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KINETICS OF SULFUR DIOXIDE FLUORESCENCE
Douglas R. Martin
Inorganic Materials Research Division, Lawrence Beikeley Laboratory and

Department of Chemistry; University of Califormnia,
Berkeley, California '

ABSTRACT

Tﬁe fluorescence lifetime of gas phase suifutvdioxide in the]
first éxciﬁed singlef state has been measured over a range of excitation
and bbservétion'wavelengths and SOZ pressurés. vﬁeasurements wefe
made by fhe'phase shift method. The radiativé lifetime of SOZ.hés
been determined‘at low pressure (less then 0.2 mTor?) for various
excitation wavelengths (10 A FWHM, full wi&th at ﬁalf maximum) from
2500-3150 Aﬂand observation over tﬁe range 3300f4000 A. The radiative
lifetime was observed to vary between 35 and 57 uéec as compared with
the lifetime of 0.2 usec predicted from absorptioﬁ measurements.
These results are discussed in light of the current theory of
intramolecular fadiationless transitions. The appafent lifetime was
measured as a funcfion‘of pressure (5-20 mTorr) aﬁdebservation
wavelength. (16 A FWHM) for four excitation wavelengths (about 25 A
bandwidth).' For a given excitation wavelength é linear relationship
is obsérved in gréphs of (1/apparent lifetime) versus 802 pressure.
The slopes of such graphs, the apparent quenchiﬁg rate constants,
decrease with increasing difference between excitation and observation
energies. The apparent quenching constant for bbServation energies

slightly less than the excitation energy is about gas kinetic



—vi-

(33><101°

cm3/part—sec) for all four excitation eﬁérgies. The
decrease in apparent quenching rate constant with decreasing observation
energy is attributed to vibrational relaxation within the fluorescing
manifold of states. The collisional relaxation of excited SO2 is
interpreted in terms of a stepladder model including a channel removing
excited mplétules from each step of the stepladder'(collisionally
induced inte:system crossing). The rate constaﬁt for vibrational
relaxation within the excited singlet is estimated»td be at least

1.2 times as large as the rate constant for intefsystem crossing. The

step size of the stepladder is estimated to be 1000-2000 cm-l.




I. INTRODUCTION

The relaxation dynamics of electronically excited molecules is a
topic of.cﬁfrent interestvto chemists for two majoé reasons. (1) It
has longrbeen recognized that relaxation processés_are important
features in gas phase chemical reactions.1 Unimblecular reactions
proceed thrOugh vibratioﬁal activation of fhe reacténts; Recombination
reactions reiy on radiation or collisibnal deactivation to remove
eﬁergy and stabilize the newly formed molecule. ;(Z)IThe dynamics of
molécular stétes can be investigated for informatibn on the nature of
the staté themselves.z-5 Also, measurement of relaxation processes
in electronically excited molecules tests theories bf relaxafion
dynamics.6

. Various experimental methods have been used'to‘investigaté
rélaxation procésSes. Fluorescence is one of the oldest and most
:widely used'met'hods.‘7 One advantage of the fluorescence method is
that exciﬁedjmoleculeS'canvbe pfepared with a fairly well defined
ehergy. In some cases the various quantum séatés of the excited
molecule can be directly observed in emissidn.5 Fluorescencé also
has the advéntage of allowing time resolved studies, Whiﬁhvéan provide
a direct measurement of the fate of energy transfer.

‘Thisrexperiment iéAan investigationvinto the relaxation dynamics
of sulfur dioxide excited by ultraviolet radiation. Observation of
the ultraviolet fluorescence provides measuremenﬁs-df the radiative
vémission rates and allows estimation of thé rates énd quantities of

energy iﬁvolvéd in collisional relaxation of the e#éited state.



The radiative lifetime of SO, is of interest_ﬁecause it has been

2
observed.fd be about 100 times longer than'prediétéd'from its absorption
specﬁrum‘.8 .The radiative lifetime has not been-detérmined as a function
of excita;ion wavelength. Standard radiation theory predicts a
dépendenée on the emission frequency.v In additidn; fhe current theories
explainihg anbmalous 1ifetimés imply that there ﬁay be significant
vériation_of lifetime among individual quantum étatés.3’4 The lifetime
of nitrogeh dioxide, which is also anomalously long; exhibits distinct.
fluctuations between various quantum states.9 Sdz 1ifetime determina-
tions are also of interest since the existing meésuréments8 may exhibit
systematic.error due to inadequately small cell géométry.

The dyﬂamics of collisional relaxation of sulfur dioxide have
not been studied in detail experimentally. It ié knéwn that
fluorescénce from electronically excited sulfur dioxide is quenched
efficierrlt:-l}.',]'o_11 but the path of the relaxatioﬁ proéess is not knoﬁn.
The'possibility of vibrational relaxation withih*ﬁhevexcited electronic
state hés béen raised,12 but analysis of cdllisiéhal deactivation has

12 i.e., thé possibility of

been in terﬁs of a single excited state,
vibrational relaxation was ruled out. A determination of the extent
of vibfatidnél relaxation in the excited molécuieuis necessary in
order tOVCOrrectly interpreﬁ the results of previbus single excited
state anéiyses. |

Sulfur dioxide has two excited electronic statéé in the energy

range of this investigation, 2500-3400 A. The loﬁer state, a triplet,

exhibits a weak absorption from 3400-3900 A. The higher of the two
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states is a singlet. It absorbs from 3385 A to least 2280 A

portion of its absorption spectrum, as determined in this laboratory,

‘is shown in Fig. 1. The singlet absorption has been partially

assigned,14 with the most definite assignments in the long wavelength
region of distinct vibronic transitions. The ground electronic state
dissociates at about 2280 A.29 Much of the energy range of the excited
singlet is completely encompassed by the ground electronic state. This
is a key factor in the determination of the properties of electronically
excited sulfur dioxide,

The state of principal interest in this study is the excited
singlet. The presence of the triplet is important, however, since it
could influence the dynamics of the excited singlet.

Photochemistry is of limited importance in the range of excitation
wavelengths used, 2500 to 3150 A, Dissociation does-not occur in this
range.16 However, reactions are known to occur in photochemicél
experiments at these wavelengths involving several Torr of pure
17-18

802

photolysis is the triplet state.18 The triplet absorption does not

‘Experiments have indicated that the reactive species in 502

extend to the range of excitation wavelengths used, so the triplet is
not directly formed in these experiments by optical excitation of

ground state SO However, the triplet can be formed at these wave-

¢
lengths by an indirect process in which the excited singlet molecules
experience collisions with other molecules.12 Suéhvéollision can

induce spin inversion. Thus, triplet molecules are produced from

- excited singlets by a pressure dependent process. At the low pressures
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Fig. 1. Absorption spectrum of SO2 determined in this laboratory.




used in this study,.legs than 20 mTorr, photochemistry due to triplet
|
production is expected to be insignificant. No direct examination has

been made of the photochemistry of pure SO, in the mTorr pressure

2

range, but both Mettee12 and Greenough and Duncah8 could find no

evidence of 502 decomposition during ultraviolet irradiation of several

mTorr of 802.



éUMMARY OF PREVIOUS STUDIES OF SULFUR DIOXIDE FLUORESCENCE .

Fluorescence from optical excitation of thg»first excited singlet
of sulfur:&iéxide was first observed by Greenough.énd Duncan.8 They
excited‘gaséoﬁs 802 with light from a high preséufé‘Hg arc. Tﬁe
excitation contained light from 2700 to 3100 A, ‘Tﬁey observed a
"continous" emission from about 3000 to 4400 A, Somé structure was o
observed in the continuum and these weak bands were correlated with
known absofﬁtions of the first excited singlet state; Superimposed
on the long wavelength end of the‘continuum were'éeQeral intense bands.
These inténéé bands were shown to originate in the ipwest level of
the first exéited electronic state and terminate in Qarious levels of
the ground electronic state. The lifetime of the first excited singlet
state Was‘determined in a flash-decay experiment:uéing the filtered ?
output qf anenQn flash lamp to provide excitation from 2700 to 3100 A,
The value of the lifetime extrapolated to zero pféSsure was 42 useé.
From the s1ope of their lifetime plét, kq, the QUénghing rate constant S
based oﬁ a single.éxcited state'model,.was found ﬁo be 1 X 10-'10 cm3/
part—sec; ,Tﬁey'noted that the measured lifetime'ﬁésiabout one hundred
ionger than the value of 0.2 usec they predicted from absorption data.
From various considerations they identified the lower excited state o
as a triplet and the'second excited state as ité“associated singlet.

Dou'glas.3 also determined the lifetime of SO ihvthe first excited !

2
singlet state. He reported a lifetime of about 60 lsec, supporting
the anomalous nature of the lifetime. Experimental details were not

given, however.



Met-_tee12 observed that the triplet emission disappeared at pres-—
surés less- than about 10 mTorr, while emission from the singlet
remained. He concluded that the triplet was formed exclusively by
intersystem crossing induced by collision with anofher SO2 molecule.
Mettee determined the apparent Stern-Volmer constaﬁt, the ratio of
quenching rate constant to fluorescent rate constaﬁt, for six“different
excitation wavelengths. He noted that the Stern-Volﬁer constant
decreased with higher excitation energy, implying that the quenching
rate constant or the lifetime decreases with higher excitation energy.
From theoretical considerations he decided that the change in Stern;
Volmer constant was probably due to a decrease in ;hé 1i£etime. This
interpretation yielded lifetimes ranging from 10 useé to 130 usec.for
excitation from 3147-2650 A. Conversely, the quencﬁing rate constant
could be interpreted as ranging from'% to 3 times the gas kinetic rate
constant, 3.3 X 10_10 cm3/part—sec. Mettee commented on the possibility
of vibrational energy transfer within the excited singlet electronic

state, but concluded that the evidence was not compelling.12 His

interpretation was based on a single excited state model.



II. EXPERIMENTAL

A. Theory of Measurements

Rate cdnstants in this experiment wéfe determiﬁed by use of the.
phase shift method. This method has been used byiseveral other investiga-
tors in a variety of experimental contexts.lg’zollThe phase shift method
makes use of the fact that the response of a syétem to a modulated
excitation is phase shifted with respect to the excitation. The magni-
tude of the phase shift is indicative of the rate at which the systém
returns to its unexcited condition. TIf, for insténgé, a system could
recover virtually instantaneousiy from excitatidn.it would follow the
excitation closely and the phase shift would bevsﬁaii. Conversely, a
system which recovers slowly would exhibit a large:phase shift. These
relationships are well known in electrical circuit'analysis.21

We now proceed with the development of phaSé shift expressions in‘
the context of fluorescence kinetics. The discuésiqﬁ is limited to
gsystems described by linear differential equations; i.e., all expressions
are first 6rder in the excited state. Physically.this means that all
reactions between excited species are ruled out and the concentration
of ground state molecules is assumed constant. ,These assumptions are
applicéble at moderate light iﬁtensitiés. | |

The simplesf mechanism is that of a single.exéited state decaying
with a single lifetime.

kaI
g —» s excitation

8 .5, g  de-excitation
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where
g 1s a ground state molecule
s is an excited molecule
ka is the absorption cross section
I 1is the excitation flux
k is the de-excitation rate.

The differential equation describing this system is
R - gk I-ks (1)

where

G 1is the concentration of g
S - 1s the modulated concentration of s
I

. is the modulated excitation
In some experiments the modulated excitation is a "square wave'.

In this experiment the excitation was sinusoidal. Then

I .
= “%'(l+elwt) : (2)

-

where w is the angular frequency of excitation.

Since Eq. (1) is linear, dc terms in the modu1a£ed excitation -
produce only a dc component in the modulated excited state. We are
interested on1y in the ac component of the excited state so dc terms

in the excitation are dropped. Then

and

L -1 k, o™t - kg - (3)

By use of Laplace transform methods22 it can be shown that the

solution to Eq. (1), at long times compared to k-l, is
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1 eiwt ! ' (%)

£ =G Io ka k+iw

Equatioh (2) can be re-written to make the phése shift between

the excitation and the excited state more obvious.

2 (iwt+¢)
S = GI k, ——s—r e : (5)
o a (kzl 2)1/2 _
where
¢ = - arctan (E)

Note that thé fime dependent part of Eq. (5)'is.of the same form
as the timé dependent part of Eq. (2) except thaf-thé response of the
system (thelexcited state) has been phase shifte&‘by the angle ¢. The
relationship defining ¢ illustrates.the dependenéé'bf the phase shift
on the réte:constant for relaxation of the excitediState. If k is
very large compared to w the phase shift will be small. As k is made
very smalllcémpared to w the phase shift approaches a value of -90°.
Thus, pﬁaée shifts for a single éxcited state vary ﬁetween 0 and -90°
depending on the value of k reiative to w. If thé‘phase, ¢, can be

measured the value of the rate constant is evaluated from

Lo o
k= -t ® (6)

Phase information in a purely digital system can be obtained by
use of two reversible counters gated in a fixed phase relationship

with respect to the excitation. The signal from théiexcited state

S
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(in this experiment pulses from the phbtomultiplier tube observing
the emission) is continually fed into both counters. The counters are
gated 90° apart and bear an arbitrary phase relafionship to the
excitation. The counting scheme is indicated diagramatialiy in Fig. 2.
The plus and minus signs in Fig. 2 indicate whether éulses received
in each particulér quadrant are added or subtracted from the total on
each counter. Note that counter 2 is defined as being 90° (% cycle)
behind counter 1., The phase between excitation and the counters is
labelled ¢°. |

After counting many cycles of fhe system (the number of cycles
is of course determined by the integrating time necessary for the
desired signal to noise) the residual values on each of the counters
yield the phase between the counters and the excited state through

the relationship

Y o= - arctan-%%

where 21 and Z2 are the regidual values on counter 1 and counter 2
respectively. This relationship is derived in Appendix a.

Since the counters are not necessarily in phase with the excitation
the phase Y is not the desired phase. Due to the additive nature of

phase we may write

o = V-¢

These phase relationships can be expressed in terms of vector diagrams

as in Fig. 3. Note that z1 and Z2 can be thought of in vector terms
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+ + - | - _ Counter {

A B C D

- + + - Counter 2
XBL 733- 5858

Fig. 2. Counting scheme for digital phase sensitive detection.
The solid and dotted lines represent excitation and response,
respectively. ¢ is the phase between excitation and response
and is the phase between excitation and counters. The + and -
signs indicate whether the counters are adding or subtracting
in each time interval. The letters on the four quadrants are
discussed in Appendix A. '
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Counters
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Fig. 3. Phase relationships in vector space.
The symbols are defined in the text.
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as the prdjéction of the phase vector of the two axes of the coordinate
systém. "It is not necessary to use an orthogonal coordinate system, ‘
i.e., the counteré do not have to be 90° with reépecf'to each other. si
However, -the expressions for Y are simpler and tﬁe:ﬁeasurements more : . :
accurate for an orthogonal coordinate system.

