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In previous papers in this series,l?z’s we have established

that the neutralization reaction of gaseous ions proceeds by

A \;1

the following mechanism

At + 37— neutrals

AT+ BT —L. (aTB7)”

c Lk - ) .
M+ (A'B”)" —=—+ (A'B") + M — neutrals

. - * " X ' ,A
Here (A'B ) represents a pair of unbound ions close enough

to each other so that a collision of either of them with &

neutral molecule M leads ‘to formatlon of a bound ion palr (A+B")'fﬂ7i'

and eventual charge neutral:.za,tn.on,e In the systems we have .

investigated previously,l 3 .the ions have been molecular, ste

- of rather complex structure.‘ Whlle negatlve ions w1th a

variety of electron afflnltles have been involved, the posmtlve 'f”

ions investigated have all‘been derived from molecules with
almost identical ienization energles. The present WOrk.withs-
< | the lead and thallium halides was undertaken in an attempt to
study systems in which the recombining ions were-orvsimple'l
 structure and had electren affinities, ionization energies, and . -
masses qﬂite different from those encountered earlier. 'Thist.
| '1ntent was in large measure reallzed and in addition, we were
" able to determine the temperature dependence of the ion recom- ..

» bination rate over a range of 240 K.
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In our experiments, ions were produced by'pulse‘photolysisi

of gaseous lead and thallium halides with light Ifrom a spark

“Dbetween zinc or aluminum electrodes. Terenin and Popov firSt'Vs_

| discoveréd that photolysis of the vépors of thallium and 1ead_’-
nalides with 2000 & radiation produces charged fragments and -
byAenergetic‘considerations and crude mass spectrometry they
A)showed fhat Tl+_and T~ were formed in the primary prodesg;'f 5'

Recent work of Berkowitz a.nd'_Chupka5 on the photoionization

. mass spectrum of TlI, as well as our own mass spectrometric o S

work, confirms the findings of Terenin and Pbpov.

In order to measure the lonic recombination rates, we used

the charge collection technique that we have described in detail
in an earlier paper}l The reaction cell used in the.presentfv_
work was constructed of quartz, but otherwise was identical '

to the one previously described. The cell was enclosed in a. . -

thick-walled aluminum box'which itself was enclosed in an ovénga~

. 1l

Both the-oveh and alumiﬁum.box weré>equipped with quartz'
windows coaxial with.the cell, so that both the photolysis

light source and a photomultiplier that monitored the light .'"

‘.which passed through the cell could be located outside the oven.

The-sample of metal halide was contained in an appgndix tube

whose.temperature was regulated by é.Hallikainen Thermotrol

unit'which has a temperature-senéiti#ity of 0.001°K. The main, .

o _ UCRL-17657

oven and reaction cell were psually_maintained at a temperatureu "

20 to 50°K higher than the appendix tube in order to pre#ent

~vapor from condensing on the cell windows..-The cell could be’ )
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isolated from the vacuum system by a magnetically controlled,
greaseless ground-glass valve.

The thallium halides were obtained from the Cooper
Chemical'Company, New Jersey, and had a stated purity of.at least
99.9%. The lead iodide was Mallinkrodt CP grade, and the lead
bromide was purchased from Rocky Mountain Research Company,
Colorado, and had a stated purity of 99.99%. The argon and
xenon used were'oetter than 99.9% pure. | o

The light source consisted of a pair of zinc or aluminum
_eleCurodes enclosed in a separate grounded metallic box
equipped with a.quartz window. ‘The box was flushed With argon
to lower the breakdown potential of the spark gap, and to
enhance the intenSity of light emitted in the 2000 ﬁ region. ¢
Usually a 'l mfd capacitor charged to 6000-8000 volts provided .

sufficient light intensity. Light from the spark passed. through

- the reaction cell and then onto a photomultiplier. ‘The integral . -

of the signalvfrom the photomultiplier was displayed on an
~ oscilloscope, thus enabling us to'measure.the intensity of each
f3spark; lTo.aésure a constant initial ion concentration, only

‘those sparks with a previously determined standard intensity.

- were used to collect rate data

After the light pulse from the spark discharge had produced
’ions, an ion collection voltage was applied at a predetermined
oe;ay time to parallel plate electrodes in the cell. The -
'current‘collected was integrated electronically and displayed.

‘on an oscilloscope. . The charge collection circuit"was'designed'}
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so'that anyvfalse collection'cufrent duelto the capacitance

the electrodes and leads did not'appeaf in the'integrated
signal. To obtein the recombination rate at a particular
temperature and pressure, the charge remaining in the cell‘was*f
"measured at delay times ranglng from.a few milliseconds to ’?/A'
approximately one second, at which time the ion concentration'

approached 105 cm's, the limit of sensitivity of the apparatus{wy

RESULTS
A. Determination of the Recombination Rste Constants

Some typical concentration-time data are_ shown in Flg l
‘If the ions disappeared exclusively by homogeneous bimolecular
and termolecular processes,~a plot of re01procal ion concenf,_l ;i

- tration as a functioﬁ of time would be linear. Tt is clear

]K;;T

that the data of Fig. 1, as well as all other data we collected, = ..

deviate from linear behavior in a manner that suggests a
. . . . - ! . . . -
competitive first order ion loss process. This first order:

decay process becomes less important at the higher inert gas

pressures, and can be attributed to diffusional loss of ions:}, ;',‘f

to the walls. The.higher temperatures employed in this work
(480-730°K) deorease the ion recombination rate, and increase
+ the diffusional loss rate, so that diffusion:is-a much more

serious problem in these experlments than in the earlier workl 3

'-done at 300°K.

