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SUMMARY

Part I.

1. A system has been designed and constructed which will
mix two gaseous reactants, isolate them in a reaction cell,
and follow the entire course of the reaction rhotoelsctrically
in onaQtenth of a second. The output of the photoslectric
tube 1s recorded by & time-exposure photograph of the screen
of an oscilloscops.

2. The kinetics of the fast reaction between ozone and
~nitrogen dioxide was studied over a ten-fold range of each
reactant. The rate law was found to be

- 4(0z)/at = & (WOg)(0z)
over the entire course of the reaction. A8 expected from the
speed of the reaction, the energy of activation was found to
be low, 6.4 kilocalories per mole. A simple two-step mechan-

ism is proposed to account for the observations.

Part Il.

1. In an effort to obtain information about the mechan-
ism of the formation of red phosphorus from white phosphorus
in a solution of phosphorus tribromide, a radioactive tracer
study was mude of that system. Tentative explanations are
sdvanced for certaln features of the process.

2. A great variety of colors of polymerized phosphorus
were observed in this stuwdy, and correlutions between pre-

sumed size and color are discussed.
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PART I

The Kinetics of the Past Reaction Between Ozone
and Nitrogen Dioxide

A. Introduction _

The purpose of this investigation was two-fold: <first,
to develop a general method for the study of fast reactions
in the gaseous pﬁase; and, secgond, to study the kinetics of
the oxidation of nitrogen dioxide by ozons.

Methods of studying the kinetics of fast reactione in
the gaseous phase have been developed for several types of
- gystems. The measurement of steady state properties of a
stream of gases flowing down a resction tube is a widely
usad technique. This constant pressure flow method for gases
gives data difficult to interpret because of guestions con-
cerning diffusion and mixing(l), and a change in the volume
or the temyerature during the reaction also complicates the
csloulations'Z). Fast atomic resctioms have been studied in
the gaseous phase by the methods of the diffusion flame and
the highly dilute flame‘z), and fast reactions of organie
free radieals have been followed by the Paneth mirror tech-

(4).

nique Also, other special techniques have been employed.
The method desired for this study was one in which the re-
acting gases could be rapldly mixed, isolated, and followed

in a static system by a fast analytical procedure free of

lage.
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The oxidation of nitrogen dioxide~tetrexifd was desoribed

(6)

by Wulf, Daniels, andi Eerrer a8 "practically instantaneous"™

in the gas phase and quantitative as written:

Tp04 * O3 = By05 ¢ Oy
This reaction thus gave promise of yielding a slear~out kinetie
study.
B. The Apparatus

1. Brief Description of the Entire Method

Three streams of oxygen, flowing at rates known
from calibrated flowmeters, were used (1) to pick up Nobanéqﬁ
' 4n 8 saturstor containing cold liquid Hp Oy, (2) to make ozone
by passing through a silent electrical discharge tube, and
(3) to dilute the nitrogen dioxide stream to the desired final
concentration. The two resulting streams were mixed in about
0.01 seconds in & mixing chamber and passed into & small re=-
action cell. Through the resction cell passed a filtered beam
of light which fell on an electron multiplier photoslectriec
tube, The light source was interrupted by a slotfed disk
turned by a synchronous motor. The output of the photoelestric
tube was put across the deflsction plates of an oscilloscope,
which, however, was not firing its beam. The ftemperature
of the reacting gases was measured by a fine copper-sivance
thermocsouple just below the outlet of the reaction cell.
After a steady state was obtained, a weight was dropped which
$hrew a lever which closed a stainless steel stop gate and
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stopped the flow of the gases, cutting off a portion just
above and Just below the reaction cell. The stop gate upon
closing made electrical contaet with a brush which caused
the osdilloscope to give & single sweep of its beam. During
this single sweep the shutter of a camera was open catehing
all of the sweeg on one film. The final dsta appsared on
the photographic negative as a wave packet whose width was
siﬁmly related to the Noy concentration and whose wave period
was known precisely from the spesed of the synchronous motor.

Bach of these features will be described, first as to
consfruction and agsain as to calibration.

2e The Flowmeter System

(a) Construction
The flowmeter system including the ozonizer and
the saturafor is shown schematically in Figure 1. To a
commercial (Linde Corporation) tank of oxygen was attached
& pressure reducing unit and s needle valve outlet. The
oxygen from the tank came through & rubber tube to a T=Jjoint
in 8 millimeter internal diameter glass tubing. Down one
side of the T-Jjoint, the oxygen flowed out of the glass tube
under about 300 millimeters of water, thereby maintaining a
constant pressure inside the system up to the flowmeters.
- The system of traps to remove suspected impurities

consisted of a charcosal trap to pick up any organic matter

from the rubher tubing and a caleium chloride U~-tube and a



Figufe‘l. Schematic Drawing of the Flowmeter Circuit
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one=liter flask full of ons and glass chips to remove water.
As a double protection of the Ny0, saturator, a charcosl tube
(to remove manometer fluid vapors) and then & P,0; tube were

. placed between the flowmeter and the saturator. No attempt
was made to remove the nitrogen in the oxygen except such of
it as was converted to Eéob in the ozonizer. To take out
such nifrogen péntoxide, a trap chilled in the dry ice and
acetone mixture was placed in the ozone line. This flow sys-
tem wae of all glass construction from the flowmsters to the
stop gate. The only material, except glass and the stainless
- steel stop gate, exposed to the corrosive action of the resctw
ants was Dow Qorning silicone stopoock grease, which was af-
tacked only slowly and slightly by these gases.

The method of determining the flow rate of oxygen down
each of the three lines was to measure the drop in pressure
produced as the oxygen flowed through a lomg capillary tube,
Different flow rates were obtained by the use of eapillaries
of various lengths and internal diasmeters. The pressure
drop was measured by a manometer using dibutylphthalate as
the manometer fluid. This fluid was placed in a vecuum line
and volatile impurities wers pumped off by & vacuum pump
which was run for & hours.

Large reservoir bulbs, 2-liters on the NOp line and
l-liter on the O line, were included for two reasons: first,

to smooth out any instantaneous fluectuations in the output
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of the oionizer or saturator, and second, to cushion the
effect of suddenly stopping the flow Just as readings were
being made. In order to make calibrations it was necessary
to be able to bypass the ozonizer and the ozone reservoir
bulb or the saturstor and the nitrogen dioxide bulb.

(b) Calibration of the Flowmeters

The flowmeters were calibrated by measuring the
time required to collect & given amount of oxygen over water
for one value of the manometer reading. The oxygen was dried
over 3205 before it passed through the flowmeters. The usual
‘corrections were applied for the vapor pressure of the water,
the height of the finsl water column, and the barometrie pres-
sure. During the calibration snd during the course of the
experiments, the room temperature was always between 19 and
21 degrees centigrade and the barometric pressure was 745 ¢ 3
millimeters of mercury. The calibration curves so prepared
gave the rate of flow of dry oxygen at 20°C. and 745 mm.
pressure a8 a function of the manometer reading.

Seventeen capillaries were calibrated, spaced over rough-
ly equal factors in the range of 4 cubic centimeters per min-
ute to 4 liters per minute at a manometer reading of 300
millimeters of dibutylphthalate. The reproducibility of the
calibration pointe reveals errors of the order of 1/2 to 1
pereent in the flowmeter method.
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8. ' The Ozonizer

(a) Constructiom

The ogzonizer used in this study was of the usual
type. It was an exact copy of the auxiliary ozonizer shown
in Pigure 1 of a paper by Shultz and Wulf(s). The trans-
former which was used s rated at 15,000 volts when 110
volts of 60 cycie alternating current is applied across the
primary coil.

{v) Calibration

The ozone in the oxygen stream was removed by
absorption in a neutral solution of potassium iodide. This
solution was then acidified with dilute sulfuric acid and
titrated with standardized sodium thiosulfate solution(S).
The y46ld of the ozonizer at 20°C. for various voltages

across the primary coill and at various flow rates of dry

oxygen at 746 mm. pressure is given in Table 1.

Table 1. Yield of the Ozonizer

Voltage across primary coil

90 80 970 60 bB50 40

Ozone in milli-atmospheres

Plow 15 b5

rate

in 44 58 55 50 49 48 38
GG.

per 76 59 b4 48 35
winute

of 13b 56 53 43 27
dry .

Op 260 50
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During the course of the kineties experiments, the voltage
across the primary coil was set at 80 volts. The yield of the
ozonizer is almost.independent of the flow rate at this voltage.
4. The N204 Saturator

(a) Qonstruction

The saturator was an all-glass vacuum-tight apparatus
which consisted of nine glass tubes, each 6 inches long and 12
millimeters in internal diameter. The nine tubes were mounted
parallel to each other and in the horizontal plane. They were
gonnected from below by glass tubes which permitted ligquid to

flow freely from one to another, and at the ends they were alw
ternately joined above by glass tubes which, when the apparatus
wag half full of liquid, forced the oxygen to pass back and
forth from one tube to the next until it had moved over the
surface of the liquid for the entire 4} feet. Thus the oxygen
to be saturated moved freely over the surface without bubb*-.
ling through the liguid.

The apparatus was mounted in an imsulated pan which was
filled with a well-stirred mixture of water and ice. HNitrogen
dioxide (from a tank prepared by the Matheson Company) was
passed through a tube of ons and through an all glass system
into the ice cooled saturator until it was half full.ef ligquid.
At Pirst the liquid had a trace of greenish color due to
HZOB' Phis color changed to straw orange at zero degrees (Oenti-
grade after the liquid had been exposed to an atmosphere of
oxygen for & few hours, presumsbly, as %the Néob was8 oxidized

to 1‘1204.



{b) OCalibrationm

In the calibration of the saturator a stream of oxygen
wés blown over the liquid K2Q4’ and the vapors picked np were
absorbed in a kmown volume of standardized base by the method
described in section B-9. The excess base was titrated to the
end point of phepolphthalein. Two equivalents of sacid were
assumed to be equal to one formula weight of Réo .

Though the caleculations are all elementary, for conven-
ience of reference there is recorded in detail here the steps
taken in going from known flow rates, times of flow, and ti-

- trations to a table of No2 concentrations at various tempera-
tures.

