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ABSTRACT

PART I

The rate constants for the homogeneous recombination of iodine
atoms in the gas phase, I+I+M-—1I,+ M, d [12-_1 Jdt=k ] 2 [M] s
have been measured for the gases M= A, g_gz_g-CSH]_?_ and E'CSle at room
temperature. The rate constants are Le2 (¥ 0u4) x 107 s 58 (X L) x 109,
and 65 (X6) x 107 literzmole'zsec'l, respectively. In these experiments
and those with iodine solutions, a short, intense pulse of light from a
flash lamp dissociated 1-10% of the iodine molecules in a reaction cell,
The photoelectric cell response to a light signal modulated with the
change in the iodine atom concentration was amplified and used as the
vertical deflection input of an oscilloscope. The oscilloscope ti‘ace s 2
direct indication of the subsequent recombination observed during periods
from 0,0002 sec after the flash to as long as 0.0l sec, was recorded
photographically.

The rate constants for the recombination of iodine atoms in the
liquids CCl), and 3—07}116, d [12-_] Jat=% [1] 2 » were found to be at room

10 liter mole~t

temperature 0472 (¥0.11) x 100 and 2.2 (¥ 0.4) x 10
sec"l, respectively. The primary quantum yields in the solutions were

found to be 018 (¥ 0.65) and 0.4 (* 0.26), respectively.

PART II

A procedure is described for the chemical isolation from carbonates
of microgram quantities of lead, uranium, and thorium suitable for mass
spectrometric analyses. The concentration of lead in a Jurassic belemnite
as well as a Mississippian Spirifer has been found to be less than 1 ppm

while for Strombus gigas, a living species of gastropod, the value




0.19% 0.04 ppm was found. The uranium concentration in this gas-

tropod was determined as 0.036%Y 0.002 ppm. The isotopic composi-

tionof the lead from the Strombus gigas has also been determined

and is compared to other analyses of "commor' lead.
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The rate of the homogeneous three-body recombination of iodine atoms, I+I+M—I+M, dtIz]/dt
=k[IP[M], is measured. A short intense pulse of light from a flash lamp dissociates 1-9 percent of the
ca 10" iodine molecules in a 200-cc cell, and the subsequent recombination of iodine atoms is followed by

fast photoelectric techniques.

The measured values of %2 at room temperature are 4.2(=2=0.4) X 10 liter? moles™ sec™ (argon), 58(%4)
X 10% (neopentane), 65(4=6) X 10° (pentane). The value for neopentane is the same at 200?(3.

The large values of the recombination rate constants indicate that an important recombining process
consists of a “sticky”’ collision between an I atom and an M molecule or atom, leading to the formation of
a complex IM, which reacts with a second. T atom. The lifetimes of the collision complexes are estimated.

The rates of the reverse process, the dissociation of I» by collision with M, are calculated; the pre-exponen-

tial factors are extraordinarily large.

The extinction coefficients of gaseous iodine have been remeasured.

SHORT, intense pulse of light from a flash lamp
can be used to produce an appreciable concentra-
tion of atoms, free radicals, or other photolysis products.
" If the flash time is comparable to or shorter than, the
lifetime of these reactive species, it may be possible to
detect them and to measure their rates of reaction by
flash spectroscopy or photoelectric spectrophotometry.
Norrish and Porter,! Ramsey and Herzherg? and the
authors® have independently introduced the use of
flash lamps for the study of photochemical problems.
In the experiment described here, the pulse of light
from the flash lamp, FL (Fig. 1), passes through the
filter G and dissociates some (1-9 percent) of the ca 10'®
todine molecules in cell C. In the presence of an inert
gas M, the iodine atoms thus formed subsequently
recombine by the homogeneous three-body reaction

I+ I+ M—T4M, d{LYd=FIPM]. (1)

The iodine molecule concentration as a function of time
is measured photoelectrically with the aid of the con-
stant light beam L (wavelength selected by the filter F)
and displayed as the vertical coordinate on the screen
of an oscilloscope. A single sweep shows a large spike
due to scattered light from the flash lamp. When this
has decayed (point indicated by arrow), the photo-
current is greater than before the flash because of the
decreased I, concentration. It returns to its steady value
as reaction (1) occurs.

It should be recalled that the first reliable determina-
tions of the rates of recombination of halogen atoms
were made by observing spectrophotometrically the
change in the steady-state concentration of halogen
molecules when a system is illuminated by a constant

* This research has been supported by the U. S, Office of Naval
Research, under Contract Nonr-220 (01).

t Contribution No. 1741.

'R, G. W. Norrish and G. Porter, Nature 164, 658 (1949);
G. Porter, Proc. Roy. Soc. (London) A200, 284 (1950).

? G, Herzberg and D. A. Ramsey, Disc. Faraday Soc., No. 9,
80 (1950).

* Davidson, Marshall, Larsh, and Carrington, J. Chem. Phys.
19, 1311 (1951).

light beam of large and known intensity.* This method
is applicable when the quantum yield for photodissocia-
tion is known. An apparently less accurate determina-
tion of the recombination rate for bromine atoms is
based on the comparison of the rates of thermal and
photochemical bromination of hydrogen.®

EXPERIMENTAL
Chemistry

Linde argon, stated by the supplier to be better than
99.8 percent pure; Phillips Petroleum Company pure
grade normal pentane, purity greater than 99 mole
percent; a NBS standard sample of neopentane, 99.96
mole percent pure; and cp resublimed iodine were used.
Todine from the solid at 18-25° was vaporized into the
cell through two stopcocks lubricated with Dow Corn-
ing silicone high vacuum grease. Iodine concentrations
were of the order of 1—1.8X 1075 mole/liter. The other
gas was then added to a measured pressure and, in the
case of hydrocarbons, frozen down, and the cell sealed.

Electronics

The flash tube is of quartz, 4 mm id., 15 cm long, and
filled with xenon at ca 12 c¢cm pressure; it is similar to

FL
5
Fie. 1. Schematic dia- L_G

gram of the apparatus;
F

FL, flash lamp; C, reaction
AMP

cell; L, constant light
source; G and F, filters;
CRT, cathode-ray tube;
AMP, amplifier.

CRT

* E. Rabinowitch and H. L. Lehmann, Trans. Faraday Soc.
31, 689 (1933); E. Rabinowitch and W. C. Wood, ibid. 32, D07
(1936); J. Chem. Phys. 4, 497 (1936).

* K. Hilferding and W. Steiner, Z. physik. Chem. B30, 399
(1939).

659



660 R.

+180'v HV §
C
o ey 4C35
E o.os/f
C_[Tfr e

FiG. 2. Flash lamp firing circuit; S, firing switch; C, sweep
trigger terminal on oscilloscope; H V hlgh voltage source; FL,
flash lamp; M A, milliammeter.

the General Electric FT-127 tube. Fifty to seventy
joules, stored at 10-12 kv in a 1 uf capacitor, can be
discharged through the tube in about 10 usec.
Closing the switch S (Fig. 2) triggers a single sweep of
the oscilloscope and also fires the 2D21 thyratron after
a selected RC delay. The 90-v pulse across the cathode
resistor of this tube fires the 4C35 hydrogen thyratron.
This changes the potential at A from zero to minus 10-
12 kv, and the flash Jamp breaks down.

The lamp is mounted along the axis of an MgO
coated parabolic reflector directed downwards toward
a similar reflector in which the cell, a 10 cm long by 5 cm
diameter Pyrex cylinder with Corex windows, rests.
The beam from the constant light L, a 4-in. automobile
spotlight run at 8 v from a storage battery, is limited by
a circular aperture to a beam 2 cm in diameter through
the center of the cell.

The photocurrent from a 929 vacuum phototube
develops a voltage across a 10° ohm resistor. The
resistance coupled ac amplifier with a gain of 100 con-
sists of a cathode follower and a single stage of ampli-
fication, both using 6AKS tubes. The amplified signal
is fed into the amplifier of a Du Mont 304-H oscillo-
scope. The exponential rise and decay times of the
amplifier-oscilloscope  combination are 10 wsec and
0.12 sec. This system, of course, measures only the

.changes in the photocurrent and not its steady value.

The theoretical rms noise to signal ratio, due to
statistical fluctuations of the photocurrent, is approxi-
mately (e/it,)}, = dc photocurrent, e= electronic charge,
t,=rise time of amplifier. In a typical case, with
1=2X10"*% amp, this is- 10™%. The observed noise to
signal ratio is just about equal to this. This is the order
of magnitude of the minimum fractional change in
photocurrent that can be detected. Amplifier noise is
several times smaller than the photocell shot noise.
Low frequency fluctuations (120 cycles or less) of ca
2X107* of the dc photocurrent are present and are pre-
sumably due to fluctuations in the light output of L. It
is worthy of emphasis that in light modulation-spectro-
photometric experiments of this nature, sensitivity is
typically limited by the intensity and constancy of
the light source.

Blocking of the amplifiers due to the large pulse of
scattered light from the flash lamp was a serious prob-
lem that was, in part, overcome by the following
measures. (1) The photocell collecting voltage was kept
small, 14 volts. This is large enough so that the photo-

MARSHALL AND N. DAVIDSON

cell sensitivity for small signals is not very dependent
on voltage. The voltage pulse due to the flash was 7-14
volts when no filter, G, was used. When G was a Cornin,
3486 filter, cutting out light of wavelength shorter thap
510 my, and F was a 487 my interference filter, the
flash pulse was about 0.3 volt. The initial degree of
dissociation of the iodine was cut down about two.
thirds by the 3486 filter. (2) The oscilloscope amplifier
isadc arnphﬁer which does not block. Nevertheless, the
blocked time is about 150 and 400 usec with and w1thout
the 3486 filter. This at present is the limitation of our
apparatus for measuring very fast reactions.

In each series of experiments, gain and time calibra-
tions were accomplished with the light from a 6-v
flashlight bulb chopped at 600 cycles/sec. The photo-
currents produced by this lamp (ca 10~® amp) and by
L were measured with a 10* ohm standard resistor, a
type K Leeds and Northrup potentiometer, and a
galvanometer of sensitivity 10* mm/uamp. These data
and the amplitude of the 600-cycle square wave on the
oscilloscope screen perrmit one to convert deflection on
the screen into fractional change of photocurrent. The
decrease in deflection sensitivity of about 3 percent, due
to illumination by the constant light L with a concomi-
tant change in photocell collecting voltage of 1-2 volts,
was directly measured in each experiment.

Spectrophotometry

Two different defined “‘extinction coefficients” are of
importance here. The extinction coefficient that is
commonly used in spectrophotometry we shall call the
integral extinction coefficient ¢; e=D/({[1,]); D=de-
cadic optical density, I/=path length, [I,]=iodine
concentration in moles/liter. The partial molar extinc-
tion coefficient & is defined by &=0D/9[1;]. In the
flash photolysis experiment, small fractional changes in
photocurrent are observed from which the correspond- |
ing small fractional changes in iodine concentration are
computed.

For wavelengths below 499.5 my, the convergence
limit of the banded spectrum, ¢ and & should be equal,
independent of inert gas concentration [M ], and iodine
concentration. In the region of discrete absorption &
in general, will be a function of [I,] and [M], and
typically 8e¢/9[M >0, d¢/9[I,]<0; ¢ will also be a
function of [I;] and [M] and e>&.

Some values of ¢, the integral extinction coefficient,
measured with a 10-cm cell in a Beckman spectro-
photometer, are listed in Table I. Concordant values
(2 percent) for ¢ at 490 and 498 mu were found in two
experiments. In one, a cell with 71.8 mm of pentane
and excess solid 1od1ne was at a temperature of 22.8°
in the spectrophotometer, corresponding to a vaper
pressure of 0.256 mm, [I,]=1.39X 10~ molar.® In the

second experiment an evacuated cell at 24° was satt~

L. J. Gillespie and L. H. D. Fraser, J. Am. Chem. Soc. 58,
2260 (1934)
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rated with solid iodine at 22.2° $=0.244 mm, and then
sealed off.

Extinction coeflicients at other wavelengths were
measured relative to that at 498 my in cells with 80-760
mm argon and iodine concentrations of 1.0—1.7X107°
molar. Because of the low absorption, the data were
not expecially accurate. It was observed, however, that,
in the banded region of the spectrum, e did fall off at
argon pressures below 300 mm, especially at the higher
iodine concentrations. Thus, at 90 mm of argon, with
[1:]=0.9 and 1.7X107° molar, € at 546 mu was 94 per-
cent and 84 percent of the high pressure value. The
effect on & is, of course, still greater.

Our data in Table I differ somewhat from those given
by Rabinowitch and Wood.” Our observations confirm
their result that e is independent of pressure of air,
argon, or helium, above 500 mm. Our results are in
qualitative agreement with the more precise observa-
tions of Luck on the effect of jodine and inert gas pres-
sures on the absorption of the 546 mu mercury line by
jodine at 210°C and at higher iodine concentrations
than used here.® He observed a limiting e of 637 at high
inert gas pressures and low [ 1], the same as the value
measured by us at room temperature,

Most of the data for the recombination rate were ob-
tained using as the filter F a Bausch and Lomb inter-
ference filter with a measured maximum transrmission of
36 percent at 487 my, a half-width of 8 my, and a trans-
mission of the order of -1 percent through the rest of
the spectrum. Some of the argon runs were made with a
Baird Associates 546 my multilayer interference filter
(plus a yellow filter to eliminate blue light) with a
half-width of 5 mu and a maximum transmission of 70
percent. In the 487 mu range, é= ¢; but the band width
of the filter is different from that of the spectrophotom-
eter used for the data in Table I. By direct transmission
measurement in the cxperimental arrangement used in
the rate runs, an effective e of 383 was found for this
filter; this value has been used for e in the interpretation
of data. With the 546-my filter, the measured value of ¢
of 640 was taken for & except for some low pressurc
runs, where a value of 600 was used.

Interpretation of Data

The integrated form of the rate equation (1) is
Y~ 1/[Te=2k[M ¥, where [I] is the concentra-
tion of iodine atoms just after the flash, Since the degree
of dissociation of iodine molecules by the flash is small,

" E. Rabinowitch and W. C. Wood, Trans. Faraday Soc. 32,
540 (1936). These authors ran the absorption spectrum of a cell
which they state contained 0.138 mm of I, obtained by saturating
the cell at “about 19°C.” According ‘o the data they used (Baxter,
Hickey, and Holmes, J. Am. Chem. Soc. 29, 127 (1907); the
results in this reference agree essentially with that of reference 6),
the vapor pressure of iodine at 19° is 0.178 mm, not 0.158 mm,
and at 17° it is 0.155 mm. If one assumes that Rabinowitch and
Wood were actually working at 0.178 mm pressure of iodine, the
agreement between the two sets of data would be better at 498 mu
and poorer at 546 mu.

#W. Luck, Z. Naturforsch. 6A, 313 (1951).
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TariE I. Extinction coefficients of iodine.

{mp) 478 487 490 498 510 320 546 560 580 60O

€ <o+ 440 478 580 700 751 640 490 280 145
& 400 540 600 740 810 822 670 550 300 140

» This research.
b Reference 7.

the change in transmitted light intensity J is given by
dJ/J=2.303eX[1]/2. The oscilloscope deflection S,
due to the change in the photocurrent 4, is then given by

1 1 M)
- — = (14-4;/RC), (2)
S So i.gX2.303e

where g is the gain of the photocell-amplifier-osciltoscope
combination in units of deflection per ampere change in
photocurrent.

The last factor is a small approximate correction for
the decay of the signal because of clipping by the ac
amplifier; t; is the time at which [T]=[1]o/2 and RC is
the exponential decay time of the amplifier-oscilloscope
combination. A small correction to S is made for the
deflection due to the pulse of light from the flash lamp
and for the subsequent negative overshoot.

RESULTS AND DISCUSSION
Results

Figure 3 exhibits a typical trace from an experiment.
The plots of 1/S vs t gave reasonably good straight lines
from which % was calculated by Eq. (2). The results of
the runs at room temperature are summarized in
Table IIL :

One set of measurements was made at 200(z=10)°C
on a cell containing 1.20X 1078 mole/liter of iodine and
2.17X10~° mole/liter of neopentane. The absorption
coeflicient of iodine at 487 mu was the same to 310
percent at this temperature as at room temperature,
and the measured rate constant for recombination of
59X 10° is the same as that obtained at room tempera-
ture. ,

Consideration of Possible Errors

Absorption of 0.0047 calorie (5X10% quanta of
A="500 mu) in a 200-cc cell containing a little iodine and
argon at 206 mm (the lowest pressure used) corresponds
to a temperature rise of 0.7°. Provided the energy was
uniformly absorbed throughout the cell, this would
have no effect on the measurements.