To-extract the value of‘o, the‘second order ion reoombin-”

atlon coefflcient " the data mlght be analyzed in terms of the

:equation
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-dn/dt = on® + Bn

where n is the ion concentration, and the terms on the rightl
represent homogeneous recombination and diffusional ioss,
respectively. This equation is only appropriate wnen one of
“the loss terms dominates the other, which was often not the
case in our work. Values of a obtained using this equation .
differed‘by 10-20% from thoee determined with a more accurate
analysis described below. | J
Another approkimate description‘of the ilon loss processf.‘

follows from the assumption of one dimensional ambipolar

diffusion, and can be expressed as

where x is the distance‘from the midpointNof two infinite
parallel planes, and.Da is the ambipolar diffusionicoefficient
given by'

D, = 2D'D7/(D" + D7)

where D7, D™ are the diffusion coeffieients amd of'fhe(positive
-and negative ions. EQuation (1)'was solved numerically with
values of the parameters approprlate to our system, and the
prcdrcted ion concentration as a functlon of tlme was compared:' )
to that derived from numerical solution of the exact loss
equations for the p051tive and negative ions separately In TIAN

" the concentration range employed in our experiments, the
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ambipolar approximation gave results that agreed with the pre—;7'“
dictions of the.exact equations to within better than one pefep}jff*“
cent: Conseguently, Eq. (1) was used to analyze all our datalf:
Avalue of D for a particular temperature and halide- inert »i“
gas combination was determined from a run at low pressure where .3
difquion was dominant. The difquion coefficient was found o
to .be inversely proportional to inert gas density, and a value [n~77
~of a was obtained for each run by a trial and error fit of
_Eq.,(l) to the experimental-data. The smooth curves of Fig. 1 ff~f
are«calculated from Eq. (1) with the best fit parameters and: |
agree well With the experimental data points: Variations in
a of approx1mately .0. l X 10~ -8 ‘cc/sec produced noticeable
deviations of the calculated curve from the ekperimental-points;ﬁli
The values of a obtained in'this manneffare‘given'in Table l;ﬂﬁ
From the mechanism‘for ion’recombination;~we expect ‘the .
- equation - | | | i

a= ko o+ ky k [M]/(k [M] + ks )

" to hold. In the low density regime where our.experiments wereﬁ :
;perlormed ‘the relationfks[M] << k2 is satisfied, and we o

' expect the density dependence of the recombination coefficient to

'be given by
A= kot+'(kik3/k2)[M]¢
'Figure 2 shows a plotted as a function of" [M] for some of the »

data. The intercept is independent of the nature of the inert o

gas,. but characteristic of the halide system, as one ‘would

> .
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ekpect if ko represents the rate constant of the bimolecular
process. In addition, the slope of the a-[M] plots is dependent
both on the nature of the idért gas and the halide, as‘expected“
for the rate constant of the termolecularvprocess. Values of -
the rate constants obtained from such graphs are given in Table‘\
II. | | o | | | |

In a number of runs, T1lI was photolysed in the~presen¢é
‘of a small amount (0.08 Torr) of NO,, in the hope that the

reaction

NO, + I7 =~ I + NO;

Wwould occur, and the rec:ombiinatién of Tt and NO; could be

., sfudied. As will be shown later, the principal negativé ion fﬂ
in this system contains nitrégen, but is not Noé.f In any case,

the recombinétion rate constants for the systems T1I and

.TII—NOZ are different, as the Qata in Table II show.

A series oflexperiments was performed in order to determiné
the‘temperatﬁre dependence of the lon recombination rate ch-‘iA'
stant. The system.studied.was T1I-Xe, all experiments were
‘carried out at a constant pressure of 176 T Torf, aﬁd.the
temperature*was~variéd ffom_4845K‘to'728°K{ ‘The'resultsvare'

reported in Table IiI.
' B. The Nature of the Ions

In an attempt to determine the nature of the ions present
in'thevkinetid'exberiments, we uéed~a small, 1l2-stage radio |

frequency mass speétrometer.of the type described'by Boyd and

[YRN
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,.Morris to sample the ions produced by the continuous’ photolySlS
of T1I vapor by the;llgnt (2062 ﬁ) from a microwave excmted
1 atomic'iodine lamp. The results are glven in Table IV Wlth

T1lI alone at 630°K and 0.04 Torr, the only ions observed were -

71" and 17, while ions whose intensity was 0.002 times as large}{r

LN

' could have been detected. This result is consistent with the . -

" work of Berkowitz and'Chupka,5 and establishes the nature of

A

the primary photo 1ons

In order to simulate the condltlons under which the klnetlc

’_experlments were done, experiments were done with an 1nert-gas_d ,

~ present in the photoionization source of the mass spectrometer.

_Jsulfur hexafluoride was used becausexof its inert nature and

becausevit‘could be pumped cryogenically, thereby allowing the - -

analyses of -the mass spectrometer to be‘maintained at a low

- pressure. In the second columnvof Table IV are the ions obserred;f

" when 1 Torr of sulfur'hexafluoride was'present with 0.04. Torr' -

T1I in the photolysis cell. Under these condltions the ions ;?‘7r

T121+ and T112 appear, apparently because they are formed by *VQ;;ET‘

AN

: termolecular reactlons, for example _;‘

R e
(TT 4TI + SFg T1,I7 4 SFg,

that are not possible at.the lower total'pressnres | Under our . .7

_experlmental condltlons, the product of concentrations
31 6

.~

‘[TlI][SF ] was lO (molecules)z/cm

-3

, and the ions remained-in o

the high pressure region for approximately 10 sec. Slnce the_{;":5

>, complexed ion is ,0.1 times as 1ntense as the primary ion, we

v,estlmate the rate constant for the termolecular associatlon as

4
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approximately 10729 cm6/sec at‘630°K.# This rate constant is
~about 100 times larger'than measured’rate‘s7 for atom-atomic

ion association reactions. However;vthe increased complexity\
-and consequenﬁly longer lifetime of the initial‘ion-moleeule
collision complex, as well as the larger collision cross sections
for formation and deactivation-inithe Tl%-TlI system are
sufficient to account for this difference in rate consfantsl

When the temperature of the mass spectrometer source was .

