states of Bé at the
temperature of the experiment, can be obtained from the experi-
mental A(Ego)) according to methods to be described in a succeeding

paper. The present one is limited to the experimental determination
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o}
of A(EJ(_ )) and to giving the formal relations between it and the

cross sections Just mentioned.

3.2, Hot and Cold Deuterium Atoms

During photolysis of the DX plus H2 mixtures, a steady state
is expected to prevail. Therefore, the
deuterium atoms will be characterized by a distribution function
FEﬁo)(El) of laboratory energies E;. This steady state FEg_o)(El)
is considerably broadened towards lower energies compared to the
one at formation, due to the non-reactive collisions the D atoms
undergo with the H2 molecules. These collisions are predominantly
deactivating because in all our experiments E_.(LO) >> kT, where T
is the temperature of the }12 gas. There is strong reason to
believe that FE(o)(El) will be bimodal, with one peak at the ini-
tial energy El( ) and the other at an energy of the order of kT,
because of the thermalization process. We may then conceptually
consider FEgo)(El) as the superposition of two distribution
functions, one thermal at temperature T and the other having a
peak at the initial energy E](_o). The deuterium atoms described
by these two distributions will be called respectively "cold"
(or "thermal") and “hot", and in the mechanism below designated
by D and D%,

This conceptual classification is not essential for a quanti-
tative analysis of the experiments. In Section 7, for instance,

we use a Boltzmann equation formalism which does not invoke it.

Nevertheless, it 1s a very useful classification for a physical
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understanding of what is happening in the system. The steady
state distribution function fE(o)(E) of relative energies E of D
with respect to H2 will have a hot component peaked approximately
at £(0) - (1/2)E(°) (the factor 1/2 veing the ratio of the reduced
mass of the D + H, system to that of the D atom), in addition to
the thermal one, as indicated schematically in Fig. 1. The cross
section 0(E) of reaction [1], for ome internal quantum state of

H., is also depicted. We can make this hot peak "scan" o (E) by

29
varying the photolysis wavelength. This is the essential charace
teristic of these experiments, which distinguishes them from
thermal ones in which the hot peak is absent. Fundamentally, it
is this peak which permits the determination of reaétion CIross

sections from these experiments.

3.3. Kinetic Analysis

The concept of hot and cold deuterium atoms as introduced
above suggests a kinetic method of analyzing the experimental data.
The velidation of this method of analysis from a Boltzmann equation
formalism will be given in Section 7.

Iet us consider the cold D and hot D* as two chemically
distinct species in that their reactive properties differ due to
different energy distributions. To indicate how the integral
reaction yield A can be obtained, let us assume that the following
mechanism i1s a correct description of the processes occurring in

the DX + H, system

e
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Figure 1. Schematic representation of steady state distri=-

bution function fE(O)(E) of D atom energies E
relative to H2 and of cross section o (E) of
reaction D + H2 == DH + He.

(a) "thermal" peak.

(b) "hot" peak.
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DX *+ hwy = D¥ + X (o3
D* +H, = DH+H | (1]
D¥ + H, — D+, [2]
D% + DX = D, +X (3]
D*¥ + DX = D+ DX (43
D+DX = D,+X (5]
H+DX =— HD+X [6]
E+DX =~ HK+D [73
X+ X*M — X, *+M (8]

vhere the third body M is either a species in the gas phase or a
surface. Neglect of other possible steps is justified in detail
in Section 6.2.1. As shown in that section, there is strong rea-
son to believe that the atomic product of [1] is translationally
hot and should be denoted by H¥*, requiring that we consider its
reactions in the wechanism. This complicates somewhat the
resulting kinetic expressions but leaves the method of determina-
tion of the integral reaction yield A unchanged. For this reason
we postpone inclusion of the H¥ reactions to that section.

Assuming steady state concentrations of [D¥], [D] and [H], a
kinetic analysis of the mechanism above furnishes

| (0,1 _ ([D21> e+ ig) i -
w1 - (w1, * e 15

where

(20)

[D,] (1 -a)+ (ko/k
(m>o— 8'(ZL * a.% Q
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and

a = 6 (11)

Therefore, we should expect [DE]/[HD] to be & linear function of
[Dx1/ [H,] with positive intercept and slope, as found previously
by Carter, Hamill and Williams™™ and by Martin and WillardlS,

This turns out indeed to be the case also in our experiments (see
Section 5) and can be justified theoretically from a more rigorous
Boltzmann equation formalism as will be seen in Section 7. From
Egs. (8) and (11) we obtain |

((21/[2,1),
A= T T a(Iml/5,TTg 5

Under the simplifying conditions above, a determination of A
requires the measurement of the quantity ([ED]/ (D] )O’ which is
the reciprocal of the intercept of Eg. (9), and of a. This latter
quantity is the exchange fraction defined as the ratio of abstrac-
tion to abstraction plus exchange yields in H + DX collisions
under the conditions of our experiments. These H atoms, formed
by reaction [1], undergo many collisions with H2 _before reacting
with DI, especially in the limit [DI]/ [H2] — 0 used in determining
([D2] / [ED] )O‘ Therefore, they should have a thermal energy
distribution, and kg and k7 should be thermal rate constants.
Consequently, the exchange fraction can be determined from inde-
pendent thermal experiuments.

