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A knowledge of the time rates for intermediate reactions

during the photolysis of nitrogen dioxide enables one to deduce the

possible intermediate reactions which are responsible. An experi

ment has been devised and constructed which will measure the time

rates for photochemical reactions occurring in ranges of one micro

second to several milliseconds after initiation of a short duration

high intensity photolyzing flash.

The method proposed utilizes the examination of the de

crease of nitrogen dioxide as a means for observing the photolysis

of nitrogen dioxide. The experimental apparatus consisting of a

source of light for the photolysis of nitrogen dioxide, a flash tube

capable of 200 joules of energy per flash, and a detector of the varia

tion of nitrogen dioxide concentration are described.

Preliminary results demonstrate that the intermediate

mechanism mainly responsible has a reaction time rate associated



with it which is much smaller and influences a greater percentage

of the nitrogen dioxide molecules than what would be expected with a

dissociative process. It is suggested that this greater influence and

smaller time rate can be best explained by a collisional energy

transfer process.
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TRANSIENT OPTICAL ABSORPTIVITY

OF NITROGEN DIOXIDE FOLLOWING

PULSED ILLUMINATION

INTRODUCTION

Absorption of electromagnetic radiation by a gas may some

times initiate a series of molecular reactions which result in an

alteration of the chemical nature of the gas. Such photochemical,

or photolytic processes are of considerable interest due to their

importance in the fields of air pollution and chemical physics. In

particular, photolysis of the oxides of nitrogen and sulpher which

may be present in an urban atmosphere is affected by sunlight and is

responsible for production of free atomic oxygen, a necessary ingre

dient for the subsequent formation of ozone and hydrocarbon oxides,

two major irritants in polluted atmospheres. Thus, before a reason

able solution to the problem of air pollution is possible, a study of

the photochemical mechanisms responsible for the final pollutants

must be made. A knowledge of the intermediate processes of photo

chemical reactions following the initial absorption of a photon by a

gas molecule requires a basic understanding of the possible mecha

nisms by which a molecule may lose its energy of excitation. This

paper is a report of an experimental study of such intermediate

processes.

The general form of photochemical reactions may be stated:



A + photon-* intermediate reactions —• B + C + - • • (final products)

where A, B, C, etc. represent various chemical constituents. The

energy imparted to A by the photon results in A being in an

excited state and allows A to take part in one of several processes.

Of course, such an excited molecule or atom may simply fluoresce

or lose its excess energy to kinetic modes by collisions, or there

may be a rearrangement of the internal structure to a more stable

form; however, such processes do not lead to subsequent chemical

changes and thus will not be considered further. Alternatively, the

initial excitation may result in dissociation of the molecule into sec

ondary products which may or may not react with other gas molecules,

or may permit formation of excited complexes. An example of reac

tions involving dissociation would be:

AB + photon — AB* — A + B, (1)

while an example of a reaction resulting from a collision between an

excited molecule A* and another constituent B would be:

A + photon — A*

A* + B C + D

C + B E + F

(2)

(3)

(4)

Reaction (3) is an example of an intermediate reaction: a reaction



whose products are not necessarily stable but can react further.

The rate of change in concentration of E in reaction (4) is

proportional to the product of concentrations of the initial reactants:

^=k4,C)(B) (5)

where the concentrations of the various species are denoted by paren

theses and k is the constant of proportionality for the rate equa

tion, k , called the reaction rate coefficient, is dependent on

temperature and is a measure of the speed of the reaction.

A quantity called the quantum yield for a photochemical reac

tion may be defined as the number of reactant molecules per photon

absorbed by the gas. As an example of a quantum yield for a series

of reactions, consider the following set of equations:

NO + photon — NO + O

O + N02 —NO + 02

(6)

(7)

The quantum yield $ for production of O may be at most unity

for this mechanism since each O molecule produced requires that

at least one photon be absorbed. The wavelength dependence of $

is depicted in Figure 1. $ (O ) varies from a value of . 96 at

3100 A and decreases to zero at 4358 A. If a quantum yield for

NO were considered for the above reactions, it would be, at most,
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twice $(0 ), since no more than two molecules of nitric oxide may

result from the absorption of one photon.

In many cases the reduction of the intensity of a beam of

light as the beam is passed through a gas may be expressed by the

Beer-Lambert law!

in(l/l ) = -a(\)nd (8)

where I is the initial intensity, I is the intensity of the beam

after it has traveled a path length d in the gas, n is the number

density of the absorbing molecules, and c(X) is the absorption

coefficient. The absorption coefficient is dependent on the absorbing

species and on the wavelength of the beam of light. Graphs of the

absorption coefficient as a function of wavelength are given in Figure

2 for nitrogen dioxide and nitrogen tetroxide [ l] .