Under ordinery conditions of temperature and pressure,
nitrogen dioxide exists a8 an equilibrium mixture of the red
NO2 and the colorless Néo , eagh present in considerable
amounts. A chemical analysis gives the total amount of NO2
and Néqé, and an optical method of analysis using blue light
gives only the amount actuslly present as Noz. The following
terms are defined as an aid in describing this systems

x = concentration of Noa in milli-atmospheres

¥y = concentration of N2Q4 in milli-atmospheres

2

1t

concentration of 03 in milli-atmospheres

11

formsl concentration of N2Q4 in milli-atmospheres

x/2 ¢y
K =z equilibrium constant for the reaction Np 0, = 2N0p

= /y
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nx,'gy, n, = number of gram molecular weights respecti-

vely of Nob, N2Q4' and 02 in a given

volume under discussion

volume of dry Oy at 745 mm. and 0°0. passed into
the saturator
v - volume of the 02 plus the Nob and N2Q4 after
| equiiibrium.is established in the saturator
R = the gas constant
T = the absolute temperature = 273.1 in the saturator
P = the partiasl pressure of N0, and Néqé in the
sgturator, that is, the vapor pressure of liquid
Ng 0.
Assuming the perfect gas law to apply inside the saturaton
there are at once obtained the following relations:
E =z 2%/¥ = nxzﬁT/vny
V = Volng ¢ ng e n,)/n,
Ppzinge ny)RT/v
ng/2 + ng = 1,

These four equations contain four unknowns, Dy, ny, v,

and p. The solution for n./2 is:

. -4 ;V;é * 4A(n32/h° ¢ 1,)
= . =

where 4 = Ev,n./(4n,RT ¢ Xv ).

Extrapolating the work of Verhoek and Daniels(v) to 0°0. at

the total formal concentration of N204 observed here, the
value of K was found to be 0.0159 atmospheres. Substituting



- 10 -

numerical values for this K and for ome liter of air through
the flowmeters, A is found to be 1.646 x 10~% moles per liter,
and n, is 0.0407 moles per liter. |

Pable 2 gives a summary of the values of n, found on
various titrations. The average value of '.r:l‘3 is 0.0211 ¢ 0.,000%7
(the double standard deviation of the mean) formmle weights of

N204 per liter of dry 0_2 a8 measured by the flowmeters.

Table 2. Calibration of the N204 Saturator

Rafe of flow of dry Op Bquivalents of base Formula Welghts
through the f:Lowmeters3 nsutralized by Hoz- 3 of K, 04 per liter
liters per minute x 10 N204 per minute x 10% of o2

2
3.60 0.1498 0.0208
.72 0.1600 0.0215
3.78 0.1611 0.0213
4.22 0.1772 0.0210
4.13 0.1780 0.0215
4.22 0.1791 0.0212
6427 0.263 0.0210
6.35 © 0.266 0.0210
6.40 0.271 0.0212

AVERAGE 0.0211

Introducing the va_lue of n, = 0.0211 in the equations
above, the numerical answers for the various quantities are:

n /2 = 2.23 x 10™° moles per liter of 0,

v = 1.466 liters

P = 0.356 atmospheres



- 1l -

Solution‘of the vapor preésure equation for the NO&-H#OZ mix-
ture above the liquid as given by Gisugue and Kemp(8) yields
at 273.1°A. the value of 26.28 om. of mercury or 0.346 atmos-
pheres. Although the difference in 0.356 and 0.346 lies out-
side the experimental error of the analysis, this difference
could easily be due to gas imperfectiong or to an error in
the eitrapolatién of K. Thus the check on the vapor pressure
is to be considered as probably satisfactory.

In the calculation of the pressure of Noz in the finsl
stream after dilution with a large exeess of oxygen, certain
simplifications can be introduced. It is slso desirable to
express8 this quantity in ferms of the measured flow rates
rather than in terms of mole fractions. In the calculation of
the final volume of the highly diluted stream st room tempera-
ture, the association of the Noz may be ignored. In the range
of pressures used, this simplification introduces an error
ranging from 0.05% to 0.5%. Using previous values of n, and
n,, it is seen that the ratio of the flow rate out of the
saturator to the flow rate of the entering O, fs, is
1l ¢ 2ny/n, w 2,04 2, The formal pressure of NpO4 in the
final stream in milli-atmospheres is

6 = nRT/¥ = 1000ngRTEg / (2fg ¢ £5) B 507fy / (2£5 ¢ £,)

where fc is the flow of the carrier 02 expressed in the same

units as fs' the flow rate of dry Oy at 20°c, and 745 mm.
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.pressure,'and v is the general volume of the perfect gas
equation, not v defined on page 9.
| With this convenient way of finding ¢ the equilibrium
equation can be readily solved.
E - x°/y = xz/(c - x/2)
x® o Ex/2 - Ko = 0

x -K/ZGVK‘?/‘L«. 4R
2

F =(x/2)/c = _ KAKZ + 16Ko
8c

P is the fraction of the total formal amount of §,0, which 1is
in the form of NOp. The equilibrium constant K is a fwmction
of the temperature and of the value of c.(v) For the low con=
centrations in the final diluted streams the dependence of K
on ¢ may be neglected entirely.

A8 an’aid to caleculation, three graphs were prepared which
allow immediate translation to be made from x/2 to ¢ or from o
to x/2 at any temperature. The first was a plot of the log-
arithm of the squilibrium constant agasinst the reciprocal of
the absolute temperature from the data of Verhoek and Danielqu
Next there was plotted on one sheet of paper the relation of
P to ¢ for each of four valuss of K, 0.056, 0.10, 0.15, and
0.25 atmospheres. From this second graph was prepared a
third of 1/F versus x/2 for the same set of equilibrium con-
stants. For other values of the equilibrium constant, inter-

polation between the lines could be made.
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.5. | The Mixing Chamber

(a) Construction

The mixing chamber was designed after those of Hartridge
and Roughton(?)‘ The chamber is shown in Figure 2. ZEach of
the two streams to be mixed is split in two and introduced
tangehtially from one-millimeter jets into the flat eylindri-
cal mixing éhamber; dround the perimeter of the flat cylinder
the four jets were sevenly spaced, and a given stream from the
flow system came in from opposite sides of the chamber. The
chamber was of all glass construction. Its internal dimensions
were one millimeter in thickness and 18 millimeters in dia-
meter. The mixed gases flowed out of a two-millimeter tube
co-agxial with the mixing c¢ylinder. From the weight of mer-
cury required to fill the cylinder and exit tube, the total
volume was found to be 0.20 cubic centimeters. At the flow
rate msually used of 1.2 liters per minute, the time lost on
mixing was about 0.0l second. |

(v} Calibration

In this study 1t is not necessary to know exactly how
soon mixing is satisfactorily complete. 4ll that mmst be
nown is that the gases are thoroughly mixed by the time they
flow into the reaction c¢ell. The calibration of the mixing
chamber consists of a demonstration that mixing is at least
99,5% complete by the time the gases reach the reaction cell.

A stresm of oxygen carrying one-third of an atmosphereof
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Ndz-ﬂéq4‘and flowing at ldO milliliters per minute was diluted
in the mixing chamber with a stream of pure oxygen at one liter
pér minute. Before dilution the Noz-N2Q4 mixture would be

about 80% in the form of the colorless H,04, and after dilution
N,04 would constitute only about 15% of the total material,
It is well known that at room temperature the rate of attain-
ment of the Nog—ﬁzQa equilibrium is exceedingly rapid;(lo)
when the pressure of N,0, is atmospheric the specific readtion
rate is estimated at 105 per second. If mixing was complete
in the 0.0l seconds the gases are in the mixing chamber, no
-evidence of the dissociation of N204 should have been detected
in the resetion cell. On the other hand if mixzing was not
complete and as mixing finally did occur due to diffusion,
intensification of color should be observeble in the issuing
gases. No such intensification was observed with the photo-
electric and photographic method of analysis to be deseribed
later. Considering the sensitivity of the apparatus (section
B-7), this fsct means that less than 1 x 10™% atmospherss of
ng4 had failed to be mixed and converted to NO,. Im terms

of the final concentrations, 0.02 atmospheres of ¥p 04 had been
diduted snd reacted, and less than 1 x 10~¢ atmospheres or less
than 0.5% had failed to be mixed.

6 The Stop Gate and the External Synchronization Oircuit

The stop gate, Figure 2, was such that by suddenly moving

its flat plunger about 3/16 of an inch, two channels of flow

were simultaneously cut off. The slot in one of the two square
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- of stainless steel which held the plunger snd the plunger itseX
were highly polished and lubricated with a bare minimum of sili-
cone stopcock grease. The channels through the blocks of steel
were two millimeters in diameter and countersunk to take the
.glass fittings from the mixing chamber and the reaction cell.

The stop gate was actuated by a unit efficieney, L-shaped
lever which was constrained to move only one quarter of an inch
To oné ond of the lever was attached an B~ounce lead weight by
means of a strong fishing cord. The other arm of the lever
was connected to the plunger of the stop gate by means of a
12-inch brass rod 1/16 inches in diameter. When the lever was
raiged without the weight, friction just held it up. The
weight was then dropped 30 centimeters fto throw the lever and
close the stop gate in less than 0.001l seconds. The lever
was mounted on a separate table from the stop gate, and it
absorbed essentially all of the vialent mechanical shock which
oceurred a8 the sinker came to the end of its rope.

The extermnal synchronizetion c¢ircuit, as is shown in
Pigure 3, was simply & battsry which charged up a condenser
when a key was closed and a resistor through which the con=-
denser discharged when the plunger in thoe stop gate, upon be-
ing elosed, touched a phosphor bronze brush. Ths voltage
developed scross the resistor caused the oscilloscope beam to

begin i%s single trip across the screen at the exact time when

the sample of gas had been isolated in the reasction cell.
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7.  The Photoelectric Method of Following the Reaction im
the Reaction Cell
(a) GConstruction

(1) The Reaction Cell

The resction cell was glass of 2 millimeters internsl
diameter and 37 millimeters length. The ends of the glass walls
of the reéction'cell were covered with black tygon paint before
the windows wers sesled on in order to prevent light from trans
versing the glass walls and hitting the photoelectric tube.
On one end of the cell was fastened a small lens of 13 milli-
- meter focal length, and on the other end was fixed a square of
glass cut from a microscope cover glass. These windows were
gecured by several layers of tygon paint baked on. The out-
side walls of the reaction chamber were heavily coated with
black paint.

The resction cell was fastened to the stop gate by squar-

ing and polishing the ends of the leads until they conformed
to the countersunk pqrtion. The polished ends were very
thinly coated with sealing wax and stuck to the heated stop
gate. After it cooled, the seal was reinforced by liberal
quantities of 50-50 beeswax and rosin wax on the outside.

One end of the reaction cell was put through a small
ecircular hole in the metal cylinder which housed the photo=-
eleotrie tﬁbe. This end was sesled inside the cylinder by
black sealing wax, thus giving good mechanical support and
completely shutting off foreign sources of light.
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The total volume of the rezction cell was calculated to

bg about 0.l cubic centimeters. A4t the usual flow rate of 1.2
liters per minute, the gas in one end of the oeil had been
- reacting 0.005 seconds longer than that in the other end. Im
the oxidation of NQ; by 0z at the concentrations usually used,
the half times qf the reaction were of the order of magnitude
of 0.1 seconds, and so no corrections were made for this effeet.
In a study of much faster reaction, either much faster flow
rates or a shorter ¢ell should be used.

