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DetectJon of' Iodtne .i\LOrns by an Atoinic Fhw:eescence Techn1CfLle~ 

Applicatj_on to Study of Diffusion and ltJa11 RecombJnation. 

and 

Leo Brewer and Joel B. 1,e11inghuisen* 

Inorganic Materials Research Di. vi sian, 
· Lawrence Radiation Laboratory, 

Department of Chemistry, University of California, 
Berkeley, California 94720 

.ri.bstrc:·.ct 

· An atomic fluorescence method has been used to detect 

iodine atoms in concentrations lower than 1o10/cm3. The hea~t 

of the ayparatus is a "solar-blind" photomultiplier ruNing 

practically no sensitivity to radiation of wavelengths lonser 

than 2500 A, but with eood response in the region of the t~o 

strong iodine atol!lic resonance lines near 1800 A. In combination 

with a small photolysis flashlamp, the system is used to 
. ? 

study recombtnation of ground state ('-p
3
; 2 ) iodine atoms in 

pure I 2 vapor. At pressures bel9w .2 torr the removal of atoms 

is seen to be predominantly a first-ora er c1 i ffus ion-centro lled 

process, characterized by a wall sticking probability of 

.047-.076 and a binary diffusion cross section of 100 A2 • The 

reaction 
2 . 

I( P3; 2 ) + I 2 -7 I
3 

is found to be of minor signific2.nce 

in this study; a rough estimate indicates that fewer than one 

in 104 I-I 2 collisions lead to the forrrwtion of r
3

• 

Canterbury, Chris tchu.:.'ch l, ~k\·i L.cc.cland. 
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I. I~tr~ductiQU 

The termolecular recombination of iodine atoms 

. f" kr J + J i I ' --:-::::; 
(1) 

has been studied exhaustively in the years since 1936, when 

Rabinowitch and Wood first investigated the process. 1 In the 

1950's this reaction was the basis of the prototype experiment 

of the severe~ groups that were developing and refining tech­

niques of flash photolysis. 2 When the problems involving thermal 

effects of the intense flashes were sorted out, the various workers 

obtained essentially consistent results for kr for most foreigh 

gases M. The notable exception was M = I 2 , where estimates for 

k still range over a factor'of four.3 
r 

Iodine atom recombination has also received plenty of thea-

retical attention, most such work being directed toward evaluatine 

the· relative contributions of two proposed mechanisms for the 

reaction--the energy-transfer mechanism 

I+ I ~ 
k_, 

(2a) 

_l_~ l_ + M 
.'). 

and the bound-comple·x mechanism 
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(2b) 

J_ 1'\ +- I 
Calculations indicate th~t the latter is the dominant process J'or 

all but the simplest third body ~:. 4 Since both r; 2.nd most 

~ossible complexes IM must be cixtremely short~lived, the two 

mechanisms .are exferimentally practically indistinguish::ihle. 

Hov!ever, in the case of a stable complex n~:, (2b) predicts th 1t 

initially, while the IM concentration is b't;.ilding up to ~ stea·ly­

state level, the removal of iodine atoms will be first order i1 

[I], even though the production of I 2 remains second order in [I]. 

(For appropriate values of k
1

, k_
1

, and k 2 , most of the iodine 

atoms may be removed and tied up in the complex IM before appreciable 

formation of I 2 occurs.) 'rhe case M = I2 is suspected to be cf 

this type, as I3 has been predicted to be stable by about 5 kcal/mole.5 .. 

Unfortunately it has not been possible to detect I3 either directly 

or indirectly in any of the existing kinetic studies. 

One feature co:rnmoh to all the flash photolysis studie~ of 

I· atom recombination has been the indirect determination of Ltom 

concentrations from changes ih the I 2 visible absorption. Tc· 

obtain good signal precision in the region of linear absorption 

by I 2 , it is necessary to employ low I 2 concentrations and to 

photolyze a large fre,ction of the molecuies present, which re­

quires flashes of total energy 1000 joules or more; this in tkrn 

introduces the thermal complications mentioned above. Such 

problems are minimized by increasing the diluent gas pressures. 

With these procedilres, hoW'ever, it is im:po~si:ble toobserve the 

recombination of I atoms in .pure I 2 vapor. Instend, val.ues for 

k have been estimated from corrective terms to the conposi te .,.. . T-
. ' / 
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volving di.rec't ob.3c;rvation of iodihG atoms would hav<:: obriou:; value 

here and in the study of other I atom reactions. 

