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A.BSTRACT

The work described in this thesis is composed of two parts:

a study of redistribution reactions for three trivalent phosphorus
halide systems, and a study of the mechanisms governing the phosphorus
nuclear magnetic relaxation in four phosphorus trihalides.

The gas phase reaction between PF3 and PCl3 to yield PF2C1 and
PFC12, and the disproportionation of PFZCl were studied by infrared
spectroscopy. Redistribution occurred only to a limited extent after
24 hr at 300°C.

The reaction between PCl3 and PBr3 to yield PBr2Cl and PBrClz,
in the neat liquid, was studied by 31P nmr spectroscopy. Contrary to
previous reports indicating that this reaction attained equilibrium
within 15 min at 25°C, it was found to have a lower limit of 10.5 days
for the half—lifé at 70°C. A kinetic study of the reaction was compli-
cated by non-reproducible results, which appeared to originate from
catalysis by‘traces of water. For the catalyzed reaction, the rate of
production or disappearance of a given species was first-order in that
species. A study of the equilibrium constant for the redistribution
indicated that the reaction is essentially thermoneutral.

The reaction between CF3PC12 and CF3PBr2 to yield CF3PBrC1, in
the neat liquid, was studied by lgF nmr spectroscopy. This reaction was
also catalyzed by traces of water, however, the kinetics of the catalyzed
reaction did not show any consistent first—order‘behaviour. A study of

the temperature dependence of the equilibrium constant for the redistrib-

ution indicated that the reaction is thermoneutral.



vi

. Nuclear magnetic relaxation studies were carried out at 40.5 MHz
for 31P in PBr3, PBrZCl, PBrClz; and PCl3 in a mixture of these species
in equilibrium in the neat liquid; Both the transverse, l/T2, and
Jongitudinal, l/Tl, relaxation rates were measured as a function of

temperature. A study of the l/T2 for 35Cl in PCl_, in a mixture with

3
PBr3, as a function of temperature, yielded a value of 2.34x10-12 sec
at 25°C for the reorientational correlation time. This was then used
to calculate the value of l/T2 for 79Br in PBr3.

The l/T2 for 31P is controlled by a scalar interaction mechanism
of the second kind for all the species. The values of l/T2 for 35Cl in
PCl3 and for 79Br in PBr3 were used in conjunction with the values of
l/T2 for 31P in PCl3 and PBr3 to calculate the values of the P—35Cl
and P—79Br scalar coupling constants, 128.9 Hz and 248.6 Hz respectively.

The high temperature region of the 1/Tl for 31P is coatrolled by
a spin-rotation mechanism for all the species. On the basis of this,
the spin-rotation coupling constants for PBr3, PBrZCl, PBrClz, and PCl3
were calculgted to be 3.00, 3.99, 5.67, and 9.13 kHz respectively.

The low temperature region of the l/Tl for 31P is consistent
with contributions from dipolar, scalar interaction, and anisotropic
chemical shift mechanisms. It is shown that the anisotroéic chemical

shift contribution, which has generally been disregarded in the interpre-

tation of 1/Tl data, is quite significant for PBr3 and PCl3.
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CHAPTER I

INTRODUCTION -

1. A Review of Redistribution Reactions in Group VA Compounds

Reactions involving the interchange of substituents between
molecules have been known since the 19th century. It was only in
1939, however, that the nature of these reactions was recognized by
Calingaert.l He introéuced the term "redistribution reaction" to
describe those reactions in which there was a random exchange of
ligands between organométallic compounds. Such reactions are also
referred to as displacement, disproportiocnation, rearrangement,
reorganization, and scrambling reactions.

The most general definition of a redistribution reaction is
that of a process "in which bonds change in relative position but not
in total number or formal charge."2 In intermolecular redistribution
réactions two or more kinds of substituents interchange positions on
one or more kinds of central atom or moiety, this process eventually
leading to an equilibrium state.

Redistribution reactions are often encountered among the
compounds of nontransitional elements in groups II to VII,3’4'5'6'7
Several review articles dealing with different aspects of redistribution
reactions involving group VA compounds have appeared,4'5’6’7'8’9 Most
of the work in this field has been carried out from either a preparative
or thermodynamic point of view. Few systems have been studied kinetic—
ally, hence the kinetic trends are poorly defined, and the mechanistic

considerations are only speculative. This review is an attempt to



document all the redistribution reactions that are known to occur

among group VA compounds, excluding nitrogen. A special emphasis is
Placed on stating the conditions used, the extent and duration of the
reacti;n and, where available, any thermodynamic and kinetic parameters.
The review deals oniy with reactions in which there is a redistribution
of two monofunctional substituents about a given central atom or
moiety.

Redistribution reactions among P(III), As(III), Sb(III), and
Bi(III) compounds are compiled in Tables I, II, III and IV respectively;
those among P(V), As(V), and Sb(V) compounds are compiled in Tables V,
VI, and VII respectively. Redistribution reactions of substituents
between two oxidation states of a given central atom are compiled in
Table VIII. All the equations are written in the conventional manner
to represent the reactants used on the left hand side, and the products
obtained on the right hand side. The,eéuilibrium constants are
reported for the appropriate ratio of products to reactants, as
given by the equations. Unless otherwise stated, the reactions were
studied in the absence of solvent. The tables contain a comprehensive
survey of the literature, however, they may not be entirely complete
because redistribution reactions are often not indexed as such.

The relationship between the free energy change and the
enthalpy change, entropy change, and equilibrium constant for a

reaction is given by the following expression:

AG°= AHO- TAs°= -RT1nkK . (I.1)
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The number and type of bonds remain the same in a redistribution
reaction. If it is assumed that the bond energy between the central
atom and each of the substituents is independent of the nature of the
other substituents on the central atom, then the enthalpy change of
the reaction will be zero. Such reactions are termed thermoneutral.
The free energy change is governed by the entropy of mixing, and a

random distribution of substituents takes place:

AC = —TASc; = -RT1nK ] (1.2)

rand and rand

The distribution of molecules in a random redistribution reaction can

67,7 a

be calculated statistically from the laws of probability, nd

therefore the value of Krand may be obtained. The experimental
equilibrium constant of a reaction may be compared to the equilibrium
constant for réndom reorganization, in order o determine whether the
reaction is "random" or “"non-random." It follows that reactions for
which the equilibrium constant varies from the random value are expected
to have a measurable enthalpy change. In Tables I to VIII the value of
the equilibrium constant for rgndom reorganization, Krand’ is placed in
brackets next to the experimental value, where available.

There are many examples of redistribution reactions in P (III)
compounds, and some trends can be detected. When the two exchanging
substituents are of the same type, both halogen, ethoxy, or mercapto,
the redistribution is essentially réndom. When the two exchanging

substituents, however, are of different type as for dialkylamino-
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halogen, alkoxy- or phenoxy-halogen, mercapto~halogen, or dialkyl-
amino-phenoxy, then the redistribution is highly non-random, and
favours the formation of the mixed compounds. The largest deviations
from random behaviour are found for the PC13-P[N(C2H5)2]3 and
CH3PC12-CH3P[N(C2H5)2]2 systems. The4above observations for the
redistribution of unlike substituents in P(III) compounds also apply
to the redistribution of unlike substituents in As(III) compounds.
Again the non-random redistribution of molecules is strongly in

favour of the formation of the mixed compounds, and the most non-
random behaviour is again exhibited by the dialkylamino-halogen
exchanges. The only study of exchange between like substituents

in As(III) compounds has been that of the AsF3—AsCl3 system.38 This
system is rather unique in that the distribution of molecules is very
non-random, and in favour of the unmixed species. - Too few systems
involving Sb(III) or Bi(III) systems have been studied, thus even
qualitative observations cannot be made. The trends for redistribution
in P(III) and As(III) compounds are in agreement with the concept that,
for very different types of ligands, there will be considerable xrehybrid-
ization of the central atom when these ligands are interchanged. In
other words, the bonding of a ligand to the central atom depends on
the type of other substituents on that atom. The bond energy of a
particular bond will therefore be dependent on the rest of the

environment, hence the reaction will not be thermoneutral.

Almost all the reactions studied for pentavalent compounds have
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involved the redistribution of two like substituents. For P (V)
compounds there is an essentially random distribution of molecules,
wﬁereas for As(V) and Sb(V) compounds some redistributions are of
random behaviour and others are not. However, the departure from
random redist;ibution is never large.

Kinetic parameters are known for very few reactions, most of

the rate data being in the form of the time required to attain equi-
librium. Even when the data are available, a comparison between the
systems is difficult because the conditions are not duplicated.
Moreover, in certain systems51 it was suspected that catalytic
impurities could have been playing a role in determining the rate of
the reaction. For all these reasons it is difficult to obtain meaning-
ful kinetic trends in this field, but some general trends appear.

The rate of redistribution varies with the nature of the central
atom, increasing with increase in the electropositive character of the
atom; hence, the rates decrease in the order Sb > As > P, Few
reactions between P(V) compounds have been studied, but in general they
are slower than the corresponding reactions between P(III) compounds.
The exchange of substituents between a given central atom in two
oxidation states was extremely slow.

The rate of redistribution for a given central atom depends on
the nature of the substituents. For the redistribution of like sub-

stituents between P(III) compounds, the rates decreased in the order

halogen > alkoxy > mercapto. Within the halogen compounds, the rates
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decreased in the order Br > C1 > F,. Whén the exchanging ligands on
P(III) compounds were not of the same type, the fastest rates were
found for the halogen-dialkylamino exchanges. The reactivity with
PCl3 decreased in the order P[N(C2H5)2]3 >> P(NCS)3 >> P(OC2H5)3 and
PIN(C,H,) )15 >> PIN(CH,) 1, > POC.H,) , v P(SCgH), >> P(CH,),. Mo
trends in the rates of exchange between substituents of the same type
on As(III) compounds can be given, because only the AsF3—AsC13

system has been studied; redistribution was quite fast. The reactivity

with AsCl. decreased in the order As[N(CH3)2]3 uv As(OCH3)3 >> AsF3 >

3
>> > ivit i
(CHZCH)3As (CF3)3As (C6H5)3As. The reactivity of halogens with
As(OCH3%3decreased in the order AsF3 > AsBr3 > AsCl3, however, the

differences between them were not large and the authors51 did not
place much relevance on the quantitative results. In the same study
it was shown that the reactivity of the halogens with As[N(CH3)2]3
was independent of the halogen used. It seems, therefore, that the
nature of the halogen plays a relatively uﬁimportant role in redistri-
bution reactions for As(III) compounds.

The mechanisms governing redistribution reactions are still
in the speculative stage.4 It has been generally assumed that the
reactions are bimolecular, and proceed through a four-centre bridged
mechanism. This mechanism is favourable for exchange between compounds
whose central atoms have strong electron-acceptor character and whose
substituents have strong electron-donor character. The results of

the dimethylamino-halogen and methoxy-halogen exchangessl on As(III)
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mentioned in the above paragraph, were found to be consistent with
second-order kinetics. For these reactions, an ionic mechanism could
be postulated. The rate determining step could be the attack of an
electrophilic arsenic cation, derived from the halide, on the nucleo-
bhilic nitrogen or oxygen in As[N(CH.) 1, or As(OCH3)3. Clearly,

3°2°3

much more work in this field is required before reasonable mechanistic
trends can be proposed.

The original project undertaken was to study the kinetics of
exchange between halogens on triply connected phosphorus. From the
Preceeding observations on this system, discussed above; these exchanges
are expected to be relatively slow, hence conventional kinetic techni-
ques could be used. The ultimate goal was to derive the rate law for
the exchange and obtain the kinetic and thermodynamic parameters, with
the hope of proposing a reasonable mechanism for each system. The
work included a study of the exchange between PF3 and PC13, between
PCl3 and PBr3, and between CE‘3PC12 and CF3PBr2. However, initial
.aspirations were nét realized due to the complexity of the systems.

It is hoped, nevertheless, that the nature and reactivity of these

reactions have been partially elucidated.
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2. Nuclear Magnetic Relaxation in Liquids

The mechanisms-by which magnetic nuclei relax in the nuc;ear
magnetic resonance (nmr) experiment have been the object of numerous
studies in recent years. The studies of relaxation phenomena in
liquids have been especially useful in yielding some insight into the
nature of the liquid state. The theory of nuclear magnetic relaxation
and the mechanisms governing it have been discussed and reviewed by

several author5.80'81'82:83,84,85

When a nuclear spin system is placed in a strong magnetic field,
Ho' a Zeeman splitting of the nuclear energy levels occurs and a Boltz-
mann distribution of nuclear spins is established among the energy
levels. In the nmr experiment, energy is absorbed by the nuclear spin
system when a radiofrequency field Hl' rotating about Ho in a plane
perpendicular to it and of the appropriate frequency wo’ known as the
Larmor frequency, is applied. Since the population of nuclear spins
in the lower energy levels exceeds that of the higher energy levels,
this absorption of energy causes the transfer of some nuclei from the
lower to the higher energy states, thus perturbing the normal Boltzmann
distribution or thermal equilibrium of nuclear spins. Because spon-
taneous emission of energy is negligible, the only path by which the
nuclear spin system can be restored or relaxed to its.thermal equilib-
rium, is through transitions caused by fluctuating magnetic fields
oscillating at the Larmor fregquency. These magnetic fields are in
turn caused by magnetic interactions between the nuclear spins and

the surrounding electrons and nuclei composing the entire sample;
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this is often called the lattice or hea£ resexvoir. The rate at which
the thermal equilibrium is restored is governed by characteristic re-
laxation times for the particular.nuclear spin system.

The rate of decay of the nuclear magnetization to its thermal
equilibrium has been described quantitatively by Bloch in the so-called

"Bloch equations."86 These equations combine the effects of Larmor

precession and nuclear relaxation:

aM M - Mo
z z
gt - T T 7 ’ (1.3a)
1
de Mx
—_— = M e ——— ’ (Io3b)
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Fe - T %% T T, ° (I.3¢)

Mz' MX' and M_ refer to the 2z, x, and y components of magnetization at a

given time, where z is the component parallel to the main magnetic field;
Mb is the equilibrium magnetization in the z direction; W, is the Larmor

frequency; Tl is the characteristic time for the decay of the Mz compo-

nent to Mb' and is known as the spin-lattice or longitudinal relaxation

time; and T2 is the characteristic time for the decay of the Mx and My

components to zero, and is known as the spin-spin or transverse re-

laxation time.

Certainly the best definition of Tl and T2 is in terms of the

Bloch equations presented above, where Tl determines the approach to
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equilibrium of the component of magnetization lying parallel to the
magnetic field, while Tz determines the loss of phase coherence of
the nuclear spin system. Transverse relaxation alone is incapable
of causing an energy transfer between the nuclear spin system and
the lattice. Iongitudinal relaxation always brings about transverse
relaxation, thus Tl is always greater than, or equal to, T2.
Longitudinal and transverse relaxation both depend on the
existence of perturbing magnetic fields at the nucleus. However,
longitudinal relaxation with a characteristic time Tl can only occur
when these magnetic fields fluctuate with time due to the thermal
motion of the nuclei, whereas transverse relaxation with a characteristic
time T2 is not dependent on these fluctuations for its existence;
although it can be modified by such fluctuations, it is most effective
in the absence of thermal motions. In a system in which the magnetic
field fluctuations are vexry slow due to restricted motion of the nuclei,
as in the case of very viscous liquids and solids, Tl is very long
while Tz-is very short. When the magnetic field fluctuations are very
rapid, as in the case of non viscous liguids, Tl decreases considerably
whereas 'I‘2 increases. In most liquids the magnetic field fluctuations
| are so rapid that the interactions between nuclei alone are ineffective
in causing relaxation of the transverse components of magnetization.
M.x and MY then relax by the same mechanism as Mz’ and the equality
Tl = T2 applies. 1In this situation, the frequency of magnetic

fluctuations is much larger than the Larmor frequency. This may be

expressed by the mathematical condition that:
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wo—rc <1 , (I.4)

where wo is the Larmor frequency, and Tc is the characteristic time for
the magnetic fluctuation. This csndition is often referred to as the
extreme narrowing condition.

The mechanisms by which the nuclei are relaxed were first pre-
sented in detail in the pioneering study by Bloembergen, Purcell, and
Pound.81'87 These mechanisms were confirmed, refined and supplemented
by various authors who will be mentioned in the course of this chapter.
The following section will deal with a presentation of the relaxation
mechanisms most commonly encountered in diamagnetic ligquids; the
dipolar, anisotropic chemical shift, quadrupolar, scalar coupling,
and spin-rotation mechanisms.

Relaxation of a nucleus by direct dipole-dipole interactions
with other magnetic nuclei is probably one of the most frequently en-
countered relaxation mechanisms, especially for protons in organic
liquids.ss'sg'go'gl'92 The dipolar relaxation mechanism may be illus-
trgted fér the simple case of two magnetic nuclei, i and j, whose
magnetic moments are separated by a distance r, where r makes an
angle © with the main magnetic field. The dipolar interactions
between the two nuclei are modulated by fluctuations in r and O due
to the random thermal motions. One can immediately distinguish
between two types of dipolar interactions; the intramolecular and

intermolecular. The dipolar relaxation between nuclei in the Same

molecule is termed intramolecular. The distance r is fixed but the
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angle O varies because of the rotational motion of the molecule, hence
this is frequently called a rotational dipolar mechanism. - The dipolar
relaxation between nuclei in different molecules is termed inter-
molecular. In this case, both r and O may vary due to the translational
or diffusional motion of the molecules, in addition to the rotational
motion which is important for the intramolecular interaction. The inter-
molecular dipolar mechanism is often referred to as a translational di-
polar mechanism. Thus the dipole-dipole interactions act as time
dependent perturbations on the Zeeman energy levels of the nuclei, and
produce transitions between these energy levels which result in the
relaxation of the nuclear magnetization.

The contribution of intramolecular and intermolecular dipolar
interactions to the relaxation of a nucleus were first formulated by
Bloembergen, Purcell and Pound81 for the interaction between two
identical nuclei of spin 1/2. Except for some minor modifications
the same results were obtained by Kubo and Tomita,93 using a different
theoretical approach, and by Solomon.94 ‘These results were generalised
by Gutowsky and Woessner88 for interactions between many nuclei of

different spins. The total relaxation resulting from the interaction of

T T iy YT (s P =T = . (1.5)
Tl Tl (13) Tl (ik) T2 T2 (i3) T2 (ik)

The intramolecular dipolar contribution to the relaxation,



39

A .80,82,95
1/'1‘lD and 1/T2D, is given by:
1 2 .2 4 5. -6 4.2 25 2 - -6
= = {= . + .. + = .
T, 5 B L U F DGR ) A Y L T (L Dy 1} x
T 4T
—2— =3 (1.6)
l+w°TD l+4onD
1 2.2 4 5. -6 4. 2 2 2 -6
= = {£ (I, . = Z
T, {loh Y; IL,(I, +1) (jxl:| ) + 350 Y IRy xk(xk + l)rik 1} x
5T 2T
{3'tD+ g > + D2 2} , (.7)
l+w°°T 1+ 4w T
o D o D

where ? are summations over nuclei of the same kind as i, the relaxing

nucleus, and ﬁ are summations over all other nuclei; 4 is Planck's

constant divided by 2m; 7Y is the magnetogyric ratio; I is the nuclear

spin; r is the internuclear distance; wo is the Larmor frequency of

the nucleus i; and T is the correlation time for intramolecular

dipolar interaction.

