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I, INTRODUCTION

The study of reaction kinetics is one method of obtaining infornm-
ation about the structwre of molecules, Whether the study is concerned
with rates, mechanisms, and energetics of chemical reactions in the
classioca) senss, that is, reactions in which products are different
chemical species from reactants, or with rates, mechanisms, and
energetics of isotope exchange reactions in which products are chemically
equivalent to reactants is important only from the viewpoinmt of specific
information desired. Both methods of attack yield data important in
determining the strustural nature of reactants and products,

Although some work dealing with isotope exchange in the halogsm
fluorides Las been reported, there are almost no classical reaction-
kinstic data for these compounds,

The pressent work deals with both isotope exchange idnstics and
reaction kinetics, with, perhaps, the emphasis on the former, The
systems chlorine trifluoride and chlorine, chlorine trifluoride and
chlorine monofluoride, and chlorine monoflucride and chlorine have
been stwdied to determine isotopic chlorine exchange in the gas phase,
In addition, the chemical reaction kimstics of the system chlorine
trifluoride and chlorine have been studied,

Special equipment suitable for studying gaseous reactions of
halogsa fluorides has been designed and oonstructed, including equipment
for the study of isotope exchange in which a radioactive isotope is
utilized,



II, HISTORICAL SURVEY OF HALOGEN FLUORIDES

The lmown stable halogen fluorides are chlorine monofluoride,
chlorine trifluoride, broaine monofluoride, bromine trifluoride,
bromine pentafluoride, iodine pentafluoride, and iodine heptafluoride,
Excellent general reviews of the chemical amd physical propsrtiss of
these compounds have been given by Thompson (1), Sharpe (2), Greenwood
(3), and Booth and Pinkston (4,5). Specific information on econductivi-
tioj , magnetic susceptibilities, and vapor pressure studies is given
by Panish (6), and on electric moments by Pruett(7).

Becmo-tho pressnt work is conecerned almost exclusively with
the chlorine fluorides, attention will be focused upom chlorine mono-
fluoride and chlorine trifluosride, These compounds, in common wdth
all of the halogen fluorides, are extremely reactive, chlorine tri-
fluoride being one of the most reactive materials imown. This fact
necessitates special techniques and equipment, the details of which
are discussed later, for their study,

Production of the Chlorine Fluorides

There are almost no kinetic data available concernsd solely with
the formation of halogen fluorides, nor is there extensive information
on the yields of chlorims monofluoride or trifluoride under varying
conditions, Ruff and his associates (8,9) first made chlarine mono-
fluoride by the action of slightly moist hydrogen chloride on fluorine



at room temperature; if the gases were dry there was no reaction below
250° C. On the other hand, Domange and Neudorffer (10) reported that
the reaction between fluorine and chlorins in one-to-ons ratio to form
chlorine monofluoride proceeds readily at 220° C, to 230° G, A further
method was found by Schmitz and Schumacher (11), who prepared the
monofluoride by allowing chlorine and chlorine trifluoride to react at
250° ¢,

Chlorins trifluoride was first made by Ruff and Krug (12) by
passing a mixture of chlorine and excess fluorine tlrough a tube
beated to 250° C,, a process wiich produced very small amounts of
product, at <170° C,, a three-to-two mixture of chlarine to fluorine
yielded a ratio of one to four of chlorine trifluoride te chlorine
monofluoride, Ruff and Krug concluded that the better yields of the
trifluoride were obtained at lower temperatures, However, Swinshart (13)
reported that the direct union of chlorine and fluorine in a copper
reaction vessel at 200° C, proceeds immediately to chlorine tri-
fluoride, Schmits and Schumacher (11) found that the reaction
' ' CIF + Fy = CIF,
1s reversible, and obtained the values shown in Table I for the

equilibriun constant
PCIF ePF

® * —pwt
3
TABLE I
BQUILIBRIUM CONSTANTS POR THE FORMATION OF CHLORINE TRIFLUORIDE

- .

T . 180 200 220 250 300 350

K atm,x10¢ 0,069 0,212 0,63 2.98 2k 143




Isotope Exchange Reactions

The redioactive miclide F® has been used for several investi-
gations of isotope exchange between halogen fluorides and other
fluorine-containing compounds, Rogers and Katz (1l) studied the
exchange between hydrogen fluoride and some interhalogens, Exchange
in the ligquid phase at room temperature was found to be practically
instantanscus in the following systems: EF and BrF, ; HF and CIF, ;
HF and Br¥fg ; HF and IFg ; C1F, and BrFy, These exchanges wers
postulated to eccur through ionic equilibria, In the gas phase,
exchange in the following systems: HF and C1F, ; HF and CIF ;

HF and Brfy ; HF and Br¥fy ; and BF and IF, was also instantaneous at
room temperature, The formation of intermediate complexss was
postulated to account for these exchanges. Bernstein and Kats (15)
found no exchangs between elemental fluorine and halogen fluorides at
temperatures below 100°C,, but measurable exchange rates above 200° C.
Adams, Bernstein and Kats (16) studied the kinetics of isotope exchange
between elemental fluorins and the interhalogens chlorine trifluoride,
brouins pentafluoride, and iodine heptafluoride, Gas phase ;xchnngo
4n the temperature range 181° C, to 257° C, was found to ecour by
either a heterogensous mechanism, or a combination of heterogeneous
and homogeneous mechanisms,

Other exchange reactions, while not strictly halegen fluoride
reactions, are pertinent, Dodgen and Libby (17) found no exchangs
between hydrogen fluoride and fluorine at room temperature, but a
meagsurable rate at 210° C. in a copper reaction vessel, Adame,



Bernstein and Kats (18) studied the kinstics of the hydrogen fluaride-
fluorine system in nickel apparatus between 194° C, and 257° C,, and
found that exchange occurred by a heterogensous mechanism, On the
other hand, chlorine exchange between gaseous hydrogen chloride amd
chlorine is rapid at room temperature but was shown by Libby and
Jolmson (19) to be surface catalysed, or heterogenecus, The hydrogen
bromide-bromine system undergoes rapid exchange in the gas phase at
room temperature (20), as does the system hydrogen iodide-iodine (21),
but the mechanism of exchange is not knowm (21,22),

Summary of Properties of the Chlerins Fluorides

Because many of the experimental procedures as well as the treat-
ment of results involved in the work to be described are closely
comected with physical properties, seme of the properties of the
chlorine fluorides are listed in Tables II, III and IV, Some properties

of certain halogens have been listed for later reference.



TABLE IT
PROPERTTES OF THE CHLORINE FLUORIDES AND CHLORINE

car CIF, Cly
_F
Boiling Point, °C, <100.8 (4) 11,3 (L)  -34.6 (26)
Melting Point, °C, -1 (4) <83 (L) -102.6 (27)
Dipole Moment, D 0.88(23) 0,554 (2)) -
Density, g/ul.at 0°C, - 1,891 (k) 0,003214 (26)
Dielectric Constant at 20°C, - 14,28 (1) 1.98 (28)
& a
4 Cl—F
Configuration - ) o -
F
planar
° 0= 87%291
Bond Length, 4, 1,628 (23) a=1,698 (25) 1.984 (29)
. b= 1,598
L
Bond Strength, koal/mole at
| 29 60,6 40.3™* 580

# References are given in parentheses.
=% Calculated from thermochemical data in Tadble III.
3% Average bond emergy,



TABLE ITI

S(ME THERMOCHEMICAL VALUES FOR THE HALOGENS AND THE CHLORINE
FLUCRIDES IN THE GAS PHaSE AT 1 ATMOSPRERE PRESSURE ( 30)

F 18,903 19,19 14,820 12,30 12,00 11,69 37.9173

) 0 0 0 ) 0 0 L8, hk7
cl 28942 29.17 25,122 39.4569
Clg 0 o 0 0 0 ] 53,291

CIF 11,923 -11,94 -12,279 -12,483 12,507 -12.532 52,062
cn‘ -37 029 .37 .10 .27 .96 .22 .hz .21.77 =21 013 68.&

s AFp values at 176,56°K, 497 46°K, and 518,56°K ebtained
mpgmedly from literature values at LOO’K,, S00°K,
and .



TABLE IV
Kp VALUES® FOR THE EQUILIBRIIM (C1F,); < 2CIF,

T in %. Kp in Atm,

9.5 26.9
20,0 321
2L.2 35.4

# Reference (L),




ITI, GAS-HANDLING, REACTION, AND COUNTING APPARATUS

Because of the high reactivity of all of the halogen fluoride
compounds, particularly chlorine triflworide, a special system was
constructed, This system was housed in a hood equipped with sliding
safety-glass doors, the frames of which were asbestos covered,
Nickel, Monel,' and flucrothene were used extensively, One reaction
chamber was oconstructed of copper, and copper tubing was used for

Several non-permansnt comnections,
The Gas-Handling Systen

A schematic diagram of the apparatus is shown in Figure 1, and
a pbotograph in Figure 2, Pressures of the gases were read from a
lIoli.m:i(la Bourdon gauge and were considered accurate to within one
millimetsr of mercury. Low pressures were obtained from a McLeod
Gange mercury manemeter, Temperatures were obtained from thermometers
calibrated against a secondary standard which in turn was calibrated
against a platinum resistance thu'naotor.' Various treaps for measuring
Portions of chlorine trifluoride, chlorine monofluoride, and chlorine
m included, as well as a system designed for trap-to-trap distilla-
tion, A copper expansion or reaction vessel was constructed and placed

—
Mongl 1s the trede mark name of the International Nickel Company for
2 high nickel-content alloy.

Manufastured by dmerican Chain and Cable Company.
3
A Mueller Bridge was used,
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in a position such that it could bte surrourded with a hot bath for
experiments above room tellperature; A steel cylinder was used for the
storage of radioactive chlorine gas; another steel cylinder contained
chleorins trifluoride, 4 nickel reaction chamber and a counting chamber
for radioactive gases were comnected to the gas-handling systen;
details of these devices will be given later. The system was evacuated
by means of a Cenco Hyvac vacuum pump which was protected from halogen
fluoride gas by a large bottle of soda-lime, and from water by a drying
tower filled with anhydrous calcium sulfate, Several talks-off con-
pections with flare fittings were made, The main manifold line of the
system and the individual connections to traps, storage and reaction
chambers, gauges, and so forth were one-quarter inch outside diameter
mickel or Momsl tubing, All permanent commections were silver-
soldered, as were the various ond—caj:a used in constructing traps,
reaction chambers, and counting chamber, Valves were either phosphor-
bronge bellows valves with nickel or nickel allcy bases, or Ineone11
diaphrega valves,

The Gas Reaction Chamber

4 schematic diagram of the nickel reaction chamber is given in
Figure 3, The chamber was about 24 cm, long and about 4,15 ca, in
diameter, and had an inside volume of 311,9 ml, 4 thermometer well
was silver soldered intc the center of the chamber, extending back
about three-quarters of the total length, The outside of the chanber

[—

1
Inconel 1s the trade mark name of the Internmational Nickel Company
for a high nickel-content alloy,
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Figure 4, Cross-section of the g'as-counting chamber.

