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ABSTRACT 

PART I 

The rate constants for the homogeneous recombination of iodine 

atoms in the gas phase, I+ I+ M-> I 2+ M, d [I2] /dt= k [I] 2 [M] , 

have been measured for the gases M:. A, ~-C5H12 and _!!-C5H12. at room 

temperature. The rate constants are 4.2 (! 0.4) x 109, 58 (: 4) x 109, 

and 65 (! 6) x 109 liter2mole-2sec-l, respective:cy. 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 osciJJ.oscope trace, a 

direct indication of the subsequent recombination observed during periods 

from 0.0002 sec after the flash to as long as 0.01 sec, was recorded 

photographicaJly. 

The rate constants for the recombination of iodine atoms in the 

liquids cc14 and _!!-C711_6, d [I2] /dt= k (I] 2, were found to be at room 

temperature o. 72 ( '! 0.11) x io10 and 2.2 ( ~ 0.4) x io10 liter mole-1 

sec·l, respectively. The primary quantum yields in the solutions were 

found to be 0.1'1. (! o.o5) and o.+t (! 0.2,), respectiveJ.,y. 

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 weJl 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 ± 0.002 ppmo The isotopic composi

tion of the lead from the Strombus gigas has also been determined 

and is compared to other analyses of 11 commorl' lead. 
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Photoelectric Observation of the Rate of Recombination of Iodine Atoms*t 

ROYAL MARSHALL AND NORMAN DAVIDSON 

Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California 

(Received October 7, 1952) 

The rate of the homogeneous three-body recombination of iodine atoms, I+I+M->I2+M, d[I,]/dt 
=k[I]2[M], is measured. A short intense pulse of light from a flash lamp dissociates 1-9 percent of the 
ca 1018 iodine molecules in a 200-cc cell, and the subsequent recombination of iodine atoms is followed by 
fast photoelectric techniques. 

The measured values of k at room temperature are 4.2(±0.4)X109 liter2 moles-2 seC1 (argon), 58(±4) 
Xl09 (neopentane), 65(±6)Xl09 (pentane). The value for neopentane is the same at 200°C. 

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.I atom. The lifetimes of the collision complexes are esti~ated. 

The rates of the reverse process, the dissociation of I2 by collision with M, are calculated; the pre-exponen
tial factors are extraordinarily large. 

The extinction coefficients of gaseous iodine have been remeasured. 

A 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,1 Ramsey and Herzberg,2 and the 
authors3 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 1018 

iodine 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 

r+ r+ M->I2+ M, d[I2]/dl= k[I]2[M]. (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 12 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 con~tant 

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

t Contribution No. 1741. 
1 R. G. W. Norrish and G. Porter, Nature 164, 658 (1949); 

G. Porter, Proc. Roy. Soc. (London) A200, 284 (1950). 
'G. Herzherg and D. :\. Ramsey, Disc. Faraday Soc., No. 9, 

80 (1950). 
'Davidson, Marshall, Larsh, and Carrington, ]. Chem. Ph vs. 

19, 1311 (1951) . 

light beam of large and known intensity.4 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. 5 

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. 
Iodine 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- l.8X 10--5 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 i.d., 15 cm long, and 
filled with xenon at ca 12 cm pressure; it is similar to 

Frc. 1. Schematic dia
gram of the apparatus; 
FL, flash lamp; C, reaction 
cell; L, constant light 
source; G and F, filters; 
CRT, cathode-ray tube; 
-~ Jf P, amplifier. 

FL 

• E. Rabinowitch and H. L. Lehmann, Trans. Faraday Soc. 
31, 689 (1935); E. Rabinowitch and W. C. ·wood, ibid. 32, 907 
(1936); ]. Chem. Phys. 4, 497 (1936). 

5 K. Hilferding and \\'. Steiner, Z. physik. Chem. B30, 399 
(1935). 

659 
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c. 

FIG. 2. Flash lamp firing circuit; S, firing switch; C, sweep 
trigger terminal on oscilloscope; HV, high voltage source; FL, 
flash lamp ; MA, milliammeter. 

the General Electric FT-127 tube. Fifty to seventy 
joules, stored at 10-12 kv in a 1 µf capacitor, can be 
discharged through the tube in about 10 µsec. 
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 lamp 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 106 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 6AK5 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 µsec and 
0.12 sec. This system, of course, measures only the 

. changes in the photocurrent ~md not its steady value. 
The theoretical rms noise to signal ratio, due to 

statistical fluctuations of the photocurrent, is approxi
mately (e/it,)!, i= dcphotocurrent, e= electronic charge, 
tr= rise time of amplifier. In a typical case, with 
i=2X10--U amp, this is 10-4• 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 
2X 10-4 of the de 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-

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 Cornmg 
3486 filter, cutting out light of wavelength shorter tha1:1 
510 mµ, and F was a 487 mµ 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 
is a de amplifier which does not block. Nevertheless, the 
blocked time is about 150 and 400 µsec with and without 
the 3486 filter. This at present is the limitation of our 
apparatus for measuring very fast reactions. 

In each series of e:xperiments, 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 10-8 amp) and .by 
L were measured with a 104_ ohm standard resistor, a 
type K Leeds and Northrup potentiometer, and a 
galvanometer of sensitivity 104 mm/ µamp. These data 
and the amplitude of the 600-cycle square wave on the 
oscilloscope screen permit 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; E=D/(l[I2]); D=de
cadic optical density, l= path length, [I2]= iodine 
concentration in moles/liter. The partial molar extinc
tion coefficient e is defined by el= aD/ a[I2]. 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 mµ, the convergence 
limit of the banded spectrum, E and e should be equal, 
independent of inert gas concentration [M], and iodine 
concentration. In the region of discrete absorption E, 
in general, will be a function of [I2] and [M], and 
typically at/a[M]>O, at/a[I2]<0; E will also be a 
function of [I2] and [M] and E> E. 

Some values of E, 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 Eat 490 and 498 mµ were foul).d in two 
e:xperiments. In one, a cell with 71.8 mm of penfune 
and excess solid iodine was at a temperature of 22.8° 
in the spectrophotometer, corresponding to a vapor 
pressure of 0.256 mm, [I2]= 1.39X 10-6 molar.6 In the 
second experiment an evacuated cell at 24 ° was satu-

6 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°, P= 0.244 mm, and then 
sealed off. 

Extinction coefficients at other wavelengths were 
measured relative to that at 498 mµ in cells with 80-760 
mm argon and iodine concentrations of 1.0-1. 7X 10-5 

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 
[12]=0.9 and l.7X 10-5 molar, eat 546 mµ was 94 per
cent and 84 percent of the high pressure value. The 
effect on e is, of course, still greater. 

Our data in Table I differ somewhat from those given 
by Rabinowitch and Wood.7 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 iodine and inert gas pres
sures on the absorption of the 546 mµ mercury line by 
iodine at 210°C and at higher iodine concentrations 
than used here. 8 He observed a limiting e of 637 at high 
inert gas pressures and low [lz], 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 transmission of 
36 percent at 487 mµ, a half-width of 8 mµ, 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 mµ multilayer interference filter 
(plus a yellow filter to eliminate blue light) with a 
halfcwidth of 5 IIiµ and a maximum transmission of 70 
percent. In the 487 mµ range, e= e; 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 experimental arrangement used in 
the rate runs, an effective e of 383 was found for this 
filter; this value has been used fore in the interpretation 
of data. With the 546-mµ filter, the measured value of e 
of 640 was taken for e except for some low pressure 
runs, where a value of 600 was used. 

Interpretation of Data 

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

7 E. Rabinowitch a:id W. C. Wood, Trans. Faraciay Soc. 32, 
540 (1936). These authors rar. the absorption spectrum of a cell 
which they state contained 0. 158 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 iod;ne 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 oi iodine, the 
agreement between :he two sets of data would be better at 498 mµ 
11nd poorer at 546 mµ. 

8 W. Luck, Z. Naturforsch. 6A, 313 (1951). 

TABLE I. Extinction coefficients of iodine. 

(ml') 478 487 490 498 510 520 546 560 580 600 

,. 440 478 580 700 751 640 490 280 145 
,b 400 540 600 740 810 822 670 550 300 140 

11 Th~s research. 
b Reference 7. 

the change in transmitted light intensity .! is given by 
dJ /Joo= 2.303elX [I]/2. The oscilloscope deflection S, 
due to the change in the photocurrent.i, is then given by 

s 
4k[M]t 

---(1 +t1/RC), 
So ·iocgX 2.303el 

(2) 

where g is the gain of the photocell-amplifier-oscilloscope 
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; 11 is the time at which [I]= [1]0/2 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 k was calculated by Eq. (2). The results of 
the runs at room temperature are summarized in 
Table II. 

One set of measurements was made at 200(± 10) °C 
on a cell containing l.20X io--• mole/liter of iodine and 
2.l 7X 10-3 mole/liter of neopentane. The absorption 
coefficient of iodine at 487 m,u was the same to ± 10 
percent at this temperature as at room temperature, 
and the measured rate constant for recombination of 
59X 109 is the same as that obtained at room tempera
ture. 

Consideration of Possible Errors 

Absorption of 0.0047 calorie (5X 1016 quanta oi 
A= 500 m,u) 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. 

Rabinowitch9 has estimated 0.16 cm2 sec1 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 

9 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 recombir:e: ~ ~a.rgon) = 740-mm Hg; ti~e scale=0.159 
xto-• sec/smallest grid division ( =0.1 inch); i.,,=2.66 µamp;~= 2.25X 103 smallest grid. d1v1~10ns/ ~mp; ti= 1_.SX 10 3 sec; [12]=:9.0 
X t()--6 mole liteci; [I]o = 1.6X 10-S mole litec1 (an especially' high energy flash). O~ the n~ht 1s the signal resultmg from scattered hght 
from flash lamp and negative overshoot from ac amplification when the constant hght L 1s off. . . 

pressure. According to Eq. (1), the time for three
fourths of the iodine atoms to recombine is ta;4 
= 3 / (2k[M][I]0). The mean distance diffused in this 
time is (2Dt3; 4)l. 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. Orie lamp, a 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 II 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 IL 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 II 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 10-8 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 technique4 is 6.9X 109 liter2 mole-2 sec1

• 

The value reported here is 4.2X 109 and an independent 
measurement of this quantity by Norrish, Porter, and 
collaborators at Cambridge,10 gave 4.39(±0.11)X109

• 

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 shoul? 
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 k's for the reaction Br+Br+M-+Br2 
+ M for neopentane and hydrogen as third bodies is 
174.11 Since recombination rate constants are not very 
dependent on temperature, the values of k for iodine 
atom recombination in the presence of neopentane and 
argon measured in the present research, taken in cofl· 

io Private communication. l9 
11 F. R. Schweitzer and E. R. Van Artsdalen, J. Chem. Phys. ' 

1028 (1951). 
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junction with Rabinowitch's results that kA/kn2=0.9S 
a-nd O.S9 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. 
Oth~r aspects of this investigation11 of the bromination 
of neopentane have recently been criticized.12 

Rabinowitch13 has discussed the homogeneous recom
bination process, I+I+M-+I2+M, m terms of two 
kinds of triple collisions: 

(I+I)+M, 

(I+M)+I. 

(3a) 

(3b) 

For case (a), the first double collision is between two 
iodine 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 c~lculation of number 
of double collisions, is the duration of a double collision. 
The recombination rate constant k (in units of cc2 

molecules-2 sec1) is given by Rabinowitch as 

(4) 

The u's are collision diameters, <TM[= O.S(ur+ <TM); TII 

and TMI are the durations of the double collisions be
tween two iodine atoms and between an iodine atom and 
M, and {3 is the probability that a triple collision results 
in recombinatfon. 

From a chemical kinetic point of view, one may view 
the recombination process in the way outlined by. 
Eqs. (S): 

I+ I;::::I2 *, 
I2*+ M-+I2+ M, 

I+ M;::::IM*, 
IM*+I-+I2+M. 

(Sa) 

(Sb) 

I2* 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 I2* 
and IM* are (1/Tn) and (1/TrM) of Eq. (4). An equa
tion which is the same as ( 4) except for small numerical 
factors can be derived from the reaction schemes, (S), 
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 (nr+O.STrM)fJ are 1.SX 10--13 sec (argon), 
l.6Xl0--12 sec (neopentane), and 1.8Xl0--12 sec (pen
tane). 

For comparison, the values obtained by Rabinowitch 
for several third bodies are 2.SX 10--13 (argon), 3.6X 10-13 

12 S. W. Benson and H. Graff, J. Chem. Phys. 20, 1182 (1952). 
13 E. Rabinowitch, Trans. Faraday Soc. 33, 283 (1937). 

(nitrogen), 1.0Xl0--12 (carbon dioxide), and 4.2X 10--12 

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 2.5X10--12 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 (2P~) can inter
act to form molecules in the 11: 0+, 1Ilu, and 3II2,., iu 

states, which have potential energy curves with a mini
mum. (These curves are illustrated in reference 13, 
Fig. 1.) Herzberg14 gives the fundamental vibration 
periods in the 11:0+ and 3II1u states as 1.6X 10--13 and 
7.8X 10--13 sec. The vibration periods of the 1Ilu and 3II2.,, 
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 TH of I2* is a properly 
weighted average of the vibration periods listed above. 
The much larger T-values calculated from benzene and 
the pentanes can be interpreted as indicating a very 
large cross section for vibrational deactivation of I 2* 
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 
r and their variation from substance to substance. 
When M is a polyatomic molecule, TIM, 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 interestto consider the inverse process, 
the dissociation of iodine molecules by collision with 

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

Argon 
p (M) (mm Hg) 206• 206• 380h 627h 
kX 10-9 (liter2 mole-2 sect) 4.9 5.1 4.3 4.3 
p (M) 703b 740b 1580b 740 740 740 740 740 
kx10-9 4.o 3.6 3.7 3.7 4.2 3.9 4.6 4.2 

k (av)= 4.2(±0.4) X 109 liter' moles-2 sect 

Neopentane 
p (M) 38.5 38.5 77 77 77 
kX 10-9 56 56 60 66 50 

k (av)= 58(±4) X 109 liter' moles-2 sec1 

Pentane 
p (M) 48.6 73.5 73.5 65.5' 65.5° 71.8' 
kX 10-9 78 66 70 60 52 64 

k (av) =65(±6) X 109 liter' moles-• sec1 

• 546 mµ filter, E taken as 600. 
b 546 mµ filter, f taken as 640; all other measurements were made with 

the 487 mµ interference filter. 
e For these measurements, the pentane vapor was dried over calcium 

chloride. 

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

I2+M--?I+I+M, -d[I2]/dt=kn[I2][M]. (6) 

For kD, the rate constant for dissociation, kD= kKc, 
where Kc is the equilibrium constant for the dis
sociation of iodine, 3.80X10-23 mole liter--1 at 300°K.t5 
Since k is not strongly dependent on temperature, 
kn= A exp(-6.E/RT), where.6.E=35 500 cal. Then A 
is 1.1X1013 liter mole-1 sec1 for argon, 1.6X1014 for 

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

neapentane, and 1.8X 1014 for pentane. These are ex
ceptionally large values for the pre-exponential factor 
in a bimolecular reaction. Rice16 has noticed this in 
analyzing the results of Rabinowitch and Wood, and 
has suggested possible interpretations. 
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D. The Recombination of Iodine J..toms in Liq:u,ids 

1. Introduction 

A major problem in chemical kinetics is the determination of 

the rates of the elementary reactions postul;;.ted as individual stages 

in an observed overall 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 generaJly a 

formidable task. Indeed, the dire ct determination of rate constants 

for individual steps in chai. n reactions is rarely attempted. An impor-b.,.t 

chain-terminating process in halogenation is the recombination of 

halogen atoms in liquids and gases. To augment the present knowledge 

of this elementary reaction, solutions of iodine in inert solvents 

have been investigated photochemically. The following paragraphs discuss 

the data obtained in terms of the recombination of iodine atoms in 

liquidso 

The photochemical dissociation of iodine molecules (10) in solu-
'-

tion and the subsequent recombination of' the iodine atoms (I) may be 

represented by the following two equations: 

and 

I+I ~1 
2 

The rates of these two reactions may be written as 

and 

- d r r J / dt = 2k c r J 2 

(1) 

(2). 

