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ABSTRACT

The rate of recombination of iodine atoms in the
presence of argon has been redetermined by a flash photolysis
technique. The measured rate constant agrees with results
obtained by the same method 1n other laboratories. The
recombinatioh rate has also been heasured at temperatures
up to 548 °K; these results are in accord with shock tube
data and with other flash photolysis experiments. The rate
is found to decrease slowly with increasing temperature, as
about T—3/?.

In experiments at temperatures between 300 °x and
493 K n-butane has been employed as "third body." It is
found to be 13 times more efficient than argon at room tem-
pergture; this margin decreases as the temperature is raised.
The third-body efficiencies of hydrogen and deuterium have
been compared at 323 OK; they are equal.

The above experiments collectively lead to a determi-
nation of the rate of the recombination reaction involving
12 itself as third body. This reaction is about 600 times
more rapid‘than that occurring with argon at room tempera—
ture, but rapidly becomes insignificant if the temperature
is increased. TFrom its femperature dependence AH = -5.32

Kcal may be deduced for the reaction I+12:??I3.
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I. INTRODUCTION

This thesis reports the sixth measurement of the rate

of the reaction
(1) I+I+A—>I,+A

by flash phdtolysis at room tempefature. In addition, a
number of measurements have been carried out in which the
"third body" required in the homogeneous gas-phase recom-
bination is a species other than argon.

Of the preceding five investigations, three (1,2,3)
yielded erroneous and diverging results because the role of
molecular iodine as a highly effective third body was not
suspected at the time the data were interpreted. In retro- .
spect, the remarkable efficilency of I, is not surprising in
view of the work of Russell and Simons (2), who compared
the third-body effectiveness of 31 gases ranging in effi-
ciency from helium to mesitylene and found a 240-fold
variation in the rate constant for the recombination.
Christie, Norrish and Porter (4), in studying the cause of
the disagreement between the existling measurements of the
fate of recombination in the presence of argon, were led to
conclude thét 12 as a third body is several hundred times
more effective than argon and somewhat more effective than
even mesitylene.

The work reported here was undertaken in an effort to

obtain accurate rate constants for I + I + A and I + I + 12.
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Another objective of the investigation was the study of
these reactions at several temperatures, for comparison
with high-temperature data obtained in this laboratory
using the shock tube (5). Concurrently, investigations of
this nature have been carried out by Christie, Harrison,
Norrish and Porter (6) and by Willard and co-workers (7);
the results of these are now avallable, and, as will be

seen, generally agree with ours.
II. DESCRIPTION OF THE METHOD

Ideally, a kinetic flash photolysis apparatus works by
the instantaneous photochemical production of an unstable |
species in sufficient concentration that its‘disappearance
may be followed by means of a continuously recording photo-
electric device. In practice, the upper limit to the rate
of reaction which may be measured is fixed by the rapidity
with which a xenon flash lamp may be discharged in order to
bring about the initial reaction (rather than by the response
time of the spectrophotometric instruments). The variety of
reactions which may be studied is at present limited by the
shortage of species which strongly absorb visible light;
ultraviolet technigues have not yet been extensively applied
to flash photolysis. The latter limitation restricts
kinetic studies to reactions involving colored gases which
can be dissociated into colorless radicals (e.g. I, BrE,NOQ)
or to systems in which a highly colored species (such as NO3)

may be produced. With the present egquipment, 1n a measure-
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ment involving one of the above gaSes, acceptable kinetic
measurements may be obtained under conditions where the half-
1ife of the unstable species is as little as one or two
nundred microseconds. The recombination of iodine atoms in
an appreciable pressure of added gas is a reaction which
admirably fulfills the above conditlons for measﬁrability.

The vessel in which the reaction is carried out 1is
shown in figure 1. The cylindrical pyrex cell is 32 cm long
and 5 cm in diameter. The side arms and U-tube are nowhere
less than 3.2 cm inside dlameter. Heating the indicated
vertical portion of the side arm to 17500 causes 1 atm of
argon to circulate through the cell about 4 times per
minute because of a thermal siphon effect. If crystalline
iodine 1s placed in the bottom of the U-tube and the out-
side of the tube held at constant temperature by immersion
in a water bath, a steady concentration of lodine in argon
can quickly be obﬁained by circulation of the argon through
the U-tube and cell, However, the final concentration can-
not be accurately predicted on the basis of the expected
vapor pressure of 12 at the temperature of the water bath.
Apparently, thermal equilibrium is not attained in the
U-tube because of the high flow rate of the gas. The top
of the cell assembly is connected, through a lightly greased
stopcock, to a conventional vacuum line.

The cell is enclosed in a cylindrical furnace of 6

inch inside diameter. The furnace consists of an 18 inch
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length of daluminum pipe covered with asbestos tape and wound
with 70 £t of 16 gauge Chromel A wire. The windings, which
are closer together at the ends of the furnace for more
uniform temperature inside, are covered with magnesia pilpe
lagging about 2 inches thick. The furnace end plates are

of transite, insulated with 2 inches of pyrex wool.

The furnace 1s mounted horizontally and is divided into
two compartments by a layer of Corning No. 3486 glass color
filters. The cell is supported in the lower compartment
by brackets attached to the bottom of the furnace. The
flash lamp is mounted in the upper compartment. The filters
and flash lamp are supported from the transite end plates.

The flash lamp is constructed of 13 mm pyrex tubing and
is 36 cm long. Electrode leads are of 1 mm tungsten rod;
their exterior portion 1s usually silver soldered to a
length of heavy copper bus bar in order to minimize break-
age due to the fléxing of the tungsten when the lamp is
discharged. Electrical connections are made to the bus bar.
The lamps are outgassed and filled to 5 cm pressure wilth
xenon,

Various electrode designs have been tried in an effort
to achieve long-term reliability. Current practice calls
for a cylindrical nickel electrode of about 1/4 inch dia-
meter, with the emissive surface machined to a round or
conical shape. These electrodes have a 1 mm hole drilled

in their base, into which the tungsten rod is shrink-fitted.
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Lamps construéted in this way have exhibited an average
life of at least several hundred firings, and fail by
breakage or leakage rather than by detachment of the elec-
trodes from their leads.

The temperature of the furnace 1s controlled by con-
ventional Brown Instrument Company equipment, operating
from a chromel-alumel thermocounle inserted throuch cne of
the end plates. The temperature along the langth of the
cell was found to be uniform within 4°C at 250°C. The
temperature of the winding on the cell side arm (4 feet
of 26 gauge Nichrome) is controlled by a variable trans-
former and measured by a Leeds and Novthrup potentiometer
connected to a chromel-alumel thermocouple imbedded in the
asbestos insulation covering the winding.

Figure 2 is a block diagram of the measuring and lamp
firing circuits. The source of power for the flash lamp
i1s a Condenser Products Company PS-30 30 KV power supply,
whose maximum output current is 1 milliampere. The out-
put voltage of this power supply is controlled by a variable
transformer across the input. The power supply is used to
charge a bank of 4 parallel 1 FF condensers rated for 20 KV.
The condensers are in series with the flash lamp and a 5C22
hydrogen thyratron which functlons as an on-off switch.
This circuit has been described previously (8). 1In order
to reduce the disturbances induced in the measuring cir-
cuits by the operation of the flash lamp, the conductor

between the condensers-5C22 and the flash lamp is composed
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of four coaxial cables bound in a sguare configuration,
with the high voltage leads at opposite corners. Each part
of the high-voltage circult is independently grounded to |
the cathode of the 5C22, as is the galvanized iron enclosure.
| The light source employed in measuring I, concentration
is a 500 watt tungsten projection lamp operated at 120 volts
from storage batteries. The light passes through a con-
densing lens before entering the reaction cell. Beyond
the cell a lens of 10 inch focal length is employed to image
the lamp filament on the cathode of a 931-A photomultiplier
tube. A 486 mpa interference filter and a Corning No. 3387
yellow filter are interposed between the lens and photo-
multiplier tube. The filters must be perpendicular to the
light path within about 50. Light intensity is controlled
by an iris diaphragm in front of the converging lens.

The multiplying voltage for the photomultiplier tube
is obtained from a regulated power‘supply which furnisﬁes
about 50 volts per stage (variable). Ripple and drift are
held to a few hundredths of a per cent. For reasons to be
discussed, a separate source of collecting voltage is de-
sirable, and a 90-volt battery is used. The photomﬁltiplier
circuit also includes a U5-volt battery and precision poten-
tiometer arranged in a bucking circuit so that the DC out-
put signal level may be set at O volts, and the actual DC
level accurately measured. To facilitate the latter the

output is provided with a shorting switch. This equipment



18 shown in detail in figure 3. The output of the photo-
multiplier circuit is connected to the y input of a DuMont
304-H oscilloscope, operating in the DC single sweep mode.
Trace photography 1s done with a DuMont Polaroid type
camera.

Proper sequencing of the operation of the instruments
includes synchronizing each oscilloscope trace to local 60
cycle alternating current, to provide a means of circum-
venting the occasional noise component caused by the opera-
tion of electric machinery elsewhere in the building. To
accomplish this, the power line is monitered through an
isolation transformer and a circult which c¢lips and d4dif-
ferentiates the 60 cycle wave form. The first negative
pulse obtained from this network, after the key is depressed;
is used to trigger an irreversible flip-flop circuit which
thereupon generates the 12-volt step function used to initi-
ate the experiment. The 12-volt signal 1s differentiated
to provide a 12-volt spike which starts the oscilloscope
single sweep. It 1s also fed directly into a variable RC
delay circuit, including a 2D21 'thyraton which discharges
a capacitor after the selected delay. The ZOO~Volt/posi-
tive signal resulting from this discharge 1is épplied to the
grid of the 5C22 thyratron, resulting in the connection of
the charged 20 KV capacitors to the flash lamp. The delay
circuit has also been described previously (9).