7——— —— Coaxial lable
i To Scaler

Scale
1l in. =2 in,

13



1)

was covered with a thin fiber-glass net cver which was wrapped nichrome
resistance wire, This wire wrapping was covered with several layers
of asbestos tape to minimize heat loss to the surroundings, Ends of
the nichrome wire were comnected to a variabls-voltages or auto-
transformer, so that the temperature atiained in the chamber, which
was a function of the voltage applied across the wire, was adjustable,
In ordsr to decrease fluctuations in temperature caused by fluctuations
in line voltage, a constant voltage transformer was placed between
dine voltage and auto-transformer, In this way it was possible to
maintain the reaction chamber temperature at a reasonably constant
walue (20,5°C,) throughout a .g:l.nn experiment, even though the reactien
temperature was considerably higher than room temperature, Alumimm
tubing was coiled about the valve between the hot chamber and the main
1ine as well as the valve between the hot chamber and the Helicoid gauge,
During experiments in which the reaction chamber was heated, tap water
was circulated in the tubing. The reason for this cooling was two-
fold, First, both valves involved depend on a flexible nickel alloy
(Inconel) diaphrage, which is tough, but nonetheless thin, and conse-
Qe ntly a critical weakness of the system if allowed to be in contact
VAith halegen fluorides at high temperatures, Second, the valve
between chamber and gauge was clesed during certain experiments, and
the temperature of the gas enclesed in the gauge as well as that ef
the gas enclesed in the hot chamber was required fer calculation of
Tesults, It was thus necessary to have, in addition to the velumes
involved, soms sharp defining point in the connectien sush thad gas
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below that point could be said te be at hot chamber temperaturs, and
gas above that point at another temperature, The valve was ideal for

this juncture,

The Gas-Counting Chamber

A eross-gsection of the gas-counting chamber is given to scale in
Figure L, The main body of the chamber was prepared to house a
Victoreen 1B85 Aluminum Thyrode, This counting tube is especially
designed to replace thin-walled glass tubes, It has a greater shock
and vibration resistance than glass tubes, and the inertness of
alumirum to halogen fluerides makes the tube valuable for the present
application, In additiom, although thin enough to detect 0.16 mev,
bets particles, the alumimm shell is constructed to resist implosion,
and therefore is suitable for gas-counting application, Near the top,
the tube is flanged; this flange was sandwiched with ‘l'oflon' gaskets
which served to make a vacuum-tight seal between chamber and tube when
the specially constructed cap was placed over the tube and bolted in
Place, 4 coaxial cable comnected the counting tube to a Radioactive
Products Incorporated Raychronix Model A-L scaler,

Because radioactive material wes being used in the experiments,
Certain precautions were necessary, Radioactive materials were stored
in & specific area, The mature of the investigations carried out made
it necessary to produce radicactive chlerins gas from radioactive
hyrogen chleride (the details of this procedure are given in a later

T

-y A
Teflon 1s the trads mark name for E, I, DuPont de Nemours Company's
tetrafluorcethylene polymer,
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section); chlorine gas could then be stored for use as required, It
did not leave the metal handling syatei until pumped through the
soda-lime bottle, Any gas passing through the system plus pump

escaped by wmay of a hood, Therefore, the time of greatest danger of
contamination was during redicactive chlorins production and the subse-
quent disposal of waste materials, Careful monitoring of activity

was done with a Nuclear Instrument and Chemical Corporatien Survey
Meter, Model 26104, before, during and after these productions;
residues and wastes were discarded through a University disposal system,
Monitoring was periodically and independently done by a representative
of the University Radicactive Isotopes Comittee.

Absorption Cells

4 10 cm, infrared absorption cell suitable for use with halogen
fluoride gases was constructed, This is drawn to scale in Figure 5
and photographed in Figure 7, The body of the cell was nickel;
windows were rolled sheet silver chloride; the cell end-plate and
adapter (for Perkin Elmer Model 21) was brass. This cell was used for
experiments discussed in Appendix I.

A 10 om, gas abeorption cell suitable for investigation of the
Wltre-violet absorption spectrum of halogen fluoride materials is
shown in Figures 6 and 7, The cell body was nickel; fluorothene-sheet
wAindows were held in position by brass end-caps., In the lower region
OFf the ultra-viclet spectrum, fluorcthene itself absorbs some 1light,

The absorption spectrum, balanced against air, of fluorothene about
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Scale

1l in,

= 2 in,

Figure 5. Infrared absorption cell: A, nickel cylinder; B, phosphor-
bronze bellows valve; C, silver chloride windows; D, brass end plate
machined to fit Perkin Elmer (model number 21) adapter; E, brass end

cap.

F ig\lre
bellOWS

/ .
e NS

)

6. Ultra-violet 10 cm. absorption cell. A, phosphor-bronze
valve; B, fluorothene window; C, nickel cylinder.

Actual

Size









19a

*eusyj0I0NTy Jo uor3drosqe 3BTOTA-BIZI °Q oan3Ty

V uT yjlueressy
0054 0001 005¢

0C0¢

00562

LN O O B O |

‘U= SSeWIOTY]

_

I

~

I

N

0°0

g0

0°T

G°1

0°*c

G*2

Loueqaosqy



19

four times as thick as that used in cell windows is showm in Figure 8,
Because of this absorption, a matched pair of cells was made, Ome
evacuated cell was used as a reference, while the other, containing
gas to be investigated, was balanced against the reference cell,
These cells are suitable for use with the Beckman Model DU Spectro-

photometer,
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IV. TEEORETICAL ASPECTS OF KINETICS AND EXCHANGE EEACTIONS
Kinetics

Study of the rates at which reactions occur and the influence of
conditions on these rates is called chemical kinetics (31). In most
cases, the rate of a chemical change is proportional to the concentra-
tions of reacting substances; consequently, the speed of the process
must decrease as the reactants are being consumed, The curve of re-
action rate versus time approaches the time axis asymptotically with
very large time values, In practice, because the continuous rate is
normally difficult to ascertain, the reaction rate or speed is determined
at a particular instant; valuable results can be obtained from these
data,

Reactions are divided into classes which are based on the experi-
mentally determined order of the reaction, that is, the number of atoms
or mclecules whose concentrations determine the speed, or kinetics of
the process, Often, results thus obtained are interpreted in terms of
the molecularity of the reaction, or the number of atoms or molecules
taking part in each elementary step leading to chemical reaction,
Although the order and the molecularity of a reaction are not necessarily
identical, the determination of the molecularity usually requires much
Rore information than the relatively simple, kinetically-obtainable,
order, Because of this, and because one aim of ikinstics is to determine
the elementary steps of a process, the experimental order is frequently
talen to be the same as the molecularity, Fortunately, this is often

the case,

e e
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Chemical reactions are not always simpls; complications may arise
as a result of side reactions, reversible reactions, heterogeneous
(surface catalyzed) processes and other causes. For purposes of defin-
dng classes of reactions, only isolated reactions free from secondary
eL fects will be considered,

4ds a representative class, consider a second-order reaction,
that is, one in which the rate at any instant is directly proportional
Yo the concentrations of the reactants, or mathematically

1). % = k (a=x) (b-x) ; afgbd

wihere = the rate of reaction

w SR

= specific reaction rate constant
initial concentration of reactant A

»
[ ]

o
[}

initial concentration of reactant B

x = the decrease of 1 after time t = decrease of B
after time ¢,

If equation (1) is integrated, taking into consideration that
X = o whent =m0, and x = xwhen ¢t = t, then

2) w33 10p [R&D) 5 afbd
3) H/% .log(%:) +1og§ ;3 apgbd

Theretore, if a reaction is second order, a plot of the experimentally
determined log (ésf) values versus t should yleld a straight line,
The slope of the line affords a means of evaluating k. For the case
& =p, .eqnation (1) simplifies to

LI Rt )
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L) %-f =k (a-x)?
wiuoch yields, on integration

5) kt =

® =
~
|w
~

Here, aL'plot of (—z=g) versus t should result in a straight line for
a second-order reaction,

Classes of zero, first, and third, as well as fractional order
reactions may be treated in a mamner entirely analogous to that used
for the second-order case above,

In addition to strict classes of reactions, it is often possible
to deduce mechanisms by postulating a reasonable series of steps leading
ultimately from reactants to products, setting up the differential
equations indicated by these steps, performing the necessary calcu-
lations, and comparing the final rate equation with that determined
experimentally, In this process, the intermediate steps are not
par-ticularly limited; they may involve radicals, ions, molecular conm-
rPlexes, and so forth, even combinations of the above,

Heterogeneous processes are brought about by surface adsorption
of reactant or reactants, Following adsorption, reaction occurs at the
Surface, after which products are desorbed, Of interest in this
connection is the Langmuir isotherm for two adsorbates (36).

r;b‘P‘ +bBPB rm NG B

Where O3 and 63 = fractions of surface area covered by
4 and B at partial pressures P; and Pg

-e

by and by = adsorption coefficients
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Because b and by are determined empirically, (6) may also be written

0 = 'sC ; e = b'pCp
. ; ,
1 + b1,y + blpCy T +b'C, + b1.Cy

Where C, and Cp = concentrations of 4 and B,
Three cases are of interest

First: two reactants, both weakly adsorbed.
dp
7) rate =-gg =k €6 =k' PPy

Second: two reactants, A weakly and B moderately adsorbed,

8) rate = - g’% =k 6,63 = k bbyP Py = k' PRy

'I +5FBSQ l! ’BFB)Q
Third: two reactants, 4 weakly and B strongly adsorbed,

9) rTate »-$F ~k8,6 = kbbpPPp = k' P,

o3P B

Temperature Dependence and Energy of Activation

In most cases, the dependence of reaction rate on temperature may

be expressed by the Arrhenius Equation

10) k = 1 exp (—%—)

where k = specific reaction rate constant
A4 = frequsncy factor
AEa = energy of activation
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R = molar gas constant = 1,986 cal,/mols deg,
T = <temperature in degrees K,
The energy of activation for a reaction can be calculated from specific

reaction rate values at tw temperatures,
Entropy of Activation

For any elementary reaction, the specific reaction rate constant,
*
k, may be defined as a constant, K , multiplied by a universal frequency

factor (32) KT
+

-16
Where Ky = Boltzmamn constamt = 1,3803 x 107 _ s=2ci

degree
T = temperature in degrees K,
h = Planck's constant = 6,623 x 10™%7 erg second

Thus

1) K - KgT +

- °

Although K’ is not strictly an equilibrium constant, it is similar to

one . Thai'erore, it is possible to define the free energy of activation,
aF?, vy

'
12) &oF =-Bf InK ! = -RT 1n (K
KB!)

and the heat of activation, aH ! by

13) AH+ RT® dln Kp’ RT® d1n xc+ (n-1)
o - <(n-1) RT

+
where Kp is K* in pressure units
+
K, 1s K"I in concentration units
n is the molecularity (and order) of the reaction
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then

W ar'-m® dl(k(gn ] - () m
ar I

*
15) aH eRM? dlnk «RT - (n-l) RT

+

16) oaH «RT® dlnk -nRr

aT
But from the Arrhenius equation,

17) Inke - AEa + 1na
-

dlnk = AR
18) Rf3dlnk « ARa
TT
Therefore

19) AH+ e« AEa - nRT

Once AF* and AB+ are obtained, then the emtropy of activation, AS +,
can be determined from the relationship

$

20) AS+- aH' - art

Exchange Reactions

Exchange reactions are somewhat different from usual reactions,
because the original concentrations of reactants do not change during
the courss of reactiun, Often exchange is followed by means of
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radioactive isotopes, although isotopic mass differences are utilisable
with the aid of a mass spectrograph, In order to derive a guantitative
exchange law, consider the schematic reaction (33).

21)  AX +BX = AX" 4 BX

Where A and B represent different atoms or radical groups;X
represents a radioactive atom of X,
Define ,in mole/liter cencenurations
AX +ax* = a
BX +BX =b
Ax* = x
Bx"* =y
xX+y -2
Neglecting radioactive decay, and any isotops effects, the rate of
increase % of AX" is given by

22) He-RE (AX).p3 (é?)-!:’% Rx +f B

VWhere R = the rate of ths reaction between AX and BX in the
dynamic equilibrium,
Integration of 22) under the conditions, ¢t = © , x e x, 3
t = 0, x =0, that 1s, AX i initially inactive, yields

1
23) 2303l licy ] - 222 me
T
Here x 1is seen to be identical with f, the fraction of exchange
x
after time ’:.