Steady state methods have been used extensively to investigate .
the dynamics of fluoreécence. The single excited.é;ate model, known
as the Stérh-Volmer model,24 pervades much of'thé 1iterature. This_

model applies best to atomic systems since rotation and vibrational

modes are absent, but it is used frequently to analyze molecular

systems. ‘We'will show that for a single excited étate the information

in the Stérn—Volmer model is also available in the phase shift method.
The single excited state model presented earlier is now modified |

to reflect two physical methods of relaxation of the excited state,

Iok
g 28 g . excitation
ke ?
s — gthu fluorescence = - : ;
k

st —3 gtM quenching ‘

where M is a quenching molecule which may or may not be g.
If we make the steady state approximation for this single state , .o

model

- e S
5 = Io ka G k+k M
£ q
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The emission signal is given by

where o includes all detection efficiencies and is generally unknown.

Then
kf
E = Ol.IokaG W
and
k
E-1 9
(G) = aIOk.a (1+k M)

f

A "Stern-Volmer plot" is made of (E/G)_l vs M." The ratio of slope

Traditionally, k. has been

to intercept in such a plot is kq/k £

£
measured in a flash-decay type of experiment and kq calculated from
the Stern-Volmer ratio. One important consequencé of the single
excited state model is that it predicts straight lines when (E/G)'-1 is
plotted versus M and it prédicts that the slope of those lines is
independent of observation wavelength. If these predictions are not
met in an experiment there is reason to believe théﬁ excited states
populated by collisional relaxation from the opticaiiy populated state
are partly responsible for the emission. It is important to note

that multistéte systems can obey the Stern-Volmer rélationship at any
given obéervation wavelength if all the measurements are made at

sufficiently high pressure. This result is discussed in Appendix (B).

Some investigators have taken a linear Stern-Volmer plot to indicate
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single expited state behavior. Such a conclusion is not necessarily
correct.

We will now show that information from the c§nventiona1 dc Stern-
Volmer plqt is also available in the phase shift method. From Eq. (4)
of Appendix (A) we have

* const Gk

Z = ————> 775 COS ¢va
1 u)(“)2_’_1(2)1/2

‘ const ka

Z = 52;5;;5333ﬁf sin ¢

It is important to note that the Z* are not the expefimental data
from the counters. From Fig. 3 it is apparent thatkthe appropriate
quantitiés'are the projections of the Z on the exCitation coordinate
system. .. The Z* are found by a simple rotatiomn of.ghe phase vector
through the angle ¢.

From Eq. (1) we can write

N
-
]

const G k kf

N
[\
I

= const G w,kf

For the single excited state system being considered we have

k =k _+k M, Then
fq

b %2 * 2 .k
(1) + (z2) = const G —f_ = E
7 * kf+k M sS-v
1 q
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The duantity ES—V is seen to contain the same information as the

conventional dc Stern-Volmer intensity.

B. Experimental Apparatus

1. General Considerdations

The experimental apparatus used in this investigation is indicated
schemétically in Fig. 4. The apparatus was designed to provide
ﬁbnochromatic excitation and detection of the ultraviolet fluorescence
of 302' The phase shift method waé used to measure lifetimes in the
range 5-100 uéec.v The phase shift method was chosen since it allows
long integration times and is readily interpreted in multistate systems,
In some experiments the obsef;ation monochromator was replaced by a
suitable filter, since filters give much higher:collection efficiencies.

In this 'study of SO, fluorescence the wavelength region of interest was

_ 2
so narrow that a monochromator was usually necessary to provide a
sufficiently narrow band pass. The system was digital throughout. By
far the greatest source of noise was the dark noise of the photo-

multiplier.

2. Excitation-=Source

Two different 1amps'were used as e#citation'sources. One was a
1600 watt xenon arc lamp (Osram XBO 1600 W) which emits a continuum
from about 2000 A to the infrared. Power was supplied by a Christie
Electric Corporation silicon rectifier. The rectifier was not stabilized,
However, no‘significant change in voltage or cufrent was detected
during the course of an experiment of several hours duration. The

‘output of the lamp was constant and relatively free of long term drift,
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Fig. 4. Block diagram of the experimental apparatus.
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Short term oscillations were less than about 5%.
The other lamp was a 500 watt PEK high pressure mercury arc lamp,
Its output consisted of pressure broadened mercury lines superimposed
‘on a continuum background. Its output was constant to about 5% over
the course of several hours, but short term'(l second) changes were
about 15%._
Light from either the mercury or xenon arc_lamps was focussed
onto the slit of a 0.5 meter Bausch & Lomb grating monochromator, model #
33—86—45; The light was focussed with a quartz coliecting lens system
supplied with the monochromator. The grating used_in the monochromator
was a 1200 line/mm grating blazed at 3000 A,
The slit Widths_used varied from 2.0 mm to 0.6.mm. The excitation
profile was observed with a McPherson 1 meter monochromator. In order
to determine the excitation profile the beam was;deflected before it
entered the fluorescence cell and was focussed onfo‘a frosted glass
plate. The frosted glass plate was located about 15 cm from the
-entrance slit of the McPherson monochromator, The light reflected
from the frosted glass plate was taken to be a représentative sample of
the excitaﬁion beam. Figures 5 to 9 indicate fﬁe spectral profile of
the excitation-beam at the conditions listed.
The excitation beam contained a moderate ambunt:of light of
wavelengtﬁs many spectral half widths frbm,the Céﬁtér wavelength of
the excitation band. This scattered light was abéuf 1% as intense as
the excitation-band center. This was judged to have no significant

effect on any of the experimental quantities determined. However, in
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' Fig. 5. A representative excitation profile in
the low pressure lifetime studies. .
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Fig. 6. Excitation profile at "2760" A,
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some of the experiments a Corning 5-54 filter, which passes ultraviolet
and cuts off at about 4000 A, was placed in the exéitation beam to
reduce the visible scattéred light. |

3. Modulator

The excitation-light was modulated by a slotted "chopper" wheel
20 cm in diameter with 60 slots along its circumfefence. The width
. of the siots at the circumference wasvequal to that of the bladeé. ‘The
wheel was turned at 3600 rpm by a 1/50 horsepowéf hystéresis synchronous
motor (Bodine model number NCH-13). The modulatioﬁ frequency was.
3600+1 Hz, which was confirmed by direct count. . This frequency was
maintained to the accuracy of the 60 cycle line.ffedueﬁéy.

The image of the exit slit of the excitation méﬁochromator was
focussed onto the plane of the chopfing wheel, With'the image in the
hotizontai'plane of the axis of rotation of the wheel. The focussed
image was ébout 2 mm wide an& about 5 mm high. If was necessary to
chop the 1ight in thévhorizontal plane of the axis of rotation in order
to insurevthat the various wavelengths in the excitation beam (which
.aré in various vertical planes due to the dispersioh.of the excitation
monochromator) have the same phase relation to the chopping wheel.

The harmonic content of the excitation waveform was determined
by deflecting the entire modulated beam onto the gathode of an RCA
935 phototube. The output of the phototube Qas éﬁalyzed for its
harmonic content by a wave analyzer (Hewlett Packard Model 302A). Care
was taken to terminate the output of the phototube in a small enough

resiStance (10 k) so that the combination of the capacitance of the
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cable (30 pf per foot, 0.0021 uf total) and the tétminating resistor
did ﬁof significantly affect the response of the'sygtem to the
frequencig§ Being measured. The optics wére adjusted to alter the
focussed image slightly in order to make the'odd‘harmpnics a minimum
compared to fhe fundamental. In all the experimeﬂfs.performed the
third harmonic was less than 17 of the fundamental, the fifth harmonic
was less than 0.2%, and higher harmonics were léssithan 0.1%. The
second harmoﬁic was the only harmonic with significaﬁt magnitude. It
was about 7% of the fundamental. o

It 1s readily shown that the even harmonics iﬁ the excitation
(Zf, 4f etc.) contribute no phase information in:this experiment. The
odd harmonics in the excitation do contribﬁte phaééninformation. The
odd harmonics were so smali compared to*the fundamental that they were
assumed negligible. The modulated excitation was édnsidered to be a
pure sine wave at a frequency of 3600 cps. Ihis‘#séumption is discussed

analytically in Appendix (A).

4, Fluorescence-Cell and Observation Geometry

Two siightly different fluorescence-cells wefé.used. Both cells
were 22 iiter; 33 cm diameter, spherical pyrex bulbs, Both Had quartz
windows on graded seals for entrance of the excifatibn—beam, and light
traps directly opposite the entrance to reduce scafﬁer excitation-light.
In addition, one of the bulbs had 2 inch diametef quartz windows on
graded seals placed in the horizontal plane perpendicular to the axis
of excifation. One of these windows was used fo fiéw fluorescence at

wavelengths below the pyrex cut off at 3100 A. This window protruded
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11 cm beyond the surface of the bulb. The pair of quartz windows was
used to pass a beam of light through the cell to do absorption experi-
ments, Both bulbs had cold fingers which could be-used to freeze out

the SO.. in the cell. The bulbs were é}oged off against the vacuum

e
B
; ”.
hP : . (R
.y . .
v
]
S
S 4
1
‘
Ay
.
* \-l
£
. &
P e . :
Mokl B g
T {\“. ’Z v’ \ﬁ . R
LR i -t ﬂ-?...“‘
k A
‘s R S Y BN
’; . : I s .
4
. *



- =28~

Vertical View ‘Side View

 XBL733-5866

Fig. 10. Observation geometry in the lowﬁﬁrgssure life-
time experiments. A, aperture plate; 34 mm diameter;
F, filter; E, axisj of excitation; M, masks.
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In order to have sufficient resolution in the pressure dependent
studies it ﬁas necessary to use é ﬁonochromator to observe the emission.
The bulb'witﬁ the quartz exit Windoﬁ was used with the monochromator.
The entrenCe slit of the monochromator was placed about 1 cm from the
quartz window. The slit was then about 29 cm from the axis of
exeitation. This observation geometry is illustfated in Fig. 11. The
maximum extent of the field of view of the monochromator is indicated
in Fig. 11.

Consideration must be given to the question of whether the
observation geometry introduced systematic errof iﬁto the measurements.
Schwértz25 has considered the effect of observation geometry on
measured fluorescence lifetimes. He has shown thet the experimentally
measured lifetimes will be within 10% of the actual lifetimes if the
observation geometry includes, with equal efficiency, all the volume
of the cell within a distance of 3Tvp of the axiS'ef excitation.
S'ackett.and“Yardley9 have commented that such an observation volume
should include only a small length of the axis of ekeitation. At
10 mTorr the lifetime, T, of an excited 502 molecule with radiative

0

lifetime of 50 usec and quenching constant of 1.5 X 10_1 cm3/part—sec

J(roughly %-of the quenching constant determined in this experiment)

is about.lS HUsec. The most probable velocity, vpi is about 3 X 104 cm/
éec. If excitation occurred along a very thin line the excited
molecules‘could diffuse at most aboutv0.5 cm, and-3’l‘vp would be at

most 1.5 cm. The motion away from the axis of excitation would be

impeded somewhat by collision. From Fig. 11 it is:apparent that the
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maximum field of view of the monochromator is large enough to provide
adequate observation geometry for lifetime measufements; However, all
the points in the maximum field of view do not hgve‘équai collection
efficiency..

An analytic solution to determine whether of_ﬁot the monochromator
observation geometry introduced systematic error was not attempted.
Rather, corfelation of some of the experimental fesﬁits obtained with
the monochromator with results obtained from thé;masked bulb geometry
' indicate that any systematic error introduced by uéé of the mono-
chromator was of relatively small magnitude. These condiderations are
presented in the result section.

5. Emission Detection

A one meter monochromator (McPherson mode1[2651) with a 1200 line/
mm grating blazed at 3000 A was used to resolve the emission in the
pressure dependent studies. The slits were 20 mm fall and were used
 at their maximum width, 2 mm. Resolution at this slit width was
16 A FWHM. Wavelength calibration was checked ﬁith a Cadmium lamp at
2836.9 A, 2980.6 A, 3133.1 A, 3252.5 & and 3403.6 A, The monochromator
was always within the manufacturers stated Waveléngth accuracy of 0.5 A,

Corning filter 7-51, whosg spectral properties are shown in Fig. 12
was used fb isolate the emission in the low preééure studies. The
photomultiplier, PMT, was an EMI 9558 QA. It was cooled to -50°C by
cold nitrogeﬁ boiled from a liquid nifrogen dewaf. The PMT had a two
inch diameter photocathode. Considerable decfease‘in dark noise was

achieved by optically focussing the light emerging from the monochromator
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Fig. 12. Spectral transmission of filter iIn low pressure lifetime experiments.
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onto a small area éf the photocathode and usingbé toroidal magnet

(EMI magnet type MRA) to magnetically defocus the ;hérmal electrons

. emitted frém the ﬁnusedvportion of ﬁhe photocathddé; The magnet
.assembly'was'stated by the company to reduce the"effective photocathode
to about'lSlmm diameter. The PMT was operated with the anode grounded
and the céthode at -1250 volts (Fluke high voltage ﬁower supply).

The PMT‘dark current was about 20 counts per éécond. The "noise"
(noise is defined as one standard deviation) in a sefies of random
eVents.is-Vﬁ'where N is the number of events. If the emission of
thermal electrons were truly random we would expect a standard deviation
of about 4.5 counts for an integration time of onevéecond. The observed
standard deviation was about 9 counts. This more than statistical
standard deviation has been observed in other PMT‘détectors and is
attributed to non-independent bursts of electrons emitted from the
photocéfhode.26 The physical origin of theserbuféfs is not well known.

It waé not necessary in this experiment tofknbw the intensity
response of the monochromator accurately, but for qualitative reasons
‘'we note tha£ the transmittance of this particulaf-McPherson monochromator
was stated by the manufacturer to be 76% at 2537 5; 79% at 29P7 A and
73% at 3340 A, At longer wavelengths the transmitténce typically drops
off slowly. The spectral response of the PMT is_giQén by thg
manufacturei as varying between 277 quantum efficiéncy at 2700 A and
22% quantum efficiency at 4000 A. The Qverall detection response
(monochromator transmittance efficiencybtimes deteétor response) varies
by less than least 20% in the range 2700-3340 A:and_drops slowly at

higher wavelengths.
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‘6. Electronics

The reference‘signal by which the counters ﬁeré gated to the
modulator was obtained by allowing the rotating cﬁopper wheel to
iﬁterupt light from a light emitting diode. Thié:reference light
was deteéted by a phototransistor and the reference signal was fed
into a phasellock loop circuit designed to prodﬁgé a square wave
output at twice the frequency of the reference. The square wave at
2f (f is_the.chOpping frequencyj‘went into digital circuitry to produce
tﬁo Squate waves at f which'were ninety degrees,but of phase with
respect to'eéch other,

' The pﬁlses from the photomultiplier were convérﬁed to a form
suitable for subsequent digital circuitry by an'ampiifier/discriminator
(Solid State‘Radiation model 1120). The high gain of this unit allowed
the phototube fo be run at a relatively low voltage to minimize the

27 The pulses from the amplifier/

emission of thermal electrons.
discriminator were fed into a pair of reversiblé.cqunters. The two
counters weré gated ninety degrees out of'phase.with‘fespect to each
other through use of the f square waves genérated'ﬁytthe reference
circuit. The counters were constructed tovcount'aiﬁreset'number of

17 or-218) then type out the residual

excitation cycles (unusually 2
counts in eéch counter on a teletype. The counters then reset themselves
and wenﬁ_through another cqunting cycle. The totallnumber of cycles
was‘determined by consideration of the integration times necessary forv

a desired signal to noise ratio. Most of the data.ﬁcre gathered at

integration times of 7% or 15 minutes, real time.
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7. Gas Handling

The vacuum system consisted of a two inch'mefél:oil diffusion pump,
with h.wnyer cooled baffle and 1iquid nitrogen Erap.along with an all
glass pﬁrificaﬁion and gas storage assembly. The:high vacuum manifold
was connected to the fluorescence cell by a glass line. All stopcocks
were of glass and teflon construction. The entiré éystem could be
pumped to i X 10_5 Torr as measured with an ionization gauge. Any
leaks intdlthe fluorescence cell over the time'span.of a typical
experiment Were ﬁqt detectable.