Existing methods of direct observation of gro0nd state ( 2P~) 
2 

iodine atoms include ESR techniques used by several workers to 

follow I atom concentrc::tions under conditi(ll\S of stG2(Jy-stF;.te 

photolysj.s of 1 2 , 6 ' 7 ' 8 and a photogrr .. phic ator:1ic absorption method 

utilized by at leE•st one group in a nur:~ber of kinetic fl.ssh spec­

troscopic studies. 9 Recently vve have u:::-;ed a simple but effective 

atomic fluorescenc·2! method to observe iodine atoms under both 

transient and steBdy-state conditions 10 • With a low-pov;er micro-

wave discharge lamp as source of atomic resonance re.diation, and 

a commercially produced "solar-blind" photomultiplier to monitor 

resonance f).uorescence at 1783 A, we have been able to cletect 

iodine atoms in concentrations lower than 1010/cm3. Employing a 

small (""15 .joule) photolysis flash of durr1.tion "-25 ftsec, we have 

used this method to investigate I atom recombination in pure I 2 

v~por. The strong UV absorption by molecular iodine haEJ restricted 

our observations to I 2 pressures lower the.n .2 torr, where 

diffusion-controlled wall recombination dominates the removal of 

atoms. However, we have been able to obtain a rough upper limit 

to the rate for the reaction 

l ( ~R;~) ;- I~ klL7 (3) 

as well as a measure of the binary I-I 2 diffusion t;·oef'i·lcicnt 
- -· ·-.· ..... 

and the sticking coefficient for I atolTls on "clea::-1" silica. 
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II. Detection of Re~wnance Fluorescence 

The res o:1once li :~.es of atomic iodine fe.ll in the ·recuum 
. 

I -

u 1 trevio let region of the spectrwn. The two of longc~s t YI8Ve length 

occur at 1830 A and 1'783 A and are the only resonance:: transitions 
I. ' 

of importnnce in this work. Lifetime raeasurements 11 and absorption 

dnta,10 inclicate that the 1783 A 6s · 2P
3
; 2 ~ 5p5 2r

312 
tra."lsi tion, 

vii th an A value. of 2. 5 x 1 o8 /sec, is 15-20 t·imes stronger than 

the spin-forbidden 1830 A 6s 4P5; 2 ~ 5p5 2P
3

; 2 transition. Other 

importBnt lines in the 2P ~ 2P multiplet are the 2062-A and 1799-A 

lines, both of which connect with the 2P1... metastable lower leveL 
2 

Natural iodine is 100%1127 with nuc·lear spin 5/2, so all the above 

"lines" actually consist of a m;unber- of hyperfine components--

10,12, and 6, respectively, for the 1783, 1830, and 2062 lines, 

for example. 

The depenaence of fluorescence signal on concentration of 
. . . 10 

absorbers has been discussed at length else"vh'ere . , but a few 

points are worthy of emphasis here. Considerthe situation 

depicted in Fig~ 1, in which a cell is irradiated at one end, 

and fluorescence is obser·ved at right angles some distance down 

the cell from the entrance window. In general t!1e detector sees-

a signal consisting of scattered light and fluorescence, both of 

which depend on the efficiency of the detector, the geometry of 

the arrangement, and the concentration of the absorbing species. 

With a linear quantum detector such as a photomultiplier operated 

~· : 

i: 
li ,, . , . ,, 

\i 
~: 
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in thE: cn.ri·ent modE~, t';"J.e signe,l will be propo·cti1nal to th8 totsl 

quant;1.m flux, which, for fixed geometry Eilld con;::. t ~.:.nt r::{d j_ at ion 

distribution, will depend in a simple '.·,:s.y co the coec;.;n~;ration of 

absorbers N. We will assume ti.HJ.t the quat1tum yield of fluor8scGn.:!e 

is independent of the concentration N (i.e. no ~elf-quenchine). 

Then for concentrations low enough that the menr free path of a 

photon at the resona11ce frequency· is gree.ter th< n the dimensions 

of the cell, the fluorescence signal wt ll be di.J·ect ly proportional 

to the absorption occurring in t!1e shaded region of Fig. 1. The 

scattered light signal in a cell of the type illustrated will be 

mostly due to scattering off the cell 'Nalls; it ·will have some 

maximum value at N = 0 and wi 11 decrease as N fi; j_ncreased. The 

total signal is given approximately by 

t 5 f - k:v Q.. ( - k .v b ', I 
C(1hs 

1
_ · Y e. I - e, ) cf..:>..J 

...1 r E. __ c, - k" ( t -r (A.) J ).J + Go~\s-r.;.. j ., "" 'A 

(3) 

where E).) io ·the frequency distrtbution of the exciting light, and 

k.)) is the absorption coefficient of the absorbing gas. 