The correlation time TD is found to be of the order of 10—12 sec,
and the radiofrequencies usually used are < 2TTxlO8 sec—l, hence the
extreme narrowing condition w Ty << 1, may be applied. Equations (I.6)

and (I.7) then reduce to:

1 1 2 2, 2 - 2. -6
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(1.8)
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The correlation time TD is the rotational correlation time of the
molecule, which is of the order of the time a molecule takes to turn
through one radian. Bloembergen, Purcell, and Pound (BPP)81 proposed
that T_ can be calculated to a reasonable approximation by considering
the molecule as a rigid sphere, of radius a, imbedded in a viscous |
liquid, and undergoing a 'rotational' Brownian motion. This assumption

was made in analogy to the theory of translational Brownian motion in

viscous liquids, thus TD is given by:

r = % (1.9)

D is the 'rotational'! diffusion coefficient, and it is related to the

viscosity n by the relation:

3

p = = _ (1.10)
8mmna” :

where k is Boltzmann's constant and T the absolute temperature. Thus:

3
_ 4ma
Ty f Skt (I.11)

The correlation time TD is closely related to the Debye correlation time
for dielectric dispersion, T, and it is found that TD = T/3. Because
6f this relationship, equation (I.1ll) is often referred to as the Debye-
BPP equation. It is often used to calculate TD' even though it is a
generalisation from the treatment of translationalbmotion.

The intermolecular dipolar contribution to the relaxation,

l/TiD' and l/TZD', has the same form as the intramolecular contribution.
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When the extreme narrowing condition applies, it is given by:82

.22 2 .. =6
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The only difference in equations (I.8) and (I.12) is in the terms which
are primed, r' and TD'. The correlation time for the intermolecular

dipolar interaction T_', is mainly the translational correlation time

D
for molecules in a spherical shell of radius r' + dr' centered at the
relaxing nucleus i. One definition of TD' is the time it takes for the
nﬁcleus i to move a distance r' relative to the other nucleus, j or k.
The motion is three-dimensional and the molecules containing the nucleus

i and the nucleus j or k are considered both to be moving, hence TD'

may be calculated using the theory for translational Brownian motion.

: 80,82,88,
This approach to TD' gives: ' ' 26
2
rl
A (z.13)

D' is the translational diffusion coefficient, and it is related to

the viscosity n by the Stokes—Einstein relation:

pt = XL . (I.14)

where k is Boltzmann's constant, T is the absolute temperature, and a

is the radius of the molecules, considered to be spherical. Thus:
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2
_ Tna(r*)
D 2kKT ' (I.15)
where r' is taken as the radius of closest approach, 2a, of two spherical
molecules. Substituting for TD' in equation (I.12) by (I.l5) for
the case of spherical molecules with the atoms situated on the surface
of a sphere, where rij' = rik' = r', and summing over the individual

contributions by integrating over a volume from infinity to the radius

of closest approach, 2a, yields:
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where N is the number of molecules per cm3. The substitution of 2a
for r' yields the equation for spherical molecules. This result is
often used for the case where the molecules are non-spherical by

justifying that ri.' = rikl = r' to a good approximation. However,

a better approximation is to substitute for the appropriate radii in

equation (I.17) to give the more general form:
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This equation may be expressed in terms of the intramolecular correlation

time, TD' by substituting for n from the Debye-BPP equation. More
sophisticated approaches 80,95,97,98 in which both the effects of
translation and rotation are considered yield different expre;sions
for l/TlD' however, the.qualitative features of the equations remain
the same.

Both the intramolecular and intermolecular contributions to the
relaxation, l/TlD and l/TlD', are directly proportional to TD’ which
is in turn a function of n/T from the theory presented above. Since 1
i?creases as the temperature decreases, l/TlD and l/TlD' increasg with
decreasing temperature. For nuclei relaxing by a dipolar mechanism,

a check of the dependence of the relaxation rate on Nn/T should give a
good indication as to the validity of the.treatment of correlation
times in terms of a Brownian motion. However, viscosity data are
quite scarce, and the theory is often not tested.

In this section the correlation time for rotation has been
bPresented for the case of spherical molecules undergoing isotropic
reorientations. Few molecules, however, can be considered truly
spherical. Several authorsgg’loo’lOl’loz’103 have been concerned

with considering the effects on the relaxation terms due to aniso-

tropic rotational reorientation in which the molecule can have
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different rotational diffusion constantslfor the different major
axes. However, this has not really improved the Stokes hydrodynamic
method for calculating rotational diffusion constants, which is still
used because of its simplicity.

Relaxation of a nucleus may occur through an anisotropic chemical
shift interaction. This relaxation mechanisﬁ was first proposed by
McConnell and Holm104 gnd Gutowsky and Woessner.88 The chemical shift
in a nucleus may be different for different orientations of the molecﬁle
relative to the main magnetic field; in other woxrds, the chemical
shift is anisotropic. As a result, when the molecule reorients in
solution the magnetic field at the nucleus fluctuates. These fluctu-
ations bring about relaxation of the nucleus.

The chemical shift may be considered as the sum of an
isotropic and an anisotropic part, only the latter being effective
in the relaxation mechanism. The anisotrépy of the chemical
shift in the z, x, énd y directions may be aenoted by Gz" Gk" and
6&' respectively. It has been shown by Abragam80 that if these

components are expressed in terms of 62, and an asymmetry parameter

"N according to the relationship:

. = -1, _ . = .1
Gzl 4 le - 2 (l Tl)éz. ’ Gyn 2 (l + Tl)az. (I-lg)

then, the anisotropic chemical shift contribution to the relaxation,
l/TlA and l/TZA' is given by:

2 2T
i _6 2 2. 2 n A
=20 Y Hy 62, (1+3)(——————) (1.20)

T 2 ’
1A 1+ wo rA




.45

2 6T

T, T3 Y S ar e r —F—o) (x.21)
22 1 + wo TA -

where Y is the magnetogyric ratio.of the nucleus; Ho is the main
magnetic field strength; wb is the Larmor frequency; and TA is the
correlation time for the anisotropic chemical shift interaction. The
correlation time TA is the correlation time for the xotation of the

molecule, and hence the same as TD. Under conditions of extreme

narrowing, where onA << 1, equations (I.19) and (I.20) reduce to:

2
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T = a0 Y E 62, (1 +3 )TA ’ (x.22)
ia
1 14 2 2 2 n2
EzA = ZO—Y Ho 62, (1 + 3 )TA . {(I.23)

This result represents the rather unusual feature that even in the

extreme narrowing case the ratio of 1/T to l/TlA is 7:6.

2A

Since the correlation time TA is the rotational correlation

time, the temperature dependence features of the anisotropic chemical

shift relaxation rate, 1/T1A' are the same as those for the dipolar

- relaxation rate, l/Ti l/TlA increases with decrease in temperature.

o
This mechanism, however, has the distinguishing feature of being pro-

portional to Hoz.

Proton chemical shifts are too small for their anisotropy to be
important enough to produce effective relaxation. For fluorine, on

the other hand, the anisotropic chemical shift contribution has been
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found to be more significant.84'88'105 However, due to the difficulty

in obtaining the values of Gz, and N, this relaxation mechanism has
not been studied in any detail.

The importance of relaxation by a quadrupolar interaction
mechanism was first demonstrated by Bloembergen, Purcell, and Pound81
in a mixture of HZO and D20. Nuclei with spin greater than 1/2 possess
an electric quadrupole moment, and relax by the inﬁeraction of the
electric quadrupole moment with an asymmetric electric field gradient
at the nucleus.106 The nuclear electric quadrupole moment is a
measure of the deviation of the nuclear charge distribution from
spherical symmetry, and it is oriented in a fixed direction due to
the polarization of the nucleus by the main magnetic field. The
field gradient at the nucleus, however, due to the electrons in the
bonds fluctuates in orientation because of molecular motion. Thus,
the quadrupolar interaction is a functién of the orientation of the
nucleus with respect to its electrostatic environment.

The general equation describing the quadrupolar contribution
to the relaxation, l/Tl and 1/T., ., is complex and only its form

Q 2Q

. .o . 80
under extreme narrowing conditions is presented here:
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where I is the nuclear spin; 0N is an asymmetry parameter, which
is a measure of the departure of the electric field gradient at

?he nucleus from spherical symmetry; equ/h is the product of the
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nuclear electric quadrupole moment and ﬁhe electric field gradient,
in rad sec_l, and called the gquadrupole coupling constant; and TQ
is the correlation time for the quadrupolar interaction.

The quadrupolar relaxation mechanism is modulated only by the
rotation of the molecule, therefore TQ is the rotational correlation
time which has already been designated as TD for the dipolar relaxation
and TA for the anisotropic chemical shift relaxation correlation times.
The quadrupolar interaction is the most effective relaxation mechanism
for nuclei possessing a.quadrupole moment. For covalently bonded
quadrupolar nuclei especially, the electric field gradients are quite
large and the quadrupolar interaction may be two or three orders of
magnitude larger than any other interaction. Thus mechanisms other
than quadrupolar do not contribute significantly to the relaxation
tﬁne.107'108 In such cases, the relaxation may be so rapid as to
broaden the nmr signal considerably, sometimes to the extent that the
signal cannot be detected.109 For this reason, few studies of the
relaxation phenomena of quadrupolar nuclei other than deuteron have

107,110,111

been undertaken; quadrupole coupling constants are small

enough for deuteron compounds, allowing this nucleus to be studied

conveniently.loo'llz’ll3'114

Relaxation of a nucleus by a scalar spin-spin coupling inter-
action between two kinds of nuclear spins is another commonly en-
countered mechanism. Abragamso considers two types of relaxation
mechanisms of this kind, depending on whether the scalar interaction

is modulated by chemical exchangelll or by the rapid relaxation of
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115,116,117 The former is referred to

the non-resonant nuclear spin.
as a scalar relaxation mechanism of the first kind, and the latter as

a2 scalar mechanism of the second kind.

The contribution of the scalar interaction mechanism of the
second kind to the relaxation of a spin I coupled to a spin S, l/TlSc

' . . .80
and l/TZSc’ is given by:

T
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where A is the scalar coupling constant; S is the spin quantum number
of the non resonant nucleus; wI and ws are the Larmor frequencies of
nuclei I and S respectively; Ns is the number of S nucléi to which
nucleus I is coupled; and Tl and T2 are the longitudinal and transverse
relaxation times for the nucleus S.

For a scalar interaction mechanism of the first kind the

correlation time for the exchange, Te' is substituted for Tl and T2

in (I.25) and (I.26). This mechanism will not be further discussed here.
The scalar interaction mechanism of the second kind is most often
encountered for nuclei S of spin larger than 1/2. Such nuclei relax
rapidly by a quadrupolar mechanism, as has been mentioned above.
Since in most cases (wI - ws)T2 >> 1 and the coupling constant

A is often small, the contribution of this relaxation mechanism to
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4 e 110
1/T, is usually quite negligible and therefore rarely observeq.118s112

The contribution to l/T2, however, is given by:

i

= l-A2N S(s + 1)1 . (1.27)
T 3 S 1
25c

Since Tl' the longitudinal relaxation time for nucleus S, is inversely
proportional to TQ' the correlation time for the quadrupolar inter-
action, and since TQ increases as the ?emperature decreases, then l/'I‘ZSc
increases, with increasing temperature.

The interaction of a nuclear magnetic moment with the magnetic
field produced at the nucleus due td the rotation of the molecule
containing the nucleus is called a spin-rotation interaction. The
possibility of relaxation by a spin-rotation interaction mechanism was
pointed out by Bloembergen, Purcell, and Pound.81 It was not until
.mﬁch later, however, that the importance of such a mechanism was first
recognized by Gutowsky and co-workers105 for the relaxation of hydrogen
and fluorine nuclei in a series of fluorinated hydrocarbons.

When a molecule rotates, the motion of the electrons and the
nuclei do not exactly follow each other, with the result that a
rotating electric field is produced at the nucleus. This in turn
generates a magnetic field, proportional to the rotational angular
momentum, which can interact with the nuclear magnetic moment.

Motion of the molecule causes continual alterations in the magnitude
and direction of the rotational angular velocity, thus causing

relaxation. The effectiveness of this mechanism depends on the
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rotational angular momentum, the correlation time for the rotational
angular velocity, and the strength of the interaction between the
electric field and the nucleus, as expressed by the spin-rotation
coupling constant C. The spin-rotation coupling constant is a
tensor quantity, but because of the short co;relation time for the
interaction only an average value is observed by the nucleus.

The contribution of the spin-rotation interaction to the re-
laxation was developed by Brown, Gutowsky and Shimomura84 and by
Hubbard120 using different models. Brown et al 84 proposed a model
in whicﬁ the molecule remains in the same orientation until it makes
a sudden jump to a new uncorrelated orientation at random times. The
spin-rotation interaction leading to relaxation takes place during
these jumps when the molecule is actually rotating. Hubbard,120 on
the other hand, treated the problem by assuming that the reorientation
of the molecule occurs by a Brownian diffusion model. The formulation
of the relaxation time is insensitive to tﬁe model assumed for the
reorientation of the molecule, since equivalent results are obtained
for the two models.

The contributién of the spin-rotation interaction to the
relaxation of identical spin 1/2 nuclei at equivalent positions

20

in spherical liquid molecules as derived by Hubbard,l l/TlSR and

l/TzsR' is given by:

1 =2 2 2 SR
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H =

where k is Boltzmann's constant; T is the absolute temperature; A is

Planck's constant divided by 27; I is the moment of inertia which for

non-spherical molecules is given by (Ix + Iy + Iz)/3 where Ix' Iy, and

Iz are the principal moments of inertia in the x, y, and z directions
2

respectively; (ZCL + Cllz) describes the diagonalized components of

e

the spin rotation coupling constants, whexe C, = C__=C__and C,, = C
1 XX Yy 11 zz

and TSR is the correlation time for the interaction. In the terms

involving I and C the z axis is defined as directed from the centre of
the molecule to the resonant nucleus. Under extreme narrowing conditions

where onék << 1, equations (I.28) and (I.29) simplify to:

2 . (1.30)
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The correlation time T__ may be considered as the time during which a

SR
particular angular velocity is maintained. Qualitatively, one might
expect that as the temperature is increased the frictional torque on
the molecule decreases and hence the angular velocity is maintained
for a longer time. Thus TD and TSR are expected to be inversely
proportional to each other. It was shown by Hubbard120 that, for a

spherical molecule undergoing rotational Brownian motion, and for

<< .
Tsr ¢ T

T.T = == ’ (I.31)
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where I is the moment of inertia; Xk is Boltzmann's constant; and
T is the absolute temperature. This equation is often referred to
as the Hubbard equation, and it indicates that TSR has the opposite

temperature dependence to TD. It has been shown that for a rotational

diffusion model TD is proportional to n/T, thus TSR is proportional

to 1/n and l/TISR increases with increasing temperature. An alternative

derivation of equations (I.30) and (I.31l) has been given by Green and

Powles.121

The spin-rotation coupling constant can be obtained from micro-
wave and molecular beam experiments. Usually, the values of Cl and

Cll are not known independently and the average value, CAV' is obtained

where:
o] = l-(2C + C, ) (1.32)
AV 3 1 [N °
. 2 2
In order to calculate the value of l/TlSR' the quantity (2Cl + Cll )
. . . 97,98
is needed. This value is related to CAv by:
2 2 2 2 2
(ZC.L +c“) = 3cAv +3(cl-c”) . (I.33)
2 2, .
Therefore, unless Ci and Cll are equal, the value of (2Cl + Cll ) 1is

larger than 3CAV2' Thus, instead of using a known value of CAV in

order to obtain TSR from equation (I.30), most auvthors assume the

122,123

validity of the "Hubbard equation" to obtain the value of TSR

needed to calculate (chz + C'lz). Unlike the rotational correlation

time, which can also be obtained from dielectric dispersion experiments,
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the spin-rotation correlation time is easily obtained only by nmr.

Nuclear relaxation by a spin-rotation interaction mechanism
124,125,126,127

has been encountered for both hydrogen and fluorine84'

4,

91,97,128 nuclei. The importance of this mechanism is much greater
91'95'128 for fluorine than for hydrogen nuclei due to the larger
fluorine spin-rotation coupling constants. Spin-rotation contributions

118,119,129

to the relaxation of phosphorus and arsenic117 nuclei have

recently been shown to be significant.

For most nuclei in a molecular environment, relaxation is
accomplished through more than just one mechanism. All the contributions
from the various interactions must be added. Thus for a nucleus which

can relax by any of the mechanisms discussed here, the total relaxation

rate, l/Tl’ is given by:
= T
l/Tl l/TlD + l/TlD + 1/'1‘lA + l/TlQ + l/TISc + l/‘I‘lSR r (T.34)

and the same applies for 1/T2. The usual method for determining and
separating the various contributions is to study the relaxation rate
over as large a temperature range as possible. The data is commonly
plotted as ln(l/Tl) or ln(l/Tz) versus 103/T, in °K_;. From the
temperature dependence of the relaxation certain contributions can

be differentiated. The quadrupolar interaction mechanism is of course
only applicable for nuclei with a quadrupole moment, for which this is
the dominant mechanism. Nuclei which are coupled‘to quadrupolar

nuclei will usually have a large contribution to l/T2 from a scalar
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coupling interaction mechanism. The cohtribution to l/T1 is
negligible unless the nucleus is studied at low enough frequencies.
The anisotropic chemical shift contribution to the relaxation is
usually very small and therefore often neglected. Thus, for most
cases the problem simplifies to that of separating the contributions
due to intramolecular and intermolecular dipolar interactions or the
two dipolar interactions and the spin-rotation interaction. The
separation may be accomplished by several techniques. For example,
the relaxation mechanisﬁs for a proton in a molecule could be
elucidated by a study of the relaxation rate of the proton as a
function of its concentration in a noﬁ-interacting solvent, or its
perdeutero analogue solvent, or by the study of the relaxation of a
different nucleus in the molecule, or by a combination of these
methods.

| The investigation of the mechanisms governing the nuclear

magnetic relaxation of phosphorus in the series of compounds PBr3,

PBrZCl, PBrCl2

comparisons between these compounds it was necessary to study the

and PCl3 was undertaken. In order to make direct

relaxation rates in a medium of uniform viscosity. This was easily
accomplished by using a sample containing a mixture of all four
compounds. A sample of equivalent viscosity containing only PBr3

and PCl3 was also studied in order to note any differences in the

PBr3 and PCl3 relaxation rates in conjunction with the absence of

intermolecular effects due to PBr2Cl and PBrClz. During the course
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of this work, the results of separate sﬁudies on the phosphorus re-
laxation rate, 1/Tl, in PC13118'130 and PBr3119 were published. For
both of these compounds, the contributions to the longitudinal re-
laxation are due to spin-rotation and dipolar interaction mechanisms.
For the PBr3, an additional contribution due to a scalar coupling
interaction mechanism with the bromine nucleus was detected at low
frequencies. In the present work the results of both the longitudinal
and transverse relaxation rates of phosphorus in PBr3, PBr2Cl, PBrCl2

and PClB, in conjunction with the results of the transverse relaxation

rate of chlorine in PCl_ are presented with the aim of providing a

3

more complete picture of the relaxation mechanisms in these compounds.
The experimental methods for obtaining the values of the
longitudinal and transverse relaxation rates for the phosphorus and
chlorine nuclei will be discussed in detail in the next chapter.
Since relatively standard methods are used, only a brief outline
of the theoretical background of relaxation rate measurements will
be presented here.
It can be shown 86 from a solution of the Bloch equations that
the signal intensity for the absorption mode, v, for a Lorentzian

line shape function is a function of both Tl and T2:

wx H YH T
V « 5 °°21222 , (1.35)
1+ - o+ YR T T,

where Xo is the equilibrium magnetic susceptibility; Ho is the main

magnetic field strength; Hl is the oscillating field strength; Y is
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the magnetogyric ratio; wo is the Larmor frequency; and w is

: 2 =1 . .
the angular frequency. The term (1 + Y leTsz) L in equation (I.35)
is known as the saturation factor. Under optimum conditions, the

absorption spectrum is displayed using a value of Hl small enough so as

X 2 .
not to cause saturation. Thus Y2H1 Tsz << 1 and equation (I.35) reduces

to:

onHoYHlTZ

V . ' (I.36)

2 2
1+ T2 (wo - W)

The value of l/T2 can be obtained from a measurement of the full line

width at half-maximum intensity:

_ 2

where W% max is in Hz. For very largé values of l/T2, the signal-to-

noise ratio can be enhanced by displaying the signal as the first

131 The value of

derivative of the Lorentzian absorption function.
l/T2 can be obtained from a measurement of the peak to peak separation,

S:

2SS = —— ' (I.38)

where S is in Hz. The value of l/‘I‘2 obtained from equations (I.37)
and (I.38) are in units of sec—l, since T2 is a measure of time.
The effect of saturation on the signal intensity is made use

of in the experimental determination of Tl' the simplest method of
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which is the saturation recovery or diréct method. This method
has the added advantage that it can be carried out on an ordinary nmr
spectrometer. It is best suited for relaxation times of between 0.2 to
25 secs. As will be seen, this condition was fulfilled by the system
under study, hence this method is quite satisfactory.