Préssures in the fluorescence cell were measured by a factory
calibrated capacitance preésure transducer (Datametrics Model 511-10,
controller Model 1014). The linearity of this_in;tfumen; was stated
by the manufacturer to be 0.1% over the entire range, 0-10 Torr. The
most seﬁsitive range was 1 mTorr fuil scale. |

Sulfur dioxide, obtained from Métheson, was stated to be 99.5%
pﬁre. 'It.wés admitted to the vacuum manifold and‘allowed to condense
in a cold finger at -78°C. The residual gaé was'pumped off. The
sample waé distilled from -78°C to -196°C, the residue at -78°C being
d13carded; The sample was then pumped on, melted, recrystallized and
'pumped oh again. The purified gas was stored at room temper?ture.

8. Procedure

For a giyen set of experimental conditions (pressure, excitation
and observation wavelengths) the necessary data'wefe the residual
counts on the two counters after many cycles of‘exéitation. ;In some
éxperiments a significant amount of scattered excitation light was

deteéted. If uncorrected this scattered light would result ﬁn measured
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rate constants which would be much too large sincé'the scattered
excitatioﬁ light would contribute a large in ph#ée signal. The ﬁroblem
of scattered excitation was gréatest in the lifetime experiment with
the broad bénd observation filter and in some of'the pressure dependent
studieé when the observation wavelength was close to the excitation
wavelength. When significant scatter was encountered its magnitude

was determined by freezing out the SO2 in the coldffinger and measuring
the scatter alone. The two components of the scatter were then
subtracted from the respective components of the signal measured with
802 present. These corrected intensities were then taken as the
relevant data. To correct for scatter in this manner it 1is necessary
to assume. that the scatter is not affected by the presence of a small

amount of SO, in the fluorescence cell. At the highest pressures used,

2
20 mTorr, about 2% of the excitation light was‘absQrbed. At low
pressures, where scatter was larger compared to the fluorescence signal,
considerably less than 1% of the excitation light was absorbed. In
many éxperiments employing the observation monochrémator no scatter was
detected and the residual counts from the counters were taken directly
as the raw data. |

It was necessary to determine the phase of the modulated excitation
-1light with respect to the counters, ¢°. This was accomplished by
measuring the apparent phase, Y, of the fluorescence at a very high

pressure of SO At high enough pressure the phase shift can be regarded

2.
as zero since lifetimes are so short that the phase shift would only be
a fraction of a degree. In these experiments ¢o,w5s determined at

pressurés of at least 200 mTorr. This was demonstrated to adequately
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represent zero chemical phase shift by agreement with phase measure-
ments at mﬁch higher pressures. The instrumental phase determined in
this manner was relatively consfanf as long as the wavelength of
excitation was not changed. Changing the excitation wavelength

‘caused changes in ¢o since the location of the excitation beam changed
slightly with respect to the chopper when the gfating in the excitation
mon0chrom§tor was rotated.

Experiments with a given excitation wavelength were conducted in
random ordgrs of pressure and observation wavelengths. This was done
to p;eéludé any systematic variation in the data due to phase drift
in the system. During the course of a day's expéfimentation the
instrumental phase was checked two or three timeé té assure thatlthe L

instrumental phase was constant and that the instrument was working

reliably.
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III. RESULTS
I

A. Emission Spectra

Emission spectra were taken at four excitation wavelengths and
~at high an& low pressures. The emission was scaﬁnéd using the
observation monochroﬁator with slits set at 2.00 ﬁm (16 A FWHM).
Emission intensities were recorded by using one counter to add the
counts in a 3.5 second interval and punch the tbéal. These totals
were accumulated while the scan was in progress. About four data
points were collected per spectral half width.

The low pressure spectra were all taken at‘pressures below
0.6 mTorr. Assuming a radiative lifetime of 50 usec and a quenching

0 cm3/part-sec-(approximately gas kinetic)

rate constant of 3 X 10—1
- it was estimated that less than 20% of the radiatihg molecules in the
low pressufé experiments suffered a quenching collision before
radiating.l It is unlikeiy'that vibrational relakation cross sections
would be muéh larger than gas kinetic. The loﬁ'pressure spectra are
taken as representing emission from only the optically populated states.
The high pressure limit was ascertained by comparing spectra at
increaéing pressures. In éll cases there was no observable change
between spectra taken at various pressures abové.aﬁout 20 mTorr. The
spectra shown here were all taken at pressures éréafer than 100 mTorr.
The.spectra are shown in Figs. 13 to l7a.v the that for each

pair of high and low pressure spectra the intensity scale on the high

pressure spectra is an indicated factor greater than the corresponding
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Fig. 13. Emission spectrum at Agy = 2760 A, Solid line, low pressure; dotted line,

high pressure. High pressure spectrum relative intensity is 7.8 times as great
as low pressure spectrum.

_6€_



-40-

Relative Intensity

i . ] | 1 ' |

3000 3100 3200 , 3300 3400
Wavelength, A

XBL 733- 5870

Fig. 14. Emission spectrum at Agx = 2960 A, Solid line, low
pressure; dotted line, high pressure. High pressure spectrum
relative intensity is 3.9 times as great as low pressure spectrum.
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Fig. 15. iEmission spectrum at Agy = 3023.A. Solid line, low pressure;

dotted line, high pressure. High pressure spectrum relative
intensity is 3.0 times as great as low pressure spectrum.
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Fig. 16. Fmission spectrum at Agy = 3147 A, Solid line, low
pressure; dotted line, lhigh pressure. !igh pressure
spectrum relative intensity is 1.2 timew as great as low
pressure spectrum. e



N

R

-
Py

)
sl

43—

an Gh @R = o o
e
"'""" """"""
————— e ——
o - -
L T
.Sﬂ“H“H“ llllll
—— e -
e
e ——e
—=?
“
\\
-~
\ﬁ\
ey
’
Pl -
’
’
\\
4
\\\
’
\\
.\\
-
’
ﬁﬂ
J.
h)
{
A
R
- S N N
~
flll
I’
—~———
\v
n - - -

3200

4400

"4200

4000

3600

3400

3000

Kiisuajul anlDjay

3800

Wavelength, A

XBL 733-5874

Both

Complete emission spectrum for gy = 2960 A.
high and low pressure spectra are shown on the same relative

17.
intensity scale.

Fig.



Relative Intensity

l.?.l:lbl l? l-il l?[kl'l- l.l

|

2700 2800 2900 3000 3 J 00 3200 3300
' Wovelength, A

3400

XBL733-5873

Fig. 17a. Graphs of low pressure spectra normalized to the same relative intensity.
A, dex = 2760 A, solid line; B, Agyx = 2960 A, dotted line; C, Aex = 3023 A, long
dashes; D, lex = 3147 A, short dashes.
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“high pfessufes spectrum. In Fig. I7a all four low pressure spectra
arevpiot;ed together to facilitaée comparison, ;Théy are normalized
to the.séme relative intensity. This allows comparison of the relative
intensitieé of low and high pressure spectra. These spectra have not
been corrected for detector response. In view'of_the &iscussion of
detector correction given in thé experimental section the spectra
terminated at 3400 A are taken as representing the actual fluorescence
distribution. The spectra exteﬁding té 4000 A_sﬁouid be multiplied by
a small factor towards the red end but the spectfavare still suf-
ficiently accurate as shoﬁn to ascertain the qualiﬁative features of
intefest. |

E#citation at 2760 A was with the xenon lamp.- The output intensity
of the lamp was constant enough so that a scan couid be made with SO2
frozen out in the cold finger on the cell and subtracted from the

spectra with SO, present. This spectra can then be shown at wave-

2
1engths extending to the excitation wavelength."in the case of
excitatioﬁ at the other wavelengths the Hg lamp was used. The Hg lamp
output was not sufficiently constant to allow accurate subtraction of
the scattered excitation radiation.v’Thus,,theéé épectra are not shown
to the short wavelength limit of excitation. e

The spectra at all four excitation wavelengths are shown to 3400 A
even though emission extends to about 4000 A, Aihe frincipa1 reason
for taking emission spectra was to determine the.actual emission

distribution of individual states. This inforﬁation is needed to

analyze the results of the pressure dependent experiments. The low
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pressure spectra were taken at a relatively colliéion,free pressure
(colliéion times longer than the lifetime of the éxcited molecule).

The low pressure spectra represent the emission from the quantum
statés'pdpulated by fhe optical excitation. The high pressure spectra
may reﬁresent the contribution of emission from'states populated from
the initial states by collisional processes in addition to the emission
from the optically populated states themselves., . The spectra were
terminated at 3400 A, of approximately the wavelehgfh of the
"vibrationiess" transition (000) < (000).

These spectra agree with those previously published. The
fluorescent emission begins very wéakly at the exéitation wavelength.
The eﬁiséion rises steadily to a broad plateau at about 3200-3400 A.
The low pressure and high pressure spectra have thé same general
featurés, In molecules, such as NOZ,‘which are known to undergo
extensive vibrational relaxation, the spectra tend to shift toward
longer wavelength as the pressure is increased.24 This "red shift"
réflects the fact that molecules which lose some of their energy before
fluore;cing tend to fluoresce at longer wavelengths, The absence of

a markéd red shift in SO, fluorescence has been cited as evidence for

31

2

the abseﬁce of vibrational relaxation in excited SOé.
The spectra excited at 2960 A is shown extéhding to 4000 A in
Fig. 17. The prominent features at the long waveleﬁgth end are due‘
to phosphorescence from the low lying triplet. Their absence at low
pressure indicates that the triplet is.formed only by collision. This
effect has been noted previously at various other excitation wave-

lengths.ll



B. Low Pressure Lifetimes

Iﬁ these experiments the cell was filled With 0.2 mTorr or less

of SO The xenon arc lamp was used as the excitation source. A slit

2°
width of,b;6 mm on the excitation monochromator gavé an excitation
bandwidth of 10 A FWHM. Fluorescence was observéd through a Corning
7-51 filter. The filter transmission, which is shown in the experi-
mental sécfion, and the emission envelope were éuch that the bulk of
the emission detected in these studies was of ﬁaVélengths 1ongef than
about 3300 A and extended to the fluorescence 1imi£ of about 4000 A,
The -detection configuration was that of the 33 cm bulb with the two
inch verticéi section open to direct view of thevphototube.

Considerable scattered excitation radiation was detected along
with the f1uorescence. This scattered excitatidn; if not accounted
for, would,caﬁse the apparent measured lifetimés to be considerably
shorter than the actual values. The scattered'ra&iation at each
gxcitatibn'wavelength was determined by performihg a lifetime experiment

with the SO, frozen out in the cold finger on the fluorescence cell.

2
The fluorescence data was then corrected for this scattered excitation.
The measured lifetimes are shown in Fig. 18. These lifetimes
were computed from the experimental quantities Z1 and Zé through uée

of a single excifed state_model.. Use of the sinéle excited state
model was felt to be adequate in view of the low pressufes involved.
At 0.2 mTorr there is about 670 usec, on the é&eragé, between col-
1isions of two SO, molecules. This is about 10 times longer than the

2
approximately 50 uUsec measured lifetimes. Thus,vvery few excited
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Fig. 18. Fluorescence lifetime of S0j at pressures less than 0.2 nTorr. Error bars
represent two standard deviations determined from several experiments.
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Table I.. Fluorescence lifetimes for sulfur dioxide at pressures less

thenv0.2 mTorr.

Excitation wavelengfh Lifetime

A __-'usec
2500 - 35
2550 37

2600 ' 46
2650 .52
2700 50
2750 | 53
2800 | - 55
2850 57
2900 56
2950 | 54
3000 | 54
3050 - . 51
3100 42
3150 -

Excitation bandwdith was 10 A FWHM. Observation wavelength extended
from 3300 A to fluorescence 1limit at 4000 A,
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ﬁoléculeS‘experience collisions before radiating; Complications arising
from collisionally induéed multistate fluorescence»bf collisional
quenching of the optically excited species are négligible. The possibil-
ity of triplet emission is also negligible at tﬂeée low pressures. We
can conclude that while the measured lifetimes r;pfesent only a lower
bound to the actual zero pressure 1ifetimes; the ﬁéasured values must
différ by no more than 10% from the actual values.v o

It is pertinent to point out that>the pfoblem of measuring the life-
time at zero pressure is not necessarily dealt witﬁ adequately by éxtra—
polation of meaéuréments at high pressures. Even if the experimental
points actually define a straight line with great éécuracy it is not true
fhat thé intefcept gives the correct zero pressure value. Mulfistate
kinetics can indeed.yield plots.of (1/apparent lifetime) versus concen-
tration Whiéh.are straight at higher pressures but.which curve appreciably
at low pfessures. This ﬁossibility is illustratédriﬁ Appendix (B).
Measuremeﬁts at pressures less than 5 mTorr may bé required to detect
this curvatﬁre. Nitrogen dioxide, with radiatiﬁe‘ahd collisional prop-

25

erties similar to SO , exhibits curvature in suéh‘plots. It was there-

2
fore decided that the most efficient ﬁse of a given:amount of integrating
time ﬁas-to measure the lifetime at a pressurevlow enough to minimize
quenching processes and yet high enough to give an acceptable signal to
noise ratio. Low pressure lifetimes were also méasured using the obser-
vation monochromator. These measurements were madé in order to determine
whether or not the limited observation volume of tﬁe monochromator intro-

duced systematic error due to migration of long lived excited molecules

out of the volume of the cell within the field_of.view of the observation
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/

monochfqmator. The -cell was filled with 0.6 mTorr of ‘SO The Hg

9
arc at 2962 A was used as the excitation-source. The lifetime was
determined for various obserﬁation energies, Thejlifetime was observed
to vary between 45 and 50 usec forvqbéervation éf various wavelength
in thévrange 3130-3397 A. These values compare weli with the lifetime
;of 54.u5ec measured with the extended observation volume. The good
agfeementvbetween the valﬁes of the low pressufg_lifetime measured

with the observation monochromator and the value measured with the
extended 6§servatiqn volume indicates that large systematic error in

the high pressure lifetimes was not introduced_through use of the

observation monochromator.