For this work both E~ and kl.l are effectively determined by 

Doppler broadening and may be adequately represented 

- ~'wd. ::. c e.. ~ 

I - ~ w 
:: 'o e 

(4) 

~ 

where w = 'Y-lY0 and ? -:::. L/ Jh. d./(6YD). Here ' 0 is the resona.Ylce 

frequency, hVD is the Doppler width (full wi.dth at half peak 

height), and k is proportional to the concentration N. From the p 
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first_ term in :Eq. ( 3) -vve ·sec tha.t the fluorc;scencc-: sign;1l fi:;:~:::t 

rises }_inearly with N, eventually attains a .!Ilaxilnum, m;c1 tbe.n. · 6r::·-

creasci with any further increase in N, as the exciting r~Jis~lon 

reaching the shaded region is ,progressively· attenu8.ted. 'fh~:; 

behavior of Eq. (3) is displayed quantitatively in J.i'ig. 2. The 

value of the ratio const 1/const 2 was choser ... ~o represent t~1~~ 

condi tj.ons. actually encountered in these experiments, whe.t'e tbe 

maximW'l flv.orescence signal was about five times the maximum 

scatte:r.ed-light sj.gnal. r is a rele.tive linewidt~. pf.u ... o;:;et(!J"~ 

'l = f3 / ~' ; s is the re le.ti ve line strength, eo that k
0 

J.s l.JTC:-·· 

portional to s x N. Concentrations are in arbitrary units, but 

it is useful to know that the ma..'{imum signal falls at (k f)== 1.12 . 0 

when 'l = 1 ·and b/t = 0. 2. (Without the scattered-light ter::1 the 

mc:Lximum shifts to (k
0
t) = 1. 22.) 

The fluorescence function curves in Fig. 2 cmmot be a pi) lied 

quantitatively to the present situation for several reasoes. li'irs·i~: 

when the concentration is such that {k Q) > 1, radiation diffn~don 0 . 

begins to play a role in determining the fluorescence slgna1 12 • 

Second, the existence of hyperfine structure in the resonance lines 

complicates the situation somewhat. The net effect is to r1eaken 

the apparent absorption, so that for I atorrts ab~=Jorbing at 1783 A 

the fluorescence maximum occurs at a concentration about six ti:nes 

greater than the value calculated assuming a Jingle Doppler-broadened 

l . 13 1ne · • Finally, molecular iodine strongly absorbs the atomic 

resona:1.ce radiati·on, decreasing and modifying. the exciting lines 

~I 

' 
:I 

. ! 
•.. ! 

i 
'I 

! 
, I 

v• 
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. I 
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in an unknown .m~1,nncr and cont:ci outing a mo l.•2cu:':_er fluo.?.''.J0C8nce 

signal to the total background. 

Even though the fluore3cence curves in Fig. 2 cannot b8 

applied rigorously to the present si tuaticn, they pro"'tide sor1e 

nseful information. From atomic absorption d[~ta 10 the sienal 

maximum (for a ce 11 with .t = 40 rrtm) o~cnrs at a concentration of 

about 1012 iodine atoms per cm3, in the e,bsence of the complic<o:.ting 

effects of the r 2 UV absorption. If measu:t·erJents are rostrj_ctecl 

to signals less than 20/'~ of the nwxi:rmm, where concentrf::tions ore 

less than 1011 /cm3 , the depencJence of sign[;~.l oa concentre::.tion ts 

practically linear; and the treatment of data ~ accordingly sim­

plified. For I2 pressures lower thEl..tl ~"'-'300 mtorr (the vapor pressure 

at room temperature), the molecular lJ'l absorption is no insur-
. s~o~\~ 

mountable problem. Thus atomic fluorescenCef\provide a simple 

and quite sensitive method for observing ground state I ato:r.s tn 

kinetic situations. 

III. Kinetics of Iodine Atom Removal 

A. General 

From the work of Rabinowitch and Wood 1 we know that at 

' foreign gas pressures lower than 50 torr, 7Jall recombination 

governs the removal of iodine atoms, £1lld the rate is diffusion­

limited. In pure I 2 vapor homogeneous recombination may prevaiJ 

at pressures much lower than this because of the treat efficiency 

of the I 2 molecule as a third body. However, we might reasonably 
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tb21 ~0.5 to~r, thov:h the overall rate rnaj include.rn appreciable 

In the l:.i.iit.i.l; of low I 2 concentrations the I atom mean free 

path cxccscl.s tbc; dimensions of the cell, and the ,I removal. 

rate should approach a constant value determined solely by the 

nD:tur.~ of the surfaces and the cell geometry. One possible mech-

anism may be sLttmnarized 
k~_ 
--? 
~-· ,(<_, 

I "' I v.t·~l .J~ 

( 5a) 

I;) w,.ll 
(5b) 

(5c) 

If the vapor phase,;...a.dsorbed I_2 equilibration is very rapid, or 

if a transient buildup of adsorbed 1 2 does not affect the I atom 

removal processes, we may neglect (5c) in the detailed mech~nism14 • 

Then if we further assume that the surface concentrations are 

in equilibrium w]. th the gas phase concentrations at all times, 

we. may use the adsorption isotherm approach to obtain 

(6) 

where the term in braces is 9 , the fraction of available sites 

that are occupied. 