Eq. (9) contains a paradox. We know that if DX is made

sufficiently small, the rate of the thermal reaction [5] will
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become negligible compared with the rate of the thermal reaction
D+H, = DE+D [9]
this latter occurring due to the high-energy tail of the distri-
bution of thermal D energies. This means that as [DX]/[Ha] - 0
we should have [Da]/[HD] — 0, in disagreement withEgns. (9) and
(10). The reason for this paradox is that Eq. (9) is not supposed
to be valid for [Da]/[HD] too close to zero, exactly because of the
exclusion of reaction [9] from the mechanism. If that reaction is

included, we get a generalization of Eq. (9) valid down to vanish-

ingly small [DX]/[H,]:

k k. k k k
R s 1 <_3.+_&> [px]

(D] 2 B ko N5 X U
[AD] "1+ a kg | o\ LByl Xy, (13)
+ g [ 2ol 5

The curve represented by Eq. (13) goes through the origin as

expected. Under conditions such that

Xk k \ [H.] k

2 (e E)os 2]
Eq. (13) represents a straight line which does not go through the
origin; it has a slope equal to that of Eq. (9) and a positive
intercept ([Dz]/[HD])O which exceeds that of Eq. (9) by the
amount a(k3/kl)(k9/k5). In terms of the receprocal of this cor-
rected intercept, the integral reaction yield is given by

([ED1/[D5])o
k
K

A= (15)
1+ a+ a(tED]/[DQJ )o <1 -3 >
- b

-

¥

=
a3
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which differs from Eq. (12) by the (k3/kl)(k9/k5) term in the

denominator of the right hand side. We show in Section 6.2 that
~ 107
kg/kg ~ 10 (16)

and that, as soon as the laboratory D atom energy Ego) rises slight-

1y above twice the relative threshold enmergy for reaction [1],
2
ky/k, < 10 (17)

The meaning of Eqs. (16) and (17) is that DX is five orders of
magnitude more efficient in scavenging thermal D atoms than H,
(because of the much smaller activation and threshold energies of
reaction [5] compared to that of reaction [9], whereas for rela-
tive D + H, energies in excess of the threshold for reaction [i],
the energy advantage of [3] over reaction [1] disappears and DX
and H2 become about equally efficient scavengers of D except
perhaps very close to that threshold.)

Physically, the non-vanishing intercept ([D2]/[HD])O is due
to the smallness of k9/k5, so that even a relatively small amount
of DX suffices to scavenge the D atoms which were thermalized
before reacting while hot with E,. The positive slope of Eg. (9)
is due to the competition between DX and 52 for hot deuterium
atoms; the intercept excludes this competition and is therefore

a measure of the contribution of the D¥* with Ha only.

We show in Section 6.2 that Eq. (14) is equivalent to

[DX] 1k

e iy e ' (18)
(5]~ Ak, '
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The smallest A in our experiments (see Table I) is about 0.02.
In view of Eq. (16), a sufficient condition for the validity of
the last inequality is that

L
[H2] 5 x 10

o (19)

Since the lowest [DX]/[H,] value used in our experiments was 0.1,
this condition is amply satisfied. As a result of this and the
validity of Eqs. (16) and (17), Egs. (13) and (15) can be replaced
by Egs. (9) and (12) respectively, justifying the elimination of
reaction [9] from the mechanism. From the straight line corres-
ponding to Eq. (9) we therefore get ([DZ]/[HD])Q quite indepen-
dently of what the actual behavior of [Dz]/[HD] is at values of
[DX]/[H2] very close to zero.

It is interesting to note that for sufficiently small [DX]/
(E,] [much smaller than (l/A)(kg/ks)] Eq. (13) represents a
straight line going through the origin with slope

l-at Eﬁ

[(1 - 8)k + kol (k5/kg) aky . K

(1+ a)(x;+ k) N A S

A(ks/lg) (20)

The term in square brackets on the right hand side of Eq. (20)
is equal to the slope of Eq. (9). Therefore, the slope of Eq. (13)
at the origin is more that 2000 times greater than that of Eq. (9).
This means that for conditions under which the mechanism being
considered is velid, as [DX]/[HZ] increases frém zero there is a
sharp rise in the [D2]/[HD] ratio followed by a sharp bending

over at [DX] /{H2] ~ (1/A)(k9/k5), Schematically, the full behaviour
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of Eq. (13) is represented in Figure 2.

One important detail was left out in the mechanism considered.
A certain amount of HX impurity (about 3% for the iodide and 1%
for the bromide) was always present. In order to correct for
this, we performed experiments of DX plus He or Ne (plus the
unavoidable HX impurity) similar to the DX plus H, ones. The
corresponding more general mechanisms and kinetic analysis are
described in Section 6.2.