C. Pressure and Wavelength Dependence of Fluorescence Lifetime

Theéé experiments were conducted at four exéitation wavelehgths;
(2760,_2960;.3023 and 3147 A (36231, 33760, 3308Q>and‘31778 cm_l). The
Xe arc iamp was used as the excitation source ét_2760 A, while the Hg
lamp was used for the other wavelengths. The spééffal content at each
nominal &a&elength is shown in the experimental section. Pressure
ranged from about 5-20 mTorr.. fhe observation ménochromator was used
to obéerve the fluorescence. Qbservations wérefmade approximétely
every 500 cm_1 between the excitation ehergy-and fﬁé (000) <« (000)
transition at 3397 A, The bandpass of the obégrﬁafion monochromator
(2.00 mm slits, 16 A FWHM) varied between 200 cﬁfllFWHM at 2800 A and

130 cm~l FWHM at 3400 A.
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The data at each combination of experimental,parameters (excitation-
wavelength, observation wavelength and pressure) was the residual counts

on the two counters. In addition, the scattered excitation from a cell
2

and observation wavelength close to the exciting wavelength there was

with SO frqzen out was also measured. For expefiments at low pressures
a smalllamount of scattered excitation. In many experiments no scat-
tered excitation could be observed. When scattered light was observed
it was subtracted from the fluorescence signal. Ih all cases the
scatter wés sm#ll compared to the fluorescence éignal.

.Exbefiﬁents>wer¢ done in a random sequence'pf pressures and
observatiéniwévelengths in order to minimize the péssible systematic
effects of instrumental drift. The instrumental'phase, Y, was determined
at least fwo times in the course of several houré of experimentation.

The inst;uméntal phase measured over the course of é day's experimentation
was alwayélconstanf, within the experimental errbr. The intensity of the
excitation light was periodically checked for iaréé.variations. The
light intensity was always constant within 10Z. Since the quantities
of interest were the ratios of intensities fhe data'was not corrected
for thé small vafiations in excitation intensity.

. |

Plots were made of the inverse appareﬁt'lifetime as a function of
preSSure.i Figures 19-22 are plots of inverse épparént lifetimes for
three observat;on wavelengths_ét each excitation Qavelength. The data
was fitted fo straight lines by the least squafeé method. Points with

pressure greater than about 5 mTorr were used to calculate the

straight lines since points at less then 5 mTorr éhoﬁed distinct
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Fig. .'19." Stern-Volmer graph of pressure dependent lifetime -1
data. Excitation wavelength: 2760 A. AW was: A, 770 cm
B, 3000 cm~1; c, 6500 cm~I. S
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~ Fig. 20. Stern-Volmer graph of pressure &epende‘nt lifetime data.

Excitation wavelength: 2962 A, AW was: " A, 910 cm‘l;
B, 3000 cm~l; C, 4321 em~l. o
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Fig. 21. Sfern—Volmer graph of pressure dependent lifetime data.
Excitation wavelength: 3023 A, AW was: A, 703vcm'1;
B, 1955 cm~1

s C, 3641 cm 1,




/T, sec™' x 109

~-56-

150

100

0 ' 1 v L T !
5 [o) 1S _ 20
Pressure, m torr '
XBL 733-5879

Fig. 22|" Sterui-Volmer graph of pressure dependent lil:etime data.
Excitation wavelength: 3147 &. AW was: A, 638 cm"l;
B, 1603 cm~l; C, 2339 cml.




-57-

curvature. In all cases there was good correlation.between the points
abo&e 5 ﬁfrorr and the straight line. This agrees with the development
in Append__ix (B) which predicts that plots of inverse apparent lifetime
versus pressure should be linéar for multistate"kinétiés at high

enough preésure.

The piots in Figs. 19-22 show a.significantvdeérease in the slope
(apparent quenching rate constant) as the observation energy is lowered.
This effect has been observed previously and is indicative of a
multistate proces_é.?5 This interpretation is discussed in detail in
‘the diécussion section. It is possible to rationalize these observa-

" tions withoﬁt assuming the presence of vibratioﬁal relaxation processes
by ésserting that several quantuﬁ states with different radiative and
radiationless properties are‘populated by the excitation and that the
variation of apparent quenching constant with obséfﬁation wavelength

is due td'observing the emission from these diffefént quantum states.
.Such an interpretation is unlikely in view of the regular decrease of

apparent quenching constant with observation wavelength,
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IV. DISCUSSION

A. Lifetime Predicted from Absorption and Emission Data

The:standard Einstein rglationship, which'relates the integrated
absorption coefficient to the fadiative lifetime, is not strictly
applicable to molecular systems. The Einstein rela;ionship applies
only to atomic transitions where fluorescence oééufs at the same
ﬁavelength_as absorption. Molecular transitioﬁs occur, in general,
over a broad range of wavelengths. Strickler and Berg28 have derived
a general expression applying to molecular transifions. Their relation-
ship alldﬁs one to calculate an appropriate valuevbf the emission

ffequency. Their relationship is

>?1~—= 8mc (V) fO(G) d 1u(v)
(o]

3, . fI(G) dv

v = =3
fI M)V av

where d(ﬁ)'is the absorption cross section in.pnits‘of cm, V is
frequency in cmfl, I(V) is the emission intensity'at frequency V and
the integrations are performed over the entife.abSOrption and emission
spectré.

Using the data of Warneck, Marmo and Sullivan29 for the region
2400-2600 A and the spectrum determined in this'laboratory for the
region 2600-3200 A the integrated absorption coefficient was determined
by numeriéél integration. The exclusion of the absorption from 3200 to

3400 A has little effect on the magnitude of the integrated absorption
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coefficient since the %bsorption coefficients in that region are so
small._ Thevvalue of the integrated absorptionvéoefficient is 3.4 X
10717 cn?. |

The value of the frequency cubed factor was estimated in three
ways: |

1. The center of the absorption region was taken as the mean
emissioﬁ frequency. This yields a value of 44 X 1012 (cm_l)3 for 53.
The lifetime is predicted to be about 0.1 usec.

2. The frequency cubed factor was calculated from data on the

emlission spectrum of SO + O chemiluminescence.30 This data was used

3
in the Strickler and Berg relationship for,<53 ) . The frequency cubed

factor is 19 X 1012 (cm-l)3. The lifetime is predicted to be about
0.2 usec.

i

3. A low pressure spectrum of S0, fluorescence from this study

2

was used in the same manner as the SO, chemiluminescence data to

2
calculate the frequency cubed factor. The frequenéy factor is 24 X
1012 (cm_l)3, for excitation at 2960 A, The prédicted lifetime is
about 0.17 pusec,

The pfedicted lifetime is about 0.1-0.2 uséé_fOr all three methods
of estimating the freqﬁency factor.. It is intereéting that there is
so little difference between the three predictions in view of the
iather different methods used to estimate the fréquency factor. 1In
method 1 the value of 53 is probably too high siﬁce fluorescence from
any given excited vibronic state can take place tdvhigh levels of the

ground state. This effect would make the "averagé"'emission frequency

lower than the average absorption frequency. For this reason, the
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prediction of To is probably low. ‘Method 2 suffefs from the fact that
the chemiiuminesceﬁcé experiment is done at reléti&ély high pressure.
Any relaxation proc_ésses could cause the‘ obéerVed_ cﬁemiluminescence
'to'originafe in several different excited states, giving rise to a
possibie_red shift in the emission spectrum. Metﬁod 3 is probably

the mosﬁ sétisfactory since the excited states were prepared in a
narrow energy range and the experiment was condgﬁted at low enough
pressufe (0.6 mTorr) that relaxation was probabiy'unimportant. This
method‘suffers from experimental uncertainty in'the relative detection
efficiency at various wavelengths. The intensity df emission atrlong
wavelengths would be iﬁcreaséd by a detector correétion factor resulting
in a valué'of the frequency factor which is somewhét smaller than the
calculatéd value. This correction would make thevpfedicted lifetime
longer. However, no more than about a factor of 2 -change would be
expected. The maximum predicted lifetime‘wouldltﬁén be about 0.3 usec.
The three methods would still agree to about a factgr of 2. This is

not the case for NO,, however, where fredicted lifetimes vary from

2’
0.2—18vusec.25 The principal reason that the various prediction for

802 are very consistent is that both the absorptibﬁ-and emission
: - ‘
spectra are relatively narrow compared to the overall energy of the

transition. The spectra of NO, are quite broad making estimates of

2

the mean emission frequency rather uncertain.
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B. Quantum Yield at Zero Pressure

One:imﬁortant question in the interpretation‘df low pressure
lifetimeé measurements is whether tﬁe’unimolecular processes depopulating
éhe exqiied states aré entirely radiative or whether additional non-
rédiafive processes depopulate the excited states. If there were non-
radiafiVe'processes the measured rate constant-WOuld be larger than
the radiative rate constant.

Thé presence of noh—radiative intramolecuiar‘éfocesses is indicated
by an emission quantum yield less than one in fhe-limit of zero pressure.
If there were no non—radiative intramolecular processes gvery‘absorption
of a phofon'would result in the emission of a phbtoﬁ_and the quantum
yield WOuld.be one. vThe quantum yield of SO2 fluofescence in the
limit of zero pressure has been reported by Mettéelzvand Rao, Collier

and Calvert (RCC).31

Mettee reported that the quahtum yield goes to
unity af six exciting wavelengths from 3130 to‘2650 A. RCC report
tﬁét.thg quantum yield is .14*0.06 for excitation at 2875 A, These
resﬁlts.ére investigated in the following discusgibn.

If the quantum yield at zero pressure is O.lé'measurements of
1ifetimesiat zero pressure could not be interpretéd as the radiative

lifetime. For a single excited state the quantum yield at zero

pressure, @o, is given by
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where %NR'sfands.fpr the sum of all intramoleculer non-radiative rate

constahts. If ® = 0.14 then T = 7.1 XT , where T is the
; o r o’ . r

ad ad

radiative lifetime anq To is the zero pressure lifetime.
Experiments'have shown that there are molecules which seem to
haQe a Quantum yield less than one at zero preésure. Benzene, for
instance, ie suggested to have a quantum yield ef 0;2 at zero pressure.
However;‘itxie not elear that the present theories of intramolecular
relaxation in isolated molecules could account.for a quantum yield
24,33,34

less than one in a molecule as small as SOZ'

- mechanism accounting for quantum yields less than one involves inter-

The proposed

' systeﬁ croesing from an opfically active electrbnic‘state, populated
by absorprion, to an optically inactive electronic state. If the
optically inactive electronic state has very high density of vibronic
' statesitheiintersystem crossing can be considered irreversible, within
the finite ebservation time of a physical experiﬁent. This intra-
moleculer radiationless transition results in an experimental quantum
yield less than one at very low ﬁressures. Mbeleﬁies having large
enough level deﬁsity in the optically inactive state have been
categorized as being in the "statistical li;nit."2 .Molecules.described
as being in the statistical limit have generally been large organic
molecules. There is even doubt that molecules as small as benzene are
truly in the stafistical limit.2 Current theory indicates that 802

is not in the statistical limit and should have a zero pressure quantum

yield of one.33 ‘
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The experiments on quantum yields of SO, may be compared to

2
deiermine;if one experiment is more compelling than the other. Mettee
stated that 20-28 quantum yield determinations in the pressure range
1-50 mTqrf_were used to extrapolate to the zero pressure quantum
yield. RCC report that their lowest pressure used-was 26 mTorr.
Further, the fluorescence cell used by RCC was so small that significant
quenching of emission probably occurred at the cell walls. Such
qgénching wduld give rise to a éero pressure qﬁaﬂtum yield of less
than one. |

In view of the experimental uncertainties in the work of RCC and
in view of the predictions of current theory thé value of the zero

pressure quantum yield of SO, is accepted as being unity. The low

2
pressure lifetimes measured in this study are taken as the radiative

1ifetimes.

C. The Radiative Lifetime of Sulfur Dioxide

The fadiative lifetime of 802 was measufed‘fdf excitation in the
range 2500-3150 A. The excitation bandwidth was 10 A FWHM. The
1ifétime varied from about 35 ysec at the extremésfof the excitation
range to about 55 Usec at intermediate wavelengths. These results
agree with previous measurement38¢3f44 Usec for excitation in the range
2700-3100 A, As has previously been pointéd out the measured lifetimes
are considerably longer than lifetimes predicted from absorption data.

In a previoﬁs section of this study the lifetime was predicted to be

0.2+.1 usec.
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The anomalously long lifetimes of SO_,, CS, and NO, have been

. 5 2° 2 2
discussed previously. Douglas™ has provided a qualitative model to
" explain the long lifetimes. His model has been investigated
quantitatively by others.33 The breakdown of thefBorn-Oppenheimer
approximation is the key to the explanation of thevlong lifetimes
of thesévmolecules. If there is a significant perturbation betweén
the upper_electronicvstate, A, to which the trahéition occurs, and
"another electronic state, B, having a large density in tﬁe absorption
region, thén the B-O.wavefunctioh‘of state A does not describe the
actual ﬁpper state. The B-O wavefunction of state A is mixed with
many levels of state B. The total transition moment from the ground
‘state to:the upper state is conserved, but it 1s spread out among
transitions to Fhe many actual excited states of the molecule instead
of belopging to the transitiop from‘fhe ground stéte to state A. Thus
the predicted lifetime is not altered by the perturbation in the
moleculef,:HoweVer, the measured 1ifétime reflectélthe rate of emission
.from each of the actual excited states. 1If statevB is not optically
connected Qith the levels of the ground state to which emission occurs
the transition moment between each of the actual‘excited states and
the grgﬁna state 1is 1e§s than predicted from the £ota1 integrated
absorption. That is, the oscillator strength of the transition is
spread béfween emission from the many actual‘statés,of the mdlecule

to which'ébsorptibn occurs. The lifetime of each of these actual

states is then longer than predicted.
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In the case of SO, there are two known electronic states which

2
can play the role of state B. The lowest triplet hés levels in the
energy range of excitation, There are also highly’excited vibrational
levels of.the ground electronic state in the energy range of excitation.
Both the'triplet’states and the highly excited viBrational states of

the ground electronic state are only weakly connected with the lower
levels of the ground state to which emission occﬁrsf Both of these
electronic states are potentiél candidates for the role of state B.

The ideqtity of state B is discussed subsequenfly.

One of the observable spectral charactéristiés of this model of
1ifetimg lengthening is the presence of a complgx ébsorpfion spectrum.
In the unperturbed molecule one absorption line would be obsefved for
a particﬁlar transition from the ground state to an excited quantum
state. Howeve?, in the perturbed molecule quantum>states of the upper
electrqnié’state are mixed with many states of state B giving rise to
a myriad of apparently uninterpretabie absorptibns; Such an explanation
could account for the complex spect;um of 802.

The relative magnitude of lifetime lengthening yields information
.conce?ﬂing the identity of state B. The actual.lifgtime, Texp’ is
related to the lifetime predicted from absorption:measurements, Tpred’
by Texﬁ ~ NTpred where N is the number of states coupled w%th the
level of the upper state under consideration.33 For SOZ’ N is of the
order of magnitude N = (50/0.2) = 250. That is,"éach level of the
excited singlet is coupled with about 250 levels of.state B. The

magnitude of N is dependent on the level density of state B and the
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magnitude of the coupling elements between state B and the upper state.
Lacking an exact solution of the molecular hamiltonian, N is not

available a priory.