Briefly, the sample at resonance is saturated by the application
of a sufficiently strong radiofrequency field, Hl’ so that
‘YHl >> (TlTZ)-%° When the amplitude of Hl is suddenly reduced.to a

non-saturating value, the intensity of the absorption mode, v,

recovers exponentially with a time constant which is essentially Tl

132

if Tl << T2. The recovery of the signal in a homogeneous field
for the case of Tl < T2 is given by:
: 1
v, =v, {1- T, -7, [T, exp(-t/T,) - T, exp(-t/T,)]} , (I.39)

where v_ is the final non-saturated value of the signal intensity, and

Vt is the signal intensity at any time t. If Tl << T2, the exponent

containing T2 decays fast leaving a simple exponential decay:

vt = Vm[l - exp(-t/Tl)] . (1.40)

The integrated form of this expression is given by:

1n(v°° -v,) = - t/Tl ’ (1.41)

t
and the value of l/Tl in sec-l is obtained from the plot of ln(vw - vt)
versus time. In the present system T, << T1 and thus equation (I.41)

2

is applicable.
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CHAPTER II

EXPERIMENTAL TECHNIQUES -
RN
l. Preparation and Purification of Compounds

]

All preparations and purifications of compounds were carried out
in a vacuum system using standard vacuum techniques.133 The temperature
of traps was maintained with appropriate slush baths.

Phosphorus trifluoride, PF3, (Penninsular ChemResearch, Inc.) was
vacuum distilled through traps cooled to -131°C and -196°C and was
trapped at -196°C. The'PF3 was then distilled into a tubé cdntaining
trimethylamine, (CH3)3N, with which it was allowed to react in order to
remove traces of silicgn tetrafluoride, SiF4, as the solid (CH3)3NSiF4.

The volatile products were then vacuum distilled through traps cooled

was trapped at -196°C. The PF_ was

to -131°C and -196°C, and the PF 3

3
then transferred intova storage bulb equipped with a stopcock.

| Phosphorus trichloride, PC13, (Mallinckrodt Chemical Works) was
vacuum distilled through traps cooled to ~-45°C, -95°C, and -196°C. -The
PCl3 was collected at -95°C, transferred into a break-seal tube, and

sealed.

Phosphorus tribromide, PBr3, (Matheson Coleman & Bell) was vacuum
distilled through traps cooled to 6°C, -45°C, and -196°C. The PBr3 was
collected at —-45°C, transferred into a break-seal tube, and sealed.
Hydrogen chloride, HC1l, (Matheson of Canada, Ltd.) was vacuum
distilled through traps cooled to -131°C and -196°C. The HCl was

collected at ~196°C and transferred into a storage bulb equipped with

a stopcock.
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Dimethylaminodifluorophosphine, (CH3)2NPF2, was prepared by the
fluorination of the corresponding chloride with a suspension of sodium
fluoride in tetramethylene sulfone.134 The (CH3)2NPF2 was purified by
a vacuum distillation through traps cooled to =79°C, -119°C, and -196°C.
The compound was trapped at -119°C and transferred into an ampoule,
where it was stored.

Chlorodifluorophosphine, PFZCl, was prepared by the gas phase
reaction of stoichiometric amounts of dimethylaminodifluorophosphine
and hydrogen chloride.13 The products were vacuum distilled through
traps cooled to -131°C, -160°C, and -196°C. Pure PFZCl, trapped at
-160°C, was either transferred into an ampoule, sealed and kept frozen,
or stored frozen in a trap on the vacuum line.

Di-iodotrifluoromethylphosphine, CF3PIZ, was prepared by the
reaction of red phosphorus, iodine, and trifluoroiodomethane in a
Carius tube.135 The yield of CF3PI2 is iow, the bulk of the product
being a mixture of iodobistrifluoromethylphosphine, (CF3)2PI, and
tristrifluorqmethylphosphine, (CF3)3P. Thé products of the reaction
were vacuum distilled through traps cooled to -45°C, -84°C, -116°C,
and -196°C. The material which collected at -45°C contained CF3PI2
contaminated with (CF3)2PI and iodine. This fraction.was further
purified by a vacuum distillation through traps cooled to -25°C, -45°C,
and -196°C. CF3P12, only slightly contaminated with iodine, was

collected at -45°C, transferred into an ampoule and sealed. This was

very slow, but the most effective method of purification.

. ' 29
Dichlorotrifluoromethylphosphine, CF3PC12, was prepared -~ by



. 60

reacting CF3P12 with excess mercuric chioride,‘HgClz, in a sealed
tube for about one day at room temperature. At the end of this period
the volatile products of the reaction were distilled onto a fresh batch
of HgClz, in order to insure the complete conversion of the CF3PI2 to
CF3PC12. After allowing the reaction to proceed for another day, the
contents were distilled under vacuum through traps cooled to -45°C,
=116°C, and -196°C. The (CF3)PC12 was collected at -116°C, transferred
into a break-seal tube, and sealed.

Dibromotrifluoromethylphosphine, CF3PBr2, was prepared in the

same way as CF3PC12, except for the use of mercuric bromide, HgBrz,

instead of HgCl The products of the reaction were distilled under

ot
vacuum through traps cooled ﬁo -45°C, -84°C, and -196°C. The CF3PBr2
was collected at -84°C, transferred into a break-seal tube, and

sealed.

The aquopentamminecobalt (III) bromide was obtained from
Dr. R.B. Jordan, an& was prepared according.to the procedure in
.reference 136.

All other compounds used without purification were commercially
available chemicals of reagent grade quality.

The purity of each of the compounds used in the kinetic and
relaxation studies was established by an infrared spectrum. In addition,
molecular weight determinations were made for PF3, PClS, PF2Cl, CF3PC12,
and CF3PBr2. Although mass spectra of all the compounds were taken,

they were not used to determine their purity because traces of water

in the instrument partially hydrolyzed some of the compounds.
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2. Sample Preparation Techniques

All samples were prepared in vacuum systems using high vacuum

techniques.

All the work on the PF_-~PCl_, system was carried out in a vacuum

3 3
system constructed with Pyrex tubing, vacuum cup stopcocks, and ground
glass joints. The stopcocks were lubricated with KEL-F #90 grease in
preference to Apiezon "N, because the latter dissolved to a certain -
extent in PC13. Compounds for the PF3—PCl3 system and the PF2C1
hydrolysis study were wéighed out, distilled into a 30 ml reaction
tube, and sealed.

The preliminary work on the PC13-PBr3 system was carried out
on the grease-lubricated system. The required amount of each compound
was weighed out, distilled into an mmr tube, sealed, and kept frozen
in liquid nitrogen until ready for use. It was later found necessary
tb construct a grease-free vacuum system out of Pyrex tubing and
Fisher & Porter 1% mm needle valves. The procedure for preparing
samples on this system was far more complicated and time consuming.
Break~seal tubes containing PBr3, and PC13, and nmr tubes were sealed
to outlets, leading from needle valves on the system, and the whole
apparatus evacuated for at least 24 hr. At the end of this period
the break-seals were broken, and each compound was purified again
according to the procedure described in the previous section. The
compounds were stored frozen at liquid nitrogen temperature in traps

on the vacuum system. Since the compounds could not be weighed out

in this system, an mmr tube was used as a measuring device. One -of
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the compounds was distilled into this tube, and the quantity needed

was estimated by the height of the liquid in the tube. The compound
was then transferred into the mmr sample tube, and the procedure was
repeated for the second compound. The nmr tube was then sealed, and
stored frozen in liquid nitrcgen. This method for measuring the amount
of compounds needed was found to be quite reproducible.

Iﬁ order to make up a sample containing a known amount of water
an mmr tube, equipped with a break-seal on a side arm, was used. The
sample was made up in the usual manner, and the tube was sealed above
the break-seal to an outlet on a separate grease-free manifold. This
manifold was then connected to an outlet on the grease-lubricated
system and evacuated overnight. A known amount of water was obtained
by allowing water vapour to expand into a chamber of known volume,
contained between two stopcocks. The water was then distilled into
the sample tube, after breaking the break-seal, and the sample sealed
off.

A more convenient method of adding small amounts of water made
use of the fact that the complex [Co(NHB)SHzo]Br3 liberates water

quantitatively on heating, according to the equation:

A
[Co(NH3)5H20]Br§————+ [Co(NH3)SBr]Br2 + H20 . (I1.1)

The apparatus used to make up the samples is shown in Figure 1. A
weighed amount of complex was put in tube A, and the top of the tube
sealed off. The apparatus was connected to the grease—~lubricated

system by the ground glass joint, evacuated overnight, and sealed at
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\NMR Tube

Figure l: Diagram of the apparatus used for the preparation of samples

containing two components and water.
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the constriction. The apparatus was then sealed onto an ocutlet on
the grease-free system at B. The usual procedure was used to distill
the required amounts of PC13, or PBr3, or both compounds into the
nmr tube, and the apparatus was sealed off at the constriction. The
mmr tube was frozen in liquid nitrogen and tube A was immersed in a
bath at 100°C for one hour. The break-seal between tube A and the
nmr tube was broken, and the water was distilled into the nmr tube.

had originally been distilled

At this point, if both the PCl, and PBr

3

into the nmr tube, it was sealed off. If on the other hand, only one

3

of the compounds was present, the nmr tube was warmed up to room
temperature and the contents allowed to react. The apparatus was then
sealed onto an outlet on the grease-free system at C and evacuated.
The second compound was distilled into the mnmr tube, after breaking
the break-seal. The nmr tube was then sealed off, and kept frozen
in liquid nitrogen.

All preparations and purifications for the CF3PC12-CF3PBr2
system were carried out in the grease-lubricated system. Aall the
samples however were prepared in the grease-free system in the same

way as that described for the PC13-PBr3 samples.
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3. Instrumental Techniques Used

Infrared spectra covering the range 4000-400 cm-l were recorded
on a Perkin-Elmer 337 spectrophotometer, using an 8 cm gas cell equipped
with potassium bromide windows. Infrared spectra down to‘200 cm-l were
recorded on a Perkin-Elmer 421 dual grating spectrophotometer, using a
8 cm gas cell equipped with caesium bromide windows. The salt windows
were stuck on the cell faces with a thin layer of hot paraffin wax.
Paraffin was used in preference to Kel-F grease because it maintained
a much better vacuum. All infrared measurements were made at room
temperature.

Mass spectra were recorded on an MS-9 instrument operating at an
ionizing voltage of 70 eV. The instrument could be used with a room
temperature inlet, a heated inlet, or a direct probe inlet, depending
on the volatility of the compound.

All proton and fluorine mmr spectra were recorded on a Varian
A-56/60 instrument, equipped with a variable temperature probe and a
Varian V6040 temperature controller. Phosphorus mmr spectra were
initially recorded on a Varian HA-60 instrument operating at 24.3 MHz.
The majority of the phosphorus nmr spectra was recorded on a Varian
HA-100 instrument operating at 40.5 MHz. The instrument was equipped
with a variable temperature probe and a Varian V6040 temperature
controller. All measurements of relaxation times were made at 40.5 MHz.
Chlorine nmr spectra were recorded on the Varian HA-60 instrument
operating at 5.9 MHz. The instrument was equipped with a variable

temperature probe and a Variah V4343 temperature controller. In all
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the variable temperature probes the desired temperature was attained
by the standard gas circulation technique. For temperatures below
-30°C, nitrogen gas was circulated through a copper coil immersed in
liquid nitrogen. For temperatures above 30°C, the copper coil was
immersed in water at room temperature. Temperatures between 30°C
and ~-30°C were the most difficult to regulate, and were achieved by
immersing the copper coil in a slush bath which maintained a temperature
of either -63°C or -96°C. The temperature of the probe was accurately
measured by means of a Leeds & Northrup potentiometer, with a copper-
constantan thermocouple in an nmr tube containing ethanol. By frequently
checking the pressure of the nitrogen flow, and the level of liéuid
nitrogen or the consistency of the slush bath around the copper coil,
the temperature was known to an accuracy of *1°C. Samples for proton,
fluorine, and phosphorus spectra were prepared in 5 mm o.d. nmr tubes.
Sampleé for chlorine spectra were prepared in 10 mm o.d. tubes, designed
to fit the probe.

Overlapping peaks in the phosphorus nmr spectra were resolved on .
a Dupont 310 curve resolver, a;suming that a standard Lorentzian function
described each peak. Values of the relative areas of each peak were
read off an integrator with 100 divisions. The precision with which
readings could be made was *0.5 divisions.

The density determinations were made by measuring the height of
a weighed amount of compound in an nmr tube, calibrated with respect to
volume and height. The readings were taken with a Griffin & George

cathetometer. The nmr tube was placed in a glass vessel through which



. .67

water was circulated from a constant temperature bath. The temperature

in the vessel was measured with a thermometer.
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4. Experimental Procedure for the Study of the Redistribution Reactions

The PF_-PCl. System -
-~ -

The reaction of PF3 and PCl3, the disproportionation of PFZCl,
and the hydrolysis of Pcml were studied in the gas phase. The compounds
were sealed in tubes, and allowed to stand at a particular temperature
for a prescribed period of time. The contents were then analyzed by
infrared spectroscopy. Mass spectra and nmr spectra were often used for
additional characterization.

An attempt was made to obtain quantitative results by the compari-
son of the intensities of certain infrared bands to the corresponding
calibration of concentration versus infrared band intensity for the
pure compound. Although the individual compounds obeyed Beer's law,
mixtures of certain compounds did not, and quantitative determinations
by means of infrared band intensities could not be done. This will be
discussed in greater detail with reference to a specific example, in
the section on results.

The PC1l_-PBr, System
-~ -~

The kinetics of the reaction of PCl3 with PBr3 was studied in the
liquid phase by 3lP nmr spectroscopy. The samples were made up in nmr
tubes, as described previéusly, and stored frozen in ligquid nitrogen.

A uniform procedure for studying all the samples was used. The sample
was thawed as fast as possible, the contents were thoroughly mixed by
shaking the tube, and the tube was placed in the probe. The zero time

for the reaction was taken to be 3 min after the contents in the nmr

tube had thawed. The time was recorded on each scan, and the time for
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the reaction was taken at the midpoint between the PBr3 and PCl3 peaks.
With the combination of sweep width and sweep time used, the spectrum
could be scanned every 6 min. This frequency was fast enough for most
of the reactions studied. The reaction was usually followed to about
90% completion, and the sample was then kept in a constant temperature
bath until an infinite time spectrum was recorded. The temperature was
measured at leagt twice during the course of the reaction.

The variation of the equilibrium constant with temperature, for
the PCl3—PBr3 system, was determined from the study of the spectra of
samples that were equilibrated at the desired temperatures. The samples
were kept in a constant temperature bath for a period of at least ten
half-lives, as determined from their kinetic results. The majority of
the data was obtained from the infinite time measurements of the
reactions.

The usual technigue for recording nmr spectra is to lock on the
frequency of a reference peak, and to scan the spectrum in HA-mode with
a frequency or field sweep. In this system an internal standard was
avoided, in order to eliminate the possibility of contaminating the
reactants; an external standard was ruled out, because it decreased
the signal-to-noise ratio by a factor of two. The spectra were thus
recorded by scanning in HR-mode with a field sweep. The disadvantage
of scanning without a lock signal is that the field is not as steady.
The spectra were recorded by scanning upfield and downfield alternately.
A comparison of the distance_between.the PBr3 and PCl3 peaks in two

consecutive scans indicated the direction in which the field was
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drifting, and the necessary adjustments were made. The instrument was
carefully set up on a sample already at equilibrium, and the drift was
checked throughout a kinetic run.

A typical spectrum22 of a PCl3--PBr3 sample at equilibrium is
given in Figure 2. Each species gives rise to one peak, the area under
which is a measure of its relative concentration in the mixture. The
areas cannot bé integrated satisfactorily in HR-mode, moreover, the
PBr3 and PBrZCl peaks are too close to give a sharp separation between
their integrated signals. The areas under each peak were obtained with
the help of an analog curve resolver. The four species could not be
resolved simultaneously. A small horizontal gain was needed in order
to fit the PBr3 curve, whereas maximum horizontal gain was necessary
for the PCl, curve. The PBr_ and PBr_Cl curves were resolved separately

3 3 2
from the PBrCl2 and PCl3 curves. The areas under each set of curves
were compared to those of standard Iorentzian curves. The true areas
of the standard curves were known, thus the relative area or mole
fraction of each sPecies in a spectrum was obtained. There is no
significant overlap between the PBr2Cl and PBrCl2 curves, hence

very little error involved in resolving the spectrum in two sectionms.

The CF_PCl_-CF_PBr_ System
~ & - 4

The kinetics of the reaction of CF3PC12 with CF3PBr2 was studied
in the liquid phase by lgF nmr spectroscopy. The samples were made up in
mmr tubes, as described previously, and stored frozen in liquid nitrogen

until ready for use. The procedure for studying the kinetics of the

system, and the variation of the equilibrium constant with temperature
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was identical to that used for the PCl_-PBr_ system.

3 3

The spectrum of a CF3PC12—CF3PBr2 sample consists of three well

separated doublets,'corresponding‘to the three species in the mixture.
The reaction was studied by recording the integrated signal of the

spectrum. The average height of each doublet was used to obtain the

relative concentration or mole fraction of each species in the mixture.
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5. Experimental Procedure for the Study of Nuclear Relaxation Times

5 .
Measurement of the 3 Cl Transverse Relaxation Times

The reciprocal of the transverse relaxation time for the 3501

nucleus in PCl3 was.determined at four temperatures. The l/T2 values
were obtained from measurements of the peak to peak separation of the
derivative spectrum, as described in the introduction.

The samples were placed in the probe at the desired temperature
for 45 min, in order to reach thermal equilibrium. The frequency of
the radiofrequency unit was always synchronized with the frequency from
the output of a frequency synthesizer. The spectrum was recorded, and
the frequency changed by 20 KHz while the field was being swept. A
spectrum was recorded at the new frequency. ~Thus the distance between
the centre of each spectrum was separated by 20 KHz. This yielded a
calibration for the spectra in KHz per cm. The spectrum was recorded
with upfield and downfield scans, and an average'peak to peak separation
in KHz was obtained. The temperature was measured before and after
recording the spectra.

Measurement of the 31P Transverse Relaxation Times

The reciprocal of the transverse relaxation time for the 31P

nucleus in PBr3, PBrZCl, PBrClz, and PCl3 was determined from 80°C to
=106°C. The l/T2 values for each species were obtained from measurements
of the linewidth at half-height of the absorption signal, as described in
the introduction. The instrument was carefully adjusted to attain

maximum signal intensity, and radiofrequency values well below the

saturation level were used, in order to avoid inhomogeneity and
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saturation broadening. This is especially important for the PBr3 and
PBr2Cl signals which have small linewidths. .

The samples were placed in the probe at the desired temperature
for 15 min or more, in order to reach thermal equilibrium. For each
temperature, an upfield and a downfield scan of the whole spectrum,
and several scans of the PBr3-PBr2Cl section of the spectrum at larger
sweep widths were recorded. An average linewidth at half-height in
cm was obtained for each species. The temperature was measured before
and after recording the‘spectra.