In summary, the method for determining the integral reaction
vield A defined by Eq. (8) consists in photolyzing mixtures of DX
plus H2 with monochromatic light and measuring the resulting
[D2]/[BD] ratio as a function of the [DX]/[H2] one. From this,
the intercept ([D2] /[ED]), 1s determined and used to obtain A
from a wodified version of Eq. (12) which corrects for the effects
of the HX impurity, as determined from similar DX plus raxre gas
experiments. Scanning of the photolysis wavelength furnishes

the energy dependence of A.

i, EXPERIMENTAL

4.1 Apparatus

The equipment used in these experiments consisted of four
parts: (1) a high vacuum line for preparing the reactant mix-
tures, (2) a photolysis system, (3) a high vacuum line for the

removal of the products, and (4) an analysis system.
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Figure 2. Schematic representatior of Eq. (13). For
clarity, the slope of the line for [_.DI]/[H2] =
(l/A)(kg/ks) has been greatly exagerated compared

to the slope of line passing through origin.
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The high-vacuum line used to prepare the reactant mixture
was entirely mercury free, because DX reacts rapidly with mercury"
and also to avoid mercury-photosensitized reactions in the |
photolysis system. Gas pressures were measwred with the help of
a Pace Electronics Co. (North Hollywood, California) model P7D=0.1
differential pressure transducer as a null detector balanced
against a mercury manometer.

The photolysis system, as depicted schematically in Fig. 3,
consisted of a light source system (A), a reac'ﬁion vessel (B),
end a 1ight detection system (C). Different light source systems
were used for different wavelengths, as follows17:

(a) For experiments at wavelengths of 3340R%, 31308, 28913.,
21+83ﬁ and 24008 a 2500 watt Eanovia medium pressure mercurys
xenon lamp was used. The output was passed through a 2:1 nickel
sulfate~cobalt sulfate filter solution (20g NiSOh.'THZO s 108
CoSOll_.6H20 and 1 ml 16M sulfuric acid per liter of water in a
5 cm pathlength cell) to remove energy in the visible and infrared,
and then through the entrance slit of a Bausch and Lomb model
33-86-01 monochromator. The bandpasses used varied depending on
the wavelength and are listed in Table I. At 33408 a 5 mm thick
Corning 0160 glass filter and at wavelengths 21+81ﬁ, 24008 and
28918 a 2 mm thick Corning 7910 glass filter were placed at.ihe
exit of the monochromator to remove shorter wé.velength radiation.

(b) TFor experiments at 3261R a cadmium Phillips spectral
lamp was used in conjunction with the 5 mm Corning 0160 glass

filter.
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Figure 3. Schematic drawing of the photolysis system.

A - light source system; A, -~ lamp; A, - filter

1 2

A3 -~ monochromator; A4 - filter; B - reaction

vessel; C - light detection system.
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(c) For experiments at 25378 and 1849R a Hanovia SC 2537
low pressure mercury lamp was used. To isolate the 25378 line a 4
2 mm thick lithium fluoride window irradiated with a dose of one
million rad of Co60 gamma rays was used to remove the 25378 radi-
ation. The absorbance of the filter was always 2.5 or greater at
2537A and 0.45 at 184S8. The lamp emitted 10% 1849R radiation,
so approximately 10% of all light passing through the filter was
25378. Since the extinction coefficient of DBr at 18498 is over
100 times greater than at 2537A the correction for the 25378
light passing through the filter is less then 0.1%. The window
tended to fade during irradiation with 25373 1ight énd was reir-
radiated with Co® gamme rays if the absorbance at 2537R fell
below 2.0.

(d) For photolyses at 23008 and 32508 a 6000 watt Hanovia
high pressure xenon lamp was used in conjunction with the nickel
sulfate-cobalt sulfate filter described previously. A 2 mm thick
Corning 0160 glass filter was placed at the exit of the monochro-
mator in the 3250A experiment.

(e) At 21388 a zinc Phillips spectral lamp was used with a
cis-2-butene gas filter (100 torr pressure, 5 cm pathlength) to
remove shorter wavelength radiation. The spectrum of the filter
taken using the Cary spectrophotometer showed that its transmission
was 60% at 21388 and less than 0.02% at 2050R.

Several different reaction vessels were used in these experi-
ments. They were all cylindrical in shape and made out of pyrex

or fused silica. The windows at each end were of optical quality
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pyrex or quartz. The length of the vessels was about 20 cm and
the internal diameter 25mm. In some experiments a teflon tube of
22 mm internal diameter was inserted in & specially constructed
vessel of larger internal diameter, in order to check for surface
reactions. In all vessels, a high vacuum pyrex stopcock was
attached to its side to permit the addition or removal of reactants
and products. The light beam during most photolyses was not
allowed to irradiate the inner cylindrical surfaces of the vessel.
Light beams coming from the Bausch and Lomb monochromator had a
rectangular cross section of approximate dimensions of 19 um by

2 mm. However, in the experiments at 25378 and 1849R the light
beam did irradiate the inner cylindrical surfaces of the vessel.
Experiments described in Section 4 show that this introduced no
error.

The light intensity was measured by either an Eppley thermo-
pile or a photocell calibrated by the thermopile. A Jarrell-Ash
scanning wonochromator with photomultiplier detector was used to
measure the wavelength distribution of the light source system
output and to carefully check for light of shorter wavelength
than the one desired. The bandpasses (AN) listed in Table I were
determined from the full width at half-height of the photomulti-
plier output. The shape of this output peak was approximately
gaussian.

The high vacuum line for removal of products included a
mercury diffusion pump, a mercury toepler pump and & cell for

thermally equilibrating mixtures of H,, HD, and Dy. This cell
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included a platinum or chromel-A filament which could be heated
by passage of an electric current.

The analysis system'was either an isotope ratio mass spectro-
meterla’ 19 which accurately measured the ratio of the intensities
of the peaks at m/e 3 and 2, or a Consolidated Electrodynamics
Corporation Model 21-103C mass spectrometer.