The magnitude of the coupling matrix element can be estimated from

the wid#h of the well defined vibrational peaks in the absorption
spectrum._'Interaction with levels of state B furthér away than the
_ﬁdith of the absqrﬁtion peak would cause the peaks to be so broad that
they would not be resolved.> The width of thé ﬁell resolved peaks 1s
on‘the'order of magnitude of 150 cm-l. The density of states of the
‘triplet state at 3000 A is about 0.1 state/em ! in the harmonic
appfoximat_ion.35 Thus the excited state could interact with about

15 of the triplet vibronic states. Tﬂis is clearly.not enough states

to expiain the long lifetime. The density of states of the ground

electronic state is about 1 state/cm_1 in the region of interest. Thus,

ébout 150 states could interact with the excited.étate. This is about
the number of states necessary to give the 1ifetiﬁe observed. This
argument does not pretend to be a quantitative analysis, but merely

to show thét‘only the ground state can supply tﬁe necessary number

. of states to produce the observed lifetime.

Th;iﬁeasured lifetimes are expected to show variation with
excitation energy since.the level density of the*gfound'state changes
with energy.and, presumably, the coupling betwéen the upper state and
levels of state B depends on the specific nature ofvthe quantum states

exhibits significant variation
9

excited. The radiative lifetime of NO2

when excited by a laser with about 0.8 A bandwidth. Lifetimes in the

‘range 62—75'usec were measured over a range of'iOO'A in excitation
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Wavelength..9 Experiments with very monochromatic laser excitation
(about O.lSjA bandwidth) have yielded lifetimes for’NO2 in the range

0.5-3.7 usec.36 These lifetimes are of the order of magnitude of

25,36

those predicted from the integrated absorption'coefficient. These

measurements presumably reflect the excitation of unperturbed levels

1
The radiative lifetimes for SO2 determined in.this study varied

of the 2B Born—Oppenﬁeimef excited state.
from 35—57,usec.' The variation was relatively smooth as contrasted
with the‘irregular variation in Nozﬂlifetimes.v.The bandwidth of
éxcitation used in this study (10 A FwHM, about_lZO»cm_l) was, of
cburse, ﬁbq large to permit excitation of individual quantum states.
Thé oBservéd lifetime variation presumably reflécts changes in the
coupling perturbation and level density of the'ground electronic state.
The kinetic nuclear energy operétor has been shown to be the
principallperturbation leading to radiationless intramolecular tranéi—

37’38‘ Gardner and Kasha39 ‘have reviewed the

tion in large molecules.
.current tﬁeory of intramolecular transitions. Théy_have applied the
theory to detefmine group theoretical selection‘rules for intramolecular
transition between electronic states of varioué symmetries. They have
shown that in order for such intramolecular processés to occur the
direct product of both the electronic states and oné of the normal
vibrational modes of the molecule must contain tﬁe totally symmetric
irredﬁcible representation of the point group of the molecule. Théy

have applied this rule to the investigation of "vibrationally deficient"

molecules, or molecules whose symmetry species'of the vibrational modes
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do notlsﬁan all of the irreducible representations of the molecular
point g:oup.. SO2 is identified as a vibrationally deficient molecule
since its hdrmal modés.transform asA1 or B2'  §02 lacks vibrations
tfansforming as the remaining representations iﬁ  the C2v point group.

We may apply Gardner and Kasha's selection'rﬁle to the ground

state, 1A1’ and the lowest singlet excited state, 1Bl, of SOZ' The

direct products of the two electronic states and each of the vibrational

modes do not trénsform as Al. To first order atnleast, the nuclear
kinetic energy operator is not responsible forvqoupling the excited
state with the ground state. |

It has been suggested that the coriolis effect breakdown of the
B. O. approximation may be responsible for coupling the electronic

3,40

states. If this were the case one would expect a temperature

dependent radiative lifetime since the coriolis forces depend on the
‘rotational velocity of the molecule. Such an expériment could be of
great value in elucidating the coupling mechanisﬁ in these small

molecules.

2

D. Collisional Relaxation in Excited SO

In this section the energetics and rates of the collisional
processes removing or redistributing energy in.exc1ted SO2 are
considered. The observation of strong phosphorescence at high
pressures indicates that collisionally induced friplet + singlet
transitions play a role in quenching the singlét;"There is also
ample evidence from the pressure dependent experiﬁents in this study

to indicate that fluorescence occurs from a multi-state system.

!
i
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The quenching behavior of excited 802 is diécqssed in terms of a
hypothétical electronic state with equally spaced vibrationai levels.
Level 1;‘the optically popuiated leyel, is the highest level considered.
Thus, collisionally induced transitions to higher energy are considered
negligible relative to downward transitions. Thisxassumption is
subsequently jﬁstified by comparison of the magnitu&e of the energy
difference between levels and the value of kT at room temperature.

Excited mo1ecﬁ1es'are considered to be vibratiﬁnally reléxed by
collisions to the next level of lower energy. Parémeters to be
determined to characterize the "stepladder" inciudeithe step size,

AE, and fhe rate cohstants conne;ting the various levels. In addition,
a process which takes molecules irfeversibly out of the stepladder

is included. Molecules removed from the stepledder are considered
.quenched as far as fluorescence is concerned. Figﬁré 23 indicates this
stepladdér model schematically. The rate constaﬁt'from state 1 to
state i+l is symbolized by bi’ The bi are consid;red unequal in the
most genérél case. - The q are rate constants ffom each state out of
the stepladder and are also initially considered unequal. The process
removing'ﬁolecules from the lowest singlet, the>Qi,‘can be}identified
pﬂysiééllf with the collisionally indﬁced tranéitibns from the lowest
singlet to the lowest triplet electronic state.

The étepladder model‘has been employed preViously in the discus-
sion of vibrational relaxation in electronically excited N02.25’41 It
has been used in a slightly different context to analyze relaxation in.

42,43

chemically activated species. Use of thevstepladder model to
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Fig. 23. Stepladder model used to analyze relaxation behavior
of SOp. Energies Wey and Wopg are measured relative to the
lowest vihrational state of the ground electronic state.



-71-

interqret experimental data does not, of course, imply that this model
accﬁrafeiy describes the actual physical processes_oécurring in the
excited molecule. At most the stepladder model can be said to reflect

"average" process occurring in excited molecules. The

some kind of
" proper use of such models in interpretation pfbéxPefimental results
is two foid; to arrive at a qualitative description of the dynamics
of relaxation in excited'species and as a basis of Eomparison between
the relaxation characterisfics of different speéiés, e.g., 802 and NOZ'
" "For small value of AW, the difference between ﬁhe excitation
_ and observafion energlies, we will make the assuﬁptidn that fluorescence
'from thé initially populated state is the predominate part of the
'_oBserved emission. In terms of the stepladder médél this is equivalent
‘to assumingbthat AE is larger than the small Aw_being considered. The
- low preésurevfluofescence spectra indicate that evén if AE is about
equal to.AW state 1 contributes more to the observed emission than
statés.of 1§wer energy. |
Wifhfthis assumption the conveﬂtional singié state Stern-Volmer

interprétatibn may be applied to the pressure deﬁendent data at the
smallesf AW. The slope of plots of (1/lifetime) versus pressure yields
an ap%arent-quenching rate constant for the obSérvéd state. Quenching
rate cons%ants for states at each of the 4 excitafiqn energies were
calculated in this manner and are presented in Tabie‘(Z). These
quenching rate constants are roughly equal for each of the 4 excitation

energies. In terms of the stepladder model this result indicates

that (b1+q1) is roughly invariant to the energy of the initially
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Table 2. Apparent quenching rate constants for fluorescence at energy

near éxcitation energy.

Energy_of\excitatiin 'AYI ' w91 o kqgappgrent)
A cm cm cm cm’/part-sec
2760 36231 771 6609  (3.5t.3)x10"0
2962 33760 1910 4138 - (3.1t.2)x107 L0
3023 33080 703 3458 (2.9¢.2)x107 10
3147 31778 638 1518 (3.2¢.5)x10710

AW is the difference between excitation and observation energies.
W, is the difference between excitation energy and the minimum in the
upper state. k., was calculated from slopes of the pressure dependent
lifetimes graphs. '
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populited state. It is possible that changes in bi compensate changes

in qleéo’that their sum is invariant or that eithef the bi or q, are
small compared to the other and felatively large changes in the smaller:
'rate constants does not significantly affectltﬁe sum.

Light‘is emitted at any obsérvation energy, W, ., by allvstates
of energy.equal to or higher than wobs'
each State to the total signallis determined by each particular states

The exact contribution of

. resonant emission spectrum and population. The high pressure population
of the general state n, ﬁn’ has been derived in Appendix B. Recast

in the'tErminology of the stepladder model the population is

j=n-1 ,
Y o

E o= 3= - - iw 1

R [1 v 2 b.+q.] 7
j=1

The analysis of the high'preséure quenching behavior would be
particularly simple in the case of resolve& emission. That is, if
the emissidn spectra were éuch that each state could be observed
igdivifuaily.‘ Such an experiment is obviously impossible-at?the
resolution of this study. However, a discussion of such an ;nalysis
illumi%ates several points pertinent to a more fealistic diséussion.

#n the pressure dependent studies ploté were made of kapp versus

M. Since kapp = w(ZI/ZZ) the following expression is easily found

usingiEq. 7.
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: 1 n -1
' =w = M 1 (8)
.app 1 . {21 Bsty

n
2 =
=1 P°3*y

=le

where k:pﬁ stands for the apparent rate constant observed for state n.
A straight line is predicted for plots of képp versus M (as observed)

: %
with an apparent high pressure quenching constant,,kq,-such that

% -1 n 1 L
kgdn = J.;l'bjﬁqj' L ®
’This reéﬁlt indicates that the élope of Stern-Volmer plots (k:) should
decrease, as observed, as the observation energy_is lowered.

4 Equation (9) overestimates the decrease in slope'siﬁce it is based on
thé ability to observé each state indepehdently{' In practice k:
decréésés.more gradually with AW sinée ail Stateé of energy greater
than Wobs contribute to the emission.. |

If the assumption is made that the bi are all_équal and the q are

all equal we have

(k:n)_l = | | (10)

Since (b+q) is known from Stern-Volmer plots at small AW a value of n
can be calculated at each observation energy and-the step size can be

determined.
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One iﬁtéresting question is the possibilityvdf‘resolving the sum
(b+q) into individual values for b and q.. Since the phase behavior
of a particular étate with respect to its immediéte_precursor (whether
the precqrsor is the exciting light or another éx¢ited state) 1is a
function only of the sum of the rates of the iﬁdividual channels
de—popuiating the state in question there is no information available
in the resdived spectroscopy model which would enabie one to resolve
(b+q) into individual compbnents. The phase beHaQior of the entire
manifold of states is a function.of (bi+qi) only.. The individual
valueS*'of__bi and,qi énter into the population &istribution only.
Therefdre;'phase information in the resolved model supplies no
.inforﬁation to resolve (bi+qi) into its componeﬁts.:

A moré realistic treatment considers the'unfeéolved nature of the

emission spectra. The observed signal at WobS = Wn is given by

n :
Sn= L Elkg oy | (11)
i=1 S
where k?i’is the fluorescence rate constant which for any state i is

a function of the observation energy. The various detection efficiencies
aye represented by ai. The ai can be assumed to bé identical. The
summation is carried out over all states of energy_wn and higher.

In the unresolved case kapp has a_somewhat:more involved form than

in the resolved case.
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n n b,
2| st ]
o f1] 1 |
2, Ef kg =1 [ Gyray)
i=1 [ =1
= W =M e = (12)
app n -90 .n i-1
2: Ei kfi n T b, i
i=1 D j=1 : 1
f1| 71 2 :(b N
i=1 m b,+q,) 3=t 5747\
=1 4 1

As in the resolved case a straight line is predicted with inverse

* -1
slope, (kqn) given by

- i1 -
n I1 bj i
n =] 1
PRCAE 2 G
1=1 0 (bt | =1 3
(k*")—l = : =1 - S .
qn [ i=1
n b,
fi i
i=1 151 (bj+qj)_

In its completely general form Eq. (13) contains too many
undetermined quantities to be of use in analyzing the fluorescence.
Assumptions concerning the spectral distributions (the k;i) must be

made and the values of the b, and the qj must be restricted in order

h|
to apply Eq. (13). Model calculations were made to determine the

effect of various assumptions. In particular the effects of various

spectrél distributions and differing values of the_-bj are considered.

Schwartz and Johnston25 used the stepladder model expressed in

terms of the Rice-Rampsberger-Kassel (RRK) theory44 of unimolecular

(13)
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reactions to interpret the quenching behavior of NO In this model

9°
the.multipliCity'of energy level j is given by '
_ (J+s-1)! :

g I (s-1)! | (14)

where s is the numbeér of normal modes of vibratidn»and J is the number
of vibrational quanta. In the present case JAE is the total vibrational

_energy and for SO, s=3.

2 _
Consider a set of three adjacent, decreasing, Vibratipnal energy

levels.J+1, j, and j-1 with multiplicity gj+1’ gj:and gj—l'

b, , M b .M
i+
By 1% E N B,
The ‘relative rate of vibrational deactivation is given by the
product of an appropriate transition moment tiﬁeéﬁthe multiplicity of

the fihal-State.45 If the transition moment is assumed to vary slowly

with energy46 the multiplicity is the dominant term. Then

2 L
b
i B

(15)

I

and the complete set of the bj are determined ekéept for an undetermined

constant. This method has been used previously to generate the b, in

3
the analysis of NO quenching.25

2
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Ih.diScussion of the long lifetime of SO thé‘excited state has

2
been deséribed as a superposition of the Born—Oppehheimer ground state
and the - B. 0. excited electronic state. Each of the levels of the

B.0. excited state were pictured as being mixed with about 150 highly
exciéed vibrational levels of the ground B.O. electronic state. If
this model is assumed to be correct then the excited state of SO2

would be characterized as a highly vibrationally éxcited ground state
molecule as far as relaxation processes are concerned. Excitation at
2960 A would involve about 34,000 cm_l of vibrational energy. On the
other hand, 1f the excited state 1s considered to be adequately
described by the excited B.O. electronic state excitation at 2960 A
would iﬁvolﬁe only 4000 cm_1 of vibrational energy, the rest going

into eleétronic excitation. These two models of the vibrational energy
of the excited state manifest themselves in very different relative
values of tbe bj' Figure 24 shows model calculatiops of (k::n)_l as a

function of n. The step size for these model calculations was 500 cm_l.

In these calculations b1 = 2 X 10-10 10 cm3/

part-sec. A flat spectral distfibution from all states was assumed. A

cm3/part—sec and q; = 1 x10

was calculated assuming that the bj are all equal. B was calculated
in terms of the superposition model with bj giyen by Eq. (15) and C
assumes‘phat the excited state is characterized adequately in terms
of the B.O. exéited state with bj given by Eq. (15).