Time base calibration is accomplished with a Tektronix

type 181 time mark generator. The ouﬁput of this is inte-
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grated (for easier photography) and simply photographed with
the oscilloscope sweep controls set at the same values as
used in the experiment. Experilence has shown that if the
DuMont oscilloscope is powered from a constant-voltage
transformer, the gain and time base are essentially con-
stant after warm-up, and zero drift is greatly reduced.

In an experiment, the instruments and light source are
allowed to warm up for at least an hour, in order to attain
stability and in particular to fatigue the photomultiplier
tube to a point where further change in sensitivity 1is
slow. The chosen pressure of added gas is admitted to the
cell. The U-tube, which contains resublimed 12, is warmed
to a temperature corresponding approximately to the pres-
sure of 12 desired. The gases are then mixed to constant
optical density by heating the arm of the thermal siphon.
When a steady state is attained, the output of the photo-
multiplier is adjusted to match the DC zero of the oscillo-
scope. Photographs (usually seven) are then taken of
oscilloscope traces during actual flash photolysis experi-
ments. A photograph 1s taken of the sweep without the
flash lamp discharge, to detect AC noise and possibie errors
in the alignment of the cathode ray tube. The gases are
then pumped from the cell, and the DC signal before and
after doing so recorded for use in computing the actual 12
concentration., Following ﬁhis, photographs of.the flash
lamp operating with an empty cell are obtained, to deter-

mine the time at which scattered light from the flash lamp
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bécomes negligible. The time base is photographed. The con-
version factor between Helipot units and inches oscilloscope
deflection is determined before and after the experiment;

the two determinations seldom differ by more than 2 per cent.
The furnace temperature may be taken from the Brown control-
ler with sufficient accuracy for the calculation of gas con-
centrations.

At a particular temperature between 5 and 20 samples of
gas are examined in this way. Gas pressures are chosen to
cover the range of [ig]/[added gas] between the lower limit
of excessively fast recombination and the upper limlt caused
by the onset of the thermal errors discussed in the next sec-

tion.
III. PERFORMANCE, ERRORS, AND CALCULATION OF RESULTS

1. Data Reduction and Indeterminate Errors

The third order rate constant to be determined will be
denoted by k(M, T), where M represents the third body and
T the temperature; in case of possible ambiguity it 1s

o}

labelled °C or °K. It is defined by

(2) al1,l/at = k(M,T) [11° [M]
(1/111,) - (L/111) = 2e(m, )Ml (s - t,).

Units are universally moles per liter and seconds. In terms
of the cell length L and decadic extinction coefficient €,

the concentrations of I and 12 are
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(3) - LI, = (2/eL)logy (v /¥ )5
[12]°° = (l/éL)loglO(a/&o).

The oscilloscope deflections are denoted by a = amplitude
with céli empty;’yo = amplitude with cell filled, and Vi =
ykﬁ-Ayt, the amplitude at time t during the experiment.
‘(Time zero is an arbitrary point selected by examination of
the discharge time of the flash lamp; the "actual" initial
concentration of I atoms gan be found by extrapolation.
Usually about 10 per cent of the I2 is dissociated by the
flash.) Deflection units can be éither inches or Helipot
units in the calculation.

Figure U4 shows typical pilctures obtained in an experi-
ment. After the flash, the distance from the base line to
the traéé is [Syf. This quantity is measured at ten or more
points and converted according to equation 3 into 1/[I]t’
which)is plotted against time. The slope of this plot, or‘
its initial slope in cases where a slight (explainable )
curvature exists, i1s determined by eye and equated to-
2[M]k(M,T); k(M,T) is obtained from this. A representative
kinetic plot is shown in figure 5. '

The rate constants determined for an individual sample
of gas usually spread over a range of about 5 or 10 per cent.
The collection of average rate constants for all thevgas
samples at a given temperature, when plotted against

[IE]/[M] (with [I.] corrected for extent of dissociation
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a Figure 4, Typical Pictures

(Above) Flash alone; (Upper
right) Experiment; (Right)
Sweep alone and time base

Upward deflectlon represents
decreasing photocurrent.
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at time zero), forms a good straight line. The slope and
intercept of this line are determined by least squares.
The intercept gives the final value of k(M,T) at that tem-
perature, and the slope is equivalent to k(ig,T). Thus every
measurement involving an added gas automatically provides an
additional measurement of k(Ig,T), and the plots of k(M,T)
Vs [12]/M should have the same slope for different gases
as M at the same temperature.
The smallest change 1in deflection measureable by eye
is about .01 inch; both this and the time base stability
are more than adequate for a 1 or 2 per cent measurement.
The largest indeterminate error in a quantity entering into
the calculations 1s in the scale factor between oscillo-
scope deflection and Helipot units, which can be determined
only to within a few per cent. This, however, contributes
to the scatter of the average rate constants rather thén
to differences between pictures. The rate constants for
a given gas sample are scattered by differences in the
initial degree of dissociation (resulting in small dif-
ferences in systematic errors to be discussed) and by noise.
With the photomultiplier tube operated at a gain of
approximately 1500, 0.05 microampere of primary photocurrent
is ample for the purposes of the experiment (0.5 is commonly
obtained). The rise time of the amplifier is about 5 micro-
seconds, the most important factor being the oscilloscope

input capacitance. From these two pleces of information
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one computes the theoretical signal-to-shot nolse ratio,
(itr/e)% where e 1s the electronic charge. Numbers approach-
ing 1000 are obtained, and this corresponds to what is ob-
served, Occasionally extraneous signals of an aperiodic
character (commonly caused by mechanical vibration of the
optical equipment) are present, and the signal~to-noise
ratio is appreciably reduced. Near the end of an experi-
ment yO/ZSyt may be as large ae 100, so that in some cases
the kinetic plot may become very inaccurate. This circum-
stance limlts the number of half-lives of I atoms during
which the concentration may be followed. In a large-signal
experiment conducted under conditions of minimum electrical
and mechanical interference from the building, 1t was found
possible to extend the experiment to 5 or 6 half-lives
before noise caused a deviation from third-order kinetics,
provided that correction was made for the effect of the
small change in [12] on the contribution of I + I + 12 to
the recombination. In most experiments, however, only
about 1 ha}f—life was followed, in order to minimize thermal
effects which, in the test experiment, were depressed by
using a very large amount of added gas.

The observed kinetics were also found to be invariant
to limited changes in total pressure (i.e. about a factor
of 2, governed by the useful range of 12 vapor pressure),
and to the initilial degree of dissociation. The latter was

varied by changing the storage capacitance from MfAF to 1/AF.
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Errors due to oscilloscope nonlinearity were virtually
eliminated by installation of a flat-face cathode ray tube
in the oscilloscope, and by freguent adjustment of the
horizontal and vertical linearity controls. An area vary-
ing between 1/2 and 1 inch wide around the periphery of
the tube face always requires linearity correctlon; no-
measurements have been made in this area.

" The voltage available for operation of the tungsten
lamp varied over a 6 volt range with the state of charge
of the storage batteries. In connection with the determi-
nation of the extinction coefficients (g.v.) the calcula-
tion of € was repeated for a light source at a color tem-
perature corresponding to a 10 volt drop in operating
voltage, and no change in € was found.

In high-pressure experiments, the recovery time of
the instruments is important in determining the reliability
of the kinetic measurement. It is not certain whether
scattered light or instrumental pickup is more important in
establishing the shape of the apparent decay curve of the
flash lamp. Scattered light is minimized by Jjudicious
choice of filters (cf. section IV on spectrophotometry)
and by suitable baffles and enclosures around the optical
path. Instrumental noise resulting from the discharge of
the flash lamp is difficult to combat; the best measures
are physical separation of the measuring and lamp firing
circuits, elimination of circular electrical paths through

the instrument ground connections, and lavish use of
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shielding. - The photomultiplier tube has three concentric
shields, made of iron, aluminum and iron. With these pre-
cautions, the best recovery time (time for signal to become
comparable with shot noise) yet obtained is about 200 psec.
No test for possible non-uniform illumination by the
flash lamp was made in this investigation. Flash lamps of
the type described here have been previously (1,6,7) shown
to radiate approximately the same light intensity from every
point on their longer dimension. Since the optical density
of the cell and its contents, viewed from the side, is
small, most of the flash light passes through the cell again
and again before absorption., If, in spite of this, there is
an initially non-uniform distribution of I atoms, its effect

on the measured rate constant would be expected to be small (7).

2. Photomultiplier Tube Calibratlion and Correction.

Of the two major systematic errors arising in this ex-
periment, the one most easlly remedled Is cotlected with
the inherently non-linear response of the 931-A multiplier
tube.

A photomultiplier tube 1s usually thought to possess,
within limits, a linear relationship between i1llumination
and amplified photocurrent (10), providing the amplified
current is not so large as to saturate the final stages
(in this case it is not). This property is universally
established with the use of National Bureau of Standards

neutral density fillters. A somewhat more rigorous test has
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heen devised in this laboratory in order to measure what
might be termed the "differential sensitivity" of the

tube. A weak AC light signal, obtained from a glow lamp

or by mechanically chopping a DC light beam, is focussed

as a spot on the photocathode. A strong DC light signal

of variable magnitude 1s brought to a focus and superim-
posed on the spot illuminated by the alternating light
source, A half-silvered mirror is used to mix the light
beams. If the DC source is turned on and off and the
variation of the amplitude of the AC signal on the oscillo-
Scope sScreen noted; the relative differential sensitivity
(dV/dI)V/(dV/dI)O can be recorded. Here V is output signal
and I is light intensity. Since the sensitivity as measured
with the Fllters is %—j:(dv/dl)vdl, 1t is evident that
considerable variation in the differential gain could be
hidden in the conventional linearity curve; and, in fact,
the integral of the sensitivity measured here is consistent
with the data given by RCA.