A more detailed description of the apparatus can be found

elsewhere. <0

4.2 Reagents

The deuterium iodide and bromide were supplied by Merck,
Sharp and Dohme of Canada, Ltd. The stated isotopic purity was
98 for DI and 99% for DBr. The actual isotopic purity, as
measured in these experiments, was 97% for the DI and 98.7% for
the DBr. Attempts to improve this purity for the iodide, by
exchange with purer D2 over platinized asbestos at ‘550°K in a
carefully predeuterated line were unsuccessful.?® The DI and
DBr were stored in black bulbs and purified prior to use as
described below.

Two kinds of hydrogen were used. One was Matheson Co. pre-
purified grade with a reporited minimum chemical purity of 99.%.
The other was deuterium-depleted hydrogen, with a deuterium abun-
dance ebout 100 times less than natural abundance.ot Because of
the lower HD background resulting from this H2 , more accurate
measurements of the experimental [D,] J[HD] ratios could be obtained.

The Matheson hydrogen was further purified by passage through a
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deoxocatalytic unit (Engelhardt Industries Inc., Gas Equipment
Division, East Newark, N. J.) and the deuterium depleted hydrogen
by passage through a liquid nitrogen trap.

The helium and neon used were research grade obtained from
the Linde Co., with a minimum purity of 99.99%. Mass spectro-
metric analysis on the CEC-103C showed no detectable impurities in

the m/e range 12 through 60.

4,3 Experimental Procedure

4,3.1 Preparation of Reaction Mixture

Using the mercury-free line, the DX is transferred from a
storage bulb to a cold finger dipped in liquid nitrogen. It is
then pumped to remove any residual D2 which could have been formed
from some prior decomposition of the DX, and distilled from a dry
ice-acetone bath (-78° C) into the reaction vessel. This step is
to remove any X2 which may have been formed in that same decomp-
sition. The DX pressure is measured with the help of the
differential pressure transducer plus mercury manometer and cathe-
etometer. Pressures of DX ranged from 25 to 60 torr. Hydrogen
or rare gas 1ls then added, and the pressure of the mixture messured.
From the two pressure measurements, the [DX]/[HE] or [DX]/[rare
gas] ratios are determined., They range from about 0.2 to about
1.5, Blank experiments without photolysis showed no detectable D2
and no HD above that introduced by the H2.

The vacuum line and reaction vessel were deuterated prior to

use by exposure to DX for approximately 24 hours. They were then



32

flushed several times with clean DX and were not further exposed
to air to keep them in the same condition throughout & series of
experiments for which the [HX]/[DX] was determined. Separate
vacuun lines were used for the DI and DBr experiments since a
small amount of DI in the DBr could drastically alter the results
for the latter, because the DI has a much higher extinction coef-
ficient than the DBr in the wavelength region used aﬁd produces

D atoms of higher energy by photodissociation.

4.3.2 Photolyses

The intensity of the photolysis light, as determined by the
calibrated photocell, varied from about 2 x lOlLL photons/sec to

about 1016

photons/sec, depending on the light source used.
During a given photolysis it stayed constant to within about 10%,
which is sufficient for our purposes since the results were shown
Yo be independent of light intensity over a much wider intensity
range.

The photolysis times ranged from 15 minutes to 12 hours
depending on the wavelength used and the extent of conversion of

the DX desired. The latter varied from 0.01% to 2.1%.

4.3.3 Analysis of Products

After photolysis, one end of the reaction vessel is placed
in liquid nitrogen for 15 minutes or more to freeze out the DX
and HX. The noncondensible gases are then transferred on a vacuinn

line into a glass sample bulb with the help of a mercury toepler
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pump .

When the isotope ratio mass spectrometer was used, part of
this sample was transferred to the equilibration cell mentioned
in Section 4.1, to convert all of the D2 into HD. The ratio of
intensities of the mass spectral peaks at m/e 3 and 2 was then
determined for the equilibrated and nonequilibrated samples, as -
vell as for a sample of H, used in the experiment, and from these
measurements, corrections for H3 contributions to m/e 3 and cali-
bration curves the [De]/[HD] in the photolysis product was
determined. After these experiments were completed, it was noticed
that in the analysis of the products of the DX + He photolyses
there was an unsuspected contribution from the He to the peak at
m/e 3. Due to this, and to the availability of the deuterium-
depleted hydrogen, use of the isotope ratio mass spectrometer was
discontinued in favor of the CEC-103C one. The results with
asterisks in Table I were obtained by this method and the helium
interference was approximately corrected for a posteriori.

When the CEC-103C mass spectrometer was used, the entire
product sample in the glass bulb was analyzed. As previously,
corrections for the H3 contribution to m/e 3 were made, as well
as for the ED contribution from the H, gas. Also, the instrument
was calibrated with mixtures of known [D2] /[HD] ratios whose
composition was analogous to that of the photolysis samples. The
resolution of this instrument of about 1/500 permitted adequate
separation of the m/e peaks for He and D,. 'Reproducibility of

repeated analysis of the same sample was within 2%.
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5. RESULTS OF ([D2]/[HD])O MEASUREMENTS

