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ABSTRACT

Estimates of the band intensities of transitions between the ground
and upper vibrational levels (1-9) were made for HI. Ca]cu]afions were
performed with both Morse and RKR oscillator wavefunctions, using various
functional approximations for the dipole operator fitted to known experi-
mental results. Absorption measurements using a multiple pass cell
placed upper bounds on transition intensities, which were not inconsis-
tent with the calculated values. (Band streﬁgths for HI Av = 8,9 are
Tess than 5 x 10™% cm 2 atm 1.)

The feasibility of using these multiquantum vibrational transitions

to pump the reaction

HI + HI*(v = 8,9) » H, + 2I

is discussed.
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I. Introduction

The availability of high intensity, tunable dye lasers has created
a renewed interest in visible and near UV photochemistry (300-200 nm).
In addition to studying the photochemistry of molecules with low lying
electronic states, the availability of an intense, very monochromatic
Tight source in this region could conceivably use "forbidden® multi-
quantum rotationaf, vibrational transitions to populate upper vibrational
levels of the ground electronic state, allowing one to study the effect
of vibrational energy on chemical reactions. Indeed, photochemistry of
this type has been done, using a chemical laser to excite an "allowed"
transition in HC].1

The best choice for such a molecule would be a diatomic. This would
simplify problems of intramolecular energy transfer after an excited ro-
tation vibration state is produced, making the kinetics tractable. Since
the intensity of a vibrational transition decreases markedly as Av (the
change in vibrational quantum number) increases, the vibrational spacing
should be large so that av can be kept small when attempting to pump a
rgaction involving this molecule with visible Tight. Finally, the activa-
tion energy for a bimolecular ;eaction involving it should be sufficiently
small for the added vibrational energy to be a significant fraction of the
activation energy.

Hydrogen iodide was chosen with the above considerations in mind.
The fundamental band absorption is observed at ~2300 cm™!. Observation

of the first, second, and third vibrational overtones indicates that



absorption of visible 1ight would correspond to transitions in which
Av = 7,8 or 9.2 The 0+8 absorption corresponds to approximately 45 kcal/

mole of vibrational energy. The activation energy for the reaction

HI + HI » H, + 21 (A)

is 44 kcal/mole.>*?

If it is possible to produce a significant steady state population
of HI*(v = 7, 8 or 9), then one could study the vibrationally excited

analog of reaction A,

HI* + HI > H, + 21 (B)

The feasibility of observing reaction'B depends on the magnitude of the
transition moment, <8|M(R)|0>, where M(R) is the dipole operator as a
function of internuclear distance, R.

Calculations and expériments performed to measure this moment are
presented. The feasibility of studying reaction B in bulk gas phase is
then discussed, and results o% preliminary attempts for measuring its rate

are presented.



II. THEORY
V' JI MI
The strength, SV’ JM of a vibrational transition between states
b A
v and v’, produced by interaction of an electromagnetic field with a

molecule, can be shown (by time-dependent perturbation theory) to be

proportional to the square of the transition moment. 5,6 That is,
’ (4 MI 2
s“’,:i’M < [(v,,M|p|v, 7, M") |
2
= 'f'l';';, J,M(B’K)&(B’E)‘I’V" M’ (R,p)dr|", (1)

where quantum numbers J and M specify the rotational angular momen-
tum and its projection on the laboratory z axis. Since eigenfunctions
‘I'v, I, M(B, r) and 'I'v’, I (R, 1) are functions of nuclear and electronic
coordinates, the integration specified in Eq. (1) ml}St be performed over
both sets of coordinates (d7 = dRdr). 6

In the Born-Oppenheimer approximation, the electronic motion is
assumed to be indepgndent of nuclear motion; this means ‘I'v, J,M(E’ r)
may be separated into a product of a pure electronic wavefunction UR(;;)

and a nuclear wavefunction
Xy, J’M(B); ‘va,’J,M(AR, r) = VR(£)XV’ 3, M®B)-
Xy, J,M(E) is written as
Xy,5,MB = A/RW, SRY; (6,9), (2)

a product of a spherical harmonic YJ M(B, ¢), whose arguments refer
b
to the orientation of R with the laboratory axes, and x,bv J(R) a solution
b

to the radial Schrédinger equation



d'y, 3R
A

c B E v - BIUED by R -0, (9
dR h 2mR ?