Rabinowitch? has estimated 0.16 cm? sec™! for the
diffusion coefficient D of iodine atoms into argon at
one atmos pressure. On the basis of the densities of the
solids, we estimate a diameter of 6.2A for pentane and
neopentane, and 0.10 for the diffusion coefficient of
iodine atoms into either of these gases at one atmos

8 E. Rabinowitch, Trans. Faraday Soc. 32, 917 (1936).
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FiG. 3. On the left is the pattern displayed on oscilloscope as iodine atoms recombine: p (argon)=740-mm Hg; time scale=0.159
X 1073 sec/smallest grid division (=0.1 inch); 4,,=2.66 pamp; g=2.25X10% smallest grid divisions/pamp; £;=1.8X107% sec; [15]=9.0
X 1078 mole liter™?; [T]e=1.6X 107 mole liter™ (an especially high energy flash). On the right is the signal resulting from scattered light
from flash lamp and negative overshoot from ac amplification when the constant light L is off.

pressure. According to Eq. (1), the time for three-
fourths of the iodine atoms to recombine is f34
=3/(2k[M][T]p). The mean distance diffused in this
time is (2Dty4)}. The lowest values of argon and pen-
tane pressure studied were 0.25 and 0.05 atmos, with
t3/4 of 0.02 sec in each case; the corresponding diffusion
distances are 0.16 and 0.28 cm. Thus heterogeneous
_recombination on the walls did not significantly affect
the results.

Non-uniform creation of iodine atoms in the cell
would make the calculated rate constant greater than
the true value. The minimum light transmission parallel
to the axis of the cell was of the order of 85 percent; it is
unlikely that internal filter effects were significant. No
satisfactory way of investigating whether the light
intensity from different parts of the flash lamp was the
same was developed. One lamp, 2 commercial FT-127,
seemed to emit a greater intensity from the anode re-
gion. Rate constants measured with this lamp were 100
percent higher than those reported in Table IT with one
orientation of the lamp and 50 percent higher when the
lamp was rotated through 180°. No such effects were
noted with the lamp used for the measurements of
Table II. In view of this and the effect of the MgO
reflectors in diffusing the light, it is probable that the
illumination was sufficiently uniform. '

The average deviation from the mean of the results
in Table I is about 10 percent. This variability is prob-
ably due to errors of measurement of the oscillograph
traces, to fluctuations in the gain of the amplifier, and
to errors in the measurement of the small current of
ca 107® amp. involved in the measurement, with
chopped light, of amplifier gain. '

In view of the discrepancies between the two.sets of
measurements of the extinction coefficient of iodine in
Table I, it must be pointed out that any error here re-
sults in a corresponding error in the rate constants.

Discussion

The value of k& for argon measured by the photo-
stationary state technique* is 6.9¢ 10° liter? mole—? sec™.
The value reported here is 4.2X 10° and an independent
measurement of this quantity by Norrish, Porter, and
collaborators at Cambridge,1® gave 4.39(40.11)X10°%
We believe that further experience with flash lamp
measurements is needed before a confident estimate of
their reliability can be made. The concordance of the
two flash lamp determinations plus the consideration of
errors in the preceding section indicates, we believe,
that the flash lamp determinations are more accurate
than the photostationary state measurement. It should
be noted that any correction for a possible lack of uni-
formity in the luminosity of the flash lamp, considered
in the previous section, would increase the difference
between the two values.

In a recent study of the thermal and photochemical
bromination of neopentane, it was concluded that at

'197°C the ratio of &’s for the reaction Br+ Br+M—Br:

+M for neopentane and hydrogen as third bodies is

1741 Since recombination rate constants are not very

dependent on temperature, the values of % for iodiné

atom recombination in the presence of neopentane and

argon measured in the present research, taken in con-
10 Private communication.

1 F, R. Schweitzer and E. R. Van Artsdalen, J. Chem. Phys. 19,
1028 (1951).
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junction with Rabinowitch’s results that ka/kns=0.95
snd 0.59 for iodine atom and bromine atom recombina-
tions, respectively, strongly suggest that the ratio of
efficiencies of neopentane and hydrogen as third bodies
for halogen atom recombinations is 8-14, not 174.
Other aspects of this investigation!! of the bromination
of neopentane have recently been criticized.*

Rabinowitch®® has discussed the homogeneous recom-
bination process, I+I+M—I,+M, in terms of two
kinds of triple collisions:

(I4+D)+M, (3a)
(I+M)+1. (3b)

For case (a), the first double collision -is between two
jodine atoms; for case (b), the first double collision is
between an iodine atom and an M molecule or atom.
The important parameter which enters into the ele-
mentary kinetic theory calculation of the number of
triple collisions, but not into the calculation of number
of double collisions, is the duration of a double collision.
The recombination rate constant & (in units of cc?
molecules™ sec™) is given by Rabinowitch as

Mu+M;:

k= 87I'¢TM120'12RT(——
: MM

]
) Qru+rvnB. @)

The ¢’s are collision diameters, omr=0.5(e1+om); 71
and 71 are the durations of the double collisions be-
tween two iodine atoms and between an iodine atom and
M, and 8 is the probability that a triple collision results
in recombination.

From a chemical kinetic point of view, one may view

the recombination process in the way outlined by -

Egs. (5):
H-I=LL%,
L*+ M-I+ M, (5a)
T+ M=IM*,
IM*-+ T T+ M. (5b)

Io* and IM* are excited molecules; the former loses
vibrational energy and is stabilized by collision with M,
the latter can react with a free iodine atom in a two-
body process. The rate constants for dissociation of I»*
and IM* are (1/711) and (1/71m) of Eq. (4). An equa-
tion which is the same as (4) except for small numerical
factors can be derived from the reaction schemes, (5),
by the standard stationary state argument.

Using Eq. (4), the results in Table II, and collision
diameters of 5.2, 3.6, and 6.2A for iodine atoms, argon
atoms, and pentane or neopentane molecules, the calcu-
lated values of (ri+0.571a)8 are 1.5X 1073 sec (argon),
1.6X 102 sec (neopentane), and 1.8X107% sec (pen-
tane).

For comparison, the values obtained by Rabinowitch
for several third bodies are 2.5 10733 (argon), 3.6X 1013

2§, W. Benson and H. Graff, J. Chem. Phys. 20, 1182 (1952).
B E. Rabinowitch, Trans. Faraday Soc. 33, 283 (1937).
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(nitrogen), 1.0X10~* (carbon dioxide), and 4.2X 10712
sec (benzene). Assuming, purely for the sake of inter-
comparison of results, that all Rabinowitch’s results are
too high by a factor of 2.5/1.5, his value for benzene
should be decreased to 2.5 10712 sec. This value is not.
much larger than those found by us for the pentanes,
so that one need not assume a special interaction be-
tween iodine atoms and the aromatic ring.

Two iodine atoms in the ground state (*Py) can inter-
act to form molecules in the 'Z,%, II,, and Iz, 1,
states, which have potential energy curves with a mini-
mum. (These curves are illustrated in reference 13,
Fig. 1.) Herzberg!* gives the fundamental vibration
periods in the !Z;* and *II,, states as 1.6X10~*® and
7.8X 107 sec. The vibration periods of the 'L, and 31T,
states are presumably intermediate between these two
values. In the approximation in which the potential
curves are considered harmonic and centrifugal effects
are neglected, the lifetime 711 of I,* is a properly
weighted average of the vibration periods listed above.
The much larger r-values calculated from benzene and
the pentanes can be interpreted as indicating a very
large cross section for vibrational deactivation of I,*
by these molecules. A more plausible interpretation has
been suggested by Rabinowitch, i.e., that the processes
of type (b), “sticky” collisions between M and an I
atom, are important and account for the large values of
7 and their variation from substance to substance.
When M is a polyatomic molecule, 71, the lifetime of
the collision complex, can be much longer than a single
vibration period, because the small energy of attraction
can be distributed among the various “soft”” vibrational
degrees of freedom of the molecule.

Finally, it is of interest.to consider the inverse process,
the dissociation of iodine molecules by collision with

TasLe II. Rate of recombination of iodine
atoms at room temperature.

Argon
» (M) (mm Hg) 206 206= 3800 6270
EX 1079 (liter? mole?sec™’) 4.9 51. 43 43

p (M) 703> 740> 1580 740 740 740 740 740
kX10—® 40 36 3.7 3.7 42 39 46 4.2
k (av)=4.2(40.4) X 10° liter? moles™ sec™!

Neopentane
# (M) 38.5 38.5 77 7 77
kX107 56 56 60 66 50
k (av) =58(44) X 10? liter? moles™ sec™?
Pentane
p (M) 48.6 73.5 73.5 65.5¢ 65.5¢ 71.8¢
EX10° 78 66 70 60 52 64

k (av) =65(6) X 10° liter? moles™ sec™!

s 546 mpy filter, § taken as 600.

b 546 my filter, € taken as 640; all other measurements were made with
the 487 my interference filter.

¢ For these measurements, the pentane vapor was dried over calcium
chloride,

% G. Herzberg, Specira of Diatomic Molecules (D. Van Nos-
trand Company, Inc., New York, 1950), second edition, p. 540.
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gas molecules M:

For kp, the rate constant for dissociation, kp= kK.,
where K. is the equilibrium constant for the dis-
sociation of iodine, 3.80X10~% mole liter! at 300°K. 15
Since k is not strongly dependent on temperature,
kp= A exp(—AE/RT), where AE=35 500 cal. Then 4
is 1.1X10% liter mole™ sec™? for argon, 1.6X 10" for

16 “Selected values of chemical thermodynamic properties,”
. National Bureau of Standards, Washington, D. C., Series III,
June 30, 1948.

R. MARSHALL AND N. DAVIDSON

neapentane, and 1.8X10" for pentane. These are ex.
ceptionally large values for the pre-exponential factor
in a bimolecular reaction. Rice'® has noticed this in
analyzing the results of Rabinowitch and Wood, and
has suggested possible interpretations.
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De The Recombination of Iodine Atoms in Liquids
le Introduction

A major problem in chemical kinetics is the determination of
the rates of the elementary reactions postulsted as individual ;tages
in an observed oversll reaction. These elementary reactions typically
. involve unstable particles such as atoms and radicals. The instability
of these isolated particles is reflected in the rapidity of their re-
actions and the measurement of the large rate constants is generally a
formidable taske. Iﬁdeed, the direct determination of rate constants
for individual steps in chain reactions is rarely attempted. An imporkast
chain~terminating process in halogenation is the recombination.of
halogen atoms in liquids and gases. To augment the present knéwledge
of this elementary reaction, solutions of icdine in inert solvents
have been investigated photochemically. The following paragraphs discuss
the data obtained in terms of the recombination of iodine atoms in
liguidse

The photochemical dissociation of iodine molecuies (12) in solu~-
tion and the subsequent recombination of the iodine atoms (I) may be
represented by the following two equationss

I+ hv— 2T (1)

2
and

I+1—1, - | (2)s
The rates of these two reactions may be written as

afz] /dt=2¢q, (3)

and

~a[1] Jav=2x[1]2 (L),



B

respectively, where ?_ is the primary quantun yield or the number of
guanta absorbed by the iodine molecules divided by the number of
molecules which dissociate, 9y is the number of guantz absorbed per
liter, énd k is the recombination constent in mole'lliter sec"l.

In the photostationary state the rate of formation of iodine
atoms equals their rzte of recombination and by eguating equations (3)
and (L),

k = ﬁqa/[l_] g (5}
where [IJS is the photostationary state concentration of lodine atoms.
The factor [I]é/gﬁ was determined for CCl and.g-Céﬂlh solutions by
Rabinowitch and Wood (1), but without the values for the primany quan-
tum yields, the recombination constants could not be evaluated;

Zimmerman and Noyes (2) have deduced the value of the primary
quantum yield at 436 mu and 578 ma for the dissocistion of iodine
molecules in illuminated hexane solutions from their measured mean
lifetimes of iodine atoms and the data of Rabinowitch and Wood. In
addition, Zimmerman and Noyes calculated the value of k in Céth at 25°C
by combining the data from these two investigations. _

The techniques applied to the study of the kinetics of recom-
bination of iodine atoms in the presence of a relatively large number
of third-body gas molecules (Part I, A), i.e., flash lamp photolysis
and photoelectric spectrophotometry, can be used to observe directly
the recombination in liquids. The rates observed are independent of
the actual values of the primary guantum yield and the rate constants
can be calculsted directly. The rstes of recombination are a few orders

of magnitude faster in liquids than in argon at 1 atm. The experiments
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in liouids are more difficult because of these greater velocities
and the data obtzined are less precise than those for the gases. In
the succeeding sections experiments with solutions of Iz in CClh and
Q-C7H16 are described and the data obtained are considered to be the
first values directly determined for the recombination rates of iodine
atoms in these solvents. .
2. Derivation of the Recombination Expression

This section contains the derivaticn of the mathematical ex-
pressions relating the iodine atom concentration to the experimentally
observed parameters. The fundamental rate equation is solved for the
iodine atom concentration at time t in terms of the reduced molecular
iodine concentration since the reaction was observed by means of the
amount of visible light absorbed by the solution which varied with the
nuriber of iodine molecules. The photoelectric current is related to
the iodine molecule concentration through Beer's law and the amplified
photoelectric signal is, in turn, related to the wvertical deflection of
the oscilloscope trace. A correction for the decay of the photoeleciric
cell in the ac circuits is derived and included_in the final eguation
(equation (33) ) which is an explicit expression for the rate-constant
in terms of the directly measured quantities.

as« The Integrated Rate Expression

Equation (L) is the fundamental rate expression for the re-

combination of iodine atoms in liquids. This equation differs from
that for recombination in the gas phase only by being independent of the

concentration of a third body; the third body in the liquid phase is
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| actually the solvent molecule whose concentration in 211 cases is so
high that collisions involving these molecules and two lodine atoms
are always imminent relative to the time for the two iodine atoms to
meet,
Upon integration, eguation (L) vecomes

1] - 1v{z] o= 2kt (6)
where [I] o 1s the icdine atom concentration at t=o. If 4§ is de-
fined as the difference between the iodine molecule concentration at
any time after the very short, dissociating flash (t=o0) and the con-

centration a hundred or so mean lifetimes afterward ( [}ilb) or

1=[5,] - [, QF
then

(11=~ 20 (8)
and

/G, - 1/Q = lkt (9)

where 99 is the negative of one~half the initial iodine atom concen=
tration. .
be. Application of Beer's Law
The course of the reaction was fcllowed spéctrophotometri-
cally¥®* and the changes in light transmission through the reaction cell
are related to tne changes in the iodine molecule concentrations The
relationshib is assumed to be Beer's law or, in integrated form,

K=EK; exp (~oc[I,] ) (10)

%  The experimental details are discussed in the subsequent section
entitled Experimental FProceduree. '
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where K is the intensity of the transmitted light and Ki that of the
incident light while o€ is 2,30 times the molar extinction coefficient
for iodine in solution times the length of solution traversed by the
light. This equation may be rewritten as

K=K; exp (- (Q “’[121,0) = Ko exp (-=<Q) (11)
where §29 is the transmitted light a few hundred mean lifetimes of

the reaction after the flash. Since « Q<<1 equation (11) may be

expanded 1o

K=K, (1 -ocQ)= K, + d& | (12)
or

K/ Koo = =< Q - (13)s

Beer's law is a satisfactory relation to use for a narrow band of
wave lengths since neither the incident light intensity nor the
extinction coefficients in solution vary rapidly.

ce Light Intensity and Photoelectric Current

The transmitted light is observed by a photoelectric cell,

The photoelectric current, i, is assumed to be proportional to the
light intensity and a function of the photocelectric cell voltage or

i=Xf (V - iR) (1)
where V is the applied voltage and R, the load resistance across which
is developed the signal to be amplified. Equation (1l) may be
differentiated to give

di=f (V- iR) d - KRf' (V - iR)di (15)
which, after rearrangement and the introducﬁion of the original ex=-

pression, becomes



di £1(V = iR) dk
— | 1+1iR = - (16)
i f (V - iR) K
, £1{V=iR)
vhere iR —ewweeeme— i5 a2 small correction term called Ag .
£ (V-iR)

de Deflection on the Oscilloscope Screen

The signal is amplified in an ac amplifier and displayed as
a function of time upon an oscilloscope screens. The deflection on the
screen is proportional to the photoelectric current change, and the
constant of proportionality, g, the gain, is assumed constant during
an experiment. The deflection, 5, is briefly expressed as

S =gdi (A7)
When di from equation (17) is substituted in equation (16) ad
equation (13) is introduced, the relation between the iodine atom con-

centration expressed in Q and the experimentally evaluated terms is

(V - 1R) 1,8 o<
T i g

£V - iR)
-S['_]_.;. iR ] -SS]_“‘B) (18)

where i,, 1is the photoelectric current due to the light intensity X, e

If the reciprocals of both sides of equation (18) are substracted from

1 - 1,8
—_— — (19),
Qg So(1+4 )

equation (9) can be rewritten as

Lkt = (/8 - 1/8) i, gx/ (1+8) (20)
or

k= 128 _1."'.1_‘]_}. | (21)s
L(+4) \ s Sl t
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e« Correction for Signal Decay Due to AC Circuvits
Equation (21) is an explicit expression for the recom-
bination constant bul a correction is necessary for the signal decay
inherent in the ac amplifier and oscilloscope. A step-iunction input
decays as if the electronic apparatus were simply a capacitor aﬁd a
registor in series with the output across the resistor. This

differentiating circuit is illustrated in Fig. 1.

input V(t) R output

Fig. 1 ILguivalent circult in signal decay due to ac clrcuits.