Photolyses were done at thirteen different wavelengths. At
each wavelength a series of DX plus H2 and DX plus rare gas exper=-
iments were performed at [DX]/[G] ratios (G = H,, rere gas) vary-
ing in general between 0.3 and 1l.5. In some instances this ratio
was as low as 0.2 and as high as 2.0. In each series of experi-
ments the reaction vessel and vacuum line were soaked in DX between
runs, without being exposed to air, to keep the deuterated condi-
tion of the internal surfaces unchanged. They were then evacuated
to 10“6 torr for 1 hour prior to filling. At some wavelengths as
many as four different series of experiments were done over the
course of several years. For each series of experiments the plot
of the [D,] /[HD] ratio in the products against the [DX]/[G] ratio
in the reactants was always a straight line of positive slope and
intércept. These two quantities and their standard deviations
were determined by a least mean square fit to the experimental
points. The intercepts are labelled ([D,]/[HD] )§2 and ([D,]/[HD] )’g
for the DX plus H2 and DX plus rare gas experiments respectively,

M standing for helium or neon.
An important quantity to correct for the effect of HX impurity

in the DX in the determination of the integral reaction yield A is
H M
A = ([E1/[D21)o° - ([EDI/[D,1)g (k)

where the quantities in the right hand side are the reciprocals

of the corresponding intercepts defined above. If there were no
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M
HX impurity present, ({HD}/[D2])O would vanish and A would be
Hp
equal to ([ED}/[D2])O . In particular, at the phenomenological
reaction threshold both A and & should vanish. |
The effects of dark reactions, total pressure, light intensity,
oxygen impurity, extent of DX conversion, temperature and nature
of internal reaction vessel surfaces close to the photolysis
volume were investigated, with the following results.

(a) Effects of dark reactions. In blank experiments, for
3

which the same experimental procedure of actual experiments was
followed, except that the photolysis light was not turned on, no
formation of D, or ED was ever detected. This excludes the pre=
sence of nonphotochemically initiated (i.e., "dark") thermal
reactions.

(b) Effect of total pressure. Two reaction vessels were

filled at the same time with the same DI plus H, mixture, but the
pressure in one of them was decreased by expansion into an evac-

uated volume. With total pressures of 64.9 and 36.0 torr,
photolysis at 30308 furnished the same [Da]/[HD] product ratio to
within 1%, indicating no total pressure effects over an approxi-
mate two-fold variation in pressure.

(¢) Effect of light intensity. Two reaction vessels were

filled at the same time with the same DI plus Hy mixture and
photolyzed for the same length of time at 30308 with light
intensities of about 2.5 x 10%* ana 1.2 x 10%? photons/sec respec-
tively. The resulting [D,]/[HD] ratios agreed to within 2%,

indicating the absence of significant light intensity effects over
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a five-fold range.

(d) Effect of oxygen impurity. Two reaction vessels were

filled as follows. One of them, in clean condition, was filled
with a certain DI plus H2 mixture. The other was filled with 20
torr of oxygen for 6 hours and evacuated to approximately 10'u
torr. The stopcock of the first vessel was then opened for about
2 seconds allowing expansion into the second vessel. Both cells
were then photolyzed under the same conditions at 30308 and the
resulting [Da]/[HD] ratios agreed to within 3%, indicating a

small oxygen effect. Since in our experiments no such exposure to
oxygen or air was allowed, this shows that no oxygen effects were
present in them.

(e) Effect of extent of DX conversion. Several DI plus Hy

mixtures were photolyzed at 30308. For eight of them the extent
of DI conversion was allowed to reach 0.55%, for another six 1.2%
and a final set of six 2.1%. The corresponding ([Da]/[HD])g2
values were 3.00 = 0.18, 3.20 % 0.15 and 2.87 % 0.18 respectively.
A similar study was performed with 33408 1light at 0.45% and 0.9%
conversions furnishing intercepts equal to 2.78 * 0.19 and 2.62%
0.15 respectively. Finally photolyses of DBr at 2537@ at 0.5%
and 1% conversion furnished intercepts equal to 2.70 ¥ 0.07 and
2.703t 0.03 respectively. The differences within each set of
intercepts are within experimental error and show no systematic
trend with extent of conversion. All our experiments were per-
formed at extents of DX comversion ranging from 0.15 to 2.1%,

with most of them between 0.2 and 0.7%, as shown in Table I.
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Under these conditions the results are not significantly dependent

on the extent of conversion.

(£) Effect of temperature. Temperature dependence studies
were performed for DI plus H, mixutres at 30308 ana 25378 as
follows. Two identical vessels were filled with DI plus H2 mix-
tures having the same [DI]/[He] ratio of 0.50 and photolyzed with
30308 light at room ( 20°C) and at dry ice (-78°C) temperatures
respectively. The corresponding [D2]/[HD] ratios were 2.78 and
2.69. The difference between these results is within experimental
accuracy. At 2537R a series of experiments with verying [DI]/[Hal
ratios were performed at dry ice and at room temperature. The
corresponding straight lines of {DE]/{HD] versus [DI]/[HQ] had
intercepts of 1.38 L 0.15 and 1.45 % 0.07 and slopes of 1.76 ¥ 0.09
and 1.57 £ 0.06 respectively. The intercepts are equal within
experimental error. We conclude that no temperature effects on
([D?_]/[Hnj)f)I2 are detectable in the -78°C to 20°C range. We also
conclude that it is unnecessary to keep the reaction vessel ther-
mostated at room temperature, since small temperature variations
from day to day or during an experiment should not, within our
experimental accuracy, alter the results.