A nﬁmber of curves representing the relative differen-
tial sensitivity as a function of output signal‘(developed
across a 100 KA load resistor), for various modes of opera-
tion of the tube, are shown in‘figure 6. It should be noted
that if the usual method of power supply is employed, i.e.
a single regulated voltage impressed across ten identical
dividing resistors between the photocathode and last anode,

the response of the tube should be as illustrated by curve C

in figure 6 rather than flat. This is because the voltage
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across the final or collecting stage, in which no amplifi-
cation occurs, is diminished when an appreciable amplified
photocurrent flows. The regulation of the power supply
then requires that the voltage across the earlier stages
increase in order to maintain a constant total value. Fre-
quently this increase 1s suppressed by placing a large
capacitor across each dividing resistor, but this method
cannot be used here because 1t would tend to delay recovery
of the circult from the pulse of scattered light due to the
flash lamp. In any case this method fails if 1t is neces-
sary to compare two DC signal levels, and this must be

done in this experiment in order to determine 12 concen-
tration. The voltage increase in the earlier stages 1s
reflected in an increase in gain, whose magnitude may be
calculated as follows.

In the early experiments only six of the ten dynodes
were used; let the gain of each stage be g and the primary
photocurrent I p* The dynodes, resistances and divider
currents are labelled as shown in figure 7. If g is the
same for every stage and does not change appreclably with
the amplified photocurrent at that stage, the curreht rela-
tions are
(4) igy + Ip = 19, + elp

. 2
123 + g IP



Figure 7.

FIVE-STAGE PHOTOMULTIPLIER CIRCUIT
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In addition,

s
(5) Vg = constant =132£; ls. s41

Equations 4 and 5 can be easily solved for the unknown cur-
rents, which when multiplied by R give the voltage changes
across the dividing resistors. For I, = 0.5 Famp, R = 25KQ ,

Vyp = 600, and g = 4,

AB

+2.0

(6) Av,, =DV, =+ 2.8 By,
AVys = +2.6 AVys = -0.b

6
_ g -1 sl
AVy g41 = IPR[:6T§TTT g ] .

It can be determined empirically from the gain vs supply

voltage characteristic of the tube (10) that, approximately,

(8) S/ = 0.74 §V/V

The computed overall gain, nominally yo - 1024 =G, is for

" this case

9) [l +&8)-nom=c+a0e {2~ + .05

A set of similar though less compact calculations for
a 9-stage multiplier leads to the curve C éhown in figure 6.
Initially the 5-stage multiplier was selected in order to
keep the potential increase between dynodes as large as

possible, to minimize defocussing by stray fields radiated
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from the flash lamp. This was an unfortunate error because
not only does no significant improvement appear in the
instrument recovery time, but also the differential sensi-
tivity behaves in the wild fashlon shown as curve A, The
reason for this is far from clear, but as the sixth dynode
in a 931-A bears faint resemblance to a collector anode,
some kind of anomalous behavior is certainly to be expected.
The situation is vastly improved if the circuilt is assembled
in the correct way, i.e. using the first ¢ dynodes as
dynodes and the last as collector; curve B 1s then obtained.
The increase in gain 1s approximately twice that calculated.
No explanation of this phenomenon 1s forthcomling either,.
Curve D is obtained by employing a separate battery’to col-
lect the amplified photocurrent, thus rendering the
sensitivity curve essentially flat. About half the data
were obtained under Curve D conditions.

There remalns the problem of what to do with the data
taken with the 5-stage photomultiplier. Fortunately, com-
putation of a correction factor involves integration of
curve A, which makes the discrepancy rather smaller, and
the correction to a ratio of two observed deflections is
smaller still. Since all the early experiments were done
under similar conditions of gain and output signal, it
was found possibie to make a blanket correctibn'to the final
calculated rate constants with only a small sacrifice of

claimable accuracy.
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To find the correction factor to reduce Hellpot read-
ings or inches deflection to what would have been obtained
if the sensitivity were everywhere (dV/dI)O, the inverse

of curve A, figure 6 is integrated up to the observed output

7
/ (dI/dV)VdV
0

T = 7 = correction factor X,
observed observed

level. That is,

(10) Vactual

if (dV/dI)O is defined as 1. The inverse sensitivity curve
and i1ts integral are shown in figure 8.

In the measurement of [12], the correction takes the form

(11) [I,]cale = (1/€ L)logyo(yp/vq)
[I,]actual = (L/éIﬂloglO(xgyg/klyl)

additive correction = Cb/eldloglo(xz/xl)

The range of y, was QOO-MOO’(Helipot units) and that of y,
400-800. The ratio was always near 2. The average decrease
in [12] required under these conditions is 17 per cent.
Use of this figure at the extremes of the range of the y's
produces an estimated efror of 3 to 6 per cent in [12].

The nonlinearity also affects the observed rate con-
stant. In this case we have
y +Ay

= (a/éIﬂloglo =

(12) (1] =

calce
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The correction to y is x; to y+AYy, x+(dx/dy)yAy = x - sAy.
The range of y was about 250-450; during the experiment x
ran from about .83 to .77 in a typical case, and sometimes
reached .93 or .70; s is in the neighborhood of .0003 +

.00005. The additive correction to [I] is

(13) (2/€L)logy, X.;SAy = (2/2.303 € L)1n(1-sby/x)
= 2.§OBeL .-iﬂy , very closely.

To find a correct expression for 1/[1], one inverts the ex-
pression for [I] and expands the resulting denominator,

retaining the second term.

_ 2 . —sl&y
(14) [I]actual - [I]calc + 2.303¢L X
-1 B ~1 2sly
[ ]actual - [I]calc *+ 2.303€ 1Lx *

But since, in expanded form, equation 12 can be rewritten

(15) 20y/2.303e L = y/[1]

cale °

equation 14 is equivalent to

-1
calc

(16) (1172 = [1]

actual (1+sy/k).

Insertion of the numbers gilven above reveals that the ob-
served rate constants should be increased by about 13 per

cent, and that only a 2 to 4 per cent error will be intro-
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duced into the rate constant measurements for which X or s
were not typical.

If the effect of these two corrections on the plot
of k(M,T) vs [IE]/[M] is examined, it is found that both
corrections apply to the slope, but that only the second
affects the intercept. Therefore all the rate constants
determined with the 5-stage photomultiplier, of the form
k(M,T) where M#I,,were multiplied by 1.13 and the probable
error widened by 4 per cent of the rate constant; and all
the rate constants k(Ig,T) determined in this way were
multiplied by 1.13 x 1.17 = 1.32 and their probable error
increased by 7 per cent. The corrected rate constants at
vafious temperatures fit smoothly onto the rate constants
which did not require correction, and the increased un-

certainties are not very detrimental.

3. The Thermal Effect

Optimization of the performance of a flash photolysis
apparatus requires the striking of a compromise between
various kinds of desigh, each with advantages and drawbacks.
Since (in this investigation) the concentration of the un-
stable species is determined by measuring small changes in
the concentration of the substrate, the measurements are
exceedingly sensitive to extraneous fluctuations of the
optica. density of the stable species. One way to minimize
such Tluctuations 1s to increase the range of variation of

the optical density, as by increasing the concentration of
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(in this case) 12, or, more easlily, increasing the initial
degree of dissociation. On the other hand, extensive
application of these measures results in more energy belng
added to the gas sample; this appears as translational energy
~as the recombination proceeds, and the temperature rise of
the gas in the cell may become large. Since recombination
proceeds at a rate comparable with heat diffusion, such a
temperature rise will be spatially non-uniform and the cen-
ter of the cell will become warmer than the edges. This can
lead to large errors in [I] due to the resulting inhomo-
geneity in [I,].

Of the three groups currently making recombination
measurements on I atoms (6,7), this laboratory maintains
the most nearly isothermal experimental conditions. Our
degfee of dissociation and total added heat capacity are
such that the temperature rise is never more than a few
degrees during the entire experiment. At the other end of
the scale, Porter and co-workers (3,4,6) employ low pres-
sures, extensive initial dissoclation and long flash dura-
tions and find that thermal effects are so severe as to re-
quire explicit correction. An analysis of the therﬁal effect
is given below. It shows that, under the'conditions of our
experiments, there are no systematic errors due to heating
of the gas, and no corrections are needed. Unfortunately,
the analysis which we have developed tends to cast doubt
on some of the results of Christile, Harrison, Norrish and

Porter (6), hereafter referred to as CHNP.
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Since the CHNP model is in some ways a special instance
of ours, our calculation is presented first. In our case
it is assumed that all the heat appears at the time of the
flash, resulting in a temperature rise AT. This means that
the calculation ylelds a pessimistic estimate in the early
stages of the reactlion. CHNP allow AT to build up during
the course of the reaction; our treatment may be adjusted
later to include this, 1f necessary.

Consider a cylindrical cell of radius r. Immedilately
after the flash its interior is at T+AT and its boundaries
at T, the ambient temperature. At some later time‘t the
mean distance from the boundary into the cell which will
have cooled significantly will be given by g;'==g Dt where
g is a small number between 1 and 3. D is the heat dif-
fusivity, A()OCV, and is of the same order of magnitude as
the ordinary diffusion coefficient. In our case Sr is
always less than 0.3 cm so that § r<<r.