To correct the reaction rate for the signal'decay due to
the ac circuits assume that the signal due to the second order chemical
reaction may be approximated as an exponential, ' |

V(t)=V,exp (=¥ 1) (22)
where j[ is some constant determined by the reaction being studied,

V() is the input voltage at time t,and Vo is the initial input voltage.
Since the correction is small, the fact that the signal is not exactly
an exponential expression is not important. In the circuit of Fig. 1
the relation between the capacity, C, resistance, R, charge on the

capacitor, P, and the input voltage is
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RdP/dt + P/C = V, exp ( - K't) (23).

The general solution to this eguation is
Vo exp ( -&t)

P=Aexp ( ~wt)t (2L)
‘ R (w-&)
where
# = 1/RC (25).
At t=o0, the capacitor is uncharged and
Az —Ja (26),
R(Y - w)

Let Vm be the deflection voltage applied to the catnode ray tubes Then

Vo, (Wexp (-wt) = Yexp ( -4%) ) (27)

V. = Ra¥/dt=
m / w-¥
and
Vo 5
an/dtz -;j'x( {Cexp(-Xt) -u2exp(—w't) ) (28).

At t= o, Vm:: V, and the observed initial logarithmic rate of change,
d 1n Vo/ dt, is - (w+ ¥) while the initial logarithmic rate of change
of the photoelectric current is - Z .
The initisl logarithmic rate of change of the iodine atom
concentration (equation (L) ) is set equal to &, therefore
¥= 2 (1], (29).
The rate constant calculated from equation (21) includes the RC time of
the ac circuits or
$+ws= 210 (1] (30)
where k' is this apparent rate constant. Now the mean lifetime of the

iodine atoms, ty, is the time at which
-~

L=zl | | (31)



or

(32)

since for this value, k' is sufficiently close to k. The ratio of
1

k to k' is but « is 1/RC and ¥ is 1/t; (equations (29) and
1+e/y =
30) ) so -
leg8SC 1 1 1 :
k= _ - - (33)0
h(arms) (1+ t%/RC) s s |t

This is the complete explicit expression for the recombination constant.
However, since the mean lifetimes of the lodine atoms in liquids were
typically much less than a millisecond and the RC time was 12 x 10
miliiseconds, this decay correction is negligible,
3. Experimental Proceaure
ae Chemistry

The purity of the three chemicals, lodine, Cclh; and
E'CYHlé’ is of great importance in these experiments. ¥For the solute,
cp resublimed iodine was used. [Lastman Kodak spectropnotometer grade
CClh was selected as one solvent and was found to be very satisfactory
in contrast to cp CClh which possessed an impuritywith a large absorp-
tion peak at 320 mjg and which with iodine showed slowly decaying
signals which could not be atiributed to iodine atom recombination.
Pure grade E?C7H16 from Phillips Petroleum Company reQuired purification
before observations consistent with the recombination of iodine atoms

could be mades The purification steps were the following:
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1. Two washings with reagent grade, 30% fuming sulfuric
acid, 10% by volume.

2. One washing with water.

3. One washing with 5% NaOH, 30% by volume.

Lis Two washings with 5% KMhOh, 30% by volume.

5« One washing with water.

6. Disbillation over molten Na, 975 = 97.8°C distillation

rangees

The purified EchHlé was stored under Drierite until used
to f£ill reaction cells. The reaction cells were stoppered with corks
wrapped in tin=foile.

be OCutline of the Experimental Procedure

A triggering clrcuit started a sweep on an oscilloscope
and pulsed a delay circuit which after a selected delay fired a high
voltage circuit so that a large volbtage was applied zcross the
glectrodes of a flash lamp which arced over producing a bright pulse
of light, the iodine-rolecule dissociating flashe, The filtered flash=-
lamp light dissociated a few percent of the iodine molecules in a
glass reaction cell through which a steady lighx.sourcé Was shininge
Filtered transmitted light from the steady source struck a photo~
electric cells The reduced optical density of the reaction cell after
a flash due to dissoclated iodine molecules led to increased photow
electric current. This ﬁositive signal was amplified in a two stage
ac amplifier and fed into an oscilloscope. The signal on the screen

was photographed,
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ce The Flash Lamp

The flash lamp (Fig. 2} used in these experiments was
a2 37.5 cm long pyrex cylinder, l.3 cm o0.de. with 3 cm long, LO mil
tungsten leads sealed in at each end. Ca 1.5 cm in from each end
on the tip of each tungsten electrode was silver soldered a small
strip of nickel foil. This foil was bent to furnish a plane sure-
face, the normal to which was dlong the axis of the flash tube.
On each of these tabs was spot welded a small rectangular electron
emitting plate kindly furnished by Mr,., Haskell Shapiro of the
Hydrodynamics Laboratory. A small side arm (9 cm long and with a
standard taper (7/25), ground glass inner joint at the end) about
5 cm in from one end of the main cylinder was used for filling the
flash lamp with L.6 cm Hg pressure of Xe. At this pressure of in~
ert gas the lamp was sealed off and mounted in an approximately
cylindrically parabolic, MgO coated reflector. This reflector, en=
closed on three sides, faced downward at two Corning no. 3L86 filters.®
Underneath these filters was another enclosure with a similar re-
flector facing upwarde A 33.2 cm long, cylindrical, pyrex reaction
cell with a 5.1 cm outside diameter and 2 filling arms laid in the
trough of the bottom reflector. The ends of the cell consisted of
2mm thick, corex filter plate windows., ILight from the steady source
passed through the cell via two 2 cm diameter holes at opposite ends

of this bottom enclosures The enclosure of the flash lamp and the

*  Two 12 by 1645 cm filters were required to match the length of the
reaction cell; the transmission ‘characteristics of one as measured
against air in the Beckman model DU spectrophotometer are shown in
Figo 3e
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reaction cell (except for thé two small holes for the steady light)
and the two filters (which eliminated most of the flash lamp light
passed by the narrow band pass filter in front of the photoelectric
cell) combined to keep the amount of scattered flash lamp light
reaching the photoelectric cell low. .
de The Signal Detection Circuits

A 10v lead storage battery ran the steady source lamp,
a sealed beam, 6~8v, 30w, parabolic reflector, automcbile spotlight
and a 6~8v, small panel light bulb (the calibration lamp). Light
from the calibration light and the transmitted steady light reached
the photoelectric cell by passing through a Bausch and Lomb inter-~
ference filter with a measured maximum transmission of 36% at |
LB8Tmiy a half-width of 8mac , and a transmission less than 1%
throughout the rest of the spectrum (cf Fig. b).
o The photoelectric cell and the ac amplifier unit are
schematically illustrated in Fig. 5. The ac signal developed across
the 1 megohm resistor went to a cathode follower. The hegative
signal from this first stage went to the second 6AKS where the
positive signal, amplified nearly 100 times, was taken from across
the plate load resistor and applied to the vertical defléction input
terminal of a 30L-H Du Mont Cathode-Ray Oscillographe

The height of the signal due to an optical density change
in the reaction cell is proportiona{:yhe gain of the circuits involwved
in the amplification and the presentation on the oscilloscope faces

This gain is actually g/(l+[§) since g is a signal deflection to

/4 &mp ratio determined when only the calibration light is reaching
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the photoelectric cells The decreased sensitivity of the photo=

electric cell when the relatively extremely large amount of steady
light is striking the photoelectric cell is corrected for by the
factor 1/(14#A). The calibration lamp was behind a sector of 20
notcheé mounted on an 1800 rpm synchronous motor. Each complete
square wave on the oscilloscope Eace was 1/600 sec. 1In additién
to this time calibration for the sweep, the amplitude of the square
wave divided by the photoelectric current for ihe unchoppéd calibeatiom
light furwishes g. The pholoeleclric curreat For the
calibrabion and also for each recombination picture was measured
with a 10,000 ohm precision registor (in series with the 1 megohm
load resistor in the photoelectric cell circuit) and a type K Leeds
and Northrup potentiometer. Typical calibration current was of the
order of magnitude of 1072 j4amp while the steady light curren£ dur~-
ing a recombination experiment was around 3 uampss
| The wvalue of é may be found experimentally by compar=-

ing the square wave amplitude with and without the large stéady light
shining on the photoelectric cell. Ilet d,J_'l be the photoelectric
current with just the calibration light striking the photoelectric
cell and diz, the current for the calibration signal with both light
sources striking the photoelectric cell. These small currents may
be written as

di, = K £(V) (3La)
and |

di, = K £(V-iR) (34b),

If the first of these two equations is divided into

the s econd and the law of the méan iintroduced,




)y

£(v) - in'(‘?)
= (V-iR)< €< V (35),
U= T §

di

With equation (17), equation (35) becomes

Sp/8, =1 = iRE'(E)/£(V) (36)
and if the assumption
in'('f )/e(V) = iR (V-iR)/£(V-iR) (37)
is made, o
4= 17 % (38).
Sq |

ee The High-voltage Firing Circuit

Fig. 6 is a schematic of the triggering and delay
circuits. When the switch in the triggering circuit was closed, a
15y positive pulse entered the sweep synchronization terminal of
the oscilldscope and a sweep began. At the same time the pulse
entered the delay circuit and after a delay determined .by the
selected RC value in the grid circuit of the 2D21 thyrafron, this
thyratron fired and a positive pulse was taken from across the
cathode resistor and applied to the grid of the large fhyratron, the
5C22 (££ Fig. 7) whose plate was highly positive, 10-15 kv. When
this large thyratron fired, the positive side of four 1 uf, 20 kv,
pyranol-filled (GE cat. no. 14F22) capacitors connected in parallel
was suddenly discharged leaving the other side of the capacitors,
ordinarily at ground potential, highly negative. This large negative
voltage arced through the flash lamp in parallel with the 1000 ohm
resistance to ground. From the plate of the thyratron four 20

megolm resistors (Sprague high-voltage, ferrule type) passed to
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ground through a 0=500 /Lammeter. The voltage at which the flash
lamp was fired is used to compute the energy discharged through
the lamp.

The high-voltage charging source (Fig.7) consisted
of a vacuum diode (an old GE Kenotron, KR1, no. L24i3) with the
secondary of a high-voltage transformer in the plate circuit and the
primary coil input regulated by an autotransformer. The maximum
voitage obtainable with this power supply would be somewhat greater
than 20 kv with 110 v ac input to the autotiransformer. However,
the 5022'broke down spontaneously when the plate voltage becane
greater than 15-16 kv. This was not disturbing, however, since
operation at 10-15 kv was perfectly satisfactory for the experiments.

f. Date Recording

A Mercury II35 mm camera with a Universal f 2.7
Tricor lens with either Kodak Super XX or Linagraph Pan film was
25.5 crt from the oscilloscope face, Just in front of the cathode
ray tube is a celluloid disk bearing a grid whose squares were O.1
inch on an edge (this 0.1 inch unit is subsequently called the s
unit). The camera was operated on bulb for a few seconds and the

picture of a blue trace¥# showing the scattered light and electrical

% The distance between the lens and the film was increased by means
of a washer between the camera body and lens mount since the camera
normally did not focus upon such a short objective distance.

#% A P11 phosphor was used for maximum photographic sensitivitye.
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pickup from the flash alone, the recombination phenomenon, or
the calibration square waves was teken (cf Figs. 8, 9, 18, 19, 23,
2L, 25, and 26). Several pictures tsken in succession of the
calibration square waves with the photoelectric cell alternately
shielded and unshielded from the steady light furnished the aferage
amplitudes, Sl and 32, used in calculating/3 .

TheA;egatives were studied in a microfilm reader.
The trace of the sweep and the grid appeared on each negatiﬁe S0
that in the analysis the signal helghts and distances along the
time axis from the end of the delay were conveniently recorded in
terms of s units. The distances aleng the time axis were converted
into seconds by the factor of 1/1200 divided by the average Width
of half a square wave from the calibration pictures. The reciprocals
of the signal heights were plotted against time and the slope of the
stfaight line through these points was calculated.

ge Limits of Observation and Errors

The theoretical rms noise to signal raﬁio, due to
statistical fluctuations of the photcelectric current, is (e/itr)%
where e is the electronic charge; i, the photoelectric current
(ca 3 mamps); and bys the rise time of the amplifier.¥ This ratio
for these experiments was of the order of 10‘h. The observed noise

to signal ratio agreed with this value. 1In addition)there was

1

% The rise time is considered to be 20 n where n is the nigh
frequency cutoff, ca 25 kilocycles, at tne nalf voltage point on the
frequency response curve for the amplifier.




Fig. 8 Oscilloscope trace of one-half cycle of square wave used in time

calibration (experiment of 7/16/53, writing rate = 0.0321 millisec/gfunit)q

Figs 9 Oscilloscope trace showing scattered light from flash lamp when

steady light source is off (flash lamp energy=2.0 x 102 joules).
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fluctuation o £ the steady light amounting to ca 2 x ].()"'LL of the
de photoelectric current of a low freguency (120 cvcles or less)
presumably due to mechanical vibration of the lamp. in other words
the smallest signal that could be detected was of the order of one
S unit or about L x 10"'5 cptical density units. The optimum size
of signals from which to obtain kinetic data was about 10 times
larger corresponding to an optical density change of L x 10'b.

In Table 1 the errors (in percent) of the measured
quantities used in calculating k are listed as well as the possible

error in kX due to t he error in each measured quantity.

Table 1

Sources of Error

Measured Yuantity % Error (+) % Zrror in k (¥)
i 0.5 0.5
g fcalibration current b L
signal amplitude 1 1
extinction coefficient 5 5
— ength of cell 0e3 0.3
A 50 2
<] 2 L
L 2 2
ty 20 0.1
2
RC 20 0.1
Total 19

The likely error in the initial iodine atom concenw

tration ranges from the neighborhood of ¥ 10% to over £ 100%. The
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likely error depends upon the mean lifetime and the time at which
the recombination is observed (the.time at which the first
measurement is made, t1, is used in the error calculations).
An expression with which the error in the initial
iodine atom concentration may be estimated can ve obtained in the

rollowing way. Equation (6) can be rewritten as

1 ,
'b:_l___'_'.' —_ “'tl (39}.
2 (1],
When equation (39) is partially differentiated,
dty/ok= —5 (Lo)
x - 53 : .
2 2k (1],
When equation (L0) is divided through by t1,
-2
' 1
31ln ‘t-;_L/Q}; = >
)
2" (1] ¢y (41)
P .
and with the substitutions
1 .
s — (h2a)
© ek [Id |
and
YV [1],= 2 (t1+t%_) (Lob),

equation (L1) becomes uvon rearrangenent

a@d, 4 o«

(1, = ty o (h3).
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t dk
1
The term ;:‘ -E: approximates the probable error in Ci]o'
iy

This fact is most conveniently verified by exemining the values

forj? in Tables 5 and 7. About half the values are outside the
limits found from their per cent errors and the weighted average
value (this value is assumed to ve the true value). Equation (L3)
clesrly indicates the weakness in extrapolation to the initial
icdine atom concentration from cobservations at low iodine atonm
concentrations many half'-lives after the dissociating {lash.

In Table 2 values of tl and tl/?% are giveﬁ for
each recombination picture for the 2.0 x lOz—goule discharges.
The ratios can be combinec with the total possible error in k from

Table 1 to find the errors in [I]_,

Table 2
Factors for Determining the Error in{:I] o

A, Cclh solutions

le 2.0 x 102 Jjoule energy discharges
Y1
Date of Experiment Picture No. (millisec) tl/t%

6/12/53 17 0.23 0.5
18 0.23 0118
19 0.24 0.52

6/23/53 9 0.26 0.17
16 0.46 3.1
1w 0.L8 2h

18 0.L7 1z
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Date of Experiment Picture No. &Eiiiiﬁﬁi) El/t%
7/1/53 28 0.19 0.39
29 0.20 0.3L
30 0.19 0«33
28 0.20 0.é9
7/16/53 1 0.21 0.32
3 0.22 - 0.29
8 0.2% 0.31
9 0423 . 0.42
2. lie2 x 102 joule energy discharges
6/12/53 22 0.36 L1
23 Okl 1.
24 0,38 1.4
6/23/53 12 0.30 247
| 13 0.29 2.6
1l 0.30 | Lie3
7/1/53 36 Oulil | Lokt
37 Celi1 1.3
38 0.33 0459
Be n = CgHy¢ solutions
Je 2,0 x 102 joule energy discharges %
Date of Experiment Picture No, (ﬁéiiiﬁiﬁl ?l/t%
L/1/53 124 0.3k 845
13A 043k A

164 0u3lL 240
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Date of Experiment Picture No,

6/29/53 8
9
10

13

7/1/53 1

2 he2 x 10° joule energy discharges

L/1/53 2B
3B
8B

6/29/53 18
19

20

7/1/53 50
51

t

1

It it et e

0.17
0417
0.19
0.18
0619
0.18
0,19
0.18
0.16
0.17

0,20

t_l_"./ ‘t_(%

Lok
1.9
3els
1.9
2.1
1.6

Te6

- 1.8
. h..é

17
1.2
1.5
1e6

.1.7
3e3

2k
201
3el
LeO
20
8.0
241

5e7
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Another source of possible error in the values of[:I]O
not included in equation (L3) is thet the flash lamp may not fire
immediately after the 5022 thyratron discharges. This would mean
that exﬁrapolation to the end of the delay for t=o is not valid.
Actually the dependence of the intercept data for both gas and
liguid reaction cells on the energy discharged through the flash
lamp strongly suggests that delayed flash lamp firing occurs rarely
if ax all, |
lte Data Obtained
ae 12 in CClh Solutions

The Recombination Signals

Upon iliumination with the filtered¥* £lash lamp 1iéht, a
reaction cell containing only Bastman spectropiiobometer grade CClL
exnibited a small negative change in the optical density with the
filfered steady light. This small positive signal decaving to half-
value in ca one millisecond represented an optical<ﬁensity change of
the order of =~2.6 x 10"5 for a 2.0 x 10° Jjoule dischargé and ~§.2 X 10’5
for a L2 x 102 Jjoule discharge; il.e., this small signal was approximately
proportional to the flash lamp energye.