" raised to 720°K, the thallium iodide vapor preseure increased
to 1 Torr, the complexes T121+ and.TlIg_became the dominant e
ions, and the double complexes ?l(TlI);,'T(TlI)Z were. observedf
in small amounts, as shown in Table IV, The double complexes

~could be-formed by either of the reactions

ot ' S
v‘le'_t‘ + 2T1T = T1.T, + T1lI
e N it e
T1" + (T1I), + T1I = T1l,I, + T1lI

The former seems more likely to Dbeé imﬁortantﬁ since T121+ is -
in abundance, and'Cubicciofti8 has- estlmated that .the dimer
concentration 'in pure thalllum 1od1de vapor is 1ess than l% of'
the monomer at total pressures between 1 Tprr and l atm. |
Mixtures of nitrogen dioxide with thallium iodidevvapor i
were also examlned mass spectrometrlcally At a thallium. -
iodide pressure of 0.04: Torr, and a nltrogen dioxxde pressure ﬁ'-’
of approx1mately 0. O7 Torr, the only pos1t1ve ions observed |

_were Tl “and T12N03, Whlle the negatlve ions were I ; N03,~and

]



'UCRL-17657- |
-10- '

5), in-order of decreasing abundance. A careful search
for NO, was made, since we expected the reaction

T1(NO

I + NO2 —*NO2 + I ’ .

to occur, but no NOE was detected in any of our eXperiments.f '

When the gaseous NO2 was removed from the photoionizationgg'
chamber, but the sample of soiid T1lI which had been in contact,
with NO2 retained; the ions Tl+, I, and Nog were obser#ed'uponnh“h;
-photolysis, as indicated.in column 4 of Table IV. When SF6 at |
1 Torr pressure was added, the‘ionsiTizNog,qu(Nos)é reappeared.:‘
These observations suggest-the complex ions are formed from Tl+;f7
and NO3 aSSOClatlng with TlNO5 vapor, which 1tself 1s the: |

:product of some reactlon of NO, with solid TlI To ‘explore S

this idea further the mass spectrometer was cleaned and then<,..} ;

a charge of pure solid TlNO3 was vaporized at 630° K NoVions -

were observed upon photolys1s. When TlI was added to the T1N03,¢a1};-

_the ions ‘in column 6 of Table IV were observed The appearance';”‘“g

'of~112N03.and Tl(NOS)é as well as NO3 under:these:condlt;ons'

suggest the occurrence of'the reactions‘

T +”$1N03l—leI;+ NOs_'
AJN0§'+ T1NO, 4'T1(N03)£d
7t 4 TlNo3 _—»T12No3

’"the latter. two reactlons requlre a thlrd body to deactivate
the comolex ion.v The fact that they are}observed at all at
'our rather low ion source pressures is probably due to the.

ity cegrees of freedom of the collls1on complex Wthh prolong

i's 1ife and make eventual deactlvatlon poss1ble.
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Experiments in which NO, was added to T1I vapor which
itself was at 1 Torr pressure and 720°K were performed. Table
IV shows that the‘new ions'formed under these conditions were
(TlI)ENog and TlINog. Some very small amounts of T+ and_TlIZ
were also observed. The origin of these ions is difficult‘ﬁof

ascertaln, but we feel they may have been formed by impact of

photoelectrons ﬁhat had been accelerated by the mass spectrometer

electrode system;

In the ion'recombination experiments, the thallium iodide .
pressure was usually less than 0. Ol Torr, but the inert gas
pressure was always greater than 30 Torr. Thus the mass
'~ spectrometric observations show that complex ions“Sheuldvbe
formed rapidly (lO'S séc) compared to the characteristic mlnimum‘
'deley time of about 0.01 sec, after which most of the rate
data were obtalned. The mass spectrometer data also suggest
that the cemplex ioﬁs-T12I+ and-TlIé should be present in
/important and Very llkely in dominant concentration in the
recombination experlments., Forvthe-Tl_I—NO2 system, the 1onsl
TlZNOS and‘Tl(NOS)é are of greatest'impOrtance ?

Attempts were made- to 1nvest1gate the ions in other‘
~thallium and lead halide systems mass speotrometrlcally ,All,_“
these experiments were unsuccessful because low ion concehfrafion‘.
made mass descrimination and identification impossible;‘ However; |
lt appears reasonable to conclude that if ions of thevtype |
M2X+ and MX, are'importent in the thallium'iodide system, they[:'
will be at least as 1mportant “Ain. the thalllum bromide and '

chlorlde systems as well. Calculations of the equllibrlum :
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constantg'for fdrmation of'MéX+ and MXé,'based upon an ion-
~induced dipolé:and'idn—pérmanént dipole interaction support “_,‘-; .
this conclusion. These calculations, adm;ttedly uncértain -
because of'difficulties in estimating the interaction'energyf;:m
-accurately, suggest that atomic and complexed ions should'be' :2;1
~of comparable impnrtance in the T1I sygtem, ahd that cbmplexed“"
ions are lO3 to lO7 times more abundant than atomic.i¢ns in
the T1Br and T1Cl systems. ' |
‘Information concerning the nétufe of the ions can be
drawn from the diff@sion'coefficients<determined'experimehtally'fing
-frpm'the'ion decay rates. One can expect the'diffﬁsion. | L
coefficients for atomic ions and theamuch heavier and larger .
.cbmplex ioﬁs to be different enough so that -a gomparison ofv..
the expefimeniai diffusion coefficients with ‘those calculated;:; }¢“
for the Qarious types of ions will be meanihgfulls,Table‘V_ ff“‘“<
gives experiménfalAand calculated values of the,constanﬁ‘cl |
defined by C = (N/T)D,, where N is the particle density, T:is",
the ﬁemperature, anéKDéﬁis the ambipdlar diffusion coefficiéﬁt; £;f}f
The calculations were made'with thé Suthériand type of intef- {;{“5v\
molecular potential which o'cg:u"rs in the Langevin ion mobility
*hed“y.lo- In this ﬁoteﬂtial thefe'is a-lphg'rangé attract;?e ”f"”ﬂiﬁf
term due to the ioﬂ—induced'dipdle_intéraction.and a rigidhﬂ"' -
sphere core repulsion. For the étomic ions we took the,core“:“'.
radius as the sum of the ionic and atomic radii of ion and . ; |
inert gas,atdm; respectivelyk For the éomplex.ioné'in fhe '
thallium halide systems we assumed a lineéf symmetric géqmetry"ﬁﬁi,un

with internuclear distance ghosen two ways: (a) as'eqﬁal to
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that in the free T1X molecule, and (b) equal to the crystal
lattice spacing. These internuclear distances, togethér_with‘ :
the ionic radii, allowed us to define the dimenslons of a ;
spherocylindrical molecule, and from thig an angle-average
radius was computed fbr’the ion.