Figure 9a indicates the temperature profile used to
approximate the above condition. The fractional volume

which has cooled to T 1is given by

-
(17) ' VQ. = 29r (since & r is small);
r

With subscripts ¢ referring to the center portion of
the cell and o to the outside, the concentration distribution

is
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(18) ¢ T =¢ T =

2Te olo cC(T+AT) = ¢, T

wilth CCVC + COVO = n moles of gas;

this follows from the reqguirement that there be no pressure
gradients in the cell.
Elimination of o from equations 18 and use of V = VO+VC

leads to
(19) cc = nT/(VI+V_AT)

so that the fractional change in concentration at the center,
(cc—c)/c where ¢ = n/V, is

-V AT —VOAT
(200 gEwlRT— ¥ —9r— = V.

il

Substitution of (20) in (17) gives

{Dt AT
(21) v = -2 5w

y 1s the fractlonal loss of IP from the light path
along the axis of the cylinder, and is therefore related
to concentrations by

(22) y = [Ig_l .

This is almost the same as the definition of y in CHNP (p.453).
On the concentration brackets in equation 22 and hereafter,
"app" means "apparent'; the absence of a subscript implies
the concentration that would have prevailed in the absence

of heat diffusion effects.
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The CHNP model corresponding te the foregoing assumes
a temperature profile whose radial part is independent of
time. It dis illustrated in figure OSb,

Thelr assumption 1s evidently equlvalent to a stationary
step-function similar to that in our calculation, with some
Sr/? in the vicinity of 1/2. Actually CHNP obtain by
approximation y = -0.83 AT/T, so that in terms of our model
they have chosen —%18 % , Which is equivalent by geometry
to §% = 0,592. According to our treatment this form of cor-
rection is applicable only at a time described by

(23) efBE/r = 0.592; t = 0.350 r"/g"D.

The consequences of this will be examined in a later paragraph.
The dependence of the apparent rate constant on y must

now be computed. From eguation 22,

(24) [To)pp = [Tl (24y)s
LI]app = 2([Ig]i“[12]app)
2([Ig]i“[12] {1+y} )

I

(25) (1] - 2yl1,].

[I,]. is the concentration before the flash.
2-°1

(26) (1155, = [T17F (-eyl1)/1Il)™ 5

which, since [I]>7\2y\ . [Ig], can be written as
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(27) (115, = (117 (+ylI,)/110).
(28) alr];? [1,]
—3E0 — (142y[1,]/11])al 1] /ot + zfﬁ-g &y
[1,] alTl™ )
+ 2y 7] T , if [IE}ZCOHSuaI’lt;
with the definitions S, = d[I];ép/dt and S = a[1]7t/ds,
(29) Sy, = (klIL1/IIDS + 2((1,1/111%ay/as.

The S's are slopes of the kinetic plot; they are proportional
to the observed rate constant. The fractional corrections
will therefore be the same for both.

‘ Equation 29 can be compared with that appearing on
p. 453 of CHNP if the following observations are made. Their

expression for [I] /1I] is inverted, as can be seen by com-

app
paring the forms of the top and bottom equations on that
page. A factor 1/(1l-y) has been taken #1 in deriving
their expressi f

neir expression for [I]app
in comparison to 1 elsewhere in thelr equation for k /k,

app
the coefficient of S in equation 2¢ is obtained. Although
CHNP allow y to vary implicitly with time, they do not make
the (appreciable) correction represented by the second term
of(29).

For convenience in the evaluation of the correction

terms equation 29 is rewritten

/l1]. 1If, therefore, y is neglected
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(30) S = S(1+cl+02), where
= My[Ig]/[I], the CHNP correction;

@]
—
|

(2[12]/S[I]E)dy/dt, the time variation correc-
tion.

To evaluate Cqs the following substitutions with dimension-

less variables are made in equation 21 for y;

(31) ¢ AT =apAu; AT/T = hw¢ with h= AH/LT,
where ¢ = [12]/[M]; &= initial degree of dissoclation,

AH
capaclty of the third body. The heat capaclity used here

60 Wcal/mole as in CHNP; and C = the heat

should be between C_ and Cp; for argon 4 cal/mole is used.

Then,
(32). v = -2ghafot/r.

The extent of recombination is described by a parameter
fgz [I]O/[I]. [I]O is I atom concentration just after the
flash. Then, t = (B-1)/[1],S. Substitution of this and

(32) in equation 30 for cq yields

(33) 8gnx¢ (1] [ D,  (£-1)
€1 T TT[T] P TS[IT, ’

where D has been made pressure-dependent, D1 belng the heat
diffusivity at 1 atm pressure. Since DL[IQ] = %-[I]O,

(33) can be rearranged to
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D (P-1)
(34) cizﬁ%ﬂ_}/ = - "SPT‘iT"‘

The estimation of c, starts from
(35) dy/dt = —gh«(’)ﬁ/rt;
substitution of this in (30) gives
(36) ¢, = -2[I,] ghad¥Dt/rst[1)°

If t in the denominator is written in terms of/g , and & is

eliminated as before, the result is

(37) ¢y = - gen YDt B/r(B-1),
which is
(38) cp = Pe /(L-1).

After noting that the total correction cite, is always
greater than the CHNP correction Cq, We combine the two

terms into a single correction C, which, for 1arge/3 » approaches

5cq /4.



C = cy(58-4)/(L@-4)

- (B(54-1) /b (f-1)%]x
(-4gn/r) (2D, (M]/Pk[I]
(-4gne/r) (2D, /k[I] _RT)

X 1is a function of the experimental conditions only, and

1
2

it

)

; R = gas constant.

where x

= O

the functlon of ﬁ is a universal time factor applicable
to all experiments. Some values of the ,3 expression are

given in table 1.

Table 1

B _(56-1) /4 (f-1)?

1.30
1.34
1.48
1.86
3.00
4.33
747
13.1
38.3

i

OUTW NN s

¢« & e o e e s e

O OWMUt oUW N =

4

The ,é’ expression appears to diverge asB*1 (t»0). This
apparition is caused by the 1nitial assumption that the
temperature rise occurs Instantaneously, and should Be
disregarded.

X was evaluated for our case and for that of CHNP.
For argon the numbers used were Dl = 0.33 cmgsec—1 at 1 atm
pressure, h = 50, g = 2.5; r 1is 2.5 cm for us and 1.25 cm

for CHNP. The results are
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(40) x(Pasadena)

il

-0.05 to -0.003
x(CHNP) = -,07 for the plot at the top
of p. 448 of the reference.

In our experiments{6 runs between 1.1 and 3, with the
rate constant obtalned from the slope of the second-order
plot at(3=1.1, as previously described. Appreciable devi-
ation from linearity is seldom observed 1n these plots,
Evidently these corrections are, as predicted, relatively
unimportant for us--especially in view of the approximation
that all the heat appears at the beginning. However, they
may be significant for CHNP.

In equation 23, the time at which the CHNP correction
is approximately applicable was calculated. If expressed

in terms of @ this condition beccmes

Il

1+0.350 r°[I], 8/g°D

(41) 4

7.6 (Pasadena)
5.5 (CHNP),

both at a ovressure of 100 mm argon. Thus the CHNF model

is not applicable to our experiments at all, but is roughly
correct “or CHNP when their 'percent reaction completed”

is 83 per cent.

The use of corrections referring %o 83 per cent reaction,
at earlier stages in the recombination, should lead to over-
correction of the rate constant. It might be anticipated,
therefore, that the hypothetical curve in the CHNP plot
(Fig. 1, p. 4U8) should be replaced by one with a less nega-

tive slope in the early stages of the reaction but more
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nearly vertical when the reaction is nearly complete.

It is difficult to guess, in the absence of specific
infbrmation about the method of extrapolation used by CHNP,
what will be the probable effect of these corrections on
the CHNP rate constants. If their rate constants are in
error because of faulty thermal correction, the error will
be most severe at high values of [12]/[M]. It will be
found useful, in compariﬁg our data with that of CHNP, to
examine the possibility that their low pressure rate con-
stants are less reliable than those measured at high pres-

sure.
IV. SPECTROPHOTOMETRY

As stated in the description of the equipment, Corning
No. 3486 filters are used between the flash lamp and reac-
tion vessel, and an H-486 interference filter and a Corning
No. 3387 filter in the path of the light used to determine
12 concentration. These sets of filters nominally transmit
light in mutually exclusive regions of the spectrum; the
purpose of this arrangement is to reduce the influence of
flash lamp light on the photomultiplier tube. The filter
transmission curves are shown in figure 10a. The crossover
wavelength is approximately at the convergence limit at
4995 X in the 12 spectrum corresponding to dissociation
into one normal and one exclited iodine atom (QPE/Q and 2P1/2)'

The use of light of longer wave length than this to effect
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the initial. dissociation depends on a pressure-induced pre-
dissociation leading to normal atoms. The continuum of the
I2 spectrum, below 4995 X, is used exclusively for spectro-
photometry.

Both the decadic extinction coefficlent of I, as a
function of wavelength at room temperature, and the emission-
transmission band of the combination of the photomultiplier,
filters and 3200 °g tungsten filament used in these experi-
ments, have been measured in this laboratory (11). These
data are shown in figure 10b. A preview of the probable
value of € was obtained by graphic methods; the value
€ = 350 was obtained. The exact extinction coefficients
were measured in the apparatus.