After 12 wWwas added to the CClh’ a large posi£ive signal was
observed representing an optical density change of the order of
~10™3. The reciprocal height of the signal (corrected for the small
positive signal observed before the acdition of 12*%) plotted against

% Cf Fig. 3.

% Uncorrected signals when plotted also furnished reasonably s traight
lines with slopes about 9% lower than those of corrected signals.
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time gave a reasonably straight line in agreement with equation (33)
for the recombination of iodine atoms. Reciprocal signal heights
versus time plots are shown in Figs. 10, 11, and 12. The points at
the end of the sweep are high in practically all of the plots. . The
reason for this slight deviation toward the end of the reaction
from the line for a second order rate expression is not known.
Possibly a combination of effects tendsto shift these points upward
since at the edges of the oscilloscope face the signal is compressed
along both the time and the amplitude directions (the cathode ray
tube is curved at the edge). In additionnthe small positive signal
in the CClh before I2 Was added was observed at higher monitor lanp
currents (ca 5 wamps) than the phenomenon with 12, Any slight over-
correction would make the reciprocal values too high with the
greatest error in the smallest signale The compression in the time
direction at the end of the sweep and the small positive=-signal over-
correction partially account for high reciprocal values but the small
number of points actually affected in any plot and the incompleteness
of the adjustment for these errors made replotting impracticale.

The signals also furnish reasonably straight lines when
plotted against time on semilogarithmic paper (E£ Figs. 13, 1L, and
15) and from these plots a first order reaction could be adduced.

Pictures representing the optical density change upon
flash lamp illumination of I, in CCLy, with a slow sweep (ca 0.017
second) at both 2.0 x 102 and L2 x 102 joules flash lmp discharges

showed normal recovery of the optical density; i.e., the signal



Le)
=

5,09 -

.07

-
S
,K”ﬁ. ‘
yd
i
4'/ g
S

!
x
Poh
| 4

€05 A

e |
i
i
|
;
<
i
¢ - S, -
! i I

n - - ¢
SIS oo < Bgls ]

1.3




Iy in cCL,

0.3

0.1 -1

Q.09

0.07

Q.05 —

o 32 04 0.6 08 Ry

in anihisecoads

. ¢ i “1 A - o " : e
Fig.“ heciproc«ai of signal detiection verius Thine




]
L
O

§

IZ in CClh

219

3

(Picture wne 28, T/1/73, erps:

: T i aeconds

+ 1 d-uinit)

. T N r Y T N
Fip |2 r\(’zv;;,,r-o‘__ai ot Sa%hd' ulH&:thn Veiroug {.vin&’,



C1

0.09 _|

.08 |

007

Q.06 _|

0.04_|

0.03

12 in CClu

©.02

T T T T

0.2 04 06 0.8 1.0

t 0 milliseconds

Fig: 13 Logarithi of reciprocal sigral detlection

verSus Time
(picture no. 18, 6/12/53, error is ¢ 1 s-unit)



170
dJ

010

007}

006

0.05

0.04 |

0.03

Q.02

e
|
1

C.08 |

072 04 0.6 a8 10

£ in milliseconds

Fig.‘df Logamjchm of r@cipr‘oca! sn%rm\ detlection

: vérsus ime »
(Pictm‘z no. 24, 6/12/53, error i+ 4 g-unit).

T [ I o T



e

I, in CCY,

010

0.09 —

0.08 /O

0.07 — -~

0.06- /

0.04

0.03

T T |
0.2 0.4 0.6 , 0.8 i

t in milliseconds

Figp.lb’ Logariﬁ'm ot r@c‘«procal s'\g}na’ detize-
tion versue time (picture no. 28, 7/1/53)

o 7



wal 3
returned to the base line. Note that this normal recovery has
-been observed over a period ca 17 times as long as the actual
period in which the data for the reported recombination values
were obtained.

Determination of the Effective Extinction Coefflclent
To determine the effective extinction coefficient

- for I in CClh’ the optical density for a reaction cell was
measured with the same steady light, filter, and photoelectric cell
as used in the recombination experiments and this solution used
to £ill a small 10 cm cells The optical density'of'this sméll
cell was measured at 517 mee in the Beckman model DU spectrophoto-
meter and after the blank correction was made, the concentration
of iodine was calculated with the use of the reported (3) extinction
coefficient of 930. With this concentration, the effective
extinction coefficient was calculateds This procedure was repeated
on the solution used in the e xperiment of 7/1/53. The data for the
determination of the effective extinction coefficient are given
in Table lie The two values for the extinction coefficient found were
14,86 and 120 mole ™ liter em™}. Their average, L5 x 102, was used in
computing the recombination constants in Table 5.

If the optical density for a reaction cell is taken to
be log }Q/El‘where i

e
light with a reaction cell filled with H20* in the light path and i, is

is the photoelectric current due. to the steady

# No difference between n - C7H HZO blanks could be detected
(cf Table 3) and the calculated ferences between a CCl) blank and
the other blanks are smaller than the experimental error.
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Table 3

Steady Light Current Readings for E"C?Hlé and HZO Cells

Cell Steady light current
' ( /Aa.mp)

HO 3426
n=CoH, ¢ 3423
Hy0 | 3.27.
H,0 | 3426
n~Cqllyg 3426
n-Clly¢ 3461
a-Gqtye 3466
H,0 3672
_n_-C7H16 _»3.98
H,0 3469
2-C7H]_6 : 301}6 _
L T 34
H,0 3.70
Hs0 3662

n=C-H, g 3466



~lg -

the current for the case with the lodine solution in a reaction
cell, then there is a 5-10% difference between optical densities
determined when the steady light lamp is operated at 8 v and when
it is operated at 6 v. At 6 v the steady light current for the’
solution and the blank was between 1 and 2 48PS and a higher
optical density was measured than that determined at 8 v operation.
At 8 v the steady light current was generally between 3 and 4 8PS
and all the phenomenon pictures were taken with steady light current
in the neighborhood of 3 samps. The difference in optical density
values with different steady light operating woltages is due to two
effects:

a) photoelectric cell saturation

b) change in the energy distribution curve of the steady

light.

The photoelectric cell current is not exactly proportional
to the light intensity. The collecting voltage on the anode drops
as the current increases and this decreases the sensitivity of the
photoelectric cell somewhat. The photoelectric cell cui‘rents » 1, and
i,, may be written as

i= K £(V - igR) (Lba)
and

i,= KE(V - iR) (Llb),
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Table L

Optical Density Data Used in Calculating the Eixtinction Coefficient
for 12 in CClh Under Conditions of the Recombination Experiments
A, Tirst determination

1. Reaction cell (32.9 cm long) in steady light path

Cell Steady light,current Optical density Corrected O.D.
( parips) (1log io/1iq)
I, in cCL, 2451 0.218 0.228
In in CC1 2436 0.237 0.2L7
Hgo 4 h.88
I, in CClh 2eli5 0.217 - 0.227
HzO L,05
iy in CCl) 2435 04235 0.2L5
HZO }.L.Ol,l
Aversge and mean deviation 0.237+£0.009

2. Same solution in 10 cm cell in Beckman model IU spectrophotometer

Optical density of solution [Ié] - €
against Ho0 at 517 maa (mole/liter) (mole/1iter) tem™t
0.138 148 x 107 86

Bs Seccnd determination

1. Reaction cell (32.9 cm long) in steady light pathe - =see steady
light current and optical density values in Table 5 for experiment of
7/1/53

2. Same solution in 10 cm cell in Beckman model TU spectrophotometer

Optical density of solution Ci‘l €
against H;0 at 517 mac (mole/%iter) (mole/liter) tem™t
0,066 0.71 x 107 1120
2

C. Average value for € = (L.54 0.2) x 10



The logarithm of both sides of the equation formed by dividing equation

(Lha) by equation (Llib) becomes after the application of Taylor's

expansiocn and rearrangement

(L5).

£1(V)
[; - — iR
i, K, £(v)
In — = In— 4 1n
i K, {: £ (V) iK
- — iR
£ (V)

Since £1(N)K £(V),

i, K £1 (V)
n — = In — 4 1n 1 -
11 Ky

————

£(V) *

and upon further expansion and rearrangement,

K i, (V)
Im— = I —+—— (i, =33)®
Kl j_.1 iy (V)
or since
£1(V)
= iR
£(¥)

the true optical density, O. D., is given by

i l - i"n
o o
O De = 10g —— + é—- =
il 2.30 i
~ Bince _in___ is a constant,

2430 1

/3 £ (V) R
2.30 i

£(V) 2,30

iR - ilnii} (L6)

(L)

(1:8)

()-Lq) .

(50),
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equation (L$) can be written
is
0. Do = log — + 0.006 (i, = i7) (51)

+1

where 0.006 is the average value of this constant for severa1>
experimentally determined values oféf . Now the true optical density
of a reaction cell can be computed for operation of the sﬁeady
light lamp at 8v. Corrected optical densities are listed in
Table 5. The correction accounts for about half the difference in
opticsl densities for 6 and 8v lamp operation. The other halfis
apparently due to the change in the energy distribution curve qf
the sfeady 1light.

When the steady light lamp is operating st 8 instead
of éz, there is a shift of the peak of the cnergy distributicn curve
toward the shorter wavelengbhs. If J is the light transmitied in

the wavelength range /\,' toﬂé_; s (fi ), the intensity of the in-

cident light, a function of the wavelength; fi( é_), thé extinction
coefficient of 12 in the solution, alsoc a function of the wavelength;
¢ , the 12 concentration; and 1, the distence the light travels
through the solution, then for a particular wavelength Beer's law
may be expressed as
J(A) = JO(A) exp(= € (A ) cl) (52)

and Ay

Az
J 24 J(A ) d A —‘-f,\ I (A ) exp(- € (A ) c1)dA (53).
‘.

i
For small absorption

J :{AEO(A ) [1-€(A ) clj dA (51)

i
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and the amount sbsorbed is

A2
A7 = 4 Jo(A )& (A) claA (55),
!
How J_Q(_,_l_ ) is a product of three functions of the wavelengths f
one, the energy distribution with wavelength of the steady light,

L( A ), another, the filter transmission, F(A ), and the other,

the photoelectric cell sensitivity, P(A ); i.e.,

IAA Y= LAY F(A) PA) (56).

Now equation (55) becomes
Ay
AJ—"/‘/L(A) F(A) BP(A) e (Ad) c1ad (57)

!

ana the.amcunt absorbed is a ffected by changes in the emission curve
of the steady light lamp (the L(A ) term). The peak of the energy
distribution curve for the steady light is in the nesr infrared and
as the peak shifts toward the shorter wavelengths the fractional
amount of light absorbed at shorter wavelengths is expected to in-
crease because L (/_\ ) increases.

Tebular Presentation of the Data

In Taole 5 are given the date of each experiment with
Ir in CClh solutions, the oscilloscope sweep setting, the writing
" rate of the oscilloscope sweep (in millisec/s - urit), the
oscilloscope gain setting, the gain (g) of the amplifier-cscilloscope

combination (in s - units deflection/ aamp), the gazin correction term
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able &

Summery of Data From 12 in CClh Solutions

Date of Swee Writin Gain - Cel i i D (1 ] .
Experiment Settgng Rate € Setting (g—%nits)l@ 374 Cell %‘}p%r?lgo%l C. D C(mole?liter)lo 45_]1’1&’81}1-(3
(mil]jsec) M a0
s =~ urit
6/12/53 250-1250 0,0317 10 3.33 0.06 I, in CC1) 3.87 0.0983% 17
v 70 v 100 "
(6/11/53) air 1,82 18
I, in CCLy 3.7L 0.112%A 19
air L.81 22
I, in CCL 3.7k 0.112%% 23
air L.81 ) 2l
Q.07+ 0.006 0.72
6/23/53 250-1250 0,0333 10 3430 -~~ I, in CC1), 2.56 04243 9
v 70 v 100 150 Le37 12
H,0 L.38 1L
Iy in CCly, 2.50 0.25L 16%
Hy50 138 . 17+
0.248+£T00 1.68 16%
H Flash lamp light unfiltered.

% Calculated correction for air blank included,



Table 5 (continued)

Date of Sweep Writing Gain ‘ B Cell i, and il 0. Do CIQ] Picture
Experiment Setting Rate Setting Eg—u%its)l.O"B - (O/gamps)l [(mole/ 1iter)10+E] No.
millisec A2
(s |
7/1/53 2501250 0,033L 10 3.38 04025 I, in CC1) 3.L5  0.080 28
v 70 v 100
H,0 he12 29
I5 in ceyy, 3416 0.110 30
?20 ) u.gz 2%
in CC 3. 2
2 L 3-1MFMB 0.105 3
Hy0 Lell 38
0,098 X 0,012 0466
7/16/53  250-1250 0.,0321 10 2,98 0,098 I, in oc1 Le36 0,024 1
v 70 v 100 Ho0 1,60 3
I; in CCL) Le18  0.01 8
H,0 11’58 9
Iy in CGlh Le32 0,029
Ho0 Le61

0,031% 0,006 0421

..'\:5..



Table 5 (contimied)

Date of Picture_  Slope 1 Flash [:I] (1) a ta. _
Experiment No. {(g-units) J ( /*ano., ) ‘S-O Lamp ((mo?l.e 10/7] 21,3 L4 (Btised ‘}i(mo}e-l]iwr)lo 10
T sec s-units)”™ 3::( Energy 5 11’0e1) % sec _:(
[(jouleso™]
6/12/53 17 61 3.56 0,032 2.0 1.6 1ol 0.17(*9%) 0451 0.58
18 73 3456 0.036 2.0 1.5 1.0 0.16(x9%) 0.48 0.70
19 72 3456 0.034L 240 1.5 1.0 0,16(210%) 0.U46 0.68
22 8l 3454 0.029 1162 1.8 1.2 0,11(221%) 0434 0.80
23 7l 3.54%  C.023 }e2 243 1.6 0,14 (£27%) 0430 0.70
21y 85 3.5L% 0,021 e 245 1e7 0.15(2274) 0.27 0.80
6/23/53 9 122 2.53  0.019 2.0 3.6 1.1 0.17(#3%)  0.15 0,90
12 111 2,58 0.012 L2 5.5 1.6 0.10(£51%) 0.11 0.68L .
13 111 2.58  0.012 l1e2 5.5 1.6 0.1L(£L9%) 0.11 0484 b
1 129 2458 0.009 l1e2 Te3 242 0,19(#82%) 0,07 0.97 t
1633 ol 2.58 0.01kL 2.0 L8 Leb 0.22(£59%) 0.15 0.71
1730 120 2,58  0.002 240 33 948 1.53(2156%) 0.02 0491
1836 109 2.58 0,004 2.0 16 le8 0.75(£228%) 0,04 0.82

#*  Pictures taken in succession; steady light current read only for no. 23.