(i1) The Light Source

4 500~-watt General Electrie projection bulb, opera=
ted from storage batteries at 80.0 volts (according to the
voltmeter across the bulb), was used as the source of light.
It was housed in a metal box and cooled by a fast stream of
compressed alr which was blown through the housing. The light
was roughly collimated by a pair of condensing lenses and
brought away from the hot light source. A one=centimeter path of
6% cupriec sulfate solution was used to remove the heat rays.‘ln
The 1light beam was further filtered by a blue and a yellow
filter whose transmission curves as obtained on the Beckman
spectrophotometer are shown in Figure 4. The 1ight was fo-
cused by a second pair of lens on a hole 0.2 millimeters in
dismeter in a piece of aluminum foil glued over a 2=millimeter
hole in a plate of brass. The light, lenses, filters, and

housing including the brass plate wers gll mounted firmly on
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& lead brick. After the rest of the apparatus was installed
this unit was mo#ed'to the proper position and screwed down
to the common base board. The lens on the reaction cell fo-
cused the image of the 0.2 millimeter point source about a
centimeter beyond the light sensitive surface of the photo-
electric tube, so that the dight in the resction cell was
slightly convergent and should have missed the walls entirely.
© (111) The Rotating Slotted Disk

The outer edge of a dural dick, 9% inches in dia-
meter and  1/16 inches thick, was machined into ten equally
~ Spaced holes which were 18 degrees in width between diameters
of the disk. The 10 teeth in the disk were also 18 degrees
in angular width. The disk was mounted on a 1/15 horse
power synchronous motor which ran at 1800 revolutions per
minute. Thus the disk turmned at 30 revolutions per second,
and the light beam was interrupted 300 times sach second.
The disk was mounted so that its teeth were Jjust in front of
the 0.,2=-millimeter hole which was the source of light for the
reaction cell. |

" (4v) The Fhotoslectric Tube and its Cirecuit

Figure 3 shows the circuit diagram for the RCA 931-4
electron multiplying photoslectric tube. The sourcs of volt-
age was 16 mini-max batteries rated at 67% volts each. Se-
lected paifs of 50,000~ohm wire wound resistors were combined
to make a voltége divider of 10 equal steps. The maximum
variation in resistance between different pairs was sbout

one per cent. A 200,000=-ohm potentiometser was adjusted so that

at all times during the experiments the ammeter in series with
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.the.voltage divider read 0.920 milli-amperes when no liéht
foll on the photoselectric tube. A resistor and condenser
waré put in psrallel across the output of the photoelectrie
tube in order to short out the high fregquency components of
the "nmoise™ in the photoelectrie tube, The tube was com-
pletely unusable at the low intensities employed without thie
condensér. At theée low intensities the width of the wave
packet on the scresn was proportional to the intensity of
the light, as was seen in a fairly rough experiment in which
calibrated screené ware put in the collimated beam of light.

(v) The Oscilloscope '

The oscilloscope was the Dulbnt type 247 with a
b ineh soreen. The screen gave a blue light to which photo-
graphic film is quite sensitive.,

(vi) The Camera /

An Argus A-2 camers with its lens remounted and
set forward was used for this work. The position of the cam~
era relative to the screen remained fixed at 2all times.

(b) Oalibration of the Photoslectric Method of Following
fhe Reaction in the Reaction Cell
Streams of different known NO; concentrations were mede

up after the_method desceribed above in Section B-4. Before
a calibration run was made, the streams flowed for a time.
which,.on the assumption of perfeet mixing in the bulb, was
sufficient to fill the storage buld to 99.9% of the concen-~
tration of the stream itself. The voltage across the light
buld . was set to 80.0 volts D. C. by a variable resistor in
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series with the bulb, and the current through the voltage
divider for the photoelectric tube was set at 0.920 milli-
ampéres when the tube was in the dark. With pure oxygen be-
ing blown through the reaction cell. the camera shutter was
opened, and the weight was dropped, starting the beam across
the oscilloscope soreen. The light beam of frequency 300
cycles per seoond’actuated the photoelectric tube whose out-
put was registered on the oscilloscope screen and photographed.
The width of the trace on the photographic film, as read in
a mierofilm projector, was called I,. Immediately afterward
the stream of NO, from the storage bulb was pasaéd through
the reaction cell, and after one minute or more another oscil-
loscope trace was photographed whose width was called I. The
temperature of the stream was observed by means of the thermo-
couple., The bypass atopcocks were turned and snother measure
of I, was taken.

If I, changed during the run, the value used was inter-
polated linearly with respect to the time. The values of
I/1, obtainsd for various concentrations of NOgare given in
Table 3. The same data are plotted as the logarithm of I/I,
against one half the NQOg concentration in Figure 6. It can
be seen, somewhat surprisingly, that with the filters and
concentrations of NOp used, Beer's law is obeyed by NOj.

This calibration curve, Figure 6, was the basis of sall

further work. Using the nomenclature defined on page 8, it
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can be seen the experimentaily determined quantities give
the pressures of ali components of the gas mixture:
| I/1, (observed) gives x/2 -

The thermocouple reading (observed) gives the temperature
from which the equilibrium constant K ean be found(V)
The graph of 1/F against x/2 for various values of X
gi?es the value of l/F
(1/F7)(x/2)
vy = (1/F - 1)(x/2)

From the calibration curve the sensitivity of the appa~-

4

n

ratus can be seen to be about 1 x 10"’4 atmospheres of NOo.
The most efficient working range is between 1 snd 10 milli~
atmospheres.
8. Temperature Msasurement

In the study of the fast reaction between ozone and ni-
trogen dioxide. the temperature was measured rather than con-
trolied. A chamber was built around the mixing chamber and
reaction cell, and the air inside was heated or cooled to
bring the cell to about the desired tempersture. Also before
entering the chamber the gases passed through glass coils in
8 w;ter bath of approximately the right temperature. With
this srrangement the desired temperature was only very slowly
obtained in the reaction cell and the method was not a desir-
able ons. The leads to the mixing chamber, the mixing chamber,
and the reaction cell should all be in a liguid bath in order

to have satisfactory temperature control.
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Table 3.
Calibration of the Photoelectric System
Against NOp
e x/2
M11i- Milli-
Film Film atmos- Temp. atmos-

Roll Frasme pheres ©C P pheres 1/1,
III 1-7 1.10 21.0 0.957 1.05 0.935
7-10 0.60 20.56 0.975 0.58 0.960
11-14 0.98 20.1 0.960 0.94 0.931
14.17 1.65 19.2 0.928 1.53 0.8568
18-21 4.41 19.1 0.84b 3.73 0.692
21-24 11.9 19.6 0.712 8.49 0.443
26 8.07 20.1 0.78b 6.34 0.537
26 6.10 20.1 0.820 5.00 0.618
27 5.19 20.2 0.840 4.36 0.642
28 4.37 20.2 0.858 3.7 0.686
29 3.87 20.6 0.876 3.39 0.712
30 3.48 20.6 0.884 3.08 0.756
31-32 3.37 20.4 0.887 2.99 0.759
Iv 1-8 1.23 12 0.917 1.13 0.880
35-36 1.37 20.6 0.947 1.30 0.890
v 1-8 5.00 20.4 0.851 4.26 0.643
9-16 4.556 21.1 0.867 3.95 0.671
VI 1-8 .06 12 0.767 3.87 0.653
21-28 21.0 20.2 0.640 13.4 0.267
29-34 17. 20.1 0.665 11.6 0.319
37 14.9 21.5 0.695 10.4 0.352
VII 4-6 12.3 20.5 0.72b 8.92 0.403
8-14 13.8 22.6 0.729 10.1 0.353

18-20 12.6 21.3 0.739 9.32 0.390




The  temperature of the gases leaving the rsaction cell
was measured by a thermocouple made of 36~gauge copper and
SO-gauge advance wire. It was coated with three coats of
wire enameling fluid, baked on for 12 hours at 120°C, in order
to protect it from the corrosive reactants. The reference
junction was sealed with wax inside & thin-wall test ftube and
immersed in a weil-stir:ed ice bath. With the other junction
in g stirred bath in a Dewar flask, whose temperature was
read by & mercury in glass thermometer, the thermocouple was
calibrated over the range that if was used. 4s can he seen
in Figure 2, the thermocouple Jjunction was mounted inside the
flow line where the gas from the reaction cell had just gone
through the stop gate. The potential developed by the thermo-
couple was read with a Leeds and Northrup ﬁortable precision
potentiometer, No. 8662.

9. The Gas Washing Device Used for Calibrations

The ozone or N0, was washed free of ifs carrier oxygen
by passing it down a co-flowing washing column. 4 4-foot
length of 3 millimeter intarnal diameter capillary tube was
made intd a8 helix of about 4 inches internal diameter and
one inch between turns. At the ftop there was a T-tube made
of the same capillary material. The proper solution to
~absorb the gas flowed at a constant rate, set by a constrict-
ing éapillary, down one artas of the T-tube, and the oxygen

-solution of gases flowed down the other. The gas stream was
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broken into small bubbles.separated by a piston of liquid.
In this way prolonged intimate contact between the gas and
wéshing solution was obtained. This method works when the
ratio of gas to liquid is less than 10, and with a glass
column this small the total flow could not be much over
100 cubic centimeters per minute.