Optical density measurements made on 12 samples vaporized‘
into the cell from the thermostatted U-tube are very repro-
ducible; the difficulty in obtaining reliable extinction
coefficients in this way stems from incomplete control of
the temperature inside the U-tube and thus of the exact con-
centration of I2 in the cell. If there is one atmosphere
of argon in the cell and the furnace 1is apprecilably above
room temperatufe, the actual I2 concentration may be'almost
twice that expected on the basis of the water bath tempera-
ture, even if the thermal siphon is not operated (at high
furnace temperatures the hot gases circulate rapldly due
to convection). Consequently only "vacuum" extinction
coefficient measurements--ones in which only 12 was present

in the cell--were attempted with this method. 20 such



-43-

measurements at 50 °c gave an average € of 400. From 12
measurements at 200 OC, obtained with two slightly dif-
ferent configurations of the optical path, € = 390 and
€ = 381 were determined.

A chemical determination of I, concentration was em-
ployed in some additional measurements at 50 °c. For these,
a temporary double-beam spectrophotometer was constructed,
in which one 1light path was simply the spectrophotometric
light path of the apparatus. A second was introduced by
placing a half-silvered mirror in front of the converging
lens, as in the photomultiplier calibration procedure, ex-
cept that this time the second light source was another 500
watt tungsten lamp operated from the same bank of storage
batteries as the one usually employed. A special cell was
constructed, the cylindrical portion of which had the same
dimensions as the reaction cell, but which possessed only
one small side arm leading to a standard taper joint., A
test-tube-like standard taper device was attached thereto,
using a bare minimum of silicone stopcock grease in a small
ring at the farthest part of the Jjoint from the cell. This
apparatus was evacuated, filled with 12 vapor and seéled
off. The intensity of light reaching the photocathode
from the two light sources was equalized (this equality
being stable for about an hour) and the cell inserted in the
furnace. After temperature equilibration the optical den-
sity was read and the cell removed. The 12 was frozen down

in the test tube with liquid nitrogen and the cell opened at
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the standard taper Jjoint. The 12 was quantitatively dis-
solved in KI solution and titrated to a starch end point
with standard sodium thiosulfate solution. The solution
used was of necessity quite weak (about .002 N) and was
restandardized against a carefully prepared (by weighing)
IQ-KI solution before and after each titration,

Twelve such measufements, including two with 1 atm
argon (which required 12 hours for freezing down of the Ig),
yielded the reassuring value € = 400. This established,
the extinction coefficient as a function of temperature was
determined. For "vacuum" measurements this involved simply
heating the furnace from room temperature to 275 % rapidly
enough so that the light beams remained in balance, and re-
cording the optical density and temperature at intervals.
Three runs were made in this manner; the result is exhibited
in figure 11. The double-beam data fit well with the
previous 200 °¢ measurements, and the whole curve 1s easily
consistent with that reported by Britton (12).

If added gas was present in the cell this procedure
could not be used, because at a rate of heating sufficiently
slow for continuous temperature equilibrium in the gés, the
cell could not be brought to a high enough temperature be-
fore the light beam intensities drifted into imbalance.
However, the 1 atm extinction coefficlent cguld be determined
at a single high temperature by rapidly heating to that

temperaturevand then waiting a short time for equilibrium.
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Invariably the extinction coefficient obtained in this way
coincided with that obtainable from figure 11; this test
was repeated a number of times for various temperatures.
It was concluded that in the range of our expériments the
extinetion coefficient of I2 is independent of total pres-
sure, and the data of figure 11 were accepted for use in

kinetic calculations.
V. RESULTS

1. Measurements in Argon

A1l the rate constants determined in this investiga-
tion are displayed in table 2.

In the major phase of the reseafch, the added gas was
Linde argon, supplied 99.99 per cent pure and passed over
‘Drierite before use. The measurements described in section
III-1 were performed at temperatures of 29, 50, 100, 150,
200, and 275 °C.

The plots of the observed rate constants vs [12]/[A]
at these temperatures are shown in figure 12. The observa-
tion that k(A,50) is greater than k(A,29), as given by the
intercepts, 1s not serious in view of the experimentél un-
certainty. The 29 °C points at high [IE]/[A] are beginning
to show the calculated deviation due to the thermal effect.

In order to obtain a set of 25 ¢ raﬁé constants for
comparison with the current results of Christie, Harrison,
Norrish and Porter (6) and Strong, Chien, Graf and Willard

(7), it is next necessary to obtain a functional relation



100
150
200
275

M = n-Butane

32
100

220

M = Hydrogen
53

M = Deuterium

52

. . 2
Units are liters mole

47—

TABLE 2
RATE CONSTANTS FOR I+I+M

(M, T) k(I,,T)
(2.72+.13)x10° (2.11+.18)x10%?
(2.99+.13)x10° (1.07+.18)x10%°
(2,01+.08)x10" (4.42j.42)xl©
(1.66+.05)x10° (1.43+.38)x10%"
(1.50+.06)x10° (9.6+3.0)x107"
(1.13+.11)x10° (12.3+8.2)x10°
(3.36+.16)x10*°  (1.73+.22)x10%°
(2.17+.2)x10°° (2.5+1)x10Mt
(1.20+.10)x107°  (1.79+.22)x10%"
(4.43+.08)x107 (1.20+.05)x10°
(3.97+.04)x10° (7.54+.22)x10%2

-0 -
sec

Limits shown are

‘approximately the probable error of the least squares fit

to k(M,T) = k(M,T observed) + k(Ig,T)[I 1/Tm].
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between k(A,T) and T, and also k(IE,T) and T.

In anticipation of the functional form regquired for
interpretation, 1n[k(Ig,T)/T3/2] is plotted against 1/T
in figure 13. This representation 1s selected so that
the rate constant may be resolved into the product of a
collision number and an equilibrium congtant. It will be
convenlent later if the equilibrium constant in pressure
units is of the form AeE/RT where A and E are more or less
constant. This requires that the concentration equllibrium
constant have the temperature dependence 'I‘eE/RT and that the
rate constant in concentration units vary with temperature
asTa@gwwq

In this plot the values of the rate constant measured
with 3 other gases besides argon, are included. As pre-
dicted, the k(Ig,T) seem to fit the same relationship regard-
less of what the added gas was. A welghted least squares

it gives
[ ()
(42) k(I,,T%K) = 10%-6503/2 axp(5.32 Kcal/RT).

In the discussion of k(A,T) accompanying the shock tube
investigation, twe wmethods of presenting temperature depend-
ence data were emploved (13). Similar ones are 2lso used
- P, T 1a (AT 3/2+ 4~ r \
nere. In Ffigures 14 and 15 1n[k(A,T)/T Joanl o JTk(ALT) ]
are ccrrelated with 1/T and log,. T respectively. The recent
findings of Willard et al. (7) are also displayed but are
not included in the least squares rit, which uses k(A,T)

from table 2 and, in the cazse of log k vs log T, from the
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results (14). The shock tube data are treated

because

a single polnt at 1zo
Willard's points are slightly

g apraratus seems to have ylelded, in

wo distinet sets of data for the same

experimental conditions. The "high" and "low" values thus

obtalned

.

nelther very
rresent comparison.
ffor the Willard

egquivalent

large

differ by about 20 per cent. Thigc discrepancy 1s

)

nor very serlous for the purposes of the

In figures 14 and 15, the range shown

rate constants has as its extremes the

"migh" and "low'" values. The agreement between

the data reported here and Willard's rate constants 1s

remarkably

7 good.

The functional relations so obtained are

/] D3/
]_OL.OOT‘)/d (L_.[LS Kca—l/RT) from f.L»k.lurJ.

») -
101715133 prom rig. 15,

From eguations 42-U4 the rate constants k(A,25)

k(Ig,Qr) pertaining to this Investization may be computed.

The results are

(45)

k(I,,25)
k(A,25)

In figure 16

Harrison,

Norrish

- 1.88 x 1017

0O

3.26 x 10° from equation 43;

C
2.85 x 107 from equation 44,

these numbers are compared with the Christile,

and Porter (6) and Strong, Chien, Graf and
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Willard (7). data. The points shown correspond to those
of figures 7 and 3 of the references, respectively. The
lower value of k(A,25) in equation 45 1s used in this plot.
The "tail" portion of the straight line of Forter et al.
is omitted.

The three investigations seem to be in agreement that

the "best value'" of the room temperature rate constant is

\O

close to 3.0 x 101. This agreement is approximately within
the predicted errors of the three investigations, so that
the discrepancy which led to this investigation can probably
be regarded as removed.

The agreement between the slopes of the Porter line and
the data reported here 1s fair. If the Porter slope 1is
entered as a point on figure 13, it is noticeably but not
calamitously low. Abandonment of the Porter procedure of
neglecting the points in the "tall" (in figure 16, all
those circles below [Ig]/[A] approximately 0.35 X 10_3)
would result in quite good agreement; the argument develocped
in section III;S, that Porter's most reliable points may
be those in the "tail,'" could be used to support this. Be-
cause of the much greater volume of data, figure 13 énd

equation 42 should probably be regarded as giving the "best"

value of k(12,25).

2. Measurements in n-Butane

The studies in n-butane were initiated chiefly in

order to provide a check on the k(IE,T) determined in argon.
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The n-butane was obtained in pure form through the courtesy
of the Chemical Engineering Department of the California
Institute, and was redistilled once in the course of transfer
to the apparatus. It was stored as a liquid in glass at
-78 OC, or for longer vperiods at room temperature under its
vapor pressure of about 3 atm. Measurements were made at
three temperatures: 32, 100 and 220 OC. The results are
included in table 2.