(J) 

(4), 
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respectively, where¢ is the primary quantum yield or the nunber of 

quanta. absorbed by the iodine molecules divided by the nurnber of 

molecules which dissociate, qa is the number of quanta absorbed per 

liter, and k is the recombination constant in mole-lliter sec-1• 

In the photostationary state the rate of formation of iodine 

atoms equals their ra.te of recombination and by equating equations (3) 

and (4), 

(5) 

where [I]s is the photostationary state concentration of iodine atoms. 

The factor [I]~/qa was determined for cc14 and ,g-C6H
14 

solutions by 

Rabinowitch and Wood (1), but without the values for the primar.r 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 m,µ. and 578 m,u. for the dissocigtion of iodine 

molecules in illuminated hexane solutions from their measured mean 

lifetimes of iodine atoms and the data of Rabinovti.tch and Wood. In 

addition,Zimrnerman and No;;res calculated the value of ~ in C6H14 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.), ~·~·, 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 quantum yield and the rate constants 

can be calculated directly. The· rates of recombination are a few orders 

of magnitude faster in liquids than in argon at 1 atm. The experiments 
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in liquids are more difficult because of these greater velocities 

and the data obtained are less precise than those for the gases. In 

the succeeding sections experiments with solutions of I 2 in CClh and 

11-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 derivation 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 

nur.iber 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 vertical deflection of 

the oscilloscope trace. A correction for the decay of the photoelectric 

cell in the ac circuits is derived and included in the final equation 

(equation (33) ) which is an explicit expression for the rate constant 

in tenns of the directly measured quantities. 

a. The Integrated Rate Expression 

Equation (~.) 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 

concentra.tion of a third body; the third body in the liquid phase is 



actually the solvent molecule whose concentration in all cases is so 

high that collisions invohd.ng these molecules and two iodine atoms 

are always imminent relative to the time for the two iodine atoms to 

meet. 

Upon integration, equation (4) becomes 

l/ [I] 1/ [r] =- 2kt 
0 

(6) 

where [I] 
0 

is the iodine atom concentration at t::.o. If g is de

fined as the difference between the iodine molecule concentration at 

any ti.me after the very short, dissociating flash ( t =- o) a.."1d the con

centration a hu..'1dred or so mean lifetimes afterward ( [r] ) or 
«> 

(7), 

then 

[I)=- - 2Q (8) 

and 

l/Q 
0 

l/Q = 4kt (9) 

where Q0 is the negative of one-half the initial iodine atom concen-

tration. 

b. Application of Beer's Law 

The course of the reaction was fellowed spectrophotometri-

callyi} and the changes in light transmission through the reaction cell 

are related to the changes in the iodine molecule concentration. The 

relationship is assumed to be Beer's law or, in integrated form, 

(J.O) 

i~ The experimental deta:i.. ls are discussed in the subsequent section 
entitled Experimental Procedure.· 



where !, is the intensity of the transmitted light and Ki that of the 

incident light while oC is 2 .30 times the molar extinction coefficient 

for iodine in solution times the length of solution tra.versed by the 

light. This equation may be rewritten as 

K=-Ki exp (- oc (Q +[I
2
]

00
) = K..a exp (- oe Q) (11) 

where Ke<> is the transmitted light a few hundred mean lifetimes of 

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

expanded to 

K :: K ~ ( 1 - o<: Q) = Keo + dK (12) 

or 

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. 

c. Light Intensity and Photoelectric Current 

The transmitted light is observed by a photoelectric cello 

The photoelectric current, !' is assumed to be proportional to the 

light intensity and a function of the photoelectric cell voltage or 

i = Kf (V - iR) (JJ1.) 

where V is the applied voltage and B;, the load resistance across which 

is developed the signal to be amplified. Equation (14) may be 

differentiated to give 

di= f (V - iR) cU( - I\Rf 1 (V - iR)di (15) 

which, after rearrangement and the introduction of the original ex-

pression, becomes 



where iR 

di [ f'(V-iR)J 
ltiR = 

i f (V - iR) 

dK 

K 

f'(V-iR) 

f (V-iR) 
is a small correction term called ~ • 

ct. Deflection on the Oscilloscope Screen 

{16) 

The signal is amplified in an ac amplifier and displayed as 

a function of time upon an oscilloscope screen. The deflection on the 

screen is proportional to the photoelectric current change, and the 

constant of proportionality, E' the gain, is assumed constant during 

an experiment. The deflection, ~' is briefly expressed as 

s ::. gdi (17). 

When ~ from equation (17) is substituted in equation (16) end 

equation (13) is introduced, the relation between the iodine atom con-

centration expressed in g, and the e2q)eriraentally evaluated terms is 

ft(V - iR)] -s[1+ j_'R. -s(1+B) 
Q = f (V - iR) ::= iA>g °"" 

(18) 

l.dO g a<" 

where ioa is the photoelectric current due to the light intensity K.,., • 

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

-= (19)' 
Qo So(l+(3 ) 

equation (9) can be rewritten as 

(20) 

or 

[ ..!. - ·i.1.i 
s s t 0 

(21). 
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e. Correction for Signal D3cay Due to AC Circuits 

Equation (21) is an explicit expression f'or the recom-

bination constant but a correction is necessary for the signal decay 

inherent in the ac amplifier and oscilloscope. A step-function input 

decays as if the electronic apparatus were simply a capacitor and a 

resistor in series with the output across the resistor. This 

differentiating circuit is illustrated in Fig. 1. 

c 

input V(t) R output 

Fig. 1 Equivalent circuit in signal deca;y due to ac circuits. 

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 eA"J)Onential, 

V (t)-::::. V0 exp ( - rt) (22) 

where r is some constant determined by the reaction being studied, 

~(~) is the input voltage at time !,and V0 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, Q, resistance, ~' charge on the 

capacitor, ~' and the input voltage is 
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RdP/dt + P/C = V0 exp ( - ~ t) 

The general solution to this equation is 
V0 exp ( - ~t) 

P ==A exp ( - tvt)t-----
R (w - ¥) 

where 

/,tJ""' 1/RC 

At t = o, the capacitor is uncharge ci and 

(23). 

(24) 

(2.5). 

A= Va (26) 
R(k'-41) 

0 

Let Vm be the deflection voltage applied to the cathode ray tube. Then 

V = RdP/dt == 
V0 (Wexp (-wt) - 6"exp ( -tt)) (27) 

m w-~ 

and 

(28). 

At :t-== o, Vm- V
0 

and the observed initial logarithmic rate of change, 

_g ln ~0/ ~t, is - (~+ :f) while the initial logarithmic rate of change 

of the photoelectric current is - _r. 
The initial logarithmic rate of change of the iodine atom 

concentration (equation (4) ) is set equal to ff:, therefore 

r:: 2k [r]o (29). 

The rate constant calculated from equation (21) includes the !1Q. time 0£ 

the ac circuits or 

(+w == 2k 1 [r]
0 

(30) 

where k 1 is this apparent rat.e constant. Now the mean lifetime of the -
iodine atoms, t 1 , is the time at which 

~ 

[IJ= [rJo/2 (31) 
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or 

1 
(32) 

since for this value, k 1 is sufficiently close to lf• The ratio of 
1 -

k to k' is - but~ is J/RC and ~ is 1/t1 (equations (29) and 
l+E'/¥ - - 2 

30) ) so 

(33). 
ieogoC 

k: 
(l+t1./RC) 

2 

This is the complete explicit expression for the reconfuination constant. 

However, since the mean lifetimes of the iodine atoms in liquids were 

typically much less than a millisecond and. the RC time was 12 x 10 

milliseconds, this decay correction is negligible. 

3. Experimental Proceci.ure 

a. Chemistry 

The purity of the three chemicals., iodine, cc14, and 

!!-c7H16, is of great importance in these experiments. For the solute, 

cp resublimed iodine was used. Eastman Kodak spectrophotometer grade 

CCl4 was selected as one soh'Bnt and was found t.o be very satisfactorJ 

in contrast to cp cc14 which possessed an impurityv-Iith a large absorp

tion peak at 320 m,,.ct and which with iodine showed slowly decaying 

signals which could not be attributed to iodine atom recombination. 

Pure grade !!,-C7I\6 from Phillips Petroleum Company required pU:rification 

before observations consistent with the recombination of iodine atoms 

could be made. The purification steps were the follO'wing: 



1. Two washings with reagent grade, 30% fuming sulfuric 

acid, 10% by volume. 

2. One washing with water. 

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

4. Two washings with 5% KM.no4, 30% by volwne. 

5. One washing with water. 

6. Distillation over molten Na, 97.5 - 97.8°C distillation 

range. 

The purified n-C7H16 was stored under Drierite until used 

to fill reaction cells. The reaction cells were stoppered with corks 

wrapped in tin-foil. 

b. Outline of the Experimental Procedure 

A triggering circuit started a sweep on an oscilloscope 

and pulsed a delay circuH, which after a selected delay fired a high 

voltage circuit so that a large voltage was applied across the 

electrodes of a flash lamp which arced over producing a bright pulse 

of light, the iodine-molecule dissociating flash. The filtered flash

lamp light dissociated a few percent of the iodine molecules in a 

glass reaction cell through which a steady light source was shining. 

Filtered transmitted light from the steady source struck a photo

electric cell. The reduced optical density of the reaction cell after 

a flash due to dissociated iodine molecules led to increased photo• 

electric current. This positive signal was amplified in a two stage 

ac amplifier and fed into an oscilloscope. The signal on the screen 

was photographedo 



c. The Flash Lamp 

The flash lamp (Fig. 2) used in these experiments was 

a 37.5 cm long pyrex cylinder, 1.3 cm o.d. with 3 cm long, 40 mil 

tungsten leads sealed in at each end. ~ 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 sur-

face, the normal to which was cil.ong the a.xis 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 4.6 cm Hg pressure of Xe. At this pressure of in-

ert gas the lamp was sealed off and mounted in an approximately 

cylindrically parabolic, HgO coated reflector. This reflector, en-

closed on three sides, faced downward at two Corning no. 3486,filters.* 

Underneath these filters was another enclosure with a similar re-

flector facing upward. A 33.2 cm long, cylindrical, pyrex reaction 

cell with a 5.1 cm outside diaraeter and 2 filling arms laid in the 

trough of the bottom reflector. The ends of the cell consisted of 

2 mm thick, corex filter plate windows. Light from the steady source 

passed through the cell via two 2 cm diameter holes at opposite ends 

of thl.s bottom enclosure. The enclosure of the flash lamp and the 

* Two 12 by 16.5 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 
i''ig. 3. 
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reaction cell (except for the two small holes for the steady light) 

and the two filters (which eliminated most of the flash lanp 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. 

d. The Signal Datection Circuits 

A 10! lead storage battery ran the steady source la:mp, 

a sealed beam, 6-8_!, 30,!!, parabolic reflector, automobile spotlight 

and a 6-8_!, 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 

487m,µ. 1 a half-width of Bmp. 1 and a transmission less than 1% 

throughout the rest of the spectrum (cf Fig. 4). 

The photoelectric cell and the ac amplifier unit are 

schematically illust.rated in Fig. 5. The ac signal developed across 

the l megohm resistor went to a cathode follower. The negative 

signal from this first stage went to the second 6AK5 where the 

positive signal, a:mplified nearly 100 times, was taken from across 

the plate lomd resistor and applied to the vertical deflection input 

terminal of a 304-H Du Mont Cathode-Ray Oscillograph. 

The height of the signal due to an optical density change 
f o 

in the reaction cell is proportional the gain of the circuits involved 
"' 

in the amplification and the presentation on the oscilloscope face. 

This gain is actually y(l+(i) since z. is a signal deflection to 

;4- amp ratio determined 1men only the calibration light is reaching 
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the photoelectric cell. The decreased sensitivity of the photo-

electric cell when the relatively extremely large amount of steaczy-

light is striking the photoelectric cell is corrected for by the 

factor 1/(1+/!). The calibration lamp was behind a sector of 20 

notches mounted on an 1800 rpm synchronous motor. Each complete 

square wave on the oscilloscope face was 1/600 sec. In addition 

to this time calibration for the sweep, the amplitude of the square 

wave divided by the photoelec~ric .current for the unchopped ca I~ b .. ~ ti 6N 

liaht- fv,..,.,ishes !· i~f.f'hotoef~c!;,.&c. <:.v .. reAJt' f"•r the 
calibration and also for each recombination picture was measured 

with a 10,000 ohm precision reaistor (in series with the l 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 10~2 ;<-amp while the steady light current dur-

ing a recombination experiment was around 3 Aamps. 

The value of~ may be found experimentally by compar

ing the square wave a.mpli tu de with and without the large steady light 

shining on the photoelectric cell. Let di....l be the photoelectric 

current with just the calibration light striking the photoelectric 

cell and ~2, the current for the calibration signal with both light 

sources striking the photoelectric cell. These small currents may 

be written as 

dil == K f(V) (34a) 

and 

di2 ::. K f (V-iR) (34b). 

If the first of these two equations is divided into 

the second and the law of the mean :iintroduced, 
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f ( V) - iRf' ( ') I! 
J (V-iR).C '.t < V 

f(V) 

With equation (17), equation (J5) becomes 

S2/s1 = 1 - iRf' ( ~ )/f(V) 

and if the assumption 

iRf' ( ~ )/f(V):::. iRf' (V-iR)/f(V-iR) 

is made, 

e. The High-voltage Firing Circuit 

(35). 

(36) 

(37) 

(38). 

Fig. 6 is a schematic of the trigsering and delay 

circuits. l·fuen the switch in the triggering circuit was closed, a 

15y positive pulse entered the sweep synchronization terminal of 

the oscilloscope 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 thyratron, this 

thyratron fired and a positive pulse was taken from across the 

cathode resistor and applied to the grid of the large thyratron, the 

5C22 (cf Fig. 7) whose plate was highly positive, 10-15 kv. When 

this large thyratron fired, the positive side of four lfd', 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 flasl:} lamp in parallel with the 1000 ohm 

resistance to ground. From the plate of the thyratron four 20 

megohm resistors (Sprague high-voltage, ferrule type) passed to 
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ground through a 0·)00 ;<-ammeter. 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, KR.1, no. 4243) with the 

secondary of a high-voltage transformer in the plate circuit and the 

primary coil input regulated by an autotransformer. The maximum 

voltage obtainable with this power supply would be somewhat greater 

than 20 kv with 110 ! ac input to the autotransformer. However, 

the 5C22 broke down spontaneously when the plate voltage became 

greater than 15-16 kv. This was not disturbing, however, since 

operation at 10-15 ~ was perfectly satisfactory for the experiments. 

f. Data Recording 

A Mercury IIJ5 mm camera with a Universal .f 2. 7 

Tricor lens with either Kodak Super XX or Linagraph Pan film was 

25.5 crJ~from the oscilloscope face. Just in front of the cathode 

ray tube is a celluloid disk bearing a grid whose squares were O.l 

inch on an edge (this 0.1 inch unit is subsequently called the~ 

unit). The camera was operated on bulb for a few seconds and the 

picture of a blue traceih~ showing the scattered light and electrical 

i~ 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. 