In Eq.(3), V(R) is the mechanical potential, J is the rotational quantum

7

number, and m is the reduced mass. ' Similar statements hold for

wvl, JI , MI (B, £) ]
In a diatomic molecule, the dipole moment, p, must be directed

along the internuclear axis. From Eqgs. (1), (2), and the Born-Oppen-

heimer approximation we get

W, M| |V, 5, M) & XG5 MBIy, g (BR (4

< [¥5 JRMEBY,, (R)AR [Y] 1/(6,¢)

x RY, 2o (6, )d8 (5)
« <v,J|M(R)lv',J'>(J,M|§|J',M'> ,8 (6)

where
MER) = [UR@uE, UM = MBR. (1)

When Eq.(6) is squared, summed over all M, and averaged over all M,

v, J’
: Sv 3 |
total band strength, S“; , of a vibrational transition between states v and

the intensity of a particular rotational line, is obté,ined. The
v’ is defined as the sum of the infensities of all rotational vibrational
transitions in the band and is denoted by S(v-~v’) or simply S. There-
fore, knowledge of M(R) and the nuclear radial wavefunction z//V’ J(R)
suffice to evaluate S.

If V(R) is known, Eq.(3) can be integrated to give ‘l’v, J(R). Band
strengths may then be computed using Eq.(7) and an assumed form of

M(R).



Rather than compute wavefunctions and transition moments for
each rotational state in the vibrational band, we assume that in the
rotational term in Eq.(3), R can be replaced by its equilibrium value
for J = 0. The corresponding zpv’ J(R) is then essentially independent
of J and the total nuclear energy becomes the sum of vibrational and
rotational energies with no vibrational rotational coupling.

This simplification is a very good approximation. Herman and
Wallis9 have shown that this approximation introduces into the Jth
rotational transition moment a relative error of order J-B e/w o> Where
B is the rotational constant at equilibrium nuclear separation, and w

e
is the vibrational constant at equilibrium position. For HI, B e/we ~

e

0.003. Calculations performed on the first three vibrational bands
showed that this simplification produced less than 10% error in HI band
strengths. Since this is much less than the error produced by extrapo-
latiofl of M(R) to transitions of higher Av, this simplification is entirely
justified.

- Computation of transition moments becomes a straightforward
problem of determining eigenfunctions of the potential, V(R), which are
then used in Eq.(7) to“evaluate (v|M(RY|v’) for a particular choice of
M(R).



III. Calculation of Band Strengths

A. Potential Energy Curves

One of the spectroscopic problems with the hydrogen halides is the

absence of a low 1ying bound electronic state which emits to the ground

state.10 As a result, emission spectra cannot be used to determine the

energies of all the vibrational eigenstates. Hence, the RKR method can-

not be used to generate a complete potential energy curve (as, for

example, has been done for Naz).11

Instead, using wy» w X, » weye, Walg determined from absorption

e’e
2,12

experiments, the positions of the first eleven eigenstates were

calculated. They are listed in Table I. The RKR procedure of Demitrader,

11

McClintock, and Zare™~ was then used to determine the classical turning

points for each calculated eigenvalue. The smoothed potential curve
drawn through these points using a cubic spline method is shown in
Figure 1.

For comparison, the HI Morse potential was used. The parameters
listed in Table II were used to construct the Morse curve also shown in

13

Figure 1, While both curves agree near the bottom of the well, above

v=3 they begin to diverge. This is not unexpected, since it is well

known that the Morse potential fails to describe the molecule accurately

14

near the dissociation limit. The RKR potential may not be exact

either, even if the eigenvalues used to generate it are exact, since a

potential which reproduces the energy levels of a molecule is not

15

unique. However, as shown later, use of either potential below v=10



Table I. Eigenvalues of HI{cm 1).

Calculated from Integration of Integration of
spectroscopic data* Morse Potential RKR Potential

0 1144.59 1140.90 1144.04

1 3374.17 3344.70 3372.86

2 5523.86 5480. 64 5519.62

3 7592.63 7439.43 7584.13

4 9579.31 9331.24 9565.15

5 11482.20 11119.42 11463.02

6 13299.22 12804.35 13275.39

7 15027.93 14386.84 15001.45

8 16665.48 15866.10 16641.21-

9 18208.63 17242.92 18193.06

* See reference 2.