Equation (6) predicts that the reaction will be second 

order in l"I] for low surface coverage and first orC!er in the Limit 

l 
"i 

I 
i 

l 
, I 

.. 

lot 

i 
I 
i 

I 
I 
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of high oc.~cupmv::y. Tj:1£'ortunately the si tu2.tio.n j_;; · .r;:,r mor2 

room temperE;.tuJ .. c I) i.s strongly adsorbed on g ln~;~' ::,t quite lmv 
'--

pressures, and furtl::ernore that the p:.:'oc.:ess follo•;vs the Lang:mnr 

dissociative adsorption isotherm. From their re~mlt.s half-:nonolEyer 

coverage of iodine atoms is achieved at an r 2 pressure of r--14 rntorr. 

At 1 mtorr, the coverage is still roughly 20~j. The present study 

involved presstn'es greater than 4 mtorr, so in view of the rel­

atively small number of iodine atoms ( ...... 1o13 ) produced b.Y the 

flash, we can assume the.t the value of e is effecti vc ly fixed by 

the 12 adsorption equilibrium 

1 --7 ')._ I (7) 
~ ~ wo.ll 

C\.., 
l 1 ~ j V:~. 

(8) e :::. 
a_ [I \ y._. }+ d..-

Then it is conceivable that.the only additional process of interest 

wi 11 be ( 5a), and the I atom removal wi 11 be strictly first order 

in [I]. 

As we increase the I 2 pressure the I atom decay rate should 

decrease, as the atoms must diffuse through the r 2 vapor to reach 

the walls. Therefore, until the homogeneous recombination sets 

in, the rate should go as ( 1 + c[I2])-1, giving 

kw [ .1] ~(1) (9) - ____ .. 
---~---------

. lt l + ·;:. ~I::..J 

where kw may vary with the I 2 presaure as the nature of the wall 

surface changes, and c is a parameter which. depends in so:ne way 

on the cross section for r~r2 collisions. 
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B. :Difft:.sion }Cj_n.8:;:i.::s 

'ilh~L the iodil:'; 2.tom mean free _path is much 6tn.'Jller tha..v1 

the pertiner.t cell dir:It::nsions, the decc.y of the atow concentration 

will conform to the dtffusion equation 

oN -c)t 
I 

r N ( 10) 

I . 

where D is the diffusion constant, and the term r N is included 

to account for possible volume removal via a first-order r 3 
bound-complex mechantsm. · Solutions to ( 10) for various cell 

configurations and boundary conditions have been discussed by 

Wise.and co-workers 16 , Crank17 , and Carslaw and Jaeger 18 •. rn·th~ 

present study a cylindrical cell is employed, and the solutions 

take the form 
I -rt 

e 

~ ' (()'"") t cP -D -
~ A T ( ~o!. ) e i~ 
t1-=1 h 0 '(, 

( 11 ) 

J 0 represents the Bessel function of order zero, r 0 is the cell 

radius, and the An and cxn are chosen·to satisfy the boundary 

conditions 

~i t ~o 

j ~ dV 
\J1IIIN .. 

( 12a) 

( 12b) 

The net outward flux per unit area at the cylinder wall is ~iven 

by19 

f\l\X I (c N' J -~-D-) 
~ ~r r 

. ,·,_0 (13) 

where E. is the sticking probability per wall·collision, and 

.! 
I 
I 

·I 

'! 

I 
f! 

I: 
r 
f. 
) 
l: 

l! 
1 I 
~I 
1 i 
~ : 
I , 
~~ 
~ l 
~- ; 
• J 

~ I 
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v is the mean iodine atom speed. Thus (12b) appears in the fprm 

and the consta.YJ.ts An become 20 

( -~-::-h_·~·-- ·: •. \ \ o..;; +h''·) I ( 0'·: \ 
1..) 0 ' ,, ) 
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( 14) 

(15) 

From Equation ( 11) the o~erall d<?c 8Y will be a sum. of ex-· 
/ 

ponentials. In general the tern:.s for n > 1 are small and decGy 

rapi?lY leaving essentially a slng1e exponential function. 

Furthermore, if the detector sEu:1ples the entire cross section of 
,~--, 

the cell evenly, the signal will be proportional to j
0
N(r,t)r dr, 

giving . 

(16) 

and the higher terms become even lE~s.s significant than indicated 

by Eq. ( 15). 