-l<* A Pll phosphor was used for maximum photographic sensitivity. 
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pickup from the flash alone, the recombination phenomenon, or 

the calibration square waves was taken (cf Figs. 8, 9, 18, 19, 23, 

24, 25, and 26). Several pictures taken in succession of the 

calibrc:.tion square waves with the photoelectric cell alternately 

shielded and unshielded from the steady light furnished the average 

amplitudes, ~l and~' used in calculating~ • 

The negatives were studied in a microfiJ.m reader. 

The tr;we of the sweep and the g-rid appeared on each negative so 

that in the analysis the signal heights and cdstances along the 

time axis from the end of the delay were conveniently recorded in 

terms of s units. The distances along 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 c aJ.ibration pictures. The reciprocals 

of the signal heights were plotted against tirne and the slope of the 

straight line through these points was calculated. 

g. Lirnits of Observation and Errors 

The theoretical rms noise to signal ratio, due to 
l 

statistical fluctuations of the photoelectric current, is (e/itr)2 

where e is the electronic charge; J:., the photoelectric current 

(.£..'! 3 )A-amps); and tr, the rise tlln.e of the amplifier .·ll- This ratio -
fort hese experiments was of the order of lo-4. The observed noise 

to signal ratio agreed with this value. 

1 

In addition there was 
' 

·:<- The rise time is considered to be 2 rr n where n is the high 
frequency cutoff, ca 25 kilocycles, at tne· nalf voltage point on the 
frequency responsecurve for th~ amplifier. 



Fig. 8 Oscilloscope trace of one-half cycle of' square wave used in t:iJne 

ce.libration (experiment of 7/16/53, writing rate~0.032lmillisec/~-unit) .. 

Fig .. 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 of the steady light amounting to ca 2 x io-4 of the 

de photoelectric current of a low frequency (120 cycles or less) 

presumably clue to mechanical vibrat.ion of the la'ltp. In other words 

the smallest signal that could be detected was of the order of one 

s unit or a bout h x io-5 optical density units. The optimum size 

of signals from which to obtain kinetic data was about 10 times 

larger corresponding to an optical aensity change of 4 x io-4. 

In Table 1 the errors (in percent) of the measured 

quantities used in calculating k are listed as well as the possible 

error in~ due tot he error in each measured quantity. 

Table 1 

Sources of Error 

% Error (± ) % Error in k (:) 

i o.5 o.5 

4 
1 

z. {calibration current 4 
signal amplitude 1 

5 
0.3 

ot. lextinction coefficient 5 
- length of cell 0.3 

1- so 2 

s 2 4 

t 2 2 

0.1 t1. 20 
"""'2 

RC 20 0.1 
Total 19 

The likely error in the initial ioclin.e ;;~tom concen-

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, ti, is useci in the error calculations). 

An expression witl1 which the error in the initial 

iodine atom concentration m2y be estimated can be obtained in :the 

i'ollowinc; way. Equation (6) can be rewritten as 

1 
ti:= - -ti 

·;;f 2k[I]
1 

When equation (39) is partially differentiated, 

1 
C) t.uak: 

2 2k2 [r]
1 

When equation (hO) is divided through by t.J,., 
_2 

1 
a1n tygk == -----

2 2[] 

and with the substitutions 

1 

2k [I] 
0 

and 

2k I 1 t! 

equation (41) becomes urJon rearrangement 

dk 

k 

(39). 

(40). 

(41) 

(42a) 

(42b), 

(43). 
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elk 

The term 
ti 

2 
k 

approximates the probable error in [rJ
0

• 

This fact is most conveniently verified by examining ·t;he values 

for p 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 oe the true value). Equation (4J) 

clearly indicates the weakness in extrapolEltion to t:r1e initial 

iodine atom concentration from observations at low iodine atom 

concentrations many half-lives after the dissociating flash. 

In Table 2 values of t
1 

and t /t1 are given for 
- .J. _:a 

each recombination picture for the 2.0 x 102 joule disch~ges. 

The ratios can be combineci with the total possible error in k from 

Table 1 to find the errors in [rJ
0

• 

A. 

Table 2 

Factors for Determining the Error in [I] 
0 

cc1
4 

solutions 

1. 2.0 x io2 ,joule energy discharges 

6/12/53 

6/23/53 

Picture No. 

17 

18 

19 

9 

16 

17 

18 

:i 
(mill~..§.C) 

0 ?'~ . _ _, 

0.23 

0.24 

0.26 

o.h6 

o.48 

o.h7 

ti/ ti 
-~ 
0.45 

o.)+8 

0.52 

0.17 

3.1 

24 

12 
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Date __ ?f Experij!lent Picture No. (~l~) t /t~ ---- 1 ~ - -
7/1/53 28 0.19 0.39 

29 0.20 0.34 

30 0.19 0.33 

28 0.20 0.29 

7/16/53 1 0.21 0.32 

3 0.22 0.29 

8 0.22 0.31 

9 0.23 0.42 

2. 11.2 x 102 joule energy discharges 

6/12/53 22 0.36 1.1 

23 Oo41 l.~. 

ah 0.38 1.l+ 

6/23/53 12 0.30 2.7 

13 0.29 2.6 

14 0.30 l+.3 

7/1/53 36 0.41 1.1.i. 

37 0.41 1.3 

38 0.33 o.s9 

B. g - c7H16 solutions 

1. 2.0 x 102 joule energy discharges 
t 
-1-

Da~- of Experim~ Picture No. (millisec) tift! 

4/1/53 12A 0.34 s.s 
lJA 0.34 2.l+ 

16A 0.34 2.0 
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l 
Date of Experiment P-lcture No. (~ll~s-~cl t)t.~ ---- - ~ 

6/29/53 8 0.17 1.4 

9 0.17 1.9 

10 0.19 3.4 

13 0.18 109 

14 0.19 2.1 

7/1/53 1 0.18 1.6 

2 0.19 7.6 

3 0.18 1.8 

6 0.16 1+.6 

7 0.17 17 

l+l 0.20 1.2 

h2 0.20 1.5 

43 0.23 1.6 

41+ 0.20 1.7 

L~5 0.20 3.3 

2. h.2 x 102 joule energy discharges 

h/1/53 2B o.JLi 2.4 

3B 0.3h 2.1 

8B 0.34 3.h 

6/29/'.)3 18 0.24 4.0 

19 0.20 20 

20 0.23 s.o 
7/1/53 50 0.21 2.1 

51 0.20 5.7 
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Another source of possible error in the values of [I] 
0 

not included in equation (43) is tha:t the flash lamp may not fire 

im.'11.ediately after the 5C22 thyratron discharges. This would mean 

that extrapolation to the end of the delay for !! = o is not valid. 

Actually the dependence of the intercept data for both gas and 

liquid reaction cells on the energy dis charged through the flash 

lamp strongly suggests that delayed flash lamp firing occurs rarely 

if at all. 

h. Data. Obtai. ned 

a. I 2 in cc14 Solutions 

The Recombination Signals 

Upon illumination with the filtered~~ flash lamp light, a 

reaction cell containing only Eastman spectropiiOtometer grade cc1
4 

exhibited a small negative change in the optical density with the 

filtered steady light. This small positi··:e signal decaying to half-

value in ~ one millisecond represented an optical density change of 

the order of -2.6 x io-5 for a 2.0 x 102 joule discharge and -5.2 x 10-5 

for a 4.2 x 102 joule discharge; i.e., this small signal was approximately 

proportional to the flash lamp energy. 

After I2 was added to the cc14, a large positive signal was 

observed representing an optical density change of the order of 

-10-3. The reciprocal height oft he signal (corrected for the small 

posj_tive signal observed before the addition of I2i~-) plotted against 

i~ Ct: Fig. 3. 

iH:· Uncorrected signals when plotted also furnished reasonably straight 
lines with slopes about 97~ 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 Fig,s. 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 kno~m. 

Possibly a combination of effects tends to shift these p_oints 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 addition_; the small positive signal 

in the cc14 before I 2 was added was observed at higher monitor lanp 

currents (.£!! 5 f~ .. arnps) than the phenomenon wi.. th I
2

• Any slight over

correction would make the reciprocal values too high with the 

greatest error in the smallest signal. 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 impractical. 

The signals also furnish reasonably straight lines when 

plotted against time on semilogarithmic paper (cf Figs. 13, 14, 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 2 in cc14 with a slow sweep (~ 0.017 

second) at both 2.0 x 102 and 4.2 x 102 joules flash lanp discharges 

showed normal recovery of the optical densit;n i.e., the signal 
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returned to the base line. Note that this normal recovery has 

been observed over a period ~ 17 times as long as the actual 

period in which the data for the reported recombination values 

were obtained. 
Determination of the Effective Extinction Coefficient 
To determine the effective extinction coefficient 

for I2 in cc14, 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 fill a small 10 cm cell. The optical density of this small 

cell was measured at 517 1¥' in the Beclanan 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 calculated. This procedure was repeated 

on the solution used in the experiment of 7/1/53. The data for the 

determination of the effective extinction coefficient are given 

in Table 4. The two values for the extinction coefficient found were 

486 and 420 mole-1liter cm-1• Their average, 4.5 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 i 0/i1 where ~ is the photoelectric current due to the steady 

light with a reaction cell filled with H20* in the light path and i 1 is 

* No difference between B - c7Hi6 and ~O blanks could be detected 
(.sf Table 3) and the calculated dITferences between a cc14 blank and 
the other blanks are smaller than the experimental error. 
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Table 3 

Steady Light Current Readings for _!!-C7H
16 

and H
2
0 Cells 

Cell 

H2o 

a-C7H16 

H20 

!!-C7H16 

H2o 

a-C7H16 

£-C7H16 

,!!-C7H16 

,a-C7H16 

H2o 

£-C7H16 

H2o 

,!!•C7H16 

!!-Cf16 

H2o 

a-C7H16 

H2o 

,!!-C7H16 

Steady Jight current 
(Jl'a:m.p) 

3.27 

3o46 

3.44 
3.70 

3.62 

3.62 

3.66 



the current for the case with the iodine 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 ;y and when 

it is operated at 6 ;y. At 6 ;y the steady light current for the: 

solution and the blank was between 1 and 2~amps and a higher 

optical density was measured than that determined at 8 ;y operation. 

At 8 .Y the steady light current was generally between 3 and 4 }"-amps 

and all the phenomenon pictures were taken with steady light current 

in the neighborhood of 3_.µ.a:rnps. The difference in optical density 

values with different steady light operating voltages 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 coJJe cting voltage on the anode drops 

as the current increases and this decreases the sensitivity of the 

photoelectric cell somewhat. The photoelectric cell currents, i
0 

and 

il' may be written as 

i
0

-:. K
0
f (V - i 0 R) (44a) 

and 

(44b~, 



-46-

Table 4 

Optical Density Jk~ta Used in Calculating the E,;,~tinction Coefficient 

for I 2 in cc14 Under Conditions of the Recombination Experiments 

A. First determination 

1. Reaction cell (32.9 cm long) in stead,,v light path 

Cell Stead~ light)current 
\~PS 

Optical density Corrected O.D. 
(log i 0 /i1) 

2.s1 0.218 0.228 
li,.16 
2.36 
4.08 

0.237 0.2h7 

2.45 0.217 0.227 
4.05 
2.35 0.235 0.2li) 
4.0l~ 

Average and mean deviation 0.237± 0.009 

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

Optical density of solution 
against t120 at 517 l1lf'-

0.138 

B. Second deternination 

[121 
(mole/liter) 

I 8 -5 l.;..J. x 10 

c 
(mole/liter)-1cm-l 

486 

1. Reaction cell (32.9 cm long) in steady light path- - -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 ]JU spectrophotometer 

Optical densi t;{ of solution 
against I120 at 517 m;.c.. 

0.066 

CrJ 
(mole/liter) 

0.71 x io-5 

C. Average value for E = (4 .. 5± 0.2) x io2 

€ 
(mole/liter)-1cm-1 

420 
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The logarithm of both sides of the equation formed bJ' dividing equation 

(!1.4a) by equation (LJ.ib) becomes after the application of Taylor's 

expansion and rearrangement 

ln 

Since f 1 (V) << f(V), 

~ f' (V) J 
1---iR 

f(V) 
0 

G 
f' (V) J 

- -- i R 
f (V) l 

anci upon further expansion and rearrangement, 

or since 

f' (V) 

f (V) 
iR 

the true optical density, 0. D. , is given by 

O. D. = log ;!__ i - i, 0 ..!. 

2.30 i 

Since is a constant, 
2 .30 i 

fi f 1 (V) H 
-

2.30 i f(V) 2.30 

(45). 

(h6) 

(h?) 

u~a) 

(h9). 

(50)' 
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equation (L.9) can be ·written 

io 
0. D. = log - +- 0.006 (i0 - i 1 ) 

1.1 
(51) 

where 0.006 is the average value of this constant for several 

experimentally determined vall..i.es of ;1 • Now the true optical density 

of a reaction cel1 can be com:;mted for operation of the steady 

light la.mp at Sv. Corrected optical densities are listed in 

Table .5. The correction E.ccounts for about half the difference in 

opticd densities for 6 and 8.:! lamp operation. The other haJf is 

apparently due to the change in the energy distribution curve of 

the steady light. 

'When the stead,y light lamp is operating .;.t d instee.d 

of 62, there is ci. shift of the peak of the energy distribution curve 

toward the shorter wavelengths. If ~ is the light transmitted in 

the wavelength range A 1 . to~L; J0 (,,.\ ) , the intensity of the in

cident light, ci . .function of the wavelength; e ( ~ ) , the extinction 

coefficient o.f I 2 in the soli..;.tion, also a function of the wavelength; 

£. , the I 2 concentration; and];, the distance the light travels 

through the solution, then for a particula.r wavelength Beer's law 

may be expressed as 

J().):: J
0

(,.\) exp(- E (.A) cl) (52) 

and 

J
A2 J.z. 

J::: J(.-1 ) dA = i J0 (,.\ ) exp(- t (A) cl)dA (53) • 
.A, :..-1,, 

smaD_ ci.bsorntion 
;i 

J =J J0 ( A ) [ 1- E (A ) cl J d,.\ (Sh) 
.....\, 

For 
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and the amount absorbed is 

(55). 

Now J
0 

( ~ ) is a. product of three functions of the wavelength; 

one, the energy distribution with wavelength of the steady light, 

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

the photoelectric cel1 sensitivity, _!:(,,.{ ) ; i.e., 

(56). 

Now equation (.55) becomes 

1
.)2. 

L1 J;::;. L(,,{) F(A) P(,.--\) ~(.,.{) cldA 
~I 

(57) 

anci the amount absorbed is affected by changes in the emission curve 

of the stea.dy light la:m.p (the ~( A ) terr:i.). The peak of the energy 

distribution curve for the steady light is in the near infrared and 

as the peak shifts toward the shorter wavelengths the fractional 

anount of' light absorbed at shorter wavelengths is expected to in

crease because ~ ( A ) increases. 