Table II. Morse Parameters for HI.

V(R) = D(1 - e P(R-Re)y2

e
"A
where g =1.2177 x 107 v\ 5
De
For HI
Do = 25843.41 cm 1
Re = 3.04069 bohr
B = 0.92520 bohr™1!




Figure 1. HI potential energy, V(R), is plotted as a function of
internuclear separation, R. The Morse parameters are listed in Table II.
RKR turning points shown in solid circles,®. Eigenvalues are shown for

each potential as well as the first five Morse eigenfunctions.
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is justified in this work, because the error in approximating the
dipole moment operator exceeds the difference between calculations using

the different potentials.

B. Wavefunctions

Equation 3 is integrated for both potentials by the finite differ-
ence method. The resulting matrix equations are solved using the

16 Eigenvalues calculated in this manner are

Givens-Householder method.
shown for both potentials in Figure 1 along with some Morse eigenfunc-
tions. The integration procedure was checked by comparing the eigen-
values used to generate the RKR potential with those calculated from
equation 3 using that potential. As shown in Table I, they agree to

within 0.2 percent.

C. Dipole Moment Operator

Determination of M(R) as a function of internuclear distance R is
the greatest source of error in the band strength calculation. We have
fitted several trial functions, M(R), to measured band intensities.
Other band strengths are then calculated using this ﬁ(R) and compared.

First we attempted to approximate M(R) by

M(R) = M(R) = A.Re"B°R (8)

Equation 8 satisfies the necessary boundary conditions



12.

M(0) = 0 (9)
and

M(=) = 0 (10)

17

However, when A and B were adjusted to yield the measured fundamental

18

and first overtone™" intensities, a third condition,

<0|M(R)|0> = MO : (11)

where My% is the permanent dipole moment, was not met.

We next tried an operator of the form
M(R) = M(R) = AR"e ER | (12)

where A,B and n were fitting parameters. When A,B and n were adjusted
to give curve A in Figure 2 (chosen to match the leading coefficients
in the Taylor series expansion of M(R) about Re--see below), a disap-
pointing fit to experimental results was observed (see Figure 3, curve
A).

Better results are obtained by expanding the dipole operator in a

Taylor series about R,, the equilibrium internuclear separation,
M(R) = My + M)(R-R,) + M2(R-Re)2 + ... (13)

In this treatment, equation 13 is truncated at the appropriate order,
Mo is approximated by MOO and the remaining coefficients are expressed
in terms of the fundamental and higher order band strengths. This yields

a set of linear equations.19 Since the measured intensities are related



Table IIla. Dipole Moment Operator Approximations, ﬁ(R).

13.

5
(Figtigl6) Potential g?g? pZ?Eiﬁ%ia] Mg3 My* Equation

A Morse Exponential -———- ——— e 12

B Morse Polynomial 2 ——— - 13

C Morse Polynomial 2 ——— —e- 13

D Morse Polynomial 3 - 13

E Morse Polynomial 3 - =-- 13

F Morse Polynomial 4 + + 13

G Morse Polynomial 4 + - 13

H - Morse Polynomial 4 - + 13

I ‘Morse Polynomial "4 - - 13

J Morse Polynomial 4 (Average F-1) 13

K Morse/RKR Pade ———— +  --- 16

L RKR Polynomial 2 - - 13

M RKR Polynomial 3 + --- 13

N RKR Polynomial 3 - --- 13
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Figure 2. Various approximations of the dipole operator, M(R), are
plotted as functions of internuclear distance, R. Curve labels, O,

refer to Table III.

15.
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17.

Figure 3. Total band strength, S, is plotted versus change in
vibrational quantum number, Av, for Morse oscillator transitions from
the ground vibrational state to state v. Curves A, B, and C

are calculations described in text and Table III. Solid circles, @ ,
are experimental results and approximations explained in text. Bars
shown for Av = 8 and 9 are experimentally established upper bounds

for S.
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to the square of the matrix elements, there exists an ambiguity in the

sign of the higher order moments, which caﬁ be resolved by measurement

of the individual rotation lines in each band.20
Benesch has used this method to analyze data on the fundamental

and first overtone.x8 Curve B in Figure 3 was obtained using Benesch's

values for M; and M, (higher terms in equation 13 being omitted) and

the Morse potential wavefunctions. It slightly overestimates the first

overtone intensity. This is not unexpected since his operator was

optimized for a different potential,

V(R) = F(R-Ry)2 - G(R-R,)? (14)

The fortuitous agreement of curve B with experimental results is, in
fact, only because Benesch's potential, equation 14, and the Morse
potential are identical about R,.