P AT e
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The derivation holds equally well for the case of molecules con=~
taining more than one atom of the species studied, for example, X,
instead of AX, but here concentration must be expressed in terms of
eguivalents of exchanging atom per liter instead of moles per liter,

An isotope effect, that is, a difference in exchangs rate between
isotopes, 1s noted where the relative mass difference of the isotopes

inwvolved is large (3L, 35), For heavier atoms, as the relative mass

di fference becomes negligible, the isotope effect becomes negligible,



28

V. THE CHLORINE TRIFLUORIDE-CHLORINE SYSTMM
Introduction

The combination heterogeneocus-homogeneous mechanism found (15) for
the exchange of fluorine between chlorine trifluoride and elemental
fluorine has been mentioned previously, The exchange reaction

2l) CIFy + C1.* = C1'F, + C1, |

(where an asterisk denotes a tagged atom) is similar to the exchange

reaction

25) CIFy +Fa = CIF, + F,"
studied by Adams et al,, and consequently was investigated for exchange,
fualitatively, exchange was found to occur in the gas phase at tempera-
tures above 180°C, However, because the reaction

26) ClIF, +Cl; —> 3CIF
also occurs above 180° C,, tlus clouding the exchange interpretations,

& study of the kinetics of formation of chlorine monofluoride was made,
Materials

Anhydrous chlorine trifluoride, technical grade, was obtained from
the Harshaw Chemical Company. Before use, this material was purified
by successive condensation-vaporization processes; the gases non-
condensible by an isopropanol-Dry Ice bath were discarded by removal
through the system pump, Each condensate was degassed for several
minutes by leaving the trap open to the pump, Purity of the chlorine



trifluoride was determined by means of the ultra-violet spectrum
obtained by use of the cells described in Section III, Three or four
purifications yielded material nearly free from chlorine (Figure 9).
Fluorine (16) and chlorine monofluoride (Section VI) are gquantitatively

separated from chlorine trifluoride by the above procedure, Traces
of hydrogen fluoride may have been present, but overall impurities
after trap-to-trap distillation have been estimated to be less than

one mole per cent (6,7).
Chlorine®® was selected as the tracer, The disturbingly long

half-l1ife of four hundred thousand years is partially compensated, from

a safety point of view, by the weakness of the negative beta emission

(0,72 mev,). The C13® was ocbtained from Oak Ridge National Laboratory

in the form of aqueous hydrogen chloride which contained fowr micro-

curies of activity per milliliter, Tagged elemental chlorine was made

according to the reaction (37).
27) MnO; + 2HCL + HyS0, —>MnSO, + 2H;0 + Cl,
The system used for chlorine production is shown in Figure 10, For one
batch of chlerine, the following were placed in the reaction flask
and heated to about 80° C.: 17,55 grams sodium chloride, 13.17 grems

manganese dioxide pretreated with concentrated nitric acid to remove
12,375 ml, distilled water, 12,375 ml, sulfuric
The gas

manganous carbonate,
acid and 0,825 ml, of the tagged hydrogen chloride solution,

produced was washed with a saturated solution of copper sulfate to

remove hydrogen chloride, then dried with concentrated sulfuric acid

and anhydrous calcium sulfate, The sodium chloride was Mallinclrodt
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Analytical Reagent; the manganese dioxide was Central Scientific
Company technical grade; the sulfuric acid was DuPont C.P. of specific
gravity 1,84; the nitric acid was DuPont C.P.; the copper sulfate was
Baker C,P, pentaliydrate; and the anhydrous calcium sulfate was
W, A, Hammond Drierite, After production, the tagged chlorine was
puriﬁéd by successive condensation-degassing-vaporization treatments,
after which an ultra-viclet spectrum of the gas was taken (Figure 11),
The activity at various pressures was determined in the gas counting
vessel (Figure 12), The gas was stored in a steel cylinder,
Non-radicactive chlorins of technical grade was cbtained from the
Ohio Chemical and Surgical Company and was used where applicable after
being dried by anhydrous calcium sulfate and purified by the conden-

sation procedure,
Exchange Procedure

Study of the exchange reaction between chlorine and chlorine tri-
fluoride was carried out in the nicksl system described in Section III,
Equal amounts (as determined by gas pressures) of chlorine and chlorine
triﬂuoride* were mixed under the varying conditions of the particular
experiments, BEach constituent was kept out of contact with the other
until actual mixing, For example, chlorine was expanded into the
pre-evacuated reaction vessel to a pressure of about three hundred
millimeters of mercury, then condensed into the chlorine trap by liquid

nitrogen and the valve closed, Similarly, chlorine trifluoride was

¥
A correction was applied where necessary for chlorine trifluoride
dimerisation (L),
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measured and condensed into the chlorine trifluoride trap and the valve
closed, The cold baths were then ru?oved from both traps, and the
traps warmed to room temperature, after which both valves were opened
simultaneously and the gases allowed to mix during expansion,

Reactants wers quenched by condsnsing the mixture into the first
trap of the distillation system with a liquid nitrogen bath and were
subsequently separated by distillation, The distillation process
consisted of placing a liquid nitrogen bath around trap number two
(Figure 1), replacing ths liquid nitrogen bath around trap mmber one
with an isopropanol-Dry Ice bath, and opening the valve between trap
one ard trap two for five minutes, This allowed the more volatile
chlorine to be separated from the chlorine trifluoride, Then the valve
was closed and the procedure repeated from trap two to trap three for
three mimutes, Trap one was immersed in a cold bath even when not con-
cerned directly with the distillation to insure a low pressure inside
the trar, The final chlerine fraction in trap three was warmed,
expanded into the gas-counting chamber at a pressure shown by the
Helicoid gauge, and counted, A sample of the gas was taken for spectral
analysis, (see Figure 13 for a typical spectrum), After counting, this
8as fraction was discarded by pumping through the scda-lime bottls,
The chlorine trifluoride fraction remaining in traps one and two was
purified several times by the condensation-degassing method, then
expanded into the counting chamber and counted at a known pressure,

4 sample of this gas fraction also was taken for spectral analysis,

@ee Figure 1l for a typical spectru),
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For exchange experiments at temperatures up to 170° C., the copper
reaction vessel was used immersed in an Aroclor’ bath s the temperature

of which vas measured with a thermometer, Experiments at higher
temparatures were done in the nickel reaction vessel heated by nichrome

resistance wire,
Exchange Results

No exchange was found after one-bhalf hour contact time between a
nixture of equal parts of the immiscible 1liquid chlorine and liquid
ohlorine trifluoride, The reactants were condensed with liquid nitrogen
into a fluorothene trap the valve of which was then closed, and they
were maintained as liquids by replacing the liquid nitrogen bath wdth
an isopropanol-Dry Ice bath, The trap, which had an outside diameter
of about six millimeters and an inside diameter of about three milli-
meters, vas somewhat limber; it was flexed to agitate the liquids inside,
Trap length was about fifteen centimeters, The ligquids were gualitatively
immiscible since a 1lins of demarcation appeared roughly at the center
of the 1liquid column in the trap,

After a contact time of two hours, exchange between a mixture of
equal parts of gasecus chlorine and gaseous chlorime trifluoride did
Dot bake place in the copper reaction chamber at temperatures up to
165° C, The pressure in the reaction vessel at each temperature was calcu-

lated from the measured gas pressure in the reaction vessel ad room

Sempe rature.
=~
Hmﬂam.o Chemical Company's Aroclor-1248, a chlorinated biphenyl,
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Qualitatively, chlorine exchanged between chlorine trifluoride and
elemental chlorine after a reaction time of fifteen to thirty minutes
under a pressure of six hundred millimeters of mercury and a temperature
of 255° C, Quantitative data were not obtainable because of the

complicating reaction
26) C].F, L g 013 %”u

which wms found to occur in the tempsrature range necessary for positive
exchange results,

Procedure for the Study of the Kimetics of Formatien
of Chlorine Momofluoride

Initial amounts of reactants were measured in the gas-handling
system and mixed in the copper vessel, This vessel served as aa
expansion chamber threughout the experiments, Chloriae trifluoride and
untagged chlorine were purified according $o the method already described,
After mixing, the reactants were expanded into the pre-evacuated nmickel
reaction chamber which was lspt at the desired temperature, The expan-
sion process consisted of complete opening of the entrance valve to
the nicksl chamber at time sero, followed immediately by closing of the
valve, 4s soon as the valve was closed, reaction chamber pressure was
recorded, This entire process required approximately ten to fifteen
seconds; the pressure recorded was assumed to be the equilibrium initial
pressurs of reactants at time sero, Subsequently, pressure was recorded
as a functien of time,



Kinetics Results

Recerded pressure data were first corrected for gauge deviations by
means of a calibratien curve (Figure 15) for the gauge involved, Since
the pressure gauge was at room temperature where no reaction eccurs
and the reaction chamber at a much higher temperature, a second correction
was applied fer the gas volume moving from the hot chamber into the
gauge, Because the change in pressure was initially large, there was a
large positive pressure on the gas in the gauge; it was assumed that
for the first part of the reaction no back-diffusien of unreacted gases
from the gauge to the hot chamber occurred, In addition, it was assumed
that all of the gas displaced into the gauge chamber was chlorine mone-
fluoride, er cenversely, that nene of the original reactants were lost,
This is reasenable since in the begimning, displacement wvas small; by
the time tbe correction became relatively large the reactien had pre-
ceeded soms distance, and hence the displaced gas was largely the preduct,
chlerine monefluoride, Censider the reactien

26) Clg + C1Fy —> XIF

A pressure increase will be caused by the fermatien of chlerine mone-
fluoride, If the entire system were maintained at constant temperature,
then the pressure read would be ths pressure of the reactants plus
prodects, Gas in the gauge at room temperature will net react, Gas in
the reactien vessel at a highsr temperature will react producing an
increase in pressure; in order to cause an increase in observed gauge
pressure some of the gas must move from reaction' chamber to gauge,
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The effective gauge volume relative to the reaction chamber volume is

given by
28) vig = Vg ( {-’E )
where Vig = effective gauge velume at temperature of reaction

vessel
Vg = actual gauge volume = 19.6 ml,

Tr = tempsrature of the reaction vessel in degrees
Kelvin

Tg = temperature of the gauge in degrees Kelvin
The total effective volume of the system is
| Vg' + ¥
where Vg = volume of the reactiom chamber = 311.9 ml, Gas will be
distributed equivalently throughout the emtire volume, The fractional
effective velums of the gauge is

e

g * VR

Therefere, the smeunt of gas (in terms of pressure) being displaced
into the gauge is |

(Pt - Po) ( -'!;;"_'R )
V¥here Pt = total pressure at time ¢
Po = initial tetal pressure
or the change im pressure times the fractienal effective volume ef the
gauge, Consequently, the corrected presswre, that is, the pressure
that would appear in the reactiea chamber if no gas were lost is
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29) Pc = P% + (Pt - Po)( v%"-;-vﬂ)

where Pc = corrected total pressure at time ¢,

This correction is imitially small, for example under cenditiens of
Pe = 4OO mm,, Tr = 200° C,, Tg = 30° C, and Pt = 10 mm,

19.6 ( 413 )
Pc = 1410 + (L10 - LOO) = 410,90

19.6 (42 ) .

Pressures of chlerine, chlorine trifluoride and chlorine meno-
fluoride were calculated frem the corrected pressure values, Censider
a reactant mixture of equal amoumts of chlerine and chlerine trifluoride

at an initial pressure, Po, of 40O mm, Then
P(CIFy)o = P(Cly) = E; e 200 mm,

P(C1F), - 0
At time ¢ {dth a total pressurs P
30) P(CIFy)y = P(Cl3)y = 3 - (R -Po) - Bspo-R = .3{,9 -F

31) P(CIF), = 3(Pc - Pg)

Plets of
P(%r_k/ P(CIFy). vs. time

for a 1:1 mix of reactants, and

1F
log :G(Erﬁ—: ve,dme; P @nql?f' C1,),

or

log ;g}y’)“)t ve.time; P (Clg)>P (c1ry),
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for cases where initial pressures were net equal indicate the reactioa
preceeds according te a secend erder rate law, The data deviate from
straight line relatienships as reactien time grows large, For the case
of equal preportions ef the reactants the deviatioa is always such that
the ratio P(CIF)/P(C1F,). is too large. This can be explainped by the
back diff\nionBof unreacted gas from the cold gauge, Toward the latter
part of the reaction, the expansien positive pressure decreases because
the rate of reaction decreases, hence some back diffusion should eccur,
This tends to increase the relative ameunt of reactants in the reactien
chamber, However, the ratio P(C1F)/P(C1F,) was obtained using P(C1F,),
calculated assuming ne back difg:ion, and therefore, since P(C1F,). is
actually larger than that plotted, then the ratio P(C1F)/P(C1F,), is
actually smaller than that pletted, The case of tho-?:o-n-oqm starting
amounts of reactants can be explained by entirely analogous reasoning.
Plots of the experimental data treated as discussed above are

givem in Figures 16 through 36. The limes drawn to calculate slopes
of the curves are reproduced as precisely as possible, Values of the
specific reactien rate constant, k, were calculated in the following
manner, For a l:l mixture of reactants

32) ke °_1§22

vhere ¢ = [C1lF3],, the initial concentration of chlerine

trifluoride
or ¢ = [Cl;],, the initial concentration of cllorine,

For a non-=l:l mixture

33) K = 2‘22 810&

a=-b
when a = Ec13]°; EClz]o > [CES]O and b = ECIFQJO
or  a = [ClFy]o; [CIFs]o D [Clzly and b = [Clalg
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Concentration values were calculated from pressure values by use of

the ideal gas law,

3L) PV nRT

where P = pressure in atmospheres
V = volume in liters
n = number of moles of gas
R = molar gas constant = ,08205 %‘%y‘e
T = temperature in degrees Kelvin,
The results for three different temperatures are summarized in
Tables V, VI and VII,
Assuming an Arrhenius equation relationship between specific

reaction rate constants

10) k = .lexp{%

17)1nk--.%§L + Inad

35) log k = %’Tj%.giﬁ *!-.-15'65—1031

Then

If log k Vs, % is plotted, then

- ABa
T35 8 - ol

36) AEa = - slope 2.303R
Average specific reaction rate constants wers plotted Va.,} in