Tabular Presentation of the Data 

In Taole S are given the date of each experiment with 

I2 in CCl4 solutions, the oscilloscope sweep setting, the writing 

rate of the oscilloscope S"iNeep (in millisec/ §. - ur.:5.t), t.he 

oscilloscope gain setting, the gciin (g) of the amplifier-oscilloscope 

combination (in§_ - units deflection/ f<.~np), the gain correction term 



Date of 
Experilnent 

__ _...__ __ ~· 
6/12/53 

6/23/53 

Sweep Writing 
Setting Rate 

(mi.11is~c) § - umt 

---
250-1250 0.0317 

v 70 

250-1250 0.0333 
v 70 

Table S 
Summary of Data F'rom I 2 in CCl4 Solutions 

Setting (§-units)lO 'Jl -Gain ~ g_ -3 tS Cell 

~amp J 
~ and :i,.1 \~ps; o. D. [(mo\~t1ter)l0 +5_JPiN~i;re 

-·-·-.. ------ - --·- --- -- - ---
10 3.33 0.06 I~ in CCl4 3.87 0.098** 17 
v 100 

~ 

(6/11/53) air 4.82 18 
I 2 in CCl4 3 o 74. 0.112*A 19 
air 4.81 22 
I 2 in CCl4 3.74 0.112it-~ 23 
air 4.81 24 -O.JD7± 0. 006 o. 72 

10 3.Jh - - - I 2 in cc14 2.S6 0.2h3 9 
v 100 H2o Li .• 37 12 

12 in CCl4 2.55 0.246 13 
H20 l+.38 14 
r 2 in cc14 2 .50 0.251.i. 16i* 
H20 4.38 17-ii 

0.248± "CJ.001+- 1.68 18·1< 

------------ -------
-11- Flash lamp light uni'il tered. 

iHt Calculated correction for air blank included. 

\.~ 
0 
1 



Date of 
Experiment 

7/1/53 

7/16/53 

Table 5 (continued) 

Sweep Writing Gain z · f3 
Setting Rate Setting ~§-units)io-37 -

Cell i 0 and i 1 
(ramps) 

o. D. [I2] +5 Picture 
[<mole/liter)lO ] No. 

(millis~c\ ,.u.amp _J 
s - um.tJ 

--- --- --- --- ---- -·- --
250-1250 0.0334 10 3.38 0.025 I 2 in CCl4 3.45 0.080 28 

v 70 v 100 
H2o 4.12 29 
I 2 in cc14 3.16 0.110 30 
H2o. 4.02 31 
I2 in CCl4 §:~3.28 0.105 36 

37 
H2o 4.14 38 
I 2 in CCl4 J.21 -·-

0.098 ;t 0.012 o.66 

250-1250 0.0321 10 2.98 0.098 I 2 in cc14 4.36 0.024 l 
v 70 v 100 H2o 4.60 3 

I 2 in cc14 4.18 0.041 8 
H20 h.58 9 
I2 in CCl4 4.32 0.029 
H20 li.61 

0.031± o.oot> 0.21 

& 
~ 



Table 5 (continued) 

Date of Picture Slope i- .l ]<''lash [I] 7 D:J 0 </' 
Experiment No. fCs-units)-17 (rrunps) S

0 
. _ 1 Lm11p ((m~'.1e \ 1~2~12] -

L:: sec _J ((~-um.. ts) :J Energy 
2 

liter) 0<>) 
[(joulosho-J 

t;i-. k 
(ffrru..isec) L(moJe-1liter)l0-lOJ 

sec 

---- ---·-· - ---- -- ----·- ----- -------· ....... ·'·-· .. 
6/12/53 17 61 J.56 0.032 2.0 1.6 1.1 0.17(±9?;) 0.51 o.58 

18 73 3.56 0.036 2.0 1.5 1.0 o.16(~9;b) 0.48 0.70 
19 72 3.56 0.034 2.0 1.5 1.0 0.16(:HO%) o.46 o.68 
22 84 3.54 0.029 4.2 1.8 1.2 o.11(:t21%) 0.34 a.Bo 
23 7h 3 51

" • 4'' 0.023 4.2 2.3 1.6 0.14(±27%) 0.30 0.70 
2L 85 3.54-i:· 0.021 !i.2 2.5 1. 7 0 .15(:t27%) 0.27 a.Bo 

6/23/53 9 122 2.53 0.019 2.0 3.6 1.1 o.17(.t3%) 0.15 0.90 
12 111 2.58 0.012 h.2 5.5 1.6 0.14(~51~~) 0.11 o.84 

J-t 13 111 2.58 0.012 4.2 s.s i.6 o.1!~(±497&) 0.11 o.84 {'J 

14 129 2.58 0.009 4.2 7.3 2.2 0.19(±:8270 0.07 0.97 I 

16·U-X .. 94 2 • .58 o.OlL. 2.0 h.8 l.l.~ 0.22 (:t-597;) 0.15 0.71 
17-IH~ 120 2.58 0.002 2.0 33 9.8 1.53(±456%) 0.02 0.91 
18i~-- 109 2.58 0.004 2.0 16 4.s o.75(.:t228%) 0.04 0.82 

-~-~ 

~- Pictures taken in succession; stea~y light current read only for no. 23. 

ih~ Flash lamp light unfiltered. 



Table 5 (continued) 

Date of Picture Slope i L Flash [rJ .QJ
0 

.:£ 
Experiment No. f{s-units)-J(p.amps) S0 _11 Lemp f(mo~e \107] 20:21 

L: sec Qs-units) _) Energy 
2 
,~:liter) (%) 

[(joules)lo-J 

t.J,. k 
(&illisec) [ W.0Je-1l±terJlDJO J 

sec. 

____ ... 
~---·-- --- --- - -- ---·--·· --··-

7/1/53 28 59 3.28 0.035 2.0 1.5 1.1 0.17 (;t7%~ o.L9 0.54 
29 60 3.39 0.030 2.0 1.7 1.3 0.20(:1:6;~ o • .59 0.57 
30 67 3.Lt2 0.038 2.0 l.L. 1.1 o.17(.:t6%) o • .58 o.64 
31 68 3.23 o.ow 2.0 1.2 0.9 0.14(-!:6%) o.68 0.62 
36 72 3.28 0.016 4.2 3.1!. 2.6 0.23(t27%) 0.295 0.67 
37 63 3.21+ 0.020 h.2 2.7 2.0 o.18(:!:2570 0.31 o • .58 
38 62 3.24 0.023 4.2 2.4 1.8 0 .16 (t.1'(%) 0.37 0.55 

l 
\J1 

7/16/53 l 64 4.36 0.042 2.0 1.2 2.9 0.45(:t:26%) o.65 o.65 'uJ 
I 

3 60 4.36 0.046 2.0 1.1 2.6 0.40~26%) 0.75 0.60 
8 78 lteL~5 0.055 2.0 0.9 2.1 0.33 (:t-26%) 0.105 0.80 
9 76 4.45 0.042 2.0 1.2 2.9 0.45(±28%) o.55 0.78 

-
Ave1~ee v.!lve.s a,.iJ.. Mt:ci111 dev;aC-°"'.s0.19.t:O.O>' o. 72 :!:: 0.11 
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(;!.), the steady light current readings (i0 and 2:J_) (in r-mnps), 

for the various soL1tions anci 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 

oi' the reci·procal signal-height versus time plots (in (~-units)-1/ 

sec), the steady light current (in ).A-amps), the intercept (l/S0 ) 

of each plot at t = o (in (~-units )-1), the energy dischargeci 

through the flash lamp (in joules), the initial iodine atom concen

tration (in mole/liter), the percent of' initial dissociation, the 

primary quantum yield ( J ) , the mean lifetime of the iodine atoms 

(in :milJisec), and the rate constant (l~) for the recombination 

(in mole-I liter/ sec). 

Estimation of the Primary Quantum Yield 

The primary quantum yield in the gas phase for 

the dissociation of iodine molecules has been demonstrated to be 

essentially unity in the banded region of the absorption spectrum 

by Rabinowitch and \ 1Joocl (4). The initial iodine atom concentrations 

for a reaction cell containing I
2 

in argon at 2.0 x 102 and 4.2 x 

102 joules flash laJnp discharges were found to be 3 .S ( !: 0.4 mean 

deviation) x io-7 and 6.2 ( + 0.5) x 10-7 mole/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 io-5 mole/liter. With this value 
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the fraction dissociated has been computed to be 5.3% for a 

2.0 x 102 joules flash lamp discharge and 9.4% for a 4.2 x 

io2 ,joules flash lamp discharge. The maximum extinction co

efficient for iodine in argon is nearly 207; lower than the· 

maximUlll extinction coefficient in either cc14 or g_-c7H16 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 fractional 

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 (Ef values in 

Table 5). Tests with I 2 in argon systems, with the modified flash 

photolysis apparatus used in these experiments with liquids, pro-

duced recombination constants which were slightly 11igher than those 

reported in Part I of this thesis. The values of the fractional 

dissociation in the gas cells are slightly greater than they 

should be. On the other hand the light entering the gas-system 

cell is less than that for the liquid-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 ¢ in Table S 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%) has been included in the error values for 

the four pictures of this experiment. The average value and 

mean deviation at room temperature for tf, 0.19+0.05, repre:

sents the average of all values of'/:. weighted inversely with 

the error associated with each value. The me<1n deviation is 

the average of the weighted deviations and there is presumably 

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 variation of [I]
0 

with optical density 

(essentially iodine concentration) and with flash lamp energy. 

Incidental Observations 

\iilhen the Corning no. 3486 filters were removed, 

reaction cells with cc14a1one show:id a large long-lived in

crease in optical density. The decay ti.~e 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 Ko<lak spectrophotometer grade cc14 and 

in some earlier experiments with cp cc14• However, the earlier 
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experiments also indicated that the cp CCl4 is less satisfactory 

than spectrophotometer grade cc1
4 

as a medium in which to observe 

the recombination of iodine atoms. The positive signals obtained 

decayed at about one-third the rate for the signals with I 2 in the 

spectrophotometer grade cc14• In Fig. 17 are shown the optical 

density versus wavelength plots for two samples of cc14, one cp 

material and the other spectrophotometer grade, for the region 

260 through 410 mp. The absorption peak in the cp material may 

be related to the impurity causing the slow signal decay when r 2 

is present. If iodine atoms were removed by reaction and the 

product were less absorbing than I 2 in the region being studied 

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 s8 dissolved in cc14 is flash photolyzed, a long

lived increase in the optical density of the cell occurs. This 

photochemical effect has already been investigated (.5); s
8 

goes 

to a colloidal form upon illumination and light is scattered. 

This large negative signal was observed in the 

most dilute I 2 in cc14 solution (optical density . 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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Eastman l<odaK Sp~~trophotoinetllr 

:.;.ra.de. CC\4 

' \ \ 
\. 

' " ' ..... 
------

300 320 j<\0 380 400 

A 1n m;u 

Fis.17 Optical density versus wavelen~th for 

two samples of c2u-·bon tetr21chloride meas-

ur~cl a~ainst wate.r in 10 crn \0119; 9uart1. ce 11. 
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only the intercepts (and, theref'ore, [I]0 ) for two of the three 

pictures seem abnormal (cf pictures 16, 17, and 18 of the 

experiment on 6/23/53, Table 5). 

As already mentioned, the long pyrex flash la.mp 

and the Corning nimber 3486 filters were used in a series of 

experiments with I 2-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 o.f experiments·:~ to the average 

value obtained 1Ji th the apparatus in the presE;lnt 

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 asj"mmetrical 

distribution of iodine atoms since the periods of observation 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 iodine atoms. 

The Rate Constant 

The average value and the mean deviation for the 

recombination constant of iodine atoms in cc14 at room temperature 

is (0.72-::to.11) x 10
10 

mole-1liter sec-1• A sense of the physical 

~~ Cf Part I of this thesis. 
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meaning of this figure as characterizing the kinetics of 

the rc;wtion can be obtained from the pictures of the 

oscilloscope trace during recombination as sh01,m in Figs. 

18 and 19. 

b. I
2 

in g-C7H16 Solutions 

The H.ecombination Signals 

The pure grade g-C
7
H
16 

obtained from Phillips 

Petroleum Company showed no change in op·~ical density upon flash 

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 g-C7H16 without purificatio~ and I 2 furnished persistent 

positive signals (decrease in optical density) ·with a minimum 

in the signal just after the flash. 

After purification of the E:-c7n16, nonnal appearing, 

rapidly decaying, positive signals were obtained with r2 

solutions with optical densities less than 0.2. On slow sweeps 

(.£§!: 17 times as long as the period in which the recombination 

data were collected) the signal returned quickly to the zero si&,"Dal 

state and remained on this 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 following observations: 

1. The generall;y observed (even in the gas phase ex-

periments) apparent increase in the recombination rate toward the 

end of the sweep (small sign#l side). 
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Fig. 18 Oscilloscope trace during the recombination of iodine atoms 

in cc14 (picture no. 12, 6/23/53, cf Table 5). 

Fig. 19 Osdlloscope trace during the recombination of iodine atoms 

in CCl4 (picture no. 9, 7/16/53, cf Table 5)o 
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2. The difference between tl:1e gas cell recombination 

constants with different flash la.-r;ips. 

3. The still smaller (than predicted from tr1e steaO.y 

light current reduction) signal in bigh optical ciensity, . 
I 2 in g-c7H16 solutions. 

4. The erratic values in high optical density 

solutions; values that range from that consistent in the lower 

optic1-:l density experiments to 3 and 4 ti71les th:i.s value. 

Deterrnination of the }~ffecti ve Extinction Coefficient 

Extinction coefficients i'ounO. for r
2 

in _g-C
7
H

16 

experimentally using the reported (3) value of 910 for the 

extinction coefficient at 520 mp. were 372 (for a solution of 

optical density 0 .213) and 379 (for a solution of optical density 

0.216) (cf Table 6). 'l'he value of 3. 7 x 102 was used to calculate 

the recombination constants in Table 7. 

The Recombination Data 

Data obtained for I 2 in _g-C
7
H

16 
solutions are listed 

in Table 7, identical in arrangement to Table 5. The average 

recombination ro.te constant and its mean cieviation for iodine 

temperature. 

Initial Iodine Atom Concentrations 

There is more energy absorbed in the reaction cell when 

the flash lamp energy is doubled as clec:rly shown by the initial 

iodine atom concentra:tions ih the gas pho.se. In the liquid. phase 
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Table 6 

Optical Density Data Used in Calculating the Extinction 

Coefficient for I 2 in g-c
7
n16 Under Conditions of the 

Recombination Experiments 

A. First determination 

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

Cell Steady light Optical density 
current (_µamps) (log iJ~) 
----------- ---------··--- ---··-

2.37 0.217 
3.92 
2.42 0.207 
J.88 
2.h2 o.21s 
3.96 
2.1.12 0.196 
3.80 
2o)-J2 0.215 
3.98 
2.42 0.204 
3.87 
2.38 
3.81 

0.204 

2.39 
J.83 

0.2Ul.i. 

2.38 0.201+ 
J.82 

Corrected 

O. D. 

0.226 

0.216 

0.224 

0.204 

o.22L. 