Choosing coefficients M; and M, which give proper fundamental and
first overtone band intensities for the Morse potential, one gets curve
C in Figure 3. M; and M, so obtained are well within the experimental
uncertainty proposed by Benesch. As seen in Figure 3, the curves are in
good agreement, even when extrapolated to av = 9.

The danger of using this type of approximation for the dipole
operator in computing transitions beyond the data base is discussed by

21 The truncation of a Taylor series expansion of

Truschka and Salwen.
any function about Re becomes a poorer approximation to the function as

(R-R, ) becomes larger. This is clearly seen in Figure 2 where several



20.

polynomial approximations are plotted as functions of internuclear
separation. When an nth order polynomial is found which fits the first

n transition moments, the approximations agree quite well for small ar,
ar = R - R| (15)

As Ar increases, however, the various approximations diverge. Unfor-
tunately, successively higher transitions "sample" the dipole operator
at Targer Ar.

From experimental data on the (-3 transition,22

two cubic polynomial
approximations are generated (curves D and E in Figure 4) depending on
the sign of M,3 = <0|M(R)|3>. The quadratic polynomial underestimates
the 0~»3 band intensity by an order of magnitude. Yet, the quadratic and
cubic polynomials do not differ by more than that when extrapolated to
AV = 9,

12 to

Using the experimental conditions given by Haeusler and Meyer
make an order of magnitude estimate of |[My“|, four quartic approximations
of M(R) are computed (curves F, G, H, I in Figure 5). Since the approx-
imation of |Mg*| is crude,and since the signs of My3 and My* aré not
known, perhaps it is better to compére the quadratic and cubic approxima-
tions of M(R) with the average of all the quartic results (curve J). Not
surprisingly, as the order of the polynomial approximation increases, the
calculated curves begin to converge.

Herbelin and Emanue]20 have suggested using a Pade approximation for
the dipole moment operator,

. A(R-R,)* + B(R-R,) + C-Mo

M(R) = (16)
D(R-Ry)2 + E(R-Rg) + C




Figure 4. Total band strength, S, is plotted versus change in
vibrational quantum number, Av, for Morse oscillator transitions
from the ground vibrational state to state v. Curve labels, 0, are

described in text and Table III.

21.
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Figure 5. Total band strength, S, is plotted versus change in
vibrational quantum number, Av, for Morse oscillator transitions
from the ground vibrational state to state v. Curve labels, 0, are

described in text and Table III.
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where the coefficients A, B, C, D, and E are known functions of the
polynomial coefficients used in equation 13. Herbelin and Emanuel have
shown that for HF, the Pade approximation gives better agreement with
experiment than a cubic polynomial for transitions outside the data base
of the polynomial. Presumably, the Pade approximation behaves more 1ike
M(R) than does the cubic approximation for large Ar. However, one should
note that the Pade approximation puts an unphysical singularity in the
dipole curve at 2 bohr (Figure 2). Evidently, one must still use caution
when extrapolating the Pade results to higher Av.

Curve K of Figure 4 shows the band intensities predicted by the Pade
method. While only data from the fundamental, first and second overtones
determine curYe K, note that the Pade method predicts the third overtone
strength previously guessed.12

Up to this point, only results for the Morse potential solutions of
equation 3 have been discussed. Figure 6 compares band intensities cal-
culated from Morse and RKR eigenfunctions. It is apparent that the form
of the HI potential is not as critical as the form of the dipole
operator.22 Indeed, the Pade results are identical for both potentials,
and even for the quadratic polynomial, the intensities agree when Av < 6.
While it is true that the form of the potential may change the calculated
band strengths for large Av, it seems unproductive to search for better

representations of V(R) until more information about M(R) becomes

available.



Figure 6. Total band strength calculations using the Morse potential

are compared to calculations using the RKR potential.

See Table III.