Figure 17 shows the k(n—CaHlO,T) Vs [Ig]/[n—Cquo] plots
obtained at these temperatures; the temperature dependence
of the intercepts is examined in figure 18. The dependence
of the rate constant on temperature 1s expressed in the

same way as for argon. The straight lines, established

by eye, correspond to

°%) = 10%-90p3/2 oxp(2.80 Keal/RT)

10°
C -
or k(n-CyH,,, T°K) = 1015-90 p-2.16 X

(46) k(n-CyH

A comparison exists between these data and that of
Russell and Simons (2). They employed, among other things,
propane and n-pentane as third bodies; while the rate
constants they measured may be inaccurate due to negléct

of I+I+I the ratios between them should be reliable.

2}
" They observed

Hg 20°C) /k (A, 20°C) = 8.4;.

C) =13,

(47) k(c3

e}
k(n~C5H12, 20°C)/k(A, 20

O
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whereas the measurements reported here lead to approxi-
mately
(48) k(n-CyH, o 20°C) /k (A, 20°%C) = 13 ,

in reasonably good agreement.

3. Measurements in Hydrogen and Deuterium

The third-body efficiencies of hydrogen and deuterium
were compared at a single temperature, 53 OC. The materials
used were <G.¢ per cent pure Linde hydrogen, and deuterium
supplied by the Stuart Oxyzen Company and stated to be of
7399.5 per cent purity.

The results are exhibited 1n the usual way in table 2
and figure 1¢. The ratio k(H2,53)/k(D2,53) is 1.11. Some
difficulty was experienced in these measurements with mls-
hehavior of the furnace temperature controlling system, and
it is likely that the divergence of slopes in figure 19
reflects a difference in furnace temperature of approximately
5%, If the temperature dependences of k(HE,T) and k(Dg,T)
are roughly similar to the others measured in this investi-
zation, a correctlon for this 50 error may be calculated.

The use of this correction reduces the above ratio of rate
constants to about 1.04,

The rate constant for hydrogen may also be compared with
data of Russell and Simons. The work reported here leads to a
1<(H2,530C)/k(A,5300) of about 1.5; Russell and Simons re-

ported 1.3 for the same ratio at 20%¢.
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VI. DISCUSSION

1. Introduction

Interpretation of the data is facilitated if the overall
reaction

(49) T+I+M —= I,+M

can be subdivided into two bimolecular processes. Although
the proper method of doing this is not at first apparent,
two limiting cases may be‘discussed.

I the added gas 1f perfect, or 1f the object M 1s
idealized as a hard sphere, the only possible mechanism of

recombination 1is

*

(50) I+I = I,

*
Iy +M =72 I, +M

2
and the rate of recombination should be a function only of
the temperature and the mass and radius of M. At the other
extreme, if M interacts strongly enough with I atoms to
form an intermedliate specles eligible for designation as a
chemical compound, the mechanism would be expected to be
(51) I+M = IM

IM+I —= I+ .
In the second case the relative efficiency of M is largely
regulated by the detailed nature of the interaction poten-
tial between I and M, These two limiting mechanisms do not
constitute an "either-or'" choice for the recombination of

I atoms in, say, argon; initially, one must entertain the
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prospect that the true course of events may be intermediate
between the above two alternatives,

The observed rate constant for either mechanism is
given by
(52) k = PZK ,
where K is the equilibrium constant for the first step, and
Z and P are a collision number and steric factor referring

to the second step if its activation energy is zero.

2. Evidence for IM: k(Ig), k(Hg) and k(DZ)

A prime example of the circumstances which lead to the
second type of mechanism is the reaction
(53) I+I+I, =—> 2I, ,
for which the rate constants k(Ie,T) are Pepofted here.
That this reaction realizes the conditions for the IM mech-
anism is demonstrated by the extreme efficiency of 12 as a
third body, and by the existence of precedent for the
postulation of trihalogen compounds (IM = 13).

By semiempirical methods Rollefson and Eyring (15)
estimated the stability of the trihalogen molecules. For
the reaction
(54) I+I, = Ig
they calculated an equilibrium constant
(55) K(I3) = 0.003 exp(2.4 Keal/RT)
in pressure units. The assumptions which led to this pre-
ferred result were (a) that the bond energles are 10 per

cent coulombic, in analogy with theoretical results for
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the hydrogen molecule, and (b) that since the entropy change
involved in the halogen association reactions (2X=?X2)

is about 20 entropy units, [XSO for halogen reactions of

the form (54) is between 0 and -20 e.u. and is probably
about -12 e.u. They also observed, from a gualitative
inspection of the potential surfaces involved, that tri-
halogen molecules would be expected to have lifetimes equal
to many times their periods of vibration.

Trihalogen moleculeslhave been postulated 1n a number
of reactlon mechanisms, both before and after the appearance
of the Rollefson and Eyring analysis. Many of these are
listed by Steacie (16). Unfortunately, 1t is difficult to
distinguish, in an ordinary photochemical investigation,
between halogenation reactions initlated by atoms and by
trihalogen radicals. Steacle concludes only that (for con=
struction of halogenation mechanisms) trihalogen is inneces-
sary.,"

. The equilibrium constant fK(I3), as estimated in this
investigation, may be used to evaluate the possible con-
tribution Ova3 in iodination reactions.

This equilibrium constant 1s obtained from equafions 42

and 52, with the assumption that P = 1. In the calculation

o
of the collision number, the value O& 1 = CE _1. =5 A& was
3 D740
used. The result is
(56) K(I3) = k(I,,T)/2
= 6.33x10_6 T exp(5.32 Kcal/RT) liter mole T

7.7x1072 exp(5.32 Kcal/RT) atm™* .
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Calculation. of the ratio [13]/[1] in saturated I, vapor at
room temperature yields the value 3 x 10‘”; this decreases
as the temperature is raised. Evidently 13 is not an im-
portant intermediate except when (as in this investilgation)
an abnormally high concentration of atoms is present.

For the reaction I+12313, the form of (56) in pressure
units is equivalent to the thermodynamic statements
(57) AH® = -5,32 Kcal

As® = -20.2 e.u. ;

if the steric factor P is not 1, then [&SO is to be corrected
by addition of the positive number (-R 1nP). This correction
is rather small.

For the reaction

(58) I+I & I,

one calculates from the N. B. S. tables (17) AS® = -2l e.u.
The result (57) thus conforms to the spirit of the assump-
tion (b) of Rollefson and Eyring.

A somewhat more specialized estimate of ZXSO may be
obtained by regarding 13 as a linear half-bonded molecule
and making an approximate statistical calculation oflits

0

entropy at 2980K. The bond length may be taken as 2.75 A by

Pauling's rule (18). Standard methods lead to the results

(59) Stl"ans = “’3-7 e.u.
Srot = 20.6 e.u.
Select = 2,7 e.u. ,

the latter if the electronic degeneracy of 13 resembles that
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of I. The vibrational calculation, however, leads to con-
slderable uncertainty.

The stretching force constants may be approximated by
use of the equation of Gordy (19), which allows the nominal
bond order to be included in the calculation. There 1s no
Gordy or Badger type of rule which applies to bending modes.
Tnspection of data given in Herzberg's text (20) reveals
that for triatomic molecules the bending frequencies tend
to be about half the symmetric stretching frequencies, cor-
responding in various cases to bending force constants about
an order of magnitude smaller than stretching force con-
stants. In the absence of other criterla, this observa-
tion was used to complete the set of frequency guesses

(60) V, = 120 em™ 1

|)2 S 80 em? (doubly degenerate)
V3 g 210 em™t
from whence

(61) S
S

13.1 e.u.

vib
80.1 e.u.

From this estimate, one obtains for the reaction under
discussion (equation 54), A s® = 25 e.u., in reasonable
agreement with the observations. The analogous formation
of ozone from O, and O has As® = -30 e.u. (17). Thus both
the interpretation of k(IE,T) and the measured energetics of
formation of 13 appear to be relatively plausible,

The.results of the measurements in hydrogen and

deuterium are consistent with the IM mechanism. The equili-
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brium constant for the formation of the intermediate IM
should not depend on whether M is H2 or D2. The collision
number Z for IM+I is also practically independent of M in
this case. However, if the I+I mechanism of equation 50
applies, the collision number between 12* and M differs

by a factor of 21/2 according to whether M = H2 or M = D2.
It is necessary to make the rather arbitrary suggestion
that the slower moving D2 is more effective than H2 in
deactivating 12* by a factor of 2% per collision, in

order to explain the results on the latter basls. Thus

the comparison of H2 and D2 tends to favor the IM mechanism.

*

3. The Measurements in Argon and Butane

The results of the measurements in which the rate of
recombination was determined over a large range of tempera-
ture do not lend themselves to easykinterpretation. In
the first place, the exact form of the observed temperaturé
dependence law 1is quite uncertain; since the rate of re-
combination in the presence of argon shows only a sixfold
decrease when the temperature is raised by 1OOOO, it is
not surprising that a falrly wide variety of k = £(T) ex-
pressions are compatible with the data. Furthermore, even
with this latitude in the choice of an observed temperature
dependence, 1t 1s not possible to reconcille the observations
with the behavior predicted by simple calculatiqns based
on the possible mechanisms given above. For each type of

calculation, one or more purely speculative assumptlons are

?M"'; a

L,
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required in. order to obtain agreement with the data. In
this section, some of these calculations and their modes of
failure are examined.