0.213 

0.213 

0.213 

0.213 

1.verage and mean deviation 0.216 ± 0.006 

2. Sa:ne solution in 10 cm cell in Beckman model DU spectro-

photometer 

Optical density of 
solution ag2.inst water 
at 520 mf"-

0.158 

[12] 
(mole/liter) 

e: 
I I . -1 -lJ L (mole liter) cm 

379 
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Table 6 {continued) 

B. Second determination (same solution as above) 

1. Reaction cell (32.9 cm long) in stea<iy light path 

Cell Steady light Optical density Corrected 
current (}A-amps) (log i

0
/i) o. D. 

----·------ ---
I 2 in _!!-C7H16 2.31 0.213 0.222 
H20 3.77 
I 2 in £-C7H16 2.35 0.200 0.208 
H2o 3.73 
I · '' H 2.35 0.200 0.208 H2 J.n [!-u7 16 

20 3.73 
I2 in [!-C7H16 2.31 0.204 0.212 
H 0 · 3.70 
I~ in _!!-C7H16 2.28 0.208 0.216 
H2o J.69 

Average and mean deviation 0.213 ± 0.005 

2. SDme solution in 10 cm cell in Beckman model DU spectro-

photometer 

rptical density of 
solution against water 
at 520 mr 
0.158 -5 1.74 x 10 

c. Average value for 6:: (3.7± 0.2) x 102 

~ 
[{mole/liter)-1cm-l J 

372 



Table 7 

Summary of :Data for I 2 in !!-c7H
16 

Solutions 

-. ' + " _, ' -· • t · G . P' /.2 C 11 . d • i~ave OI .::>weep ,,Jri- ing aL'l ;:_ _
3 1

,..,_ e 1 an J. 

EJ~periment Setting Rate Setting n§_-units) 10 > 7 - ...Q -1 
/millis~c \ L p ar:lp j (r-amps) 
(s - um.ts) 

o. D. Cr2J S Picture 
[_{mole/liter )lo ·'] No. 

----..............- ...-. ....... _,. __ ~ ..... -- ...---...... -~ ----..--, ... ---.- ---- ---- ---- ---- -------.--.. ~ ,,...---·-----
3/23/53 2;;0-12so 0.0463 10 3.26 --- I 2 in n-C7H~ 6 3.05 0.068 2A 

v 70 v 100 H
2
o - · .L 3.55 3" i'k 

I 2 in !!""C?Hl6 3o06 0.068 4A 
H20 3.55 5B 
I 2 in n-C7 H

1 
, 3.04 6B 

l HO - 1 _b 3o57 0.069 7B CJ'-

ri ~n !!-C7H16 
-J 

3.05 l 

I 2 in g-c7H16 2.84 0.061 
H20 3.26 
~~Qin £-C7H16 2.76 0.079 

3.30 
~~Qin g-C7Hl6 2.76 0.079 

3.30 _ .... ___ 
0.071±. 0.006 o.ss 

4/1/53 2~;0-12)0 0.01+84 10 3.1+8 --- H2o_ n J.24 0.017 12A 
v 60 v 100 I 2 in !!-v7H, 6 3.12 0.030 13A 

~ B ~ 1 ~~ 16A E,-u7. 16 - •.J'.:i 
~20 . 3.213 0.017 2H 
..L? ip n-c7H- 6 3.16 0.032 3B ... - .L 
g-C7H16 3.41 BB 



Date of Sweep 
Experiment Setting 

Writing 
Rate 

(millis~c~ §. - um.t) 

Gain 
Setting 

Table 7 (continued) 

Q _g \ j/3 .e.-uni ts no- -
f"-CLTllp 

i and~ o. D. [I2] r:'. Pi_ct,ure 
f°fAa1nps /1.. [{mole/liter )lo ::>J 1\Jo • 

Cell 

~~---~ ~~~~~ ---··-------- --- -~- -----

4/1/53 
(continued) 

5/20/53 250-1250 0.0359~~ 
v 70 

10 
v 100 

-~-.--.~-------~-~-~---~---~--~------~-

* D3terminea 4/28/53. 

3.26-l~ 

H2o 
I 2 in ,!2-C7H16 
H-g1H16 

I 2 . " F 
in E:-"7"16 2,.., H. 

E:-Vr i6 

- - - I 2 in ,!!-C7HJ.6 
,!!""C7H16 
I 2 in _!!-G7Hl6 
B_-C7H16 

3.26 
3.16 
3.1+3 
3.31 
3.15 
3.41 

0.015 
0.037 

0.021 
0.036 

0.026± 0.008 0.21 

2. 72 0.216 
l..i..38 
2.69 0.227 
h.44 

0.221 to.006 1082 

5 
6 
7 
8 

16 
19 

I 
Cl> 
en 
I 



.Date of Sweep Writing 
Rate Experiment Setting 

6/29/53 

7/l/.S3 

(millis~c~ s - um.t) 

250-1250 0.0338 
v 70 

250-1250 0.0334 
v 70 

Gain 
Setting 

10 
v 100 

10 
v 100 

Table 7 ( contined) 

C 
g 

(§.-units)io-3] ~ Cell 

;<amp 

i 0 and i o. D. 
( p.alllP s) l 

-~-~----...... -- ........... ---'· --- -----·----
3.39 

3.38 

0.06 I 0 in n-CMrH1~ J.Sl 0.0~7 
H~O - 0 J.89 
I~ in !!...c7H

16 
J.42 0.054 

H2o 3.85 
I 2 in n-C7H , 3.47 0.047 
H 0 - lo 3.86 

2 -~~-
o. 049 .±- 0.003 

0.0$ I in !!-C7I·I16 
H2o 2 

· CH I2 in E- '7 16 
H O 
I2 in !!-C7H16 
H~O 

2.89 
4.18 
2.91 
4 .. 27 
2.es 
4.19 

0.168 

0.175 

0.171 

0.171 .±.. 0.003 

I 2 in ,!!-C?Hl6 3.23 

H20 4.13 
I 2 in !!-C7H

16 
3.10 

H2o · 4.01 
I 2 in !!-c7H16 3.09 
H2o . 3.96 

0.112 

0.116 

0.112 

0.113 -#- 0.002 

[r2J Picture 

Umole/li ter )10 ~ No• 

8 
9 

10 
13 
14 
18 

0.40 I~ 
2..0 

1 
& 
\.0 

2 
I 

3 
6 
7 

lJ 
1.41 

41 
42 
Li3 
~.4 
45 
50 

0.93 !fl 



Table 7 (continued) 

Date of Picture Slope ;!_ _l_ Fl~.sh [I] 
0 

[ rJ 
0 

t/J 
Experiment No. [(2-units)-ll(p;unps) Sa. _11~amp rfr.!!ole )1071 2[I] 

l sec :J [(§.-um.ts) _Jl~nergy 
27

LQ.iter _J 2 
[(joules)lO- _) (%) 

ti _!: 
..:2 

(miJJLc;ec) f WioJe-1lite r)lo-10] 

C sec 

--·---- ---- -----· --.-~ .... ----- ---····-... ,-.... -- ···------~---·-.--·- -- -0-... ......... -·-~,..··-

3/23/53 2A 30h 2.89 0.020 2 .L! 3.8 3.3 0.070 2.0 
3A 282 2.87 0.007 2.L!. 10.9 9.1, 0.040 1.8 
4A 422 2.86 0.010 2.4 7.'{ 6.6 0.030 2.8 
5B 306 2.90 0.020 2.~ 3.8 3.3 0.060 2.1 
6B 451 2.92 0.030 2 .L1. 2.5 2.2 0.075 3.0 
7B 322 2o92* 0.025 2.4 3.0 2.6 0.080 2.1 

4/1/53 12A 250 3.02 0.010 2.0 6.8 16 2 .50(±1927;) 0.04 1.8 I 
-.] 

13A 293 J.02 0.040 2.0 1.7 4.o 0.62(± 76%) o.1Li. 2.2 0 
I 

16A 294 2.97 0.048 2.0 1.4 ') 3 0 c:2(± '8''1 ) 0.17 2.1 ,). •'./ b /<> 

2B 288 2.89 0.037 4.2 1.9 4.5 O.l~O(± 76%) o.~. 2.0 
313 292 2.88 0.040 L~.2 1.8 li.3 0.38(± 707;) 0.16 2.0 
SB 262 2.89 0.030 4.2 2 .l:. 5. 7 0.50(± 95%) 0.10 1.8 

5/20/53 5 338 2.71! 0.03lf 2.9 2.3 o.6 0.13 2.1 
6 350 2.68 0.031 2.9 2.6 0.7 0.08 2.? 
7 403 2.68 -0.015 2.9 2o5 
8 711 2.70 -0.020 2.9 4.4 

16 525 2.70 0.070 2.9 1.2 0.3 0.13 3.2 
19 322 2.67 0.036 2.9 2.3 o.6 0.10 2.0 

--------- -· ·----------...--------~-"---
~(. 7B taken just after 6D, ste;idy lir,ht current a3sumed sci.Jll.e. 



Table 7 (continued) 

Date of Picture Slope, _1 i .l_ F'lash [I]
0 
~ t ti k 

-2° - ' 
Experiment No. ~s-uni ts J J (f'lllllps) ~ , _ ~ ~ole ) 10 ~ 2(;1:

2
1 (rrr.Ul:isa::) ~ole -lui:.et' )10.;i_oJ 

sec [C§..-um .. ts; ~ .c.nergy -2 iter sec ((joules)lO (%) 
-----· - ... - - -- -·--· --- - .. -~---· 

6/29/53 8 238 3.l.i.2 0.029 2.0 2.2 2. f3 0.44(±27%) 0.12 1.8 
9 24.0 3.Li2 0.020 2.0 3.3 4.1 o.64(±J6%) 0.008 1.8 

10 232 3.42 0.011 2.0 ).9 7 .L~ 1.15(±69;~) 0.056 1.8 
13 206 3.4.5 0.020 2.0 3.2 L~.o 0.63(±367;) 0.096 1.6 
14 222 3.40 0.020 2.0 3.3 4.1 o.64(.:t.40%) 0.090 1.7 
18 211 3 .. 1~.s 0.013 4.2 5.0 6.2 o.55(±76%) 0.060 1.6 
19 250 3.40 0.002 Li.2 33 41.3 3.66(±J80f6) 0.010 1.9 
20 230 3.38 0.001 4.2 9.4 11.7 1. 04. (±152%) 0.030 1.7 

~ ..... 
I 

7/1/53 l 385 2.84 0.040 2.0 1.9 0.'7 0.11(~30%) 0.11 2.5 
2 392 2.81 0.010 2.0 1.1 2.7 O~Li2 (±144%) 0.025 2.5 
3 345 2.79 0.037 2.0 1.9 0.7 0.11(± 34%) 0.10 2.2 
6 538 2.85 0.017 2.0 L~.5 1.6 0.25(±87%) 0.035 3.5 
7 382 2.80 0.004 2.0 19 6.7 1.05 (±J23%) 0.010 2.5 

13 371 2 .. 80 -0.0hO 4.2 2o4 

41 278 3.29 0.037 2.0 1.8 1.0 0.16(±23%) 0.16 2.1 
L~2 265 J.24 0.030 2.0 2.2 1.2 0.19(±29%) 0.13 2o0 
43 228 3.18 0.032 2.0 2.1 1.1 0.11 (±.3o;n 0.14 1.7 
44 303 3.15 0.035 2.0 2.0 1.1 0 .17 (i-32%) 0.12 2.2 
45 281 J.15 0.013 2.0 5.3 2.8 o.L,.4(!:6J%) 0.060 2.0 
50 217 3.J..8 0.022 Li. 2 J.1 1.~ 0.15~40%) 0.10 1.6 
51 275 3.10 0.010 4.2 7.0 3. 0.3~. -'-108%) 0.035 2.0 

-
Average values and mean deviations 0.41:1:: 0.26 2.2 ± 0.4 
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the intercept value, and therefore [I]0 , is much less reJiable. 

Nevertheless, if the high values of [I] (Table 7) for a few pictures 
0 

are disregarded, there is the suggestion of a moderate change 

consistent with the interpretation of the data in terJns of iodine 

atom production and recombination. This change is also indicated 

in Fig. 20 where the values of U1
0 

versus optical density show a 

trend in the case of 2.0 x io2 and 4.2 x 102 joule flash lamp discharges 

as well as with (r21 for a given fla.sh lamp energy. 

It is interesting to note that the semilogarith.~ic plots 

for the r2 in ~-c7H16 solutions are not linear (cf Figs. 21a and 2lb). 

Fig. 22 is a typical reciprocal signal height versus time plot for an 

I 2 in ~-c7H16 solution. Pictures showing the oscilloscope trace 

during recombination are shown in Figs. 23, 24, 25, and 26. 

Estimation of the Primary C~uantum Yield 

The values for the primary quantum yield have been de-

termined according to the procedure discussed in the preceding 

section on cc14 solutions. In the case of the _!!-C1H16 solutions there 

is greater uncertainty in the intercept values and, hence, the primary 

quantum yield. This is evident in the mean weighted deviation of 

±. 0.26 associated with the weighted mean value of 0.41 for ¢ for 

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

_g-C7H
16 

(picture no. 6B, 3/23/53, cf Table 7)., 

Fig .. 2li Oscilloscope trace during the recombination of iodine atoms in 

_g•C7H16 (picture no. 3B, h;l/53, .£!: Table 7). 



Fig. 25 Oscilloscope trace during the recombination of iodine atoms in 

-

E-C7Hl6 (picture noo 6, S/20/53, cf Table 7). 

Figo 26 Oscilloscope trace during the recombination of iodine atoms in 

E-c7H16 (picture no .. 19, 6/29/53, cf Table 7). 
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). Discussion 

a. Recombination and the .;tuantum Yield 

\~hen iodine dissolved in inert solvents absorbs light, 

molecules can dissociate. However, each aosorbed quantum leading to 

dissociation must have an energy at least that of l.5L~22 ev, the 

dissociat:i.on 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: 

1. If neither iodine atom from a photolyzed iodine 

molecule can penetrate the surrounding sheath of solvent molecules, 

recombination of these original partners can occur within a period of 

a fm11 orders of magnitude of that of a molecular vibration. This 

primary recombination, discussed by FrancM and Rabinow:i. ts ch (7), occurs 

in a time short of the minimum instrumentally-resolvable period 

obtainable at the present. 

2. Individual iodine atoms homogeneously distributed 

throughout the solvent will combine whenever two of them meet while 

diffusing since a three-body collision is inevitableo 

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 (0.41 in ,!!-c7H
16 

and· 0.19 J.n cc1
4
). As an example of one 
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of these discounted mechanisms, consider the reaction of an iodine 

atom with the solvent according to either of the equations 

CH I~ H 
7 15 

CH ~HI 
7 15 

(4.4a) 

(44b). 

Reaction (44b) is the more likely of the two but it is just 

energetically possible at the s!.10rtest wavelength entering the 

reaction cell r.ssuming the minimum activation energy to be the 

difference ·uetween bond energies. In the case of the equations 

(L.5a) 

cc1
3 

+ ICI (l+5b)' 

reaction (45a) is the more likely of the two although even it re-

quires a more energetic iodine atom than can be furnished by the 

shortest wavelength used in these experiments. In addition) 

Rollefson and Libby (8) selected a system of cc14 and radioactive 

Cl2 to irradiate. n~y wisht'o{ to determine to what extent the 

reaction 

it ... '} 
Cl + CClh ~ cc13c1 .+Cl (46) 

occurred since this reaction should have a lower activation energy 

than that of reaction (l.i..5a). However, there was no detectable ex-

changes. Chemical interaction of the atomG with the solvent molecules 

in the recombination studies is .unlikely on energetic grouncis. The 
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results of the experi.11ent cited just above suggest -that only atoms 

with energies of at least several electron volts mie;ht form pro-

ducts with the solvent molecules (witi1 a lifetime dependent on the 

rate of the reverse reaction). 