26.
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IV. Experimental Determination of Band Intensities

The experimental measurement of weak optical transitions using a
multiple pass or White cell is a well documented, thirty-year-old pro-
cedure.23 Herzberg, for example, was able to obtain an equivalent path
length of 55 km atmospheres while looking at the quadrupole allowed
rotation-vibration spectrum of hydrogen.24 However, at the two to three
atmosphere pressures necessary in this experiment, HI proved to be too
corroSive for the mirrors to be mounted inside the multipass cell. This
necessitated our modification of the method developed by White and
Herzberg to locate weak transitions in non-corrosive gases.25

The simple act of moving the mirrors outside the multiple pass cell
complicates the experimental procedure enormously. Since the light must
pass through two windows on each traversal of the cell, the reflective
losses at the window surfaces are large. For the 1.5 cm thick plate

glass windows used on our cell, reflective losses were 0.17 per traversal.

- In a 40 pass experiment, the incident intensity, I, , is reduced by,
I—IO—= (1 - 0.17)%0 = 6.3 x 107 , (17)

more than three orders of magnitude compéred to a multiple pass cell
with mirrors inside. Attempts to find a protective mirror coating that
would allow mirrors to be mounted inside the cell were not successful.
The apparatus used to measure line strengths consisted of three
components: (1) a source of tunable monochromatic radiation; (2) the

multiple pass cell; (3) a detection system. A schematic is shown in

-



29.

Figure 7.

A tunable dye laser (Coherent Radiation 490), pumped by a CW argon
jon laser (Spectra Physics 170), was used as a monochromatic 1ight
source. The argon laser supplied a maximum of eighteen watts input
power to the dye Taser. The dye laser produced a well-collimated, two
to four watt beam with a 0.05 nm bandwidth (FWHM). The dye laser wave-
length drive was calibrated using a 1.83 meter scanning spectrometer
(Jarrel-Ash 78-400). The beam was chopped at 40 hz and focused by a
50 cm F.L. Tlens upon mirror A of the multiple pass cell.

The multipass cell consisted of two spherical mirrors, placed out-
side a 144 cm Tong, 15 cm diameter absorption cell. The mirrors (A and
B in Figure 7) were 150 cm radius of curvature, 15 cm diameter, spherical,
front surface, silvered mirrors arranged as suggested by Bernstein and
He’rzberg.25 Mirror A was fixed, while split mirror B could be rotated to
change the number of traversals. Without the absorption cell in place, a
maximum of 164 traversals between A and B were obtained, corresponding to
an optical path of 246 meters. With the absorption cell in place,
scattered and reflected 1ight 1imited the number of cell traversals to
32 before the signal at photodiode P was too weak to be detected.

The chopped signal at silicon PIN photodiode, P, (United Detector
Technology GDP)-was normalized to that of reference diode R and processed
by a lock-in amplifier (P.A.R., HR-8). The output of the amplifier was
recorded as the dye laser was scanned from 660 nm to 560 nm.

Hydrogen iodide (Matheson Gas Products, 98% purity) was vacuum dis-

tilled three times from an acetone slush bath (180 K), the center one



Figure 7. Schematic diagram of the experimental apparatus used to

measure weak transitions.
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third being retained after each distillation. Between two and three
atmospheres of HI were added to the cell. A cold trap on the absorption
cell was maintained at 263 K to remove any I, formed from HI photolysis

or reactions with stopcock grease.
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V. Results

No absorption (100% transmission 5% noise) was observed for an
effective path length of 90 meter atmospheres. This placed an upper
1imit of 5.0 x 107* atm 1 cm 2 on the total band intensities of the
Av = 8 and 9 transitions shown in Figures 3-6. An upper limit on the
Tine strength of the strongest rotational vibrational transition in
either band is 5 x 1075 atm ! cm 2.