In the low-pressure limit the approximate rate 

approaches a constant value 

\j ( --~-~-) 
'r ' ~- - E: 

0 
( 17) 

For intermediate I 2 concentrBtions, the pressure dependence of fl 

is complex, but at high pressurGs cJ.... 2.pproaches a conste.nt value, 
I 

so that (P-r') displays an inverse dependence on [I
2
l. Calcula-

' tions show that the overall pressure dependence of ( r- r ) in 

the region of interest here i.s. quite adequately descri.bed by the 
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forl!l sugg~sted in Eq. (g), though tiw :celnt:i.onF'1ip betwee.n t! e 

diffusion coefficient and the c on·2t 2~nt c in ::;q. ( 9) is not 

straightforward. However, for the rs!l.ge of h.' -;;aJ.ues encoun·: ered 

in this study, c l.s given a.pproximr'.tely by the 

.17 h 
:;_ / 

, '· I / 
, .' vJ f O I t) 

where k is equivalent to ro .. in 2q. w· 

IV. Experimental 

expression 

( 1 (:) 

The equipment utilized in this stud? rw.s l·een described in 

. . l h. 10 b h Tl detail e sew ere , but a rief review is in 01·.Jer ere. H· 
\ 

basic setup was the quintessen6e oF simplicity: It consiste6 of 

a solar-blind photomultiplier and power supply, a fused silica 

reaction cell having three Suprevsil windo?:s with a d-ischarge lamp 

affixed directly to the cell, a microwave powe1· suppl;r to ruL the 

lemp, a small flashtube operated off a simple capacitor circuj_t, 

and an oscilloscope with canera for recordinG the signals. 

The photomultiplier was an mm22 I{odel 54-.H-08-18, labeled 

"extreme solar blind" by the manufacturer. Thjs tube is of the 

end-on type with the housing designed to accomr.:odate an "0"-ring, 

which provides a very effective vacuum seRl. ~:he photocHthoc1e · 

material is Cui, for which f?pectral response curves have be'en 

given by Dunkelman23. In addition the relat.;.ve sensitivity for 

this particular instrument was determined in this lab by observ­

ing its response to six iodine atomic lines from a source pre-

viously calibrated with sodium salicylate and an RCA 1P21 

r 
·I 
'I 

I 
~ 1 
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., 
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:! 
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totally blind to all I'c-~cliation. i0 the visible. 
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':Phe fused silica photo1,y~:lG c::) Jl w:::s a'oout 110 r:~rJ long v:i ti:1 

an inside c1ic:.n~etcr of 36 mm. ~-'h~ iodine di~;charge lan.p VIEtS at-

tached directly to one end of the cell; evacuatablc observation 

ports were situated o.t the o-Lh2r euc\ e11d on the side about 40 P.'I.J. 

from the la1np, for detection of ab~;orptj_on end fluorescence, 

respccti vc ly. The evacuat ab lo por-~s allo':led us to fasten the 

photo:;mltiplier rigidly agai.t:st the cell and at the se .. Jr.e tir;1e 

avoid absorption by air24 • A "coJ.d-finger" was appended to the 

cell near the rear YJindow to provtde for convenient control of 

the I 2 pressnr·e. :Before use t}~e c2ll was flamed out under vacu_un 

(r-.10-5 torr), charged with c1ictilled, resublimed iodine, and 

sealed off with a torch. 

The iodine lamp was che.rged v1i th excess iodine and enough 

spectroscopic-grade argon (""'1 torr) to rr.aintain a stable, homo-

geneous discharee when the I 0 was frozen out in the lamp cold-
. ~ 

finger at the temperature of liquid nitrogen. The lamp was flcuned 

with a torch and flushed with Ar several times until e:-::21!1ination 

with a hand spectroscope revealed no prominent molecular impur­

ities in the visible output. T_hen it wa.s sealed off and the 

lamp-cell was removed for collection of data. In use the lamp 

was povtered by a 100-vmtt hospital-type nicrowave generator fitted 
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with a Type A di~ectional antenria. Opti~~m fluorencsnce signal-

to-noise conditions 'Ncre obteined v1i th tc"e l:;m~; (:OL(;--fj_n;;er 

maintai11ed at -80° in an ethanol-dry ico 1.;::--:r;h 1 l.;ni; (~u;)la.nt temp­

eratu:res a.s high ss -40° and as low ns -19C 0 :-,J..~ovc;ci .rrc:v~t ic able 

as well. 

A xenon-filled flashtube, l~oc1el :B'P-5, r-<:.rJ.u.fs.ctu.}c'ud .,);-y- Xenon 

Corporation, was used to photolyze the I?. .i; 1 thovg!.1 thi:J tube is 
'-· 

recommended for use at voltc:ges as hie;h r.·s 10 kV ~md e11c:·0ies of 

500 joules, such v-iolent flo.shes ware W1neec::·:_;;Jc:r,y anr1 un ie1:d.rable 

in this work. Hence the flashtube was operE;·!_;cd :fro:'l c:: s.~mple 

high hold-off circuit with external triggerL1g p:r·ovj d ed 11,y a 

microswi tched Tesla cotl 25. With a charging c::-;.p:icitance of 4 JJ.f 

and a potential of 2800 volts~-~the energ,y p8r fl~,:sh W<?.s only 15 

joules. Under these conditions the flBsbes were general~y re­

peatable to better than 3% in maximum i.ntensj_ ty. The tine c! epen-

dence of the flssh was investigated by clispl8 . .)7 in:; the sit:;nal from 

an RCA 935 phototube on .the screen of a Tektronit: 585 osci llo­

scope. The rise. time was 5 psec, and the 1/3-peak-beight time 

was 12 psec. 90% of the tot e.l ·energy WEJS di ssi_pated in the first 

12 ;.tsec, with less than 2% of the emission c:om:i.ng after 25 F .. sec. 