(g) Effect of teflon lining and nature of the reaction vessel.

It is conceivable that some of the species generated in the
light beam region could diffuse to nearby walls and undergo hetero-
geneous reactions. To test for such effects, we compared the
results obtained for reaction vessels lined with a teflon tube

insert with those for unlined vessels and also the results obtained
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with both quartz and silica reaction vessels. Since using differ-
ent reaction vessels may affect the amount of HX impurity forued )
as & result of exchange of the DX with the surfaces to which it

~ was exposed, the quantity 4, defined by Eq. (18) above, is the
important one to consider. The values of ([HD]/[D,] )ge and
((HD]/[D2] )ie for photolysis of DI and H, mixtures at 30308 were
0.364 % 0.013 and 0.100 I 0.003 for a lined pyrex vessel and

0.420 % 0.032 and 0.150% 0.006 for an unlined one leading to A
values of 0.26 £ 0.01 and 0.27 % 0.03 respectively. Experiments
were done a year earlier comparing lined pyrex and silica vessels.
The & values were 0.22 £ 0.02 for the pyrex vessel and 0.20 < 0.0l
for the silica one. At 331&0.3, which is close to the phenomenologe-
ical threshold for A and A, the A values were 0.053 £ 0.01k for a
lined pyrex vessel and 0.10 £ 0.03 for an unlined one. At 25378
DI--H2 photolyses were done comparing lined and unlined silica
vessels. The & values were 0.64 I 0.02 for the lined silica
vessel and 0.67 % 0.02 for the unlined one. The results for DBre
H2 pbhotolyses show less scatter than those for DI-H, indicating
that the nature of surface is less important for DBr. Hence we
conclude that a small suwrface effect may exist near threshold,

but that at higher energies it should not significantly alter the
value of 4.

(nh) Effect of irradiating the sides of the reaction vessel.

Photolyses of DBr-E, mixtures with [DBr]/[H,] = 1.46 were done
using 3 low pressure mercury lamps with different geometries.

The first lamp was the Hanivia SC 2537 lamp which sent out a
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divergent beam of light initially 1 inch in diameter which irradi-

ated the windows and also some of the inner cylindrical surface
of the reaction vessel. The second lamp was a General Electric
germicidal lamp which was placed so it irradiated the sides of the
vessel. The third lamp was a low pressure mercury Phillips spectral
lamp with a light area approximately 1 inch high and 1/2 inch
across which irradiated only the windows of the vessel. The
[ED]/[D,] ratios obtained were 0.240, 0.245 and 0.250 respectively.
This is within the experimental error of the experiments indica-
ting that light hitting the inner cylindrical surfaces of the
reaction does not alter the results.

Illustrative exawples of lines of [D,]/[HD] versus [DX]/[C]
are given in Figs. 4 and 5. The ones in Fig. 4 correspond to
photolysis of DI mixtures at 33408 and furnish A =0.053  0.015.
The ones in Fig. 5 correspond to photolysis of DBr mixtures at
21388 and furnish A = 1.32 z 0.05. The results of all experiments
together with the experimental conditions are summarized in
Table I. Column 1 gives the ceniral photolysis wavelength, column
2 the wavelength range (full width at half maximm), column 3 the
substance photolyzed, columns 4, 5 and 6 the initial laboratory
velocity, initial laboratory energy with associated spread and
initial energy relative to stationary H2 of the D atoms produced
in the photodissociation (calculated as described in Section 6.1),
column 7 the extent of the DX conversion, column 8 the ratio of
molaxr extenction coefficients of HX and DX as described in Section

6.3 and column 9 specifies the nature of the reaction vessel.
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Figure k. Plot of [D,]/[HD] versus [DI]/[G] at A = 33kof.
He line: intercept= 3.34 I 0.12; slope = 0.90 £ 0.20

H, line: intercept = 2.83 I 0.06; slope = 0.69 * 0.07.
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Figure 5. Plot of £D2] JLED] versus [DBr]/[G] at A = 21382.
He line: intercept = 29.1% 0.2; slope = 2.8 0.2

H, line: intercept = 0.7 ¥ 0.03; slope = 0,91 % 0.03
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TABLE I. Sumary of Results for D+ H2
oo ot e e e i e i e e e e Tl it e S e O S e b e e e e e 2%
Tnitial Initial Initial
Laboratory Laboratory Relative
AN Substance  Velocity Energy Energy
AMR)  (R) Pnotolyzed (105em/sec) (ev) (ev)
.52
3340 ’é{ﬁa DI 27D 0.622 £ 0,023  0.311
3261 12 DI 8.27 0.71% * 0.018  0.357
1 .
3251 30 DI 8.33 0.724 £ 0.053  0.362
162 0.866 £ 0.038
3130 162 DI 9.11 0.866 £ 0.038  0.433
32P 0.866 * 0.058
10.32 1.000 £ 0.031
10, 1.000 * 0.031
3030 3> D 9.79 11000 % 0.038 0500
10.32 1.000 £ 0.031
2891 11 DI 10.66 1.182 £ 0.038 0.591
2537 12 DBr 10.19 1.08% t 0.02%  0.542
1
2500 332 DBr 10.52 1.15% * 0.087  0.577
2483 24® DBr 10.66 1.186 * 0.072  0.593
ol 342 DBr 10.99 1.260 £.0.090  0.630
2300 . 22° DBr 12.36 1.594 * 0.081  0.897
2138 1° DBr 13.75 1.973  0.02k  0.986
89  1© DBr 16.5k 2.856 * 0.02k  1.L428

a. width at half height of peak
b. bandpass of monochromator
Cce. line source = no monochromatoxr
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TABLE I (continued)