It is seen from Table V that the caléulated ambipolar
diffusion'coeffiqientS'for the T12X+, ?1X£ ions are nearly in
agreement with experiment, while those calcﬁlated for the atomic;
ions are clearly too large.  The expefimental diffusion coeffi-’ :
cients are thus consistent with our earlier cohjecture'that |
the ions in dominant concentration are'q;zxf and TlXé;

There 1s no direct experimenpal information about the
nature of fhe'primarygions in the lead halide systems. Oné
might assume that PbX, is photodissociated to Poxt andiX',.but'“
vit is a;so possible that the sdurce;of3ionsiis %he'photolysis»-

of PbX, which is formed by

. PbX, = POX+X .

Calculations of theieQuilibrium constants for these réactions' ,:f4ﬂ

using tabulated bond énergies,.ll

and.makinglfeasonable asSump—‘ff'
tions concerning the geometry of_Pszfshow thét the‘rati6 R
[PpX])/[PoX,] is 4 X 107% for PbI, and,z-x_lq's for'PbBrz under
- our experimentai conditions.12 It seems safé,;therefore,'to" -
assume that the ions are formed as a resul# of the photolysié L
of the pérent PbX2 molecules. ‘ S '

Because the geometries and dipolé moments of the lead”

halides are now known with'certainty,'calculationé of the -
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equilibrium constant.for aseociation of dons with them can
have only qualitative significance. Nevertheless, calculatiops.;f
were performed usihg-the estimated values of the neceesary“ :
parameters, with the result that the predicted concentration?‘¥
ratios [Br—]/[PbBrg] and [PbBr¥3/[PbBr§1 were near unity for
our experimental conditions at TO7T°K. For the lead halide
system, the ratio'[I']/[PbIg]vwas calculated to be 36,'whileifd
[PbI+}/[PbZI§] wae noticeably smaller, 3 X lOfs. This latter = -
result is mostly a consequence of being able to choose for"'dd
Pb,I; a geometry in which the positive end of the PbI' dipole |
interacts strongly with both iodine atoms of PbIz."These
results,_while by no means conclusive, at'ieast suggest that =
the majority of ions need not be complexed in the lead halide o
" systems at the temperatures'and pressureslat which wevworked,"
For further information we turned to interpretations of'the;')":':
experimental embipolar diffusion.perameters.  |
Calculations of the diffusion constants of PoX', szxs,
X", and Pbxglwere carried out tsing'the Langevih formula wmth<
a hard'core redius.: Since the geometries of the ions PbX and.lQ
Pb, X} are unknown, we chose for them a "radius" that was 1nde~f?
pendent of ‘geometry by using the expressioh, . '.;d f ."'-j E
‘ o L/ o _ : .

2

Tion = 2 Ty
: i

wnere the sum is over each atom in the complex ion. Two sets

of radii were used. One set reproduced ‘the lead hallde crystal
distances, and in the other set the radlus of sz Wase - |
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decreased so as to reproduce.the bonad disﬁances of the gas

phase PbX2 molecules. | A |
The results of the;calculations are given in Table V, whére-“ 

: cl-is odtained using the larger, and 02 the §maller fadius fof.[

Pb2+. For the Lead‘iodide system, the best agreement betWéen

calculation and experiment obtains when one lon but nbt the

other 1s complexed. Another possible intefpretation is that

‘poth positive and.negative ;oné are partly complexed and H

partly free; but in view of the difference in geometry and

chgrge‘distribution.in I7 and PbI+, the first alternative seems'

the more likely. ‘In either case, complex,ions_ére iﬁportant” ﬁh,;

in the lead iodide system at 594°K. | e
For the lead bromide system, the calculated diffusion

parameters for the free ions PbBr+'and'Br" are only 3% higher

than experiment. If,eiﬁher ion 1s assumed to be,complexed, ﬁhé~' 

calculated diffusion parameters are.roughly'ZO% too small.

vThus forﬂthe lead broﬁide system at TOT°K, it appears that

‘neither PbBrf hor,Brf is complexed to PbBr, to any appreciaﬁié_"ﬁ{if}

extent. .
DISCUSSION IR o R

A.:vBimolecular Rate Constants : _ »
Mutual neutralization by the bimolecular prdceSS is.. |
thought to involve a collision that brings the two‘ionSJto a .o
separation at which the Coulomb potential energy is equal-toj 3”jf
the energy of another electronic state which can'dissoéiatejfo. ‘

neutral fragments._ If the loc&tion.of the potential energy
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curve crossings, and the probability of making a tranSitiOnﬂ, 
from one curve»to-the‘Otherﬂwere known,»the bimolecular ‘
neutralization‘rate could be calculated.. Such calculetioné‘,,“
 have beenfcarried'ont.for atomic ions oy Bates-and Boyd.13_f}71*
To discuss bimolecular recomoination in the.thallium
lodide system, we can use tne potential energy curves'of tneéin
diatomic molecule as a point of departure. 'Figure 3 showe"th
some of these curvee for TlI. Crossings;of thev”ionic”_oqrve“
© with the "covalent" curves occur at approximatelj 7 R and 13 R
as well as smaller distances. These crossing points would be’ *
expected to be the important'ones for the recombination of;the__«"
free atomic ions T1" and I”. |
We can now consider what modifications must be mede=inrthe o

potential energy diagram when Tl “and I~ become the complexes B

717(T1I) and I'(TlI)' At the very least, the asymptotlc energy :

vvjof the lonic state is lowered by. the sum of the energles

" released.in formlng the complexes from the free 1ons and neutral {15"

;molecules We mlght also expect that to a flrst approx1matlon,
vuhe whole ionic curve would be lowered by the same amount of .
-'energy. The potential energy curves of thevcovalent states of#r>".
| T1I should be cnanged relatively little at great lnternuclear ”
ldistenoes~by oomplexing the atoms with dietomio molecnles,‘einoe_

the interaction between the neutral. atom and the diatomic .