The photolysis of NO , as indicated above, is of impor

tance in the field of air pollution due to the secondary products which

result. But, in addition, the exact mechanisms and intermediate

reactions which occur during NO? photolysis are not completely

understood and interest has been centered on these phenomena.

Since the ON-O bond energy is 2. 96 electron volts, corresponding

to the energy of a photon of wavelength 4047 A, a dissociation mech

anism, reactions (6) and (7), does not explain the observed quantum

yield for O at wavelengths greater then 4047 A. Considerable
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research has been done on this problem but no experiments have been

reported which discriminate against any of the several proposed

mechanisms which have been advanced. Previous experiments [1, 4,

7] have dealt with the final products, that is, measurement of the

amount of O formed. By measuring the amount of formation of

O O produced by the reaction:

2016 + 018018^2016018, (9)

oxygen scrambling experiments [4] have shown that one of the inter

mediate products is O atoms. This reaction has been found to be

much faster than the associated reaction:

o16o16 +o18o18-2016o18. (10)

so that only a negligible amount of O O is formed by (10).

The present experiment was intended to investigate the

temporal development of NO photolysis by monitoring the change

of the NO gas concentration immediately after initiation of the

process by illumination with a high intensity, short duration flash of

light.

The experimental method is represented in Figure 3 by a

schematic diagram of the basic parts. Through the alteration in the

absorption of a probing light beam, variations in the concentration of
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nitrogen dioxide could be observed following termination of the photo-

lyzing flash. Although the gas fluoresces, such light decays at a

rate much faster than the rates for the various reactions to be inves

tigated and would not interfere with the observation of interest [6] .

The original intention of the investigation was not realized

because other, hitherto unreported phenomna were found to be present.

The newly discovered events are characterized by such large magni

tudes and time scales that the direct photolysis is effectively masked.

Some speculations on the nature of the processes is given in the chap

ter on Discussion.
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EXPERIMENTAL APPARATUS

Flash Tube

The source of photolyzing light was a specially built flash

tube; the details of construction are shown in Figure 4. The tube

contained a discharge in air at a pressure of approximately 10 microns

of Hg, the energy being supplied by four 25 microfarad capacitors

each charged to 4000 volts.

The tube is essentially a coaxial cable and the discharge

occurs at the terminus through an aluminum oxide tube whose length

is nine cm. This construction was chosen to minimize the circuit

inductance in an effort to permit the energy of the capacitors to be

dissipated in a short interval of time. Cylindrical symmetry was

also retained where the tubes were connected to the radially disposed

capacitors by means of plane end plates soldered to the ends of the

tube and separated by mylar sheets.

The current capacity of the power supply used to charge the

capacitor bank was such that approximately 20 seconds was required

to charge the bank. However, the main limitation of repetition rate

was imposed by the large increase in pressure which accompanied

each flash, necessitating at least a minute of pump-down before re

charging could begin.
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The flash was triggered by a small auxiliary spark in the

vicinity of the discharge region. A tungsten electrode entered the

flash tube through a glass capillary tube. The spark originated be

tween the tungsten electrode and the grounded electrode of the flash

tube. The trigger circuit consisted of a six volt battery, an auto

mobile ignition coil and an actuating switch in the primary circuit.

A capacitor of . 02 microfarads was connected in parallel with the

switch to prevent arcing across the switch when it was opened or

closed. A length of coaxial cable connected the trigger circuit to the

electrodes. Careful shielding throughout and adjustment of trigger

discharge path length were found to be necessary to prevent the pick

up of stray radiation due to the triggering pulse by the detection sys

tem.

A quartz window mounted in the end of the flash tube per

mitted light from the discharge to pass from the tube. Etching of the

window during the discharge necessitated the removal of the window

after approximately ten flashes. The used windows were reground

and polished for later use.

Various optical characteristics of the photolyzing source

were investigated. The radiant energy output of the flash was ob

tained by the use of a calorimeter consisting of a copper disk coated

on one side with lampblack and having a 40 gauge iron-constantan

thermocouple junction soldered to the center of the opposite face.
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Since the heat capacity of the disk was known, the total energy of the

light emitted from the tube during a single flash could be calculated

from the termperature rise of the disk during illumination. To

check the validity of the use of the copper disk as a calorimeter,

its response to the radiant energy from a tungsten lamp was

compared with measurements made with a standardized Eppley

thermopile.