In the hard'sphere treatment, the equilibrium constant K
for I+I = 2* is taken as proportional to the lifetime of
12* and the rate of its formation (a collision number). The
lifetime Y 1is approximated as the vibraticn period of IP in

the lowest vibrational level of its ground electronic sbtate;

IR

thus 7 1/(c - 216 cm_l). The calculated rate constants

LI

[, o
62) k=2 VPI

[

e
1.6 x 107(T/2¢8)P for M

argon;

2.7 x 10°(T/2¢8)P for M = butane.

Collision diameters were taken or estimated from Hirsch-
felder (21). The observed rate constant for butane is

13 times that for argon, whereas the calculation gives only
a factor of 1.7. Making ¥ larger by increasing the life-
time of 12* over that given by the vibration period would
improve the magnitude cof the rate constants but not their
ratio.

The above treatment suggests that the rate of recombi-
nation should increase with temperature, in contradiction
to eguations 44 and 46. The steric factor P, in order to
remove this contradiction, must vary as about T_S/Q for
argon and T3 for butane.

Construction of a rate constant from the IM mechanism
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requires equilibrium constants for the formation of the
guasi-molecules I.A and I-Cquo. These can be obtained by
adapting the procedure used for estimating the second virial
coefficient of a mixture of I1mperfect gases.

Following Pitzer (22), the concentration equilibrium
constant for formation of IM is written in terms of classi-

cal partition functions;

(63) K = VQr/QQy
= Qg (myyy/] mImM)3/2 (n® /2 w3/

i1f the usual translatiocnal partition functions are inserted.

2
-3 . P P p
(64) Qs ¢ = 96,— exp{if(-e—/}% + % + i + é[r])/k’:[‘] dp..dq- -

O, the symmetry number, is one. Each of the momentum inte-
grals is (QWVJKT)l/é. If the configurational part of the
integral is shifted to polar coordinates and the angles

integrated, the result is
£
2 2 ‘ 2
(65) Qe = &ﬂ(QmﬂkT/h )3/ exp(-€[r]/kT)r“dr .
o

ry is the internuclear distance at which a "molecule! is
said to have been formed. Substitution of (65) in (63)

cancels the mass expressions and leaves

(66) K = wAL} Jexp(—e[r]/kT)rgdr 1iter mole *



~69-

The factor N/1000 (N = Avogadro's number) has been intro-

duced in order to change the units from cc atom™ T to liter
~1

mole .

The Lennard-Jones potential function is used:
(67)  €1lr] =€, [(r,/r)* - 2(r /r)®)

The integral in equation 66 need not be evaluated,
as it has in effect already been computed in the construc-
tion of tables of second virial coefficlients. The expres-
sion for the second virial coefficient is

oo

(68) B = 2wy J'[l - exp(—é[r]/kT)]rgdr liter mole .

=

100

@)

O

From (68) and (66),

(682) B = 21T(N/1000)r13/3 - K/2

+ 2ﬂ(N/lOOO)j[[1.— exp(-€[r]/&T)]r dr

b

so that

(68b) K = -2B + 4W(N/1000)r,>/3
o0

MHKN/IOOO)J.[1—exp(—é[r]/kT)]r2dr .
h
B, the second virial coefficient, 1is itself negative when
the attractive forces bethQp molecules are Important.

The distance ry at which a molecule IM is said to be
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formed is not well defined. Presumably ry 1s slightly
greater than rye. The last integral in eqguation 68b is
negative, and is customarily neglected 1n the calculation

of virial ccefficients. We make the approximation that
(69) K = -2B + 4w(n/1000)r /3 ,

that is, that the sum of the terms 4ﬂ(r13 - ro3)/3 and
[+ o]
uar [1—exp(—€[r]/kT)]r2dr may be neglected.

n

The place where the Lennard-Jones potential is zero is

called O, and is given by r, = 21/6C7. The usual tabula-
. . . -1
tions give B/ , where/9= 2n(N/1000)r03/3 liters mole .

Equation 69 may be rewritten in its final form,
(70) K = %Trd3(N/1ooo) (Yo - B/B) 1liter mole T

where B/@ 1is to be looked up in tables (23).

For the purpose of interacting with argon, iodine atoms
are regarded for the present as similar to xenon. The re-
quired Lennard-Jones parameters are estimated (21,24) with

the aid of the rules

IM XeXe MM, 1/2
(71) e ™M - (g eXeg 1M1/
Sin = (F%exe *9m)/2-

The numbers so obtalned are
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(72) (€, /c) = a6l (€ o) = esc
c 5 o ©
1A = 3.73 A IC,Hy o = 4,97 A

these values can be used with equation 70 to obtain a

graphic relation between K and T, and thus between

Kk = PZI—IMK and T. The collision numbers used are
(73) Z - 10.4 x 10%0 (7/208)Y/2
I-IA " \ASe
Z _ 16.6 x 1010 (1/208)1/%
I-ICquo

The result of all these calculations is displayed 1in
figure 20, along with the observed results (taken from
figure 15) for comparison. On this kind of plot, a parallel
displacement of the calculated curve from the observed
would indicate error in a constant, such as ¢ or the steric
factor P. P is taken as 1 in the figure. An angular dis-
crepancy between the curves indicates that the steric fac-
tor, in order to take up the difference, must again vary
according to some power of T. This variation, measured from
the figure, amounts to close to T"3/2 for both argon and
pbutane. The extreme values of P are about 1/5 and 1/80.

Various refinements can be made to this calculation,
such as using other criteria to estimate O, or allowing
it to be regulated by the position of the rotation barrier
in the I-I(A) collision; these effect moderétely large

changes in the magnitude or temperature dependence of the
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number which must be assigned to P in order to superimpose
the calculated results on the observed. However, the lack
of concrete knowledge of what behavior should be expected
of P reduces the usefulness of these modificatilons.

An alternate interpretation of the results may be ob-
tained by scrapplng the procedure used 1n equations T1-72
for estimating the magnitude of the interactlion between
I and M, and assuming instead that the actual interaction

is described by the energies

(74) € I - 2.5 Keal

éOICAHlo - 2.80 Keal

derived in equations 43 and 46 from the experimental data.
These values are outside the range of the Lennard-Jones
treatment, so an argument similar to that used for M = 12
must be employed. If equations 43 and 46 are divided by
the collision numbers of equation 73 and the steric factor
P, and the resulting equilibrium constants shifted to

pressure units, the result 1s
(75) K(IA) = (2 x 107°/P)exp(2.45/RT)
K(IC,H,,) = (8 x 107°/P)exn(2.80/RT).

A very rough calculation of the entropy of IA, following
the procedure used for 13, gives AS = 0 to -10 e.u., which

would indlcate that P is in the range of about 10751, This
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smaller P is to be expected if the stronger interaction is
assumed. The method of presenting the data used here

(1.e. 1n k732 vs 1)

carries the implicit assumption

that P does not vary appreciably with temperature.
Validation of this interpretation depends on breaking

down the assumption that the iodine atom, with its odd

electron, is no more attractive to argon than 1is xenon. The

attractive part of the Lennard-Jones potential varies ap-

proximately as the square of the polarizabllity of the

molecule. If for the mixed case the energy is assumed to

vary as

2

(76) E~[0( s /gl

then the relation between the actual polarizability of
xenon, and that which apparently should be assigned to

iodine atoms, 1s

ad

(77) 0‘1,obs/°‘;<e = 3

There is a method for calculation of approximate polariz-
abilities by summing contributions from electrons in the
various shells of atoms (26), with an "effective nuclear
charge" assigned to each shell from screening constants.
Calculation of the polarizability of xenon by this method

gives °<Xe = 2.0 X lO—24 cm3; the observed value is

4,0 x 10_24 em3. The same type of calculation yields
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(78) CyI,calc/,che,calc = 1.5 .

This leaves only a factor of 2 unaccounted for.

To summarize these calculations: Each method of pre-
diction of rate constants requlres that specific restric-
tions be imposed on the steric factor P. If the mechanism
involving Ig* prevalls, P is between 1 and O.1 at room
temperature and decreases very rapidly (as T>2) as the
temperatufe is raised; and the unexpected reouirement that
P(A)>>P(04Hlo) is encountered. If the reaction is considered
to proceed via the intermediate IM, then to the extent that
IM resembles a Van der Waals complex P is in the range 0.1-
0.01 and decreases as T"S/é. If the interaction between I
and M is for some reason stronger than anticipated, then
the temperature dependence requirement on P 1is eased and
its value may be as low as 0.00l.

A somewhat different approach to the problem of cal-
culating the rate constant for the reaction I+I+A—+12+A 1ls
being made elsewhere (25). It is modeled after the com-
pound nucleus theory of nuclear reactions., The calculation
proceeds generally by assumlng that the phase space’avail—
able to the system I, I, A has uniform probability after
their collision and calculating the fractional volume
thereof which 1is accessible to IE+A. The preliminary
results are that the rate constant increases as ’I‘l/2 at

low temperature, then levels off and eventually falls as
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T'B/Q. The scale of temperatures, however, has not been

determined.

5. Todine Recombination and Energy Transfer

Russell and Simons (2) plotted their 31 rate constants
for different added gases against the boiling point of
the added gas} They found a smooth increase in rate con-
stant with boiling temperature, with certailn (high rate
constant) exceptions: aromatlc hydrocarbons, ethyl iodide,
and, to a lesser extent, ethyl bromide.

‘This investigation lends some support to their view,
in making this plot, that the degree of interaction of M
with I (rather than, for example, the number of oscillators
in M) should largely determine the third body efficiency of
M. The exceptions listed above are apparently those species
capable of forming, with I atoms, a complex more stable
than the usual Van der Waals association. Ethyl lodide is
a particularly striking example of this; it is at least
L, times as effective as would be expected.