The waveler..e;ths absorbed. by iodine molecules ici these 

flash photolysis eJrperiments are on the long w2.velength side of the 

contini;.um. The iodine molecules are thus raised to an excited state 

and they dissociate in a very short ti_rn.e through collision With the 

solvent molecules. Presmr.ably all the excited iodine molecules dis-

sociate and the q-.rnntum yields less than unity are. due solely to 

prirriary recombination. Thi.s conclusion is based on the experiments 

of Rabinowitch and Hood (4) who found for mixtures of' r
2 

vapor in 

several hundred rnm pressures of gases quantum yields of unity in 

both the continuum and ti1e band region. Theyalso observed that 

dfosociation generally occurs at the first collision except i"' {:/r.~ c~~ 0 f £he 

very light body Ho v:here 10 or more collisions are necessary. 

5 The diffusion coefficients x 10 .for iodine molecules 

in _!!-C7H
16 

a.nd cc14 at 25° C are J.~.2 and 1.50 cm2/sec, respectively 

(9). The ratio of 2.3 for these diffusion coefficients is nearly 

the sar11e as the corresponding one for the values of the quantu..-rn. yield0 

This suggests that a rough correlation may be rriade between the 

quantum yield and the ability of the atom to diffuse through the 

surrounding sheath of solvent particles, at least for pr1otolysis at 
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long wavelengths ~Jhere the kinetic energy of the atom is not 

significantly greater than thermal energies. 

Rabinowitch and '.-Jood (10) have discussed collisior:s 

in solut:Lons. They concluded that collisions occur in sets in 

closely-packed media. A set consists of a nu.i11ber of collisions 

in a short time between two solute particles with a considerably 

longer interval between t.he occurrence of' another col}j.sion-set 

when the solute particles separate from the first set. A pair of' 

atoms which have just dissociated have the probability of l/n of 

escaping reco!Tl:oination with each other where n is the averc..:;e 

number of collisions in a set (recombination is ass'Jllled to occur 

on the first collision in liquids because of the munerous collisj_ons 

with solvent ir.olecules). H.abinpwitch and Uood (10) thought that n 

was approximately 2 for cc1
4

• Their calculation was based on the 

density of cc1
4
, and for c7H

16 
with half the density, n would be 

approxi.mately 1. The ratio of these probabilities of escape of 

primary recombination agrees with that for the quantura yields. 

rlowever, as Rabinowitch and \food (10) poi..11t out, with excess kinetic 

energy the mssociated particle can penetrate the surrounding sheath 

of solvent particles providing it is heavier than t:O.e 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 



-83 ... 

molecule has the greater mass. Thus, the quantmrr yield in cc14 is 

not expocted to vary with wavelength~:- while that in c
7
H

16 
(or 

C6H14) should. [, difference or nearly hOj.~ in the quantum yielcls at h36 :r~ 

and .578 Inf- for I 2 in c6H
14 

have been reported by Zimmerman and 

:foyes (2). 
0 

Their values are o.59 o.nd 0.37, respectively, at 25 c. 

The latter value is in good agreement with that found in the present 

experiments. In a more recent paper Lampe and Noyes (11) find the 

quo.ntum yields at h36 1"¥' for iodine in c6Hll~ <md cc1
4 

at 25° c to 

be o.66..t 0.04 and Oolh.ro.01,respectively. With ihis more precise 

value for the C6HJ.4 solutions and the ratio of o.62 f.or the quantum 

;yield at 57 8 m_r. to the quantum yield 2.t ~.36 mp. in the same solvent 

found by Zimmerman mid Noyes (2) who meafmred stationary rate constants 

with the same c;o 1utions at different wavelengths, the calcul2.teci v2.lue 

of the quantmr. ~~"ie1.d at 578 m./I'- is 0 .. 1.i,l.. rrhis '!a.LU.e is ~recisely tli.e 

weighted average value obta.ined in the present studies. However, 

this close agreement is purely fortuitous in vle1\' of the· assumptions 

involved in the calculr;tion of the value in t.Yiese studies. In 

qualitative agreement with expectations anci the preceding experimental 

l th 1 ~ f n bl - "" ., (12\ wor{ are e restL."t.,s o .. lc:m~_yn and .t1oroes _,. They found the ratio 
0 0 

of quantum y'J.elds at l~35BA, 546B., and 57801. to be 1:0.29: 0.27 during 

the photo-iodination of diiodoacetylene in hexane at o0 c. In contrast) 

smaller differences between the quantum yields at long and short 

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

{~ This is assu."':ling no chemical re2ctions between the dis0ociated 
ps..rticles and. the sol-ven"t. 
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sensitized decomposition of ethylene iociide 

0 
n· _,_. f' +1 t "1' .1.l">5Js~ n1S rau:LOS or vJ.1e quo.IT U111 ;y-ie. QS au Lj . .) ll' 

1:0.a7:0.75. 

in cc14 
0 5h61A, 

at / 60 7b. c. 
0 

and 5780A ·were 

I'urt,hermo:ce, the stationary concentration of atoms in an 

irradiB.ted solution is given by the rate of the:'...r production times 

their a verc:.ge life. .Since the rate of production is proportional to 

1/ n and the average life, to n, the concentration iG independent 

of the primary recombin2.tion and the pl10tostation217 state ex-

peri .. ments cannot furnish any ini'or;1ation about ti:J.is procesi3. The 

rough quantum yield dat2_ obtained :Ln the present recombination 

studies de ) however, illustrate the flexibility of the .flash 

photolysis technique, 2.nd refinement of the experiments should permit 

eztensi ve o.nd precise studies in the photochemistry of solution::;. 

b. The Rate Const3..t1ts 

The data. obtained in th:Ls study havG been consistently in-

terpreted with tne second orcier rate equation for the recombination 

of iodine atoms (cf, equation (4) ) • The non-linear semi-logarithmic 

plots of the reci1;irocal si8Dal heights versus time for the g-G
7
H

16 
solutions (2la and 2lb) su~rnest tr1e inapplicability of a first order 

rate ex:pressj .. on. Eouever, the sa.i":le representation of the dat::'. from 

the CClh solutions (Figs. 13, lh, and 15) provides linear plots, as 

previously mentioned. In these solutions the rate of disappearance 

of iodine atoms could be considered simply proportional to their 

concentration. .·~ second order expression, however, is more anpropriate 

for the analysis of the data than is the first order for the following 
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re a.sons: 

1. The val'J.es of the initial iodine atom concentrat:Lons as 

determined by extraoolation to t = o on the plots of reciprocal signal 
e - -

heights versus time are clearly proportional to the energy of the 

flash lamp discharge (.£!: Figs. 10 and 11). The intercept values on the 

semi-logarj_thmic plots do not indicate this relation. 

2. Figs. 16a, 16b, and 20 based on values obtained with the 

sc cond order rat.e expre~rnion illustrate tne direct variation of the 

initial iodine atom concentration wi. th the molecular iodine concentrationo 

This relution is not demonstrc:ibls with the i:::-rtercepts of the semi-

logarithmic tJlots .. 

J. The ratio of 2 .3 previously mentioned for the ciiffusion 

coefficients for iodine in E-heptane and cc14 may be compared to the 

ratio of 3 .1 for the second order :;.~ate constants for re combination :Ln 

these respective solvents since the recor,1bj_nation process is presuriiably 

diffusion controlled. The approximate agreement may be considered as an 

argunent in favor of the second order rate constant since the ratio of 

the first order ratfj constc.nts is essentially unity. 

The coincidental fit of the data for cc14 solutions to semi-

logarithmic plots is not too surprising since, according to the second 

order rate expression, the slope of the logarithm of the reciproca.l 

signal height versus tj_me curve should change by a factor of about 5 

during the observations.l period in the case of _g-C
7

H
16 

solution while the 

change in slope over the srirr1e time interval in the c::::se of cc14 
solution with its much larger signals should be less than 2. 

vfoen the values of [J: J s/ qi (in the range 400-580 r11f'-) de

termined by Habinowitch and ';food (1) are averaged, one obtains 
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1.6 (± o.6) x 105 and 1.0(± 0.2)105 (sec atom/ml) 2 for iodine 

in C6HlL~ and CClLi, respectj_.vely. The error is t':le mean cieviation. 

;,Ji.en these values are combined with the present quantum yields 

(c~ equation (5) ) , the rate constants for reco:;-rrbination are 

; 10 10 -1 -1 
0.9o x 10 and 1.1 x 10 in mole liter sec , respectively. 

The values obtained by Loupe and Noyes (11) using their quantum 

1.6 x io
10 

and 

corresponding [I]
8

/ 
0
! averages given above were 

10 La 
0.84 x 10 mole-l liter sec-1 at 25° G. The value 

yields and the 

calculated hy Zimmer.man and Noyes (2) i'or the rate constant for 

recombina.tion in hexane combining their data anci ttcre of Rabinowitch 

1 
. • d ( 1) 1 1 io10 1 -l 1 -· -~ ~ ' - l ana \·ioo 'ivas • x mo e _,_J.i,er 0ec. 

The rate constant for n-C
7
H 

6 
reported in the !:TJresent ex

- 1 -· 
,10 -1 -1 perL111ents, 2 .2 x 10 mole liter sec - , may be too large by 

10-207b in view of the tendency for the higher optical density 

E;-C7H16 solutions to E.lNays furnish higher (and more erratic) rci.te 

const.c;nts. However, in view of the difficulty, i~"ieront in e.11 of 

these various experiment2.l tecJ:miques, in obtaining precise 

measurements, the agreement an:ong the varioi..;.s values of the rate 

constants (includinz the value 0.72 x io10 mole-l liter sec-1 for 

iodine in cc14 at room temperature obtd.ned in the present studies) 

is considered to oe good. 
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P:LR.T II 

Some ~3tudies of' t!1e 'rrace (iuantities of Lead, Uranium, and Thorium 

in Tfarine Carbonate Skeletons 

1. Introduction 

The association of small quantities of elements with a 

particula.r matrix or host subst2nce may reveal information con-

cerning the tolerance of' the matrix toward these elements, the 

envirolli'lent in which the matri..x formed, and the subsequent ilistory of 

the system. From this uoint of view the calciur:1 carbonate skeletons 

de;:iosited by marine animals may be geochemically significant. They 

are a major source of the carbonate depo~ii ts of the earth and are 

present throughout a span of the sedimentary record w£1ich represents 

more than a tenth of the age of the eaxth. The extensive distribution 

in time and space of the ir:arine carbonate skeletons sug";ests t:ne 

suitability of this phase for investig2.tions of coprecipitated elements. 

A.n example of a geochemically significant stuoy of this t;ype has been 

recently provided b;f Lowenstarn (1) who found an indirect correlation 

of the strontimn content of shells with their precipitation 

teraperatures. This content increases with incre2.sinc; arae:;onite per-

centage which is teuperatu.re dependent in the group of shells. ii'hile 

elenents sirnilar to calcium such as magnesium and strontiwr1 ma.y be 

incorporated in the calc:i.um carbonate lattices in percent qua..YJ.tities, 

the significance of elements present in amounts of the order of a 

t!iousand times smaller should not be neglected. Trace amounts of the 

heavy metals lead, uranium, and thorium can be isola.ted and studieci. 
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through recently developed techniques (2,3,l+,5). These elements 

have been selected for study in connection with carbo:iate ske1etons 

because·a.nalyses for these trace elements in shells can furnish 

the following information: 

1. The concentr~tions of these trace elements. 

?.. The ratios of these concentrations as an approximation 

to the relative amounts of the elements present in sea water. 

J. 'l'he isotopic composition of the lead in the ocean. 

The third i'nctor in the preceding outline deserves special 

emphasis. Important questions concerning the distribution of lead in 

the ocean may be answered by isotopic analyses of appropriately' 

selected samples. This t;_rpe of investigation has been initiated by 

Patterson, Goldberg, and. Inghram (6) who examined three Pacific Ocean 

secli.ments. 'l'he isotopic ratios of one of these samples, the I,o:nita 

marl wi;ich formed near srcore, deviate somewhat from those for the 

two deep ocean sar11ples. This discrepancy may be due to acid leaching 

of a minere.l in the Lomita marl with a non.representative lead since 

the isotope ratios for the other two specimens, red cl:w· and a 

manganese nodule collected hundreds of miles apart, are essentially 

the s2me and suggest a widespreaci. uniformity in the isotopic corn.position 

of lead in ocean water. 

::".. uniform isotopic composition for the lead in the ocean 

implies that circulation of ocean water is extensive and thorougid.y 

mixes the 1:ater. If this has been the case t hrm1chout the existence 
0 

of the ocean, lead in the geochemic2l c:1cle w!1ich has been uithdrawn 



from the ocean and 11 fossilized1 in marine precipitates should v2.ry 

j_n isotopic composition -with the a.ge of the preci:pitate. The lead 

in the older samples, excluding that produced in the samples througn 

it.s radioactive progenitors, should 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 incre.ases wHh 

time in the end products of' the radioactive decay of urani;,m1 and 

t~.1.oriun1. The ,·~rariation in isotopic composition v1ittJ. time 1na3r 

eventually be demonstrated in marine calcium carbonate. However, 

the selection of representative smnples still poses a problem as the 

present studies reveal. 

:-. procedure which is described in the following section has 

been developed for the j_solation of :nicrogram quantities of lead, 

uranium, anci thori'WTl for colorimetric a.nd mass spectrometric 

analyses from a single 200 gm sample of shell. Following this out

line are some data obtaineci through these techniques. Oceanic lead 

.s.nalyses are extended to tile Atlantic Ocean and the dak. are dis

cussed in reference to the three previously outlined geochemic&l 

f2.ctors. 

2. Isolation of the Trace Elements 

a. Minimization of Contamination 

The isolation of a trace element whose concentration in 

a substrmce is in the neighborhood of 1 ppm requires that every 

precaution be exercised to reduce contarnination. Comtamination from 



the air, a;Jparatus, and reagents is a serious problem. 

The laboratory in which the work described beloi'l was per-

formed was specially designed for the analyses of trace ai.l!ounts of 

lead. The use of lead and its co;:monnds was <:,voided in the preparation 

of the laboratory. The washed 2nd electrostatically filtered air of 

the laboratory is kept at a slightly l1igher pressure than the air 

outside. 

All the glassware (Pyrex) is carefully washeci. in KOH and 

HN0
3 

and finally rinsed with quadruply distilled water. Pare.film, a 

self-sealing sheet plastic, is used to cover the t;la,ssware and solutions. 
. . 

Evaporations in the stainless steel hoocis are performed in glass 

containers in which a positive pressure of dr;r nitrogen gas is maintained.. 

Therefore, the eddies in the hood drc.ft are unlikely to introduce dust 

raised in the laboratory into either the solution in the beaker or it,s 

surrounding glass evaporation 1mi.t. These procedures to insure the 

purity of the sample during chemical m0nipulation have also been dis-

cussed by Tilton et .'.~, ;_S). 

Reagents such as HCl, J:m40H, and (NH4)
2

co
3 

have been pre

pared by bubbling the gas from tanks of the liquid or gas through glass 

filter frits anci Tygon and glass tubing into quadruply distilled water. 