In order to obtain values of linewidths in units of Hz, the
spectra had to be calibrated in terms of Hz per cm. To this effect,

a PBr —PCl3 sample was made up in an nmr tube containing phosphorus

. trioxide, P406, sealed in a capillary tube. The sample was allowed to
come to equilibrium, and the spectrum was recorded from 30°C to 80°C.
The chemical shift of each signal, relative to P406’ was measured, and
an average value over the temperature range studied was obtained. The
chemical shift difference between the PBr3 and PBrCl2 signals was used
to calibrate all the spectra in Hz per cm.

Measurement of the 31P Longitudinal Relaxation Times

The reciprocal of the longitudinal relaxation time for the 31P

nucleus in PBr_, PBr_.Cl, PBrClz, and PCl3 was determined from 80°C to

3 2
-100°C. The l/Tl values for each species were obtained by the saturation

recovery method, the basis of which has been described in the introduction.

In order to enhance the signal to noise ratio, the experiments were per-

formed in a homogeneous field.
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The measurements were made by repetitively sweeping over the
resonance signal with a sweep period of 1.9 sec and a radiofrequency
field Hl small enough to avoid saturation. The value of Hl was then
increased by 40 decibels, and then suddenly reduced to its original
value, within one sweep through the resonance. The signal was observed
as it returned to its original non-saturated level. & typical spectrum
is shown in Figure 3. A semi-logarithmic plot of the difference between
the final signal intensity, Ver and the signal intensity at time t, Vt’
against time, yielded a straight line of slope —l/Tl.

The samples were placed in the probe at the desired temperature
for 15 min or more in order to reach thermal equilibrium. For each
species, three to six saturation recovery scans were run, the data from
all scans plotted on one graph, and the best straight line drawn. In
this manner the reproducibi;ity of the experiments could be estimated.

The resonance signals of the PBrCl2 and PCl3 were separated from
each other and from the PBrZCl signal at all temperatures, thus l/‘I'l
values for each species could be determined independently. This was
also the case for the PBr3 and PBrZCl signals below 40°C. However above
40°C these two signals could not be scanned separately, and the saturation
recovery spectra contained both signals. 2 pPlot for each species could
be made easily, however, because of the large difference in their final
intensity. For temperatures between 40°C and -30°C, the l/Tl values
for PBr3 and PBr2Cl were obtained by performing the experiments on each
signal separately, and on both of them together. Figure 3 gives

representative spectra for one such determination at 0.3°C. The
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temperature was measured before and after each set of experiments for

the species at a particular temperature.
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CHAPTER III

RESULTS AND DISCUSSION OF REDISTRIBUTION REACTIONS

1. Xinetics and Hydrolysis of the PF_-PCl_ System
- -

Booth and Bozarthlo have shown that when PF3 and PCl3 are allowed

to react at 350-400°C over several hours, small amounts of PFZCl and
PFCl2 are formed. These authors also indicated that PFCl2 was much more

stable than PF2C1. One may conclude therefore that either the reaction

of PF3 with PCl3 is very slow, or that the equilibrium distribution of

molecules is very much in favour of the ummixed species. It was of

interest to elucidate the thermodynamics and kinetics for this redistrib-

ution reaction.

It was initially proposed to study the kinetics of the dispror-

tionation of PF_Cl in the gas phase, by measuring the change in intensity

2
with time of the bands in the infrared spectrum which are due to the

137

compound PF Table IX gives the infrared spectra of PF3, PF2C1/

3
prcl., 138 pc1, 139 and of ther phosph ds which will b
o7 37 and of some other phosphorus compounds which wi e
encountered later on. The spectra of all the compounds, except for PC13,

were determined in the gaseous phase. For bands which have a PQR
structure only the frequency of the Q branch was reported, and for those
which have a PQQ'R structure the midpoint between the Q and Q' branches
was given. If the four molecules of the PF3-PC13 system are put ?ogether,
there is a considerable overlap of their spectral bands. However, certain

strong bands are free of overlap and may be used for intensity measure-

ments; these are the 892 cm-l and 487 cm-l bands of PF3, and the 507.4

cm—l band of PCl3. The intensities of these bands were measured as a



79

() ppe

40d (w) gge y0d (w) L8y

(#)  Te¥ (4)  6G€ (u) TE8

40a (w) 5-071g (n)  o9p 40d 9°s¢ee 65C (s) 098

¥0d (s) ze6s8 S1S 434 zog 404 (s) zes

4,004 (s) ¢zeg6 (W) 6715 T ELY 892 vov () 96TT

(s)s*¢€66 (w)  zg9 AR 17 0'68T (w) gzg 40d (s) z-ziw (M) gezT

4,004 (1) 0Z0T ud4 (s) ¢gcg 404 8°zL8 T°092 (s) zis ¥0a (s) L ews () sLET

4,004 (s) LL€T (s) 1°9L6 766 S €6¥ (s) 12§ (s) g°gc8 () €1LT

404 (M) 00sZ (#)  rlo1 A0d L°LTPT ¥°L0S (s) ges (s) s-po8 () 18LT
Hvammmmo mmmamommm ovammmo mmﬁmﬁom mmﬂmﬂomm wNHuNmm nmammm

spunoduwo) snxoydsoyg UTe3x9) 3O saTousnbaxg poxexjur

XI HT49YL



80

function of a known quantity of pure PF3 or PC13, and were found to

obey Beer's law individually.

Freshly prepared PF2C1 was .condensed into an infrared cell, and

the spectrum was scanned at room temperature for 48 hr. The bands at
892 cm—l and 487 cm_l, attributed to the formation of PF3, as well as a
band at 510 cm—l, believed to be due to the formation of PC13, increased
with time. However, the band at 510 c:m_l was a sharp one, in contrast
to the rather broad band at about 507 cm—l obtained for pure PCl3.

Moreover, in addition to the expected bands for PF3 and PF2C1, the

characteristic spectrum of HCl142 centered at 2885 cm-l, a band at

1030 cm-l attributable to SiF 3 and a rather broad band at around

4’
975 cm,—l were obtained. A mass spectrum of the total sample indicated

that the main products were PF_C1, PF3, and HCl. There was no PC13,

2

and only mimate traces of PFCl2 were detected. There were, however,
several pezaks which'indicated the presence of one compound containing
P, F, and O, and another campound containiné P, F, O, and H. This
experiment therefore indicated that hydrolysis had taken place, rather

than a disproportionation.

In order to eliminate the possibility of a hydrolysis occurring
from moisture in the grease around the stopcock on the infrared cell,

or from imperfect vacuum, PF_Cl was condensed into tubes which were

2

sealed. After a certain period of time the contents were analyzed by

either a mass spectrum, or an infrared spectrum, or both.

Several samples of PF_Cl were analyzed after being allowed to

2
react at room temperature for 3 hr, 24 hr, and 3 days. They all



contained the same products as were obtained in the preliminary
experiment mentioned above. That is, the compounds present were PF3,

HCl, SiF,, unreacted PFZCl, maybe.a trace of PFClZ, and the same oxygen

4
containing compounds. The mass spectra of these unknown species indicated
the presence of molecules having the empiricgl formulae F4P20 and FZPOH.
Even samples which were allowed to react for 21 days at room temperature
gave no indication of PCl3. Because there was always an excess of PF2C1,
it was concluded that the disproportionation of PF2C1 was extremely slow
at room temperature, if it occurred at all, and that it hydrolyzed
readily with traces of moisture.

When the PFZCl was heated at 70°C for 12 hr, stili no dispropof—
tionation was detected. In an attempt to identify the hydrolysis
products, a sample of PFZCl was heated at 100°C for 33 hr. Quite
fortuitously, this experiment coincidéd with other work in the laboratory
concerning the syntbesis and characterization of OPFZH.141 When the
contents of the tube which was heated at lOd°C were distilled through

traps cooled to -95°, -130°, -160°, and -196°C, the product which

trapped at -95°C was pure OPF_H, as indicated by infrared and mass

2
spectral properties identical to those of the directly synthesized

material. Similar treatment of the other fractions indicated the

28

presence of OPF_H and traces of HC1l at -130°C; PF2C1, FzPOPFz;

2
and traces of QPF2H and HC1 at -160°C; and PF3, PF2C1, HCl1l, and traces
of 0PP2H and FZPOPF2 at -196°C. The infrared spectra of OPF2H and

FZPOPF2 are given in Table IX. One of the strongest bands in OPF2H at

892 cm_l coincides with a band due to PF3 at 892 cm-l, and another
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strong band at 510 cm—l is quite close t§ the band due to PCl3 at 507
cm-l. It seems clear now why the presence of small amounts of OPF2H
was not identified in the original infrared spectra.

Before centinuing the study of the disproportionation of PF2C1,
it was necessary to elucidate the nature of the hydrolysis reaction
which had not previously been investigated.

Nearly equimolar quantities of PF2C1 (0.95 mmol) and H2O (1.1
mmol) were allowed to react at room temperature in a sealed tube for
24 hr. BAnalysis of the products indicated a volatile fraction con-~
sisting only of PF3, HCl1l, and SiF4, and a sticky solid, which was
identified as phosphorous acid; H3PO3, by its proton nmr spectrum in
CD3CN, and its mass spectrum. The nmr spectrum showed the expected
pattern of a singlet and doublet with a coupling constant, JPH = 699 c¢ps,
in agreement with that of a sample of commercially available H3PO3. The
integration of singlet to doublet areas gave the expected ratio of 2:1.
The mass spectral péttern of the material wés also in good agreement

with that of a sample of H3Po3. A similar reaction, allowed to proceed

for 48 hr gave the identical products.

Because the products obtained in the hydrolysis of PF_CL with
trace amounts of water were quite different from those obtained with
equimolar ratios of water and PFZCl, it was of interes? to study the
products resulting from intermediate quantities of water. PF2C1 (0.79
mmol) and HZO (0.33 mmol) were allowed to react at room temperature

for 12 days. The contents were then vacuum distilled through traps

cooled to -95°, -160°, and -196°C. Analysis of each fraction indicated
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the presence of OPFZH, PC13, and traceslbf HC1l at -95°C; PFZCl,
PFClZ, PC13, OPF2H, and traces of HCl at =160°C; and PF3, PF2C1,
HCl, and traces of SiF4 at —196°CT The oily liquid left behind in
the reaction tube was H3PO3. The formation of disproportionation
products in this reaction was rather unexpected, in view of the'fact
that earlier experiments had shown that the aisproportionation of
PFZCl did not p;oceed at room temperature even after 21 days.

The hydrolysis of PF2C1 with equimolar quantities of water pro-
ceeded to completion. The stoichiometry of the reaction could not
definitely be established because of the difficulty of separating the
mixtures of PF3, HCl, and trace quantities of SiF4 which are produced.
Measurements of infrared band intensities do not give a quantitative
measure of the concentrations of the products because this mixture
does not obey Beer's law, even though the individual compounds do. It
was shown in a separate set of experiments that the concentrations of
a known quantity of ?F3 and HC1 in a mixture were consistently larger
when calculated from the intensity of their infrared bands.

From the above, it became clear that the disproportionation
could be studied only if even trace amounts of water were removed from
the system. This was achieved by condensing thionyl chloride, SOClz,
in the reaction tubes, which were then sealed and heated at 300°C
for 24 hr. After evacuating the contents thoroughly, né hydrolysis
of PF2C1 was detected after heating the PFZCl in such "pretreated"

tubes. This dehydrating procedure was therefore used for all the

reaction tubes.

T —
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When Pcml was heated at 100°C for 40 hr, no disproportionation
was detected; ' likewise, a mixture of PF3 and PCl3 did not redistribute
after 24 hr at 100°C. Wwhen the temperature was increased to 200°C,
there was no disproportionation of PF2C1 after 24 hr,'with only a trace
of the hydrolysis products, OPFZH, F2POPF2, PF3, HCl1l, and SiF4 being
formed; however, the reaction of PF3 with PCl3 at 200°C for 24 hr
vielded a small amount of PF _Cl and traces of HCl. When the temperature

2

was increased further to 300°C, Pcml disproportionated after 24 hr to
give very small amounts of PFCl2 and PCl3 and the same hydrolysis
products as for the reaction at 200°C; the reaction of PF3 and PCl3 at
300°C for 24 hr yielded only small amounts of PF2C1 and PFC12. At
even higher temperatures the reaction of PF3 and PCl3 gave larger
quantities of the redistribution products, but there was considerably
more etching of the glass, as indicated by the presence of SiF4 and
OPF3. It was clear that trace hydrolysis of PFZCl could not be entirely
eliminated even with rigorous dehydration of reaction tubes with SOClz.
Water may be picked up from other sections of the vacuum system and
condensed into the reaction tubes, or it may be difficult to remove it
completely with chemical treatment to allow the use of long reaction
times in the disproportionation study.

These results seem to indicate that PF2C1 is kinetically very
stable. Likewise, the redistribution of PF3 and PCl3 is extremely slow.
As a result, little can be said about the thermodynamic stability of

the PF2C1 and PFCl2 with respect to that of PF3 and PC13. These

reactions would have to be carried out over periods of months at
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temperatures ranging between 200°C and 300°C, in order to obtain an

equilibrium distribution of products.

The present studies, moreover, indicated that PFZCl is extremely

susceptikle to hydrolysis. Trace amounts of water yielded the products

HC1, PF3, OPF2 5 equimolar quantities of

PF2C1 and H20 yielded only HCL, PF3, H3PO3, and SiF4; at intermediate

O the products are HCI1, PF3, OPFZH, and siF4. It

H, F POPFZ, and traces of SiF

4;

ratios of PFZCl to H2

is reasonable to suggest that the first step yields OPFZH and HC1,

according to the reaction:

PF2C1 + H20 > OPFZH + HC1 . (IT1.1)

When excess PF2C1 is present the OPFZH may react with it to form

F2POPF2 and HCl, according to the reaction:

* i L] -
OPF2H + PF2C1 FZPOP;:2 + HC1 (I11.2)

The OPFZH may also decompose to yield PF3 and H3P03, according to (III.3).

This reaction has been reported141 to proceed to 92% completion in 14

days at room temperature.

3OPF2H > 2PF3 + H3P93 (II1.3)

Thus, according to reactions (III.l), (III.2), and (III.3), the hydrolysis
of PF2C1 with traces of water would be expected to yield OPFZH, FZPOPFZ'
PF3, HC1l, and H3PO3. These products agree with the results obtained
except for H_PO_,, whose presence wa; not detected. On the other hand,

3"73
the hydrolysis of PFZCl with equimolar quantities of water would be
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expected to yield only the products of reactions (III.1l), and (I1I.3);
OPF2H, PF3, HCl, and H3PO3. However, OPF2H is not detected among the
products for this reaction, probably because it decomposes or reacts
readily with other compounds available. The presence of SiF4 in all

the reactions studied may be explained by the formation of HF from the

141
hydrolysis of OPFZH, according to the reaction:

> . .
OPF2H + 2H20 H3PO3 + 2HF (II1.4)

The HF then attacks the glass, according to the reaction:

i > Si H.O . .
4HF + 5102 le4 + 2 5 (II1.5)
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2. Kinetic Studies of the PCl_-PBr. System

The only kinetic information on the redistribution-in the PC13—
s . 5. ..
PBr3 system is not very specific. Delwaulle and Brldouxl indicated
that the reaction of PCl_ with PBr_ at room temperature reached equi-

3 3

librium in l—l%‘hr. Van Wazer22 and his co-workers have stated that
the reaction is complete in less than 15 min at 25°C. Even though
these time estimates were quite different, it was reasonable to assume
that the kinetics of this reaction could be studied byAthe change in
the 31P spectrum of the system with time. The preparation of samples,
kinetic procedure, and technical aspects of this system have been
discussed in detail in the experimental section of the thesis.

Although the reaction of PCl3 and PBr3 leading to the equi-

librium state is probably a complex one, a study of initial reaction

rates could reveal the rate law for the reaction:

PCl_ + PBr_ > PBr2Cl + PBrCl . (II1.6)

3 3 2

Before proceeding with the description of the experiments carried out
and the results obtained, it is of interest to investigate some of the
mechanisms that can be postulated when the order of the reaction is
determined.

One possible mechanism would be an ionic mechanism, in which the
dissociation of PCl3 or PBr_ into ions is the slow step. It is followed

3

by the attack of an ion on an undissociated species or another ion. The

dissociation of PCl_, could be occurring by a unimolecular or bimolecular

3

mechanism:
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PC1 pc1.t +c1” (ITI.7)

pc1.t +pc1 T . (II1.8)

2PC13 2z 5 4

A set of analogous reactions can be written for PBr3. The overall rate
law might be quite complex, but the initial rate of the reaction would
depend only on the concentration of the rate initiating species, raised
to the appropriate power. In other words, ; rate order of one with
TXespect to PCl3 and zero with respect to PBr3 would favour the dissoc-

iative reaction (III.7), whereas a rate order of two with respect to

PCl3 and zero with respect to PBr3 would favour the dissociative

reaction (III.8). Of course, both PCl3 and PBr3 may be dissociating,

but it is the species that dissociates fastest which would be the rate
initiating species. Also, it would be quite coincidental if both species
dissociated at the same rate, thereby causing initial rates to be depend-
ent on the concentration of both species.

In the liquid state the phosphorus trihalides exhibit very low
conductivities, indicating that they ionize only to a limited extent.
Recently Dillon and W’addington144 have prepared some alkylammonium salts
of the PBr4- ion. This is the first example of a negative halogen ion
of the phosphorus trihalides. No evidence for the existence of positive
ions of trivalent phosphorus, such as PBr2+, has yet been reported..

Another possible mechanism for the reorganization reaction would
involve the formation éf a radical in the rate determining step. The

radical formed would then react by attacking a free molecule or another

radical. Reactions for the dissociation of PCl3 into radicals may be
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written in the same manner as for the dissociation of PCl3 into ions:

PCl, ¥ BEClL,” +cC1°, . (II1.9)
2pCl, » PCl,” + PCL " . (III.10)

A stuéy of initial rates would indicate whether the PCl3 or the PBr3
species is rate initiating. A differentiation between reactions (III.9)
and (III.10) would be made on the same basis as for reactions (III.7) and
(III.8) in the ionic mechanism. In fact, chemical methods would have to
. be used to differentiate between an ionic mechanism and a radical mechan-
ism, because both exhibit the same kinetics at the beginning of the

reaction.

In 1945 Kharash145 and co-workers proposed that the reaction of

PCl3 with CH2=CHC6H13 to yield PClZCH2CHClC6H13 occurred via the PCl2

radical. When PCl3 was flash photolyzedl46 the spectrum of the PCl°

radical, believed to originate from a PC12° radical, was observed.

146,147
3

148
product. Recently Xokoszka and Brinckman obtained the epr spectra

The flash photolysis of PBr ¢ however, did not yield the same

of PC12' and PC14' radicals, formed when PCl3 is irradiated with a 200w

ultraviolet light. From the ratio of the integrated spectra of PClZ'

and PC14' they were able to propose the following scheme:

4PC13 > 4Pc12' + 4c1° (IIr.11a)
3C1° + 3Pc13 - 3pc12° + 3c12 (III.11b)
Cl° + pc13 - PCl4' . (III.1llc)
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If reaction (III.lla).can occur with weak ultraviolet radiation, and
the PBr3 molecule is substituted for the PCl3 in reactions -(III.1lb)
and (III.llc), then this mechanism could yield the mixed halides.

The mechanism which is most often favoured for redistribution

reactions is one which proceeds through the formation of a four-centre

transition state. For PBr3 and PCl3, this is depicted as:

Br\ - Br-,\* o _— Cl

B oo > c1

The initial step would yield PBr2Cl and PBrClz, but the overall reaction

could be quite complex, since bridged intermediates could ideally be

formed between any two compounds, thus:

PBr3 + PC].3 z PBrZCl + PBrCl2 , (III.12)
PBrZCl + PBr3 e 2PBrCl2 ’ (I11.13)
PBr012 + PCl3 2 2PBr2Cl . (I11.14)

The initial reaction rate law for such a mechanism would be expected to
be first-oxrder in each of the reactants. There has been no evidence of
dimer formation between phosphorus trihalides, however, such a bridged
reactive intermediate might well exist.