10. Remarks concerning Trouble with Mechanical Vibrations

The apparatus was found to be exceedingly sensitive to
mechanical vibrations. The motor.which turned the slotted
disk had to be mounted on a separate table. Vibrations fronm
- the sudden closing of the stop gate were eliminated only
after 50 pounds of lead were mounted so that the weight bore
down on the stop gate itself. Even with these precautions
some of the final data showed some vibrations to have been
present.
Ce The Reaction between QOzone and Nitrogen Dioxide

| 1. The FProcedure in Carrying out an Experiment
The powser on the oscilloscops was turned on for

about an hour before use. The proper capillaries were instal-
led on the flowmeters, and the streams were passed through
the saturator and the ozonizer for an hour, or longer if
necessary to sweep out the storage bulbs to 99.9% of the
desired concentrations. The current through the voltage
divider in the vhotoeleetric circuit was ad justed to 0.920
milliamperes while the tube was dark. The voltage across

the light was set at 80.0 volts D.C., and the rotating sector -
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was turned on and stérted in motion. The turning of the by-
rass stopcocks isolated the Noz ahd O3 storage bulbs, and pure
Oé was blown through the cell. 4 photograph was taken in the
manner previously deseribed to give an Oy blank. The NO

2
bulb and saturator was then cut into the stream, the 0, bulbd

3
5till being bypassed. After at least a minute, a picture was
taken of the oscilloscope trace to give a NOg blank. The
ozone bulb was finally turned into the stream, and after asnother
minute or so. the weight was dropped again, isolating a sample
of the reacting gases in the cell and taking a picture of the
- o8cilloscope screen. Three or more duplicates were made,
sufficient time being allowed between runs for the steady state
to be restored. The duplicates were usually made with 4if-
ferent velocities of the beam across the oscilloscope screen.
The temperature of the thermocouple junction wss read at sach
stage of the rm. The calibretion procedure was reversed at
the end of & series of runs. The ozonizer and the Oz stor-
age bulb were bypassed fto give a NO, calibration. The satura-
tor and NOp storage bulb were next bypassed to give another
05 blank.
2e The Method of Calculating the Data

(a) Teking the Data from the Film

The film, plus-X, was developed in Defender 777 fine
grain developer to & gamma of 1.2. The traces on the film

were projected in a microfilm reader on a sheet of white paper
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taped in place. The details of the upper énd lower edges
were lightly drawn with a soft lead pencil, and the time
scale marked and labeled. The paper was removed and a
smooth curve was drawn through the slightly ragged edges.
The edges were ragged in some cases due to mechanical wvi~
brations from t@e falling weight or the rotating sector,
and some scatter was due to random variation in the output
of the photoelectric tube. The paper with the smoothed
tracing was taped to a rigid board. The vertical distance
from one side of the emvelope to the other side was taken
as the measure of I at that particular time.

An example of the form of the data on the film is given
in Figure 5. There are shown an Oy, blank, a NO, blank, and
two runs at different rates of sweep of the oseilloscopse
beam.

(b) Correction for Distortion and for Drift

in the Calibration

A portion of the data was found to have as much
as two percent distortion by an analysis of the 0p and Noa
calibration pictures. The distortion was found to be
markedly dependent on the position on ths screen along
the time axis, and much less so a function of the height of
the trace. For each such run two distortion correction
curves were plotted against the time coordinate, one from

the 02 calibrations and the other from the Koz calibrations.
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Where these two curves were not identical, values were
interpolated between them to get a correction factor for
each point of the Qctual run. In view of the fact that
correction curves for distortion were reproduced almost
identicelly for different blank runs, it can be stated
that distortion was not an important source of error in
the final results.

The principal source of error in this work was dus to
drift in the value of I, and uncertainties in the inter-
polation of this quﬁntity between the initial and final
ealibration points. 4&n arbitrary procedure was devised
to mske this interpolation. The time of making the initial
end final calibrations and the time of the run in question
were'known, end so the interpolation of Io was made linearly
with respect to these times. Much of this drift appeared
to be dus to the oscilloscope, whieh was not in its best
condition during these experiments. 4fter the experiments
were completed, it was decided that 05 calibration blank
runs should be made between every individual run, rather
than merely before and after a set of three or four identi-
cal runs.

Sample numerical calculations wers made on a few ex-
amples of the runs, in which a value of I, was chosen other
than thét obtained by the arbiftrary interpolation method

but ﬁithin the range of the initial and final calibration
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points for that set of runs. The nature of the rate law
was very little influenced by this change of Io’ but the
value of the rate éonstant was markedly altered. The entire
scatter shown by the final tabulation of the rate constants
could have been due to this cause. Thus it appears that the
precision of this method can be improved by much more care-
ful attention to this point.

(¢) Calculation of the Pressures of the Various

Gases

The pressure of NOp divided by two, x/2, was ob-
tained directly from the corrected value of I/Ib and Figure 6.
As was shown on pages 8} and g2, a knowledgse of x/2 and the
temperature permits the calculation of the actual pressure
of No04, ¥, and the total formal pressure of 3204, ¢. The
pressure of ozone, 2z, can then be found by difference.

Wulf, Daniels, and Karrer(5) showed that the reaction
ozone and nitrogen dioxide is given guantitatively by the
chemical equations

NOy ¢ Oy = NoOp & Op
Thus at any time, the amount of Oz which had reascted was
equal to the formal amount of N,0, which had been consumed, or

Co =~ O = By = Z |

z=c ¢ (25 - cp)
where ¢, and z, are respectively the formal pressure of N5 04

and the pressure of Oz at zero time. The value of c, was



caleulated from the calibration of the saturator, the flow
rates, and the equilibrium constant. The value of z, was
calculatsed from the calibration of the ozonizer and the flow
rates. |
Thus there was tabulated opposite the time, a columm
for the pressures of NO,/2, NyO,, Oz, and (moa/z + Np04)e A
typical example is given £n Table 4.
(d) Caleulation of the Rate of the Reaction
Since the equilibrium between NO2 and N,0, is
established at an exceedingly high rate,‘lO) the rate of
" the reaction of interest is that of the disappesrance of
(350, » Néq4), c.
By this method of following the resction, there is obtained
8 large number of closely spaced experimental points. 48
a good approximation, the difference between two successive
points may be treated like a differential, snd the rate con-
sidered to be the difference in ¢ between two points divided
by the duration of the time interval. The next to the last
column in Table 4 gives the rate of the reaction for experi-
ment VI-9, calculated in this mamer. In a similar manner
the rate of the reaction was calculated for the other 42
runs made in this study.
3. Anslysis of the Data
{a) The DIifferential Rate Equation
An inspection of the tables of the reaction rate
quickly'lead to an hypothesis that the rate law is simply
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Table 4.
An Example of the Method Used to Analyse the Data

Run VI-9., Total flow rate 0.594 liters per minute, temperature 1230.,
%, = 7.28 milli-atmospheres, ¢, = 5.05 milli-atmpspheres.

Time I, (obs.) I(obs.) I/I Pressure of Gases in Milli-atmospheres

1/300 blank - ) st/z No0, x/2ty 03 4ac Ac/at R/xz
sec. mm, mm, x/2 y c A R k
0 231/2 1831/, 0.752 2.93 0.7 3,60 5.8 . '
1 244, 185 3/4 0.762 2,79 0.61 3.40 5.63 0,20 & 1.8
2 24 3/4 188 1/, 0,769 2.70 0.60 3.30 5.53 0,10 30 0.98
3 245 190 0.776 2.61  0.55 3.16 5.39 004 42 1.5
4 245 1/4 191 3/4 0.782 2.53  0.51 3.04 5.27 0,12 36 1.2
5 245 1/2 193 1/4  0.787 2.47 0.49 2.96 5.19 0,08 24, 0,92
6 246 1/4 195 0.792 2.40 0.44 2.88 5,11 0.08 24 0.96
7 246 196 1/4 0.798 2.33  0.44 2.77 5.00 0.11 33  1.38
8 246 1/2 198 0.804 2.25 0.4 2,66 4.89 0.11 33 1.46
9 246 1/4 199 1/4 0.809 2.18  0.39  2.57 4.80 0.09 27 1.26
10 246 1/4 2001/4 0.813 2.13 0.38 2.51 4.7, 0.06 18  0.88
11 246 1/2 201 3/, 0.818 2,06 0.35 2,41 4.6, 0.10 30 1.52
12 247 203 0.822 2.02 0.3, 2.36 4.59 0.05 15 0.66
13 247 1/4 204 0.825 1.98 0.32 2,30 4.53 0.06 18 0.81
1 247 1/L 205 1/4 0.830 1.92 0.31  2.23 4.6 0.07 21  1.20
15 247 1/4 206 1/4 0.834 1.87 0.28 2,15 4,38 0.08 24  1.43
16 247 1/4 207 3/, 0.840 1.80  0.27  2.07 4.30 0.08 24 1.51
17 247 1/4 209 0.846 1.73 0.24 1.97 4.20 0.10 30 2,00
18 247 /4 210 0.850 1.68 0.2, 1.92 4.15 0.05 15 1.05
19 247 /4 211 0.85, 1.63 0.23 1.86 4.09 0.06 18 1.32
20 247 1/4 212 0.858 1.59 0.21 1.80 4.03 0.06 18 1,38
21 21 1/4 213 0.862 1.54 0.20 1.74 3.97 0.06 18  1l.44
22 27 1/4, 214 0.866 1.49 0.18 1.67 3.90 0.07 21  1.76
23 21 1/4 215 0.870 1.44 0.17 1.61 3.8, 0,06 18 1.58
24 27 1/4 215 3/4 0.873 1.41 0,17 1,58 3.8l 0.03 9  0.82
25 247 1/, 216 1/2 0.876 1.37 0,16  1.53 3.76 0.05 15 1.42
30 246 3/L 220 0.892 1.18 0.12 1.30 3.53 0.23 13.8 1.48
35 246 - 223 0.906 1.01 0.08 1.09 3.32 0.21 12.6 1.68
40 2451/2 224, 3/4 0.915 0.91 0,06 0.97 3.20 0.12 7.2 1..10
45 245 1/2 226 0.922 0.83 0.06 0.89 3.12 0.08 4.8 0.88
50 245 227 3/4 0.929 0.75 0.05 0.80 3.03 0.09 5.4 1l11

Average in (Atm. x 1073 x sec.)"l 1.29
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- de/dt = kxz
that is, the rate of disappearance of formula weights of
Néq4 is proportional to the product of the vressures of
Noz and 05. The simplest way to test this hypothesis is
to divide the average rate obtained for a short interval
by the averuge value of x and z observed at the beginning
and end of the interval. The last columm of Table 4 gives
an illustration of the result obtained when this test is
made. The average of 30 instantaneous values of k is 1.29
(milli-atmospheres x seconds)'l. Though the individual,

- instantaneous values scatter fairly badly, there is no trend
in the value of k down the colummn. Thus it can be safely
said that in sxperiment VI-9 the differential equation shown
ebove describes the results.

In g similar fashion to that shown in Table 4, the
values of k for the other experiments were computed. For
each of these runs the value of k was gabout as constant
with respect to the time as the values shown in Table 4, until
the pressure of a reactant became so low that the normal
scatter of the points exceeded the value of the pressurs.
One additional rule was adopted for the method of caleculat-
ing the average value of k. Since the reaction is exothermic
and in order to reduce the uncertainty in the temperature
reading, the convention was adopted of averaging only those
values of k observed in the first tenth of a second after
the stdp gate was closed forruns in which ¢, or z_, exceeded

0
10 milli-atmospheres.
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The average value of k and the initial formal pressure
of O5 and qu4 are given in Tgble § for all experiments car-
ried out at room temperature which could be interpreted.
(Some runs were made with such small pressures of the react-
ants or with such a small ratio of one to the other that mueh
less changs in x/2 was observed than corresponds to the errors
of the method.) 'Though_the measured temperature varied by
2°C., in Table B the values of k at room temperature are con-
sidered a homcgeneous group, because the measursment of the
temperature itself is uncertain to about a degres or two,
~and furthermore the value of k changes very slowly with a
change in temperature.