The spectrum was photographed using a grating spectrograph

consisting of a concave grating with 593 lines per centimeter and

a focal length of 53 centimeters. Kodak Panatomic X film and

Kodak Spectroscopic 103 class 0 and F glass plates, sensitized

for ultraviolet, were used to record the spectrum and these records

were analyzed with the aid of a Jerrell-Ash photosensitometer. A

wavelength calibration was made using a standard mercury lamp as

a source for the spectrograph.

Further spectral investigations of the flash were made with

a Hilger and Watts prism spectrograph which was capable of record

ing spectra in the range from 1850 A to 7000 A.

Through the use of photoactinometry with uranyl oxalate as

the active absorber of light, an additional value for the total number

of photons in the flash was obtained. Since several approximations

were necessary for the photoactinometry calculations, the resulting

1 8
value, 2x 10 photons per flash, could be considered only as an
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order of magnitude determination.

The spectrum of the flash ranged from 2300 A to 7000 A

in wavelength with the maximum intensity at 3700 A (Figure 5).

Approximately 95 percent of the light was emitted in a time of 30

microseconds and the light emitted from the flash tube was determined

to have an energy of 1. 12 ± . 05 joules.

With the aid of narrow band optical filters and the copper

disk calorimeter, a wavelength profile of the intensity of the flash was

made. Although this gave only an approximate contour of the spec

trum, it agreed with records made with the densitometer in the range

of 4047 A to 6000 A.

From the calorimeter measurements and the densitometer

00

traces, a calculation of the total number of photons N emanating

from the flash tube per flash was made. But before a calculation was

00

possible, a derivation of an expression for N in terms of the total

energy of the light emitted from the flash tube, the magnitude of the

densitometer signal, and the sensitivity of the spectrograph film was

necessary. To begin, let us assume the form

J{\ ,t) = Cs(t)f(\) 11)

for the number of photons be the number of photons per area per unit

time rer unit wavelength at X. emanating from the flash window,

where f(k) ?s the spectral density function for the flash, s(t) is a



CD

P*

>

"a)

2300 3000 3700 4400 5100

Wavelength (angstrom units)

Figure 5. Wavelength dependency of intensity of flash.

5800 6500 7300



normalized function:

At

s(t)dt = 1,
"0

16

(12)

where At is the duration of the flash, and C is a normalizing

constant such that the expression

p« At
AC \ f(\)d\ I sdt = N

J0 J0

00

(13)

where A is the area of the uniform beam.

The differential intensity of the flash, the energy emitted

per unit time per unit area and in a wavelength interval d\, is

dl(\ ,t) = (hc/\)J(\ ,t)d\ ,

whose integrated value I is

pOO „oo

I = \ dl = \ (hc/\)j(\ ,t)dA

(14)

(15)

At this point the measurements of the energy of the flash by

the calorimeter may be considered. The energy E, measured by

the calorimeter, is equivalent to

,At

A \ Idt,
't
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provided that all the light is collected by the calorimeter. Substituting

(15) for I gives

/-» At ^ oo
E = A \ dt \ (hc/X)Cs(t)f(X)dX

Jo Jo
(16)

A consideration of the densitometer trace yields an expres

sion for Cf(X). The differential spectrograph plate grain density

G(X) is given by

p 00

G(\) = a (X)(hc/X)Cf(X) \ s(t)dt.
J 0

(17)

o-(a), the spectrograph plate sensitivity, is the number of grains

formed due to the flash per unit area per unit energy by photons with

wavelength between X. and X+dX. The magnitude of the densitom

eter signal H(\) at X. is proportional to G(\); that is,

H(X) = aG(\),

and thus from (17) and (18)

Cf(X) =
(\/hc)H(\)

At

a<r (X) \ s(t)dt
0

Substituting this into (16) gives an expression for a:

(18)

(19)



A

or

a =

H(X)

a JQ o- (X ) dX

H(X)

E JQ o-(X) dX ,

and using (20) in (19) gives

Cf(\)

From (11) J(\ ,t) is

J(X ,t)

(X/hc)H(X)/o-(M

P^ ^At
(VE) \ ^4dX s(t)dt

<r(X)
0 0

s(t)(X/hc)H(X)/o-(\)

poo ~At
(A/E) \ H(\)/o-(\)d\ I s(t)dt

J0 J0

18

(20)

(21)

(22)

An integration of J(X. , t) over the total wavelength interval of the

spectrum and the duration of the flash yield, after multiplication by

00

the beam area, gives the total number of photons N emitted from

the flash,

N

„00

E \ (\/hc)H(\)/cr(\)d\
J0

I H(X)/cr(X) dX
(23)
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A numerical integration was applied to (23) using the densi

tometer trace and the sensitivity of the film yielded a value of

1 8
1.8x10 photons per flash emitted from the window.