Extent DX Nature of Reciprocal
o Conversion x=_i_IX Reaction Intercept H,
MA) (%) DX R ((E]/[E,1),
0.15 = 0.56 0.353 £ 0.008
3340  0.45* 0.9 2 £ 1 lined pyrex 0.355 * 0,01k
0.02 0.362 £ 0.011
3261 0.18 + 0.36 7.k 0.3 lined pyrex 0.353 = 0.019
0.27 - 0.49 0.292 £ 0.026
3251 0.46 7.0 * 0.08 lined pyrex 0.326 % 0.021
0.39 - 1.9 0.279 % 0.012
3130 0.38 3.85 £ 0.07 lined pyrex 0.270 * 0.008
0.10 0.280 * 0.004
1.0 -63.0 0'322 f 0.012
Oa l 0.3 = 00012
3030 0.2 2.5% £ 0,07 lined pyrex 0.325 * 0,012
0.55 + 1.2 0.326 % 0.012
2891 0.5 1.72 £ 0.03  unlined silica 0.420 % 0.006
2537 Ou'T 6.7 t 0.3 unlined silica 0.423 % 0.007
0.50 + 1.0 0.370 % 0.005
2500 0.25 SJi £ 0.1 unlined silica 0.399 % 0.009
2483 0.35 4.9 % 0.1 unlined silica 0.476 * 0.01k
2446 0.40 4,19 £ 0.08  unlined silica 0.485 * 0.066
2300 0.20 2.39 £ 0.04  unlined silica 0.896 * 0.064
2138 0.50 1.47 £ 0.02  unlined silica 1.36 % 0.13
1849 0.40 0.78 £ 0.01  unlined silica 3.22 % 0.13

ds If A - B means variable conversion between limits
If A + B means coanversion study at conversions listed.
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TABIE I (continued)

Slope of Reciprocal Slope of
DX--H2 Intercept DX-He a= .EE].
M) Experiments ([ED]/ [H,] )ge Experiments [(x}
0.7% ¥ 0.06 0.300 £ 0.011 1.1 % 0.8 0.020
3340 0.69 ¥ 0.074 0.30881 0.011 0.9 £ 0.2 0.018
1.03 ¥ 0.05 0.296 1.8 0,2 0.023
3261 1l.4% 0.3 0.299 £ 0.012 0.8 £ 0.3 0.023
1.5% 0.3 0.187 ¥ 0.013 0.6 % 0.3 0.021
3251 1.0% 0.2 0.197 * 0,006 1.0% 0.2 0.021
1.3% 0.2 0.135 £ 0.008 102 5.7 0,020
3130 1.5% 0.8 0.130 ¥ 0.006 1.3% 0.5 0.023
1.5% 0.1 0.150% b1 % 0,2 0,021
1.30 ¢ 0.10 0.092 ¥ 0,003 a.ht 0.5 0.021
2.00% 0,07 0.100 ¥ 0.003 3.0% 0.5 0.019
3030 31.56% 0.05  0.151° 3.4t 0.5 0.023
1.4 ¢ 0.11 0.107 * 0,003 o4 % 0.5 0.023
2891 1.87%* 0.03 0.072 = 0.00% 2.0% 0.8 0.019
2537 1.32% 0.05 0.098 ¢ 0.001 2.0 % 0.1 0.012
1.25% 0.05 0.074k £ 0,002 1.1 ¥ 0.5 0.012
2500 0.88% 0.08 0.062 £ 0.001 1.5 £ 0.5 0.012
2483 1.45% 0.07 0.075 £ 0.0003 2.2 % 0.6 0.013
2446 1.18% 0.0k 0.061 £ 0,001 2.9 £ 0.6 0.013
2300 1.09 £ 0.08 0.0402 £ 0.0004 2.1 % 0.4 0.012
2138 0.91 ¥ 0.03 0.034 * 0,0006 2.8 % 0.2 0.013
1849 0.73 * 0.02 0.025 * 0.0004 0.1 % 1.0 0.013

€. Isotope ratio mass spectrometer measurements approximately
corrected for He interference (see text).
fs Ne used as rare gase.
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TABLE I (continued)

A A
(a = 0.96 (a = 0.93
A(R) A A £ 0.04) * 0.03)
0.053 # 0.015  0.025 ¢ 0.007
3340  0.042 £ 0,015  0.020 £ 0.007
0.066 * 0.015
3261  0.05k £ 0.022  0.025 £ 0.010
. 0.105 * 0.028  0.050 £ 0.013
3251  0.129 £ 0.025  0.060 + 0.011
0.149 ¥ 0.013 0.070 £ 0.006
3130  0.135 * 0.011  0.06% * 0.005
0.130 £ 0.010  0.062 = 0.005
0.210 * 0.01 0.098 £ 0.005
0.26k £ 0.01 0.120 £ 0.005
3030 5,174 £ 0.01 0.080 + 0,005
0.219 £ 0.01 0.101 £ 0,006
2891  0.345 * 0.007  0.154 £ 0.006
2537  0.325 £ 0.007  0.133 ¥ 0.004® 0.135 % 0.004% 0.137 *+ 0.00k
0.295% 0,006  0.123 * 0.0058 0.125 % 0.005 0.127 £ 0.005
2500  0.337 % 0.010 0,140 * 0.005% 0.143 % 0.005 0.145 * 0,005
2483  0.ho1 * 0.015  0.161 * 0.006° 0.164 * 0.006 0.167 £ 0.007
2bh6  0.425 £ 0,006  0.170 £ 0.004%  0.173 * 0.005 0.177 £ 0.005
2300 0.85 * 0.0k 0.29 = 0.00%  0.30 £ 0,01 0.31% 0,01
2138  1.32 % 0.05 0.39 * 0.01%  0.40 £0.01 0.41% 0.01
1849 3,2 t 0.1 0.61 + 0.02%  0.63 £0.02 0.65% 0.02