The considerations which lead to the formulation of
the equilibrium constant for IM (equation 70) would suggest
that a good correlation should exist between k(M»u%M_I/CT3
and Béé’ as obtained from the Lennard-Jones parameters for M.
The factor 6’3 removes the o dependence of the equililibrium
constant in the IM mechanism, allowing 546 alone to be
compared with k. The factor/A%M_I removes the mass dependence

of the collision number, so that rates may be compared on
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a collision-per-collision basis. The cross sectlon terms
of the collision numbers are assumed to vary slowly with M.
The correlation is shown in figure 21, with Russell and
Simons rate constants, for the gases for which data (21)
are availlable. Hydrogen and benzene would not be expected
to fit this plot, and are omltted.

Before an attempt is made to compare lodine recombi-
nation data with the results of other energy transfer inves-
tigations, a careful specification of the reverse process 1is
in order., The symbol Ig* has been used here to represent
a molecule excited above 1ts level of dissociation, i.e.
one which will inevitably come apart if no stabilizing col-
lision occurs. The product of the reaction I+IM->IE+M is
almost certainly vibrationally activated, perhaps to within
a few kT of dissociation. This molecule will be denoted
by IgaCt. In a gas mixture at equilibrium in which 12 is

being thermally dissociated, the possible processes accord-

ing to this system are

(79)
_ TM+T _ g3
s, AN
1 ‘(ii 3
I M 12a0t+M T+T+M
-1 =4 -5
}% * //5'
I, +M

There are, of course, a whole serles of states I?aCt. 1f

it is assumed, for the sake of argument, that the recombi-
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nation proceeds mostly by steps (3) and (2), then micro-
scopic reversability requires that the dissociatlion take
place via (-2) and (-3) rather than (-4) and (-5).

While not necessarily taking place at every collision,
step (-1) is probably efficient enough that IgaCt, once
formed, does not again dissociate. Therefore steps (-2)
and (-3), whose rates depend on the nature of M, are rate
determining for the dissociation process. On the other
hand, the rate of step (1) is the quantity of interest in
the typical investigation of energy transfer in which uni-
molecular reactions are studied at low pressures.

In the event M is an "ordinary'" gas--free of special
interactions with I atoms--1t should have almost the same

act to a higher vibrational state

ability to activate 12
as to form IM+I. For these cases the computed reverse
reaction rate for 12+M should approximately index the effi-
ciency of M in step (1). The above limitations suggest

that M should not be allowed to be an iodine-containing
substance or an aromatic compound In the comparison to
follow.

Volpe and Johnston (27) measured the relative collision-
per-collision efficiencles of various gases in the activa-
tion of nitryl chloride. The comparison between their
results and the Russell and Simons set of rate constants
should be of interest; a number of gases were common to

both investigations. A relative collision per collision

rate constant for 12+M may be obtalined from
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(80) k(Dissocn., rel.) = k(Recomb. /JI VI

since the equilibrium constant involved is the same for
all M., FHigure 22 shows the comparison. The gases are
arranged in the order of their boiling points. Solid
circles are the rate constants given by equation 80, in
arbitrary units; open circles, data of Volpe and Johnson
based on unit efficiency for nitryl chloride; the other
points display a second specimen of comparison data, that
of Pritchard, Sowden and Trotman-Dickinson (28), obtained
by studyling the activation of cyclopropane towards 1so-
merization.

The agreement of the lodine data with the conclusions
of Volpe and Johnson is satisfactory; agreemeht with the
cyclopropane results is not as good. The cyclopropane data
are of a lower order of precision that the other results
shown 1n figure 22. Alsc, as Volpe and Johnston point
out, the cyclopropane data were obtained in the "fall-off"
region (the pressure regime where the behavior of a uni-
molecular reaction is intermedliate between first and second
order), and may not be strictly comparable with results

obtained under actual second-order conditlons,

5. Conclusions

In attempting to disccver the factors regulating the

rate of combination of atoms, the inveztigetcer has at his

disposal two principal varlables: the nature of the third
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body M, and the temperature. It would appear, from the
preceding section, that the problem of understanding the
effect of varying M in a recomblnation process is parallel
to that of forecasting the energy transfer properties of
M in any other reactlon. Thus the interpretation of the
effect of the nature of M on the recomblination rate is on
as firm a basis as can be expected at the present time.

Beyond possible contributions to the state of the art
of flash photolysis, this investigatlon addresses itself
£o the more difficult prcblem of elucidating the temperature
dependence of atom combination reactions. The measurements
in argon, over the large temperature range afforded by com-
bining this work with the shock tube results, comprise the
first set of data sufficiently extensive to be useful as
a basis for speculation about the dynamics of the process.
The main obstacle to interpretation of this data is the
lack of a method of estimating the efficlency of the bi-
molecular process (whatever it i1s) which yields the final
products. Without such an estimate, one cannot even es~
tablish that the rate of recombination reactions should
decrease with increasing temperature.

Neither can it be said that this investigation deter-
mines the sequence in which simpler events combine to pro-
duce an apparently termolecular process. It has certainly
been shown that if M has a chemical interaction with I
atoms, the recombination is most likely to proceed via the

intermediate IM; our measurements of k(Ie,T) and certain



-83-

of the results of Russell and Simons lend support to this
contention. The evidence given here that the reactlon
always proceeds in this way (regardless of the identity

of M) is indicative but not conclusive. The comparisonbof

- the effectilveness of H, and D, as third bodies, while attrac-
tive, possesses a loophole through which 1ts usefulness as

a test of mechanism could be attacked. If such an attack

is to be successful, 1t requires a particular assumption
about the effect of the mass of M on its effectiveness in
deactivating 12*; this assumption, at present, would be no
more nor less speéulative than those employed 1n attempting
to establish the IM mechanism. Minor points in favor of the
IM system are its greater success in accounting for ratios
of rate constants for different M, and the fact that it af-
fords a slightly more satisfying comparison with the ob-
served temperature dependence data.

Although temperature dependence data for the rate of
recombination of iodine atoms 1n the presence of hydrogen,
deuterium, ethyl lodide and hydrogen iodide would be of
considerable interest, the observations in argon are probably
both adequate and most convenient for testing of theoreti-
cal treatments of the recombination process. Most of the
guestions raised in the discussion of the argon results
cannot be resolved by further experiments with present fast
reaction technigques. Thus it seems that the major features

of the behavior of argon as a thilrd body must remain in the
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category of. unexplained observations, to await the avail-
ability of an adequate method of calculating the mechanics

of the collision processes involved.
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PROPOSITIONS

1. In connection with the peculiar results obtained by
Burwasser and Taylor (1) in their investlgation of the
photolysis of acetlc anhydride, it 1s suggested that:
(a) Their quantum yield measurement may be in error;
(b) A further attempt should be made to characterize

the liquid product of the reaction.

2. A simple experiment can be carried out to further
demonstrate the probable existence of the trihalogen mole-
cules discussed in this thesis. The recombination of
iodine atoms in the presence of a small amount of chlorine
gas (diluted with argon) should lead to the formation of
some ICl if the intermediate ICl2 is important.

In the same experiment, the rate of

2ICl = I, + Cl,

can be measured if it falls within certain rather wide

limits.

3. It is proposed that kinetic flash photolysis techniques
be extended to the ultraviolet region, and, in view of cur-
rent interest in the rate of recombination of oxygen atoms,
that reactions in the oxygen-ozone-inert gas system be

studied.



_88-

4, It is further proposed that the rates of most of the
reactions in Volman's mechanism (2) for the decomposition
of hydrogen peroxide could be measured by ultraviolet

flash photolysis.

5. Formic acid rearranges on illumination to give hydrogen
and carbon dioxide, or alternatively water énd carbon mon-
oxide (3). It is said that both processes are intramolecu-
lar. This.conclusion could be easily verified (or denied)
by means of some simple experiments with formic acild vari-

ously labelled with deuterium and 018.

6. The infrared emission measurements underrway in this
laboratory furnish one example of an investigation in which
the time response of an electronic detector is slow enough
to interfere with interpretation of the experimental results.
A general method of data reduction for such cases 1s pro-
posed:

The observed signal 1s to be expressed as a power
series in time, :Z:antn. A similar series jE:bntn represents
the "true" signal, c¢orrected for the distortion introduced
by the detector. A particular detector is characterized by
a unique and usually very simple relation between the a's
and b's. For the case of a photoconductive cell which can

be represented as possessing an RC time constant Y , the
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relation is.

b, = a,+ (n+1)Ta

n n+l °

T In the study of reduction reactions initiated by elec-
trons in liquid ammonia, rate data would sometimes be of
interest. For example, the question (4,5) of whether
aluminum exists in the +1 valence state in liquid ammonia
could be settled by a spectrophotometric measurement of the
rate of disappearance of electrons from a solution of alumi-
num (III) iodide and potassium.

It would also be instructive to attempt to carry out
the above rate measurement, or a similar one, coulometri-

cally.

8. ° An investigation of the decomposition of NOBF in the

shock tube 1is suggested.

9. Octahedral trichelate complexes of transition metal
ions racemize either by intramolecular rearrangement or
by dissociation. In the second case the observation that
the rates of dissoclation and racemization coinclde does
not elucidate the mechanism of the process; removal of
one ligand does not remove the asymmetry of the ion,
Exchange experiments with labelled bipyridine or
phenanthroline are proposed as a check on the work of

Davies and Dwyer (6) and Basolo et al. (7) and as a means
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of obtaining further information about the dissocilative
racemization. The observed rate (8) of exchange of Fe55(II)
with Fe(II)(bipy)3 and Fe(II)(phenan)3 is not very con-

sistent with the results of the above authors.
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