.These plots indicate that the assumption of equal bj is relatively
innocuous in the superposition model, but leads to rather large errors

in the B.O. model. This is understood through consideration of the
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relativéﬁvalues of the bj in each model. Due to fhe large number of
vibrational quaﬁta in the superposition model the multiplicities of
the energy levels considered change relatively little. At 30,000 cm_l'
(the energy of the lowest step) there are about.60 of the hypothetical
500 cm_1 quanta. At 2960 A (34,000 cm_l) theré are 68 such quanta.

The ratio of the multiplicities is

(68+3-1)!
68! 2!
(60+3-1)1
60! 2!

Thus the bj vary by a factor of 1.3 over the whole energy range

considered. In the B.O. model there are 8 quanta at 34,000 cm_l and

0 at 30,000 cm_l. The ratio of the degeneracies is

(8+3-1)!
8!
(0+3-1)!
or 2!

= 72

In the B. 0. model the bj vary by a factor of about 72. In view of
the current. theory of the nature of the excited éinglet of 802 and the
experimental result that the apparent Stern~Volmer Quenching constant

at small AW is relatively constant over a rather wide region of the

‘energy beings considered, the superposition model seems to better

describe the nature of excited SOZ' On the basis of these model
calculations the assumption of equal bj is seen to be quite acceptable.

It is true that the model calculations support this conclusion only

It



-81-

for_values of b comparable or larger than the v§lue of q. The relative
magnitudé:of b and q is discussed SUbsequeﬁtly, |

The effects of various model épectral dis#fibutions‘were
investigafed in similar calculations. These calculétions used values

0 0 Cm3/part—sec

of b and q of 2 X 10_1 cm3/part—sec and 1 X 10f1
respectively. Three spectral distributions were éonsidered. (L A
flat distribution, i.e., uniform emission at all ﬁévelengths considered.
(2) A constaﬁtly iinearly increasing distributioh with unit intensity
at step i,'z units at step 2, ete. (3) A distfibufion which increases
for 2 stepsvtﬁen becomes flat. These model distributioﬁs are
indicated in Fig. 25. The distribution most closeiy approximating
the actﬁai7observed spectral distributions is the.éhird model distri-
bﬁtion,‘as‘Comparison with Fig. 17a indicates.

Figure 26 shows a plot of calculated (k:n)fl'ﬁérsus step number

for the 3 model distributions. Since model 3 is the most realistic

distribution the other two distributions will be cdmpared to it,

* - ' .
(kql) 1 is not defined for model distribution (3) since there is no
emission at_the energy of step 1 in this model. bistribution (2) gives

1 which are too low at_ﬁigh values of n. This

' : * _—
rise of values of (k_)

. . qn ‘
is due to the fact that observation at energies corresponding to the
lower enefgy steps 1is dominated by emission from the high energy steps.

* - .
Thus (kqn) 1 does not increase with n as rapidly as for distribution
(3). The most interesting comparison is between distribution (2) and

the flat distribution, (1). The chief characteristic of the‘flat

distribution is that the entire curve is shifted towards lower step
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Fig. 25. Three model spectral distributions.
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’numbers_(higher observation energies). The overall shape of the two

curves.is similar. This similarity is illustrated in Fig. 27 which
shows the (k:n)'l curves for distributions (1) and (3) plotted with
the curve for (3) shifted by 1 step to lower enérgy. This plot
démonsﬁrates that the assumﬁtion of a flat spectral distribution is
acceptable as long as it is recognized that the flat distribution
tends to shift the curves of (k:n)—l to higher energy. This analysis

is most accurate for step sizes about 1000 cm_1 since the typical

' ' . . -1
low pressure emission spectra seem to rise for about 2000 cm = and

then level off. The step size is estimated subsequently.

These model calculations and the experimeﬁﬁal results have
demonstrated that thé assumption of equal bi and qi is probably very
good., Calculations with various spectral distributions indicate that
the assumption of a flat distribution does noticﬁaﬁge the shape of
the (k:n)—l versus step pumber curves, but does ghift them to lqwer
energy. . The relaxation behavior of excited 502 will be analyzed
assuming that the spectral distribution is flat. 'fhe effect of shifting
the (k:n)nl curves to lower energy can be discussed in view of the

estimates of AE to be derived in the following analysis.

*
With these assumptions (kqn) 1, Eq. (13), can be written as

n
>

)yt = 2L izl o (16)
& :
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where

The (k:n)_1 are plotted as a function of n fdr various values of
X in Fig.‘28. Figure 28 also contains a plot ofv(k:n)-l is the resolved
spectrosdopy model. This curve is defined by Eq. (9). Several
features of this family of curves are of‘interesf; For X=0 there is
no collisional population of lower levels and conventional Stern-Volmer
kinetics afe observed. That is, quenching behavior does not depend
of observation wavelength. For sﬁall values of X there is some deviation
from Stern-Volmer kinetics but the populations‘of the first few states’
predominéte so the (k:n)_1 quickly reach a limiting value. As Y
increaéés ﬁhe populations of the'lower energy states increase causing
the plateau to move to higher step number (lower energy). For X =1

'Eq. (16) takes on a particularly simple form

17)

~~
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The general form of this equation is identical to expression (10) for
‘the resolved model. Again a straight line is predicated in the
unresolved model with ¥ = 1, but with slope of %gof the slope in the

resolved case,
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Figufes 29 - 32 are plots of the experimental high pressure
appareﬁf qugnching constants, (k:)-l. They werev¢alculated from the
experiméntai data at each dbservatidn wavelength by fitting the high
pressure‘plots of kapp vs M to the best straigh£ 1ipé. The slope of
such a_plqt_is (k:)—l.

.Figufe 32 for excitation at 3147 A covers so short an energy
range and the points are so uncertain that quaﬁtitative consideration
is not warranted. However, the plots at the three other excitation
wavelengfhs show that (k:)_l clearly increases with AW, although
the increase is not completely monotonic. If theiassumption that the
'bi and éi are single wvalued ovér the energy'rangé of these studies is
accepted,‘then one would expect similar curves_of (k:)—1 versus AW
for all four excitation wavelengths. .The experimental curves are in
general similar although the curves at-lower excitation energj appear
' to increase slightly less rapidly.

Assuﬁing that the four plots reflect the éame relaxation behavior
the curve at 2760 A covers the largest energy range and for that reason
will be analyzed in detail. The slope of the plbf of (k:)fl versus
AW is a function of both the step size and the vaiue of x. A lower
limit to the possible value of X can be obtained by comparing the
experimental plot of (k:)_1 to the family of calgulated curves,

9

Fig. 28. The experimental curve rises from about 3.2 X 10 to 7.3 X

109 partrsec/cm3. Figure 28 indicates that curves with ¥ 2_.55 do not

increase by that much, therefore, X > .55. Since we know (b+q) =

0 cm3/part—sec any value of X can be solved for the individual

|

3.3 x 10%



o

H

(kq™)™', cm3/part-sec x10'0

™~

l - [ I | I 1
0 - 1000 2000 3000 4000 5000 6000

AE, cm™

XBL733-5886

x -1

Fig. 29. Graph of experimental values of (kq) 1 for excitation at 2760 A, Error bars
represent two standard deviations of the slopes from whlch each of the values of
(k)™ 1 was calculated.

-..68...



o0
|

D
I
o

o
-
—o—
-06-

(kq")-| . em>/part-sec x10'°

N
I

l | ] l | L
OO 1000 2000 3000 4000 5000 6000
' AE, ecm™"

XBL733-5887

% _ ,
Fig. 30. Graph of experimental values of (kq) 1 for excitation at 2962 A. Error bars

represent two standard deviations of the slopes from which each value of (k’s)'1
was calculated.



-l
(kq*) , cm3/part-secxl0'0

-91-~
8 T T T T
6 -
2+ -]
0 | : ] ] 1
o) {000 2000 3000 - -4000 5000
BE, cm™
XBL733-5888
. * -1 ,
Fig. 31. Graph of experimental wvalues of (kq)- for excitation

at 3023 A, Error bars represent two standard deviations of
the slopes from which each value of (ké)”l_was calculated.



(xq"), cm>/part -sec x10'°

-92-

8 T I I T
- _4
=] o -
- .
44— —

N
|

o) i L ] . ] : | :
o) . (0,00 2000 _ 3000 4000 5000
. AE, cm™' x5
: XBL 733-5889

* -1

Fig. 32. Graph of experimental values of (kq) 1 for excitation
at 3147 A, Error bars represent two standard deviations of

the slopes from which each value of (k:)‘1 waS'calculated.



-93—

values of b and q.

Fach assumed value of X corresponds to a different step size.
For X‘= 0.7 an increase of a factor of 2.25 in (k:ﬁ)_l occurs at about
step 5. Excitation at 2760 A involves about 6500_¢ﬁ_1 of energy above
the (000) < (000) transition. Thus, each step'wouid be about 6500/4 =
1625 cm—l; The curves for x > 0.8 rise by a factor of 2.25 at about
step 4 implying that AE = 6500/3 = 2160 cm—l. Thﬁs‘for X > 0.7 the
step size indicated is about 2000 cmfl. For .55 <. < 0.7 the anal&sis
‘is more difficult, since the slowly rising plateau in these curves

1

% -
makes determination of the number of steps at (kqn) = 2.25_(b+q)

rather uncertain. For X = .6 there are about 6 or 7 steps before
(k:n)— crosses 2.25 (b+q) resulting in a step size of about 1000 cm_l.
If ¥ isbless than 0.6 the step size would be substantially reduced.
Thds, unless X was very close to 0.55 the valué of AE can be estimated
to lie between 2000 and 1000 cm_l.

If vibrational and electronic energies are seﬁarablg, that is, if
the Born—Oppenheimer approximation is applicable, then excitation at
2760 A involves about 6500 cm_l of vibrational energy and longer
excitation energies involve correspondingly less. Thus vibrational
energy transfer of 1000—2000 cm--l per collision’ﬁould be a large
~ percentage of the total vibrational energy. However, in view of the
proposed_mixing of electronic states it may be more appropriate to
coﬁsider the vibrational energy to be nearly the total energy above

the lowest vibrational level of the ground state (32000-36000 cm_l).

In this interpretation, in which the excited statetis viewed as a
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highly;vibrationally excited ground electrohic étate molecule, the
vibrationaivenergy'transferred per collision would be on_th; order
of 5% Qf.tﬁé total vibrational energy. |

As discussed previously phase’measurements-infthe resolved
spectroécqpy‘model do not allow the sum (b+q) td be separated into
valués’for:b and q. If was noted that knowledgé of the population
‘distribution inkthe_various states would supply information.on b and q.
In this discussion of the resolved speetrosc0py‘mode1 we have shown
that .55 S X < 1. Essentially, a limit was placed on the possible
population distributions by showing'that a factor.-of 2.25 change in
(k:)_; was only consistent with .55 Sxs 1.0
: ‘It is desireable to investigate the population distribufions
directly:from high pressure spéctra. In épectra Qith obvious red
shifts at high pressures it'mayvbe possible.to derive population
distributions. HoWever, the emission spectra in this study are not
‘greatly'?e& shifted at high préSsure. Further, the low pressure
spectfavafe so irregular that the high pressure spectra do not warrant
qﬁaniitétive analysis for.the population distriﬁﬁtibn. Therefore,
individual values of band q are not available.iﬁ this experipent.

Rao; Collier and Calvert31 ha§e pérformed experiments Jhich allow
an estimafe'pf X to be made. They irradiated mixt#;es of'SO2 and
biacetyl with wideband radiation centered at 2875 A, The biacetyl
functioned as a triplef energy acceptor quenching the triplet state

of SOZ’ but not affecting the singlet state. ,By measuring the quantum

yield of'the sensitized biacetyl emission as a funétion of biacetyl
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concentration they were able to arrive at the estimate that 'quenching

result in intersystem

collisions_of’excited S0, with ground state SO

2 2
crossing abont 8% of the time and relaxation to.tne,grOund state about
927% of the time." Their interpretation did not include the provision
for vibtational relaxation within the excited singlet., Their estimate
of the percentages of excited singlets which eventually find their way
.to the ground state and triplet state imply that-in_the stepladder
model somewhat less than 8% of the molecules in any given level indergo
intersystem crossing on collision with a ground state molecule. Thelr
experiment indicates that X is very close to 1.

The estimates ofvx and AEiinvthis study have been in terms of
excitation at 2760 A with the assumption that relaxation processes
were invariant to the energy of the state considered. This assumption
is supported by the estimates of (b+q) at the font excitation energies.
"~ However, from Figs. 29-32 it appears‘that the slope of experimental
plots of‘(k:)—l versus AW is higher for’higner excitation energies.
Indeed, the plot for excitation at 3147 A could be fitted reasonably
well by a flat line. Thus, it appears that relaxation at energies
_eorfesponding to 3147 A and lower can not be characterized by the same
parameters as at the higher energies considered. The flatness of the
(k::)_l curve for excitation at 3147 A indicates single state behavior.
Also, the low and high pressure emission spectra for excitation at
3147 A show very similar structure. This may in&icate that the same
states are emitting in both cases. These observations could be

explained in two ways; 1. Since excitation at 3147 AR involves about
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2400 cmf} of energy above the minimum in the ex¢itéd singlet surface,
collisionsuremoving about 2400 cm.;-1 of energy weuld'completely quench
fluorescence and single state behavior would‘be observed. 2400 cm—1

is siigntlyvlerger than the maximum value estiméted for AE, This
aréument can not be supporred by the data at larger excitation energies,
however. -If this interpretarion were extended'tp-&ata at higher
excitatinn energy the (k:)_1 curves would be expeeted to be flat fer
about'2400'cm-¥ below wex' Such flatness is definitely not observed. .
2f It conld'be asserted that the bi for states at energies less than
3147 A ere very small. The-(bi+qi)-were determined experimentally to be
constant from 2760-3147 A, There is no experinental evidence for states
of energy less than 3147 A, However,vit was pdinted out that in the
snperpesitiqn'model using states with RRK degenereey the bi change by
only a'emali factor_over rhe range of energies considered. It is
possible, however,.that the bi conl& decrease beiow.3l47.A.

Neither of‘the explanetiOns for the quenching behavior at 3147 A
is satisfying; but the experimental data‘are'ndt compelling enough to
demand an enplanetion. | . b

Thelassumptions and conclueions.of the quenching analysis w}ll
now be reviewed. -

1) A stenladder model with steps of eqnainenergy was used.
Interpretation of data in terms of this model does not imply that
molecules were actually deactiveted according to snch a scheme.

42,43

'Rabinovitch has shown that in chemical activation studies

consideration of models other than the step ladder model does not
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effect the conclusions drastically.

2).The bi and q, were aésumed to be constant. The constancy of
(bi+qi) waé ipdicated experimentally. b/(b+q) was shown to be greater
than .55. The possibility remains that qi is small compared to bi and
that the qi chaﬁge by relatively 1a;ge factors. However, the 9y enter
into qu (13) for (k:n)—l only‘as part of the sum (bi+qi). Therefore,
" even if_qi'changes considerably but is small, the ahalysis is not
affected.

3) a flat spectral distribution was assumed. Model calculations
showed that thereffect of the flat distribution was to shift the
calcﬁlated_curves to higher énergy by about 1 steﬁ. The step size
was estimatéd £o be between 1000 and 2000 Cm_l. Coﬁparison of the
110& pressure sbéctra and the semi-flat model spectral distribution
indicates that the model distribution was relatively realistic.