g. A(a = 0.99 t 0.03)
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Columns 10 through 13 give the reciprocal of the intercepts and
the slopes of the [D2]/[HD] versus [DX]/[G] lines, column 1k
the impurity ratio [HX]/[DX] determined as described in Section
6.3, colunn 15 the A value defined by Eq. (8) and finally columns
16 through 18 the values of A calculated as described in Section
6.3
The results of the DBr plus H2 experiments at 1840A can be
compared with those of Martin and Willard.1”? They correct for
the EBr impurity by a slightly different technique than ours
(i.e., by subtracting [HD]/ [D,] determined from "pure" DBr photo-
lysis as compared to our DBr plus rare gas mixtures), but this
correction is of the order of a few percent only both in their
and in our experiments, and therefore a comparison is meaningful.
Their corrected ([HD]/[D2])O is 3.2 I 0.1 whereas our (i.e.,A) is
3.203 0.13. This excellent agreement is very gratifying.
Inspection of the columns of Teble I giving ([HD]/[De] )gz,
([HD]/[D2] )1\0'I and A shows that the effect of the HX, even though
this impurity amounts to only a few percent of the DX, is a major
one in the case of DI. The reason is that in the wavelength region
used, the ratio of molar extinction coefficients GHI/GDI is greater
than unity, tending to favor the absorption of light by the HI.
The reason for this is discussed in Section 6.1. If we take 3314-03
as an extreme example, even though the [HI]/[DI] ratio may be
only 0.03, its product by em/eDI is 0.36, i.e., about 26.5% of
the light absorbed is absorbed by the 3% HI impurity. A second

magnifying factor is that at such a long wavelength (i.e., low
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initial D atom energy) a relatively small fraction of the D¥ atous
is expected to react with H, to form HD, whereas a large fraction
(of the order of unity) of the H¥ atom formed by the photodisso-
ciation of the HI is expected to react with DI after thermaliza-
tion giving HD. A coumbination of these two effects is responsible
for the relatively large ([HD]/[DZ])g values in spite of the
relatively small [HX]/[DX] ones, indicating that care must be
taken to correct for this effect appropriately. How this is done
is descrived in Section 6.2.

The errors in some of the slopes of the plots of [D2]/[HD]
versus [DX]/[G] are large, as indicated in columns 12 and 1k of
Table I. This is particularly true in the DX-He experiments.
However, the scatter which leads to the large error in these
slopes does not lead to a corresponding large error in the inter-
cepts in which we are interested. For instance, in the case of
DBr-He at 18498 which is the worst case the [Da]/[HD] ratios were
of the order of L0. Hence & large error (~1000%) in the slope |
led to only a 2.5% error in the intercept. Also as the wavelength
decreases, the intercept of the helium experiments contributes
less Y0 A. Hence a large error in the intercept of the helium

experiments can occur without lesding to large errors ind.
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6. DETERMINATION OF INTEGRAL REACTION YIELDS

6.1 Initial Energy of Photochemically Produced Deuterium Atoms

Because of its central role in these experiments, we will
discuss the bvasis for lmowledge of the initlial laboratory transla-
tional energy of the D atoms in some detail. The absorption
spectra of the hydrogen halides have been measured by several

22 Measurements of HBr, DBr, HI and DI were repeated in

workers.
this laboratory23 and used to obtain the ratios of molar extince
tion coefficients

x = [EX]/[DX] - (e1)
listed in Table I.

Mulliken2

has made a theoretical analysis of the lower
lying electronic states in the hydrogen halides. He concludes
that the only three importent transitions from the 1E¥ground
state are to the 3f£, ] ana 3ﬂb states. He designates these
states as N, 3Ql’ lQ and QO’ respectively. The potential energy
curves that he deduced for DI (or HI) are shown in Figure 6.

The curves for DBr should be analogous. The Qo state
dissociatesto give ground state D and excited 2P'l/2 iodine atoms.
At wavelengths longer than 30703 in DI and 27103 in DBr, it is

energetically possible to form only ground state 2P halogen

3/2
atoms. At shorter wavelengths both ground state and excited
halogen atoms can be formed. The first excited state of the
deuterium atom is at 10.2 eV. and cannot be produced with the

wavelengths used in these experiments.
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Figure 6. Potential energy curves for HI.
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The initial kinetic energy of the deuterium atom can be cal=-
culated if the final electronic states of the atoms formed by the
dissociation of DX are knowan. If only ground state atoms are

formed, the energy available for products is

- O
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>