Chamber Design and Construction

During the designing of the photolysis chamber, it was found

that an expression for the expected variation in the detection signal due

to photolysis was needed before the physical dimensions of the cham

ber could be chosen. The expression for the expected signal can be

derived if the Beer-Lambert law is assumed to be valid. The intensity

of the detection beam after passing through the chamber is

1l = IQexp(-ap d), (24)

where a is the average value of the gas absorption coefficient over

the bandpass of the probing beam, d is the length of the beam path in

the chamber, and p is the partial pressure of NO . Furthermore,

if the pressure of NO gas decreases due to photolysis, the new-

intensity I will be

l-> = Inexp(-ap d),

where p9 is the new partial pressure. Dividing (25) by (24) and

defining Ap = p - p gives

(25)



-— = exp(a Apd).
1

20

(26)

Now if we consider the exponent a Apd to be small, we can expand

the exponential in a series, neglecting terms of higher order than

the first:

I.

1 + c Apd +

or,

"1

— = cApd, (27)

where AI = 1-1 .

We will now consider absorption of photolyzing light which

spans a range of wavelengths. Let AJ (X ,t)dX be the flux of

photons with wavelengths between X and X + dX incident on the

absorbing gas at time t from the flash light source. Jn(X , t)

includes the spectral density, f(X), and time dependence, s(t),

of the light from the flash source and the transmissions, T(X), of

windows and filters which are employed. After traversing a path of

length d1 through the gas, the residual flux will be

AJ(X,t)dX = AJ (X ,t)exp(-c pd')dX
0 X

(28)
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If we consider a pd' < < 1, the exponential may be expanded as be-
X

fore. Again, p is the NO gas pressure and a is the mean
2 k

absorption coefficient for NO in the range dX and is wavelength

dependent. Neglecting all terms of higher order than the first gives

d(AN) = [ J (X ,t) - J(X ,t)] AdX dt =JAc. pd' AdXdt, (29)
0 OX

where AN is the total number of photons absorbed during a flash.

Now if d(A N) is multiplied by the quantum yield for

NO consumption and integrated over time and wavelength, the total

number of NO molecules reacting will be obtained:

AN =

•.At /-.°o

0 0

*(\ )J.(\ ,t) a. pd1 AdX dt
0 X

(30)

We shall assume that p does not vary with time, a valid approxi

mation since p will decrease by no more than three percent during

a single flash.

It is assumed that

J0(X,t) r. K0(X)s(t),

where s(t) is defined by (1 2) and K = Cf(X )T(X ). Then (29) has

the form:



•.At

0

AN =Ad'p\ $(X)K (X)c, dX I sdt,

? ?

and if (21) is substituted for Cf(X ) the expression for AN is

„oo

E \ (X)T(X)c (X/hc)[H(X)/o-(X)] dX
AN = d'

Defining

N,

then gives

_H(XJ
J0 cr(X) dX

„oo

E \ $(X)T(X)(X/hc)c [H(X)/o-(X)] dX

H(X)/o- (X)dX
"0

AN = d'pN
0

(31)

(3 2)

To relate AN to an alteration of NO partial pressure,

we must multiply equation (32) by kT/V where k is the

boltzmann constant, T is the absolute temperature of the gas and

2
V is the volume of the chamber ("rrd d'/4). The corresponding

change in probing beam intensity due to flashing the chamber filled

with NO is
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AI=I odd' pN kT/V'

If the signal voltage, v , as seen on the oscilloscope, is propor

tional to the intensity of light falling upon the photomultiplier, we

have

Av = v cdd'pN kT/V ,

where Av is the change in signal due to photolysis and v is the

signal voltage before photolysis.

Substituting the expression for V gives

Av = 4v„a pN^kT/ -n-d,
0 0

(34)

where it is noted that Av is proportional to p and inversely

proportional to d.

In the preceding development it was necessary to incorpo

rate the two conditions,

Apd < < 1 (35)

and

a. pd' < < 1, (36)

of which the latter is the more stringent since Ap will be much

less than p while d and d' , a and c. are of the same
X
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orders of magnitude respectively. Since, with different filters used

in front of the flash tube correspondingly different ranges of wave

length and a become pertinent, an average value of a. is
X A

employed in evaluating the permissible nitrogen dioxide pressure.