A quick semi-quantitative estimate of the overall reaction rate
may be obtained from the half-life of the reaction. Therefore, reéctions
will be compared in terms of their half-lives which are reported as the

average of the values obtained from the change in concentration with
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time for each species.

The concentration-time data for samples 1 to 35 are given in the
Appendix A in Tables AI to AXXXV respectively. These samples represent
only those for which the reaction was followed to completion. At this
point, it is pertinent to indicate the accuracy of these results. The
largest errors are found for PBrZCl and PBrCl2 at the beginning of the
reaction where their relative abundance, compared to PBr3 and PC13, is’
small. It has been mentioned previously that the areas of the nmr curves
of each species can be read with a precision of #0.5 divisions on the
integration from the curve resolver. This leads to a precision of
#0.005 in the values of mole fractions obtained for each species. The
percentage érror is therefore large in the early stages of the reaction.
However, because spectra were recorded frequently and many values were
obtained, these errors cancel each other and smooth curves can be drawn
thfough the plots of concentration against time.

Originally all samples were prepared on a grease-lubricated
vacuum system. From the measured weight of PCl3 and PBr3 and their
respective density,149 the molar concentration of each species could

be determined.

The mole fractions of PCl3 and PBr3 in samples 1, 2, and 3
were, respectively: 0.49, 0.51; 0.65, 0.35; and 0.34, 0.66. The
half-life of the reaction at 41°C was 55, 17, and 4.5 min for samples
l, 2 and 3 respectively. Since these results were not consistent,

samples 4 and 5, containing the same mole fractions as sample 3, were

prepared. The half-lives obtained, 140 min and 79 min respectively
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at 41°C, clearly showed that the results were not reproducible. Samples
6, 7, and 8, prepared on the same day and containing the same amounts of
PCl3 and PBr3, reacted with very different rates at the same temperature.

During the course of preparing the samples, it was noticed that
the reactants dissolved small amounts of the vacuum system grease
which ran into the mmr tube. In order to Prevent grease from entering
the nmr tube, a sample was prepared by distilling the reactants into
the sample tube through a U-tube attachment. This reaction proceeded
much more slowly than any of the previous ones, in fact reorganized
products were detected only after 30 min. However, an attempt to
reproduce this result with a sample containing the same amounts of
reactants failed; this reaction was even slower. These experiments
indicated that the presence of grease had a catalytic effect on the
reaction. A sample to which a small dab of KEIL-F #90 grease had been
added reacted so fast that the reaction had reached equilibrium by the
time the first spectrum was obtained. This result clearly demonstrated
the necessity of preparing the samples in a grease-free system.

One drawback in preparing samples on a grease-free system is
that the compounds cannot be weighed, and hence the initial molar
concentration of the reactants cannot be determined. However, the
initial mole fractions of the reactants may be determined after the
spectra are recorded and resolved. The initial mole fractions can be
obtained from the first spectrum scanned, but these results are not
accurate if the reaction proceeds fast, and the errors are larger at

the very beginning of the reaction. A much more satisfactory procedure
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is to obtain the initial mole fractions from the spectrum of the
sample at equilibrium. ‘The total chlorine content of the sample, ClT,

can be calculated from the mole fractions of the chlorine containing

species according to (III.15):

ClT = 3NPCl + 2NPcl Br + NPClBr R (IIT.15)
3 2 2
where N denotes mole fractions.
The initial mole fraction of PC13, iN’PCl ; 1s then given by:
3
lNP013 = ClT/3 . (III.16)
The initial mole fraction of PBr3, iN’PBr ;, is obtained by subtraction of
3
lNPCl3 from unity.

Initial mole fractions, calculated by the method described above,
are compared to the values obtained frém weight measurements of the
reactants in Table X for samples 1 to 8. The agreement is excellent,
confirming the reliability of this approach.. If molar concentrations
are required, they can be calculated from the initial mole fractions of
PCl3 and PBr3, their molecular weights, their densities,149 and the
total volume of liquid. The latter can reliably be obtained from an
independent calibration of the volume occupied by a certain height of
liquid in an nmr tube.

All samples discussed from this point onwards were prepared on a
grease-free system. Two samples containing the same amounts of reactants
were prepared, in order to check the reproducibility of the results.

The reactions, carried out at 60°C, were extremely slow. The reactions




--94

TABLE X -
Experimentala and Calculatedb Initial Mole

Fractions of PCl_ and PBr

3 3

Samplec iNécl3 iNPBr
expl calcd expl calcd
1 0.49 0.50 0.51 0.50
2 0.65 0.65 0.35 0.35
3 0.34 0.35 0.66 0.65
4 0.36 0.37 0.64 0.63
5 0.37 0.38 0.63 0.62
6 0.59 0.60 0.41 0.40
7 : 0.58 : 0.5§ 0.42 0.41
8 0f58 0.60 0.42 0.40

a Obtained by separately weighing PC13 and PBr3.

b Calculated from mole fractions of all species at equilibrium.

¢ For equilibrium mole fractions of samples 1 to 8 see Tables

AT to AVIII.
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were not followed to completion, because the time required to detect

the products in each sample, namely 10 hr and 19 hr, indicated that

>

the problem of reproducibility had not yet been solved, even though

the bulk of the catalysis had been eliminated. It was clear that the
reaction rate was considerably slower than had originally been believed.
The fact that the reaction was catalyzed could be useful in postulating

the mechanism for the exchange, if the nature of the catalyst could be

determined.

The first attempt in the direction of isolating the catalyst for

the reaction was to make a sample containing a simple compound which

150

would approximate the composition of KEL-F #90 grease, Cl-(CF_CFCl) -Cl.
n

2
Sample 9 containing 0.02 ml 1,1,2-trichloro-1,2,2-trifluoroethane,

CFClZCFZCl, taken directly from a reagent bottle without purification,

attained equilibrium in about 8 hr at 33°C. This sample, compared to
the preceeding ones in which the products were barely detectable after

10 to 19 hr at 60°C, suggested that CF012CF2C1 was a catalyst for the
Yeaction. However, in order to check the above results, two samples
containing the same amounts of reactants and CFC12CF2cl, which had

been vacuum distilled through traps cooled to -63°C and ~196°C, were

prepared. The choice of traps was guided by the fact that any water

present in the sample would collect at -63°C, while thé CFC12CF2C1
would be trapped at -196°C. The samples pPrepared from fractionated
CFC12CF2C1 did not yield any detectable products within one hour at
33°C, thereby suggesting that the catalyst was probably water and not

CFClZCFZCl.
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Two samples containing duplicate‘amounts of PCl3 and PBr3 and
0.02 ml water were prepared, in order to determine directly whether
water was a catalyst. At 35°C both samples attained equilibrium in
less than 30 min, thus iilustrating that water is a good catalyst for
the exchange.

The above result indicated that sufficientvwater may be adsorbed
on the glass to provide a catalytic effect on the redistribution
reaction. Moreover, in the grease-lubricated system traces of water
may be present in the grease and may be picked up during the transfer
of reactants. For this reason, reactions in samples which had been
p;epared on a grease-lubricated system were much faster than in those
which had been prepared on a grease-free system. For complete removal
of water, baking of the glassware for several hours is necessary. The
results obtained from the study of thé PF3—PC13 system did indicate
that glassware had to be heated at 300°C for 24 hr in order to remove
the water. It is likely then that some watér may still be present in
samples prepared on a grease-free system, despite the precautions
taken, but a uniform surface water concentration is not to be expected.

Water, when added to the mixture of PCl3 and PBr3, catalyzes
‘the exchange reaction. The phosphorus halides are known151 to hydrolyze
to phosphorous acid and the corresponding hydrohalic acid and the
catalyst, therefore, could be any of the products H3PO3, HCl, and HBEr,
as well as water itself. Two carefully dried samples containing the
same quantities of reactants were therefore prepared; one contained

0.06 mmol HCl and the other 0.05 mmol HBr. At 35°C no products
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were detected within 30 min, indicating that HCl and HBr do not catalyze
the reaction. The question of whether H3PO3 catalyzes the reaction is

a much more difficult one to answer, because H3PO3 is extremely deliquesf
cent, and it is doubtful that it can be obtained free of water. However,
a sample containing H3PO3, which had been heated at 90°C for 30 min and
pumped on for 24 hr, was prepared. The half-life of the reaction was
approximately 15 min at 35°C. This experiment is inconclusive insofar
as the H3PO3 could still have contained some water.

Although the rates of the reactions of samples containing the
same concentration of reactants were not reproducible, even when the
samples were prepared on a grease-free system, it was of interest to
obtain a lower limit to the half-life of the reaction. Samples 10 and
11 proceeded with a half-life of 5 days and 3 days respectively at
60°C. Samples 12 and 13 proceeded with a half-life of 10.7 days and
10.5 day; respectively at 70°C. It seems ironic that the reactions
that were carried out at 70°C were slower than those at 60°C. This,
however, emphasizes again that the catalysis has not yvet been completely
eliminated. The mole fraction versus time plots for samples 10 to 13
are given in Figures 4 £o 7 respectively, for all the species. The
Plots are representative of most of the reactions studied in this systen.

Because of the difficulty of obtaining an uncatalyzed reaction of
PCl3 and PBr3, a study of the kinetic§ of the reaction as a function of
the catalyst concentration was ﬁndertaken. By first determining the

order of the reaction with respect to the catalyst concentration, it

would then be possible to determine the order of the reaction with
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respect to the PCl3 and PBr3 concentrations.

In order to determine the dependence of the rate of the reaction
on the water concentration, the concentration of water is varied while
that of the reactants is kept constant. For all subsequent samples, an
attgmpt was made to keep the concentration of PCl3 and PBr3 constant.

The mole fractions of PCl3 and PBr3, as calculated from the equilibrium
distribution of all species and a constant height of liquid in the mmr
tube, indicated that this was accomplished with reasonable consistency.

The water concentration was originally measured by allowing its
vapour to expand into a known volume, as described in the chapter on
experimental techniques. Unless otherwise stated, the water was intro-
duced into the sample tube after the addition of the reactants. Sample
14, containing 0.0303 mmol HZO' reacted with a half-life of 33 min at
35°C. Water concentrations of 0.0606 mmol and 0.125 mmol caused the
reaction to proceed at too rapid a rate to be accurately measured.
Samples 15, 16, and 17, prepared on the same day and containing 0.0132,
0.0193, and 0.0258 mmol HZO respectively, reacted with a half-life of
78, 27, and 1l min respectively at 35°C. The results of these three
samples were qualitatively consistent with each other, but did not agree
with the result of sample 13. 1In another.attempt, sagples 18, 19, and
20, prepared on the same day and containing 0.0064, 0.0130, and 0.0193
mmol HZO respectively, reacted with a half-life of 150, 22, and 12;5
min fespectively at 35°C. The results of these three samples were

certainly not in agreement with the previous ones, indicating that

again the samples were not reproducible.
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In .all the water containing samples mentioned to date the water
had been added after the PBr3 and PC13, in that order. When the samples
are thawed, the water probably comes into contact with the PCl3 prior

| to the PBr3, even though the sample tubes are shaken vigorously.

However, the amount of each reactant that originally comes in contact
with HZO is probably not reproducible. If the nature of the catalyst,

or the mechanism of the catalyzed reaction, or both of these are differ-
ent for water attacking PCl3 and PBr3, then the discrepancies encounteréd
above could be explained. In order to check for this possibility,
samples 21 and 22, in which water was allowed to react for 2 hr with

the PBr3 prior to the addition of the PCl3, and samples 23 and 24,

in which water was allowed to react for 2 hr with the PCl3 prior to

the addition of PBr._, were prepared. All the samples contained approx-

3
imately 0.0125 mmol H,_O. At 35°C the half-life of the reaction was 44

2
min and 12 min for samples 21 and 22 respectively, and 89 min and 34
min for samples 23 and 24 respectively. In view of the non-reproduc-
ibility of results in identical samples no conclusions could be made.
However, the results may be due to an inability to control completely
the quantity of water added by this method.

In all further samples the water was added by heating a known

amount of [Co(NH,) _H_OlBr., as described in the section on experimenfal

3572 3
procedure. This method should yield an accurately known quantity of
water, which could be introduced in the absence of interfering stop-

cocks which hamper the transfer. Samples 25, 26, 27 and 28, containing

0.00759, 0.0145, 0.0148, and 0.0215 mmol H20 respectively, were
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prepared. At 35°C their respective half-lives were 36, 6, 20.5, and
15.5 min. Sample 26 seemed to be out of order with respect to the
other three samples. The experiment was repeated by preparing samples
29, 30, and 31, containing 0.00796, 0.0147, and 0.0213 mmol H20 re-
spectively. At 35°C their respective half-lives were 14.6, 11.3 and
14.3 min. Even though the results for samples 28 and 31 are in agree-
ment, no other correspondence is observed. It may be worth pointing
out that the reactions in general proceed faster in the samples pre-
pared by adding water from the complex than in the corresponding samples
to which water was added by the volumetric measurement of its vapour.
This may indicate that not all of the expected quantity of water was
being added by the volumetric method. |
Finally, four samples, all containing approximately 0.0146 mmol
HZO’ were prepared in which the water was allowed .to react with one of
the reactants prior to the addition Qf the other reactant. In samples
32 and 33 the water was allowed to react with PCl3 for 2 hr, and in
samples 34 and 35 it was allowed to react with PBr3 for 2 hr. Samples
32 and 33 reacted with a half-life of 75 min and 125 min respectively,
while samples 34 and 35 reacted with a half-life of 16 min and 30 min
respectively at 35°C. In this set of experiments again identical
samples did not yield duplicate results. The reactions in which water
had been allowed to react with PBr3 pProceeded much faster than those in
which water had been allowed to react with PC13. However, in view of

the non-reproducibility of data, no conclusions can be drawn.

The mechanistic possibilities mentioned at the beginning of this
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chapter cannot be tested, because the réte law for the Pcl3-PBr3
reaction was not obtained. It was found that the reaction was
Catalyzed by water or one of the products of the hydrolysis of the
reactants. It was not possible to determine the order with respect
to the catalyst, nor was it possible to determine the order with
respect to the reactants, because of experiméntal difficulties en-
countered. However, an attempt was made to determine the order of
the catalyzed reaction by graphical methods. The first-order plot of
In Nt— Nel against t, where Nt is the mole fraction of a particular
species at a particular time, t, and Ne is the mole fraction of that
species at equilibrium, was constructed for each of the four molecules
iﬁ a kinetic.run. The success of this first attempt was overwhelming.
Of the 35 samples whose reactions had been followed to completion 30
gave first-order plots over 90% of the reaction, for all species.
Although the order of the reaction with respect to the catalyst is
still unknown, the fate determining step in-the formation or decomposit-
ion of a particular species is first-order in that species, for all the
molecules. |

The first-order plots for the species in samples 10 to 13, which
were the slowest reactions studied, are given in Figures 8 to 11 re-
spectively. They are representative of all the first-order plots
obtained. For all those samples that obeyed this simplé first-order

scheme the half-life was obtained from the first-order plots. The half-

lives of all the spécies in all samples are given in the Tables AI to

AXXXV, together with a statement as to whether or not the species
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concentration obeyed first-order kinetics.

A review of all the half-lives obtained indicates that for most
samples the half-life of PBr3 is the same as that of PBrZCl, while the
half-life of PBrCl2 is the same as that of PClB. In all of these
samples, the two,sets of half-lives are different by less than 20%,
and for most of them by less than 10%.

The simplest kinetic scheme that can be written is one in which
one molecule of one species reacts with the catalyst C, to yield one
molecule of another speéies. The catalyst may not be the same for each
reacticn, but its total concentration is constant throughout the reaction.
If only one halogen atom is exchanged, then there are threé possible

reactions:

k

1
PCl3 + C ;—+ PBrCl2 +C , (IT1.17)
-1

X
PBr, + C 2, PBXCL + C (III.18)
e
-2
X

3
————
PBrCl2 + C PBrZCl + C . (II1.19)

k--3

Ideally all these equations should be written to indicate that the
reactants form a reactive intermediate X, which then decomposes to the
products. However, because the steady-state approximation can be
applied to the formation of X, this step can be omitted. The rate
law for each species, derived on the basis of equations (III.1l7) to

(III.19), is given in (III.20) to (III.23):




-d[PCl3]/dt kl[C][PCl3] - k_l[C][PBrC12]

—d[PBr3]/dt k2[C][PB$3] - k_2[C][PBrZCl] ’

d[PBrClzl/dt kl[C][PC13] - k_l[C][PBrClzl +

k_s[C][PBr,C1] - kj[C][PBXCL,]

d[PBr2Cl]/dt k2[C][PBr3] - k_z[C][PBrZCl] +

k3[C][PBrC12] - k_3[C][PBr2Cl]

111

(III.20)

(II1.21)

(III.22)

(II1.23)

In order to maintain chemical balance the following relationships must

hold:

[C1]l, = 3[pCl,] + 2[PBrCl] + [PBr,Cl] ,

[Br]T 3[PBr3] + 2[PBr2Cl] + [PBrC12] .

(III.24)

(III.25)

The terms [Cl]T and [Br]T denote the total concentration of chlorine and

bromine atoms.

Thé integrated form of (IIT.20) is obtained by first substituting

for [PBrClZ] from (III.24):

- 1
-a[ecl;1/dt = ky[Cl[pCL ] - £ k_ [C][c1],, +
2% [crtecil + Lk _cyeBr.cl
2 “-1 3 TR o) .

By grouping terms together this can be simplified to:

(III.26)
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- 3 -
-d[PCl3]/dt = (kl + > k_l)[C][PC13]
1 -
*2-jk_l[C]([Cl]T - [PBr2C1]) . (II1.27)

The second term in the rate law can be simplified further with the

following approximation:

[Cl]T - [PBrZCl] = [Cl]T . (III:28)

However [Cl]T = 3[PCl3]o ; Where [PC13]° is the initial concentration of

PC13, hence equation (IiI.27) reduces to:

= 3 -
-d[pCl, ]/dt = &k, + 5 k_;)IC] [PC1,]

2
2 x [crieel] (III.29)
2 -1 30 ° :
If the substitutions kl' = kl [C] and k_l' = %k-l [C] are made in the
above equation, then:
- = ] I - [
d[PCl3]/dt (kl + k_l )[PCl3] k_l [PC13]o . (II1.30)

Integration of (III.30) yields:

L
kl [PC13]o

1 O — 3 = Nt . (III.31)
(kl + k"l )[PCl3] k—l [PC13]0

In

1
(kl + k-l
This equation can be simplified by introducing the equilibrium concen-
tration [PC13]e which is derived by setting -d[PCl3]/dt =0, a
relationship which applies only at equilibrium. Thus, at equilibrium

equation (III.30) states that:
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(ky' +k_j")IECL] = k_ '[PCl]_ . (III.32)

The expression for [Pcl3]e is then given by:

k |
_ -1
[PC13]e = §r1—177€:;r [PCl3]° . (III.33)

Equation (III.31) can then be written as:

[PC13]o - [PCl3]e

1t . (III.34)
[PCl3] - [Pc13]e

In ) = (kl' +k_

1

This is the integrated form of a first-order process with an effective
rate constant (kl' + k_l'), which can be obtained from a plot of
ln([PC13]-[PC13]e) against time.

The integrated form of the rate equation for PBr3 is obtained
analogously to that for PC13. In this case, substitution for [PBr2C1]

in (III.21) is made fxrom (III.25). The second term in the rate law thus

obtained is éimplified by the approximation:
[Br]T - [PBr012] = [Br]T . (IIXI.35)

Proceeding in exactly the same way as for PC13, the first-order integra-

ted rate equation is derived:

[PBr3]o - [PBrB]e

In ¢ ) = (k2‘ + k_z')t . (III.36)

[PBr3] - [PBr3]e
The effective first-order rate constant, (k2' + k_2'), is obtained from
a plot of ln([PBr3]-[PBr3]e) against time.