Curves J and K in Figure 4 form upper and lower bounds for the band
strengths for Av < 9., The median of J and K may be the best estimate of
the band strengths. This agrees with all experimental band strength for
Av < 4 and is not inconsistent with the experimental upper bounds set for

Av = 8,9. Therefore, the value

~Y "1 em”2
SO+8 < 5x 10 % atm ' cm

is used in our discussion of HI vibrational photochemistry.
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VI. Discussion

The feasibility of using a multiquantum vibrational transition
HI(v = 0 - 8) to pump reaction B in the gas phase is now considered.
Suppose a vessel of HI is irradiated with an intense laser beam, pro-
ducing absorption from the ground state to the eighth vibrational level
in an attempt to observe reaction B. It is important to note that
observation of increased reaction rate in the photolyzed sample (above
that in a thermal one) is a necessary but not a sufficient indication of
rate enhancement due to vibrational excitation26 (see Appendix I).
Indeed, a detailed analysis of the reaction kinetics is necessary to
determine the effect of vibrational excitation.

Assume the following mechanism describes the above experiment:

HI + hv + HI*(v = 8) (C)
HI* + HI -~ HI(v < 8) + HI (D)
HI* + HI > H, + 2I (B)

HI + HI > H, + 2I (A)

Making the steady state approximation on {HI*}, one obtains

IQ'EHI°1

kg * kp

{HI*}SS = (18)

where £ is the absorption path length, €HI is the extinction coefficient

for the pumped transition (0,J -~ 8,J") kB and kD are the rate constants
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for reaction B and reaction D. Using reaction A, reaction B, and
equation 18, the rate of H, formation is
IEFHIQkB{HI}

Rate,, = + kn{HI}? . (19)
H, K + kg A

Two important facts are displayed in equation 18 and equation 19.
First, {HI*}SS is pressure independent. This means that reaction A and
reaction B obey different rate laws, reaction A is second order while
reaction B is first order. The contributions of each reaction may be
separated (see Appendix I). Second, the contribution of reaction B in
equation 19,

Rateg = EEEﬂl%EEiEE} (20)
D B

not only depends on laboratory parameters (I,,2,{HI}) and kB and eyrs as
anticipated, but also on kD (the relaxation process).

Thus, information concerning kD is vital in the analysis of
equation 20. In general, the measured first order rate constant in

equation 19 is proportional to kB/kB + kD. That is,

k
- r. B 2
Ratey, = & 17 kg {HI} + Kk, {HI} (21)

where C = Igey, 2. If, for example, kg >> kD’ equation 20 reduces to

Rate = Ipey o HI} (22)

B(ky>>k

B D)
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Under conditions of equation 22, the measured rate is independent of kB’
making the proposed experiment meaningless.

Equation 20 cannot be used to solve RateB for kB since kD is not
known. There are, in fact, several processes by which the vibrationally
excited HI molecule can relax to the ground vibrational state. Thus kD
is a weighted average of the rate constants for each of those processes.
The processes include infrared fluorescence, collisional deactivation via
vibrational to translational energy transfer (V-T) and collisional
deactivation via vibrational to vibrational energy transfer (V-+V).

If one assumes that the most important deactivation step in

reaction D is
HI*(v=8) + HI(v=0) - HI(v=7) + HI(v=1) s (E)
the following approximation may be made:

~ k (23)

E

Justification for equation 23 is based on two assumptions:
a) At pressures used to perform the photochemistry ({HI}>5 torr),
infrared fluorescence can be neglected. Using the Einstein coefficient

of HI(v=1)

- 27
= 1

A0 1 0.038 sec . (24)
with the assumption that the radiative Tifetime of HI(v=8), tgsis the

same order of magnitude as 11,28

T - T8 [ (25)
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one finds that

tg " g = 26 sec . (26)

0«1
At pressures greater than five torr, HI*(v=8) will undergo more than
3 x 108 collisions during r8.29 Since only 10° collisions are needed
to deactivate HI(v=1) (and HI*(v=8) should deactivate faster) fluores-
cence can be ignored.30
b) Collisional deactivation is therefore the important process

for HI* relaxation. Deactivation cross sections have been measured for

HI(v=1) and HI(v=2).30—32 They are
= » 2
= 2

The relaxation of HI(v=1) can proceed only by a V-T,R process while
HI(v=2) can also relax by a V=V transition. This dramatic increase in
relaxation cross section going from equation 27 to equation 28 shows

that the V-V process is much faster than the V-T,R in HI. This is true

31

in general. The V-V transition is therefore assumed to be the

dominant relaxation process in HI*(v=8).
Unfortunéte]y, equation 23 still does not help one solve equation