4) A iowér limit of .55 was placed on b/(b+d). It was pointed
out that the individual determination of b and q depended on information
‘'on the high pressure pqpulation distriﬂutionvwhich-is not available in
this study. |
| 5) Since b/b+q 2 .55 the Vibrational deactivation rate cohstant,
b, is at least 1.2 times as large as the intersystem crossing rate
cqnstant;'q. Thus, vibrational deactivation is shown to play a large

‘role in the relaxation mechanism of excited 802.
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E. Comparison with Other Studies

2 relaxation dynamics by previous investigators

can be more fully explained in light of the results of the present

10 apd Rao and Calvert47

The studies of SO

experiment.- Mettee,12 Stfickler and Howell

have all observed a decrease in thé Stern-Volmer constant, kq/kf,v

with increasing excitation energy. Mettee has interpreted the change

§f Stern—lemer.constant in terms of an increase ip kf as thé molecule

is excited to higher emnergy, in analbgy with Brewer's result for 12.19
The présenf.work, howeﬁef, indicates that kaéhanges by at most

a factor of two over the energy range considereﬁvand the change in kf

is not monotonic as indicafed in Mettee's interpretétion. Furthermore,

kq, thevquantity‘(b+q) in.the stepladder model, is constant over the

‘energy range considered. The Stern-Volmer constéﬁts calculated from

the fesults of the present expefiment are.éompared'with those from

- othet‘iﬁvastigatofs in Fig. 33. The S-V constants from the three

previoué’experiments all show a definite increasé going to longer

_ wavelength. The S-V constants from this exﬁeriment decrease slightly

ﬁith wavelength. ‘The increase of S-V constant with wavelength can

be explained by consideration of the multistate kinetics indicated

in this.experiment. The results in the otherlthree experimentslo’ll’47

were interpreted on the basis of a single excitéd state model, not

allowing for vibrational relaxation within the.excited singlet elec-

tronic state. Thﬁs, kq is the apparent quenchiné §onstant for the

entire manifold of vibrational state capable of fluorescing. If

several steps of vibrational relaxation must be undergone before
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fluoreScéhce is effectively quenched the apparent quenching rate
constant derived in a single stéfe treatment is-leés than the rate
constant for the individual relaxation“steps. - The higher the excitation
energy, i.e., the greater the number of steps to‘thé potential

minimum, the smaller.the single étate quenching constant appears. This
explanatiqn then attributes the épparent decreése'bf S-V constant with
intreésing excitation energy té fhe incorregt singlé excited state

treatment bf SQZ fluorescence.

Mett‘eé12 has showﬁ thatvthe guantum yield of fluorescence, measured
at a given finite pfessure, increases with excitation energy. This
observation can be explained qualitatively withiﬁathe results of the
present. experiment. Since higher excitation energies'require more
steps to deactivate the fluorescence a molecule excited to a high
energy &ill'in generai pass through more steps from which it can
fluorescé'béfore it is removed from the fluoreséing manifold. Thus,
the 0vefa11 quantum yield of fluorescence would be greater in molecules
excited to relatively high energy, in ag?eement-with experiment.
Although the evidence is not compelling, Mettee has stated that it is
iiﬁe}y that the quantum yield for triplet producﬁion is larger for
higher,excitagiﬁn energies. This is exﬁlained by. an argument similar
to that explaining the quantum yieldvof fluoresgeﬁce except that
collisioniinduced intersystem crossing to the triplet replaces fluores-
cénce.

Calvert, et.al.,48 (SOHCRD) have performed experiments on

electronically -excited sulfur dioxide which were interpreted in terms
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‘of vibtatidﬁalArelaXation within the first excited §ing1et stafe. They
directed a beam of light from a laser at 2662 A‘éloﬁg the axis of a
cylindrical cell 2.5 cm in diameter. They observed the fluorescent
emission in the wavelength range 3100-3950 A, The émission'decay
following the laser flash was distinctly nonfexpdnéﬁtial. A distinct
downward éurvature was observed in plots of log(intensity) versus time.
SOHCRD interpreted the initial decay rate of the’emission in terms

of propertiés of the initially excited state atJ2662 A, The lifetime
at 2662 Anextrapolated to zero pressure was 3614 USéc and the quenching

10 cm3/part-sec.' The ‘decay at long times

. rate constant was 0.6*10f
after excifation (more fhan 400 usec) was interpréted as arising from

the vibraﬁionally equilibrated excited singlet.state. The decay curves

_ were obserfed to be linear at times greater thaﬁ 400 ﬁsec and were
- obsérved tovobey conventional Stern-Volmer kinetics. Thé lifetime at
zéro preééﬁre for the vibrationallf equilibrated ekcited»state was
determinéd ﬁo be 186 Usec and.the qﬁenching rate constant was about
1.3><1‘O—10 cm3/part—sec. SbHCRD discuss the'variétiOn_in lifetime
between the state at 2662 A and the vibrationally-eduilibrated state
in te;ms’of changes in radiationless transition fates.

| It ié possible that the experiment of SOHCRD;is seriously affécted

by use of a rather small fluorescence cell. Botﬁ-Schwartz and Johnston25
and Sackett and Yardley9 have pointed out that tﬁe'emission observation
geometry must ge large enough to encompass the ﬁigration of the excited

molecules in order to prevent systematic errors in the measurements.

The axis of excitation in the experiment of SOHCRD is only 1.25 cm
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from thé:wélls of thelfluorescénce cell. Both previous analysesg’zs'

ihdicatg.that the observation geometry 6f SOHCRD-ﬁay haveiintroduced
Systemgtié quenching of the exéited'3§ecies at tﬁelwallé of the
fluoreséenée cell. Such wall deactivation could. account for the
downward curvature observed in plots of log(intensity) versus time.
Thus, emissiqn measured at long times after tﬁe”flash is probabiy_
systematic#lly affected and prppérties ascribed fo a vibrationally
equilibfated éxéited ététe may be in error. . Further, the corfeiation
éf emission observed at long times after the exditation flash with

properties of the "vibrationaliy equilibrated"vexcited state is

conceptually unclear (disregarding the obvious experimental difficulties

of observation at long times). Unless oﬁe postulates that the cqﬁpling
'Eetween thevexcited singlet and the ground electronic states is |
négligibie near the minimm of the excited state if is not clear than
“an equiliﬁrated excited singlet could excist. vMblécules would 1eaVe
the low ievels of the excited singlet by deacti?ation to vibrational
levels of the ground state at lower énergy than the minimum in the
ekcitedvpotential surface. A vibrationally eQuilibrated excited:
electronic state would not exist. , o o

There is no experimental evidence available té determine the
extent of the coupling between the low leﬁels éf the ekcited‘siﬁglet
and the ground state.‘ The 18 usec lifetime attributed by SOHCRD to
a vibrationally equilibratedvexcited sihglet'is significantly longer

than the 0.2 uysec predicted lifetime. Thus their interpretation does

not seem;con&istent with their measurements.
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APPENDIX A.

Modulation Relationships .

We wish to show that two reversible counters gated with an arbi-
trafy phase relationship to a sinusoidal exqitation.and 90° out of
phase with fespect to each other can be used_to détermine the phase.
betweep excitation andlresponse of a system,

Figure 2 indicates diagramafically the excitation, response and
the two'cﬁuntérs.- The.phase between_excitafion.and counters is ¢0.

The equal time intervals (% cycle) labelled A, B;vC, and D represent
periodé during which the counters are cqunting positively or negatively.
For insfénée, counter 1 adds any pulses arriving &uring A or B and
Asﬁbtracts_éulsés arriving during C or D. After ﬁény cycles the
residua; on counter 1 is 7Z1 = atb-c—-d where a'repfeSents the total
counts during period A, and so forfh."Since cduntér 2 lags counfe: 1
by 90° we have z2 = —atbtc=d.

‘ The quantities a,b,c, and d must be evaluated as a function of the
phase angle ¢. An expression for the modulated'concentration in a
single excited state system was derived in the text. The modulated

emission signal, E, is given by
: f

1 1(wt+e)

iz € o D

E = ak_. GI k
f, o a (w2+k2)

.where o includes all the detection factors.

Since the real part of the response is the only part detected

we may write
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~

E = A cos(uwt + ¢) ' | (2)

where A includes all the constants in Eq. (1).
Sinc‘ev the counters are not necessérily :in-phase with the
~excitation Eq. (2) must be modified to reflect the fact that the phase.

being measured is the phase between the signal ar_l_d_ the counters. Thus

E = A cos(wt +'1]J) o : (3)

where | = -¢4¢o.
The quantities a,b,c, and d are evaluated by integrating the

signal over the appropriate time interval. (Note that T = 2m/w

T/4
a =f A cos(wt+P)dt =
(o]

% (cos UJ‘. - sin ¥)
21/4 N
b = A cos(wt+d)dt = © (-sin Y-cos V)
T/4 '
. [3r/4 \ o
c =] A cos(wt+d)dt = m (~cos Y+sin V)
2T /4 o
4T /4 A
d = A cos(wt+d)dt = -5 (sin YHcos P)
3T/4 | ‘
thus,
Zl=%4cosl,b 'ZZ=%ASi_n.wr‘ (4)
and | v : oz
Y = arctan ——
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Thus, zZ1 end ZZ.cohtain all the information needed fo measu#e P,

Thus far we have considered the modulated exciﬁation to be purely
sinusoidal. However, as pointed out in the experimental section the
second harmonic component of the modulated excitetion was about 7%
as 1arge as the fundamental and the third harmonic was about 17 of
" the fundamental.‘ We must consider the effect of these harmonics on

the measured rate constants.

Consider the even harmonics in the excitation. Similarly to Eq. (3)

we may write an expression for the component of the signal due to any

even harmonic.

Eiceven = A cosGGut + ¥, | ()
where w is the angular frequency of the fundamental. The quantities
Z1 and Z2 can be evaluated for each of the even harmonics just as
they ﬁere_for,the fundamental. For all values ef even j both Z1 and
Z2 are identically zero. Even harmonics in'theemedelated excitation
make no EOﬁtribution to the residual values on either counter.
'Considerafipn of the even harmonics may be neglected.

Z1 and-Z2 are not, in generai, zero when odd values of j are used
in Eq. (5). In order to assess the‘effect of the,smell third harmonic
in the modulated excitation we consider the phaee vector of the
fundamental of the signal compared to the phase vector of the third
harmonic. Equation (1) indicates the two factprsvwhich determine the
.magnitﬁde of the fundamental phase vector relative to the magnitude

|

" of the third harmonic phase vector.
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i - Y Y2 ' .
' s 1 2,2 ‘ (6)
|E, | 01 [ 9wk
Since 1,4 = 0.01 (Idl) we can assert that the magnitude of the

third harmoﬂic phase vector 1is less than 17 of the fundamental phase
vector. The phase of the third harmdnic with reépect to the fundamental
was not:determined so the direction of EB'is not kﬁbwn. If ﬁ3 is
assumed fo be perpendicular to ﬁl we can calculgtevthé makimgﬁ error
involve& in neglecting ﬁ3‘complete1y. |

If ﬁl were af 45°’the calculated lifetime wpuld be 44.5 usec.
The additién of a vector 1% as long and perpendicﬁlar to El would
result in a calculated lifetime of 46_ﬁsec. If.should be noted that
this isvaﬁ'gpper limit on the error involved in ﬁéglecting EB since
the direction of £3 was chosen to illustrate the greatest effect.
Aléo froﬁ,Eq. (6) |ﬁ3| would be somewhat less then 1% of Iﬁll depending
on the wvalue of k being measured. -

.The analysis in this experiment was in termsibf pure sinusoidal

-excitation. Neglect of the third harmonic in the excitation could

involve systematic errors of 3% or less.



-108-

? _ ' APPENDIX B.

High Pressure Limitsl

To interpret the results of DC experiments;.it is necessary to
develop general expressions for concentrations in various states as
a function of pressure. This discussion of the high pressure limit in
fluorescehcé kinetics is an application of a more general discussion
by Schwértz.zs‘

Consider a set of states, one of which is pbpulated optically,
and the others are populated by a collisional stepladder process. In
this,disgussion'we will assume that each state is populated only by
the state directly above it. From the usual sfgady state assumption
thefpopuiation of the first excited state, E ié

1’

1 L ’
E, = I Gk, — (1)
1 o a kf1+kq1M :

where k.. and kq are the fluorescence and quenching rate constants

f1 1

from state 1. Similérly, the population of the second state is

E. = _EEBJEE__«= I Gk, 1 blM : (2
2 kf2+kq2M o kf1+kq1M kf2+kq2M.

where b, is the rate constant for collisional deactivation from state 1

1
to state 2.

The population of state n is



3)

At high pressures where kqu >> kfj expressidn (3) reduces to

_n-l
ok, O by
o a 1 .
En = M n ) (4)
v B .
i

Expression (4) can be placed in a form for direct comparison with the
high pressure form of the Stern-Volmer relationship.
I Gk, n-1/b
a i v
E=° H< ) . (5)

n k M k .
qn= 1 qj

This is to be compared with the high pressure'Stern—Volmer

relationéhip.

Equation (5) illustrates the interesting result that Fonventional

Stern-Volmer plots, at high enough pressure, are.lineap even for
multistat systems. This result does not seem tQ,Be widely'appreciated
and has led to misinterpretatioﬁ of Stern—Volmet'data.

The analysis of the AC case is similarbto the DC analySis. The

| rdifferential equations describing the modulated concentrations are
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linear if it is assumed that reactions between excited species are

negligible. Solutions of the nonlinear case have been discussed

. 49
previously.

The simple case of a single excited state was discussed in the
text. It was shown that

1 iwt _ (6)

k. +iw ©

E, = Iona. X

~1

where

f1 -

kl = kqlM + k

We now consider two state kinetics. The result for gl is known

from Eq. (6). The differential equation governing E, is

dEz
dt

E,b M-k (7)

1 ZEZ

Equation (7) for E, is analogous to the equation for El’ with El

2
taking the place of lb in the equafion defining the time dependence
of the second excited state. Therefore, the solution of Eq. (7)

!

follows by anaiogy from the solution for El' The relationships for

states of subsequent generations can be found in a similar manner.

b,M

i - @

E, = LGk K He Ko
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This result illustrates the generalization that tﬁe‘phase lag between
two succéssive states must be between 0° and —Qoéidépending on the
magnitudé bf k for the second state.
Expressions for the mo&ulated populations'of_ﬁhe excited states
_at‘highipressure are particularly relevant, 'If}ﬁﬁé quenching rates
conétants‘are‘sufficiently large compared to Fhe rate of fluorescence

the kf -may be omitted. The exbression for Eluthén;takes the form

i

E, = _ > q1J (9)

' The quantity (Eﬁlﬁ-z may be omitted if itniéfsmall compared to
1 , i
1. Thig quantity is directly measured in a high pressure modulation

experiment since

2 1

z ‘—
=z—=tan
1

¢

=|E

With a chopping frequency of 3600 cps'the quantity: (EQE)Z may be
_ N | . ¢
om%;ted at measured values of k greater than 70_X 103 sec 1. With
this approximation the expression for the high-préSsure population of

: statevl is

>

_ Lotk w1 (10)
1 Mk M k
q1 ql L
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Equation'(lQ) agrees with the DC Stern-Volmer expression. At w=0
(the DC case) the out of phase (imaginary) compbnént vanishes and the

in phase component assumes the conventional form

. =._Iona

1 M»kq

The expression for E, is treated in the same manner. From Eq. (8)

2

we write (neglecting kfz)

| 1_(2’)2 1o 1) _de (1 1
~ I Gk b M k . k M |k . k :
o a 1 ql "q2 ql q2/ ] :
E. : - (11)
~2 M k .k 2 - \2
ql q2 14+ W 1 + w
N . kqlM kq2M
2

Again ﬁeglecting terms of the order (ﬂgﬁ) we obtain
q

ﬁ ) I Gk, b, 1_H(L+'_l__- (12)
2 M kqlqu M kql k,qz_

'In a similar manner we can write a general expression for the

modulated pbpulation of state n

R IGk b, b, ...b '
§o- o= 12 n-1 1_1_w(1+1-+“+ 1) as

kqlqu ...kqn M kql qu : kqn
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Lo o APPENDIX C.