The only approximations that were necessary in the above deri-

vations were those in (III.28) and (III.35). Obviously this approx-
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imation is very good at the beginning of the reaction and gets
progressively worse as’[PBrZCl] and [PBrClZ] increase. Both
approximations are equally good when the initial concentrations

of PBr3 and PCl3 are the same. The majority of samples prepared

contained initial concentrations of PBr3 and PCl3 in the ratio of

0.4 to 0.6. For these samples, the approximation that [Cl]T—[PBr2C1] =
[Cl]T is much better than the approximation that [Br]T—[PBrClZ] = [Br]T,
because [Cl]T is larger than [Br]T, and [PBr2Cl] is smaller than
[PBrClZ]. Nevertheless, even for samples with the largest differences

in the initial concentration of PBr3 and PC13, the worse of the two

approximations yields a value which is less than 30% different from
the true value, after the reaction has proceeded to 90% completion.
There is no easy way to obtain the integrated forms of the rate

equations for PBrZCl and PBrCl However, the experimental evidence

5

indicates that both the PBrCl_ and PBr2C1 obey first-order kinetics,

2

and that in fact more often than not the half-life for the reaction
of PBrCl2 is the same as that for PCl3, and the half-life for the

reaction of PBr2Cl is the same as that for PBr3. If the terms

and k_, in equations (III.22) and (IIX.23), for the

containing k3 3

rate laws of PBrCl2 and PBrZCl, are small compared to the terms

and k_., or k, and k

1 1 2 =27
(III1.23) simplify to the equations (III.20) and (IXI.2l1) respectively.

containing k then equations (III.22) and
In other words the rate of formation of PBrCl2 is equal to the rate
of disappearance of PCl3 and the rate of formation of PBrZCl is

equal to the rate of disappearance of PBr3:
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d[PBrClz]/dt = -d[PCl3]/dt; d[PBrZCl]/dt = -d[PBr3]/dt R (III.37)

Another way of looking at this result is that reaction (III.19), which
involves the interconversicn of PﬁrCl2 to PBr2Cl, is insignificant
compared to reactions (III.17) and (III.18). 1In any case, the above
rationale explains the experimental observations satisfactorily.

Having attempted to elucidate the rate law of the catalyzed
reorganization in the PC13—PBr3 system with respect to all the species
involved, some possibilities as to the nature of the catalyst should
be investigated. Experiments indicated that there is a marked increase
in the rate of the reaction on addition of minute amounts of water. It
is estimated thét a total concentration of approximately 10.7 M in
reactants is catalyzed by a concentration of water of less than 0.03 M
to such an extent as to cause the half-life of-the reaction to decrease
from nearly eleven days at 70°C to less than two hours at 35°C. Hence,
the nature of the catalyst could be of major importance.

The catalyst could be the water itself or, since the trihalides
are easiiy hydrolyzed, one of the products or intermediates of hydro-
lysis. Most of the work on the hydrolysis of PCl3 and PBr3 has been

carried out with excess water, the products being the corresponding

hydrohalic acid and phosphorous acid:

PX3 + 3H20 - H3PO3 + 3HX (X =2¢1, Br) . (II1.38)

2 . .. . .
However, Blaser15 indicated that a more complicated acid H4P205
(diphosphorous or pyrophosphorous acid), was also formed. Goubeau

5 153 . i :
and Schulz showed that in excess PCl3 the products of hydrolysis
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are HC1, H3PO3, and H4P205, together with some POCl3 and a compound

which analyzed for P,0, and was termed phosphorus suboxide. In order

4
to explain the presence of POCl3 and P4O, the authors postulated the

OH by the partial hydrolysis of PCl_.. The PClZOH

formation of P012 3

can then disproportionate according to the equation:

9PC120H > SPOCl3 + P4O + 3HC1 + 3H20 . (II1.39)

In fact, the authors postulated that the H3PO3 was formed by rearrange-

ment of P(OH)?, which was in turn obtained from the reorganization of

PC120H, according to the equation:

3PC120H > P(OH)3 + 2PCl3 . (I11.40)

The stepwise hydrolysis of PCl3 to give PClon, PCl(OH)Z, and finally
H3P03 had been postulated first by V'oigt154 to explain the three breaks
obtained in a plot of the temperature elevation in ether solutions of
PCl3 as a function of the volume of water added. The breaks corre-
sponded to the addition of 1, 2, and 3 moles of water per 1 mole of
PC13. Care had been taken to saturate the PCl3 solutions with HCL in
order to exclude the possibility of the temperature elevations being
caused by the dissolution of the HCl, formed during the hydrolysis.
The postulate that halogenated intermediates are formed in the hydro-~
lysis of PC13 is not unreasonable, in view of the fact that there is
evidence for such intermediates in the hydrolysis of PF3.155 In a
series of papers concerned with the study of condensed phosphorous

acids, Hossenlopp and Ebe11>6s157,158,159,160 elucidated the
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nature of the formation of H P_O_ from the reaction of PCl3 or PBr3

47275
with H3PO3. The authois established that this reaction occurs
reversibly:
> =
5H3PO3 + PX3 2 3H4P205 + 3HX (X =C1, Br) . (IIT.41)

Moreover, it was shown that the equilibrium is displaced to the left in
the case of PBr3, in contrast to the PCl3 case, in which the equilibrium
is displaced to the right. This difference is due in large part to the
greater solubility of HBr than HCl in phosphorous acid. It is worth
mentioning at this point that PCl3 and PBr3 are only slightly soluble

in the H,PO_-H P,O_ mixture, and that two distinct phases are formed.

3773 747275
The hydrolysis of PCl. or PBr3 is clearly complex, and more

3
work in this field is needed in order to clarify it. No rates have
been reported for these reactions, although it appears that PBr3
hydrolyzes more rapidly than PC13. In two separate experiments in
which a small amount of water was allowed to react with large amounts
of PCl3 or PBr3 in a sealed tube, the reaction seemed to occur within
a few minutes, and a distinct, oily liquid was formed as a separate
phase. For this reason, it is unlikely that the catalyst for the
reorganization of PCl3 with PBr3 would be the pure water. 1In fact,
if water were the catalyst, the rate of the reaction would decrease
with time as the water concentration diminishes, due to hydrolysis.
This is not consistent with the experimental results, which indicate

a uniform behaviour throughout the reaction. This narrows down the

catalyst to one or more of the products of hydrolysis, still a rather
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large choice. The HCl and HBr, however, can be eliminated on the
basis of experiments in which these compounds were added to the
reactants without causing a detectable increase in the rate of the
reaction. Finally, unstable intermediates such as PC120H and PCl(OH)2

or PBrZOH and PBr(OH)z, as well as the phosphorous acids should also

be considered as potential catalysts.

It is still not completely clear why reproducible samples could
not be made. None of the experiments performed to answer this question
were conclusive. It ié possible that the minute quantities of water
are not being added quantitatively. In addition, it‘is possible that
the catalysis may be heterogeneous because the reactants are not
miscible with some of their hydrolysis products.

An interesting case of catalyzed reorganization on phosphorus
when coordinated to platinum has recently been reported.161 The co-
ordination complex, cis[(CH3)2NPF2]2PtCl2 is formed from (CH3)2NPF2
and PtCl2 at 60°C. However, on prolonged heating with excess (CH3)2NPF2,
the phosphorus ligand on platinum undergoes reorganization, whereas the

(CHB)ZNPFz ligand does not reorganize under the same conditions in the

absence of PtC12:

4(CH3)2NPF + PtC12 > CIS{[(CH3)2N] 2PF}2PtC12 + 2PF3 . (III.42)

2

This result is also obtained when the initial complex is allowed to react

with excess (CH3)2NPF2. The authors postulated a mechanism whereby a

third molecule of (CH3)2NPF coordinates to the c1s[(CH3)2NPF2]2PtCl2

2

to form a five-coordinate intermediate. This undergoes exchange of
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substituents on phosphorus and subsequently loses PF3. Although
this reaction is not an exact analogue to the present case, it does
indicate that exchange may be favoured by a catalyst which brings

the ligands close together on a site.
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3. Equilibrium Studies in the PCl_-PBr_ System

The equilibrium constant for the reaction of PCl3 with PBr3 to

yield PBrZCl and PBrCl, is given by the expression:

2

K= [PBrZCl][PBrClZ]/[PClB][PBr3] . (IIT.43)

A preliminary study indicated that the value of the equilibrium constant
was 4.5 at 35°C. The value quoted by Fluck and co—workers22 was 7.1 at
25°C. This discrepancy prompted a systematic study of the equilibrium
constant, and its variation with temperature.

All the studies on the value of the equilibrium constant were
carried out on samples that had been used for kinetic investigations.
In fact, the infinite time measurements-of kinetic runs provided a
large number of data at 35°C. The results are given in Appendix B in
Tables BI to BVI, which contain the data for the equilibrium constant
at 35°C, 37°C, 40.5°C, 50°C, and 70°C respectively. The upper limit
of the temperature used was determined by the fact that above 70°C
the signal-to-noise ratio of the nmr spectrum became rather small, and
the lower limit by the fact that the reactions took too long to equi~
librate below 35°C.

As in the kinetic studies, the concentration of each species
at equilibrium is given in units of mole fraction. Two or more scans
at equilibrium were taken in order to obtain average mole fractions,
from which the equilibrium constant was calculated. In Tables BI to
BVI the range for the value of each equilibrium constant is indicated

rather than the error for that value. This is given by the smallest
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and largest value of the equilibrium constant, calculated from the
individual scans.

The average equilibrium constants for each temperature, computed
from all the values obtained, are given in Table XI. Again the range
on each equilibrium constant is given by the smallest and largest value
in the list. The variation of the equilibrium constant with temperature
is quite small.

The relationship between the equilibrium constant and the thermo-

dynamic paramaters for a reaction have already been given in the intro-

duction:

ink = -AH/RT + ASYR . (III.44)

A plot of 1nK against 1/T, in °K—l, should yield a straight line, whose
slope and intercept are given by -Aﬁ%R and Aé}R respectively. Figure 12
is a semilogarithmic plot of K against 103/T for the values in Table XI.
The vertical lines indicate the range for the equilibrium constant at

each temperature. The data were fitted to equation (III.45) with a non-

. 162
linear least-squares programme.

K = exp(-AH)/RT) exp (AS/R) - (III.45)

The best-fit values of the equilibrium constant are given in Table XI.
From the slope and intercept of the line, the values of AH?and Agjare
956 cal mol-l and 5.93 eu respectively. By draﬁing lines of maximum
positive and negative slope, encompassing the entire range of equi-

librium constants, the lower and upper limits for the enthalpy change
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"TABLE 'XT

Variation of the Equilibrium Constant with Temperature

for the Pcl3-PBr3 System
3 -1 a
Yoh o
T(°C) 10%/7(°k 1) ave x5 ) S
25
35.0 3.25 4.06 (3.29 > 4.65) 4.14
37.0 3.22 4.099 (3.42 > 4.80) 4.20
40.5 3.19 4.39% (3.83 > 5.08) : 4.27
50.0 3.10 4.71° (2.17 > 5.17) 4.45
60.0 3.00 4.625 (3.68 =+ 5.14) 4.67
70.0 2.92 4.786 (3.78 + 5.34) 4.86

@ This refers to the number of samples whose equilibrium constants
were used to obtain the average value.

b From a least-squares fit analysis.
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and the entropy chaﬁge are obtained. Hence Aﬁo= 956 (-=1233 -+ 2445) cal
mol ' and AS = 5.93(-0.96 + 10.47) eu.

The results indicate that the reaction is only slightly endo-
thermic and that, within the range of values obtained, it can be
considered essentially thermoneutral. This reaction is therefore very
close to being a randcm reorganizétion reaction. The equilibrium
constant for the random reorganization of this system, calculated from
the statistical distribution of all the species, is 9. The equilibrium
constant of a random reorganization reaction is governed only by the
Aé%R term, hence A§>= 4.37 eu for K = 9. ' The experimental value of
5.93 eu obtained for this system agrees quite well with the value
calculated for random reorganization.

The thermodynamic functions in the temperature range 200-2000°K
have been calculated163 for PBr3, PC13, PBr2C1, and PBrClz. The cal-
culations have been made for the ideal.gases at one atmosphere pressure,
on the basis of a rigid rotator and harmonic oscillator model. At 300°K
the enthalpy functions, (HO—HOO)/T, for PBr3, PBrZCl, PBrClZ, and PCl3
are 14.21; 13.81, 13.32, and 12.79 cal mol_1 &eg“l respectively. The
corresponding entropies, So, are 83.02, 82.56, 79.74, and 74.44 eu
respectively.

The enthalpy and entropy changes for the reaction of PBr3 and

PCl, to give PBr_Cl and PBrCl2 are calculated to be 39 cal mol-l and

3 2
4.73 eu respectively. BAgain, these values are within the error range

of the experimental values.

The reason for the discrepancy between the equilibrium constant
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obtained in this stuéy and that quoted by Fluck and co—workers22 is-
probably due to the difference in the techniques used to determine
the mole fractions of the species. It is believed that the figures
quoted in this study are the more reliable ones, in view of the

technique used and the number of determinations made.
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4. Kinetic Studies of the CF_PCl _-CF.PBr_ System

The redistribution reaction of CF3PBr2 and CF3PC12 has not
been investigated previously. This project was originally undertaken
in order to investigate the effect of substitution of one of the
halogen positions in P(III) halides on the kinetics of the redistribution
' reaction. Preliminary experiments indicated that the reaction could be
followed by the chapge in the lgF nmr spectrum of the system with time.
The preparation of samples, kinetic procedures, and technical aspects
in this system are similar to those for the PCl3-PBr3 system, and have
been discussed previously.

The reaction of CF3PCl2 and CF3PBr2 coming to equilibrium is

simple in that only one product is formed:

2 2CF,PBxCl . (III.46)

CF3PCl2 + CF3PBr 3

2

The (CF3) groups do not exchange, as evidenced by the absence of
(CF3)2PC1, (CF3)2PBr, and (CF3)3P. This was also proved by mixing
equimolar quantities of (CF3)2PC1 and (CF3)2PBr in a sealed nmr tube.

After one year at room temperature no new products were detected.

H

The 19 chemical shifts and P-F coupling constants for CF3PBr2

(¢ = 67.8 ppm; JT = 69.6 Hz) and CF3PC12 (0 = 72.1 ppm; J = 79.9 Hz) in

164
CFCl3 solution have been reported. 6 The lgF chemical shifts and P-F

coupling constants were determined for CF3PBr2 (¢ = 67.8 ppm; J = 69.5 Hz),

CF3PBrCl (¢ = 70.0 ppm; J = 74.5 Hz) and CF3PC12 (¢ = 72.0 ppm;

J = 80.5 Hz) in a mixture of these three compounds in the neat liguid.

All values of chemical shifts are upfield relative to CFCl3.
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Because there is only one reaction leading to the exchange
of substituents on phosphorus, as represented by equation (ITI.46),
the kinetics of this system can be studied over all the reaction.
Hence, the half-life of a reaction is truly the half-life of reaction
(III.46). Therefore, the study of the exchange between CP3PC12 and
CFBPBr2 is much simpler than that between PCl3 and PBr3. Preliminary
experiments on samples which had been prepared on a grease-lubricated
system indicated that the reaction had reached equilibrium in a few
hours. The systematic‘study of the reaction was started after it had
been established that water was a catalyst for the exchange between
PCl3 and PBr3, thus all the samples studied here were prepared on a
grease-free system.

The concentration-time data for samples 1 to 6 are given in
Appendix C in Tables CI to CVI respectively. Since the reactants
éannot be weighed, their initial molar concentrations are unknown.
However, these may be determined from the spectra of the sample after
they have been recorded. Initial mole fractions can be estimated from
the first spectrum scanned, but the results are not accurate if the
reaction is fast. A much better method is to calculate the total
chlorine content of the sample, ClT, from the mole ﬁractions of the

chlorine containing species in a spectrum of the sample at equilibrium,

according to:

Cl_ = 2N + N (111.47)
T CF3PC12 CF3PBr2 R

where N denotes mole fractions.
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The initial mole fraction of CF3P012, lNCF3PC12’ is then given by:

Nep

3PC12 = ClT/Z . (IX1.48)

s

The initial mole fraction of CF3PBr2, leF3PBr2' is obtained by

subtraction of iN from unity.

CF3PC12

Molar concentrations of the reactants can be calculated from
their initial mole fractions, their molecular weights, their demsities,
and the total volume of liquid. Since the densities of CF3PC12 and
CF3PBr2 have not been reported, they were determined from 20°C to 69°C
in ten degree intervals. The variation of the density with temperature

is given in Table XII, for CF PCl2 and Table XIII, for CF PBrz.

3 3

The first experiment performed on this system was designed to
find out if water had the same catalytic effect on the CF3PC12-CF3PBr2
exchange as it had on the PC13-PBr3 exchange. Sample 1, containing
eéuimolar quantities of CF3Pcl2 and CF3PBr2, reacted with a half-life
of 65 min at 40°C. Another sample, prepared on the same day as sample 1
and containing the same quantities of reactants and 0.0l ml water,
reached equilibrium within 25 min at 40°C. This experiment indicated
that water or the products of the hydrolysis of the compounds were
catalyzing the reaction. Thus, the same problems that had been
encountered for the PCl3—PBr3 system were probably present in the

CF3PC12—CF3PBr2 system.

Next, the reproducibility of results in the absence of added
water was checked. Samples 2 and 3, each containing the same amounts

of reactants, were prepared. However, the half-life of the reaction
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TABLE XII
Variation of Density with Temperature for CF,PCL, -

T(°C) vpa Height? Volume; Weighti Density

(mm) (cm) (m1) (g) (g m1™h
20.15 369 4,697 0.1%942 0.3055 1.573
29.90 520 4.760 0.1968 0.3052 1.551°
39.40 757 .4.841 0.2002 0.3047 1.522
51.00 1114 4.934 0.2040 0.3041 1.491
59.15 1445 4.994 0.2065 0.3035 1.470
69.35 2026 5.064 0.2094 0.3026 1.445

1
2 Jog P = 4.229 + 1.75 logT - 0.002743T ~ 1516/T.

b Height of tube is 10.60 cm.

65

¢ The volume occupied by 1 cm of liquid in the tube is 0.04135 ml.

d The original weight of the liquid, 0.3063 g, is corrected for

the amount that goes into the vapour.
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TABLE XIII

Variation of Density with Temperature for CF3PBr2-

T(°C) vpa Heightf Volume; Weighti Density
() (cm) (m1) (9) (g m1 ™)
20.85 64.4 1.736 0.0718 0.1607 2.238
30.00 96.2 1.753 0.0725 -0.1606 2.215°
39.40 143.0 . 1.768 0.0731 0.1604 2,194
48.90 208.2 1.784 0.0738 0.1602 2.171
59.20 305.2 1.795 0.0742 0.1598 2.154
69.00 429.0 1.818 0.0752 0.1594 2.120

2 log P = 3.8579 - 0.00206T + 1.75 logT - 1694.74/T,~°

b Height of tube is 8.92 cm.
¢ The volume occupied by 1 cm of liquid in the tube is 0.04135 ml.
d The original weight of the liquid, 0.1610 g, is corrected for

the amount that goes into the vapour.
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was approximately 11.5 hr'for.sample 2 and 104 min for sample 3 at
42°C. In another set of experiments three samples, cont;ining the
same quantities of reactants as samples 2 and 3, were prepared.

| Samples 4 and 5 reacted with a half-life of 43 hr and 48 hr respec-
tively, but sample 6 attained equilibrium within a few minutes at 42°C.

No further attempts were made to obtain reproducible results.
and the lower limit of tye half-life of the reaction is quoted as 48 hr
at 42°C. The reaction was not studied as a function of water concentra-
tion, nor was any attempt made to isolate the specific catalyst involved
in the reaction.