In the region of transmission of 3500 A to 4500 A an average

-3 -1 -1
value of 8x 10 cm torr was chosen which yielded from (36)

< < 125/d1 . (37)

Thus, it was desirable to choose a partial pressure as

large as possible while still considering condition (37). Because the

condition involves d' reciprocally the path length for photolysis

was to be made as small as possible, but physical limitations of the

chamber, that is, the construction of the gas inlet into the chamber,

limited d' to . 5 cm and therefore (37) required

p < < 250 torr. (38)

Since the noise in signal was approximately 20 percent, it was de

cided to choose a pressure which would introduce an error of less

than 5 percent in the series approximation (14). A pressure of 80

torr gave an error of 3 percent, which was an acceptable value and

so this pressure was used throughout the experiment.

From the above calculation, it is seen that the chamber

dimensions determine the expected signal. The width of the chamber



was . 5 cm and since the flash tube was 2. 5 cm in diameter, it was

necessary to construct the chamber the same approximate size in

diameter to make the chamber as efficient as possible. The chamber

was constructed of a cylindrical pyrex tube, 2. 5 cm inside diameter,

closed at both ends with high purity quartz windows. The windows

were attached to the chamber with an epoxy cement capable of being

heated to 200°C without softening, enabling the temperature of the

gas to be varied somewhat. The window opposite the flash tube was

silver coated, effectively doubling the flux of incident photons.

NOz Gas

The NO gas was obtained from the Matheson Company

and contained less than 0. 5 percent impurities. It was further

purified following the procedure used by Hall and Blacet [5] through

the use of the gas handling system described below. After repeated

solidification using dry ice and acetone coolant and subsequent evacu

ation of the distillation chamber with an oil diffusion pump, the solid

had a bluish white appearance, indicating the absence of oxides of

nitrogen other than NO., and N O .
2 2 4

Gas Handling System

The gas handling system, represented schematically in

Figure 6, was designed to monitor the pressure in the chamber
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through the use of an oil manometer and to purify the NO gas by

the process of distillation. It was constructed of pyrex gla,ss tubing

and glass vacuum stopcocks. Because of the corrosive nature of

NO gas, silicone vacuum stopcock grease was used throughout.

Initially, the NO was introduced into the distillation

section until a pressure of approximately 2/3 atmospheres was ob

tained. After evacuation of the photolysis chamber and manometer

to a pressure of 10 torr, they were sealed off from the oil diffusion

pump and liquid nitrogen cold trap. Then, following purification of

the NO , a stopcock was opened allowing the gas to fill the photolysis

chamber to a pressure of 80 torr. In addition, a sample of NO

could be extracted for analysis of its purity. The chamber was then

sealed off by a stopcock and removed from the system. After the

chamber had been filled and sealed, the remaining gas in the system

was solidified in a liquid nitrogen trap and the system was evacuated.

Detection System

The detection system elements (Figure 7) include a source

of probing light, a monochromator, a photomultiplier, a d.c. biasing

circuit, and an oscilloscope.

A d.c. operator 110 watt tungsten lamp served as a source

in conjunction with a Bausch and Lomb 500 millimeter ruled-grating

monochromator. The dispersion of the monochromator was 33 A per
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millimeter slit width for the first order diffraction pattern.

The nearly monochromatic beam of light then passed

through the chamber, and entered an RCA 1P28 photomultiplier.

The signal from the photomultiplier was biased before being d. c.

coupled to an oscilloscope. The d. c. biasing of the photomultiplier

signal enabled small changes in the signal to be observed with maxi

mum amplification by the oscilloscope. A record of the display

sweep was made using a camera mounted over the oscilloscope dis

play screen.

The detection beam was of sufficient intensity that the only

important source of noise in the output display was the noise in the

signal, noise which results from the statistical fluctuation of the

photoelectron emission from the phototube cathode and secondary

electron emission from the first dynode. The signal to noise ratio,

S/N, maybe epxressed[2]

s/n
2eAf

where i is the average photoelectric signal current, e is the

electronic charge, and Af is the overall frequency band width of

the photomultiplier tube, amplifier, and oscilloscope. For an

5 -3 .
amplification of 10 and anode current of 10 amps, typical

values used in this experiment, the photoelectron current is 10

amps. The noise in signal for Af equal to 25,000 cycles

8
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per second, governed in this case by the preamplifier, is then

N = 2x 10 S. (39)
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PROCEDURES AND RESULTS

After the photolysis chamber was filled with NO gas, it

was sealed and placed in the detection beam. During alignment of the

flash tube and detection beam, a minimum amount of sunlight was al

lowed to fall upon the chamber. Alignment of the detection beam was

done swiftly to minimize the unnecessary photolysis caused by the

beam. In addition the detection beam was used sparingly during the

photolysis experiment to conserve the storage battery which was used

as a source of power for the tungsten lamp.