Figure 37, From the slope of the experimental curve, AEa was calcu-
lated to be 21,8 kcal/mole,
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TABLE V

+
KINETICS CF CHLORINE MONGFLUORIDE FORMATION 4T 2L40° C,

Figurs P(Cl;‘.,)o P(E-]-??o noie/l, m:]..:/l. aec?i (;103) 1.3010"1{3.0."
(x10%) (x103) 7
16 217.0 217.0 6,78 0 2,262 0.3320
17  285.3 142.7 - b L6 0,553 0,2858
18 142.7 285.3 - b L6 .67 0,3150
19 85.8 3L3.2 - 8.0k 1.681 0,L818
20  345.6 86.k4 - 8.10 1.324 C.3761
21 11,0 11.0 3.7 0 3.125 0.9015
2  160.5 160.5 5.02 0 2,619 0.5340
--  57.5 57.5 1.80 0 L.239 2,379
k average 0.LA
¢+ See Appendix II for originmal data
# Discarded on the basis of statistical deviation from the mean,

The equilibrium comstamt for the reaction
ClF, + Cly; = 3CIF

ad 240°C, was calculased from thermochemical values (30) %0 be

P(c1F)2

(-]
Kp = P(C].Fa) P(CIQ) L 8.7 X 10 3“.
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TABLE VI
. ¢
KINETICS OF CHLORINE MONCGFLUORIDE FORMATION AT 220o c.

e

Figare P(C1Fy), P(Cl)), o a-b Slgpe k
m, m, ?oéoog. ?:%n . soc,” (x10%) 1 mole sec.”?

23 3o 860 - 8.39  0.5620 0.154
2l 3448 86.2 - 8.u1 0.6064 0,1661
25 343.2 85.8 - 8.375 0.4955 0.1364
26 35.6 8.k - 8.u35 0.7826 0.2138
21 3400 85,0 - 8.295  0.6578 0,1827
28 308.8 77.2 - 7.532 0.7112 0,2176
29 348.0 87.0 - 8.485 0.1228 0.3336
30 343.2 85.8 - 8.375 0.L4682 0.1288
B3 348.0 87.0 - 8.L85 0.6522 0.1772
" average 0.190

¢ See Appendix II fer eriginal data .
The equilibriui constant for the. reaction
C1Fy + Cl; = 3IF
ad 220°C, was calculated from thermochemical values (30) %o be

p(CIF)> o
Kp = p(cIF,) P(o1y) = 8:3 x10° awm.
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TABLE VII
L
KINETICS OF CHLORINE MONOFLUORIDE FORMATION AT 180° C,

Figure P(ﬁ{a)o P(,c':?)o ‘(':i: o{%‘ z:xi: /%. “jfggz x10%) l.nolaflsoc -1
32 208.0 208.0 7.3 0  0.18870 0.02562
33 2135 213,.5 7.55 0 0.,18055 0.02390
3% 215,00 2150  7.60 0  0.19907 0.02620
35  196.5 196.5 6.95 0 0,22222 0.,03196
36 2.5 201.5 7.12 0 0,20408 0.02866

k averags 00,0273

¢ Sse Appendix II for original data

The equilibrium comstant.for She reactionm
CIF’ + Cla - 3C1F
ad 18000. was calculated from thermochemical values {30) to be

3
£, = ROFTFET) = 7.6 x10° ata,
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Using the equations given in Section IV, the entropy of activation
for the formation of chlorine monofluoride was calculated,

¢
12) AF - BT 1n ( g=) = - (1.986) (L93) (2.303) log

(1.901 x 103)(6.624 x 10°27)

(1.3803 x 10-28) (493)
Ar* - 2‘4,213 0‘1./.01.

+
19) AH = AEa - nRT 21829 - 2(1.986)(L93)

¢

AH = 19,871 cal,/mole

) + 4

20) AS = AH - AF = 19871 - 24213 - -8.81 e,y
T .
*

For the calculation, the standard state for /4.8 was taken as one mele
per cubic centimeter; consequently, ths units of k were cubic centi-
neters per mele secend, For a bimolecular reaction between polyatemic
melecules AS+, with ene mole per cubic centimeter taken as the standard
state,is expected to be negative, because of the decreased probability
of activated complex formatien associated with the necessary changing

of rotatienal degrees of freedem inte vibrational degrees of freedew,

Discussion

There were three main sources ef error in this experiment, namely:

1, Uncertainty in the initial time and pressure (po) readings
on expansion of gas into het chamber,

2. Assumptions necessary in correcting fer unreacted gas in the
pressure gauge chamber,

3. Possible errors in measuring temperature and pressure.

T
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The everall errer was estimated to be between five and ten per cent,
The activatien ensrgy is probably accurate to b | kcal, and the
activatien entropy to & 0,5 e.u. _

The bond energy+ of chlorine trifluoride may be calculated from
heat of formation data (Table III, Sectiom II),

37) CIF, = 3/2 F, +1/2Cl, AHp = 37.3 kcal/wole

38) 1/2C1; =Cl AOHp = 28,9 keal/mole

39) 3/2F, = 3F 4Hp = 56,7 keal/mole

LO) CIFy = 3¥ + C1 oH = 122,9 kcal/mole
hence

D=129 /3 e 41,0 koal/mole
Assuxing D is a fair approximation to the actual AH of one chlorine-
fluorine bond, the heat of formation of C1F, may be estimated,
k1) cIF, =CIF, + ¥ ARSD S11,0 koalfmole

Then A!-lf(cu'z) ¥ AHf( Clr,) < Alp (F) + 1.0
AHg(CIF,) -37.3-18,9 + 1,0 = -15.2 keal/mole

0"

An upper limit for the chlorine-fluorine bond energy could be talken as
the bord ensrgy in chlorine monofluoride

42) CIP =1/2Cl, +1/2 F, AHge 11,9 keal/mole
38) 1/2C1, =Cl Al e 28,9 keal/mole
43) 1/2F, =F AHg= 18,9 kcal/mole
L) CIF =Cl + T AH = 59,7 keal/mols

ZW valuss used in this discussion were those at 298,16° K,
Table III shows that this is a good approximation,
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In this case
AHg(CIF,) = AHp(CIFy) = AHp(F) +59.7 = 3.5 kealfmole

Consider possible steps leading to a second-order rate law for the
formation of chlorine monofluoride, A free-radical mechanism such as

us) CIF, +C1, X2 5 cr 4 c1 4 ClF,
46) Cl +CIP, 223 ocqp

yields the rate law

K1) - d(CIF) = Ky(C1Fy) (CLa)

which satisfies the second-order requirement, However, this rate process
would require two radicals to react with each other in preference to
reaction with the higher population of chlorine or chlorine trifluoride,
which seems unliksly, In addition, the experimental activation energy
should be at lsast equal te the enthalpy change in reaction LS), But
tor L5)
AH = - aHp(C1F,)- AHp(CL,) + AHp(CIF) + AHp(C1l) + AHy(CIF,)
AH = 37.3 + 0 - 1,9 + 28,9 - 15,2
QH = 39.1 kocal/mole
which is substantially larger than the 21,8 kcal/mole activatien energy,
If the upper limit value for AHp(C1F;) is used, the enthalpy change
in 44) 15 37.3 +0 - 11.9 + 28,9 + 3.5  57.8 kcal/mole, which is higher
than the value obtained previously, Finally, suppose the bond energy
of the first chlerins-fluorine rupture in chlorine trifluoride is
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arbitrarily taken about equal to 22 kcal/mole ( 2 Ea), The total
energy of bonding in chlorine trifluoride is about 123 kcal/mele, from
kO). This indicates that each remaining bond would have an energy of
about (123-23/2 = 50,5 koalfwole or, by Ll) within about 9 keal/mole of
the energy of the bond in the -ononnorid; ,‘ which seems somewhat unlikely.
It is no doubt pessible to approximate both experimental activation
energy and order by a free-radical chain mechanisa assigning suitable
steps and stepwiss activatien energiss, Hewever, such approximations
mnight be considered rather arbitrary, because there is not enough
information about the system to allow selection of stepwise activation
energies, for example, which could be verified for self-consistency
vith othar work,

An alternative mechanisa is

L8) CIFy +Cl, —Ka5 CIF o1, o+ T,

u9) ry +C1, ﬁ) 2c1r
which again yields the proper rate law, The enthalpy change in L8) is

AH = AHe(CIF) + AH,(C1,) + AHA(F,) - AHp(Cl,) - AH(CIF,)

AH= =119 + O +0 -0 +37.3 =25.L kealfimole
The energy requirement is thus reasonably close to that found experi-
mentally, However, chlorine trifluoride is knewn to disproportionate
(Tabls I) in the temperature range studied, It therefore seems that
no bimolecular collision between chlorine and chlerine trifluoride
would be necessary to obtaln the products indicated by step L8).

A third alternative is to postulate the existence of a complex

intermediate, For example
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50) CIFy +Cl, X2 3C1F,.Cl,
K3
51) cu;‘C].a —3 3ClF

This mechanism would yield a second-order rate law provided the rate
determining step is assumed to be 50); a second-order rate law is also
found if 50) 1s written as a reversible reaction, thus implying a tran-
sition-state-complex, which may be preferable. This process is certainly
ensrgetically possible, Supporting evidence can be obtained from the |
large negative value for the entropy of activation, For a given case

the more negative the value of As’, the smaller the steric factor
hindering the formation of the activated complex, For the present case
it is possible to pestulate a complex which might be expected to form
with 1ittle steric hindrance, Chlorine may join the chlerine tri-
fluoride molecule at either wing of the planar tee, and then break

apart to yleld chlorins monofluoride as schematically shown below,

‘r 7 F
52) CL-F + Cl—=~Cl-F —>Cl--F_ —3 C1F
| | | }:1 : Cl
F cl F< F s
~ ¢l cx

From the planar tee structure for chlorine trifluoride

F:."""'cil\ Fy
L
o ) ) o
the F, - F, distance i3 2,280 4 . Since the Cl - Cl distance is 1.934 A
in the Cl, molecule, the complex pictured in equation L8) is plausible,
A number of possible mechanisms other than second order were tested

with the experimental data, without finding a rate law which adhered



to the data, Some mechanisms tested were

A, A first order rate law

B,

mechanism

K1
CIFy —
Ka

CI.F + Fa
K3
F, +Cly —23 2C1F

mechanism
c1, -£a, 201
c1+c1ry 52, car, «cOF
CIF, +Cl, X35 201F + 1
M+Cl +Cl—xi>01, + M
(M = wall)

mechanisnm

ClF, ‘—&) Cl?a + ¥

K
F +Cl;, —25 CIF + C1

X
Cl + CIFy, —> C1F + CIF,
ClF, +Cl, &)2011" +Cl
M+Cl+ClL —"8; c1, +M

»

7€

=
rate law
PClF, PClP ]
T z
»
rate law
dP 73
(Piotal) A
*
rate law
dpP
total ¥
3 K (Pc]_r 3) 4
P
Porr, (Ptotal) ¥2

dPtotal values obtained graphicall
y from pressure and time d&t&.
—T—

- K¢



mechanism
c1, X2 5201
Cl »+ Cll; —jE; C1F, + CIF
CIF + CIF, —23 (1 s CIF,
ClF, +Cl, ——KA—) 2CIF + C1
Cl + 2C1P -i’-) CIF, + C1,

Cl +C1 "K'eﬁ 012

17

rate law

(Pgy ) %2 Poyr,

‘ P P
cir - K 212
dPyotal Poir
T
and
o) Pa
- = )
dPtottl K ir-z
dt ClF

The first expression aprlying in
the early stages of reaction,
the second near the end of

reaction,
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VI. THE CHLORINE TRIFLUORIDE AND CHLORINE MONOFLUORIDE SYSTIM
Introduction

Only qualitative data were obtained in the study of chlorine
exchange in the chlorine trifluoride-chlorine system because the reaction
to give chlorine monofluoride interfered, However, this circumstance
was fortuitous in that it indicated the feasibility of production of
chlorine monofluoride for experimentation purposes, Moreover, tagged
chlorine monofluoride production required only one additional operation
beyond those needed for the chlorine-chlorine trifluoride exchange;
namely, the application of the formation reaction studied in the preced-
ing section using tagged chlorine, Furthermore, an exchange study of
the chlorine monofluoride-chlorine trifluoride system was expected to

yield quantitative data since no side reaction was predicted,
Materials

All materials except chlorine monofluoride were produced in the
manner described in Section V. Chlorine monofluoride wes produced
according to the reaction

53) ClFs + Cl, —> 3C1*F
in the nickel reaction chamber at a temperature of 2LC° C, Because of
the low boiling point (-100.8° C.),and consequent high vapor pressure
at room temperature,of chlorine monofluoride, this material was made

in small lots as needed rather than attempt storage of a large amount,
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Bach lot was purified before use by trapping (liquid nitrogen bath),

degassing, then vaporization from an isopropanol-Dry Ice bath and dis-

card of any residue, Purity of the first one or two lots was estab-

lished by the ultra-violet spectrum (Figure 38). Since chlorine mono-

fluoride is quantitatively separable from chlorine trifluoride by means
of an iscpropanol-Dry Ice bath, the only probable impurity was chlcrins;
the fact that mixtures of the monofluoride with the trifluoride under-
went little pressure change with time when expanded into the hot
reaction chamber was subsequently taken as positive evidence of purity,

Exchange Procedure

Tagged chlorine monofluoride was made as described above, then
expanded into the gas-counting chamber and counted at various pressures.