An anomaly was noticed for the reaction in sample 4. The results
indicate that the reaction had attained equilibrium in 1.5 days since no
change was observed for 29.5 days after that period. However, the equi-
librium constant for the reaction of CF3PCl2 with CF3PBr2 to yield
CF3PBrCl is considerably lower than the average value, obtained from
other samples. The value obtained for sample 4 was 2.26, whereas
other samples indicate that the value lies between 2.64 and 2.99 at
42°C. The same anomaly is indicated for sample 5, whose reaction seems
to have reached equilibrium in 14.8 days. The concentration of the
species remain the same after 31 days, but the equilibrium constant is
2.16. This is a large deviation, in view of the accuracy with which
the equilibrium constant for this reaction can be determined. Because
this discrepancy was only noticed for the slowestvreactions studied,
the most likely explanation that can be given is that the catalyst has

been consumed by some other reaction.
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Similar mechanistic arguments to those discussed for the PBr3-
PCl3 exchange can be applied in an analogous manner to the CF3PC12—
CF_PBr_ exchange. However, the chemistry of these compounds is quite

3772
new and little evaluation of the possibilities of ionic, radical,
or bridged mechanisms can be made.

In order to check for the possibility of the reaction being
first~order with respect to each species, as was observed for the
PC13—PBr3 exchange, the analogous first-order plots were made for
all the samples. Unlike the PCl3—PBr3 system, only one sample obeyed
first-order kinetics. The integrated form of the rate equation for a
reversible second-order reaction as written in equation (III.46) ha§
been solved.167 The necessary plot required to give a straight line,
if this mechanism is obeyed, was performed for the data of two samples.
Sample 3 gave a straight line, while sample 1 did not. Not much faith
is placed in this plot, because it is extremely sensitive to very small
changes in the value of the equilibrium constant.

Catalysts of a similar nature to those of the PCls—PBr3 system
could be involved in this system. The hydrolysis of CF3PC12 and CF3PBr2

yield the corresponding hydrohalic acid and CF3P(OH)2:168

CF3PX2 + 2H20 > CF3P(OH)2 + 2HX (X =cC1, Br) . (III.49)

Although the water is immiscible with the reactants, the hydrolysis

proceeds to yield a homogeneous solution.
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5. Equilibrium Studies in the CF_PCl_-CF_PBr_ System

The equilibrium constant for the reaction of CF3PC12 with

CF_PBr_ to yield CF_PBrCl is given by the expression:

3 2 3

2
K= [CF3PBrCl] /[CF3PBr2][CF3PC12] . (I11.50)

No'value for this equilibrium constant has been quoted to date.

The variation of the equilibrium constant with temperature was
studied for a sample that had been prepared on the grease-lubricated
system. The reaction in this sample had proceeded to completion in a
few hours at 25°C. The equilibrium constant was determined for
increasing temperatures and decreasing temperatures several times.

The température ranged from 25°C to 60°C. Additional data was obtained
from the infinite time measurements of kinetic runs at 42°C.

The results are given in Appendix D in Tables DI and DII. Two
or more scans at equilibrium were taken in order to obtain average mole
fractions, from which the equilibrium constant was calculated. The
efror on each value is indicated by the smallest and largest values,
calculated from the individual scans.

The average equilibrium constant for each temperature, calculated
from all the values obtained, are given in Table XIV. Again, the range
of each equilibrium constant is given by the smallest and largest values
in the 1list.

The semilogarithmic plot of K against 103/T, from which the
thermodynamic parametgrs Aﬁoand Aé)can be obtained, has been explained

system. This plot for the CF_PCl_-~CF_PBr

in detail for the PCl_-PBr 3 5 3 5

3 3



TABLE XIV

134

Variation of the Equilibrium Constant with Temperature

for the CF3PC12-CF3PBr2 System
3 -1 a b
(] o
T(°C) 107 /T(°K ) Ave Kbbsd Kbalcd
25.0 3.36 2.70 (2.58 + 2.79) 2.75
30.0 3.30 2.77 (2.76 > 2.78) 2.77
40.0 3.19 2.96 (2.76 > 3.29) 2.82
42,0 3.17 2.81 (2.64 > 2.99) 2.83
50.0 3.10 2.83 (2.70 = 3.08) 2.85
60.0 3.00 2.86 (2.54 > 3.06) : 2.90

a X
The average over all values at a particular temperature.

From a least-squares fit analysis.




135

system is given in Figure 13: The vertical lines indicate the range

of the equilibrium constant at each temperature and the ;ine drawn
through the data is the least-squares best-fit line. The latter is
computed in the same way as for the PC13-PBr3 system, and the computed
values of the equilibrium constants are given in Table XIV. The thermo-
dynamic parameters were calculated for the best~fit line, and their
lower and upper limits were calculated for the lines drawn with maximum
positive and negative slopes through the entire range of equilibrium
constants. Hence, Aﬁo= 286 (=39 > 715) cal mol_l and A§D= 2.97 (0.72 »
4.25) eu.

The results indicate that the reaction is thermoneutral, within
the experimental error. The equilibrium constant for the random re-
organiza;ion of this system, calculated from the statistical distribution
of éil the species, is 4. The entropy of mixing corresponding to this
equilibrium constant is 2.76 eu. The experimental value of 2.97 eu

is in good agreement with the value calculated for random reorganization.
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CHAPTER IV

RESULTS AND DISCUSSION OF NUCLEAR MAGNETIC RELAXATION STUDIES

In this chapter the results of the nuclear magnetic relaxation
measurements on the series of compounds PBr3, PBrzcl, PBrClz, and Pcl3 '
will be presented and interpreted. The samples used were prepared in a
grease~free vacuum system. The method for the preparation of the samples,
together with the experimental procedure and the treatment of the raw
data have been fully described in the chapter on experimental techniques.

The studies of the 31P relaxation times were carried out for two
samples which contained different concentrations of the four species.

One sample, with initial mocle fractions of 0.37 and 0.63 for PBr3 and
PC13 respectively, was allowed to reach equilibrium-before being studied.
The mole fractions of PBr3, PBr2C1, PBrClz, and PCl3 at equilibrium were
0.10, 0.26, 0.33, and 0.31 respectively. The other sample, containing
mole fractions of 0.31 and 0.69 for PBrs and PCl3 respectively, was
studied in the absence of PBr2C1 and PBrClz. This sample was kept
ffozep in liguid nitrogen between measurements, and only trace amounts
of PBr2C1 and PBrCl2 were detected on completion of the project. The
same samples were used for the measurements of both the transverse

and longitudinal relaxation times.

The studies of the 35Cl relaxation time in Pcl3 were carried out
for a sample containing mole fractions of 0.40 and 0.60 for PBr3 and

PCl3 respectively, and for a sample containing only PC13.
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1. 35Cl Transverse Relaxation

There are two isotopes of chlorine, 35Cl and 37Cl, whose natural

abundance is 75.4% and 24.6% respectively. Both chlorine isotopes

have a nuclear spin of 3/2, therefore they possess a non-zero

quadrupole moment. As has been pointed out in the introduction,
relaxation of nuclei possessing a quadrupole moment occurs predominantly
by a quadrupolar interaction mechanism. For covaléntly bonded nuclei,
such as in PCl3, this mechanism is especially effective and the values
of l/T2 are large. Because of the larger isotopic abundance and greater
sensitivity of the 35Cl over the 37Cl nuclei, the chlorine relaxation
rate in PCl3 was measured for the 35Cl nucleus.

The values of 1/T2 as a function of temperature for a sample
containing neat PCl3 are given in Table X&. Repetitive measurements
indicated that the reproducibility of these values is approximately *5%.
The data are plotted as log(l/Tz) against 103/T, in °K_l, in Figure'l4.
The points lie on a straight line, whose slope yields an apparent
aétivation enexgy for the relaxation process of 1.81 kcal mol-l. The
vtemperature dependence of l/T2 is in agreement with the theory presented
in the introduction; it was shown that for a quadrupolar interaction
mechanism l/T2 is proportional to TQ' which according to the Debye-BPP
theory increases as the temperature decreases. The extrapolated value
of-l/T2 at 25°C is (22.7 % l.l)xlo3 sec-l. This value is slightl§

larger than the value of (16.7 % 1.4)x103 sec'-l at 26°C obtained by

Johnson, Hunt, and Dodgen.169

In order to obtain the 35Cl relaxation rate in a medium of the
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TABLE XV

Variation of l/T2 with Temperature for 35Cl in PCl3

T(°C) 10°/7(°K 1) l/TZa(sec‘-l) 1/T21.’ (sec™)
3
29.4 3.306 20.9%10 -
41.8 3.176 19.7x10° -
3 3
46.0 3.134 18.1x10 20.0x10
71.0 2.906 15.3x10° 17.2x10°

a Determined in neat PC13.

b Determined in a mixture of PCl3 and PBr3 of approximate mole

fractions 0.4 and 0.6 respectively.
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same viscosity as that in which the phosphorus relaxation rates were

determined, the 35Cl relaxation rate in PCl3 was determined for a

sample containing an appropriate mixture of PCl3 and PBr3. Due to
the decrease in the signal intensity, only the higher temperature

measurements could be made with reasonable accuracy. The values of

l/‘I'2 are given in Table XV, and they are plotted as 1og(l/T2) against

35

103/T, in °K—l, in Figure 14. Assuming that the Cl relaxation

process in the mixture of PCl3 and PBr3 occurs with the same activation
energy as the relaxation process in pure PC13, a straight line may be
drawn through the points. This assumption is justifiable in view of

the close agreement of this activation energy with that obtained from

the phosphorus relaxation rate measurements. The extrapolated value

of 1/, at 259C is (25.3 *+ 1.3)x10° sec T.

From equation (I.24), theAcontribution to the relaxation rate

due to a quadrupolar mechanism for a nucleus with a spin of 3/2, is

given by:
2 2
0 S Ny egQ,2 :
T = 1o (1 + 3 ) ( 5 ) TQ . (Iv.1)
2Q
170

The 35Cl quadrupole coupling constant in solid PC13 is -52.3 MHz.
If it is assumed that this value applies for the liqﬁid, and that the
asymmetry parameter may be taken as zero, the value of TQ may be
calculated. At 25°C, using the value of 25.3x103-sec-l for l/TZQ'
the value of TQ is 2.34x10-12 sec.

Bromine also has two isotopes, 79Br and 81Br, with a natural

abundance of 50.6% and 49.4% respectively. Each bromine isotope
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has a nuclear spin of 3/2, thus a guadrupolar interaction mechanism

dominates the relaxation of bromine nuclei. The value of 1/TZQ for

793r in PBr, in the mixture of PBr_, and PCl_, which was used to

3 3 3

for 35Cl in PC13, may be calculated from equation (IV.1l).

170

obtain l/T2Q

The 79Br quadrupole coupling constant in solid PBr3 is 439.2 MHz.

The same assumptions as before are made, and using the value of TQ

calculated from the chlorine data, the value of l/T2Q for 79Br in

PBr3 is 17.8x105 secnl at 25°cC.

The assumption that TQ for PBr3 is the same as TQ for Pcl3
is not strictly correct according to the Debye-BPP equation. Although
the viscosity is uniform, the hydrodynamic radius of PBr3is somewhat
different from that of PC13. However, in view of the fact that the
Debye-BPP equation has not been particularly successful in predicting
the reorientational correlation time in systems such as thislsg, the

correlation time for all the species may be assumed to be the same to

a first approximation.
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2. 31P Transverse Relaxation

The results of the 31P transverse relaxation rate in PBr3,

PBrZCl, PBrClz, and PCl3 as a function of temperature are given in
Appendix E. The values of l/T2 for PBr3, PBr2C1, PBrClZ, and PCl3

for the sample containing all four species are given in Tables EI to
EIV respectively. The values of l/T2 for PBr3 and PCl3 for the sample
containing just these two species are given in Tables EV and EVI
respectively. The errors in the values of l/T2 are estimated as approx-
imately #*1.5 sec_l, and are based on the error in measuring the line-
widths,

In order to convert the measurements of the linewidths at half-
maximum intensity into units of Hz, for the calculation of l/TZ' a
calibration of the spectra in Hz per cm was necessary. The chemical
shifts of PBr3, PBr2Cl, PBrClZ, and PCl3 in a sample containing P406
in a capillary tube were determined from 30°C to 80°C. The results
~given in Table XVI indicate that although the absolute values of the
chemical shifts vary with temperature, the chemical shift differences
between the various species remain constant within the experimental
error. Linewidth measurements for all species were taken directly
from the observed spectra, using the average chemical shift difference
of 158 Hz between PBr3 and PBrCl2 to calibrate the spectra. Similgrly,
spectra showing only PBr3 and PCl3 were calibrated for the purposes of
linewidth calculations by the average chemical shift difference of
376 Hz between the latter two spec@es.

The data for each species are presented in Figures 15 to 20 in
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TABLE XVI

Variation of 31P Chemical Shifts® with Temperature for

PBr3, PBr2C1, PBrClz, and PCl3
T(*°C) GPBrs(HZ) GPBrZCl(HZ) 6PBrC12(Hz) 6PC13(HZ)
80.0 4685 4655 4528 4310
80.0 4684 4655 4529 4308
70.0 1682 4653 4526 4305
70.0 4682 4654 4526 4307
70.0 4680 4650 4521 4303
70.0 4681 4651 4651 4306
60.0 4677 4647 4519 4300
60.0 4676 4647 4519 4299
50.0 4675 4646 4517 4296
50.0 4674 4644 4516 4297
40.0 4671 4642 4513 4293
40.0 4672 . 4642 4513 4296
30.0 4670 4640 4511 4294
30.0 4670 4641 4511 4294

a Downfield from P406'
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Figure 20: Temperature variation of log(l/Tz) for31P in Pcl3, in a

sample containing PBr3 and PC13.
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3 . -
the form of a plot of log(l/Tz) versus 10 /T, in °K 1. The curves for

PBr._, PBr2C1, PBrClz, and PCl_, for the sample containing all the species

3
are given in Figures 15 to 18, while those for PBr3 and PCl3 for the

3

sample in which only those species are present are given in Figures 19
and 20. The data in Figures 15 and 19 for the 1/T2 in PBr3 and the

data in Figures 18 and 20 for the l/T2 in PCl3 are the same within

. s . . X . . 31
experimental error. Thus, no distinction in the discussion of the P

relaxation rate in PBr_ and PCl3 for the two samples will be made.

3
Figures 15 to 20 indicate that the plots of 1og(1/T2) versus

103/T are linear for values of l/T2 greater than approximately 10 sec—l,

after which they slowly level off to a value of approximately 5 sec-1

for l/T2. This is clearly shown in Figures 15 and 19 for the relax-

. . . -1 -1 .
ation rate in PBr_, which covers the range of 20 sec to 5 sec in

3
.the temperature region studied. The change in linearity might be
attributed to a new relaxation mechanism with opposite temperature
dependence. However, because the non-linearity is observed when the
values of l/T2 are very small, it is believed that the effect is due

to the limits of the linewidth resolution of the nmr spectrometer.

The values of l/T2 for each species were fitted with a non-

linear least-squares programme162 to the equation;

2 = L + Aexp(-E_/RT) , (Iv.2)
T T A
2 2
(o)
where l/T2 is the contribution to l/T2 which arises from machine

o . .
broadening; and the second term represents the relaxation rate due
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to a mechanism whose temperature dependence follows an exponential

function, where A is the pre-exponential term, and EA is the apparent

activation energy for the mechanism. The best-fit values of l/T2 are

given in Tables EI to EVI, and the corresponding parameters, l/T2 r B,
: (e}

and EA' are given-in Table XVII. The errors given are the approximately
95% confidence limits calculated by the programme.

The values of l/T2 obtained range from 4.79 secml for PBr3 to
o

0.86 se.c-l for PC13. Since the value of 1/T2 is a property of the
o

spectrometer resolution, it should be a constant value for all the

species. The values of l/T2 obtained for PBr3 and PBrZCl are believed
o

to be the most realistic ones, since these species have the narrowest

linewidths and therefore the l/T2 contribution is more important. Thus

o
the value of l/T2 is taken as 4.5 sec l, an average of the values
o .
obtained for PBr3 and PBrZCl. This value of l/T2' was used to fit the

o
observed values of l/T2 for PBrC12 and PC13 to a modification of equation

(IV.2), given by:

S 4.5 + Aexp(-E_/RT) . (Iv.3)
‘I‘2 A

The best-fit values of 1/T2 for PBrCl2 and PCl3 are given in Table EIIX

and Tables EIV and EVI, respectively. The corresponding parameters,
A and EA, with their approximately 95% confidence limits as calculated
by the programme, are given in Table XVIII. The errors in A and EA
are slightly larger for the fit to equation (IV.3) than for the fit

to equation (IV.2). This might be expected since the former is a two



TABLE XVII

Best-fit Parameters for l/T2 = 1/T2 + Aexp(-E,/RT)

153

(o)
Species l/T2 (sec-l)c A(Sec-l)c EA(kcal mol-l)c
o .
PBr3a 4.302 * 0.281 (4.792 * 0.456)x10° 2.470 * 0.052
PBrZCla 4.452 * 0.194 (1.136 * 0.030)x10° 2.231 * 0.014
PBrClza 3.730 * 0.401 (1.921 * 0.058)x10° 2.096 * 0.015
Pcl3a 0.856 * 0.642 (2.253 * 0.065)x10° 1.863 * 0.013
PBr3b 4.787 * 0.167 (6.377 * 0.378)x10° 2.738 % 0.034
PCl3b 2.007 * 0.543 (2.552 * 0.058)x10° 1.906 * 0.008

a For a sample containing all four species; the best-fit

values of 1/T2 for PBr3, PBrzcl, PBrClz, and Pcl3 are

given in Tables EI to EIV respectively.

3

For a sample containing only PBr. and PC13; the best-fit

values of l/'I'2 for PBr3 and PCl3 are given in Tables EV

and EVI respectively.

avoid round-off errors in recalculating l/T2 values.

Extra significant figures have been carried in order to
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" "TABLE XVIII

Best-fit Parameters for l/T2 = 4,5 + Aexp(—EA/RT)-

Species A(sec-l)c EA(kcal mol—l)c
PBrClza (2.211 % 0.062)x10° 2.188 * 0.014
1>c13a (3.210 % 0.125)x10° 2.092 * 0.019
pc13b (3.236 * 0.091)x10° 2.059 * 0.014

2 Por a sample containing all four species; the best-fit

values of 1/T2 for PBrCl2 and PCl_ are given in Tables EIII

3

and EIV respectively.

b For a sample containing only PBr3 and Pcl3; the best-fit
values of 1/’1'2 for PCl3 are given in Table EVI.

o]

Extra significant figures have been carried in order to avoid

round-off errors in recalculating 1/T2 values.
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parameter fit, while the latter is a three parameter fit. However,
the values of 1/T2 calculated from the best fit to equation (IV.3)

are well within the experimental error on the observed values of

1 .
/T,

The apparent activation energy, EA’ for the relaxation mechanism
in the various species appears to decrease slightly in going from PBr3
to Pcl3. In order to test whether this trend is meaningful, the

observed values of l/T2 for PBr3 were fitted to a modification of

equation (IV.2), given by:

|-

21 -
T, T,
o

+ Aexp(-2.183x103/RT) . (Iv.4)

where 2.183 kcal mol.-l is the average of the values of EA in Tables
XVII and XVIII. The best-fit values for PBr3 in the two samples are
given in Tables ET and EV. The corresponding parameters, l/T2 and A,
with their approximately 95% confidence limits as calculated b; the
programme, are given in Table XIX. The best-fit values of l/'.I‘2 are
well within the experimental error of the observed values of l/Tz.
;hus, the values of the activation energies of the relaxation mechanism
in the various species are comsidered to be equal within the limits of
the experimental error in the observed values of l/T2.