- molecule is largely due to. weak dipole4induced'dipole and

London effects. For the tnallium ‘halides our'calculation of

the 1on~neutral complex energy u31ng 1on dlpole and ion- 1nduced '

A

dipole terms suggests the lowering of the ionic curve ‘is great
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enougn (2 2 eV) so that the only covalent curve that is crossedi'
at large separation belongs.to the ground state of Tle This
is indicated in Fig. Sf | |
Because of ﬁhe uncertainty in the energy released in ion.
complex formation it 1s impossible to predict the location of-if
the crossing point of the ionic and covalent curves. It is
instructive, however, to reverse the procedure andvobtain fromfl
the measured rate constants an estimate of the crossing-point
location. If the criterion‘for bimolecular neutralization is b
that the centers of mass of the ions reach a'separaflon equal

to or less than p;‘the corresponding rate constant isl
k, = o2 (exT/mu) Y2 (1 + &8/pkT) g (2)

where W is»the reduced mass,: e ie the fundamenﬁal charge, and -
k iszoltzmann's'constant. 'Taolerl'contains‘theevaluee of

AER derived from the expemimental'rafe constants by using this
vequation; The. values ootained lie in the range of 10 to 20 R,
Land are thus somewhat smaller than those obtalned earlier for
'otner Systems.1 3 It should be. noted, nowever, that the idea
‘o? a unioue crossing point for 1onlc and covalent curves is a
colclocrable s1mpllf1catlon -when we are deallng with molecular
ions. rlrot the slope of the 1onlc curve 1n the reglon around
20 & is only 0.04 ev/ﬁ and that of the covalent curve essentlally
- zero, so that the two curves are close to each other over a
suostantial range of 1nternuclear separatlon. In addltlon,
changes in the excmtatlon of internal degrees of freedom of

the complex ions could change the location of the crossmng point

on the one- dlmen510nal dlagrams..
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\ . + -
Because the lons PbBr and Br were present as free

species in the recombination experiments, it would seem possible

to make a meaningful comparison between the experimentally .
~determined ionic-covalent crossing point, and tha%vestimatedj
from the energetics of the lead bromide system. Uanrtunately,
the ionization energy of PbBr is not known, and conse@uently o

it is onl ossible to make a crude estimate of the crossin
y P . .

point from the energetics. An examination of the lonization. ~ "7

energiesll of a few other monohalides of the lighter group IV .-
~elements shows them to be less than the ionizationvenergyvof'.
the metval by'O.S.to 1'eV, with‘the differeﬁce_decreaéing'as
the atomic numbers of the metal and halide-incfeaée. Tﬁis
suggests the assumption that the iohizatidn énergies of PDb aﬁdg
PoBr are equal, and leads tovthe conclusion that the sﬁate
Pbe+, Br~ lies 4 eV above the energy of.the.fragmentsijBr,
3r. We also know that PBBrZ‘is‘photddissociéﬁed into ions by‘
light with.waveleﬁgths between 21OO i ang 1éoo'ﬁ' and ﬁﬁis A
‘combined with a bénd‘energyll of 2:9; eV for PbBr2 indicates
.Ttnat the ‘lons lle between 3 and 4 eV above the ground states’
ef the fragments PbBr and Br

The knownlé:ex01ted Suates of" PbBr 11e at 2.6 and 4.3 eV
'and it appears that only the flrst of these lies below the
"energy Q; the ion fragments.e The bromine atom has an excited'f
state 0.46 eV above its ground state, and cohseqﬁently the -.
S enersy of the fragmenus PbBr', Br,. and PbBr R Br* lieAl.4 and‘
0.9 eV below the energy. of the separatea ions. Usihg.the

expression p = ez/AE‘then-glves the crossing points'as 11 and -
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17 ﬁ, respectively. These values bracket the resulf
. Vi ’ . ’ ‘ . . .
derived from the rate data. Because of the uncertainty in the

of 14 R .

ionization energy of PoBr of perhaps T0.3 eV; values of the
crossing points ranging from 9 R to 25 & mignt have.been pre-
dicted. Until this uncertainty is removed it will not be
poséible to interpret the value of the bimolecular rate con-
stant more precisely. At present it is possible only to say
hat 1its magniﬁudé_is consistent with What is known about the

energetics of the system.

B. Termolecular Rate Constants

The simplest'théofies of three-body ioﬁ recombihation
involve the idea of a capture radius introduced dy J. J.
'.Thomson.ls Thomson proposed that 1f onelof a pailr of ions that
nad approached closer to each other than some critical distance
were to collide with a neutral molecule, the ions might lose
enougn re}ative kinetic energy to become bound to each otner.

On essentlally intuitive grounds, Thomson took the critical

distance to be R, = ez/[(S/Z)‘T],_or the-distance at which the

'felatiVe kinetic energy of the ions had inéreaséd 0y an amount
egual to tﬁeir average initial energy. The probability that
“eithner ion wouid collidevwith'a neutral wnile withiﬁ this
'critical separation wés calculated after making some simplifying
;assumptions, and é termolecularlrate constant obvained.  Manan
'énd_Personl showedathat.Thomson's theofy Was in good numerical
._agree“ent with a substantial amount of experimental data. Sub-
'sequenﬁ refinements of Thomson's theory by Natansonl6 and
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Bruc—:c‘z{mer’l7 have involved mbre rigorous methods of choosing

~the critical radius. Brueckner's treatment in‘particular led
-to a much reduced value of Rc’ and resulted in calculéted rate
constants that are much smaller than fhose found experimentally.
Numerical calculations of ion recombination constants by Mahan
and Person2 and by FeibelmanlB‘showed that cohsiderable con-
tributions to the rate were made by configurations in which

the ions were separated by distances greater than the criticél
radius Rc’ and that collisional redissociation of weakly boupd f

ion pairs is important. Bates and Moffetl9 used an entirely"

different theoretical approach to the problem in which the con-..

cept of a critical radius does not enter, but found rate con-

stants that were essentially the same .as those calculated from’

- the Thomson theory. The present situation seems to Dbe that the.;_

original Thomson theory with its prescribedlchoice'of_the
critical radius is in good numerical agreement_with'experimentw
and with~an essedtially exact theory,vﬁut it is impossible to.fﬁ
Jjustify its details by using;ciassiCal molecular mechanidsﬂ'4

- Thus while the idea ,of a unique-dapture’radius cannot be . a

central part of a fundamental theory of ion recombination, IR

simple theories baéedion it may be useful numerically.