20 since kE has not been measured either. However, if HI were a harmonic

oscillator, then

8k

F
k = - [} (29)
E 2

(harmonic)
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where kF refers to the measured reaction
_ _ - 33
HI(v=2) + HI(v=0) » 2HI(v=1) . (F)

HI, of course, is not a harmonic oscillator, thus equation 29 is not
strictly valid. Indeed, the V-V transfer rate may be significantly
slower than that predicted by equation 29 since the mechanical anharmon-
icity of HI prevents reaction E from being a resonant energy transfer
process (see Table I). Since a better approximation is not available, we

use equation 29, obtaining

~ 4k_ = 7.7 x 105 torr ! sec’! (30)

kp F

This value of KD is used in Appendix II to evaluate equation 20
for kB‘ Under the experimental conditions cited there, it is required

that

kp > 7 x 102 torr 1 sec™!

B

in order to observe the vibrationally enhanced reaction.
An upper bound may be placed on kB using data on kA' If vibra-

tional enhancement is important in reaction A as Anderson's experiment

suggests,34 the following mechanism may be proposed for the thermal

reaction:
HI + HI Z HI*(v=8) + HI (G)
HI*(v=8) + HI > H, + 2I (B)

Since reaction B proceeds slowly compared to the fast equilibrium
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reaction G, a Boltzman distribution can be assumed. Using rate data for

k an upper limit on kB’

AS

ko > 2.7 x 107 torr ! sec™!

B

may be set. This is an upper limit on kB’ since it was assumed that
reactions G and B were the only source of thermally produced H,.

It is seen that the experimental conditions proposed in Appendix II
would allow one to measure this rate ( provided that the transition fre-

quend® is known within the accuracy needed to tune the laser).
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VII. Appendix I

Vibrational Photolysis of HI

A molecular beam study done by J. B. Anderson34

showing that transla-
tion# energy is unimportant in reaction A suggests that vibrational
energy plays an important role in his reaction.

Continuum radiation (suitably filtered to prevent electronic excita-
tion of HI) from a 2.5 kW xenon arc lamp (Hanovia 975 C-98) was focused
into a photolysis vessel. The vessel, a 10 cm hollow quartz sphere, was
gold plated on the exterior (except for the entrance window) to maximize
the optical path. This vessel was mounted in a resistance heated oven
whose temperature was regulated with a platinum resistance thermometer
bridge (Hallikainen Thermotrol 1472 A). Temperature was measured with
six iron constantan thermocouples placed around the sphere. A mercury-
free vacuum line attached to the vessel was used to purify HI (Matheson,
98%) and transfer to the vessel. After photolysis, HI + I, from the
reaction mixture were frozen overrliquid nitrogen. The remaining H, was
measured in a precalibrated mass spectrometer (C.E.C. 21-103 C). When the
rate of H, formation was compared to that of a similarly thermostated but
not irradiated Vesse], it was discovered that the reaction rate in the
photolyzed vessel was higher.

It is extremely important to note that the effect of vibrational
energy on the reaction rate is not necessarily the difference between the
rates of the irradiated and non-irradiated samples. Since the experiment

was conducted in the gas phase rather than by crossed molecular beams, it
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is quite possible that vibrationally excited HI, produced by multiquantum
absorpf?on, may be collisionally deactivated before reaction with another
molecule, pumping rotational and translational energy into the system as
well as vibrational energy. Thus, the experiment does not distinguish
between a rate increase due to vibrational excitation and a rate increase .
due to heating effects which may be produced by the intense 1ight source
used in the photo]ysis.l Because of this ambiguity, results of many recent
experiments concerned with the rate of vibrational energy on reaction rate
are questionab]e.26

Using the mechanfsm developed in the Discussion, equation 18 and

equation 19 are obtained. If I, and ¢ are fixed, {HI*} . 1s constant.

Equation 19 may be simplified to

= 2 = ! ?
RateH2 kB{HI*}SS{HI} + kA{HI} k'{HI} + kA{HI} . (32)

According to equation 32, a plot of RateHz/{HI} should be a straight line
of slope kA and intercept k'. Results for the photolyzed samples are
shown in Figures 8-13. _ Shown in Figures 14 and 15 are results for thermal
samples. Notice that both sets of data (photolyzed and thermal) have non- |
zero intercepts. If the intercepts are plotted versus observed temperature,
measured at the vessel wall, there appears to be a difference between the
photolyzed and unphotolyzed results (see Figure 16).