Usually 15 to 20 seconds were required for the output of the

tungsten lamp to become constant since during this time the tungsten

filament was heating and the output of the storage battery was stabi

lizing.

After the shutter of the cainera, mounted over the oscillo

scope screen, was opened, the flash and display sweep of the oscillo

scope were initiated using the flash trigger and the shutter was then

closed. Three to five traces were recorded upon each 3. 8" x2. 9"

film frame. The sweep rate of the oscilloscope was varied from 50

microseconds per centimeter to 10 microseconds per centimeter;

the sensitivity was varied between 100 millivolts per centimeter and

200 millivolts per centimeter.

During the initial experiments it was quickly discovered thai
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a significant amount of light from the photolyzing pulse was being

scattered in the absorption cell. The scattered light accompanied

the probing beam to the detector v/here it produced a large electrical

pulse, masking the behavior of the probing beam. All attempts to

isolate the latter from the scattered light by means of absorption

and interference filters proved fruitless; even though such filters

are known to transmit less than 0. 3 percent outside their passband,

the scattered light was always present in sufficient intensity to cause

an intolerable background. Further, attempts to use the photoinulti-

plier in pulsed operation, the voltage to the first two dynodes being

switched on only after firing of the flash tube, did not alleviate the

problem; it was not found possible to eliminate a large transient due

to the switching and coupled to the output circuit by the interelectrode

capacitance of the phototube.

As an alternate approach, it was decided to use the mono

chromator as a more efficient filter. The monochromator was

placed behind the absorption cell and an image of the tungsten lamp

filament was focused by a lens on the photolysis chamber. It was

found that a negligible amount of this light had sufficient energy to

dissociate the NO : thus, there was no question of the detection

beam photolyzing an amount of NO significant by comparison with

the effect due to the flash. The monochromator then was used as an

additional filter with maximum transmission at 5200 A and was
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effective in reducing the pulse from the flash to a level which was

comparable with the expected photolysis signal. The pulse of light

from the flash no longer blocked the operation of the photomultiplier

immediately after the flash and the change in NO concentration

could be observed. In addition, the use of the monochromator as a

filter permitted the placing of the photomultiplier directly behind the

exit slits of the monochromator, in which position it could effectively

be sealed from extraneous light.

The reaction:

N02 + NOz N2°4 (40)

is an important reaction at ordinary temperatures. Table 1 gives [8]

the partial pressures, P , at various temperatures and indi-
2 4

cates that at 20 °C, P.„T ,. in a mixture of NO_ and N-O. is
N_0„ 2 2 4

2 4

large enough to make the presence of NO a major factor in the

photolysis of nitrogen dioxide. Because of the above reaction, the

presence of NO acts as a source of NO and will offset any de -
L* t: Cj

crease in the concentration of nitrogen dioxide through photolysis. At

elevated temperatures P is small and the formation of NO
N2°4

from (40) would be on the order of 10 of the decrease in nitrogen

dioxide through photolysis. Therefore, during some of the experi

ments, the chamber and gas were heated with an infrared lamp to

70°C.
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Table 1. Ratio of Partial Pressure of N2O4 to the Total Gas Pres
sure for Mixtures of NnO, and NO. at Various Tempera-

2 4 2 ^
tures.

_ _ __

Temperature N„0/ total N„0/ total N„0/ total
2 4

°K

283

293

306

324

335

353

374

. 03

. 02

. 01

2 4

P , = 1 torr P =10torr P = 80 tori-
total total total

24

11

05

02

01

54

40

24

10

05

02

01

While the gas was being heated for a period of approxi

mately 15 minutes, the temperature of the chamber was ineasured

with the aid of a thermocouple attached to one side of the chamber

and was adjusted by intermittent illumination from the lamp.

Temperature variation with consequent alteration of NO

concentration resulting from unbalance of the equilibrium of (40) was

negligible over the time interval of a photolysis.

Originally it was anticipated that upon absorption of light

from the flash by the gas, a rapid decrease in NO concentration

followed by a slower increase in NO would be observed at 2Q°C.

The initial change in concentration was expected from dissociation of
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NO followed by the secondary reaction:

NO + O — NO + O (7)

Recalling that no more than 0. 1 percent of the gas will, be photolyzed

in one flash, the reaction rate equation for (7) may be approxi

mated

whose solution is

d(NCV Atn\-^. =.VNo2,0,o,=^L

(NOJ = -(0).{1 -exp[-k,(NO_)nt] }+ (NO_L .
2'0

(41)

A calculation of the time for 99 percent formation of (NO) for reac

12 cc
tion (7) with k. = 3.5x10

6 molecule - sec

.44 inicroseconds which demonstrates the rapidity of this reaction.