To illustrate this point, we note that Thomson's expression '

~for the termolecular rate constant is.

K, =‘(128/81)(ZV/u)l/2 es(kT)-S/?r(l/z+)*'(l/ﬂf)] Néy: .

where N is the concentration of inert molecules, £ amd £ are

the mean free paths of the ions, k is Boltzmann's constant, e

is the fundamental charge, and.T is the,absolute‘#emperature.
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If the masses of both ions are greater than the mass of the

neutral molecules, one can write

i+ 10 2 (2/3) (8xT/mm) Y E D;l

where m is the mass of the neutral, and Da is the ambipdlar'
- diffusion coefficient. It 1s therefore possible to evaluate
‘the mean free path function from the experimentaily measured -
. diffusion coefficient, and calculate‘the rate constant using
‘Thomson's expression. Table.VII gives the comparison of the
rate constants so calculated with thélexperimental data. In
‘géneral, thé>agreement is quite good. The numerical succe$s
of the Thomson theory is particularly impressive when one .
considers that the- theory is also in agreement with rate con-
stants one order of magnitude larger which were measured at

v

lower temperatures for lighter ilons.

‘The Thomson theoiy-and its refinements. were deéigneé fof N
casés in'wh;ch‘thé_reédmbining ions have équal'masseé. ThiS' ’
cohdition is violated in the experimentS'feported in this |
paper, in‘dhe case guite seriousiy. Consequently before a
‘dgﬁailed cOmparisén»with theory is made, the' theory should first -J,”
-be.extended to ihciude the case of unequal‘ionic masses. - Such . -'
" an extension of Bruéchner's theo?y has beenvdccomplished, aﬁd.' ‘
will be'reported and compared with experimental dgta in a'sub~'
sequent paper. Here we,will,make'éome‘qualitaﬁive Sbseryations'; '

about the tefmolecular rateiédnstantsf
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Examination of thevreSﬁlts in Table VII shows that for
each halide system xenon is a 5etter third body than argon. .
This is to be expected from previous experimentel reSUlts,l’sf .
and from the more fundamental consideration of COllision'crOSS-:-
section and kinematic factors. The Thomson theory reproduces . .-
this effect successfully. | |

The recombination rate’constants in the T1Br, T1Cl, -
T1I-NO,,
gas. This 1is also{to be expected if one considers that the
.81lzes and masses of-the ions are all large _and exhibit a
falrly small relatlve varlatlon from system to system. The';"

Thomson theory is in accord with this behavior. The rate

constants for the'TlI system are'somewhat higher than expected\

and PbI, systems are nearly the same for a given inert - -

on this basis. This deviation mlght be a result of the presence '_:f

_of some free atomic ions. The oppos1te dev1atlon occurs in’ : f i.
the TlI-NozkAr system where the Thomson theory predlcts a
hlgher rate constant than is observed The explanation-forf‘

this dev1atlon is not known

It should “be noted that the correlatlon between the ambl-.ifi"i

polar diffusion coefflclent and-the recomblnatlon rate constantf; T
- may break down when the ilon masses differ substantially.  The |
ambipolar diffusion coefficient mav‘be dominated by the heavier,v

slower'ion, while most of the coilisions that lead to recombin; g

ation will involve the light ion. This s1tuatlon occurs in the Joe

PbBr2 system where the bromide ion 1s much lighter than PbBr ,;""'
and the measured rates of recombination are larger than expected
from the diffusion constant. For this system also the -ratio

. of the rate constants for argon and xenon is larger than
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for any other system, which is expected if most of the deacti-
vations involve collisions with the reletively light bromide

ion. In summary, it appears that the-termolecular rate data can
be‘correlated qualitatively with ampipolar diffusion coeffi- -
cients through the Thomson theory when the ion masses ‘are

similar, but some quantitative variations in the rate constants

occur.

C. Temperature Dependence

The temperature dependence of the recombinationlrete was
studied in order to check the predictions of the ThomSon_theory;;
The results for the thallium iodide system are summarized in
‘Table III and Fig. 4. In order to find the temperature dependence
of the termolecular process, it 1s necessary to subtract ﬁhe
bimolecular rate constant from the measured pseudo-second order ‘
rete. This was done by using'the observed value of ko at 531°K
to calculate a value of p to be.used in Eq. (2), which was'in-‘
vturn used to predict»the small temperature ?ariation of koﬁ -
The recombining ions Were again.taken'as‘Tl£I+‘and TlIé.'.The v
resulting temperature dependence'of the_third order rate consﬁahtx
is shown as a log-log plot in Fig. 4. | o

Flgure 4 shows that at least below about 650° K the third
_order rate constant. decreases as temperature increases approx—

imately as T 4 l. If Thomson S expreSS1on for the thlrd order

constant is wrltten as
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3=+, -
:
k, « TR, ¢C (¢ + o)

~

here o ,0 are the ion-neutral collision cross sections, Ré
one sees that

is the capture radius, and ¢ is an average speed,
=5/2 . .
/2 tor

since R, varies as 1/T, and ¢ as'Tl/z, k. varies as T
an assumed hard sphere ion-neutral interaction. If scattering
by the ion;neutralapolarization potential is dominant,"'kt shouldt" .
vary as T-S.' It does not seem possible to duplicate the L
observed 5‘4'¥ dependence using the ThomSon theory. ' This dis- ‘Lu
'crepancy may be an indication of the snortcomlngs of the o
Thomson theory.. However, the 1ntr1n51c exper1menta1 uncertalnuy,p
together with.the possibility that our method of correctlng |
for bimoiecular contribution is inadequate, suggest that thisini

conclusion cannot be firm. An additional complicating factor -
B ] . . .

is the possibility that the fraction of ions that. are complexed: .* -

may vary over the temperature range If the fractlon of free
~ions increases as temperature 1ncreases, .the . apparent rate WLll'
decrease more slole.than the true rate constant. This'effeot'.}

may be responsible for the‘deviation'of the data at temperaturesl_t

"‘near T00°K from the straight“line in Fig 4. If any appreJ .