% Flash lamp light unfiltereda



Table 5 (continued)

Date of Picture Slope Flash Cr_] ¢
Experiment Ho, [(s-units) (p.ampS) b Lamp mo? 107 2[1 ﬁﬂ]_-,s i "‘llmlﬂ]g]o
P [ sec J S-Ll’ll’tS) 3 Energy [( Jer ] 2} ( ec) [&E"E}E—z—‘ J
(JOules)lO
7/1/53 28 59 3.28 0,035 240 1.5 1.1 0.1?&7%3 0,19 0450
29 60 3,39 0,030 2,0 1.7 1.3 0.20(£6% 0,59 0.57
30 67 3eli2 0.038 2.0 1.l 1.1 0.17(x6%) 0.58 0.6l
31 68 3.23 0.0k 240 1.2 0.9 0.1L(6%) 0.68 0.62
36 72 3.28 0,016 - L2 3.l 246 0.23(x27%) 0295 0.67
37 63 3.2L  0.020 L2 247 2.0 0.18(25%) 0,31 0458
38 62 3.2 0,023 L2 2l 1.8 0.16@17%) 0437 0.55
|
AN
7/16/53 1 6l .36 0,042 2.0 1.2 2.9 0L5F26%) 0,65 0.65 Y
3 60 1e36 0,046 240 1.1 2.6 0.0(267) 0475 0.60
8 78 hei5 0,055 240 0.9 2.1 0.33(£26%) 0,70, 0.80
9 76 Liali5 0.0L2 2.0 1.2 2.9 0.5E28%) 0,55 0.78

B ] 20

Aver ege valoes aud mean d(‘ﬂét}w_g O.l9 t Oob-g O ?2 11
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(Ag), the steady light current readings (%9 and_il) (in /Lamps),
for the Vvarious solubions anda cell blanks interposed in the steady
light path, the corrected optical densities, the iodine concentra-
tion (in mole/liter), the phenomenon picture numbers, the slopes
of the reciprocal signal~height versus time plots (in (g-units)‘l/
sec), the steady light current (in pamps ), the intercept.(1/§9)
of each plot at t=o (in (g-units)-l), the energy dischargea
through the flash lamp (in joules), the initial iodine atom concen~
tration (in mole/liter), the percent of initial dissociétion, the
mhqumanﬁﬂﬂ(é),ﬂwmwnlﬁ%ﬂwéfﬂmi&&mamm
~ (in millisec), and the rate constant (k) for the recombination
(in mole™ liter/sec).

Estimation of the Primary Guantum Yield

The primary quantum yield in the gas phase for
the dissoclation of iodine molecules has been demonstrated to be
essentially unity in the banded region of the absorﬁtion spectrum
by Rabinowitch and Wood (L;). The initial iodine atom concentrations

2 and .2 x

for a reaction cell containing 12 in argon at 2.0 x 10
102 joules flash lamp discharges were found to be 3.5 (¥ 0.} mean
deviation) x 1077 and 6.2 (+0.5) x 1077 nole/liter, respectively.
The optical density of this cell was essentially the same as that
of a 10 cm length cell with the same components whose iodine con-
centration was 1.1 x 10“5 mole/liter so the concentration of the

longer cell was (10/32.9 x 1.1 ) x 10~ mole/liter. With this value
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the fraction dissociated has been computed to be 5.3% for a
2.0 x 10° joules flash lamp discharge and 9.% for a L.2 x
102 joules flash lamp discharge. The maximum extinction co-~
efficient for iodine in argon is nearly 20% lower than thej
maximum extinction coefficient in either CGlh or E;C7H13 and
with this factor the values 6.5 and 12,0% have been selected
for the fractional dissociation in the gases assuming.unity
primary quantum yield. These estimated maximum fractiqnal
dissociations corresponding to the two flash lamp energies were
divided into the observed fractional dissociations in order to
obtain the primary quantum yield in the liquids (cf values in
Table 5). Testswith 12 in argon systems, with the modified flash
photolysis apparatus used in these experiments with ligquids, pro-
duced recombination constants which were slightly higher than those
reported in Part I of this thesis, The values of the fracbional
dissociation in the gas cells are slightly greater ‘than they
should bes On the other hand the light entering the gas-system
cell is less than that for the licuid-system cells because in the
former case there is reflection from two gas-glass boundaries
instead of one gas-glass and one glass~liquid boundary. The re-
flection loss and the error in the fractional dissociations in the
gas system nearly cancel each other,.

The errors for the values of‘g? in Table 5 are

determined from Table 2 and-equation (43) and in addition the
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extremely low optical density solution for the experiment on
7/16/53 led to an uncertain iodine molecule concentration
whose error (¥ 20%4) has been included in the error values for
the four pictures of this experiment. The average value and
mean deviation at roomtemperature for f , 0.19£0.05, reprei-
sents the average of all values of é weighted inversely with
the error associated with each value. The mean deviation is
the average of the weighted deviations and there is presﬁmably
an additional possible error of at least 15% associated with
iodine concentrations and assumptions in the fractional
dissociation values.

Iodine solutions at four different optical‘
densities were studied (cf Table 5). Essentially the same
results were obtained from all of these solutions except for an
.approximately 60% increase in the initial iodine atom concentra-
tion upon doubling the energy of the flash lamp discharge, Figs.
16a and 16b illustrate the wvariation of Cijo with optical density
(essentially iodine concentration) and with flash lamp energy.

| Incidental Observations

When the Corning no. 3486 filters were removed,
reaction cells with CClhalone:ﬂmmedza large long-lived in=-
crease in optical density. The decay time of the negative
signal was greater than or equal to 0.12 sec, the decay time for
an ac signal with the amplifier-oscilloscope combination. This
was observed with Eastman Kodak spectrophotometer grade CClh and

in some earlier experiments with cp CClh. However, the earlier
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experiments also indicated that the cp CClh is less satisfactory
than spectrophotometer grade CClh as a medium in which to observe
thé recombination of iodine atoms. The positive signals obtained
decayed at about one~third the rate for the signals with Ié in the
spectrophotometer grade CClh. In Fig. 17 are shown the optical
density versus wavelength plots for two samples of CClh,-one cp
- material and the other spectrophotometer grade, for the region
260 through 410 mm. The absorption peak in the cp material may
be related to the impurity causing the slow signal decay when 12
is present. If iodine atoms were removed by reaction and the
product were less absorbing than 12 in the region being stﬁdied
spectrophotometrically, then a net positive signal would be
superimposed upon the decay due to recombination.

An interesting observation (but presumably only
coincidentally resembling the above negative-signal phenomenon)
is that when 58 dissolved in CClh is flash photolyzéd, a long=-
lived increase in the optical density of the cell occurs. This
photochemical effect has already been investigated (5); 58 goes
to a colloidal form upon illumination and light is scattered.

This large negative signal was observed in the
most dilute 12 in CClh solution (optical density“ﬁ:0.031) while
in the most dense solution (optical density = 0.248) normal-
appearing positive signals were obtained which when compared

against the flash alone furnished consistent rate constants and
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only the intercepts (and, therefore, [:f}o) for twoof the three
pictures seem abnormal <E£ pictures 16, 17, and 18 of the
experiment on 6/23/53, Table 5).

As already mentioned, the long pyrex flash lamp
and the Corning number 3L86 filters were used in a series éf
experiments with Iz—in~argon gas cells. The ratio of 0,82 for
the average value of the recombination constant for iodine
atoms in argon from a large series of experiments® to the average
value obtained with the apparatus in the present
investigation is attributed to an asymmetrical distribution of
light from the flash lamp. The rate constant in the latter
experiments is apparently too high by a factor of 1/0.82, in all
probability due to the non=-uniform production of iodine atoms,
The recombination constants in Table 5 would have a small
correction comparea to the gas system for comparable asymmetrical
distribution of iodine atoms since the periods of observatidn are
so different in terms of the half-times of the two kinds of
reactions. However, the apparent increase in the rate of decay
of the signal toward the end of the sweep is not due to a non-
homogeneous concentration of lodine atoms.

The Rate Constant

The average value and the mean deviation for the

recombination constant of iodine atoms in CClh at room temperature

. 10 - -
is (0.72%0,11) x 107 mole lliter sec l. A sense of the physical

% COf Part I of this thesis.
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meaning of this figure a2s characterizing the kinetics of
the reaction can be obtained from the pictures of the
oscilloscope trace during recombination as shown in Figs.
18 and 19.
be 12 in n~CiHyg Solutions

The Recombination Signals

The pure grade _n_-C?Hl6 obtained from Phillips
Petrcleum Company showed no change in optical density upon Iflash
lamp illumination in a millisecond following the flash. Toward
the end of a 30 millisecond sweep there was a small signal
corresponding to a slight increase in optical density. Pure
‘grade E-CYHlé without purificatiog and L, furnished persistent
positive signals (decrease in optical density) with a minimum
in the signal just after the flash.

After purification of the H"C7H161 normal appearing,
rapidly decaying, positive signals were obtained with 12
solutions with optical densities less than 0.2. On Slow sweeps
(gg 17 times as long as the period in which the recombination
data were collected) the signal returned quickly to the zero signal
state and remained on thls base line. Above optical densities of
0.2, the signals were inconsistent. The non-uniform creation of
iodine atoms can explain only number 2 of the folléwing observations:

1. The generally observed {even in the gas phase ex-
periments) apparent increase in the recombination rate toward the

end of the sweep (small signsl side).



Fig. 18 Oscilloscope trace during the recombination of iodine atoms

in cclh (picture no. 12, 6/23/53, cf Teble 5).

N

ige 19 Oscilloscope trace during the recombination of iodine atoms

in CCL) (picture no. 9, 7/16/53, cf Table 5).
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2. The difference between tne gas cell recombination

constants with different flash lamps.

3., The still smaller (than predicted from the steady
1ight current reduction) signal in high optical dengity,

12 in E_CTHlé solutions.

i« The erratic values in high optical density
solutions; values that range from that consistent in ﬁhe lower
optical density experiments to 3 and l; times this value.

Determination of the iffective Extinction Coefficient

Ixtinction coefficients founc for 12 in E-CTHlé
experimentally using the reported (3) value of 910 for the
extinction coeificient at 520 mu were 372 (for a solution of
optical density 0.213) and 379 (for a solution of optical density
0,216) (cf Table 6). The value of 3.7 x 102 was used to calculate
the recombination constants 1n Table 7.

The Recombinztion Data

v Date obtained for I, in 2—C7H16 solutioﬁs are listed
in Table 7, identicsl in arrangement to Table 5. The average
recombination rate constant and its mean ceviation for iodine

10 mole“lliter sec™F at room

atoms in n-CyHygare 2.2(% 0.L4) x 10
temperature.

Initial Iodine itom Concentrations

There is more energy absorbed in the reaction cell when
the flash lamp energy is doubled as clearly shown by the initial

iodine atom concentrations in the gas phase. In the liquid phase
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Table 6
Optical Density Data Used in Calculating the Extinction
Coefficlent for L, in n-Coliy . Under Conditions of the
Recombination Experiments
A. First determination

1. Reaction cell (32.9 ecm long) in steady light path

Cell Steady light Optical density  Corrected
current ( iamps) (log i,/1) 0. D.
I, in n-C-H 2637 0.217 0.226
nden |16 3.9
Iy in"n-Colyg 2412 0.207 0.216
I, 1n.g-C7H16 24002 0.215 0.224
Ly 1ni§-C7H16 2.2 0.196 0.20L
E"CTH:Lé 3360
I2 in _1’3—071"116 2el12 0.215 0.22L
I2 in Q-CTHlé 2.).&2 0020).}, 00213
_r_’_-"'C H 3087
I, in"n-C.H 2430 0.20 .21
¥, |8 ER L ’
Is 1n"n-CoH 2429 0.204 0.213
12 in Q~C7H16 2438 0.20L 0.213
n=CoH-g 3.82

Lverage and mean deviation 0.216 £ 0,006

2+ Same solution in 10 cm cell in Beckman model U spectro-

photbmeter

Optical density of [12] -1 a1
solution ageinst water (mole/liter) [knmle/liter) cn _z
at 520 A

nE,
0.158 C Ll.7h x 1077 379
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Table 6 (continued)
B. Second determination (same solution as above)

1. Reaction cell (32.9 cm long) in steady light path

Cell Steady light Optical density Corregted
current ( pamps) (log ip/}) 0o Da
I in E_I-C H 6 2031 00213 0.222
Bo — 0% 3.7T -
I, in n-C-H 2435 06200 04208
2 ="UT16 :
50 * 3.73
I, in n-CoHqg 2435 0,200 0.208
T — 7 l
Hy0 3673 . :
I in n=Cqil,, 2431 04204 0.212
HS0 3469 |
Average and mean deviation 0.213 £ 0.065

2., Same solution in 10 cm cell in Beckman model DU spectro=-

photometer

Cptical density of Cz.] €

\ . : n 27 . R |
solution azainst water (mol6/liter) {Zmole/llter) em ‘]
at 520 m e

0.158 1.7k x 107 372

C. Average value for &€= (3.7+ 0.2) x 102



Table 7

. S S e .
surmary of Data for 1, in n CTHlé Solutions

Date of Sweep Writing Gain g -3 /3 Cell i, endi O. D. Elzj Picture
Experiment Setting Rate Setting [{(g~units;10 J - = -1 [(_mole/ liter)lO J Noe
millisec M arp (/«am ps)
s = units
3/23/53  250-1250 0,0463 10 3426 === I, in n~C-H,, 3.05 0,068 24
v 70 v 100 Hgo 116 3455 34
I, in p=Cqlly 3,06 0,068 7
H50 3455 5B
I, in _1_1_-07Hw 3604 6B
H,0 = 3,57  0.069 78
15 in n-C-H 3405
15 in B-CIHLS 2.8l 0,061
H50 3426
I, in n=C.H,, 2,76 0.079
HS0 716 3130
s in n=~C 65 0,0
2 1n n=-o H 27 . ?9
Ho0 e 5u0
0,071£ 0,006 0.58
L/1/53  250-1250 0,0L8L 10 34148 ——— H,0 3424 0,017 124
v €0 v 100 : 12 in _11-071{16 3.12 0.030 134
}’_}.’"‘C?Hlé - 3 a35 ] 16.15:.
1o in n-Coili¢ 3.16 0,032 , 38
n=Coilyg 3,41 88

uL9~



Table 7 (continued)

Date of Sweep Writing Gain

B Cell and i O, D. 1o Pict
Experiment Setting Rate Setting [(s-unlts J10~ (DMBmpS 51 &mgle}hterm 5 igture
millisec ~wamp |
s = unit
L/1/53 H,0 26 0,015
(conbimed) I in n-CoHyg 3,16 0.037
n"c?L 16 3-)-13
I in n-C.H 3615 0,036
2.
0,026+ 0.008 0.21
5/20/53  250-1250 0.0359% 10 3.26% ~-~12 in n-CoHy, 2472 0.216 5
v 70 v 100 ~C.H e 38 6
I in"n=CoH 2,69 0.227 7
2 716
._-(""hlo )-Loll-h 8
0.221 0,006 1.82 16
19

Determinea l/28/53.

*



Table 7 (contined)

Picture

Bmole /1liter)l0 %_] No,

Date of  Sweep  Vriting  Gain g 3.4 Cell i, and i 0. D. (x,7
Experiment Setting  Rate Setting [{s~-units)10 - T pamps )+
millisec fHanp ’
s = unit
6/29/53  250-1250 0.0338 10 3439 0,06 I in n-C7H o 3451 0.0L7
v 70 v 100 E;0  © Y 3.89
H;0 3485
Lo in n=CoHo . 3,47 0.0L47
Ha0 716 386
7/1/53 . 250-1250 0,033l 10 3438 0.05 I, in n=Cql, . 2.89 0,168
Io in n=CoH., 2,91  0.175
2 11 £ [
H,0 736 427
I, in n~C.H 2,88 0.171
H%O 716 19 —
0.171 £ 0,003 Tekl
I, in n-CoHyg 3.23  0.112
1,0 Le13
;120 L b
7 in p=CoH . 3,09 0.112
' 3:96 .

0.113 #£0.002

0.93

e e ————— . o

~69

~

L3

L5

o~

50
51



Table 7 (continued)

Date of Picture( blope) Cuum ) 1 Flesh G, E, ¢ t k
Bxperiment Mo, {{(g-units DS 2e) Lanp 7 - R -1.. -
P [ — [(s-units) “fnergy ) @ziiir) o_] 2[x od (miltsec) fﬁ0}3311texﬁﬂ)1ij
[(101.1 es)lO"j (%) sec

3/23/53 24 301 2.89 0.020 2. 3.8 3.3 0,070 2.0

34 282 2.87 0.007 2.l 10,9 9.l 0.040 1.8

LA L22 2,86 0,010 2elt Tal 6eb 0,030 2.8

5B 306 2490 0.020 24l 348 343 0.060 241

6B L51 292 0.030 2.0 2.5 2,2 0.075 3.0

7B 322 2,92% 0,025 2.1 3.0 246 0.080 241

L/1/53 124 250 3,02 0,010 2.0 6.8 16 2.50(x192%) 0,0l 1.8

©13A 293 3.02 0.0L0 240 1.7 L.0 0.62(+ 76%) 0.1l 242

164 29l 2497 0.04L8 2.0 1.4 363 o.52(¢ 68% 0.17 2.1

2B 288 2.89 0.037 Le2 1.9 LeS 0.LO{£ 76%) 0.14 2.0

3B 292 2.88 0,040 Le2 1.8 L3 0 38(t 70@) 0.16 240

8B 262 2.89 0.030 Le2 2.l 5e7 0.50(£ 95% 0.10 1.8

5/20/53 5 338 2470 0.03) 269 243 0.6 0.13 2.1

6 350 2468 0.031 2.9 246 0.7 0.08 242

7 03 2,68 ~0.015 249 265

8 711 2470 -0,020 2.9 Lol

16 525" 2,70 - 0,070 249 1.2 0.3 0.13 3.2

19 322 2.67 0,036 2.9 . 243 0.6 _ 0,10 2,0

* 7B taken just after 6B, steady light current assumed same.