The reaxtions

O + 2NO — 2NO

N2°4 ^ 2N°2

[3] gives a value of

(42)

were considered responsible for the formation of NO^. Since the

resulting rate equation for (42) is



d(NO )

-dt— = k42(NO) <°2>
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(44)

and is dependent on the concentrations of NO and O , which are

small with respect to NO concentrations, and since k is small

when compared with k (42) may be considered a much slower re-
o

action than (7). This can be demonstrated by solving the above rate

equation (42), for (O ):

<o2) = ^o
1+8^2t(°2^0

1/2

(45)

where (O ) is the concentration of O at t = 0. It is assumed

that initially two gasses, NO and O with concentrations

2(0 ) -- (NO) are mixed and that reaction (42) is the principle

reaction in the mixture. Solving (45) for t gives

t =
8k

42 (°2> (O
2'0

(46)

15 -1Assuming (°?)n -10 (cc) , this equation shows that time

necessary for 90 percent completion of the reaction is of the order

f in12oi 10 sec.

The transients observed experimentally did not meet the
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expectations suggested by the preceding discussion.

At 20°C the trace (Figure 8) showed a rapid increase in

NO. which occurred over an interval of 30 microseconds, followed

by a slower decrease which lasted for several milliseconds before the

equilibrium concentration of NO was again established. The form

of the latter part of the trace indicates that more than one mechanism

was responsible to increase the NO concentration.

Because of the possibility that the presence of NO might

influence the photolysis of NO , experiments were perform.ed with

the gas and photolysis chamber heated to 50 °C and 70°C. Heating

the sas to 50°C resulted in a smaller initial increase of NO. but the
° 2

general shape of the trace remained the same (Figure 9)- The sub

sequent decrease of NO persisted at the higher temperatures, so

that the concentration went below the equilibrium value, after which

the concentration increased to its normal amount.

At 70°C the initial increase had disappeared although

again the general shape and structure were similar to those in the

above traces (Figure 10).

In all the transients depicted, filter #3650, whose trans

mission is shown in Figure 11, was employed to limit the photolyzing

light. Since these results did not correspond with what was expected

for the photolysis of N07, it was decided to investigate the spectral

dependence of the phenomena at room temperature. Thus, various
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filters', 3-70, 3-72, 3-73, whose transmission spectra are shown

in Figure 11, were inserted in front of the flash to vary the spectrum

of photolyzing light entering the photolysis chamber. Because the

transmission spectra of 3-73, 3-72, and 3-70 include 5200 A,

the detection beam wavelength was changed to 4000 A. It was found

that the general shape persisted, although as the transmission cutoff

wavelength increased, the effect was reduced somewhat in amplitude.

The dependence of the phenomena on the presence of a

foreign gas was investigated at room temperature through the addition

of helium at a partial pressure of 500 torr. Filter #3650 was placed

in front of the flash. The amplitudes of the transients were reduced

to about. l/3 of their heights before addition of helium, but the gen

eral features of the trace remained.
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DISCUSSION

20°C Trace

From the above discussion of expected results it is seen

that the observations can not be explained by the mechanisms of

reactions (6) and (7) which predict that the first effect of illumination

should be a decrease in NO concentration, whereas an apparent

increase is observed. The initial rise in apparent concentration of

NO_ occurs much too slowly to be explained by any direct effect of

the pulsed illumination either by dissociation of N,,0„ or excitation
r J 2 4

to states of higher absorbtivity at the probing beam wavelength. This

« 17
initial rise corresponds to an apparent increase of (NO ) by 3x10

molecules which, perhaps accidentally, is also the number of photons

absorbed, as calculated from knowledge of the incident flux and

absorbtivity of NO . Of course, it is supposed that reaction (7) is

also active, but masked by the observed rise which is some 80 times

larger than the expected decrease of (NO ).

The dissociation of N„0., resulting in the final product
2 4 & ^

NO. would seem a possible explanation for the initial increase at

20°C because of its large partial pressure and relatively small dis

sociation energy, 0. 6 ev. If the absorption coefficient of NO.

is examined in the range of wavelengths 4000 A to 5000 A, it is seen
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that very little of the photolyzing flash is absorbed by these molecules

and, therefore, the amount of N.O molecules excited in this man

ner does not correspond to the dissociation of six percent of the nitro

gen tetroxide gas necessary to explain the increase of nitrogen dioxide.