Since the slope of the lines in Figures 8-15 is kA’ the well known
thermal rate constant, an internal reaction temperature may be calculated
.from the Arrhenius expression for reaction A.4 As shown in Table IV,

temperatures calculated in this manner are between 8K and 20K higher than
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Table IVa. Summary of HI Photochemistry.
Figure (P‘So?ﬂggggszed) Iigs T?igc (ﬁg
(T = Thermal)

8 P 670.9 711.9 40.9
9 p v 650.7 687.9 37.2
10 P 693.1 728.3 35.2
11 P 639.9 677.5 37.6
12 P 653.7 667.1 13.4
13 p 664.0 695.3 31.2
14 T 668.6 676.7 8.1
15 T 697.8 713.0 15.2
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Tabke IVb. Summary of HI Photochemistry.

_ kA Ok k' Ty

Figure Conditions (1iter mol 1 sec'lﬁ 107%)  (sec’! x 1077)
8 P 9.34 +  0.64 6.93 * 1.2
9 P 3.15 + 0.14 2.49 =+ 0.29
10 P 18.9 +  0.90 16.1 + 1.0
11 P 1.91 + 0.23 1.13 = 0.38
12 P 1.15 + 0.10 2.91 0.17
13 P 4.43 + 0.45 5.68 ¢ 0.74
14 T 1.85 + 0.15 4.08 = 0.32
15 T 9.82 + 0.45 8.73 ¢ 0.85
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Figure 16. The intercepts, k', from Figures 8-15 are plotted versus

measured cell temperature.

52.



IO—G

k' (sec™!)

TTTIIIII

|

1078

B THERMAL
O PHOTOLYZED

L 11 il

I

.43

1.45

(.50
/T (K)™' (x1073)

1.55



54.

those measured at the cell wall. If the intercepts in Figures 8-15 are
shown in an Arrhenius plot using T calculated rather than T observed, it
is immediately apparent that the observed rate increase in the photolyzed
samples is not due to vibration excitation but is a heating effect (Figure
17).

The temperature dependence of k' seen in Figure 17 may be described
by k' = 2416 x exp(-30.93/RT). The origin of this first order thermal
reaction component is unclear. Later experiments showed that H, envolved
slowly from the walls of the quartz vessel. However, when quartz wool was
added to the vessel, increasing the surface to volume ratio by 30, k' was
unchanged. It is interesting to note that a similar non-zero intercept is
seen in the thermal data of Crist and Tay]or4 when plotted as in Figure 8.

The procedure outlined in Appendix II can be used to evaluate
equation 20 under the conditions of this experiment (I, = 10!3 photons
sec ! cm, ¢ = 100 cm). If kp ~ 7 x 10° torr™! sec™!, the maximum rate of
-+~ o, This is well

B
below the minimum detectible rate (3 x 10!! molecules/sec, see equation 34).

H, production would be 6 x 109 molecules/sec even if k



Figure 17. Figure 16 is replotted using the calculated reaction

temperature (as explained in text).
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VIII. Appendix II

Observation of Vibrational Excitation

Case i kB < kD ~ 7 x 105 torr ! sec’!

Choosing representative values of I, = 10!° photons sec”! cm (dye Taser
3 watts, bandwidth 0.05 nm), ¢ =50 cm, and ey = 5 X 1075 atm ! cm 2,

equation 19 yields a value for {HI*}SS,
{HI*}Ss = 4.2 x 107 molecules . (33)

The minimum number of H, molecules detectable by the mass spec-
trometer (C.E.C. 21-103C) is 3 x 106 molecules. Using a reasonable
photolysis time of 105 seconds (1.1 days), the minimum detectable rate

of H, production is
Rate > 1011 molecules/sec . (34)

Equations 33 and 34 are used to solve equation 20 for kB' Using
{HI} ~ 10 torr, one finds that the minimum detectable value of kB under

the above experimental conditions is

kp > 7 x 102 torr ! sec !

B
Case ii. kB > kD ~ 7 x 105 torr ! sec’!

Equation 22 may be used immediately to give

Ratep ~ 3 x 101% molecules/sec . (35)



This is three orders of magnitude above the minimum detectable rate,

equation 34.

58.
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