The activity was found to be essentially linear with gas pressure in

the regions investigated (Figure 39), Since initial experiments showed

that exchange did not occur at room temperature, chlorine monofluoride
was mixed in various ratios with chlorine trifluoride in the copper
expansion chamber of the gas-handling system, is in the lkdnetics experi-
ments , after mixing the reactants were expanded into the pre-evacuated
nickel reaction chamber which was kept at the desired temperature, The
expansion process was exactly the same as described in Section V with
one exception; immediately after reading the initial pressure, the valve
from hot chamber to pressure gauge was closed, This valve was lept
closed until just before quenching, at which time the valve was opened
and she pressure again recorded, All the gas in hot chamber plus gauge
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was removed in the quenching process which consisted of condensing the
gases into a trap surrounded with a 1liquid nitrogen bath, Quantitative
separation of reactants was effected by distilling chlerine ‘monofluoride
from the mixture of monofluoride and trifluoride at isopropanol-Dry Ice
bath temperature (Figures LO and k1). Chlorine monofluoride was expanded
into the gas counting chamber and counted at a known pressure, After
counting, the monofluoride was removed through the soda-lime bottle,
Next, the residue from the distillation was purified by one or more
vaporisation-condensation-degassing cycles to remove traces of the mono-
fluoride, then expanded into the counting chamber and counted at a
known pressure, Because the pressure of the gas counted in some in-
stances was low ( < 50 mm,), and because the gauge calibration over a
period of several months fluctuated by as much as three millimeters
(Figures L2 and L3, and dppendix II) causing a relatively large error
at very low pressures, the chlorine monoflueride fractien was counted
at the same pressure as the chlorine trifluoride fraction with few
exceptions, In this way, possible error caused by gauge fluctuatien
was eliminated, for the fraciion of exchange was calculated from the
activities of each gas after reaction, Retention of total activity was,
in most cases, ninety per cent or better. Activities of the separated
reactants varied from about one to twenty counts per second above back-
ground; individual background ceunmts were taken before each sample

was ceunted to elimimate error due to adsorptien,
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Results

Chlerine exchange did not eccur between gaseous chlorine trifluoride
and gaseous chlerime monefluoride in the copper vessel at pressures of
about six hundred millimsters ef mercury and temperatures up to 165° ¢,
Exchange did occur when the temperature was maintained at 200° C, for

-

one howe,

i

Quantitative results were obtained from experiments carried out
in the mickel chamber, Exchange was studied at about 203° C., 22L° C.,
and 24i5° C., as a function of the concentratien ef each constituent,

-

The rate ef exchange, R, was calculated for each individual experiment
by the follewing methed (See Sectien IV),

“ v SO R

where t = time in minutes and braclkets denote comcentratiens,
calculated by the ideal gas law, The fraction exchanged, f, at time +,
was calculated frem the relationship

(experimental fractienal activity in C1F,)

55? - (theeretical fractional activity im C1F,, at equilibrium) (F)
where F = fraction of gas in hot chamber (exchanging) = Vg
Tg

VR = volume of the reactien chamber = 311,9 ml,

Vg = volume of gauge = 19,6 ml,

TR = temperature of the reaction chamber in °k
g = temperature ef the gauge in °k, A
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Fer examples of this calculatien, cemsider the cases:

1, Exchangs between a mixture for which CIF + C1*F : C1F, = 211
at L73° K where Tg = 301° K ; equal amounts of each gas
counted after separation; activity of c’r - 6 counts/scc,;
activity of CI*F, = 2,5 counts/sec,

.9 9
then  F =3RS L. () C =9

301

and f = !.; *2tg p 4 E
® P

2, Exchange between a mixture for which CIF + C1'F : C1F, = 1:2 at
L73° X
where Tg = 300° X

equal amounts of each gas counted after separation;
activity of C1'F = 10 counts/sec.; activity of C1*F, = 2.5
counts/sec,

2,5 x 2
f = 25x2 +

& &P

The rate of exchange, R, at constant temperature was plotted as a
function of the concentration of chlorine trifluoride,with chlorine
monofluoride being held constant, and also as a function of the mono-
fluoride with the trifluoride being held constant (Figures Ll through
51) ., These graphs indicated the rate of exchange might be proportional
to | the square root of the concentration of each constituent, Although
a second possibility will be discussed later, consider first the
functional dependence
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5 —
(C1F3) = 2.4x10° moles/l.

b - -

R, moles/l.min.x10"
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T T8 0, 12

Chlorine monofluoride concentration, moles/1.%10

Figure 44, Chlorine trifluoride-chlorine monofluoride exchange at 203°C,
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(5Le) = 2.0m0077 aotes/L. :

5

W

R, moles/l.min.x10

N

o) 'i.é‘llLLlllllg‘_
4 1y 3 ; 10, 12

Chlorine trifluoride concentration, moles/1.x10

Figure 45. Chlorine trifluoride-chlorine monofluoride exchange at 203°C.
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Figure 46, Chlorine trifluoride-chlorine monofluoride exchange at 203°C.
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= (CLF) = 4.8X107> moles/l. P _
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Chlorine trifluoride concentration, moles/1.x10

Figure 47. Chlorine trifluoride-chlorine monofluoride exchange at 203°C.
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(C1F) = 2.4 x10™° moles/1.

10~ —

R, moles/l.min.x10°

@=(C1F3) uncorrected for dimerization

1 | | | 1 | | | | .
o .. 2 L & 8 10, 12
" Chlorine trifluoride concentration, moles/l.%10 :

Figure 49. Chlorine trifluoride-chlorine monofluoride exchange at 224°C.
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Figure 50, Chlorine trifluoride-chlorine monofluoride exchange at 245°C,
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Figure 51. Chlorine trifluoride-chlorine monofluoride exchange at 245°C.
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56) R = Kk VCINTICIFT
where K = some constant
[C1F,] = concentration of chlarine triflueride in
moles/1,

(CIP] = concentration of chlorine monofluaride in
- mh'ﬂo

Consequently, R/ \/{CIF,] ICI¥]  should be constant at constant
temperature if the postulated relationship is correct. That this
relationship ia indeed follewsd rather well is shown in Tables VIII, IX
and X, in which values fer R/ \/[CIF;TTCIFT at 203.L° C,, at 224.3° C.,
and at 245.L° C, are tabulated along with other pertinent data,
Assuming that 56) is followed, then L

51) Key, = (R/VITITICIFT ),y ; T = constant

CRUNFRTT TR

iy

It is therefore possible to calculate the theoretical value of the rate,
R cale, at the measured concentration (and temperature) of each experi-
ment, thus

57a) Reale. = Koy, VICINST ICIFT

The valuss of Realc. are given in Tables VIII, IX and X, In addition,
Rcalc. values were plotted on the graphs containing the experimentally
determined points for R vs.concentration of one constituent (Figures
Ll through 51), and a smooth curve drawn representing the theoretical
curve obtained frem Rcalc, Rather geod agreement between theoretical
curve and experimental points was found.
From a plot (Figuwre 52) of K,y versus %
for the exshange was calculated to be 15.9 kcal/mole,

the energy of activation
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fluoride exchange: homogeneous mechanism.
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Figure 52. Arrhenius plot for chlorine monofluoride- chlorine tri-
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The activation entropy for the exchange was calculated to be -46.0
e.u,, assuming the order of the reaction (n) is one.

There is a second possible functional dependance of R on the con-
centration of constitusnts, Recall the Langmmir adsorption isotherm
(equation 6, Section IV), If R were proportional to the fraction of
surface covered by both chlorins trifluoride and chlorine monofluoride,
then

58) R = K@cuzecm - Kibcgat::c_u[cn,] (c1r)

[ + by _[C1F,] + boyplCIF] 17

where K; = specific reaction rate constant in moles/l.sec.
bc]_?‘ = byp = b, some constant (assumed equal for
both reactants because of the similarity of

rate dependence on each constituent,)

- A .

59) R =K, b* [CIF,] [CIF]
{ 1+ b ([c1r,] + fcar)) 1*

D K‘lbf
60) le - \/ [l + b ([C2Fy] + [CIF])]°
o |/ESEITED | pewar) s (ar) | orgdon ,

VI b Vi VR;

Bquation 61) 1s a linear equation; exper:l.iental data were plotted and
a 1ine drawn by the method of least squares, from which K, and b wers

obtained by the relationships
1

A

63) y-intercept = 1

b \/K1

A

i e e st
ener
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The values of KA and b at the temperatures of the experiments are given
in Table XI, These K; and b values, as well as equation 59) were used
to calculate the theérstical rate, R, for various experimental values
of reactant concentration, The R, valuss obtained are listed in Tables
XII and XIII; these same values were used to graph the theoretical
curves, assuming heterogeneous catalysis, in Figures Ll through 51,

From a plat (Figure 53) ef K, versus 1/T, the energy of activation
for the exchangs was calculated to bs 1.3 keal/mols. The activation
entropy in this case was calculated to be -67,9 e.u,, arbitrarily taking
the order of the reaction (n) to be one,

Discussion

The main sources of error in ths exchange experiments were
1, Possible errors in measuwring temperature and pressure,

2, Possible incamplete separation ef reactants, because of,
for example, surface adsorption,

3. Statistical errors inherent in radiocactive counting,

In soms instances, the net counts per secend were only one count
per second above background activity; it is therefore of interest to
exsmplify the magnitude of the statistical error, Consider the case
of & background count of 600 counts in 15 minmutes, and, with a sample
in place, a total counting rate ef 1000 counts in 10 minutes, Then (33)

Rpackground " @Trgw =10 21,6 counta/min = 0,66 2 0,021

counts/sec,

. 2000 2\AWE— o 100 2 3.2 counta/min, = 1.6 2 0,053
Frotal 10 counts/sec,

Bpot =100 <40 2\/T8% 7 3.2% = €0 = 3.6 counts/min, =1 2 0.06

counts/sec,
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TABLE XI

CONSTANTS ARISING FROM THE APPLICATION OF THE LANGMUIR
ADSORPTION ISOTHERM

$
)
T rature b A
8. 1./mols mole/l, min X0
203.4 103.6 0,6238
224,27 110.6 1,361
245,38 165.3 1,627

¢ Bguation S8

‘m’:”.“‘r.??‘?“’t -




TABLE XII

HETEROGENEOUS EXCHANGE IN THE CHLORINE TRIFLUORIDE-CHLORINE
MONOFLUORIDE SYSTRM AT 203.4° C, ..

c

Reaction

(C1F,]

[c1r)

Ry

Number moles/1.x 103 moles/l1 .x 10® moles/l1, l::l.n.xlo'5
b § 2,378 11.89 3.080
2 2.406 7.219 2.915
3 2,389 2.389 1,709
L 7.143 .34 2.884
5 11.85 2.370 3.073
6 2,383 L.767 2,550
7 L 7kl 2.372 2,196
8 L4.677 L.677 3.776
9 k.755 9.509 L.930

10 9.489 b 74k L.921
11 1,203 2,406 1,026
12 2,406 1.203 1,026
1, 1,97 2.395 3.098
15 7.142 2,381 2,884
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TABLE XIII

HETEROGENEOUS EXCHANGE IN THE CHLORINE TRIFLUORIDE-CHLORINE MONOFLUOCRIDE
SYSTEM AT 224,3° C, AND 2145° C,

athen T o ot 0 nctants ain S
16 224.3 2.374 11,87 7.063
17 22l4..3 2,374 7.121 6.691
18 2243 2,430 2.430 L4.170
20 224.3 11,90 2,379 7.079
22 22,3 L .639 2,320 5.717
23 22L.3 1.203 2.406 2,480
2l 22L,3 2,378 1,189 2.119
25 22l.3 7.121 2.37 6.691
28 2hks .l 11,88 2,376 1.1
29 2us.k 2,376 7.127 11,39
30 2bs.k 2.470 2,470 8.217
31 2L5.4 7.059 2,353 11,30
32 2ks.h 11.90 2,381 11,15
3k 2bs.L 2,365 L. 731 10,53
35 2hs.k 1,177 2,355 L.513

37 2ks. b 4,731 2,365 10.53
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Figure 53. Arrhenius plot for chlorine monofluoride-chlorine tri-
fluoride exchange: hetepgeneous mechanism.
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Because the example chosen is essentially the lewer limit in net count-
ing rate abeve background, and is much less than the total ceunting
times used in these experiments, the error shown should be the maximnm
error caused by low activities, Overall error was estimated to be
within ten to fifteen per cent, The activation energy is prebably
accurate to = 1 kcal/mole and the activation entropy to = 1 e.u,

The bebavior of the rate of exchangs, R, with the change in con-
centration of constituents can be interpreted in terms of either a
homogeneous mechanism, or heterogeneous catalysis, Both arguments will
be presented.