Another method for exciting NO molecules might be the

collisional deactivation of excited NO molecules and could result in

a sufficient amount of energy being transferred to the NO mole

cules to promote dissociation. In this manner the comparatively

slow increase in NO concentration could be attributed to a small

probability that at least 0. 6 ev of energy would be conveyed to the

N.O molecules through a collision.
d ft

If the assumption is made that many layers of molecules

are resting on the walls of the chamber, another mechanism can be

proposed. The role of the light from the flash in this case is then to

detach the nitrogen dioxide molecules, causing a sudden increase in

the number density. Since 500 layers of molecules are required to

cause the observed increase, this process does not seem reasonable

because such a large population would be observable as a dark film

on the walls, which was not observed.

Two phenomena may cooperate in affecting the subsequent

decrease after the initial increase of NO concentration. The pre

dominant reaction will probably be the formation of NO to re

establish the equilibrium that was disrupted when the excess nitrogen



43

dioxide was formed. In addition, some attachment of the molecules

to the walls of the chamber may also occur.

70°C Trace

From measurements on the oscillographic records it is

17
found that a maximum apparent decrease of 4. 7x 10 nitrogen

dioxide molecules, 13 percent, results from flash illumination of the

gas at 70°C .

Again it is seen that a dissociation mechanism such as (7)

does not explain the observed decrease of NO concentration because

the observed rate at which the phenomena occurs is much slower than

that which would be associated with a dissociative reaction.

Formation of complex molecules is possible, as is shown,

for example, by the presence of NO molecules; but because they

are expected to have very weak internal bonds the significant pres

ence of complex molecules at 70°C seems improbable.

It may also be considered whether NO plays an important

role. Energetics permit the following reactions involving NO '

NO + photon — NO*

NO* + NOz

NOQ + NO,
3 3

NO + NO.

2NG2 + Oz

(47)

(48)

(49)



NO + NO

N2°5

NO + NO,

NO* + NO
2 3

N2°5

NOz + N03

2NO.

— NO + O + NO
Cd Cd

AA

(50)

(51)

(52)

(53)

Reactions (49), (51), (52), and (53) can be eliminated because of small

concentrations of the constituents or slow reaction rate coefficients.

The solution of the rate equation for the resulting set of reactions allows

a calculationfor the time required for 90 percent of the initial decrease

to take place. This value is of the order of 1 microsecond, three

orders of magnitude faster than the measured time of 2. 5 milli

seconds.

A collisional energy transfer process:

NO + photon -— NO*
Cd Cd

NO* + NOz —NOz + NO*'-

NO**+ NO NO.' + NO«

(47)

(54)

seems to be the most probable mechanism at 70°C and may explain

the major features of the whole course of apparent concentration

change. Thus, it may be that the degree of absorption of light by

the gas depends on the energy states which the molecules occupy.

Through further collisions the excess energy of NOp in (54) would
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be transferred to kinetic modes and so the NO concentration would

then appear to be restored.

Since the above discussion is a speculation on the manner

of production of the observed traces, a comparison of the results at

20CC and 70°C, to determine what is required of any proposed set

of mechanisms, is in order. In either trace there appear to be dis

continuities in the slopes of the curves which would indicate that there

is more than one mechanism active at each temperature. Further

more, the fact that the overall duration of the traces are similar,

suggests that the processes responsible for each trace are related.
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PROPOSED PROJECTS

The following projects would give continuity to the work

already accomplished and would complete the research on the photol

ysis of nitrogen dioxide that is possible with this type of experiment.

The investigations at 20°C and 70°C of the collisional

deactivation mechanism should contain additional experiments in

volving the addition at various parital pressures, of N to the

NO -N.O gas mixture. The use of N. would have the advantage
Cd Ct ~t Cd

of furnishing a molecule as the agent for transferring the energy from

the excited NO molecules which does not readily react with NO

or NO and would be expected to have a marked damping effect

on the variation of NO concentration if the collisional deactivation

mechanism is the principle process. One disadvantage would be that

the decrease in signal might be due to a three body reaction but if

this type of reaction were present a variation of N partial pres

sure would also vary the time rate of decrease or increase of the

nitrogen dioxide concentration and thus would be distinguishable from

the collisional deactivation mechanism.

The wavelength dependence of the phenomena observed at

20 °C and 70°C should be determined accurately, since only rough

measurements indicated that there is not any discernible dependence.

If such a relationship could be established, it would furnish evidence
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for a reaction mechanism.

In addition to these experiments the gas should be heated

to 100°C to insure that the presence of N„0. does not effect the
r 2 4

observed trace and the above experiments can then be repeated.
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