01able effect of thls krnd 1s operatlve over the whole temperature
1range, the dlscrepancy between true’ temperature deoendence of .

 the rate: constants and preolctlon of the Thomson uheory is

rncreased.
CONCLUSION
Thevexperimental results reported.in this paper, togetherté

witn the. results obtained earlierl’3 show that the Thomson

theory of termolecular ion recomblnatlon in 1ts orlglnal form
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can ve used to predicﬁ, with semiquantitétive success, reéom-
bination rate constants even though thé'ion and neutral mgsses
anc sizes, as well as temperature, may vary considerably from
reaction to reaction. The ﬁemperature dependence of the ter-

; :
molecular rate constant found experimentally is somewhat more“
extreme than the ﬁredictiqn of the Thomson theory, and may
constitute an indication of how the theéry shouldé be refined.

The bimoleculaf rate constants found in this,Work are |
noticeably smaller than those characteristic of lighter lons
derived from moiecﬁles of higher ionization energy. The major.
block to interpretation and prediction of the bimolecular fate

constants is the lack of knowlédge of the electronié energy

levels, ionization energies, and electron affinities of the

recombining species.
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Table I. Recombinaﬁion Coefficient
/ - .

~N~

~o R GIGio ! Ol

;essure ‘Tempgrature a X 108 Pressure Tem% rature a x 10

{Torr) (°K) - {em®/sec) (Torr) K) (cm /sec)

T1lI-Ar - : ‘ ‘T1I-Xe

78 530 6.0 * .3 34 , 533 6.5 * .4 -
132.5. 531 7.3 £ .4° 47 ' 530 6.5 % .4
193 531 9.5 % .6 71 533 8.0 #* .5
269 531 - . 10.5 .6 95.5 532 ‘ 9.5 * .4
354 528 12.4 % .4 117.5 533 10.0 =..5

' 144 » 523 12.0 £ .6
160 531 - 12.5 % .5
190 513 14.5 £ .7
240 o 830 . 18.0 .8
T1Br-Ar - TiBr-Xe - - .

54.5. 591 5.5 % .4 38 C 593 6.5 "%
107 - 591 7.3 % .5 T4 ‘ 593 7.2 .
147 561 8.0 = .7 - 98.5° - 596 . .8,3 ¢
168 591 9.0 * .8 126 593 _ 9.0 =
2235 . 561 9.0 - = .7 136.5 596 .. 9.5 %
308 561 - 10.0 £ .5 . 178 547 - 1x.5 - £
ik , 561 - 11.5 + .8 - 222 - 54T - 13.5 £

TiCl-Ar S o : - T1Cl-Xe S
210 6O8 °© -+ 9.5 * .5 48.5 .- .- 620 - . 7.0 =
300 619 0 9.75 £ .5 56 . - 613 7.0 .£
304 - 606 - 11.0 = .7 S 68 613 - . 7.3 . %
354.5 608 . - 11.0 .6  99.5 - e21., - 8.5 .%
432 610 -12.5 + .5 150 . ezz . . " 10.0 . %
o : = o 156 . . 616 - 10.0 %
191 - 610 - 10.6 %
237 . - 612 . 11.0 &
E Lo 279" v+ 803 . 1lz2.5 %,
T1I-NOy-Ar B - T1I-NO,-Xe .

- 55.5.0 547 6.0 % .4 - 42 o 554 6.5 % .
104 - 555 6.75 = .4" 49 - . .- 555 6.75 .,

- 150 548 7.3 = .4 fz-. . - 555 775+
199 . 554 7.7 * .4 73 . .. 553 7.8 % -,
296. 5 _ 548 9.2 + 5. 76 . 548 7.25 £ .

99 - 555 - 8.75 = .

110 .~ 553 8.0 %,

- 150 - -+ 555 9.4 * |

152 . 553 . 10.2 %=,

. 152.5 - . 548 - 10.0 = |
186 , - 558 10.5 .= .

198 - 556 10.5 £ .

GO OOGUTe O Ul

(Continued)
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" Table I. (Continued)

 UCRL-17657

Pressure  Temperature = a X 109 Pressure = Temperature a,x_lOB
(Torr) ( 5) | '"(cms/sec) . (TPP?)' (°K) (cms/sec)..v
Pol,-Ar | S PbI,-Xe
77.9 594 4.8 52.7 595 5.0
109.5 593 5.3 73.5 .1 595 6.1
192. 4. 594 6.4 101.1 593 6.7
251.5 595 C 7.6 152.8 593 8.1
1294.0 ¢ 595 7.9
395.0 594 8.8
 PbBry-Ar ' S ,.,‘ PbBr,-Xe
106.2 707 7.5 50.0 . 707 6.7
. 202.2 . 706 9.5 104.0 . 707 8.2
299.5 707 11.5 - 151.4 707 9.5
405 707 13.5 _
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Termolecular and Bimolecular Rate Constants_ -

Table II.
(xe) . (ar) | g
System k, X 10277 K, X 1027 fo X 10
.(cm6/sec).:' (éme/sec) .<Cm3 Secfl)
711 30.4 13.0 £.0
T1Br 19.6 10.6 . 5.1
~ TiCl , 17.8 11.8 5.6
T1I-NO, ;18.6 7.4 5.3
PO, 19.1 9.3 3.7
PLBY, 20.6 15.3 5.3

a.. The cpn;tant kt = k1k3/k25'j.:f;‘ 

AN
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Table .III. .Temperature depenhdence of recombination
coefficient o for thallium iodide in xenon.

: o ' 26
4 _ . :
Pressure Temperature a X l0‘8 : Kt_x 10

(cmS/ion-sec) (cmo/ion2 sec)

484 21 £.79
489 17.5 . 3.84
500 - 16.7 3.66
523 13.6 . 2.94
§s3 . 11.9° 2.s5
580 9.1 . 1.716
603 . - 8.1 1.2 o
627 .. 8.0 .. . 1.58 .
651 . 7.3 - 1.37 '
673 . . 7.4 - .7 1.50
896 . . 7.3 . 1.50
176. 702 . 7.5 - . T 1.60 -
176. B £ A A M- B
177 0493 1408 o 0o 2.es
176 489 . . 14.0, - z2.88 =
177 . ss1 - 140 . o 3.08
177 o845 . 13.25 L T30 .
S 177.5 - s7TL . 1d.s . . 2.8
7T . . 805 0 . 9.5 2.0
176.5 610 . 11.0 - - 2.6

o b
R R
Gr ¢y

17T,
177.
17T,
177,
177.