The case for a homogensous mechanism, A homogeneous mechanism for
exchange would have te predict the dependence of R on the square root
of the product of reactant concentrations, The calculations determining
the dependence of R upon reactant concentration for a particular
mechanism are difficult in exchange reaétions because some reactants
and intermediates are tagged, and hence different (although chemically
equivalent) from the corresponding untagged species, For simple
mechanisms, it 1s possible to express the rate, %.?é, (cf. equation 22)
of increase of tagged atoms in species AX, in terms of the rate con-
stants and constituent concentrations appropriate for the equations of
the proposed mechanisa, equate this %’f‘ to thes equivalent % used in
deriving equation 22), and find R in terms of reactant concentrations
and rate constants of the mechanism, An example of this treatment is
(1) in the list of mechanisms (see page 109), Somewhat more complex
mechanisms can be treated by the method of Marcus (38), which is
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related to the process outlined above but involves simplifying
assuptions, Thus Marcus lets BX be the concentration of those
BX-type moleculss which are tagged at time t, and defines the l.abel,
such that it vanishes when the specified atom enters a position in an
AX-type molecule, but not when the specified atom enters a position

in one of the intermediates, BX* decreases steadily with time from its
valus at ¢t =0 to zero at t =0 | Assuming no reaction between two
tagged molecules, Marcus derives

/ b d BX* )
R =« o| ——
&) (m> ( dt
where b = total concentration of BX-type molecules
in atoms/unit volume,
An example ef Marcus' method is (B) in the list of Mechanisms tested,
¢ .
Seme mechanisms tested were the following:
(4) standard mot;hod, reproduced in detail.
C K
ClFfy —32> CIF +F,
K; %
C1*ry, —2> C1'F +F,
K
CIF +F, —2> CIF,

4
cl’r + 7, —2 c1'r,

Q%g’;'al =& =K €1 (F3) - Ky(C1'F,) = Ky(Fy) K, x
d(Fg) = 0 = K [(CIF,)+(C1*F4)] - Kol (CIF) +(C1*F) J(F) = K, a-K b(F,)

(F)-K‘

i - |
%-Kl%-xﬂ-xx (ﬂé’}) .R%tl’-‘ (by equation 22)
R .K'l"

or the rate is proportional to (C1F,) total,

¢ The notation of equation 22) is frequently used for simplification,

- S § S T ‘%"ﬂ
L ',

o' i et sndl)
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(8) Marcu;' method, reproduced in detail.
1
+ —— 201, where $ =FCIF.CIF complex

K—l

ciF, + c1'F X2y c1’F, 4+ c1F
C1*F, + C1F, _Ka § c1F, + CIF,
- 1) . g, (c1F,) (c1™F)

dt
| a(cr’r) . ,
oy e e (OF v

d ?1? ) <0 =2K(}) - K_, (C1F 4) *-K;(C1F,) (C1"F) +K,(C1"F,) (C1F,)

subtract 91%.?2-)- =0 = Kz(CIP,) (C1'F) - Ky(C1*F,) (CIF,)

2K,(P = x_, (CIF,)?
(CIF,) -\/1:_':"" \/ (+)

1 a(c1™p) s e
“TCF  at - K?\/-Cf-\/(’) - R

2
R- G|/ o/ TH)

or the rate is proportional to (C]I-‘) tot ‘1)\/ concentration

of
complex

(C) Reaction sequence Final expression

) C1'F + CIFy —> C1F, + CIF, assuming
{cf’ra + CIF; —> C1*F + CIF,

d_(%_;rg) - 0 = d(CIF;)
C1*F, + CIF; —> CIF + CIF,

dt

Y) C1*F, + C1IFg —> CIF, + C1F,
R = K (ClF)total(ClF‘a)

=K b (a-x)

5) CIFy + CL'F —> CIF + C1’F,
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(D) If for o ) in (C) above

C1F + ClFy—— 2CIF, is substituted,

the final expression is essentially the same,

(E) If <), ¥), and ) are used, in conjunction with

ClFy—— CIF, +F assuning
3
ClF + F—>CI*F,

k3
d(CIFa) _a(F) _ a(Cl'FR) . o
% dt dv dt
CL'F, + F — CIF,

-
R = K (CIF3)(CIF), , 1 |1~ K(C1F2)
(c1F)2+(01F,4
No method of eliminating thre

term (C].Fg) was found.

Very complex mechanisms can be treated by the equilibrium method
of Stermberg (39). This method is based upon the fact that exchange

reactions are assumed to occur in a system at dynamic equilibrium, in

which R is constant throughout a given experiment, This condition °

necessarily implies the presence of equilibrium concentrationms (independent
of labelling) of reactive intermediates as well as of stable reactants.
Equilibrium concentrations can be evaluated with the assumption that

the concentrations of reactive intermediates are negligible relative

to the concentrations of stable species, With the additional assumpticn

that the concentrations of tagged and untagged intermediates at time t
are those obtained by the instantaneous equilibration of a mixture of
the tagged and untagged reactants having the composition existing at

time t, the individual concentrations of each of the tagged and untagged

intermediates can be calculated, Using the concentrations of

T €7 A—
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ntermediates thus found, an expression for the rate of increase of
tagged atoms (—-) in molecular species AX, or the equivalent rate of
decrease of tagged atoms (-?1%) in molecular species BX, is written for
the postulated mechanism, This expression can be reduced to the

form

65) Fe-F-ni-naB,

where % = rate of increase of tagged atoms in species iX,

N = function of the concentration of the molecular
species AX and BX, and of the rate constants for
the individual steps of the postulated mechaniam

a, b, x, 3 have the same meaning as in 22), Section IV,

Fowever, this dx/dt is the same dx/dt used in thes original derivation
of the exnlunge rate, R, where (cf, Section V) '
22 - a-x -RX - bx
or
66 dx s _p ash
By equating coefficients of either z/b or @ob/agx in equations 65) and

66), R 18 found in terms of a, b and the rate constants for the steps
of the postulated mechanism,

For a possible mechanism in the chlorine trifluoride-chlerine

monofluoride exchange, consider the following application of Sternberg's
method,

If pertinent equilibria in the system are taken to be
Ky
) 0F ——= C1 + F
b

—

Ka C d

—“.‘::r'r"
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68) CiFy ——= CIF, + F
a K, £ d
Ke
69) CIF + F =——  CIF,
b d - Ke £
Kq
) F* + F :__—__—‘_ Fa
d d K‘ g

where a b c d £ g are equilibrium concentrations, then on the
basis of the equations

Kxb'KaCd K‘bd-xsf

Ky a =K, fd K, 4 = Kg g

explicit solutions for c, d, g, and £ may be obtained in terms of a,
b, and the rate constants, If, now, the molar contributions of
equations 67) 68) 69) and 70) are considered to be 1, m, n, and p
respectively, that is, equation 67) contributes 1 moles of C1 and 1

moles of F, et cetera, then the total moles of each constituent are
Cl=c=1
Fed=1l+m-n-2p
ClIF =f =m +n
Fa=g=p
Since ¢, d, f and g are known, 1, m, n and p may now be related to

a, b, and the rate constants. For example, 71) m =g + 9.:.;.’.5. -
KyKeky a 1 \/KI:!— Ky \/W 1 \/F.r.‘-r'
KEee b 72 ¥V KXgb 2K; ' KjRea 2 ' KKg

172) 4 =\ /Rale
K‘x‘a

ard so forth,
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A particular mechanism leading to exchange may now be selected,
Consider the following steps
73) cr, —3 ClF, + F
74) CIF; + C1*F LIEN C'F; +CIF and 79) F +C1'F BRI c1'r,
75)  Cc1'F, « CIP —% C1F, 4 1% fer 80) C1"F; —25 C1™F + ¥
76) C1'F, + CIF, RN c1*r, + CIF,
77) CIF, + C1™r, Hao, C1F, + C1'F,
78) CIF, +F i) C1F,
For this mechanism
81) d(C1*F) = Ko(CIF,) (C1F) -Kg(CL*F,) (CIF) + Kg(FX(CL'F) - Ko(C1™F,)

82) -3(CL) _ x (c1r,)(ca™F)-Ko(C17F,) (CIF) Kg(C1'F) (C1F3)eq-Kq(C2*F )

eq
by equation 69)

but

8 = ° +
3) (C1rp) (T otar’ mtom.m - f--m—:-%

(5% )) (C1'Fy)
8l) A(CI*F’) ¥ iora1 °® * (ar';totain = % + E:.

85) () = 1 +n-m-2P =d

86) (CIF) = b

87) (C1'F) = 2 -x
hence |

88) -Q-S%g'—)_ - Ko f s - x) - Kg [ny +b:E] .,xe(-’—'.fr)f--xe[% ,'_:]
neglecting products of those constituents present in small guantity,

for example, xy. Making use of the relationship f=m+n,
89) '.‘g%rl- K,mb%-K,mb%x J,m%-!{,m%x
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Therefore,

R « Kg m b from equations 74), 75) and/or Kem from equations 79)
and 80).

Using 71), terms resulting from 7L) and 75) are

o = rrn PV AR b e

«Ke
Terms resulting from 79) and 80) which may be added, used alone, or

discarded, depending on apparent validity, are

91) R = Xakef2 2 .,,E.‘. /XKed” - ‘1"\/‘4!;5 . E_q\ [K3Keid
' Keke b 2 K Keb 2Ky ¥ K Kea

2 Kk

Although it might seem that seme rationale could be advanced for the
contributive importance of those terms invelving the square root of

the cencentration product, examinatien reveals that the important terms

are not those which are desired, Each term involving the square root

of the concentration preduct also imvelves

L ]
KXe
which 4s found to be about W.Z x 10°9 at 203.4° C, by using the thermo-

dynamic data in Table III, Section II, in conjunction with the relation-
ships

) Ka‘s [CIF][F][F] 68 6
92 X —rrT from 68) and 69)

= o Y pp—
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P

where AF° = ATFg(CIF) + 2 AFp(F) -  AF,(CIF,)

l(p = pressure quotient (at deviations from
the standard state of 1 ltl.)