Table 7 (continued)

Date of Picture Slope i 1 Flash [L'( f -E%_ k. \
Experiment  No. ﬂ______-unmf -] (parps) 59 Lamp mole ) 7 2(_1 »3 (mifisec) ((mole ~Hiter)100
E(S_ units) ’.]j fnergy - QLZLT er sec J
{(joules)10
6/29/53 8 238 3.12 0,029 240 242 2.8 Ouh(#27%) 0,12 1.8
9 240 3.2 0.020 2.0 3.3 Lel 0.6L(#36%) 0.088 1.8
10 232 3.2 0,011 240 549 Tolt 1.15(268%) 0,056 1.8
13 206 3eli5 0,020 2.0 342 LeO 0.63(£36%) 0,096 1.6
1L 222 3,40 0,020 2,0 3.3 Lel 0.6L(240%) 0,090 1.7
18 211 3,115 0.013 l1e2 5.0 6e2 0,55(£76%) 0,060 1.6
19 250 340 0,002 o2 33 L1e3 3.66(£380%) 0,010 1.9
20 230 3,38 0,007 L1e2 9. 11.7 1.0L(*152%) 0.030 1.7 L
l,._-l
1
7/1/53 1 38 2.8 0,040 2,0 1.9 0.7 0.11(£30%) 0,11 245
2 392 2.81 0.010 2.0 T.7 2.7 Osl2@#1L4%) 0.025 2.5
3 345 2479 0.037 2.0 1.9 0.7 0.11(3L%) 0.10 242
6 538 2485 0.017 240 Lia5 1.6 0.25(£87%4) 0.035 345
7 382 2080 0.00l 2.0 19 6e7 1.,054323%) 0,010 245
13 371 2,80  ~0,0L0 Jia? 2,1
L1 278 3429 0.037 240 1.8 1.0 0.,16(¥23%) 0.16 241
12 265 3e2L 0.030 2.0 242 1.2 0,19(+29%) 0.13 2,60
b,3 228 3 ld ) 00032 200 2.] 101 0017 (tBOI{)) Oolh 1.?
L 303 3,15 0.035 2.0 240 1.1 0.17(32%) 0,12 2.2
L5 281 3615 0,013 2.0 53 2.8 o.bh(»63ﬁ 0.060 240
50 217 3.18 0,022 o2 3.1 1.g 0'152. 0.10 1.6
51 275 3410 0.010 Le2 © 740 348 0.3 108?) 0.035 2 60

Average values and mean deviations .hl:t 0.26 2e2 1 0.U
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the intercept value, and therefore [I]O, is much less reliable.
‘Nevertheless, if the high values of [I]O (Table T) for a few pictures
are disregarded, there is the suggestion of a moderate change
consistent with the interpretation of the data in terms of iodine
atom production and recombination. This change is also indicated
in Fig. 20 where the values of[i]o versus optical density show a

2 and L2 x 102 joule flash lamp discharges

trend in the case of 2.0 x 10
as well as with]:I?] for a given flash lamp energy.
It is interesting to note that the semilogarithmic plots

for the 12 in E—CTH solutions are not linear (gg Figs. 21a and 21b).

16

Fig. 22 is a typical reciprocal signal height versus time plot‘for an
12 in E-C7H16 solution. Pictures showing the oscilloscope trace
during recombination are shown in Figs. 23, 24, 25, and 26,
Estimation of the Primary Quantum Yield
The wvalues for the primary quantum yield have been de-
termined according to the procedure discussed in the préceding
section on CClh solutions. In the case of the 3-07516 solutions there
is greater uncertainty in the intercept values and, hence, the primary
quantum yield. This 1s evident in the mean weighted deviation of
+ 0.26 associated with the weighted mean value of Q.41 for gé for

the filtered flash light (A> 510 mfk) at room temperature,
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Fig. 23 Oscilloscope trace during the recombination of icdine atoms in

§~07H16 (picture no. 6B, 3/23/53, cf Table 7).

Fig. 2l Oscilloscope trace during the recombination of iodine gtoms in

§-C7H16 (picture no. 38, h/l/SB; cf Table 7).
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Fig. 25 Uscilloscope trace during the recombinatior ine atoms in

2"07H16 (picture no. 6, 5/20/53, cf Table 7).

Fig. 26 Oscilloscope trace. during the recombination of jodine atoms in

n-CoH . (picture no. 19, 6/29/53, of Table 7).



5. Discussion
a. Recombination and the Juantum Yield

When iodine dissolved in inert solvents absorbs light,
molecules can dissociate, However, each avsorbed guantum leadihg to
dissociation must have an energy at least that of 1.5,22 ev, the
dissociation energy, (6). The subsequent recombination of the iodine
atoms is faciliated by the very high rate of collision of an iodine
atom with solvent molecules. The numerous collisions may be
considered effective in two ways:

le If neither iodine atom from a photolyzed.iodine
molecule can penetrate the surrounding sheath of solvent molecﬁles,
recombination of these original partners can occur within a period of
a few orders of magnitude of that of a molecular vibration. This
briﬁary recombination, discussed by FrancK and Rabinowitsch (7), occurs
in a time short of the minimum instrumentally-resolvable period
obtainable at the present.

2e¢ Individual iodine atoms homogeneously distributed
throughout the solvent will combine whenever two of them meet while
diffusing since a three-body collision is inevitables.

Although other mechanisms for the dissipation of the
energy of excited molecules in solution have been suggested (7),
primary recombination seems to be the only significant process
accounting for the fractional quantum yields observed in these

experiments (041 in 2-C7H16 and- 0,19 in CClh). As an example of one



of these discounted mechanisms, consider the resction of an iodine

atom with the solvent according to either of the eguations

I+CH —» (CH I+3H Lha)

716 715 (L

I+C H CH 4+ Dle
g - s HI (Lo)

Reaction (LLb) is the more likely of the two but it is just
energetically possible at the shortest wavelength entering the
reaction cell assuming the minimum activation energy to be the

difference between bond energies. In the case of the equations

I+001y — CC1I+CL (L5a)

I+ccy — | CO1y+ ICT (L5b),
reaction (lj5a) is the more likely of the two although even it re=
'quires a more energeltic ilodine atom than can be furnished by the
shortest wavelength used in these experiments. In addition,
Rollefson and Libby (8) selected a system of GCl, and rﬁdioactive
Cly to irradiate.chyiu(shed‘to determine to what extent the

reaction

e
3
s

Cl +CCL —» CCL0L +Cl (L6)

oceurred since this reaction should have a lower activation energy
than that of reaction (L45a). However, there was no detectable ex-
changes, Chemlcal interaction of the atoms with the solvent molecules

in the recombination studies is unlikely on energetic grounds. The
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results of the experiment cited just above suggest that only atoms
with energles of at least several electron volts might form pro-
ducts with the solvent molecules (with a lifetime dependent on the
rate of the reverse reaction).

The wavelengths absorbed by icdine molecules in these
flash photolyéis experiments are on the long wevelength side of the
continvum, The iodine molecules are thus ralsed to an excited state
and they dissociate in a very short time ithrough collision with the
solvent molecules. Presumabnly all the excited lodine molecules dis=-
sociate and the gquantum yields less than unity are due solely ﬁo
primary recombinations, This conclusion is based on the experiments
of Rabinowitch and Wood (L)) who found for mixtures of 12 vapor in
several hundred mm pressures oi gases guantum yields of unity in
both the continuum and tne band region. Theyalso observed ﬁhat
dissociation generally occurs at the first collision except iv Che case of ‘he
very iight body He where 10 or more collislons are necessary.

S s s 5 g

The diffusion ccerificients x 107 For jodine molecules
in E-GTH16 and CClh at 25° C are 3.12 and 1.50 cm?/sec, respectively
(9)s The ratio of 2.3 for these diffusion coefficients is nearly
the same as the correspending one for the values of the guantum yields
This suggests that a rough correlation may be made between the
guantum yield and the ability of the atom to diffuse through the

surrounding sheath of solvent particles, at least for photolysis at
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long wavelengths where the kinegic energy of the atom is not
significantly greater than thermal energies.

Rabinowiteh and Wood (10) have discussed collisions
in soluticns. They concluded that ccllisions occur in sets in
closely-packed media. 4 set consists of a number of collisions
in a short time between two solute particles with a considersbly
longer interval between the occurrence of another collision-set
when the solute particles separate from the first set. 4 pair of
atoms which have just dissociated have the probability of 1/ T of
escaping recomoination with each other where n is the averane
number of collisions in a set (recombination is assumed to océur
on the first collision in liguids because of the numerous collisions
with solvent molecules). Rabinowitch and Wood (10) thought that n
wés approximately 2 for CClh' Their calculation was based on the
density of GClh’ and for GTH16 with half the density, n would be
approximately l. The ratio of these probabilities of escape of
primary recombination agrees with that for the quantum ylelds.
However, as Rabinowitch and iood (10) point out, with excess kinetic
energy the dissociated particle can penetrate the surrounding sheath
of solvent particles providing it is heavier than the solvent

molecules, The conservation of momentum requires that the dissociated

particle be reflected by the solvent molecules no matter how high

the kinetic energy of the particle may be as long as the solvent
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molecule has the greater mass. Thus,the quantum yield in CClh is

not expected 10 vary with wavelength® while that in CE (or

7716
Céﬁlb) should. A4 difference of nearly 10% in the quantum yields at L36 mm
and 5781@& for 12 in Céth have been reporied by Zimmerman and
Joyes (2). Their values are 0.59 and 0.37, respectively, at 25° ¢,
The latter value is in good agreement with that found in the present
experiments., In a more recent paver Lampe and Noyes (11) find the
guantum yields at 1136 T for iodine in Céﬁll end CC1, at 25° ¢ to
L b
be 0.661 0.0 and Oolﬁer.Ol’respectively. With this more precise
value for the Céth solutions and the ratio of 0.62 for the guantum
yield al 578 meto the quentum yield et 136 mu in the same solvent
found by Zimmerman and Noyes (2} who measursd stationary rate constants
with the same solutions st different wavelengths, the calculated wvalue
of the gquantum yield at 578 mucis Q.Ll. Tois walue is precisely the
weighted average value obtained in the present studies. However,
this close agreement is purely fortuitous in view of thejassumptions
involved in the calculation of the value in these studies, 1In
gualitative agréement with expectations and the oreceding experimentsal
work are the results of Temblyn and Forbes (12). They found the ratio
0 o
of guantum yields at L3584, 51614, and 57608 to be 1:0.29: 0.27 during

" : . <. - o > z - O
the photo-iodination of dliodoacetylene in hexane at 0 C, In contrast)

smaller differences between the quantum yields st long and short

~

wavelengths were found by Dickinson (13) for iodine during the iodine

s assuming no chemical reactions between the dissocisted
perbicles ond tUne solwent.

=]
=
t_h
v

N
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sensitized decomposition of ethylene iodide in CCl) et 76.60 Ce.
His ratios for the quentum vields at 135 A 54Q1A and 57804 were
10.87:0.75.

Furthermore, the stationary concentration of atoms in an
irradiated solution is given by the rate of their production times
their aversge 1ife. Since the rate of production is proportional to
1/ @ and the average life, to T, the concentration is independent
of the primary recombination and the photostaticnary state ex-
veyviments cannot furnish any information about tinis process. The
rough guantum yield data cbtained in the present recombination
studies dc¢ , however, illustrate the flexibility of the flésh
photolysis technique,and refinement of the experiments should permit
extensive and precise studies in the photochemistry of solutions.

b. The Rate Constants
The data obtained in this study have been consistently ine-
ﬁerﬁreted with the second order rate eguation for the recombination
oy iodine atoms (gg equaticn (4) ). The non-linear semi-logarithmic
pchs of the reciprocal signal helghts versus time for the n”u7h 16
solutions (21la and 21b) suggest the inapplicability of a first order
rate expression. However, the same representation of the dats from
the CCl\ solutions (Figs. 13, 1, and 15) provides linear plots, as
previously mentioneds. 1In these solutions the rate of disappearance

of iodine atoms could be considered simply proportioconal to their

concentration. .1 second order expression, however, is more appropriate

e e o .
for the analysis of the data than is the first order for the following
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le The values of the initial iodine atom concentrations. as
determined by extrapolation to L =o on the plots of reciprocal signal
heights versus time are clearly prcportional to the energy of the

flash lamp discharg (cf Figse. 10 and 11). The intercept values on the

seni~logarithmic plots do not indicate this relation.

2. Tigs. 16a, 1€b, and 20 based on values obtained with the
second orcer rabe expression illustrate the direct variation of the
initial iodine ztom concentration with the molecular lodine concentratbtion.
This relation is not demonstrebls  with the intercepis of fhe semle
logarithunic plots.

3. The ratio of 2.3 previously mentioned for the cdiffusion
coefficients for lodine in n~heptane and.CSlh may be compared to the
ratio of 3.1 for the second order rate constants for recombinstion in
these respective solvents since the recombination process is presumably
diffusion controlled. The approximate agreement may be consldered as an
argunent in favor of the second order rave constant since the ratio of
the first order rate constants is essentially unity.

The coincidental fit of the data for CClh solutions to semi-
logarithmic plots is not too surprising since, according to the second
order rate expression, the slope of the logarithm of the reciprocsl
signal height versus time curve should change by a factor of about 5
during the observational period in the case of n-u H 16 solution while the
change in slope cver the same time interval in the csse of CClh
solution with its much larger sipnals should be less than 2.

when the values of[i] s/rqﬁ (in the range AOO—SBO m/«) de~

termined by Rabinowltch and “ood (1) axre averaoed one obtains
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. L
16 (£ 0.6) x 10° and 1.0(% 0.2)10° (sec atom/ml)” for iodine

in Céth and GCll

when these values are combined with the present quantum yields

, respectively. The error is the mean deviation.
1

(cf equation (5) ), the rate constants for reccmbinabion are
B o 10 | -1 -1
0.96 x 107 and 1.1 x 10" in mole = liter sec ~, respectively.

The values obtained by Laupe and Noyes {11) using their quantum

vields and the corresponding CIJS/ 0‘13 averages given above were
3

10 10 - -
1.6 x 10— and 0.8L x 107 mole ™t liter sec™t at 250 Ce The value
calculated by Zimrerman and Noves (2) for the rate constant for

recombination in hexane combining their data ana these of Rabinowitch

and Woed (1) was 1.1 x 100 mo1e™t 1iter sec.™t

The rate constant for E'C7H15 reported in the present ex=-

10 1

periments, 2.2 x 10 mole™t liter sec™—, may be too large by

10-20% in view of the tendency for the higher optical density
§-C7H16 solutions to slways furnish higher (and more erratic) rate
constents, However, inview of the difficulty, inherent in 211 of
these various experimentel ltechniqgues, in obtaining precise
messurements, the agreement among the various values of the rate

10 1

I -
mole — liter sec for

constants (including the value 0.72 x 10
iodine in CClh at room temperature obtsined in the present studies)

is considered Lo be good.
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PART 1T
Some Studies of tne Trace Quantities of lLead, Urénium, and Thorium
in Marine Carbonate Skeletons
1. Introduction
The assceciation of small quantities of elesments with a
particular matrix or host substance may reveal information con-
cerning the tolerance of the matrix toward these elements, the
environment in which the matrix formed, and the subsequent nistory of
the system. From tnis roint of view the calciun carbonate skeletons
denosited by marine animals may be geochemically significant. They
are a major scurce of the carbonate deposits of the earth and are
present throughout a span of the sadimentary record waich représents
more than a tenth of the age of the earth. The extensive distribution
in time and space of the marine carbonate skeletons sugsests the
suiﬁability'of this phase for investigations of coprecipitated elements.
An example of a geochemically significant stuoy of this type has been
recently provided by Lowenstam (1) who found an indirect correlation
of the strontium content of shells with their precipitation
temperatures, This content increases with incressing arasonite per-
centage which is temperature dependent in the group of shells. While
elements similar to calcium such as magnesium and strontium may be
incorporated in the calcium carbonate lattices in percent quantities,
the significance of elenents present in amounts of the order of a
thousand times smaller should not be neglected. Trace amounts of the

heavy metals lead, uranium, and thorium can be isclated and studiec
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through recently developed technigues (2,3,&,5). These elements
have been selected for study in comection with carbonate skeletons
because analyses for these trace elements in shells can furaish
the following information:

1. The concentrations of these trace elements.

2« The ratios of these concentrations as an approximation
to the relative amounts of the elements present in sea water.