Cp HN0
3 

and triply distilled water were re distilled in quartz.. Organic 

sol vents such as hexone* and CHc1
3 

were extracted three tlines 1-Ji th equal 

volu.mes of 2N EC!, each acid extraction being followed. by a sui'f'icient 

number of rinsj_ngs with water to remove traces of t~1e acid. 

~Methyl-2-pentanone 



-92-

b. 'rreatment of the Sample 

Hecent shell material has been used to develop the 

procedure described below for the isolation of the trace constituents 

le2d, uranium, end thorium. 'l'he steps in this analysis D.re cli.scussed 

in the following outline. 

A. P~eparQtion of the sample for the isolation of 

individual elements. 

l. To minimize the inclusion in the analysis of 

extraneous substances associated with the sheD, the surfaces are 

ground off with silicon carbide wheels (made by Hizzy, Inc., N. Y.). 

2. A 220 gm sa"'llple is washed with 2N HCl three times 

' 0 
with three water dnsings 2.fter each acid washing and dried at 110 C. 

3. The sample weighing E.!!: 200 gms is weighed out and 

baked in a muffle furnace at about 400° C for at least h8 hrs. '.l.'his 

step is to carbonize the organic material in recent shells. When the 

saI!!ple has not been heateci long enough, dissolution is hindered by 

the formation of a slowly co1lapsing :t'oam. 

h. The sample is dissolved in 6N HCl and spike 

solutions are added. T;ypical spikes and their purposes e.re as follows: 

(a) +3 
About h5 mg of Fe in solution is added as 

a carrier to bring down the trace emounts of lead, ur.:~nium and thorium. 

210 
(b) A Pb solution with about 7000 counts/min 

is a.dded to determine lead yield. 

(c) 
206 

Approximately 30 m:icrogr2ms of Pb in 

solution is added to determine the lead concentration by isotope 

dilution. 
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( d) Approximately 5 microgr8Jlls of Th 
230 

in solution is added to determine the thorium (Th
232

) concentration 

by isotope dilution. 

( ) ~ · ... 1 6 · r u235 · e :-1.pproxima,,e_y .11U.crogr::ims o · in 

solution is added to determine the uranium concentr.dion by 

isotope C:tilution. 

5. The solution, black from suspended carbon, is 

filtered through small wads of glass woolo 

6. The solution is heated on a hot plate and arri.monia 

gas is bubbled in until a. pH between ? and 8 is reached. Organic 

material c:ind the concentrated calcium solution may inhibit the iron 

h;.rdro:;dde precipitation at this stage and account .for the low yields 

observed as well as the slowness of precipitation with mnaller amounts 

+J of Fe • 

7. The supernatant is discarded after the precipitate 

j_s centrii\1ged down. It is washed twice with water with tests to insure 

that the pH is no less thc:n 7 and redissolved in a ml or so oi' HN03 and 

a few ml of water. 

B. Separation of the uranium. 

1. 5M (1IB4)
2
co

3 
solution is carefully acided until a 

precipit.s.te forms. Two or three drops of carbonate solution ::ere added 

in excess (a large excess should be avoided other;Jise some of the iron 

nay be carried o·ver with the extracted uranium). 

2. After centrifuging, the uraniwn-contr:.:,ining super-
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natant is evaporated down and heated to destrov (NH
4
) CO • The 

~ 2 3 
precipitate from the centr:Lfug;:d:,ion is ret;.ined for thorimn and lead 

extractions. 

J. The solids are dissolved in 2. small amount of 

EN03 and 10-15 m1 of a saturated NH4No
3 

solution are then added. 

The pH is adjusteri to 2 or sligi1tly greater with 1mo
3 

and armnonia 

and this solution is extrac:.ed with three l;) ml. portions of hexone. 

l+. The combined portions of hexane are extre.cted 

with three 15 ml. portions of 1-2;~ HH0
3

• 

5. The combined nitric acid solutions containing 

the extracted uranium are evaporated down and heated to elir.linate 

NH4~m 3 • If the residue is not negligible (indicating carry-over of 

contaminants such as iron), the above he::::one ano BJITO extractions 2re ., 3 

repeated. The uranium is tr<msferred lJith a few ml of concentrated 

IIN03 to a 5 ml beaker and this solution evapor2.ted to dryness. The 

sample :Ls now ready for rriass spectrometric analysis. 

c. ExtractioD of thorium. 

1. The precipitate from step B2 is dissolved in 1 ml of' 

cone. HH03 and 10-15 ml of s2.turated ~·IH4N03 solution are added. 'I'his 

solutio:1 is extracted uith three 15 ml portions of hexane and re~:rnrved 

for the isolation of lead. The combined portions of hexane are in 

. turn extr2.ctea with three 15 ml portions of 1-27; Hrm
3

• 
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2. The combined nitric acid solutions containing 

the thorium are evaporated down and hee.te d to eliminate NH1~NO 3• 

If the resic...1ue does not indicate that another extra.ction is 

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

·with a few rnl of cone. HCl-l~ to a 5 ml beaker. This solution is· 

evaporated down and then a few ml of HN03 are added. A final 

evaporation furnishes the scimple for re.ass spectror.10tric analysis. 

D. Extraction of lead. 

1. Cone. :·m
4 

OH is added to the so lu tio n from which 

the thorilun is extracted in step C-1 until a pH between '( and 8 is 

obtained. The result,ing iron hydroxide precipitn.te containing the 

lead is centrifuged. '.fter the supernatant is discarded the 

precipita.te is dissolved in a i'e7lJ drops of mro3 and 20 ml of 25;:; 

arrrrr.onium citrate solution are added. 

2. 1'his solution is made basic (pH 8) with m1
4

oH 

and is :immediately extracted with a fe\J milJ.igrams oi' ciithizone in 

3. The dithizone phase is extracted with 25 ml 

h. To the lead-containing nitric acio. solution is 

added .5 ml of' a 27s KCH, 20/S cone. NH
4
on solution and then 2 • .5 ml 

portions of a solution of CEc13 containing 6 mg of clithizone/liter 

-l~ 
23

gonc. ]Cl is recommended here since in the preparation of the 
Th- spike solution, the Th02 furnished by the Oak flicige National 
Laborat?r7. was found to -~e unaffected by hot cone. HN03 while ciissolution 
was rapio in hot cone. HCl. 



are used to extract the le<ld. Each portion is equivalent to 

approximately S micrograms of lead. An estimate of the ci,JUount of 

lead present can be made by means of the color change, green 

dithizone solution to pink lead dithizonate solution. Bismuth and 

thallium can interfere; however, their contribution in these anciJ.yses 

is considered negligible. 

5. The lead dithizonate solution is evaporated down 

in a 5 ml beaker. A ml of cone. 1-IN03 and one of cone. HC104 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 carbonate may be 

analyzed for trace amounts of uranium, thoriun1, and lead. The initial 

carbonizing and filtering step is not necessary for sufficiently 

ancient specimens such as the £!.i.ississippian Spirifer from New Mexico. 

The carbon filtered out can be oxidized with hot cone. HN03• 

The solution is a red-brown color suggesting that not all of the 

organic material has been carbonized. However, organic compounds that 

might contain or might be able to complex the heavy metals are most 

likely absent after this pyrolysis anci a.YJ.y absorption effects on 

carbon particles should be of no concern because of equilibration 

between them and the sp~1~ acid solution. Yields seem to be around 

25% for lead and probably are about the same for uranium and thorium. 
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J. Data 

T;:i.ble 1 summarizes the descriptions of the tL.ree carbonate 

samples selected for analysis. Several shells of St_~rnbus gig as, 

each weighing 1-2 kgm, were kindly donated for these experiments by 

Dr. Heinz Lowenstam of t:1e Geology Department. He col1ected these 

large present-day gastropods in Castle Harbor, Bermuaa. The 

belemnites were furnished by Dr. H. C. Urey, University of CM_cago. 

The Spirifers generally have 2-3 gms of sh.ell per specimer;. • '.l.'hey 

were collected by the writer with the assistance of Dr. L. 

of the Geology Department) in New Hexico. 

C. Pra.v· 
,) ' 

The extraction of leaci from a lOgm sample of each of the three 

specimens listed in Table 1 indicated in visual colorimetric conpci.rison 

less than 1 p:nm. in e.:i.c~1 case. If a yield of 25;; is assumed .for these 

e:~tractions the lead content for these shells is less than 0.4 ppm. 

The lea.d from a 120. 7 gn sanple of Strombus gigas was extra.cted and 

a precise comparison was made in the Beckm::m model ill spectrophotometer 

at 510 mfl- between this lead solution and the lead in 2 and L r.1icrogram 

stcindard solutions according to the ditnizone colorimetric procedure 

used by Patterson CLr). Linear interpolation beb;een the optical densities 

for the standard solutions and the observed density of the '.3t_:t:'~~ 

lead solution indicateci 3.35 microgr::ns of lead.-:~ The yield in this 

-::- See paragraph D-4 in the preceding section concernir:g cheraiea1 
procedure. 



Species 
or Genus 

Strombus gi?;as 
(a gastropod) 

Cyl~drot~uthis 
puzosiana 
( a be lemni te 
cephalopod) 

Snirifer 
~ l • , ra .. -- ) oracniopoo 

Table 1 

Description of Si1e1ls Sc,udied 

Locality 

At Ca.stle Roads 
just inside Castle 
Harbor (by the 
eastern outlet of 
the harbor) , Bermuda .• 

Fletton,near 
Peterborough, 
Northamptonshire, 
England. 

S. E. ±'lank of A1rrio 
D k ···n1 2•--' ... ea , .:i.u..;::- ::; e c • ) , 
T .16s., 11.. lOE., Otera 
Co. , New Mexico. 

Formation 

Grassy, carbonate
sand, ocean bottoms, 
18±3 feet deep. 

Oxford clay 

Uppermost Dom. 
:'.na member of 
the Lcike Valley. 

Age 

Recent 

Upµ er 
Juro.ssic 

Upperrn.ost 
lower 
Nississippian 

-l!- Oxygen isotope data indicate little if any exch0n;1,e with fresh water. 

Shell 
be.terial 

:\r ago i1i te 

Ca.lei te~;-

C~1lci teiH, .. 

iH<- Oxygen isotope data indicate only a little exchnnge with fresh water although in thin section 
the calcite is coarsely recrystallized. 

I' 
\.Q 
co 
1· 
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ext:..~action was 15~~; therefore, the lead concentration is 0.19 ppm 

in the Strombus gil!,as. The accuracy of this determination is ----- - -
considered to be within ± 20;;. Some error occurs -oecause of changes 

in lead concentra,tion due to CHCl.., evaporation. :Srl'Or of the order 
.) 

o±.' 8, few percent can be intrcduced by the yield factor. 

The sample of lead isolated from the Stron1)u;~ gigas as Hell 

as the uranium sam;oles discussed in the following paragr<:'.ph v:ere 

anal;:ze d mas :3 spectrometric ally. The atomic ratios for the le 2,d are 

the fallowing: 

Pb206 

Pb204 
= 18.02 

Pb207 

Fb204 
1).37 37.17 

Uranium was isolated from both the Strombus gigas sample 

and a control solution. The control receiveci essentially the saHe 

treatment c-.s the Strombus gigas in respect to the mnount and j.iurity 

of reagents and chemical processing. Both the sample and the controJ_ 

, ' b · 1 - . t' ·u235 Th f t th n ' f' . nao een spi_rnci wi ·n • e ew -en· s 01 a nicrogrrun o urc-.mum 

isola·ced from the Stror:1bus giga.E. was found to have by mass spectro

metric anc:~lysis the ,,,_t,omic ratio u235 /u23/k o. 736± 0.010; the 

· " - ·· t' 1 u235;·u238== 220--'-_ J_o. :i11e uran"LlUTI extr2,m,ed I rom ne contra ... , ,-- .- ~ -

dif:t'erence between these two ratios is attributed to dilutio:i of the 

aci_ded u235 ~)y the uranium present in the 215 gm sample of shell 

material. The concentration of uranium c&lculated from th089 data is 

0.036 ppm. This va:Lue is believed to be accurate to w:.thin ±0.002 ppm. 

'l'able 2 su~marizes the 211c:,ly-vicc:1l data discussed above. 



Table 2 

3ununary of 1\na.lytical Data 

Spec:i.men 

?_t,r:,o_mb~Ji~g as 

Lead Concentration 
(ppm) 

0.19+0.04 

~~droteuthis. <1. 
uuzosiana 
,;!~.-----..... ·-

Soirif er 
~- ..... .........._ .... <1 

Lead Isotopic Composition 

Pb206 Pb207 Pb208 

. ?O' Pb- 4 

18.02 

P"o204 

15.37 

Pb204 

37.17 

Uranium Concentratj_on 
(ppm) 

0.036 ± 0.002 

I' 
I-' 
0 
0 
I 
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~. Discussion 

'rhe concentrations of leau 31ld uranium, 0.19 nnd 0.036 ppm, 

respectively, found in the Strombus si~a~ shell areJ :Ln general, low 

compared to the amounts believed present in other marine sediments 

( 6, 7, 8, and 9) • For exar!rple, Pat-terson (see reference B) found an 

average lead concentration of 1.2 ppm with a mean devi2.tion of± 0.5 ppm 

in the add soluble portion of 6 Paleozoic and pre-Canbrian carbonate 

rocks and an average uranimn content of' 1.3! 0.7 ppm ha::; 'r)een reported 

( 9) for l.f carbon2.te rocks. Besides the larger concentrations e;i ven for 

these rocks, the ratio of lead to uranium appears to be near unity 

instec.d of over 5 as in the Stromb~ shell. These rocks conta:Ln 

mineral phases other tha11 caJ.c:i.tun carbonate1~ which may provide acid-

soluble leaci and uranium. For example, 5% of such phases (a. typical 

va1ue for the insoluble residue of these rocks) would neeci to average 

only 20 ppm of acid-soluble lead and 25 ppm of uranium to account 

for these differences :i.n concentrations. Also lead and uranium may 

have been p;raduall_y added to these rocks Crom p;round ·water. In 'new 

of the low concentrations for lead 2.nd uraniUlll in the Stromous 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 sediments. 

-·----------------------·----- --···-----------
-l~ The lead concentration in the calcit:Lc brachiopod as well as the 
belemnite can:--iot be 3ignificantl.Y gre2.ter than that for the aragoni te 
phaseo 



In ocean water the mass ratio of lead to uranium seems to 

be approximat:.ely .3 (10)-i~ c.nd this is in r<;asonable 2.greement wj_th 

the ratio of 5 found in the aragonite. The aooarent strontium to 
. ·' 

lead ratfo of .3 x 103 for ocean wc:,ter (J.O) 1s also in good agree-
.., 

ment with the value of ) x 10.> fro.:n 0.097; strontiii11 (spectra-

sCOl)icalJ_3r deterr.1ined) in the Strombus shell mid the observed lead 

content. Eouever, the corrpa:dson betHeen quantities present a.t 

low levi::'l concentrations and those presen-S in pur cent quantities 

must be critic::J_ly viewed. ~·'or cxmnple, mass action ei'i:'ects may 

well beco::ne negligible compared to discrirnination by the c:::·ystal 

structure for solutes ~,hose concentrations are ·within an order of 

ma~::ni tucie or two o±' that of the nost o.s is evidently the case for 

strontium and magnesiun1_ in the calcite anci ara:~~oni<:,e struc'i:.u.res. In 

ocenn water magne:;;ium is about 100 times more abundant than strontium. 