 Foks
o epall
Similarly,

;l ¥ 1.2 x10*?
{ ]

The wvalues given above have been converted to concentration units to
facilitate comparison with experimental data (calculated in terms of
concentratiens). Frem these facts, it is seen that the terms in %0)

and 91) involving the square root of the concentration product are

cempletely overvhelmed by the first terms,

There is no possibility
that Ko in term two ef equatien 90), for example, is large encugh %o

overcome the K,/Kg ratie in term oie of 90), This follows because K,

is calculable, Censider the case of term twe in 90) alone being
important, Then

94) R =Ks

= VEe V® e vimswT v

and experimentally
%) Rak \/ab
which indicates

95) ‘+ - K \/7.6110
2

¥ See Table VIIT,
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>r at 203 .4°

~

Kg = 2(6,93 x 207)
VI.&x 10"

= 0,502

Although ether reactien mechinisms were censidered, ne combinatien was

feund which escaped the abeve dilemma,

There have been few hemegeneous exchange reactions reported in

which R was not propertienal to the first pewer of reactamt concenmtra-
tions,

Hewever, Gryder and Dedson (LO) foumd ths rate of exchange of

Ce III te Ce IV in aqueous media varied as (Ce III): (Ce IV)®, where

A varied frem O %0 1 depending em the medium, Alse, Beggs and Broclkwy
(1) feund that the rate of chlerine exchange between gaseeus CHF C1

and HC1 at 360° C. te L6S® C. was propertional te the square roet ef
each censtituent concentratien, Unfertunately, ne mechanism, or

explanation, fer this behavier was effered, but it was shewn that the
reaction was hemogeneous,

The case fer a heterogeneous mechanism, Unless a large amount of
infermatien abeut the system has been ebtained and coerrelated, mechan-
isms fer heteregenceus reactions are seldem effered, Usually a lew
activation energy and a large negative activatien entrepy, aleng with
difficulty in predicting the rate dependence on cemstituent cencentra-
tien by a homogenesus mechanism are taken as goed evidence of hetero-
geneity, Differences im rate with variatien in surface area are
usually indicative, but in the very analegeous chlerime triflueride and
fluerine system, Adams, Bernstein amd Kats (16) were net able te fimd

any such cmehtion, even theugh the exchange reaction appeared te be
heterogeneous,

Y- > = e e - P
. ¥
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Farrar and Smith (42) bave shewn that chlorine trifluoride is
adsorbed strengly by nickel flueride; the adsorptiea is Lgnmir-type
adsorptien, Chlerine menoflucride might be expected to adsord on
nickel fluoride strongly because of its relation te the triflueride;
it has been shown (L3), hewever, that chlorime, which is alsc semewhat

similar te chlerime meneflueride, dees not adserd strengly em nickel
flueride,

Final censiderations, Altheugh the data de net uniquely determine

the dépendence ef R en reactant concohtration, they de strengly suggest

that R is prepertienal te the square reet ef the preduct ef reactant

cencentrations, It seems impertant that these experimental peints in

Figures Ll threugh 51 which indicate that the adserption curves are
ebeyed are, in general, peints which were ebtained witheut cerrecting
the pre-reactien-chlerine triflueride cencentratiens fer dimerisatien,
If the chlerine triflusride pertiens were cerrected for dimsrisatien
using the data in Table IV, the rate, R, increased semevhat, and shewed
approximately square-reet dependence en the reactant cencentratiens
(see Figures LS and S1, fer example ), It alse seems impertant that
in Tables VIII, IX and X, the celumn listing R/ VICIF,JICIF] values
(in reality the specific reactien rate censtant, i, assuming square-
reot dependence as in equatien 56)) shews rather geed cemstancy, This
criterien is perhaps mere reliable than Figures Ll threugh 51, since

in the tables, all data ebtained at a given temperature may be
represented, whereas the graphs in F'igures Ll threugh 51, by their

very nature, are limited te seme part of the data at ens temperature,

-t
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If R is dependent en the square-reet of reactant cencentratien,

then it seems reasenable te suppese that exchange is taking place by

a hemegenseus mechanism, There are ether supperting factors, First,

if the mechanism were net hemegeneeus, then results sheuld be dependent

en the histery ef the reactien chamber, The data were ebtained frem

experiments between which, in mest cases, the chamber histery varied,
Fer example, enly a few data were ebtained with any ene let ef chlerine
meneflueride, Each new let of the moneflueride was made in the same
chamber used feor rate measurements; this weuld be expected te alter

the chamber surface. Then again, all experiments at ene temperature

were net dene censecutively, ner were the cencentratiens altered by
periedic dilutiens; rather, variatiens were semewhat at randem,

A secend facter is that the system under discussion, chlerine triflueride-
chlerine menefluoride is very similar te the system discussed in

Sectien V, chlerine triflueride-chlerine, Initial pressures ef reactants
wers cemparable, and the same temperature range was covered, all in the
identical reactien chamber, These facts, altheugh not abselute evi-
dence, de indicate a high probability ef similar mschanisms in the twe
systems, and it is difficult te explain the data ef Sectien V in terms

of anything but a hemegeneous mechanism., Attempts to explain the

secend order rate dependence of chlerine meneflueride formatien frem

chlerine triflueride and chlerine in terms ef a heterogeneous mechanism

meet with a contradictien, The ebserved rate dependence would be

expected to arise threugh a heteregeneous mechanism enly if beth re-
actants were weakly adsorbed (equatien 7), but it is knewn (L3) that

chlerine is adserbed much less stromgly than chlorine triflueride,




A1l consideratiens, then, seem to indicate that chlorine exchange
between chlerine trifluoride and chlerine monoflueride eccurs by a
homegeneous mechanism, with the rate of exchange propertional te the
square roet of reactant concentrations. No mechanism censistent with
such a dependence was found,
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VII, THE CHLORINE MONCFLUCRIDE-CHLORINE SYSTEM

Intreduction

In the previous sections, chlerine atom exchange between chlorine

trifluoride and chlerine as well as between chlerine triflueride and

chlerine meneflueride was studied, In erder to include all pessible

combinations, exchange between chlorine moneflueride and chlorine was
studied,

Materials

41) materials used in this investigation were produced and purified
in the manner discussed in Sectiens V and VI,

Exchange Precedure

Initial amounts ef reactant were measured in the gas-handling

system and condensed into separate traps by means of liquid nitregen

baths, Care was taken to prevent centact of the gases in this measuring

stage, Because of the high vapor pressure of chlorine monofluoride at

room temperature, special techniques were necessary, The monofluoride

could not be warmed to room temperature in the measuring trap; conse-
quently this material was expanded into the volume enclosed by the
nickel reaction chamber, Helicoid gauge, measuring trap, and gas-

handling line involved, all being at room temperature., The chlerine,

vhich was meagured and condensed inte a secend trap before measurement

—— e O
i i
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of the monefluoride, was heated to room temperature in the closed trap

wnich was then opened te the gas-handling system, and the chlorine

allowed te expand into the system centaining monofluoride, The assump-
tion was made that mixing was instantaneocus,

After suitable time, the gas mixture was condensed into the

chlorine measuring trap by a liquid nitregen bath, Both chlorine tri-
fluoride and chlerine have a substantial vapor pressure at isopropanol-

Dry Ice bath temperatures; therefore, separation was effected in the
following manner,

4 cepper bar one inch in diameter and ten inches
long was bered, with a drill just slightly larger than the chlorine

trap diameter, te a depth of about six inches,

This bar was used as a
beat conducter,

It was placed around the trap; the temperature of the
trap wvas controlled by the depth of immersien of the copper bar in a
1liquid nitrogen bath, By suitable adjustment, a slow distillation was

effected, Only a small fractien of the total gas invelved was needed

to ebtain the activity, se that enly the initial material distilled

wvas considered to be chlerine menofluoride and ceunted, Fer the sane

reason, enly the last fraction was counted as chlerins,

That this
procedure resulted in reasonable separatien was shown by the results

of the first experiment,

Exchange Results

Chlerine exchange between chlorine menofluoride and elemental

chlerine eccurred at room temperature, The first experiment censisted

of mixing the reactants in equal ameunts in the system at reom

-
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temperature, or about 29° C. Separatien and counting of the reactants

was done after three different contact times, The same material was

used throughout, Fer example, after the first guenching, separatien,

and counting, the reactants were expanded back into the original part

of the system invelved in the exchange. This procedurs, of necessity,

made seme uncertainty in the exact reaction times, as well as some

deviatien frem the original temperature, However, the results show

that exchange dees taks place at reom tempesrature, as well as showing
that separation ef chlorine and chlerine menoflueride was attained by
the distillatien procedure used, since the fraction exchanged varied
from 0,655 to 0,649 to 1,0 for reactien times of 60, 160, and 1080

nimtes, respectively, The second experiment was perfermed carefully
and was considered te be guantitatively cerrect,

Calculatiens were made in a mamner similar te that noted in

Section VI, taking into acceunt that elemental chlerine has twe atoms

of the species tagged, Since exchange occurred at reem temperature,

_ne cerrectien for unreacted gas in the pressure gauge was necessary,
Thus

and fer the case

a 1:1 mixture of Clgy ¢ 01:301.!' at reom temperature; equal

ameunts of each gas ceunted after separatien; activity of C1*F =
*
22,10 counts/sec,; activity ef Cl; = 85,73 ceunts/sec.
then the fractien exchanged

Results ef beth experiments are summarised in Table XIV.

veo, 1o
R
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EXBHANGE* IN THE CHLORINE MONOFLUORIDE-CHLORINE SYSTEM

Temperature Exchange | [c1r) [C1,]

R t 1/2

°K Time (min,) meles/l, moles/l, f meles/l, /
(x10%)  (x10® min,(x10%) min,

~ 29 ~ 60 6.2k 6,24 0,655 7.38 39.1
~29 ~ 160 6.2k 6.2h 0,89 L9 58.7
~ 29 ~1080 6.24 624 1.0 -- -
27 150 L.57 LS?7 o0.649 1,938 109

# See Appendix II for eriginal data
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Discusgion

The main seurce of error in the experiments was the possible
incemplete separatien of reactants, although errers inherent in radie-
active ceunting as well as errers in measuring temperature and pressure

were possible, The everall maximum error was estimated te be ten per

cent,
The results ef seme exchange experiments invelving interhalegens

or other compounds ef interest are shown in Table XV, as reperted by

various authers, It is pertinent to note that many of these exchanges

taking place readily at reom temperature have been postulated te eccur

threugh melecular cemplexss,

In the present case, it seems reasonable to expect exchange between
chlerine and chlerine monoflueride to occur threugh a melecular cemplex,
It is lmewn (Table I) that chlerine triflueride disseciates at elevated
temperatures te forn‘chlorine menefluoride and flueorine; as the
temperature is drepped, the re-fermatien eof the trifluoride is favered,
This means that the bending erbitals in the central atem, chlerine,
change in a way to accemmedate the extra fluerine atems, Elemental
chlerine has essentially the same outer electrenic cenfiguratienm as
elemental fluerine, but each atem ef the chlerine melecule has unfilled
3d erbitals, and therefers mere potentialities fer hybridizatien than

fluerine, In a mixture ef chlerine menefluoride and chlerine, it might

be expected that seme intermediate cemplex ceuld form, then break dewn,

in the precess shifting the fluorine atem te another chlerine atem, or,

in effect, causing chlerine atem exchange, It would be mest interesting

- ?JWW



SOME EXCHANGE RESULTS

TABLE XV
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“f.... - -_‘_.....-.Vn(.‘.. u’
) 1

Reactants  Phase Tan%rature Exchange* Prebable Mechanism Reference
land 2 1 and 2 o

HF CIF, g ¢g Reom T Intermediate 14
cemplexes

B Brfy, g ¢ Reom ‘e Intermediate 14
complexss

HF IF, g &g Reen ++ Intermediate 14
cemplexes

HF B¥fy g g Reen + + Intermediate 1
complexss

H CIF g g Reom + 4 Intermediate 1
complexes

HF SFf g & Reen -- .- 14

HF CClfag ¢ Roen - - V]

HF F, g g Room -- .- w

Brfy CIFf, g g Reen + 4 Intermediate 31
. cemplexes

P, CIF, g g Reem -- -- pIn

B Brfy 1 1 Reen + 4 Ienic equilibria 1

H CIF, 1 1 Reen ++ Ienic equilibria 1Y

HF Brfg 1 1 Reem .+ Tenic equilibria uw

HF IFg 1 1  Reem .+ Tenic equilibria b

H* SbFg 1 1 Room + 4 Ienic equilibria IR

ClPa Brf, 1 1 Roem ‘s Ienic equilibria 1N

HF NaF g s Reen + ¢ -- 1

ClFy NalF; g s Reom + -- p I

C1F, NaF g s Reem + - 14

Brfg Nalif; g s Reon + - 14

% ++ represents r exchange; + represents slew exchange; -- represents
ne (er slight) exchange, '

(Centimed next page)




TABLE XV - Centimed
e

Reactants Phase Temperature Exchanga® Probable Mechanism Reference
1l and 2 1 and 2 Sc,