3. The isotopic composition of the lead in the ocean.

The third factor in the preceding outline deserves épecial
emphasis. Important gquestions concerning the distribution of lead in
the ocean may be ansvered by isotopic analyses of appropriately
selected samples. This type of investigation has been initiated by
Patterson, Goldberg, and Inghram (6) who examined three Pacific Ccean
sediments., The isotopic ratios of one of these samples, the ILomita
marl waich formed near shore, deviate somewhat from those for the
two deep ccean samples. This discrepancy may be due to acid leaching
of a minersl in the Lomita marl with a nonrepresentative lead since
the isotope ratios for the other two specimens, red cléy end a
manganese nodule collected hundreds of miles apart, are essentially
the ssme and suggest a2 widespreac uniformity in the isotopic composition
of lead in ocean water.

4 uniform isctopic composition for the lead in the occean
implies that circulstion of ocesn water is extensive and thoroughly
nixes the water. If this has been the case throughout the existence

of the ocean, lead in the geochemical cvele widch has been withdrawn
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from the ocean and "Tossilized' in merine precipitates should vary
in isotoplc composition with the age of the precipitate. The lead
in the older samples, excluding that produced in the samples througn
its radioactive progenitors, shoulcé have less lead of radiogenic
origin than the lead in recent precipitates since the lead weathering
out of the rocks and entering the ocean continucusly increases with
time in the end products of the radioactive decay of uranium and
taorium. The varlation in isobtoplc composition with time may
eventuslly be demonstrated in marine calcium carbonate. Hoﬁever,
the selection of representative samples stil]l poses a problem as the
present studles reveal,

L procedure which is described in the following section has
been developed for the isolation of microgram quantities of lead,
uranium, anc thorium for colorimetric snd mass spectrometric
analyses from a single 200 gm sample of shell. Following this cut-
line are some data obtained through these technigues. OCceanic lead
enalyses are extended to the Atlantic Gcean and the data are dis-
cussed in reference to the three previcusly cutlined géochemical
factors.

2. Isolation of the Trace Elemenis
a. HMHinimization of Contamination
The isolation of a trace element whose concentration in
a substance is in the neighborhood of 1 ppm reguires that every

precaution be exercised to reduce contamination. Comtamination from



~91 -

the air, appsratus, and reagents is a serious problen.

The laboratory in wirich the work described below was per-
fermed was specially designed for the znalyses of trace amounts of
leads The use of lead and its compounds was avoided in the preparation
of the laberatory. The washed and electrostatically filtered air of
the laboratory is kept at a slightly nigher pressure than the air
utside.

A1l the glassware (Pyrex) is carefully washed in KOH and
HNOB and finally rinsed with quadruply distilled water., Parafilm, a
self~sealing sheet plastic, is used to cover the glassware and solutions.

las

S
0

Evaporations in the stainless steel hoods are performed in ;
containers in which a positive pressure of dry nitrogen gas is maintained,
Therefore, the eddies in the hood draft are unlikely to introduce dust
raised in the laboratory into either the solution in the beaker or its
surrounding glass evaporation unit. These procecures to insure the
purity of the sample during chemical monipulation have aiso been dis=
cussed by Tilton et al i5).

Reagents such as HC1, NijOH, and (NHh)2CO3 have been pre-
pared by bubbling the gas from tanks of the liquid or gas through glass

filter frits and Tygon and glass tubing into quadruply distilied water.

Cp HNO3 and triply distilled water were redistilled in gusritz. Organic
solvents such as hexone® and CHC1, were extracted three times with equal

3

velumes of 2N ECLl. each acid extraction being followed by a suificlent

mumber of rinsings with water to remove trsces of the acid.

¥ 4-llethyl=2=pentanone
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be. Treztment of the Sample

Recent shell material has been used to develop the
procedure described helow for the isolation of the trace constituents
lesd, ursnium, end thorium. The steps in this snalysis are discussed
in the following outline.

A. Preparation of the sample for the isclation of
individual elements.

l. To minimize the inclusion in the analysis of
extranecus substances assoclated with the shell, the surfaces are
ground of £ with silicon carbide wheels (made by Mizzv, Ince., H. To)e

20 A 220 gm sample is washed with 2N HC1 three times
with three water rinsings =fter each acid washing and dried at‘llOo Ce.

3« The sample weighing ca 200 gms is weighed out and
baked in a muffle furnace at about hOOO ¢ for at least U8 hrs., This
'step is to carbonize the organic material in recent shells. When the
sample has not been heatea long enough, dissolution is hindéred by
the formation of a slowly collapsing foam.

lte The sample is dissolved in 6N HC1 and spike
solutions are added. Typical spikes and their purposeé ere as followst:

(a) About U5 mg of Fe+3 in solution is added as
a2 carrier to bring down the trace smounts of lead, uranium and thorium.
. 210 .
(b) AT solution with about 7000 counts/min

is added to determine lead yield.

_ 206
(c¢) Approximately 30 micrograms of Fb in

solution is added to determine the Jead concentration by isotope

dilution.
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. . } 230
(¢) Approximately 5 micrograms of Th

in solution is added to determine the thorium (ThZBZ) concentration

by isotope dilution.

235

(e) Approximately 6 micrograms of U™"7 in
solution is added to determine the uranium concentrestion by
isotope cilution.

5. The solution, black from suspended carbon, is
filtered through smell wads of glass woole

6. The solution is heated on a hot plate and ammonia
gas is bubbled in until a pH bvetween 7 and 8 is reached, Organic
material and the concentraied calcium solution may inhibit the iron
hydroxide precipitation at this stage and account for the low yields
observed as well as the slcwness of precipitation with smaller amounts
of T3,

T« The supernatant is discarded after the precigitate
is centrifuged down. It is washed twice with water with tests to insure
that the pll is no less than 7 and redissolved in a ml or so of HNOB and
a few ml of water.

B. Separation of the uranium,

1. 5 (NHL})ZCO3 solution is carefully added until a
precipitate formse Two or three drops of carbonate solution are added
in excess (a large excess should be avoided otherwise some of the iron

nay be carried over with the extracted uranium) e

2e After centrifuging, the uranium-containing super-
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natant is evaporated down and heated to destroy (NHM)ZCOB‘ The
precipitate from the centrifugation is retszined for thorium and lead
extractions.

3. The solids are dissolved in a2 small amount of
HN03 and 10-15 ml of a saturated NH)_LNO3 solution are then added.

The pH is adjusted te 2 or slightly greater with HNO3 and ammonia
and this solution is extracted with three 15 ml. portions of hexone.

i« The combined portions of hexone are extracted
with three 15 ml. portions of 1-2% HNOB.

5. The combined nitric acid solutions containing
the extracted uranium are evaporated down and heated to eliminate
NHhNO3. If the residue is not negligible (indicating carry-over‘of
contaminants such as iron), the above hexone and HNO3 extractions are
repeated, The uranium is trensferred with a few ml of concentrated
HNOB'to a2 5 ml beaker and this solution evaporsted to dryness. The
sauple is now ready for mass spectrometric analysis.

Ce Extraction cf thorium.

1. The precipitate from step B2 is dissolved in 1 ml of
conc. HNOB and 10-15 ml of saturated NHMNO3 solution are added. This
solution is extracted with three 15 ml portions of hexone and reserved
for the isolation of lead., The combined portions of hexone are in

turn extractec with three 15 ml portions of 1-25 HNO,,

3
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2. The combined nitric acid solutions contalning
the thorium are evaporated down and heated to eliminate NHHNOB'

If the residue does nol indicate that another extracticn is

necessary because of ircen carry-over, the thorium is transferred

with a few ml of conec. HCl# to a 5 ml beaker, This solution is’

eveporated down and then a few ml of HNO3 are addeds A final

evaporation.furnishes the sample for mass spectrometric analysise
Do Extraction of lead.

1. Conce. NHhOH is added to the solution from which
the thorium 1s extracted in step C-1 until a pH between 7 and 8 is
obtained, The resulting iron hydroxide precipitate containing the
1ead is centrifugeds I Iter the supernatant is discarded the
precipitate is dissolved in a few drops of HEOB and 20 ml of 25%
ammonium cltrate solution are added.

2. This solution is made basic (pH 8) with NHMOH
and 1s immediztely extracted with a few milligrams of cithizone in
LO=50 ml CHE 3

3« The dithizone phase is extracted with 25 ml

1-2% HNO.,
3

he To the lead-containing nitric acic¢ solution is

added 5 ml of a 2% KCN, 20% conc. WH, OH solution and then 2.5 ml

L

portions of a solution of CHClg containing 6 mg of dithizone/liter

W* 23 once. d01 is recormended here since in the preparation of the

Th spike solution, the ThOs furnished by the Oak Ridge National
Laboratory was found to be unafiected by hot conc. HNOB while aissolution
was rapic in hot conc., HCIL, :
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are used to extract the lead. FRach portion is equivalent to
approximately 5 micrograms of lead. An estimete of the amount of
lead present can be made by means of the color change, green
dithizcﬁe solution to pink lead dithizonate solution. DBismuth and
thallium can interfere; however, their contribution in these znalyses
is considered negligible.

5. The lead dithizonate solution is evaporated down
in a 5 ml beaker. A4 ml of conc. HI\TO3 and one of conce. HCloh are added
and this solution evaporated to complete dryness. The sample is now
ready for mass spectrometric analysis.

In this way a single 200 gm sample of marine carbonaﬁe may be
analyzed for trace amounts of uranium, thorium, and lead. The imiiial
carbonizing and filtering step is not necessary for sufficienﬁly
ancient specimens such as the Mississippian Spirifer from New Mexico.
- The carbon filtered out can be oxidized with hoi conc. HNOB.
The solution is a red-brown color suggesting that not all of the
drgaﬂic material has been carbonized. However, organic éompounds that
might contain or might be able te complex the heavy metgls are most
likely absent after this pyrolysis and any absorption effects on
carbon particles should be of no concern because of equilibration
between them and the spiked acid solution. Yields seem to be around

25% for lead and probably are about the same for uranium and thoriume



3. Data
Table 1 summarizes the descriptions of the three carbonate

sanples selected for analysis. Several shells of Strombus gizas,

each weighing 1-2 kgm, were kindly donated Tor th®Se experiments by
Dr. Heinz Lowenstam of the Geology Department. He cellected these
large present-day gastropods in Castle Harbor, Bermuca. The
belemnites were furnished by Dr. H. C. Urey, University of Cuicago.
The Spirifers generally have 2«3 gms of shell per specimern . They
were collected by the writer with the assistance of Dr. L. C; Prays
of the Geology Department, in New lexico.

The extraction of leaad from a 10gm sample of each of the three
specimens listed in Table 1 indicated in visual colorimetric comparison
less than 1 prom in each case. If a yield of 255 is assumed for these
extractions the lead content for these shells is less than O.L ppm.

The lead from a 120.7 gm sanple of Strombus glgas was extracted and

a precise compariscon was mads in the Beclkman model U spectrophotometer
at 510 m between tiis lead solution and the lead in 2 and Ly microgram

standard solutions according to the ditnizone colorimetric procedure

used by Patterson {L). ZIinear interpolation between the optical densities

R

for the standard solutions and the observed density of the Stronbus

lead solution indicated 3.35 micrograns of lead.¥* The yield in this

wle
25

See paragraph D-l in the preceding section concerning chemical
procedurec.



Species
or Genus

Strombus gicas
(2 gastropod)

Cylindroteuthis

puzosiang

(2 belemnite

cevhalopod)

Spirifer
(a brachiopod)

Table 1

Description of Shells btudied

Locality

At Castle Roads
Just inside Castle
Harbor (by the
eastcrn outlet of

N

the harbor), Bermuda.

Fletton,near
Peterborough,
Northamptonshire,
Fnglande

3. B, flank of Almo
Peak, SEY sec. 25,
T.165,., R.10E.,Ctera
Co., New Mexico.

Formation

pr—

Grassy, carbonate=-
sanc¢, ocean bottoms,
18+ 3 feet deep.

Cxford clay

Uppermost Dona
Ana member of
the Lake Valley,

hge

&)

Recent

Upper
Jurassic

Uppermost
lower
Mississippian

Aragonite

wle
p-x4

Calcite

Calciteiss

* Oxyzen isotope data indlcate

%  Oxygen isotepe data indicate

Y L

the calcite is coarsely recrystolliized.

only a little

1little if any exchenpe with fresh

Walere

exchonge with fresh water although in thin section
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i

extraction was 15%; thereiore, the lead concentration is 0.19 ppm

.

in the Strombus gigas. The accuracy of this determination is
[ T} JJ

considered to e within F* 20%. Some error occurs vecsuse of changes

in lead concentration due to CHCL, evaporation. Irror of the order
o

of o few percent can be intrcduced by the yleld factor.

The sample of lead isolated from the Strowbus gigas as well

[

)

as the uranium samples discussed in the following paragraph were
anzlyzed mass specirometrically. The ztomic ratios for the lead are

the followings

06 5,207 5,208
= 18,02 —— = 15.37 = 371
P2 Ch pp20l pp20H

Uranium was isolated from both the Strombus gigas sample

and a control solution, The contrecl received essentially bthe sane

treatment as the Strombus gigas in respect to the amount and nurity

of reagents and chemical vrocessing. Both the sample and the control

4235

had been spiked with « The few tenths of a microgram of urenium

isclated from the Strombus gilgas was found to have by mass spectro-

metric anslysis the stomic ratio U235/U23§= 0.736170.0105 the

Jan

Io %o Tnd ~ y
) . 235,238 .
m@mmn@ﬁmmhmirmrmecmmm“,U37U3Q=%Othx The

5

gifference between these two ralios is abiributed to dilution of the

added.UZBD

by the uranium present in the 215 gm sample of shell
material. The concentration of uranium calculated frowm thée cata is

0.036 npm. This value is believed to be accurate to within £0.002 oom.
g M

Table 2 suimarizes the anslytical data discussed above.



Summary of Analytical Data

Specimen Lead Concen?ration Ilead Isotopic Compesition Uranium Concentration
Y ~ . %
(ppm) 206 5 207 £, 208 (ppm)
loYa 4
Pb‘Ou PbZDa Pbgoh
Strombus gigas  0.19%0.0L 18,02 15.37 37.17 0.036% 0,002
Cylindroteuthis <4 mmmmmmmmmeee- m———————— o e ——

puzosiana

st

,_;pj_rj_fer < 1 [ —— v 2 e o o e 4t 9 e b 1 0 9 0t 0 s s 5

=001~
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L« Tiscussion
The concentrations of lead and uranium, 0.19 and 0,036 ppriy

espectively, found in the Strombus gigas shell arg,in c»*enercxl low

compared to the amounts believed present in other marine sediments

(6, 7, 8, and 9}. For example, Patterson (see reference 8) found an
average lead concentratioﬁ of 1.2 pom wilh a mean deviaticn of % 0.5 pom
in the acid soluble portion of & Paleozoic and pre-Cambrian carbonate
rocks and an average uranium content of 1l.3% 0,7 ppm has woag reporbed
(9) for I carbonate rocks. Besides the larger concentrations given for
these rocks, the ratio of lead to uranium appears to be near unity
instead of over 5 as in the §E§gg§g§ shell, These rocks contain
minersl phases obher than calcium carbonate# which may provide acide
soluble lead and uranium. For examnle, 5% of such phases (a typical
value for the insoluble residue of these rocks) would need to average
only 20 ppm of acid-soluble lead and 25 ppm of uranium to account

for these differences in‘concentrations. Also lead and:uranium mna
have been graduslly added to these rocks from ground water. In view
of the low coneentrations for lead and uranium in the éﬁEﬂ@?@E shell
and the 0,31 ppm of lead reported (6) for the Lomita marl, marine
calcium carbonate evidently contributes very little of these heavy

metals to sedimentSe

%  The lead concentration in the calecitic brachiopod es well as the
belemnite cannot be significantly grester than thet for the aragonite
phaoe °
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In ocean water the mass ratic of lead to uranium seems to
be approximately 3 (10)% znd this is in rsasonable agreement with
the ratio of 5 found in the aragonite. The apparent strontium to
lead ratic of 3 x 10° for ocean weter (10) is also in good agree=
ment with the value of 5 x 10J from 0.09% strontium (°pectro—
scovically deternmined) in the Strombus shell and the obs erved lead
content. However, the comparison between quantities present at
low level concentrations and those present in per cent gquantities
mast be critically viewed. For example, mass actlon effects may
well become negligible compared to discrimination by the crystal
structure for solutes whose concentrations are within an order of
maynitude or two of that of the nhost as is evidently the case for
strontium and megnesivm in the calcite and arsjgonite struciures. In
ocean wWatsr magnesium is about 100 times more sbundant than strontium
(10). Yet in aragonite magnesium (12) is nearly ai the same con-
centration level as strontium (1). In the case of calcite, however,
the nagnesium is Tavored; its concentration (as MgCOB) may rise

to 10-15% (12) and %he strontium cerbonate drops to a few tenths

of a per cent (lj t Hevertheless, The interesting fact
* 4 ratio of about 2 is obtained using tke qverage value of 2,19
ppm. of U found in Pacific Ocean samiles by Stewsrt and Bentley (11).