In operation the flashtube was place~ in a box l meter from 

the photolysis cell, with its axis parellel to that of the cell. 

The light emerged from a 7 em x 7 em hole, wuere thE~ unwanted TN 

component was eliminated with a Kodak Wratten No. 16 filter. 

(In some exper1·ments the exciting flash was ftl)."'ther weakened· 
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with Wratten neutral density filters.) T£1e I etcm fluorescence 

photcgra11hE:r: on the screen . of the osci.llo::;cope opere~ecl in the 

sir:.gle-trace mode. The horizrJntal sweep could be tr:i.egered by 

the signal itself. To Avoid distortion, tracings were recorded 

using the DC input mode, wt th a 'l'ype 1fl plug-in unit to null the 

background so thc>,t the trr.msient signal could be obsGrved full 

scale on the screel'l. Peak sign2-ls were accordingly 1-4 volts. 

The trnc ings v1ere photogrPJ.phed on Po loroid 3000 ro 11 film, and 

base lines ·.vere nhl[:ys rscorded immediately afte:r. the fle.sh 

tracings to minir;li.ze the effects of slovv drifts in t~e iodine 

lamp output. 

The RC ti.me e:onstrmt.of the recording circuitry was reduced 

by using short lengths of coaxial cable. Direct observation of 

the UV component o:f the flash through the detection circuitry 

yielded a decay time of 40-50 )JSec, a value four times greater 

than the true time, but still less than 1/20 of the mean expo­

nential decay time for the fastest recorded I atom recombination 

tracing. 

Iodine atom decay curves were photographed for r 2 pressures 

from 4 to 160 mtorr, corresponding to cold-finger temperatures 

from -18 C to 18 C. The curves were later analyzed Yl'i th the aid 

of an opaque projector. r 2 vapor pressures were calculated from 

the free energy functions given by" Shirley and Giauc1ue 26 for 

solid r 2 and the JANAF ~ables 27 for 1 2 vapor _and for the enthalpy 

of sublimation of r 2 . 
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S~me typic;;~l trP...cings ere illustrD.ted in Pig. ). Whereas 

photos (a-c) seem to be well-behaved decc:q cu:cve.:;, ;:.;l:..;:.o (::.) 

exhibits d1.storti::m due to effects of nonlineer:i.t~r ir, t;l';._, fl.no:c··· 

escence function. To lessen cor~mlica.tions of th).s sort j:: 'ii8G '.... . . 

necesss.ry to attenuate the flash with neutr::l densi t~- f:i l_t,c·:c.:::-

Untl .. l the · ki 1'· 'al "I'"'S lese thPr:· ""'25"~ c,-f' t·h;:· _...,.,..::o<'t'·,-:,+,·· _ maxurmm wor ng s gn , ,_ ~ ,. . ,. ·" ... _. ·>-- ~ ..••• 

P.cbievable signal. Further attenuation demonE::trated tbet c·.ny 

systematic error at this level was well withjo the precL:icn 

of t.he data28 • Plots of log( Signal) versuf:: time for I 2 r:cessu.L~(;:J 
greater than ~30 mtorr were clearly linear, although curves re­

corded at pressures below "-'25 mtorr seemed to displ<:W sU.~;ht 

de vi at ion from first""-order decay. Figure 4 shows the ssr::i --log 

plots for (a) and (b) in·Fig. 3. The deviation fro:c.11 lin-:-;r::rity 

is quite pronounced in Fig. 4a. Such behavior seemf. to indicate 

that some second-order I-atom removal is occurring c!.t these lol.lf 

pressures.- This interpretation contradicts the expectatlons set 

forth in Section III-A; a possible explanation will be presented 

shortly. 

The forty-odd data points from each tracing ware tre[,ted 5.n 

terms of a weighted linear logarithmic fit. Results are displayed 

in E'ig. 5, where the exponential time constant r-1 is plottec1_ 

against P1 • The behavior predicted by the diffusion tre<Jtment 
2 

and approximately by Eq. ( 9) (with k a constant) -is bor·ne. out' . w . 

only roughly by these results. Insteac there aprears to b9 e. 

short plateau at low PI and a slight :falloff i.n r "'"1 at the higher 
2 . 