Fa Na¥ g s Reom - - 14
Feg CIFy g ¢ 181-257 + Heterogeneeus 16
Fy TP, g g 181-257 + Hatereogeneous 16
Fe BrPy g ¢ 161-257 + Heterogeneous 16
F, BHF g g 194-257 + Heteregenesus 18
HC1 Cl, g g Reen + Heteregensous 19
HBr Br, g g Reon + ? 20
HI I, g g Roem + ? 21
C1PF, Cl, g ¢ 180-255 + Probably heme- present
geneeus work
Clr, CIr g€ g 200-245 + Prebably heme- present
genu\y werk
R=K(C1F,) Y{CIF) %
Clr Cl, g £ Reen + Intermediate present
lexes werk
PCHLC1HCL g g 375-L20 + ReK(CH,C1 l
Hsteregeneous
tcoucl 1l ¢ g L20-510 . R=X(CH,FC1) A1
Heterogeneeus
torClCL g g 360-k65 . a.x(car,cn Y1)y L1
Hemeogeneeous
teoHCl W1 g ¢ 1,00 - - L1
CHf WF g g  L00-500 - - u7
CHFs B g g  L00-500 - - K7
CHF, IF g €  L00-500 - .- L7
Cr, H g g Lo0-500 - -~ L7
CPCla HF g g  400-500 - -- L7

¢ Pyrex system used,

Em

‘__,__,_,,:\., S 4
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te study fluerine atem exchange between chlerine monofluoride and

elemental fluerine, in view of the results feund in the system
studied.
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APPENDIX I

SOME COMMENTS ON AN UNKNOWN MATERIAL ENCOUNTERED DURING THE
COURSE OF THE PRECEDING WORK

Introduction

The histery of interhaleogen and fluorine chemistry is dotted with
examples ef unidentified celered materials, Ruff and Ascher (9) re-
ported that when hydregen chleride gas came in centact with fluerine

gas above liquid fluorine, a greenish light was seen and a white flec
settled in the liquid fluorine, Fractienation yielded an orange
colered liguid which beiled between -100° C, and -80° C., but guantity
limitatiecns prevented identification ef the material,

Ruff and Ascher (9) passed a 211 mixture of fluorine te chlerine
at L00® C. through a quarts tube containing a fluerite beat filled with
rhedium catalyst, The condensate of this process contained an orange-
red liquid which etched the quarts, accompanied by the formation of
silicon tetrafluoride, The liquid was not identified,

Fredenhagen and Krefft (LL) sparked a mixture of fluorine and
chlorine at reom temperature and observed that a yellow flame spread
threughout the mixture accompanied by either a detenation er a "puff",
depending on reacting mixture, In the absence of water, there was ne
explosion, _

Ruft and Laass (L5) reported that in fused guartz, gaseous

chlorine trifluoride (normally celerless) exhibits an erange cast,
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pessibly due to traces of chlorine oxide from a reaction with silicen
diexide,

While making successive purification distillations of hydregen
flueride, Dutten (L6) neticed that the first cendensate frem the shipping
cylinder occasienally was a brick red selid,

In the present case, during the separation eof chlerine and chlerine
triflueride by distillatien, samples ef gas were analyzed by determining
their ultra-vielet spectrum. In this investigation, a green coler was
eccasienally noted in the chlerine triflueride fractien, This gas had
an abserptien maximum in the regien ef 3700 2, a slightly higher wave-
length than the regien of the maximum in the chlerine spectrum, Little
impertance was initially attached te the green material, because it was
necessary te uncouple and recouple the spectral cell te the gas-
handling system for each sample, Although a metal cap was placed en
the system take-eff connectien, and a cork inserted in the flared tubing
of the cell, traces ef water undeubtedly reached the inside of the
tubing., Water would be expected te react with chlerine triflueride te
form traces ef one of the fluerine er chlerine exides, Chlorine diexide,
which has about the same visible celor preperties, has no ultra-vielet
abserption peaks at 3600 2, 3700 ier 3800 g, the region ef maximum
abserptien feund (Figure SL). Weelf (L7) has recently reported the
fermatien ef chleryl flueride by the reactien 20 BrFy + 12KC1l04 =
12C100F + 60, + LBr, + 12 KBrf,, No visible or ultra-vielet spectrum
is repoerted, altheugh Weelf netes that chleryl flueride may have been
preduced by Ruff and Krug (12) by the hydrelysis ef chlerine triflueride,
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However , Schmeisser and Ehenhoch (48) have reported chleryl flueride
te be colorless in the gaseeus state,

Occurrence

Preductien of the unknewn material was net predictable, Small

bits of silver solder, silver selder and flux, nickel screening, and

Pleces ef cepper had ne ebservable effect en the gas production,

It seemed pessible that chlerine triflueride centaminated with
chlerine (er ameunting to the same thing, a catalytic effect frem sur-

faces resulting frem expesure te such a mixture) was respensible fer

the phenemenen, Consequently, a pair ef 10 cm, viewing cells (Figure 55)

were made and evacuated fer 24 heurs without centact with chlerine tri-

flueride er chlerine., The cells were then treated with chlerine tri-

flueride (abeut 100 mm, gas pressure) and re-evacuated, Next, 100 mm,
of chlerine triflueride was placed in ene cell, and 100 m, ef chlerine
in the ether, Ne visible green gas fermed in either ef these cells
ever a tw week peried, The cells were then evacuated after which 100

ma, of chlerine triflueride was placed in each cell witheut visible
green material fermatien,

Gensrally, expesure eof the epened ceupling between cell and take-
off to meist air, then receupling and treatment with chlerine triflueride

produced the material, Hewever, there were instances when this pre-

cedure failed te preduce any celeratien, Under cenditiens faverable

for fermatien, the recoupled cell was treated with 50 mm, te 200 mm, of

chlerine triflueride, The green gas was visibly fermed at a rapid rate,
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turning quite intensely green in a matter ef ten er fifteen secends,
This gas ceuld be pumped out, the cell evacuated, then mere chlerine
triflueride expanded inte the cell accempanied by mere green material
fermatien, This cycle ceuld be repeated several times; after a number
of cycles, fermatien was slewer, semetimes allewing time fer rapid,
semi-quantitative scanning ef the abserptien spectrum, s green
material fermed, chlerine triflueride disappeared, Fer the mest
intensely green samples, chlerine triflueride was absent,

Purity and Physical Preperties

Purity ef the green gas was in deubt because the gas was either
unstable er very reactive with seme censtituent ef the system, The
precess ef successively cendensing and distilling te purify was net
feasible because the ameunt ef green material decreased with each dis-
tillatien, Furthermere, a sample was cendensed ence, and expanded inte
the system censisting ef cell, line, and Heliceid gauge, Valves were
then clesed iselating the cell and the Heliceid gauge, Spectral curves
of the material in the cell after time t, aleng with netatiens ef
pressure in the Heliceid gauge at time ¢t are shewn in Figure 57,

A fluerethene weighing vessel (tetal weight abeut S5 grams, see
Figure 56) was made fer vaper-density melecular weight measurements,
but use ef the apparatus was net warranted because sufficiently pure
material ceuld net be ebtained,

In appearance, the material was an intensely green gas which
cendensed te a dark cherry-red liquid and selidified as a brick-red selid,

L — ————— 6
o
v
"~
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Usually the red cendensed material was mettled with a slightly yellewish
celered selid, which, by cemparison with pure chlerine triflueride, was
taken te be the triflueride, This was reasenabls because the cendensed
material came frem the spectral cell, plus system cennectiens, plus
weighing cell itself; the tetal velume was thus several times the velume
of the spectral cell, By assuming this yellewish celered material te

be chlerine triflueride, and by qualitative cemparisen, the melting
peint ef the red selid was estimated te be between -100° C, and -50° C,
Similarly, the beiling peint was estimated te be between -20°C and +5° C.

Other Werk

Using the infrared cell described in Sectien IV, and a Perkin-
Elmer Medel 21 Spectrephetemeter, numbereus attempis were made Se ebtain
the infrared spectrum of the material, Ne evidence ef the presence ef
materials ether than chlerine triflueride er chlerine meneflueride was
ebtained.
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APPENDIX II

ORIGINAL DATA

Chlorins monofluoride formation data
Chlorine trifluoride and chlorine exchange data

Chlorine trifluoride-chlorine monofluoride exchange
data

Chlorine monofluoride-chlorine exchange data
Helicoid gauge calibration data

P

~—y -~



CHLOGRINE MONOFLUORIVE FCRMATION DATA

Time Pressure Observed on "0" Gauge (mm.) at 180° C,
Min, Figure No. 32 "33 ~ 34 3% 35
0 ho2 L 6 Los Lk
1 AL L3k
2 118 L3s ALY 19
3 k20 L36
N k21,5 L39 L1s 422
5 ko7 k23 Ll
6 Lh3 L26
7 L2s k21
8 L7 L30
9 L30
10 L1 Ls1 L2s
n L3k L36
12 Lsk
13 437 L30
1k Ll
15 L31 Ls9
17 Lh2 L37
18 Ll7
19 Lks
20 Lo L68
22 Lks
23 k72 Ls3
2k L5S3
25 LL9 L7s
27 Lol
28 Lé65 Ls9
29 Lé1 168
30
33 Ls8 Lok
3k Lé7.5
37 L79
38
39 L73
A L84
L3 L67 L7k
Lk L0
Ls 1,88
L8 L9
50 L85.5 L93
62 L75
sk L89 L97
57 499
59 L93 L8o
60 502
66 L85
2% 506

¥ Pressure observed on KL 5470 gauge.



CHLORINE MONOFLUORIDE FORMATION DATA

1h2

Pressure Observed on "O" Gauge (mm.) at 220° C,

E{fnﬂe Fgure Yo, 23 2L 25 26 27 28 29 30 31
0 6 17 L5 K9 L2 375 L W5 Lk
1 L25 L1 k29 119 38 L38 L1
2 k32 L33 L27 L38 L26 387 L26 L3
3 u37 L33 LLh  L32  39L LsT7
In L2 LL3  L37.5 LS2 Loo L37 Lal
5 L7 bL9,5S Lh2 k57  bLLh LOL,S 472
6 Ls51.5 L6 U63  Lh9 478 LS
6.5 LL8
7 Ls6 L67
7.5 L70  US6 L8s L68
8 L60.5 Lsk
9 L6l
10 L67.5
12 L73
15 k79
18 L83
22 186




CHLORINE MONOFLUORIDE FORMATION DATA

143

Pressure Observed on "O" Gauge (mm.) at 240° C,

Time

Min, Figure Wo, 16 17 18 - 19 20 21 22
0 k20 k28 ks 19 205 307
5 L3k L2h 425 L27 213 318
1 L2  bho 432 W3 L3k 221 326
1.5 LS L4? W WA Lo 227.5 333
2 L61 Ls3 LL9 L8 LkLé 232 340
2.5 L9  h59  L56 LSS hs2,5 238 347
3 L77 W65 k62 L4605 LS8 242 353
3.5 L83 k71 b6s k63 246 358
I L90 475 475  LT0  L6T 250 364
L.5 L96 74 472 253 369
S so2 L84  LBS W77 L15  256 37k
6 513 493 L9s  LB2,5 L8 260 383
7 523 500 503  L87 Le6 267 391
8 531 505 S10 L8 Lsa 271 398
9 539 515 516 275 Loy
10 Su6  s2h S22 492 496 278 10
11 551

12 557 531 283 a7
13 L93 U499

V] 566 530 536

15 290 k26
16 5ST1 shl

17 539

18 L 500

19 SL3

20 skl 295 k35
22 586

25 ss1  5L5

27 593

30 oSl bl
32 300  Lk2
35 )

38 555 Lh3
Lo

L2 601

4s

50 556

52 496.5




CHLORINE MONOFLUORINE FORMATION DATA™

— R E— R
— RS - e

Time _ Pressure Observed in "O" Gauge (mm,)

Min, Temperature, “C, 240 - - . 245 203
0 96 365 322
.5 103 330
1 107 392 333
1.5 110
2 113 Lo8 338
2.5 116
3 119 422 343
3.5 121
L L3k 3.8
5 126 Lls 352
6 129 L53
7 Lé1r.s 359
8 135 L70
9 k76 366
10 139 482
12 L 375

1 500

18 w7

20 513 395
25 519 Loé
30 . 522

* Data at 240° C, were not included in rate constant determination
on the basis of statistics; data at 245° C, and 203° C, were not
included because of deviation from 240° C, and 200° C,
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CHEMISTRY LIBRARY
Thesis

c.2 Phelps, J.P.
Study of the kinetics of some

formation and isotope exchange
reactions involving the chlorine
flourides.
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