B
-3
(62}

177,

i,.J
ﬂ
(0)]
© @ 0O H P U NO © N

®The third order constant kt'is obtained from a after . A
subtractlng a temperature adgusted value of. k derived from_ =
Eq. (2), as descrlbed in the text ‘ '
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Table IV. ionslobServed Mass Spectrometrically;a

_ : ' ' Remove - Add — :i e

Experiments Performed at 630°K

71" 71" Tt - mt . omT omt
- (100) (2) o (1) (10)

+ A S -

L TL,IT . T1,NO; ~ TIpNO . T1,NOg R
| () o (1) () @

,I'i}p},,‘ I~ LI Coe I T L

o (100) - (1) o (2).7e(2) L. (10).

'lelf. ,f}1nNog o oNop o oNOp o NOp -
@ a @ e
| Nog); "",ﬁ'fiTI(Nos)é-}'Tl(Nos)z
5 (10

> u;_Experiménts‘péformed

o
71 (
- (

®
R
3
- n
O
o
3

mt o, mt o e S
Sl (80) e (2B0) oy e
Tt gt ppe L
) Con(120) T (800) T
e D e e T
oo Tlaly o D ThgTy e

=
e

e~

= W
~ "
o F

: Lo :‘+lﬁf¥ff'ﬂ'.- S SR
o A8) e (B) .
. o v;ﬂﬁ:..Iﬁf 'l;f:i:“l{ . ?- Ey o f;if ‘Mf {#;u R
| P )
R - U (s0) 7 (200) 1
:TLIZ L f?f‘}fjgfﬂ‘TlIZ'_Ai;vu m;IZ;',”*; '_.“' w}.égi;J
(s) (150) .7 -+ (400) - S
e o '-?}" o (Continued),
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Table IV. (Continued)

TLT | : " Remove Add . o
71T T1I, SFy  T1I, NO, No, - SF, T1iI, T1N03' 
Tlpls TLINOg  Tlplg
(v) - - - (20)
(TlI)ZNo3 NO,
(10) = (10)
- No
(5)

%In experiménts performed at'6309K-the vapor pressure of T1I
was approximately 40w, while for those performed at 720°K,
the Vapor,pressurefwas approximately‘l Torr. The numbér in -
parenthesis indicates the approximate relative'intensity of
the ion, uncorrected for any mass-discrimination in <he
- spectrometer, -Only intensities in a single .column should bev‘
comparéd.' Where only qualitative intensity measurements .

~ were obtained, they are indicated by (s), strong,fand'(W);' ;j.

weak.
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. =32~

(ions/cm sec °K)

Thallium Systems

UCRL-17657

Ambipolar Diffusion Parameter C X 107

e Third
System ‘Body

Complete Langevin Eguation

1t

X

Tl

+ e
2%
PIX

2

TLX°
X1X,

Experimental ® ~ ¢

T1I Xe
T1lBr Xe
TiC1 - Xe-

T1I-NO, = Xe.
- T1I Ar
TlBr = - Ar
T1Cl. . Ar
. T1I-NO, - Ar

2.18

- 2.31
2.60

'5.06

5.27.
- s.T2

1,74
+.1.81

" 3.85

4.00

© 1,70

412

1.62
1.67
1.74

$3.58
3.69

3.8

.54
.55
.31
.63
.75

N o W

.63

AT

1z

L R - S S S S

H+

HOH R R R e

Xe

Lead

non

Systémsq,r“

Argon

X 10

-15

=

X 10

1£Gi X 10

-15

Gy

X

iO_ls'ﬁi'

Pb,I3, PbIz -

Experimental -
PbBr', Br-

_2Br3, Br;;'

. PbBrT, PobBr

3

Experimental -

N :

.05
.62

2
1

1.56
)

ez
2.

30

C2ae0
EE - T
"1;68}f;”“{7

15

2,07 ..
“1.70
'l51;51\§f§f¢
137

2,23 o
1.83 T

D Biag
L 2.78

475
5,51

fevel
© 3,87
'3.59

4.80

W »

o

>

w o .

86

.67
00

-
K : -

(Continued) = 7 -
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'FootnotesAfor Table‘V

(2] . . -
“Internuclear distances from neutral molecule..

-

O, ' ks e e s o
Internuclear distances from ionic crystals.

“The quantities Cl'and Czbwere calculated using the larger

and smaller values for the ionic radius of Pb2+,'asvnoted

i

in the text.
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Table VI. Critical Collision Radii for

Bimolecular Neutralization.

System ' o(R)

Br+, T1Br, . 21.5 EEEARL R

le

T1 o

2

. + -
Tl,Cl°, TlBr, ; 22 |
+. -
_T12N03,_T1(NO_3)2 N 21.5
o _ ‘

PbI', POI; S e

TR { . ‘
. \ |
e st .
s . A
. - ; g

. e
o
-\: i K )
%
-
-
v
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Comparison-of Calculated and Experimental

Table VII.
Rate Constants.
System k, X 1027 (cale) k, X 10°7 (expt)
T1I-Xe 20 30
Ar 15 13
T1Br-Xe 15 20
Ar 1 11
T1C1-Xe 15 18
Ar 10 - 12
| TlNo,-Xe 23 19
Ar 20 7
PbI,-Xe 15 18
 Ar 13 9
PbBrZ-Xe'“v‘ 16 21 - .
ar 9 15
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Figure 1. Reciprocal ion concentration as a fuhction‘of time for the T1lI-Xe system. Open circles,

160 Torr Xe; closed circles, 34 Torr Xe. Smooth curves are calculated from the best .

. fit to Bq. (1). Note different ordinateé_for-the'differgnt pressures.
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- Figure 2. Recombination coefficient a as a function of mdlecule density. Open circles, T1I-Ar system;

closed circles, T1I-Xe system.
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Figure 4. The logarithm of the termolecular rate constant
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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

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