I 2 concentrations. The plateau may be partly a mathematical 

' ' ! 
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irr8Gtzlarity arisi.ng from the deviation fro~ first-order kinatics 

o.t lov: In any case the anomalous behavior in this 

r'':r:;j_ on c c:n prob.s:.b ly be attributed to the changing nature of tbe 

f:lilica surface, as dictated by the dissociative adsorptj_on (7) 

and by nondissociative physisorption of I 2 , which must set in at· 

press!lres greater than ,..,10 mtorr. Physisorption isotherr:'s typi-

eo.lly level off at P/P0 ~ .1. For I 2 at room temper-

ntu.re: P0 is about 300 mtorr, so "monolayer'' coverage fohoul(1 be 

compl8te around 30 mtorr; nnd the isotherm should rise onl~,r 

slightly thereafter in the range covered by Fig. 5. Ir.t that c:Jse 

the lev~ling-off tendency in the points for I 2 pressures gre&ter 

th<m 100 mtorr may indicate the onset of homogeneous recc)J:lbination. 

On this assumption we can estimate the rate of formation of r
3

• 

In terms of the diffusion treatment the existence of the 

lOVl-pressure plate8U in r - 1 implies that the sticking probabi lJ. ty 

E is increasing in the range 5-30 mtorr, effectively counter­

balcmcing the diffusion-hindered transport of I a.toms to the ·ne.ll. 

The npparent zero-pressure intercept is 3. 4 msec, 'Nhich from 

Eq. (17) gives E, == 0.047 for the sticking probability per wall 

collision29. If we further accept that £ increases until 

P12 ~30 mtorr, then remains essentially constant, the rise in f-l 

in the range 30-80 mtorr is entirely ascribable to diffusion 

retardation. When the points in this regio.1 are fit to 

Eqs. (11) and (14), the best values of t and the diffusion 

coefficient are found to be 0.076 and 7.8 torr cm2jsec, respectivel;{.30 

(These values have been used to produce the curve in Fig. 5.) 
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Prom Pig. 5 we cctn estimate that f''' is ···20/sec c-;t 150 rr:torr 

1
2

, i:r:rplying that only one in ,.,104 I-1 2 collisions lc2ds to t1.e 

forno~ion of I~, if this interpretation is valid. If the increase 

in the measured rate at .thes,e I 2 pressures is due to another rise 

in the wall sticking probability, the volume rern.ovol rate vd.ll be. 

even lo·:-.rer, so the value k1 = 4 x 1 o-15 cn13 /:Jec represents 1:.: 

3 
crude upper lim,it on the rate constant for this process. This 

rate, though emall, is still several orders of magnitu~e greBter 

than the estimated three-body removal rate for I atcrn3 in the 

concentr.ations encouritcred here3 1 • 

In deriving the value ?.8 for the diffusion constant we 
./ 

treated the cell as an. infinite cylinder and 1.lsed the appropriate 

equations from Section III. When consideration is given to t3e 

finite length of the ce1120 , it is found that measured decay 

rates wi 11 be 5-151o higher than for the assum3d infinite cyU.:1der. 

However, in light of the ·extensive interpretation of Fig. 5 re-

quired to arrive at the above number, we_fee~ that the value 

D(STP) = 0.009 (1253q cm2/sec adequately Emd accurately reflec Gs 

this study's measure of the I( 2P
3
; 2 )-I 2 binar.Y diffusion const.::tnt. 

The value for D may be related to a cross section for diffusio~1 

by means of the rigorous expression for a hard-sphere model3 2 , 

3 ( -~ 1<.\ J Ya 
3'2.. Nd~ TI f..· ( 19) 

.J 

.tJ i 

where )A: is. the reduced mass for the collision partners Emd d 2 

is the cross section. From (19) d2 is 100 A2 , which is more then 

~ix times th~ g2s-kinetic cross section. 
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flash-produced atoms, because the latter, according to Eq. (8)~ 

are inconE:equent i al in comparison with t!'le mJraber of occ u pj_sd 

sites for even the lowest I? pressure involved. In th~t case 
'--

mechanisr1 ( 5) cermot be invoked. On the other henc:. C8:;:pbe ll &:lc3 

colleagues15 found that the I 2 adsorption is quite sensitive to 

changes in the nature of the glass surface, so it is possible 

that Eqs. (7) and (8) do not apply in the present situation. 