(10). Yet in arat~on:Lte magnesirnn (J2) is nearl;).- at the sc:-·:.me con-

centration level as strontium ( 1). In the case of ca.lei te, however, 

the magnesiu.E is favored; its concentrci.tion (as Ngco
3

) r.my rise 

to 10-1);:; (12) and t!1e strontium c<:rbonate drops to a few tenths 

of a per cent (1J).->Bi' NevertJ:1eless, the interesting .fact 

-;~ ). ratio of cll)out 2 is obtained u_sir1z tl1e o.ver21.ge 11nlue oi .. 2.11.9 
ppm of U found in P2.cii'ic Ocean samr.les by Stewe.rt anci Bentley (11). 

·lH~ Odum (14) has found higher values. 
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remains that the ratios of the amounts of cr:~lciu.:r.f.~, strontium, 

lead- anr:t- u-r"'n-'L''""' ~., o"e-on T,.ra-1-e:r· ::::.r'"'- ari_m_, roxirnatel,v the s2me as the '' ' - ""- - "-"' .-1.11 '-' - '~- '-' ' - '~ - - ,) 

ratios for these elements in ar0.~;0111.te. 

The isotopic ra·0ios observed for the lead of the :;trori1bus 

.f2:.i3as ?.ppear u_nique. :l.11 the ratios ci.::_~e lower than those for 

the Pacific Ocean sediments (6). This difference indicates le:::;s 

admixing of. radio;->;8nic lec:.ci and prir:lev2.l lead. 'l'here is a formal 

similarity to the .3tromb~ lead isotope ratios and those of a 

g;alena sc:mple fror.i the llrgentine r;1.ines, San Jl1an Co., Co1.o. :l1he 

values founo. for this lead ore by Stieff, Stern, and hilkey (16) 

are the following: 

18.06, 37.03 

The isotopic composj_tion of lead in the Atlantic Ocean 

may dif±'er significantly from that i'or lead in the Pacii'ic Ocean 

in view of the degree of isolation of these two mD.jor ocean bodies 

and tne difference in the majcr portion of the rocks boundinr:; 

these two oceans. The Pacific Ocean is rinr::ed i:-Jith lB.to volcanic 

rocks while much of the drainage into the Atlantic Ocean is through 

Paleozoic and pre-Cambrian terrain. Houever, isotope .dc:J;a from 

the Essonville granite (5) and Paleozoic and pre-Cambrlc:m carbonate 

i~ 101-mnstarr.. (15) cites the rc.nge of 0.0129 to O.OJ.38 :f.'or the 
values of the strontium-c2.lciurn ratio for ocean water around reefs 
at tb.e Berrrruaa Isla.nus and Guam. '11hese are 2.pp8.rent1y atomic ratios. 



-104-

rocks (8) may be aver2.gcd and considered representative oi' lead 

of e<J.stern North :\norica. '..i.'he avi:::rt,ge rc:.Lios and no2.n cievj_ations 

e.re the following: 

p0206 

Pb20h 
20.6± 1.2, 

Pb208 

Pb20h 
= 39.7±2.8 

Although adI'l.ittedl.y derived from a small murrber of example:.>, 

these data suggest that the Strornbus lead. should have a greater 

radio genie component than it ~'las in order to oe ropresentati ve of 

Atl2,ntic Ocear1 lead. 

The Stro~~ lead is most likely a non-representative 

oce<mic lead. 

The Castle Ha.rbor water in which the Strorribus grew nwy 

have been contarr..inated by non-indigenous leaO.. h. large !JJnerican 

CJ.rmy airfield lines the north border of the harbor. This boundary 

was formed by interconnecting a number of sme.11 islands by 6redging 

fill do1m to a depth of 50 feet into Tertiary formatior..s a.long the 

Eorthern half of Castle He.r·uor. Oil anci ga.soline from storage 

tr-mks .'.C.long the shore seep into the J.w.:cbor (17). The presence of 

many forei[;n substonces may have modified the isoto"·,ic conr;1osition 

of the lead in the water. The platform beneath ti1e Bermuda Islands 

is composed of volcanic rock which probably formed during late 

'rertiary (18). :During the dredging operc:.tions mentioned above 

altered volcanic debris iws encountereci. Lead-bec;.rinf; p.s.rticles 
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of the volcanic rock may have been included :i.n the shell oi' the 

Strom.bus. 

The inclusion of particles 1;ith acid-soluble lead ond 

uranium invalidates the cornparisior. of lead to urGnium ratios in 

the shell and the ocean water as ciscusseci above. However, lead 

incorporated in the shell may have been selected i'rom lead 

dissolved in the 1-iater. Ii' the harbor water with a sr,~e.11 amount 

of lead of t;ypical oceanic composition were exposed ",:,hrou;:;h the 

dredging operations to labile lec:.d in ·::.he uen.thered volc2.nic 

fra;vn.ents, the composition of the lead in solution would become 

through exchange essentially that of the volcanic le~;,d ;.;ince the 

ratio of lead concentrations in these tuo respective phases is 

;:.;cnerally of the order of 10-3 (10 anci 5). J:. plateau basalt from 

the S:C10shone lava field, LincoJn County, Idaho, analyzeci by 

Patterson (19) coincidentally resembles in isotopic composition the 

J.ead f'ro:m t,he Strem.bus shell. The atomic ratios for this basalt 

are 

18.12, -
Pb204 

Pb208 

206 Pb 
= 38.08. 

The ae;reement Hith the 2._trombus lead in this cc:.se is not as good 

as with the lead ore cited 2,bove since the basalt has 1:wre tl1orium 

end product, Pb208 • 

rJ.'he exchange betneen the small 21uol1.nt of loo.cl in the ocean 

water and ti1e rel2.'tivsly lar,ge amount in He2Xnering volcanic rocks 
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may require inillions of years before the composition in the 

1;.matherine; rock becomes t~71Jical of ocean lead. In this case the 

drepging in the harbor-home of the Strombus would be incidental. 

Thus, carbonate smaples selected in the vicinity of volcanic 

islands raay not cont2.:in represents,ti ve oceanic le.:::.d but may have 

lead frOin the volcanic rocks. 
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Propositions 

1. Recent data (l) on the U and Th content of bentonites 

suggest a new method for estimating geologic ages. i\.s volcanic ash 

alters throug:C10at geologic time, the relative sorption strength for 

Th and U in this ion-exchange bed is assumed not to change although 

its exchange cape.city does. Ions of charge less than 4 such as uo+ 2 
2 

to Th_..4 are, compared , easily desorbed from ion exchange resins (2), 

a.nd this fact suggests that Th may be concentrated in respect to U 

in such natural formations as bentonites. The bigh Th/U ratios ob .... 

tained by Osmond (1) in Cretaceous and Ordovician bentonites are ir-i 

agreement with this viewpointo The averages for ll~ recent ash s2mples, 

19 Cretaceous bentonite samples, and 7 Ordovician bentonite samples 

furnish three points. The straight line through these points plotted 

against time indicates that the system accumulates another atom of 

Th for every one of U every 10 M yrs. 
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2. Thermoluminescent peaks occur at successively higher temperatures 

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

occur naturally ::md cm1 also be ·obtained through irr.sdiation. The 

temperatures indicate successively deeper electron traps. In addition 
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radioactive fluorite is umally (only 1 exception out of 18 cases) 

dark-violet to black (2). In view of these observation the 

proposal is made that the violet color of fluorite is related to 

an impurity ion of charge +4 or higher. 
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3. Because of the great duration of geologic ti.me, Przibram (1) 

has suggested that differences between the natural colors of certain 

minerals and the colors of the thermally bleached specimens after 

irradiation may be due to the gradual accumulation of an excess of 

the more stable 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 nave a mean lifetime 

'r-;: io-l3 exp E/kT i ) !,l, 

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

be thermally ionized in a few years at room temperature while the 
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probable 1:elease tirr1e for other metastable electrons may be tho-:.i.sands 

anc 1:ivon raillions oi' years. For a naturall~' coloreo rnineral irith 

Nio concentration of the 2: th type of trapping center and Ni 

concentration of color centers in this trap where these color centers 

J.1ave a me0:1.n lifetime of ri, the following direct proportionaltty can 

be shown from the assUffintion of steady-state conclitions: 

l\eferences 

Hi. OC W. 1-. 
10 J_ 

1. I\. Przibram, Endec:1~~~£ 13, .37 (195h). 

2. R. Ca.sler, P. Pringsheim, and P. Yuster, J. 

1&, 887 (19)0). 

{2). 

Chem.Phvs. __ ......_ .. --·-

4. The common structure for carbonatGs of the divalent ions 

with ionic radii smaller than that of Ca+2 is the calcite structure. 

'l'he larger cations prefer the arasonite structure. The distribution 

of tra.ce elements in shells reflects this discrirnination by the 

structure. \l~l:ough the a.bsolute concentrations of these elements, 

apparently in solid solution, in aragonite and calcite structures 

depend upon the type of animal producin13 the s!lell and the tempera-

t'c.~re o.t which the shell was formed (1), the concentration of, :for 

exa1!1ple, Sr in arw;onite is 2 to 3 times tlv,.t in calcite in sl.1ells 

preci:;iitated by closely rela.ted animals (2). '.i'his suggests that the 

concentrations of the larger c2.tions in calcite are depressed by a 
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facto:;.~ of approximately 2 from what the concentrations would be 

in comp;:irable a:cagonite. ;Jince the 0r/Pb ratio in ;~1arine 

arar;onite (J) seens to be essentially the same 2.s in ocean water, 

the lead content o-P calcite shells may oo similc:;xly depressed. The 

proposal is made that t'.1e so.me Sr/Pb ratio exists in c0,lcite she1ls 

as iE aragonite shells. Furthermore, the lead content of calcite 

s[1ells frorr.. A.nimals phylogonetically comparable to Str91ii~~ gigas 

should be only l ppm or less. '.rhe U content of such shells may 

be similarly depressed to values of about 0.02 ppm or less. 
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3. This thesis, Part 11. 

5o 2i change in tl1e transn1ission of q11D~rtz occurs ·w:j_thin a fevr 

weeks after irrci.ciiation. '.L'he absorption spectrurr. ird.tic;,lly h<:s 

sever2.l wen-defined absorption peaks in the r2.nge from about 300 ffi))-

to 700 mf-, but after 5 weeks, the peaks are much smaller and light 

tr::lns::nission shows a contir.uous ciecrease as uavelength decreases (1). 

The lcl.tter spectrmr1 :Ls R-lso characteristic of natur2.11;:r occurrin;:; 

smoky quartz. The term transnission hci.s 'Deen deliberately ap-9lied 

above, since the curve not only resembles the trar1smission curve for 

a system of submicroscop:Lc light-scattering particles, but the 

scattered light i'l'o1,1 !1e.tur2.lly occurrin.1 smoky quartz wn.s noted some 
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+-o.,.,,e ·~ryo (2) 'I'l-"e ·pron.c.0·'~,"11 J·,c_<. Iii1"'de th2.t irradiation-induced 
v..:..i.1J. '"-6 - • ·• • - , • ~ - - ~ 

lattice defects rJ.igrate throughout the crystal until con:bination 

occurs with a second kind ofdefect, presumably either an impurity 

or a structuro.l defect. The combination is considered to leaci to 

a 1ight-sce.ttering center. 'l'he migrating unit may well be the 

positive hole assoc:Lated with an 0 ion. With a value for the 

activation energy of diffusion of a vacancy found through studies 

oi' several ionic cr;;rsttls (3), an estimate of the lif'etj_me of the 

migratint; unit has been cal cu lated which agrees 1rJi th the avaj_lable 

experimental data. 
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6. Glass is a metastable phase. Its transformation to the 

crystalline phase at low temperatures is evidently a slu~;:sish 

change since <J. volcanic glass is known from the Permian (about 200 N 

yrs old), and although pre-Tertiary natural glasses are rare, the 

many exo.rnples in the 'I'ertiary with ages up to 60 H yrs further 

sullstan::.iate the stability of this phase. However, on surfaces 

irret:;ular, difflwely birefring3nt films are observ0ci. Perlites are 

volcanic glasses characterized by extensive internal fracturing and 
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relatively high (.3-WD 1mte:c content and apparently occur through 

rapid chilling of a :magma. Ti:1e th::..cknesscs of devit.rified films 

in these rocks show 2. tre:Hi ·wjJ:.h 'l:;e 2.nd the propo:::al is made 

that the devi trification may be in some cases a characteristic of 

the age of the rocks. The rate of devitrif'ic~·.tion at roorn 

temperature is believed to oe of the order of 3 r/100 N yrs. 

7. The proposal is made that the upper lir.1it for the diffusion 

constant of water into glass is io-22 cm2/sec at room temperature. 

'rhis estimate is based on a proposed r:iechanism for the surf ace 

de vitrification of glass. This phase chant;e is, following i)uert;er' s 

discussion (1), a reconstructive type and in view of the energy 

req:1ircd to break the Si-0 linka1:;e, expected to be extrer.~ely slug:~ish. 

~ n t · -l-h t de- • i' t n tl1e £' -E/kT • f .Ltl c n_c , sir,ce .,,. e r2: e ~penas on a .: ac or or . orm e , 1. 

a minimmn estimate of the activation enere;y, 1f, is the energy re

quired to break the Sj_-0 bond, then tbe very small factor of io-67 

is obtained suggesting that the rate of this proce;:;s may be insignifi-

cant even in respect to geological time. If wc:.te:c diffuses into the 

glass and forms -OH [;roups, the breaking of the cross-linking, 

necessarily precursi ve to transformation, may recpire a considere.bly 

smaller activation energy. 
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8. Sulfur-bearing proteins are sug~r,ested as the source of 

sufficient so4 to bring about precipitation of Ba and Sr from 

sea water in Xen<;i2]:lzophora (1) and Radiolaria. (2), both of the 

protozoan class Sarcodinao Although Sr~ ions are )00 times more 

prevalent in ocean water than Ba:-i-2 ions (3), because of the 

difference between their solubility products, only slight differences 

in their concentrations should be required to ·bring about Ba-:' 2 

d +2 .. t t• . +h precipitation in one area an Sr precipi a ion in anov er. 
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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 subsequent shocks vJh.ich 

are called aftershocks, is considered to be the elastic strain 

energ~r stored in the rock masses of a fault. The aftershocks 

represent elastic ai'ter-working of the rock, each shock being a 

creep strain recovery increment. 'l'he accmnulated 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 experiments. 

However, the proposc:,l is made that an equally satisfactory (and 

perhaps better) representation of the data can be obtained wi.th the 

sigmoid equation, 

s/se>O f1\ \ I 

where S is the accumulated creep strain recovery (times a constant 

_!s) at time !' S"° represents the complete recovery, and J::. and B 

are constants. Several aftershock sequences have been represented 

by this t~rpe of equation. 
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10. The expansibility qualities of high water content natural 

glasses apparently depends on the nature of the distribution of the 

water, whether Mo/r/o.i:nerically scattered, hydrogen-bonded, or concentrated 

in bubbles. Water content is generally reported as loss on ignition. 

These analyses do not furnish any information on how the ·water is held. 

Recently (1) the infrared absorption spectrmn. of a perlite has been 

studied in this regard. However, the proposal is made that investigation 

of this problem is possible through nuclea.r magnetic resonance 

techniques. Data concerning the extent of ag2;regate water can 

supplement spectra studies and combined with ex.pe.nsibility characteristics 

of the same perlites, may furnish criteria on which the perlite 



-117-

industry can base its selection of raw material. 
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