Omitting from Table & experiment V-28 which is uncertain,
the initial values of ¢ and z each vary over a factor of 10.

The ratio of S, to z_, varies from 0.21 to 2.4, or more than

0
a factor of 10. Over this range of conditions it can be seen
that, with some scatter, essentially the same value is obtained
for the rate constant. The average value found for k at 21°0.
is 1.51 (milli-atmospheres seconds)-l, the standard deviation
is 0.14 or about 10%, and the standard error of the mean is
only 0.02. The deviations do not appear to be correlated with
any of the quantities listed in Table 5. It is felt that the
pPrincipal source of scatter in the values of k lies in un-

certainties in the interpolation of I,, as discussed in Section

C"z—b .
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Prom Table § it must be conocluded that the d&ifferential

equation
| - de/dt = kxz.

does describe all of the observed data at room temperature.
There remains the question as to whether some other equation
would do equally as well. Inspection of the data shows that
no other product'of integral powers of the pressures of the
reactants gives a satisfactory rate law, with a possible
exception of 2kez. During most runs 2¢ and x are on the
average within 5% of each other, and no choice could be made.
~ In experiments V-10, 11, 12, and 13, with the large excess
of NO,, 2c¢ averages 123% of x, and the values of k found
from the equation

- de/dt - 2kez.
would be 1.14, 1.22, 1.20, and 1.08, all far below the average
velue expected for this case. On this basis the second 4if-
ferential equation may be rejected. Though there is the
poseibllity of some complex law being even better than the
one tested, the not inconsiderable guantity of evidence on
hand indiéates that the assumed simple differential equa-
tion describes the rate of the reaction between HOp and Og.
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Table 5

Summary of Rate Constants Observed at Room Temperature

c, Zq Rate Constants 1
Film Film Temp. _ (Milli-atmospheres seconds)”
Roll Frame oC Milli-atmospheres k k(ave.)
v 18 20 1.23  1.92 1.33 1.54
: 19 20 1.23 1.92 1.68
20 20 1.23 1.92 1.60
v 23 20 l.28 3,68 1.26 1.45
2/ 20 1.28 3.68 1,65
Iv 26 20 1.21 5.70 1.50 1.46
27 20 1.21  5.70 1.45
28 20 1.2y 5.70 1.42
Y 28 21 5.72 1.08 1.5 (2)
v 19 21 5.35  4.69 1.49 1.61
20 21 5.35 4.69 1.7
v 4 20 5,00 7.52 1,65 1.64
5 20 5,00 7.52 1.61
6 20 5.00 7.52 1.7
7 20 5.00 7.52 1.54
v 11 21 4.55 11.35 1.37 1,39
12 21 4.55 11.35 1.38
13 2a 4.55 11.35 1.36
1 21 4.55 11.35 1.45
VIiI 10 22 13.4  5.60 1.40 .43
11 22 13.4 5.60 1.50
12 22 13.4 5.60 1.48
13 22 13.4  5.60 1.33
VI 36 22 14.9 18.0 1.65 1.72
37 22 14.9 18.0 1.79
ViI 4 20 12,3 23.8 1.50 1.50
5 20 12.3 23.8 1.51
6 20 12.2 23.8 1.50
Average 1.51

Co is the initial preasure of N0, plus N0,/2.
%, 1is the initial pressure of 03.
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(b) The mtagréted Rate Equation

Using again the terms defined on page 8, the dif-
ferential equation is expressed in terms of x alons, and
this equation is then integrated.

The observed differential equation is

- do/dt = kxz
The equilibrium équation is

K z x2/y = x%/(c-x/2)
which on solution for ¢ gives

¢ = x/2 ¢+ x°/X
- Differentiating this expression with respect to time, there
results

- de/dt = -(% ¢ 2x/K)ax/at.
It was shown on page 28 that

zzo0 ¢ (35-0,) = (25 =0y) ¢ %/2 ¢ x2/K
Substitution of these expressions into the differentiasl eque-
tion and separation of variables gives

(3 » 2x/K)ax
Bzo - ¢yl ¢ x/2 + x‘?'/I’{]x

By breaking this expression into two parts, there is obtained

= ~k 4t

ix dx
¥ (2o - c,) ¢+ X/2 ¢ x*/K x v #E (2o - 65) ¢+ /2 ¢ 12/K= -]%t
These integ_i'al are No. 67 and No. 768 in Pderce's table.(lz)
When 4(zy - ¢,)/K is less than %, which was true for all of the

experiments carried out in this study, the solution is



kt = C - [;/4(20 ~ eo)log x2/(z, - o, *+ X/2 » x*/K)
+ Vi - alz0 - colk 2x/Ke 3 o V3 - 4(zg - eg)/K

: log
2(zy - co) 2x/Kek -V - 4lzo - ¢y )/K

.where C is the value of the terms in the bracket when x is
replaced by x,.
4n example of a test of the integrated equation is

shown in Pigure 7, in which the data given in Table 4 for
run VI-9 are substituted into the integrated equation. The
values of kt computed from the integrated equation are plot-

ted against the time. The expected linear relation is ob-
| tained in & satisfactory manner, even though the points can
be seen to drift slightly around the line. The slope of
the line shown in Figure 7 is 1.32 (milli-atmospherss sec-
| onds)'l which is in satisfactory agreement with the average
value of k, 1,29 in the same units, found from the same data
by use of the differential equation, |

The intercept on the time axis of the line found by

the integrated eqnation is -0.032 seconds. The total flow
rate during this experiment was 589 cubic centimeters psr
minute or 9.8 cubic centimeters per second. These facts
imply a volume of 0.31 cubic centimeters in front of thes cell
after mixing has occurred. The volume in cubic centimeters
of the mixing chamber was 0.20, the leads to the reaction
cell another 0.10, and the reaction cell itself about 0.10,

From the center of the mixing cell to the jets of the mixing
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‘ahamber was thus about 0.35 cubic centimeters. It appears
then that mixing is essentially complete early in the stage
of the mixing process.

{a) The Energy of Activation

The meassurement of the temperature was uncertsin
because of the temperature rise resulting from fhe heat of

ieaction. At IBbC. the reaction

ZNOZ ¢ 03 =N205 + Og

liberates 50 kilocalories per mole of NgOg which is formed.(ls)
If the reaction occurred adiabatically, thé temperature
would rise about 8°C. when one milli-stmosphere of Oz Te-
acted in the presence of one atmosphere of oxygen. J4Actnally,
the reaction occurred neither adisbatically nor isothermally.
In tha small tubes and reaction cell, considerable heat

- interchange occurred between the gas and the walls. It re-
guired from 10 to 20 minutes for the temperature ofAthe
thermocouple to reach its steady state value when the re-
actants flowed through the reaction cell, and the maximum
inerease in temperature observed was about 10% of that cal-
culated on the assumption of adiabatic conditions. 4lso at
the flow rate of l.2 liters per minute the reaction was

only about 5 to 25% complete inside the reaction cell when
the streams were still flowing. Thus it was felt that be-

fore the stop gate closed the tempserature of the walls

and the gas inside of the reaction cell was within about a
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degres of that of the entering gases. After the stop gate
was closed the walls could easily absorb the heat of reac-
tion for the small quantity of gas entrapped in the cell.

The gases would warm up, however, because of the time re-
quired for the flow of heat. It was further thought that
when the gate was first closed. the turbulence of the air
stream would persist for a short time giving more rapid

heat transfer than mere diffusion. On the basis of these
arguments, the temperature assigned for a run was that of
the gases before reaction started, as measured by the thermo-
“eouple for a Noz blank. A4lso, for high concentfations of
reactants only the data for the first tenth of s seconﬁ

were retained.

To try to eliminate these uncertainties of the study

of the effect of temperature on the rate of the reaction,
these runs were made with low pressures of the reactants.

4 summary of the values of fthe rate constant for different
temperatures is given in Table 6. In the series of experi-
ments recorded on film roll IV, the pressure of the reactants
is low, and the maximum temperature rise due to the hsat of
reaction was less than one degree Centigrade. In the second
set of conditions shown in Table 6, the maximum temperature
rise was about 2% degrees. In the cold and the warm runs,
the temperature of the air space around the reaction cell was
within two degrees of that of the thermocouple inside the

glass line. Thus though the temperature control was far



.from idesgl, the errors in the temperature reported in Table 6
should be no more than about two degrees. 4lso there is no
réason to think thet the errors are systemstic in the sense
of giving too great or too small a range in temperature,
which would invalidate the measurement of the energy of
activation.

The energy éf activation E was calculated from the
Arrhenius equatiorn,

1n k = -E/RT ¢ constant

by that method of least squares which recognizes the pos-
81bi11ty of error in both varisbles, %) 1n k sna 1/7. The
gstandard srror of estimate of E, however, was calculated on
the assumption that 1/T is an arbitrary independent var-

1able. (15)

The standard error so found should be a good
estimate of that quantity, and at any rate this method of
calculation will certainly not underestimate the error.

The value found for the energy of activation was 6400 cal-
ories per mole; the standard error of estimate was found to
be 570 calories per mole. Thus as expected for this reac-
tion, whiéh is fast at room tempersture, the enérgy of acti-
vation is quite low. The points which appear in Table 6

ere plotted in Figure 8, and the least squares line is

drawn on the figure.
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Table 6

Summary of Rate Constents Observed at Various Temperatures

c
8]

Z
]

Rate Concstants

(Milli-atTOSPherss
Pilm Film Temp. Milli- seconds)
Roll Prame og, atmospheres k k(ave.)
Iv 4 13 1.23 1.92 1.23 1.21
b 13 1.23 1.92 1.11
6 13 1.23 l.92 l.22
7 15 1.23 1.92 1.27
Iv 18 20 1l.23 1.92 1.33 l.54
19 20 1l.23 1.92 1.68
20 20 1.23 1.92 1.60
IV 11 29 1.23 1.92 1.74 2.02
12 29 1.23 1.92 2.06
13 29 1l.23 1.92 2.26
VI 3 15 5.0 7.28 1.20 1.26
4 15 5.086 7.28 1.27
5 14 5.0b 7.28 1.29
6 14 5.056 7.28 1.30
9 12 5.05 7.28 1.29
10 12 b.0b 7.28 1.256
13 13 5.05 7.28 1.20
14 14 5.06 7.28 1.28
v 4 20 5.00 7.562 1.65 1l.64
5] 20 5.00 7.52 l.61
6 20  5.00 7.52 1.77
7 20 5.00 7.52 1.54
¢, is the pressure of Ny0y plus NOg/2 (initial).