'The .data from the pressure dependent lifetime experiments are
" tabulated in this appendix. Aex and‘)\obs are the excitation and
observation wavelengths, respectively. AW is the difference between

the excitation and observation energies.

Ay, = 2760 A

Aops = 2820 A W = 770 em ! Ay, = 2839 A AW = 1000 et
Pressure, mTorr l[TX104, se't:-1 Pressure, mTorr 1/TX104, sec_1

3.30 49 6.51 69

5.00 - 65 9.03 93

6.61 74 13.5 126

7.93 89 - 4.5 142

9.38 97 15.9 157

10.6 115 17.7 170

12.7 138 20.3 191
Apg = 2879 A AW = 1500 cm Aops = 2921 A AW = 2000 cm
Préssuré,.mTorr- l/TX104, séc—l . Pressure, ‘mTorr 1/'r><104,_sec-1

6.15 64 | | 6.15 54

9.13 . 86 9.11 77

1.1 109 | 1.1 96

13.0 136 13.0 115

15.7 142 A 15.7 - 129

16.9 ' 140 16.9 ' 125

19.1 | 174 19.1 142

20.2 R VY 20,2 157
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A, =2965A AW = 2500 cm ' A. =3009A AW = 3000 cm !
obs : obs :
Pressure, mTorr '1/TX104, sec-1 Pressurei.mIéir l/TX104, sec-1

6.15 51 5.02 42
9.14 70 7.28 55

11.1 _ 88 9.29 65

13.0 100 10.9 74

15.7 122 . 13.1 87

16.9 121 , 15.2° 101

19.1 : 142 20.7 115

20.2 139 21.4 . 133

A, =3055A AW = 3500 cm ' A, =3103A AW = 4000 cm T
obs . obs :
Pressure, mlorr l/TX104, sec_l Pressure, mTorr 1/TX104, sec

7.37 51 6,00 41
9.35 60 o 8.02 50

11.0 72 , 10.1 61

13.0 80 ' 13.2 73

15.2 96 15.7 92

18.3 107 - | 18.2 97

20.7 123 : 19.4 | 110

20.5 113

Apg = 3152A AW = 4500 cn T A = 3202A AW = 5000 em™ L
Pressure, mTorr vl/TX104, sec'_1 Pressure,.mmorr l/TXIOé, sec-1
5.03 36 5.02 35
8.02 45 6.01 39
10.1 57 7.97. 47
13.2 70 10.1 56
15.7 80 13.2 70
18.2 98 15,7 ' 84
19.4 101 18.2 90

20.5 105 19.4 94



Aypg = 3254 & MW = 5500 cm™ ! Ay, = 3308A AW = 6000 cm
Pressure, mTorr 1/TX104, sec_1 : Pressure;'ﬁﬂorr’ l/T*104, sec—1
5.11 30 o 5.11 31
6.32 37 6.33 38
8.24 47 | - 8.22 45
10.7 " 56 10.7 : 57
11.4 65 1.4 63
13.1 70 13.1 72
17.3 90 17.3 89
19.2 100 19.2 98
21.2 106 21,2 106

A = 3364 A AW = 6500 cm

Pressure, mTorr 1/TX104, sec"1

6.32 37

8.88 47
11.2 58
13.4 69
.4 71
16.1 80
17.6 86

20.2 97
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Ay = 2960 A
Aps = 3044 A M =910 cm A = 3067 A AW = 1153 ent
Pressure; mTorr 1/TX104, sec_l Pressure, mTorr 1/TX104, sec_1
5.01 51 6.21 73
6.22 63 8.05 92
6.87 64 9.92 110
8.01 79 10.6 107
8.78 79 13.1 124
9.92 92 15.1 137
10.6 96 17.0 175
13.2 117
15.0 137
17.0 . 158
Apg = 3102 A AW = 1525 et Agpg = 3130 A AW = 1820 cm

Pressure, mTorr
5.15
6.07
7.94
10.1
13.1
15.0
17.0
19.2

1/TX104, sec L

56
60
76
100
113
137
145
167

Pressure,: mTorr
411
4,95
6.18
8.13
9.94
18.9

1/TX104, sec—l

40
47
55
70
83
182

N .



-117-

Ape = 168 A MW =2193 et A =3213A MW= 2653 cm
' Pressure, mTorr 1/T><104, sec_1 Pressuré.,‘ 'm'fgbrr 1/T><104, sec‘l'
4.14 42 4.21 37
5.13 . 51 o 5.23 44
6.09 55 . 6.15 51
7.92 69 - 7.87 65
10.1 . 85 - 10.1 79
18.9 , 182 18.9 150
-xobs = 3251 A AW = 3000 e T Aops = 3291 A AW = 3374 em !
Préssurev, mTorr l/TX104,‘ sec'_1 Pressure',»:'mTovrr l/TXlOA, sec_1
4.11 36 , 4.32 36
5.14 41 - 5.48 43
6.02 49 6.42 48
7.87 _ 59 8.21 57
10.1 76 9.82 67
12.2 96 14.5 101

14.9 113
18.9 141
Aops = 3328A M =37L2eml Ay =3397A  Mi=3712em
" Pressure, mTorr i/Txlol‘, sec“1 | Pre_SSure'_, mTorr 1/T><104, sec-1
4.32 - 36 N 4.57 34
5.48 s _ 6.38 45
6.42 49 8.02 . 54
8.21 56 | 9.75 - 62
9.82 67 o 12.9 81

14.5 100 : 16.4 106
' 19.0. 120
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Aoy = 3023 A
Aobs = 3989 A AW = 703_qm-1 Aobs = 3122 A AW = 1047 -
Pressure, mlorr 1/TX104, sec-1 Pressuré, mTqrr l/TX104, sec'-1
4.92 | 51 5.20 59
6.68 66 1 7.00 ' 72
8.93 82 9.15 93
10.7 101 | 11.0 119
12.4 ' 117 12.9 136
12.8. 124 ' 4.7 | 160
14.3 _ 134 \ 17.0 180
15.4 149 :

Agpg = 3147 A W = 1302 cn”t Ay, = 3182 A AW = 1650 cm T
Pressure, mTorr l/TX104, sec-1 Pressure; mTorr 1/TX104, sec_1
5.15 , 64 | 5.32 51
6.90 83 - 7.25 67
9.10 113 9.05 80
11.2 138 : ' 11.4 100
13.1 154 - 13.1 | 114
- 17.0 183 ‘ 15.1 134
19.5° . 219 7.2 149

19.5 180
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Ay, = 3251 A MW= 23zo_cm'1 Apg = 3286 A MW = 2645 cm L
Preséuré,",ﬁx_Tbrr l/TX104, sec1 Pressure, mTorr 1/'rX104, sect
5.32 48 : 5.20 46
7.23 61 7.00 61
9.05 73 9.25 77
11.4 94 , 11.0 94
13.1 - 103 | 12.9 - 100
15.1 126 - 146 117
17.2 144 | 16.6 135
19.5 - | 164 | 19.5 158
Ape = 3328 A W = 3032 em L Ay = 3397A AW = 3641 em}
Pressufe, IIIITAOIY'I" 1/1X104, sec_l Pressure, mTorr 1/T><104, sec-l
5.32 45 4.91 41
7.23 58 ' 6.72 - 52
9.05 69 » 8.85 69
1.4 90 11,9 - 83
13.1 101 12.6 97
15.1 C117 14.3 111
17.2 | 133 | 16.3 126

19.5 154 19.2 142
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A= 3147 A
ex

1

Aops = 32LLA 40 = 638 cu” Ay, =3251A MW =1018 cu
Pressﬁre, mTorr 1/TX104, sec_1 Pressuré, mTory 1/TX104, sec-1
4.92 70 i 4.33 75
6.03 82 5.00 86
6.91 87 '5.95 103
8.68 109 6.95 115
9.68 111 7.75 112
10.9 136 . 9.00 136
12.4 148 | 10.0 144

11.5 182
Mpg = 3283 A W = 1313 co ) Apg = 3314 A AW = 1603 en”"
Pressure, mTorr 1/‘1‘><104,_sec_1 . Pressure, mTorr 1/TX104, sec-1

6.34 | 106 5.11 70

7.51 130 7.13 89

9.18 151 10.0 132

10.4 171 11.5 137

11.4 - 180 . 14.3 175

183

11.8 187 - 16.7

RURNON N
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Agpg = 330 A MW =183 cml AL =3397A AW = 2339 em
Pre’ssure,” mTofr l/'r><104, sec_l Pressure, mTorr 1/1.'><104, sec-l
5.62 13 5.01 80
7.25 93 g 6.12 91
9.50 115 7.19 106
10.5 129 8.23. 118
13.2 145 8.93 - 117
145 145 9.52 126

' 10.2 133
11.0 145

12.6 . 167



10.
11.
12.

13.

14.

15.

160

17.

-122-

REFERENCES

a. H. S. Johnston, Gas Phase Reaction Rate Theory (Ronald Press,

New York, 1966).

b. V. N. Kdndrat'ev, Chemical Kinetics of Gas Reactions (Addison-

Wesley, Massachusetts, 1964).

G. W. Robinson, J. Chem. Phys. 47, 1967 (1967).

A. E. Douglas, J. Chem. Phys. 45, 1007 (1966).

M. Bixon and J. Jortner, J. Chem. Phys. 50, 3284 (1969).

H. Kemper and M. Stockburger, J. Chem. Phys. 53, 268 (1970).
J. Steinfeld, Accts. of Chem. Res. 3, 313 (1970).

P. Prihgsheim, Fluorescence and Phosphorescence (Interscience,

New York, 1949).

K. Greenough and A. Duncan, J. Am. Chem. Soc. 83, 555 (1961).

P. Sackett and J. Yardley, J. Chem. Phys. 57, 152 (1972).
S. Strickler and D. Howell, J. Chem. Phys. 49, 1947 (1968).
H. D. Mettee, J. Phys. Chem. 73, 1071 (1969):

H. D. Mettee, J. Chem. Phys. 49, 1784 (1968).'

G. Herzberg, Electhnic Spectra of Polyatomic Molecules

(D. Van Nostrand Co., New York 1966).

N. Mefropolis, Phys. Rev. 60, 295 (1941).

J. Hf Clements; Phys. Rev. 47, 224 (1934).

P. Warneck, F. F. Marmo and J. O. Sulli?an, J.”Chem. Phys.vﬁg,
1132 (1963). N

R. A. Cox, J. Phys. Chem. 6, 814 (1972).



18.

19.

20.

21,

22,

.23,

24,
25.
26.
27.
28.

29.

30.

31.

32.

33.

34,

-123-

IS,_Okuda, T. N. Rao, D. Slater and J. Calvert, J. Phys. Chem.

73, 4412 (1969).
A. Chutjian, J. Link and L. Brewer, J. Chem. Phys. 46, 2666 (1967).
A. B. Harker (Ph.D. thesis) University of California, Berkeley,

California (1972).

J. J._Brdphy, Basic Electronics for Scientists, (McGraw Hill,
New York, 1966).

E. Krejszig, Advanced EngineeringrMathematics, (John Wiley and

Soné; Inc.,‘New York, 1962).

E. D. Morris,Jr. and H. S. Johnston, Rev. Sci;FInst..gg, 620
(1968). | | |

0. Sférn and M. Volmer, Physik. Z; 183 (1919).

s. Sch&artz and H. S..Johnston, J. Chém; Phys. 51, 1286 (1969).
J. Rodman and H. Smith, Appl. Opt. 2, 181,ti963).

G. A. Morton, Appl. Opt. 7, 1 (1968).

S. Strickler and Berg, J. Chem. Phys. 37, 814 (1962).

P; Warneck, F. Marmo and J. Sullivan, J. Chem,IPhys. 40, 1132
(1963). L

C. J. Halstead and B. A. Thrush, Proc. Roy. Soc. A, 295, 380 .
(1966) . | |

T. N. Rao, S. Collier and J. Calvert, J. Am. Chem. Soé. 91, 1609
(1968). |

G. Kistiakowsky and C. Paraﬁenter, J. Chem.jPhys. 42, 2942 (1965).
M. Bixon and J. Jortner, J. Chem..Phys. §93”3284 (1968).

D. Chock, J. Jortner and S. Rice, J. Chem.'Phys. 523 610 (1967).



35.

36.

37.
38.
39.
40.

41,

42,

43.

44,

45.

46.

47.

48.

49.

-124-

~G. Z. Whitten and B. S. Rabinovitch, J. Cﬁem, Phys. 38, 2466
(1963). o

P. B. Sackett and J. T. Yardley, Chem. Phys. Letters 6, 323
(1970). -

G. W. Robinson and R. P. Frosch, J. Chem. Phys. 38, 1187 (1963).
M. Bikon and J. Jortner, J. Chem. Phys. 48, 715 (1968);

P. Gardner and M. Kasha, J. Chem. Phys. 50, 1453 (1968).

R. P. Frosch, personal communication.

L. F. Keyser, S. Z. Levine and F. Kaufman, J. Chem. Phys. 54,
355 (1971).

R. E. Harrington, B. S. Rabinovitch, and M. R. Hoare, J. Chem.
Phys. 33, 744 (1960). ‘

G. H. Kohlmaier and B. S. Raﬁinovitch, J.;Chem. Phys. 38, 1692
(1962). .

L. S. Kassel, Kineti¢s of Homogeneous Gas Reactions, (The Chemical

Cataiog Co., Inc., New York, 1932).

A. Messiah, Quantum Mechanics (John Wiley and Sons, Inc., New York,

1966), p. 836.

H. S. Heaps and G. Herzberg, Z. Pﬁysik, 133, 48 (1952).

T. N. Rao and J,. G. Calvert, J. Phys. Chem. 74, 681 (1970).

H. W. Sidebottom, K. Otsuka, A. Horowitz, J. G. Calvert,

B; R. Rabe and E. K. Damon, Chem. Phys. Letters 13, 337 (1972).

T. Paukert (Ph.D. thesis) University of California, Berkeley,

~California (1969).




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




*

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