¢ Gdum (1)) has found hicher valuese
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remains that the ratics of the amounts of calcium¥, strontium,
lead, and urarivm in ocean water are approximately the same as the

ratics for these elements in arszonite.

(\1

The isotopic ratics observed for the lead of the Jtrombus

zizas appear unigue. A1) the ratios are lower than those for
the Pacific Ocean sediments (6). This difference indicates less
admizing of radiogenic lezd and primeval lead. There is a formal

similarity tc bhe Strombus lead isotope ratios and those of a

alena ssmple from the Argentine mines, San Juan Co., Colo. The

ol

values founc for this lead ore by Stieff, Stern, and iilkey (16)

-
2

are the following:

Pp206 PB207 Pb?.oB
- = 18,06, ——=7 = ]50311, R 3703
Pb2OLL PbZOu PbZOL

The isotopic composition of lead in the Atlantic Ocean
nay differ significantly from that for lead in the Pacific Ocean

o/

in view of the degree of isolation of these two major ocean bodies

J

A

and the difference in the majer portion of the rocks bounding

these two oceans. The Pacific Ocean is ringed with late wvolcanic
rocks while much of the drainage into the Atlantic Ocean is through
"aleozoic and pre-Cambrian terrain. However, isotope data from

the Essonville granite (5) and Paleozoic and pre~-Cambrian carbonate

%  Lowenstam (15) cites the range of 0.012%9 to 0.0138 for the
values of the strontium=-celcium ratio for ocean water around reefs
at the 3Bermuda Islanus and Guam. These are spperently atomic ratios.



- 10h_
rocks (8) may be averaged and considered representative of lead
of eastern Norith Anerica The average retios and nean deviations

ere the following

Fp206 P207 1,208
—_— = 20,6%1.2 = 15.7+0.3, — 0 = 39.7T+ 2.8
PbZOL; ? Pb 20 ’ PbZO).L

Although admittedly derived from a small number of examples,
these data suggest that the Strombus lead should have a greater
radiogenic component than it has in order to be representative of
Atlantic Ocean lead.

The Strombus lead is most likely a non-representative
oceanic lead.

The Castle Harbor water in wnich the Strombus grew may
.haﬁe been contaminated by non-indigenous leac. A large fmerican
army airfield lines the north border of the harbor. This boundary
was formed by interconnecting a number of small islands by aredging
i1l down to a depth of 50 feet into Tertiary formali s along the
northern hall of Castle Harvor., 01l ana gascline from storage
tanks =2long the shore seep into the harbor (17). The presence of

%

many foreign substances may have modified the isotopic comsosition

of the lead i

o]

the water. The platform beneath the Bermuda Islands
is composed of wolcanic rock which probebly formed during lste
Tertiary (18). During the dredging operztions mentioned above

N

altered volcanic cebris was encountered. ILead-besring particles
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of the velcanic rock may have been included in the shell of the

Stromous,

s At

b

The inclusicn of particles with acid-soluble lead =nd
uranium invalidates the comparisiorn of lead to uranium ratios-in
the shell znd the ocean water sas discussed above. However, lead
incorporated in the shell may have been selected from leac
dissolved in the water. If the harbor water with a smell amount
of lead of typical oceanic composition were exposed uvhrough the
dredging operations to labile lead in the weathered volcanic
fragments, the composition of the lead in solution would beconme
through exchange essentially that of the volcanic lead since ihe
ratio of lead concentrations in these two respective phases is

=3 ,
gererally of the order of 1077 (10 sna 5). 4 plateau basalt from
the Shoshone lave field, Iincoln County, ldaho, analyvzed by
Patterson (19) coincidentally resembles in isotopic composition the

lead from the Stroembus shell. The atomic ratios for this basalt

are
Pb2u6 Pb207 PbZOb
—=7 = 18,12, —5= = 15.L5 — = 38,08,
szdh s PbaOh 3} PbZOé

The agreement with the Strombus lead in this case is not as good
as with the lead ore cited above since the basalt has more thorium
end product, szoB.

The exchange between the small cmount of lead in the ocean

water and tne relatively large amount in weathering volcanic rocks
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may require millions of years before the composition in the

weathering rock becomes typical of ocean lead. In this case the

<
"

drecging in the harbor-home of the Strombus would be incidental,
Thus, carbonate sawmples selected in the vicinity of volcanic
islands may not contain representative oceanic lezd but may have

lead from the wvolcanic rocks.



U

- 107;

References
- - ' , - . - . \
1. H. A. Lowenstam, Proc. lat. Acad. Sci. L0, 39 (195L).

2o

3

.5.

Fe
10,

1.

12,

"R. J. Hayden, J. H, Reynolds, and if. G. Inghram, Phys.

deve 75, 1500 (1949).

-~

G. R. Tilton, "The Distribution of Trace Guantities of
Ufanigm in Natﬁre," PhD dissertation, Department of
Chemistry, University of Chicago (1951).

C. Patterson, "The Isotopic Composition of Trace Guantities
of Lead and Calcium,” Fhl dissertaticn, E@partmentvof
Chemistry, Unliversity of Chicago.

G. R. Tilton, C. Patterson, H. Brown, . Inghrem, R. Hayden,

~D. Hess, and . Larsen Jr., "The Isotopic Composition and

o

Hetribution of Lead, Uranium, snd Thorium in a Pre~Cambrian
Granite," unpublished manuscript.

C. C. Paﬁterson, Z. B. Goldberg, and M. G, Inghram, Bull.

G S A 6L, 1387 (1953).

W. Dy Urry, ‘mer. J. Sci. 239, 191 (1941).

H. S. Brown, Progress Rep. to depu. 1, 1953, U. 5. A. B. O,

Contract No. AT (11-1)-208.

o irssmmsies e

R. U. Evans and C. Goodman, Bulle G 3 A 52, L59 (1942).

o

o Ue Sverdrup, M. %W. Johnson, and R. H. Fleming, "The Oceans,"

No To (1942), pp. 176-7.

“(X_'i
=
9]
s}
i
e
Q
(6]
|3~r
Py
’;i}
| -
=

-
I
)
9]
*

»

D, C. Stewaert and W. C. Bentley, Sci. n.s. 120, 50 (1954;).

{. . Chave, J. Geol. 62, 266 (155L).



13.

15,

1.

18.

19.

Lite

54

Mr. Arthur Chodos, Californis Institub

4]

. il - ') pt
(private communication).

Ho T. Cdum, Sci. n. s. 11, 407 (1951).

L—

H. &. Lowenstem, J. Geol. 62, 28k (19511}«
L. R. 8tieff, T. W. Stern, and d. G. Milkey,
Or. H, A. lowenstem, California Institute of

(private communication).

H. B. Moore and L. M. Moore, Bulle G 5 A 57,

Dr, C. G, Patterson, California Institute of

(private communication).

of Technology

3

echnology

207 (19L6).

m -
Technology



=109~
Propositions
1. Recent data (1) on the U and Th content of bentonites

suggest a new method for estimating geclogic ages. A&s volcanic ash

[>T

jwy
i

alters througnout geologic time the reletive sorption strength for

2
Th and U in this ilon-exchange bed is assumed not to change although
> R, . R £ R S '*~._-+2
1ts exchange cap301ty does. Tons of charge less than L such as 002

- " 5
are, compared to Th ily ‘desorbed from icn exchange resins (2},

gests that Th may be concentrated in respect to U

d this fact su;

61}

in such natural formations as bentonites. The high Th/U ratios ob-
talined by Osmond (1) in Cretaceous and Ordovicien bentonites are in
agreement with this viewpoint. The averages for 1l recent ash samples,
19 Cretaceous bentonite samples, and 7 Ordovician bentonite éamples
furnish three points. The straight line throuvgh these points plotted
against time indicates that the system accumulates another atom of
Th fof every one of U every 10 M yrs.
. References
1. J. K. Csmond, Final Report, "Radioactivity of Bentonites',

U, 5. Ao B. C. Contract No. AT (11-1)-178, 1954,

2. D. Dyrssen, Sartyck ur Svensk Kemisk Tidskrift 62, 153

(1950},

2+ Thermoluminescent peaks occur at successively higher temperatures

for blue, green, and violet fluorite (1). These thermolabile colors

occur naturally and can also be obtained through irradiation. The

temperatures indicate successively deeper electron traps. In addition
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radioactive fluorite iswsually (only 1 exception out of 18 cases)
dark-viclet to black (2). In view of these observation the

made that the wviolet color of fluorite is related to

1o
W

proposél
an impurity ion of charge +lL or higher.
References
1. ¥. Daniels and D. F. Saunders, Final Report, #The

IT"I ral

Thermoluminescence of Crystals,® U. S. h. #. C. Contract No. AT

(31-1)-27, 1950.
2s V. R. Wilmarth, H, L. Baver, Jr., M, H, Staatz, and

oy .

De Go Wyant, "Uranivm in Fluorite Devosits" in U. 5. Geol. Sur.

Circ. 220, 1952, p. 13

'

3. Because of the great duration of geologic time, Przibram (1)
.hasisuggested that differences between the natural colorsvof certain
minerals and the colors of the thermally bleached specimens aftef
irradiation may be due to the gradual accumulation of an excess of
the more steble color centers over the less stable centers. A simple,

quantitative discussion is now proposed in order to develop this idea.

Since the electrons in the metastable positions have a mean lifetine
7 = 107 exp B/xr ()

where T is in seconds (2), electrons trapped in shallow wells may

be thermally ionized in a few years al room temperature while the
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probable release time for other metastable electrons may be thousands
and even nillionsof years. Tor a naturally colorea mineral with

N, concentratiocn of the i1 th type of trapoing center and I

lw

concentration of color centers in this trap where these color centers
have a mesn lifetime of’Tg, the following direct proporitionslity ca

te shown from the assumption of steady-state conditions: -
H.e¢ W, T, (2).

References
1. K. Przibram, Endeavour 13, 37 (195hL).
2. R. Casler, P. Pringsheim, and P. Yuster, J. Chen. Bnys.

18, 887 (1950).

lis  The common structure for carbonates of the divalent ions
with ionic radil smaller than that of Cé+2 is the calcite structure.
The larger cations prefer the arazonite structure. The:distribution
of trace elements in shells reflects this discrimination by the
structure. Although the absolute concentrations of these elements,
apparently in solid solution, in aragonite and calcite structures
depend upon the type of animal producing the shell and the tempera-
ture ot which the shell was formed (1), the concentration of, for
example, Sr in aragonite is 2 to 3 times that in calecite in shells
precinitated by closely related animals (2). This suggests that the

concentrations of the larger cations in calcite are depressed by a
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actor of approximately 2 from what the concentrations weuld be

H:

in comparablé aragonit since the br/Pb ratio in marine

aragonite (2) seems to be es ssentially the same as in ocean water,
the lead content of calcite shells mey ve similarly depressed. The
proposal is made that the same Sr/Pb ratio exists in caleite shells

as in aragonite shells. TFurthermore, the lead conteni of calcite

siells from animals phylogenetically comparable to Strombus gigas

should be only 1 ppm or less. The U content of such shells may
be similarly depressed to values of about 0,02 pnm_or less,
References
1. K. ©. Chave, J. Geols 62, 266 (1954).
2e Mr. Arthur Chodos, California Institute of Technology

(privete communication).

3« This thesis, Part 11,

5e A change in the transmission of quartz occurs within a few
weeks after irradiation. The absorption spectrum initislly has
severzl well=-deTined absorption peaks in the range from sbout 300 m A
to 700 Ly 2 but after 5 weeks, the pesks are much smaller and light
transnission shows a continuous decrease as wavelenglbh decreases (1).

[
-

The latter spectrum is also characteristic of naturally occurring

e

smoky quartvz. The term transmission has been deliberately apnlied
above, since the curve not only resembles the transmission curve for
a system of submicroscopic light-scattering particles, but the

L3 £3

scattered 1izht from neturally occurring smoky quartz was noted some
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time ago {2}. The proposal is made thet irradistion-induced
lattice defects migrate throughout the crystal until combination
occurs with a second kind of'defect, presumably either an impurity
or a structural defect. The combination is considered to leaa to
a lighbt-scattering center. The migrating unit may well be the
positive hole associated with an 0 ion, With a value for the
activation energy of diffusion of a vacancy found.through studies
of several ionic crvstzls (3), an estimate of the lifetime of the
migrating unit has been calculated which agrees with the available
experimental data.
References

1. W. Mohler, JAmer. lineral. 21, 258 {(1936).

2. R. J. Strutt, Proc. foy. 3o0c., London 954, Lh76 (1919).

3e R. G. Breckenridge in "Imperfections in Nearly Perfect

Crystals,® John Wiley and Sons, Ince, W. Yo, 1952, p. 2L2,

6, Glass is a metastable phase. Its transformation to the

[99]

crystalline phase at low temperatures is evidently a sluggish

change since a volcanic glass is known from the Permilan (aboﬁt 200 M
yrs old), and alihough pre~Tertiary natural glasses are rare, the
many examples in the Tertiary with ages up to 60 M yrs further

1

tanviate the stabllity of this phase., Howewver, on surfaces

G

31150

&)

irregular, diffvsely birefringsnt {ilms are observed. Perlites are

volcanic glasses characterized by extensive internal fracturing and
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relatively high (3—&%) water content and apparently occur through
rapid chilling of a magma. Tne thicknesses of devitrified films
in these rocks show a trenu with 2c0e end the proposal is made
that the devitrification may be in some cases a characteristic of

the age of the rocks. The rate of devitrificction at room

temperature is believed to be of the order of B/M/lOO 1 yrs.

T+ The proposzl is made that the upper 1limit for the diffusion
constant of water into glass is 10"22 cm?/sec at rcom temperature.
This estimate is based on a proposed mechanism for the suriace
devitrification of glass. This phase change is, following Buérger's
discussion (1), a reconstructive type and in view of the energy
requircd to break the 5i-0 linkage, expected to be extremely slugzish.
in fact, since the rate depends on a factor of the form e-E/kT, if
2 minimum estimate of the activation energy, E, is the energy re-
quired to break the Si-0 bond, then the very small factor of 10"67
is obltained suggesting that the rate of this process may be insignifi-
cant even in respect to geological time. If weler diffuses into the
glass and forms ~OH groups, the breaking of the cross-linking,
necessarily precursive to transformation, may require a considerasbly
smaller activation energy.

Reference

1. "Phase Transformations in Solids," John Wiley and Sons,

Inc., N. Y. (1951), p. 190,
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8s Sulfur-bearing proteins are sugzested as the source of

sufficient SOg'to bring about precipitation of Ba and Sr from

0

ea water in Xenophvophora (1) and Radiolaria (2), both of the
2

protozoan class Sarcodina, Although Sr

2

ions are 500 times more
. +2 .

prevelent in ocean water than Ba © ions (3), because of the

difference between their solubility products, only slight differences

» . ' LR BT ) X "2

in their concentrations should be reguired to bring about Ba
b +2 e s N

precipitation in one area and Sr © precipitation in another.
References

1. F. E. Schulze and H. Thierfelder, Ber. Gesell,

Naturforsch. Freunde Ber. 1, 2 (1905),

2, H. T, Odum, Sci. n. s. 11lh, 211 (1951).
3. He U, Sverdrup, M, W, Johnson, and R. H. Fleming;

"The Oceans," Prentice-Hall Inc., No Y. (1942), p. 176,

9, Benioff (1) has shown that aftershock sequences may be
interpreted in terms of relaxation stresses in the rock. The
principal shock, initiating the series of subseguent shocks which
are called aftershocks, is considered to be the elastic strain
energy stored in the rock masses of a fault. The afteréhecks
represent elastic after-working of the rock, each shock being a
creep strain recovery increment. The accumulated value of these

increments represents at any particular time a fraction of the

recovery. To represent the aftershock data Benioff used certain
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empirical expressions previously obtained in laboratory experimentse
However, the proposal is made that an equally satisfactory (and

perhaps better) representation of the date can be obtained with the

sigmoid equation,

P
[
S

S/, = 1 - exp (-At By

where S is the accumulated creep strain recovery (times a constunt
E)bat time 1, §§, represents the complete recovery, and 4 end B
are constants. Several aftershock sequences have been represented
by this type of equation.

Reference

le H. Benioff, Bull,Seis. Soc. Amer. é&, 31 (1951).

10, The expansibility qualities of high water content nauural
glasses apparently depends on the nature of the distribution of the
water, whether meNemerically scattered, hydrogen-bonded, or concentrated
in bubbles. Water content is generally reported as loss on ignition,
These analyses de not furnish ény information on how the water is held,
Recently (1) the infrared absorption spectrum of a perlite has been
studied in this regard, However, the proposal is made that investigation
of this problem is possible through nuclesr magnetic resonance
techniques. Data concerning the extent of aggregate walter can
supplement spectra studies and combined with expansibility characteristics

of the same perlites, mey furnish criteriz on which the perlite
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industry can bese its selection of raw materisl.
Reference
l. W. D. Keller and &, E. Pickett, Amer. J.

87 (195L).
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