2z

0

is the pressure of Oy (initial),
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4. ‘ Discussion of Results

(a) Implications as to Mechasnism

The rate law for the reaction between ozone and
nitrogen dioiide hes been shown in this investigation to be
first order with respect to each of the two reactants. This
fact makes it reasonable to believe that the first and rate
detsrmining step is the reaction.

NO, ¢ Oz = NOz ¢ Op
Noz is a substance regularly postulated to explain the mechan-
 ism of reactions of the higher oxides of nitrogen.(le’lv’ls)
Since its absorption spectrum has been obtained (most recently

by Jones and Wulf).(lg)

NO3 is more nearly a substantiatfed
compound fthan a postulated intermediste.

In this study it was noticed repeatedly that in runs
with excess ozone the same rate law was followed as far as
the data could be anslyzed and until the NOZ was virtﬁally
all gone. For example, in Table 4 it can be seen that by
the end of the observations 84% of the initial H02 had disap-
peasred; in experiment VI-4. 97% of the initial amount of NOZ
had besn consumed before observation ceased. Similarly in
experiments using an excess of NO,, VII-11l for example, the

sams rate law was followed until 96% of the Oy had reacted,

and almost twice as much NOp had been observed to disappear

~as there had been 03 in the original stream in agreement

(6)

with Wulf, Daniels, and Karrer. Thus, either with a
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large excéss of OB»or bf Noz, within the limit of errors of
thé method the same rate law is followed as fsr as observa-
tions can go, and twice as nmch NO; reacts as Oz« These
facts demand-that as fast as one Hoz reacts with 0y another
Nﬁz also disappears. The agsumptions are made, then, that the
second step in the reaction is

M e NOz ¢ NOp = 205
where M is any third body, and that this reaction is fast
compared to the first step. Thus the proposed mechanism 1s

(1) o, » OB‘EE*KQS ¢ Oy, rate determining

(2) M ¢ NO, + N0y BB, N0, + M, fast |

Four‘other possible reactions of these materiasls, includ-
ing the'intermediate N0z, are rejected from consideration,
for various reasons. In all cases except (ii) the fact
that ozone is quantitatively consumed in a one-fto-two ratio
with NOB appliés toward rejecting s given stevp.

(i) The reverse of the second step,
M+ H,05 N0, & N0z ¢ ¥
is not considered because it can be shown that k; is very
small compared to kg. If the reaction occurs rapidly there
exists the equilibrium
K = k/kz = (NO,)(HOz)/(Np05)

" Though the visible absorption spectrum of Nos is well known(lg!
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no trace of N05 ecould be observed(lg)

in a two~meter path
of N205 at 98 millimetfers of mercury pressure of pure Ho Og
Thus the equilibrium constant above is small, and kz is much
larger than kyo

4 second reason is found from an examination of the
work of Smith and Danials(le) on the reaction between NO
and HpOg. Their'results can be explained much more fully
than they were willing to do so by assuming the mechanism
which they tentatively propose and deriving the rate law
which it implies. When this is done, their observed initial
rate constant is k,+ DNumerically kg so found is much less
than ky which is considered to be much less than k. Thus
again it is concluded that k4 is much smsllsr than k5°

(11) The reverse of the first step
NOz ¢ Oy = NOp, ¢ Oy

can be rejected from consideration of the chemical energies
involved. Using the value of the heat of formation of NOg
given by Bichowsky and Rossinif{13) the reaction above is
found to be endothermic by £9.5 kilocalories per mole. Thus
the energy of activation of the reaction must be at least
29.5 kilocalories per mole which is vastly greater than the
value of 6.4 observed in this study for the reaction,
NOp ¢ Oz. Thus the rate of the above reaction is negligible

even in the presence of one atmosphere of oxygen.
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The heat of formation of N05 a8 given by Bichowsky and
Rossini is itself based on kinetic work and an assumed mechan-
ism. 4 more direct argument cen be given from the work of
 Smith snd Dsniels.!18) The overall reaction

2 HOE * 03 =
is exothermic to the extent of 50 kilocalories per mole. The

N2°5 * 0

reaction.

assuming Smith and Danlels mechanism, cannot be more endo-
thermic than their observed activation energy of 16 kilo-
calories per mole. Thus the reaction,

Noz 3 02
must be endothermic by at least 34 kilocalories per molse,

as compared with 29.5 kilocalories per mole by the other
method. By either argument the conclusion is the same that
this reaotion ney be ignored.

(iii) Ogg(l7) has suggested the reaction.

NO, + NOz = NOp ¢ NO ¢ Op.
as being the rate determining step in the slow first-order
decomposition of Hzos. If so, it is negligibly slow com-
pared to the fast rates under discussion.

(iv) Schumacher and Sprenger(le) deduced from
their work on the catalysis of the decomposition of Og by
N,0. that the reaction.

275

210
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has & fairly large rate constant. The principasl evidence
against ©believing that this reaction, or the first=order
decomposition of NWO,, is important in the system studied
is that in the reaction one mole of 05 was chserved to be
equivalent %o two moles of L0,. If much N05 decomposed
before reacting with Noz, an excass of ozone would have been
used. |

After eliminating fhese four reactions from the mechan-
ism of this system, it remains to be shown just what differ-

ential equation the assumed mechanism implies. The net rate

of disappearance of RO, is:
- 4(N0p)/at = ky (H05)(0,) + ky(Noy)(NOz) (M) .
The net rate of appearance of NOZ is:
a(Nog)/dt = ky (WO,)(05) - ky (N0, }{(WO, ) (1)

Since ths second H02 disappeared as rapidly as the fifst,
no NOz accumlated, and thus the Nos would have a small steady
state value with d(NOz)/dt = O.
In this case.

k, (W0,)(0g) = k, (WO,)(NO,) (M)
which when substituted into the equation for the disappearance
of W0, shows that:

- a(NOg)/dt = 2ky (NO,){(0g)

This rate law is the one obssrved. The observed rate constant
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is kl because the rate of disapprearance of formula weights
of H204 is one-half the raté of disappearance of NOs .
| (b) Comparison of Results with Simple Kinetiec
Theory

The two steps in the mechanism provosed for the
iate of the reaction between N0, and Oz are each fast, and
it becomes a mat%ar of interest to see if simple collision
theory together with the observed ensrgy of activation can
account for the speed of the reaction or ﬁhether extra
guadratic terms must be included.

According to the simplest possible picture from kinetie
theory, the rate of a bimolecular reaction is the product
of the total number of collisions and that fraction of the
molecules which in two square terms have an energy in excess
of a value E. Hinshelwood(ZO) gives as the expression for

this product

Nglp( Oap)? [a'rrnm( 1/M, » l/Mb)J% exp (~E/RT)

where Né and Ni are the numbers of molecules of the reacting
species, a and b, per cubiec centimeter, Oab is the mean
kinetic diameter, Mé and My are the gram molecular weighls of
& and b, T is the absolute temperature, R is the gas con-
stant in ergs per mole-degree, and E is the senergy of activ-
ation found from the Arrhenius equation. If NOZ and 05 are

each present at a pressure of one milli-atmosphere
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Ng 2§y = 8 Pv/RT 2z 2.5 x 10%® molecules per cm.3,
where N is Avogadro's number. Since the kinetiec diameters
of Noz and O3 arg not known, the valus of 3.0 x 10-8 cm.

- is assumed for this calculation., The collision rate be-

tween 03 and NO_. is then found to be 1.2 x 1025 per cm.5

2
per second. The value of the exponential factor is 1.7 x 1075
st 21°C. when the experimental value of 6400 calories per

mole is used. The rate is thus calculated to be 2.0 x 1018
molecules per em.3 per second. The observed rate was

3.7 x 1016 molecules psr cm.5

per second, or about 1/50
of the rate permitted by the simple theory. Thus there is
no difficulty in explaining the existence of this fast e
rate.

The second step in the mechanism requires a three-body
collision, and it must still be very fast. Thus ite activa-
tion energy must not be greatly different from zero. Hinshel-
wood gives a factor of 103 between three=body collisions
and two=body collisions at room temperature and atmospheric
pressure. Since only about one collision in 107 resulted
in reaction in the first step, a fagctor of a thousand in the
second step still leaves open the possibility that it is
very fast. |

In the reaction cell the ratio of the number of surface

collisions to gas phase collisions was calculated to be

4 x 1075, Though no measurement of surface effect was made,
it can be seen to be negligible in this reaetion, for there
were not enough surface collisions of sufficient energy to

odva +he obsarved rate of resction.
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PART II
A Mechenism for the Formation of Red Phosphorus
from White Phosphorus In Solution

A. Introduction
When_white phosphorus dissolved in PBrs, PIB, or molten
P483 is heated 5r exposed to light, it is converted to red
phosphorus, which precipitates from the solution.‘l} The
colored precipitate is not identical with ordinary red
phosphorus in that it is Tore brightly colored and somewhat
(1

- more reactive. Schenck argued that the scarlet substance
was the same allotropiec form as ordinary red phosphorus,

but that it was a much more finely divided form. He cited

as supporting evidence his kinetic study which showed a

first order (and thus, he presumed, mono-molecular) rate of
precipitation of phosphorus from the solution. The solvents
which were used catalyzed the reaction, and they all contain-
ed phosphorus atoms. There are numerous questions as to the
nature of this catalysis and the effect of the solvent on

the allotfopic transformation. It was with a view of follow-
ing separstely the phosphorus atoms from the white phosphorus
and those from the solvent PBry that a radioactive tracer
study was made of this system.