It ::1ight be noted that in a steady-state photolysis experiment, 
8,33 

Wassermann and co-workers found the wall removal of I atoms to 

be strictly second order in acid-treated silica cells, whereas 

under similar conditions we found only nominal deviation from 

first-order kinetics~° Clearly the problem is too complex to be 

resolved in this work. However it might be suggested that in 

addition to processes ( 5a, b) there exists the bimolecular wall 

removal 

2. I_ 
k I 

vJ ~ (20) 

requiring adjacent surface sites. The constants kw and kw 1 are 

of course strongly dependent upon specific surface conditions; 

but relatively speaking, second-order removal will be favored for 

low surface covera-.;ses and first-order for high. Such a 
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competi t.i..ve second-order process is consi::te:::t ·.':5_~:: tl~e cbse.rvec1 

dependence of E on PI . The i_~,crease in E v;i tri - 1 showB c loorly 
' 2 -2 

thEtt I a··~oms st:l.0k PI'ofere1·1ti:J.lly r:tdj a.ce ·1t to 01"" o·- C>t::~ei' c..~.d~~orbed 

atoms end/or I:-J.olecules (i.e. that (5b) is the clomi11~:mt process 

for removal of transient atoms). 

The value of 100 .A2 for the I-I 2 diffusicin cross section is 
•' 

surprisingly large._ By comparison,values for several other atom-

perent molecule pairs are much nearer the analogouL~ gas'"""ldnetic 

cross sections: 5.0 A2 for H-H2 
34 , 9.6 A2 fo~ 0-02 

35 , and 

9.9 A2 for N-N2 36 , for example. The extraordinarily large vslue 

for I-I2 lends support to the idea of a short~lived I
3 

rotational 

complex, suggested by Hershbach and co-workers37 • On the. other 

hand the low upper boundary on the rate constant for I + I 2 ~ I 3 
indicatea that the strong I-I2 interactions are still not suff~c­

ie.nt to produce appreciable concentrations of I
3 

for the low I 2 

pressures involved here. 

The sticking efficiency of 0.047-0.076 for I atoms on silica 

is also quite high in comparison with values for other atoms. 

There seems to be a wide disparity in reported E values, probBbly 

reflecting the sensitive dependence on surface conditions. 

Typical values for 0 and N atoms are arou.nd 10-3-1o-4 ?5 
Ogryzlo38 

has reported measurements for halogen atoms on acid-coated 

surfaces. He found values of 4-6 X 10-5 for Cl and Br atoms but 

was unable to obtain results for I atoms, because the latter 

appeared to recombine rapidly in the hot, u.ncoated- section of his 

apparatus. Ho·;;ever, other studies 10,33 have demonstrnt2d that 
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-
for I atoms on c,c;:i.d-·co:Jted surfe~ces the stickLne efficj_<?nc,y drops 

VI. 

De~ection 6f atomic fluorescence is seen to provide an 

effective, sensitive technique for obsorvlng iodine atoms under 

transient conditions. Such a method has been used to study the 

heterogeneous reccrn1)in 2.t ion of I atoms in I? vapor, yielding 
'--

approximate values for the binary diffusion coefficient and the 

sticking efficiency for I atoms striking "cle2n" silica surfBces. 

Homogeneous recombination via a stable I 3 complex is fotmd to be 

relativ:~ly unimporto.nt for r 2 pressures lower than 200 mtorr. 

The flash-photolysis atomic-fluorescence technique used in 

this work should be widely applicable to stuclies of reaction::J 

of certain atoms. The advantage of si:nplici ty is obvious; but 

more important is the extreme sensitivity of the detection method, 

· which allows one to employ small perturbative flashes instead of 

cataclysmic ones. To our knowledge a method of this sort has 

been reported in the literature only once, that being the work 

by Braun and Lenzi39 , in which reactions of atomic hydrogen with 

olefins ·.vere followed by measuring absorption and fluorescence 

of Lyman-d. radiation. 
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Figure l. Schematic of a fluorescence cell. 
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Figure 2. Fluorescence function plots. Y is the relative linewidth 

parameter for the Doppler-broadenced emission and 

absorption lines. s is the relative absorption strength, 

and concentrations are in arbitrary units such that 
c 

k
0

.£ = s N. Intensities are scaled to a 5/1 fluorescence-

to-background ratio. 



(b) P(I2 ) = 56 mtorr 
2 msec/div. 

(d) P(I ) = 129 mtorr 
5 m~ec/div. 
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(a) P(I2 ) = 8.5 mtorr 
l msec/div. 

(c) P{I ) = 156 mtorr 
2 m~ec/div. 

XBB69l0-6803 

Fig~e 3. Oscilloscope tracings of fluorescence signals from iodine 
atoms produced with a mild flash discharge. 
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Figure 4. Logarithmic p~ots of data from tracings in Fig. 3· Upper 

p~ot is for curve (a), P(I2) = 8.5 mtorr. Lower p~ot is 

for curve (b), P(I2) = 56 mtorr. (Only haff the recorded 

data.. pq_:i,J!_~s ~-EL ~~c~l_ld~d _in :th_e~e __ gra~s.) 
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Figure 5. Iodine :iatom reJnOVfl\1 rate as a function of I
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pressure. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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