In 2 study seeking information on the mechanism of the

allotropic transformation, it is well to recognize



the nature of the two allotropic forms of interest. White
phosphorus is a tetrahedron‘of four phosphorus atoms, each
bbnded o each of the other three. Red phosphorus is s
fairly'amorphous polymer with about the same interatomie
distances, though substantially different bond angles,to
(2)

its three nearest neighbors as are found in Py4. Thus,
the allotropic transformation of white to red phosphorus
involves a breaking up of the tetrahedral phosphorus mole-
cule and the synthesis of polymers. Since the phosphorus
atom is trivalent in red phosphorus, the polymers are not
- long chains, but would be expected to be interﬁangled loops,
ohains, and crumpled sheets.
B. The Experimentsal Procedure
l. Brief Description of the Experimentsl Procedure

Purified radioactive P, and inactive PBry were dis-
t4lled in a high vacuum into the same bulb, from whisch small
glase smpules extended like fingers. The bulb was sesaled
off under vacuum and tilted to run the solution into the
ampules,_whieh were then separately sealed off. These am-
pules were exposed to a high temperature in the vapors of
boiling liquid for the desired time, removed, chilled, and
opened, The reactants and products were separated, oxid-
ized to phosphoric acid, and precipitated. The radloactiv-
ity of the precipitates was determined by a Geiger-Meller
counter, and the quantities of material later found gravi-

metricélly.
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2. 'HMaterisls
Commereial PBry was distilled with an initial ex-

cess of bromine, It was then fractionally distilled in an
all glass apparatus in an atmosphere (743 mm.) of carbon
dioxide dried with PgOg. The distilling coluzm was packed
with glass helices to a height of 15 inches. The delivery
tube ﬁent througﬁ a rubber stopper into a large desiccafor
filled with dry CO2. The fore and middle samples were col-
lected by sliding the base of the desiccator so that the
distillate fell into the appropriate bottle which was insidse
. the desiccator. The middle sample boiling at 171,8-172.0 9¢.
wae collected in a dark glass bottle. A4t the end of the
distillation it was stoppered by remote control and stored
in the dark in a desiccator using Mg(Cl0y)s in an atmos-
phere of COp. The PBryz was removed from this system by
means of a pipet inside a dry box. PBrz prepared and stored
in this was was water white. (ii spite of this white color
PBr3 must be protected from light, for it absorbs very
strongiy and continuously in the ultra-violet region just
below thé visible range. Ordinary glass, which is opague to
most ultraviolet light, is of no protection against the
very near ultra-violet light around.380 microns,)

Radioactive white phosphorus was prepared by the re-

radioactive

duction c;/éodium metaphosphate with aluminum powder sand

silica according to Rossel and Franck(3),

12NaPOz ¢ 2041 ¢ 6510y = 6Nap5105 ¢ 104105 + 3B,



at red heat in an oxygen free atmosphere. The sodium
mgtaphosphate was formed by heatiﬁg Naﬂqué to about 900°¢.
in a platinum erucibls and suddenly cooling the melt., The
glase that formed was crushed and mixed with the equiva~
lent amounts of powdered Al and Si0p in & small porcelain
ecrucible. The c;uoible was placed in a small electrie fur-
nace formed by nichrome wires wrapped vertically around a
notched bottomless porecelsin crucible. The furnace was sus-
rended by heavy nickel lesds inside an all glass apparatus
which was slowly evacuated. The ftungsten and glass seals
“were insulated electrically and the outside of the glass
buldb was cooled in a stream of water. 4s the furnace
reached a dull red heat, the highly exothermic reaction
took over, and at once the entire apparatus was filled with
white, yellow, orange, and red phosphorus. The white phos-
rhorus was distilled over into a trap, and most of the
colorad phosphorus was similarly recovered as white P by
the application of a hot flame to the outside of the flask.
Purified carbon disulfide was distilled on top of the white
‘phosphorus in the trap. The solution was transferred in a
dry box filled with C0p into & bottle and stored tightly
stoppered in a dry atmosphere of COp in the dark.
3. Preparation of samples

Into one arm of an all glass system filled with
slowly streaming dry COp was put a measured volume of EBry,
and info the other buldb was put a measured volume of the

solution of P4 in CSg, The arms were sealed off closing
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the system which was joinéd to a high vacuum line. The
C3g was pumped off, 1eaving‘the Py as a white solid. The
PBryz was vacuum distilled at room temperature into a U-trap
at the temperature of dry ice. The white phosphorus was
similarly distilled except that a steam hood was used to
speed the_distillation. The entire system, still evacuated,
was sealed off so that it could be tilted. In a dark room
with a small red light the solution of P4 in PBr; was thor-
oughly mixed by shaking and it was poured in roughly equal
amounts into the small ampules, To avoid pyrolysis when
- 8ealing off,the upper portions of the ampules were stesmed
until all of the solution had distilled out of these upper
portions. When the ampules were sealsed off with a flame,
the reactants were protected from the light of the flame by
& right angle bend in the asmpules and by a rubber tube
whioch was pulled over the outside of the ampules., The sol-
utions prepared this way were found to be colorless and
water clear. Exposure to light, however, would produce
firset a foggy turbidity and later a precipitate colored
yellow, orange, Or orange red.
4. The Runs

The ampules were suspended by wires in the vapors
of boiling sniline in a large boiler during one run, in
boiling PBrz in another, and in the liquid of boiling ani-
line in a third. 4 thermometer in the vapor with the ampules
showed constancy of temperature within & 0.2°C. In the
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boiling liquid, the temperature varied over a range of one
degree, and the liqﬁid was hotter'than the vapors. The
ampules were singly removed and cooled in cold dilute HCl
solution at specified times. The runs were carried out in
the dark, & small flashlight being used &t the time of re-
moval of the ampules,

The ampules'were opened, washed out repeatedly with
0Sp, and the solution was filtered through a micro sintered
glass funnel. The colored polymer was left on the filter
end on the wal}s of the ampule. The clear colorless filtrate
- wag extracted repeatedly with water, the PBrz hydrolyzing
and going to the water phase and the P, staying in the CSg.
With solutions of pure Iy or pure PBr5 the errors of this
separation were found to be approximately 2%.

The three separated substances were treated with bromine
water to get each of them in water a8 a mixture of phos-
rhorous and phosphoric acids. Complete oxidation to phos-
phoric acid was carried out by sealing the agueous solution
in an ampule with liquid bromine and heating on a water bath
for two hours. 4&fter cooling and opening the ampules, the
excess bromine was boiled off. The phosphoric aecid solutions
were precipitated in the standard manner as magnesium am-
monium phosphate.

By'filtering the solution through a small square of
ashless filter paper which was backed by a sintered glass

funnel base and held in place by means of & glass_chimney
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clamped to the base, the precipitate was spread over & ro-
producible area. After the precipitate was washed énd dried,
it had clamped over it another small square of paper, and
the edges were sealed by scotch tape. This "sandwich" was
mounted on & thin sluminum plate which slid into a rack in
a lead chamber containing a Geiger-lmeller counter tube.
The counts were.scaled down by means of a scale of 32 cir-
cuit and were registered on a Cenco counter and on neon
light interpolators. A4fter being counted the sample and
its ashless filter paper covers were ignited and weighed as
NgoPoOp in the standard gravimetric menner,
c. Discussion of Resulte
1. Some Deductions as to the Mechanism of Precipita-

tion and Exchange

The data for the three complete runs which wers
carried out are given in Table 1. The first fact to be
emphasized is that the results show a surprisingly low
precision. The discussion of results, therefore, is con-
corned solely with first order effects.

The results of these experiments are in agreement with
Schenck(l) 88 t6 the rate of disappearance of white phosphorus
from the sQlution. The reaction appears to be first order
with respect to Py. The rate constants found by the method
of least squares, considering time to be the independent
variable, are given in Table 2 along with the standard error

of estimate.
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Table 1
The Date Obtained on the Rates of Precipitation
and Exchange
Counts per
Weight of Minute per Atom fraction of
Run Time . Mg,P507 - Counts per Milligram  Phosphorus
No. Min, Sample ng. Minute X
3 0 | PBrj 170.2 6 0.03 0.916
P4 ' 1506 102 505 00084
. polymer o 0 -— 0
P4 10.3 51 5.0 0.067 *?
polymer lost —— — ———
30 PBr3 175.2 83 0.47 0.878
P4 8.9 40 he5 0.045
lemr 15-4 13 0.8‘ OQW
55  FBrs 215,3 123 0.57 0.898
P4 1306 53 2.7 00057
' polymer 10.8 16 1.5 0.045
P4 3.2 3 ? 1 0.018
polymer 22.1 24 1.1 0.122
2 0 PBr3 88.9 29 0.3 0.878
polymer 0 0 ——— -
10 PBr3 107.1 280 2.6 0.897
polymer 3.5 18 5.1 0.029
30  FBrj 135.5 609 4o 0.805
PA_ 1102 278 %08 00%6
pOler 21.9 128 5.8 00129
50 FBrs 130.1 736 5.6 0.773
pomr 32.5 208 604 0.193
172 5.8 a1 13.9 0.042
polymer 13.9 83 6.0 0,102
P 5.9 58 9.8 0,042
polymer 2.4 107 5.0 0.151
P4 0 0 ——- —po
polymer 26.1 79 3.0 0.185
1 0 FBr3 66.4 8 0.1 0.815
P 15.1 651 43.2 0.185
- B 16.7 652 39.0
100 PBErj 108.1 715 7.1
960 FBr3 111.0 921 8.3



- 58 -

Table 2
Rate Constants for the Precipitation of White

Phosphorus from Phosphorus Tribromide

Initial Mole kl -1
Run No. Fraction of B, Temperature Rate Constant( Minutes)
5 0.028 18 (6.1 & 0.3) x 107°
2 0.021 185 (8.2 ¢ 1.4) x 1079
Schenck's 0.039 164 (8.00 ¢ 0.03) z 1073
otk 0.040 172 (3.8 ¢ 0.5) x 1072

There are postulated here four extreme, idealized
mechanisms, and the equations written down which describs
these cases. The expsrimental results will be fitted,
with further assumption, into the pattern set by these ideal-
izaetions. The following terms consistent with the nomen-

(4)

elature previocusly used in exchange kinetics, are defined
as an aid in describing the extreme cases:
& = concentration in moles per liter of PBrs

x = concentration in moles per liter of radioactive

PBrg

b = four times the concentration in moles per liter
of Py

y = four times the concentration in moles per liter

of radiosasctive P4
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z/e = specific acti?ity of the precipitate expressed
as a mole fraction

R = the rate of exchange of phosphorus atoms between
P, and PBry

kl = the first order rate constant for the precipitation

of red phosphorus from the solution

R/b, the rate constant for the assumed first order
exchange raaction

Case 1. If the white and colored phosphorus never ex-
changed phosphorus atoms with the PBrz, the specific activity
of the Py and of the precipitate would have a constant value
at all times.

ax/dt = 0, y/b = z/¢ = a constant.

Case 2. If the white phosphorus exchanged atoms of
phosphorus with PBryz and in a completely separate reaction
precipitated red phosphorus without exchange, the rate of
appearance of radioactive PBr5 would be

dx/at = R(y/b - x/a)
and the rate of disappearance of radioactive white phosphorus
would be
- dy/at = R(y/b - x/a) ¢ ¥ y.
The activity of the precipitate is given by z/¢ g y/b when
t is small.
Case 3. If the Py and PBrz did not exchange at all,

but if the precipitate exchanged rapidly and completely with
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PBr5 during the process of precipitation, one would expsct
the following equations to be true:
| y/b = constant

ax/at = k, y, when t is small.

Case 4. If P4 and PBr5 exchanged with each other in
solution, and if upon formation the red phosphorus exchanged
complétely with the PBrz, the movement of radiocactivity
would be described by:

dx/a% = BR(y/v - x/a) ¢ &y y, when t is small

- dy/at = ax/at

z/¢c = x/a, when t is small.

In the actual runs the specific activity of the white
phosphorus decreased with time in every case. Thus fhere
oxisted an intsrchange of phosphorus atoms between Py and
PBrz, and cases 1 and & must be ruled out. After corrections
were made for solvation of the precipitate, it was fourd
that the activity of the initisl precipitate lay epproximately
two-thirds of the way between case 2 and case 4, that is,
two-thirds of the activity of the phosphorus which precipitated
went intb the PBrs. For the initisl conditions the following
differential equation is assumed:

dx/dt = R(y/b - x/a) # 0.64Kyy
or in termé of measured quantities

d(z/a)/at = B/aly/d - x/a) ¢ 0.64 k(y/D) b(1/a).
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It is difficult to integrate this equation because b

k-t
1*) and the relation between

1s not constant (b = b e
x and y is complicated. It is simple, however, to substitute
the observed values of y/b, x/a, &, snd b into the differen-
tial equation and to solve for R.

The value of R was computed from the data for the first
ten minutes of each of the three runs. At this point it was
necessary to introduce én ggsumption as to the nature of the
dependence of R on the concentration of P, and PBrz. Since
PBr3 is present in excess, the assumption was made that the
~empirical rate law would be

R = kZ(P4)
that is, a first order dependence on the white phosphorus
concentration was assumed. When this procedure was carried
through, three values of kz were found and are given in
Teble 3.

Table 3
Rate Constants for the Exchange of Phosphorus Atoms

between Fhosphorus and Fhosphorus Tribromide

Initial Mole Rate Constant
Run No. Fraction of P, Temperature ko 1B
(Minutes) ~*x10° k5/ky
3. 0.028 18l 45 7.4
2 0.021 185 50 6.1

1 0.046 172 27 7.1
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The'energy of activation caleulated from the Arrhenius
equation for the three values of ky; was 18,3 kilocaloriss
per mole. This value is suggestively clése to the phos-
phorus-phosphorus single bond energy of 18.9 kilocalories
(6)

per mole, In view of the assumpftions involved and the
fact that so many reactions have about this caleulated
activation energy anyway, no emphasis should be placed on
this numerical agreement. It does, however, suggest that
the rate determining step in the exchange is the rupture of
a single bond in Py. Since the ratio of ks to kg appears
"to be constant, Table 3, there is the further suggestion
that this bond rupture is also the rate determining step
for the precipitation.

4 reasonabls account of the events occurring in this
system can be given, though it is to be emphasized that this
is speculation in agreement with limited observations, not
& mwechanism demanded by facts. A Fy; molecule in the PBry
solution eventually suffers a collision of such energy that
a bond is broken, While it limps around in this condition
three alternatives are open:

(1) It may collide with another phosphorus molecule
(or it wmay require another ruptured molecule) initiating
polymerization into red phosphorus.

(2) It may react with PBrz, the relatively unbound
atoms exchanging with the phosphorus in PBrgz.

(3) It may heal itself of its injury, reforming a Py
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molecule and giving up the energy of formation to the ever
present solvent mblecules. ‘
| By this picture, exchange results from (2) followed
by (3)., Partial exchange with the solvent upon precipita-
tion is caused by (2) followed by (1l). The catalytic action
of the solvent could be due to its inhibition of the healing
process (3) by virtus of its attack (2) on the broken mole-
eule, which, however, could still initiate polymerization.
2e Observations on the HNature of Zlementary Fhos-
phorus and a Possible Explanation of the Colors
There is advanced here an opinion which has grown
out of qualitative observations made in the formation and
handling of elementary phosphorus under various conditions.
The allotropes of phosphorus with which we ars concerned
are the alphs white and the polymerized or "red" phosphorus
which may take on many appearances depending on the mode of
preparation.

The alpha white form of phosphorus is a clear color-
less substance. Large white crystals may be formed by slow
vacuunm sﬁblimation. The molten phosphorus (melting point
44.100.) readily supercools and may exist indefinitely as a
liguid at room temperatﬁre. This supercooled ligquid phos-
phorus may freeze with an audible click to a soft white
glass. True white phosphorus kept in the dark exists only

as & colorless liquid, colorless glass, or colorless crystals.



The clesr solution of white phosphorus in FBrg formed
a white fogginesé when first heated to about 170°C. The
white fog soon turned yellow and precipitated from the sol-
ution, and the color of the precipitate later changed toc a
bright orange, orange red, and finally to a bright scarlet,
The colored intermediates were isolated and found to be
heaviiy contaminated with bromine, as Schenck had observed.
The light colored substances were prepared in several other
ways, for example, from dilute solutions of ¥, in CSp, CCly,
or ligroin by the action of light. A4 similar looking yellow
powder stable in air could be recovered from each solvent,
but they were found to contain only 50% to 75% of phosphorus
by weight. By the action of light on more concentrated sol-
utions, orange and orange-red powders could be obtained
which appeared to be similar to those recovered from PBrg.
By the contact of hot glass of the right temperature on
dilute vapors of pure white phosphorus in a vacuum line,
8 small amount of a yellow powder stable in air was obtained.
When any of these yellow, orange, or sScarlet products were
heated at about 250°C., each of them turned into a dark
red powder. From the nature of the preparation of the
colored products, from the fact that continued spplication
of the samé method or the application of inereasingly severe
methods caused the transition from yellow to orange %to red,
and from the known polymerized structure(2) of red phos-

phorus, 1t appears that these substances differ as to polymer
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size; and the contamihation with the solvent is due to the
~action of the solvent as a terminating group for the poly=-
mer chains. |

If these precipitates differ as postulated in polymer
gize, there is an interesting correlation between their size
and their color. It is well known that with a carbon chain
of conjugated double bonds the upper wave length limit of
the eléctronic a%sorption spectrum is an increasing function
of the number of units in the conjugated chain.{6) If the
8lectronic structure of polymerized trivalent phosphorus is
written down, it can be seen that there sre two eleectrons
- left over on each atom. If it is copnsidered possible for
these pairs of electrons occasionally utilizing the 4 orbitals
to form double bonded structures which resonate with the
single bonded ones, then in an analogous fashion to the cone
Jugated double bond system a mechanism can be shown whereby
an eleetron appears to vibrate from one side of the polymer
to the other, though actually it may move only a very short
distance. As the distance over which this type of resonance
can occur becomed larger, the longer becomes the wave
length of the light which can be absorbed inducing this
transition. The progression of colors of whits, yellow,
orange, red, and even violet and black is just that of the
upper limit of a continuous absorption curve moving scross
the visible.spectrum. This is likewise the series of colors
of polymerized phosphorus found upon increasingly powerful
 and prolonged action of formation, and presumably it paral-

lels an increase in sigze.
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'PROPOSITIONS

A. The Minor Subjeet

1. For laboratory useé of an interferometer in which a
large number of fringes are expected to pass, I propose the
use of an electron multiplying photoslectriec tube behind a
sli¥. By this method one could count fringes at almost any
rate if the pulses from the photoslectric tubs were scaled
and recorded in a Geiger tube counting circuit.

2. Text books in optics often state that the wave
phenomenon of beats has not been demonstrated for light due
vto the difficulty--or impossibility--of obtaining two coherent
gsources of light of different frequencies. A method is pro-
posed whereby one could get Such & pair of light sources.
Using high grade monochromatic canal rays, such as are obtain-
8d from Dempster's canal ray tube, and taking the light out
at about 180 degrees from the same point by a proper sjstem
of mirrors and lenses similar to that used by Ives and Stilwell
one could obtain two rays which would be coherent because
they are part of the same sﬁherical wave train from a radiast-
ing atom, and they would have different frequencies because
of the Doppler effect. By taking these two beams into an
interferometer, in principle beats of light could be demon-.
strated, not by a change of intensity at a point with time,
but by a distorfion of an interference pattern in space.

Batho and Dempster, Astrophysical Journsl, 7bH, 34 (1932).
Ives and Stilwell, Jour. Opt. Soec., 28, 215 (1938)
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3. A semi-glassical way of thinking about the annihil-
ation of electronépositron pairs is that annihilstion occurs
at the distance |

r = e2/2me® = 1.4 x 10713 om
where the potential energy of attraction is equal and nega-
tive to0 the rest mass energy of the two particles.
B. Béneral Gheéistry

4. For those cases'where the absorption spectrum of
chemical substances is recorded by the photographic method,
I prdpose & photoelectric and oscilloscopic method which
'should be guite sensitive and give the data in a much more
easily interpreted form.

Daly and Sutherland, Nature, 157, 547 {1946).
Baker and Robb, Rev. Sci. Instr., 14, 362 (1943).

This method differs from previous similar ones.
5. OChemists should not call white phosphorus "yellow".
c. Chemical Kinetics
6. Ogg recently proposed a mechanism to account for
the first order rate of decomposition of HNpOg.
a. There are addifional arguments in favor of
this mechanism:
(1) The forward and reverse reactions of the
equilibrium postulated have besen independently
proposed, respectively, by Smith and Daniels

and by Johnston and Yost.
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(2) The branching reactions wheredby two
reactants form two separate sets of products
can be rationalized quite simply.
(3) It is possible to show that kinetie theory
permits enough collisions of the right sort to
maigtain the observed rate to as low a pressure
as 1078 atmospheres. ZPreviously, it was im-
possible to explain the observed rate at low
pressures in terms of the kinetic theory.

b. Experiments are proposed to check quantitatively

the proposed mechanism.

7. Schumacher and Sprenger were able to explain the
observed rate law for the catalytic decomposition of ozone
by nitrogen pentoxide

~a(0g)/at = k(n,05)%/%(0)%/
by use of a complicated mechanism involving chain initiating
and terminating reactions and & cyclic use of one intermediate.
On the basis of recent work by Smith and Daniels and by
Johnston and Yost, I propose a simple three step mechanism
which in an immediste and straightforward manner gives the
observed rate law.

Schumacher and Sprenger, Z. Phys. Chem., B2, 267 (1929).
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8. Smith and Daniels studied the kinetiocs of the

reaction between NO and H205. They were perplexed by

certain feétures of their results:

(l) The slmost-but not quite-first order dependence
of the rate on the concentration of N, 0

(2) The. almost-but not quite-zero order dependence
of the rate on the concentration of HO

(3) The apparent zero effect of the concentration
of NO, on the initial rate of the reaction

(4) The evidence of heterogensity of the reaction

I propose to explain all of these features by using

the mechanism tentatively proposed by the authors and follow-

ing through its implications.

9.

The field of the kinetiecs of fast reactions offers

numerous opportunities for interesting investigations. The

following three reactions are offered as illustrations, and

to me each one is interesting for a different type of

reason:

(1) NO e NO, = N,0;
(2) The rate of exchange of bromine atoms
between HBr and Brg
(3) The oxidation of positive iomns (fsrrous,
vanadous, suropous) by ceric ion in perchloriec

solution.