The results of the manipulation of the data, as discussed above,
are presented in Figures 15 to 20. The smooth curve through the
observed values of 1/T2 for PBr_ and PBr_Cl, shown in Figures 15 and

3 2
19, and 16 respectively, is drawn from the best-fit values of 1/T2
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TABLE XIX

Best-fit Parameters for l/T2 = l/T2 + Aexp(-2.183x103/RT)

o
Species l/T2 (sec—l)c A(sec_l)c
o
2 4.006 % 0.235 (3.097 * 0.232)x10°
b 2
PBr3 4.303 * 0.1¢3 (2.733 £ 0.169)x10
a

For a sample containing all four species; the best-fit

values of l/T2 for PBr_ are given in Table EI.

3

b For a sample containing only PBr3 and PCl_; the best-fit

C

3

values of l/T2 for PBr. are given in Table EV.

3

Extra significant figures have been carried in order to avoid

round~off errors in recalculating l/'I‘2 values.
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to equation (IV.2). The two terms in the equation are given by the
straight lines, whose parameters are given In Table XVII. The smooth
curve through the observed values of'l/T2 for PBrCl2 and.PC13, shown
in Figures 17, and 18 and 20 respectively, is drawn from the best-fit
valqes of 1/T2 to equation (IV.3). The two terms in the equation are
given by the straight lines, whose parameters are given in Table XVIII.
In Figures 18 and 20, the straidht line through 4.5 sec-l is off scale.

The temperature dependence of l/T2 is in agreement with that due
to a spin-rotation mechanism or a scalar interaction mechanism of the
second kind. It will be seen in the following section that the values
of l/TlSR are less than 0.4 sec_l for all the species, over the entire
temperature range studied. Since the relaxation measurements are made
under conditions of extreme narrowing, the spin-rotation contribution
to l/'l‘2 is the same as its contribution to l/Tl. Clearly this mechanism
does not account for the large values of l/T2 which range from approx-
imately 5 sec-l to 150 sec-l. The relaxation is therefore attributed
to a scalar interaction mechanism of the second kind.

The contribution of the scalar interaction mechanism to l/T2
'is given by equation (I.26), which may be simplified to equation (I.27)

if the condition (wI -w )12 >> 1 applies. The latter may be rewritten

' - >> - ; ;
as (wP wX)T2X 1, where (wP wx) is the difference between the
Larmor frequency of the phosphorus nucleus and the halogen nucleus X,

and sz is the corresponding transverse relaxation time for the halogen

nucleus. Using the values of l/T2 for 35Cl in PCl3 and 79Br in PBr3 at

25°C, given in the previous section, it can be shown that at the
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operating frequency of 40.5 MHz for the 31P nucleus, the value of

(w )T, is 7.62x10° and 54.5 for p°5c13 and P79Br3 respectively.

p ~ Y%
These values satisfy the condition under which equation (I.27) applies.
The transverse relaxation rate of the phosphorus nuclei in PCl3

due to a scalar interaction with the spin 3/2 chlorine nuclei is

given by:

1 5 2
= 7 ¥%afp-c1Tocr ¢ (xv.5)
where T o1 has been substituted for Tl, the longitudinal relaxation of
the quadrupolar nucleus, in equation (I.27). Since the values of l/T2Cl
were obtained under conditions of extreme narrowing, the substitution

of T for T is valid. The existence of two chlorine isotopes,

2C1 lci
35 37 . . . .
Cl and " 'Cl, gives rise to four different PCl3 species, therefore

the straightforward substitutions of NCl = 3 in equation (IV.5) is
invalid. Rather, the specific contributions to l/'I'2Sc for Pcl3 from

p35c13, P35C1237Cl p35c137c12 and 1>37c13 which occur with relative

abundance fl’ f2, f3, and f4 respectively, are given by the four terms
in the following equation:
1 2 2 +

T " [(3AP -35T2-350 %) * PRy _3oTy 35 + Ay 35Ty 34)

2 2 2
(Rp_35T5-35 + 2Bp 37Ty 37083 + (33, 5 T) 5 )E,] , (IV.6)

where AP—35 and AP—37 are the P-35Cl and P-37Cl scalar coupling constants
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in PCl3 respectively; T2_35 and T2_37 are the corresponding transverse
relaxation times for the 35Cl and 37Cl nuclei; and the values of fl,

3 £ ; and f4 are normalized to unity.

2" 73
The scalar coupling constant is proportional to the product of

the magnetogyric ratios of the two nuclei being coupled:

Bp_35 © YpY¥35 7 BAp 3y < Yp¥sy, - (V.7
Thus AP-37 may be expre;sed in terms of AP-35 by:

Bp-37 = Ppo3sV3y/V3s ¢ (1v.8)

5

37cl

where Y35 and Y37 are the magnetogyric ratios of 3 Cl and

respectively. Similarly, from equation (Iv.1l), the transverse relax-

ation rate for the chlorine nucleus is proportional to the gquadrupole

coupling constant:

cc(equ/’fl)§5 - = cC(equ/f:l);? . (IV.9)

T2-35 - T2-37

Thus T2_37 may be expressed in terms of T2_35 by:

2
(e“a/m) 2,
To-37 ~ TZ"”W ’ (1v.10)
BAR) 37
which may be simplified to:
2 2
Ta-37 = Tou35%5/%, - (Iv.11)

where Q35 and Q37 are the quadrupole moments of the 35Cl and 37Cl

nuclei respectively in PC13.
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Equation (IV.6) may be simplified by expressing it in terms of

only the 35Cl parameters, using the relationships developed above. Thus,

5 .2 2 2 2 2
= 7 Ppo3sToozs (3 + (2 F ¥3004/Y50,0 8, +

2 2 2 2 2 2 .2 2
(1 + 23,035/ Y35Q37) 3 + (3Y5,Q35/Y359570 8,0 -
(IV.12)
3 3 -1 -1
The values of Y35 and Y37 are 2.6214x10° and 2.1815x10 rad sec gauss

respectively,86 thus Y37/Y35 is 0.8322. The value of Q35/Q37 has not

been determined for PC13. However, it has been shown171 that the value

of 935/937 is 1.2687(8) in SOClZ, POCl3, and only the last figure is
different for each molecule; therefore Q35/Q37 for Pcl3 is taken as

1.2687. Thus, the term Y§7Q§5/Y§SQ§7 is equal to 1.115. The value of

at 25°C, calculated in the previous section, is 25.3x103 sec—l.

/7, 35

The corresponding experimental value of 1/T at 25°C may be calculated

2Sc

from equation (IV.3) and the appropriate parameters; the average value
of l/T2Sc from the two samples studied is 96.92 sec_l. If the values

2 2 2 2 . .
25 5-357 Y37Q35/Y3SQ37, together with the relative abundance
172

of the different Pcl3 species given by fl; 0.4287, fz; 0.41%6,

f3; 0.1369, and f4; 0.0149, are substituted into equation (IV.12),
a value for AP—35 of 797.4 sec—l or 128.9 Hz is obtained.

Similarly, the two isotopes of bromine, 79Br and 81Br, give rise

of 1/T , 1/T

to four specific PBr3 molecules with different isotopic composition and

relative abundance. The contributions to l/TZSc for PBr3 from P7gBr3,

79 81 7
P "Br Br, P 9BrslBrz, and P81Br

2 may be developed in the same manner

3
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as for PCl, from equations (IV.5) to (IV.l2f with the substitution

3
. 35 37 .
_of the various terms for ~~Cl and ~'Cl by the corresponding terms

for 79Br and 8lBr. The values of Y79 and Y81 are 6.7023x103

7.2244x10° rad sec ' gauss © respectively, thus Yg,/Y,, is 1.0779.

The value of Q79/Q81 for PBr3 is 1.19711.l70 Thus, the term

2 2,2 2 . ' o
Y81979/Y79981 is equal to 1.665. The value of l/T2—79 at 25°C,

calculated in the previous section, is l7.8xlO5 sec—l. The corresponding

experimental value of l/‘I'2SC at 25°C may be calculated from eguation

(Iv.2) and the appropriate parameters; the average value of l/TZSc
from the two samples studied is 6.83 sec—l. Substitution of the

1/T 2 92 / 2vQZ together with the relative
2sc’ Y Ta-797 Y1979/ V798817 =9

abundance of the different PBr3 species given by172 fl; 0.1293,

values of 1/T

£.; 0.3792, £ 0.3707, and £ 0.1208 into equation (IV.12)

2/ 3f 4’
appropri;tely modified for PBr3, yields a value of AP—79 of 1562 sec-l

or 248.6 Hz.

The transverse relaxation rate of the phosphorus nuclei in PClZBr
due to a scalar interaction with the chlorine and bromine nuclei, each
of spin 3/2, is given by an obvious extension of (IV.5) to take into

account the existence of two types of quadrupolar nuclei:

1 = '5" 2 ' 1 _5_ 2 ' .
Thse = TN ) (To_o) '+ T N (Bppy) (T, )" o (IV.13)

L L} - - s
where (AP_Cl) and (AP—Br) are the P-Cl and P-Br coupling constants
in PBrClz, as opposed to AP—Cl and AP—Br which refer to the corresponding

coupling constants in PCl3 and PBr3 respectively. Similarly, (Tz_cl)'
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and (T2 B )}' are the chlorine and bromine transverse relaxation times

in the PClzBr. To a first approximation, it may be assumed that the

P-Cl and P-Br coupling constants in PClzBr are the same as the P-Cl

coupling constant in PCl3 and the P-Br coupling constant in PBr3.

Similarly, the transverse relaxation times of the Cl and Br nuclei
in PClzBr, may be taken to be the same as those for the Cl nucleus

in PCl3 and the Br nucleus in PBr3 respectively. Thus, the primes

in equation (IV.13) are removed, and this approximation is tested
by calculating the value of l/T2Sc for PClzBr and comparing it to

the experimentally obtained value. The contributions to l/'I‘ZSc for

79 35 81 35,37 .,79 35,37 .81

PClzBr from P35Cl Br, P "Cl Br, P Cl Cl1 "Br, P °Cl” Cl "Br,

P37C1279Br, and P§7C1281Br which occur with relative abundance fl’

f2, f3, f4, fS' and f6 respectively, are given by:

Tzic = g'[(2A§—35T2-35 * A§—79T2—79)f1 * (2A§—35T2—3s B 1Ty gyt
(A§-35T2-35 L S A13—79T2—79)f3 *
‘A§-35T2—35 HAL Ty gt A§-81T2—81)f4 *

2 2 2 2
(PAp 397037 * Bp_ggTangg)fg + (2B, 3 Ty 5o + By o1 T) o)1

(IV.14)

where all the terms have already been defined, and the values of fl,

57 and f6 are normalized to unity.

As before, the values of AP—37' T2_37, AP-81' and T2—81 are

£ f3, f4, f

2l
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expressed in terms of AP-35' T2_35, AP—79 and T2_79. Thus equation

(IV.14) may be simplified by expressing it only in terms of the 35Cl

and 79Br parameters:

1 5 2 2
T =2 [P 35Ty 35 + BpoggTa79)ty *
28c
2 2 2 2 .2 2
(22,_35T5 35 T Bp_79T5-79781%79/Y79%1) F2 +
2 2 2 2 2 2 2
(A5 357535 * Pp_35T0-35Y37935 Y3597 ¥ Pp_ggTa-79) %3 *
2 2 2 2 2 2
(A, _35T5-35 * Ap_35T2-35Y37%35" Y3597 *
2 2 2 2
By _79T2-79Y81979/Y70%1) fa *
2 2 2 2 2 2
(28, 35T5 3573795/ V35237 ¥ Pp_79T2-79' %5 +
2 2 2 2 2 2 2 2 2 2
(285 5 cTy 55Y37935 V35237 * Ppo79Ta-79Y81970"Y70%1) F6! -
(IV.15)
2 2 2 2 2 2 2 2
The terms Y37Q35/Y3SQ37 and Y81Q79/Y79981 are 1.116 and 1.665 respect-
. 3 -
ively; the values of 1/T2_35 and l/T2_79 are 25.3x10° sec and

l7.8x105 sec._l respectively at 25°C; the values of AP-35 and AP—79'

3
respectively; and the relative abundance of the different PClzBr

calculated from the PCl3 and PBr._ data, are 797.4 sec—l and 1562 sec-

species is given by172 fl; 0.2875, f2; 0.2810, f3; 0.1876, f4;

0.0306, and £ 0.0299. Substitution of these values

0.1834, f5; 6

into equation (IV.15) yields a calcﬁlated value of 66.80 sec—1 for
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o .
l/T2SC at 25°C. The experimental value of l/TZSC for PClzBr, calculated

from equation (IV.3) with the appropriate parameters, is 54.90 sec

at 25°cC.

It can be shown by an analogous development that the contributions

to l/'I'2Sc for PClBr2 from P35C179Br2,,P37C179Br2, P35C1793r81Br,

P37Cl79Br81Br, P35C18lBr and P37C181Br2 may be given by equation (IV.15)

2
. . . . 35 37
with the substitution of the various texms for Cl and Cl by the

corresponding terms for 79Br and 81Br, and the various terms foxr 9Br

and 81Br by the corresponding terms for 35Cl and 37Cl. The relative
abundance of the different PClBr2 species is given by172 fl; 0.1928,
f2; 0.0629, f3; 6.3770, f4; 0.1230, f5; 0.1842, and f6; 0.0601,

and the other terms have been given before. Substitution into equation
(IV.15), appropriately modified for PClBrz, vields a calculated value
of 36.86 sec.-l for l/TZSc at 25°C. The experimental value of l/T2SC

for PClBrZ, calculated from equation (IV.2) with the appropriate

parameters, is 26.26 sec-'l at 25°cC.

A comparison between the calculated and observed values of l/TZSC

indicates that the agreement is much better for PClzBr than for PClBrz.

Nevertheless, the agreement is quite good in view of the approximations

. 2 . -1 .
made. Since the value of AP—35T2—35 is 25.13 sec ~, while the value
. 2 . -1 ° . .
of AP—79T2—79 is 1.37 sec at 25°C, the contribution to l/TZSC from

the 35Cl terms is going to be much larger than the contribution from

the 79Br terms. It can be shown that the 79Br contribution to l/TZSC

for PClzBr is 3.4%, while its contribution to l/T2Sc for PClBr2 is
2

12.4%. If the contribution of the AP-79T2-79 texrms to the l/T2Sc for
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PClzBr and PClBr,_ are neglected, the calculated values of l/TZSC can be

2

brought into agreement with the observed values, if it is assumed that
2 . . " . .
the value of AP-35T2—35 varies by approximately 10% from its value in

PCl3 for each substitution of a chlorine atom by a bromine atom.

. 2 -2 2 2 2 -2 .
Since T2_35 x<(e qQ/h)35, then AP—35T2435 « AP_35(e qQ/h)35. It is not
. . . 2
possible to determine whether the 10% change in AP—35T2-35 for a change

of one chlorine atom is due to a variation in the scalar coupling

constant, A ¢, Oor in the gquadrupole coupling constant, (equ/ﬁ).

p-35
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3. 31P Longitudinal Relaxation

The results of the 31P longitudinal relaxation rate in PBr3,

, and PCl_ as a function of temperature are given in

PBr2Cl, PBrCl2 3
Appendix F. The values éf l/‘I‘l for PBr3, PBrZCl, PBrclz, and PCl3
for the sample containing all four species are given ih Tables FI
to FIV respectively. The values of l/Tl for PBr3 and PC13 for the
sample containing just these two species are given in Tables FV and
FVI respectively. The erxrrors in the values of l/Tl are estimated as
approximately *5% of thé observed value.

The data for each species are presented in Figures 21 to 26
in the form of a plot of log(l/Tl) versus 103/T, in °K-l. The curves
2Cl, PBrClz, and PCl3 for the sample containing all the
species arée given in Figures 21 to 24, while those for PBr3 and PCl3

for PBr3, PBr

for the sample in which only those species are present are given in
figures 25 and 26. The l/T2 data for each species corresponding to
the l/Tl data presented in Figures 21 to 26 are given in Figures 15
to 20 respectively. The data in Figures 24 and 26 for the l/Tl in
PCl3 are the same within the experimental error throughout the entire
temperature range studied. However, the data in Figures 21 and 25 for
the l/Tl in PBr3 are the same below approximately -40°C, while they
differ by nearly 20% above that temperature.

Figures 20 to 26 suggest that two mechanisms with dpposite
temperature dependence are contributing to the l/Tl. The values of

l/Tl for each species were therefore fitted with a non-linear least-

squares programme162 to the equation:
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L

T

= Bexp(EB/RT) + Cexp(—Ec/RT) ’ . (Iv.16)
1

where each term represents the relaxation rate due to a mechanism
whose temperature dependence follows an exponential function; B and

C are the pre-exponential terms and EB and Ec are the corresponding
apparent activation energies of the two mechanisms respectively. The
best-fit values of l/Tl are given in Tables FI to FVI, and the
corresponding parameters, B, EB' C, and EC, are given in Table XX.

The errors given are the approximately 95% confidence limits calculated
by the programme.

The discussion of the various relaxation mechanisms in the
introduction, led to the conclusion that for a molecule undergoing
isotropic reorientational Brownian motion, the correlation times for
all the mechanisﬁs can ultimately be related to the bulk viscosity
of the medium. On the basis of this assumption, the values of the
activation energies, EB and Ec, for the two mechanisms should be the
same, In order to test whether this assumption may be justified for
this system, the values of 1/T. for each species were fitted to a

1
modification of equation (IV.16), by setting EB equal to Ec;

2

T

= Bexp(EB/RT) + Cexp(—EB/RT) . (Iv.17)
1

The best-fit values of l/Tl are given in Tables FI to FVI. The
corresponding parameters, B, EB, and C, with their approximately 95%

confidence limits as calculated by the programme, are given in Table XXI.

&
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TABLE XXT

t-fit Parameters for l/Tl = Bexp(EB/RT) + Cexp(—EB/RT)

Species B(sec-l)c EB(kcal mol_l)c C(sec-l)c

PBr3a (4.239 % 0.28.9)x10—4 2.212 * 0.030 6.274 £ 0.590
PBrzcla {5.022 iv0.532)xlo—4 2.126 * 0.047 6.376 * 0.744
PBrclza (3.767 * 0.296)x10—4 2.106 * 0.032 6.374 % 0.413
PC13a (1.322 * 0.200)x10—4 2.070 % 0.037 7.568 £ 0.461
PBr3b (4.303 & 0.380)x10_4 2.172 * 0.036 7.839 £ 0.551
PCl3b (1.299 % 0.283)x10_4 1.997 £ 0.038 7.072 £ 0.464

a For a sample containing all four species; the best-fit
values of l/Tl for PBr3, PBrzcl, PBrClz,'and PCl3 are
given in Tables FI to FIV respectively.

b For a sample containing only PBr3 and PC13; the best-fit
values of l/Tl are given in Tables FV and FVI respectiveiy.

¢ Extra significant figures have been carried in order to avoid

round-off errors in recalculating l/Tl values.
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The agreement of the calculated values of l/Tl with the
observed values of l/Tl is the same for the three parameter fit as
for the four parameter f£it. Thus the three parameter fit, for which
the activation energies of the two mechanisms are assumed to be the
same, can be used to fit the data satisfactorily. The smooth curve
through the observed values of l/T1 for all the species, shown in
Figures 20 to 26, is drawn from the best;fit values of l/Tl to
equation (IV.17). The two terms in the equation are given by the
straight lines, whose parameters are given in Table XXI. It is worth
mentioning that the average value of EB' 2.11 kcal'mol_l, obtained
from fitting the observed l/Tl data, agrees quite well with the
average value of EA’ 2.30 kcal mol-l, obtained from fitting the
observed l/T2 data, and is well within the range of the activation
energies obtained for the individual species.

In the high temperature region, the temperature dependence of
l/Tl is consistent with that due to a spin-rotation mechanism. In
the low temperature region, the temperature dependence of l/Tl is
consistent with that due to a dipolar mechanism, an anisotropic
chemical shift mechanism, or a scalar interaction mechanism of the
second kind. The temperature dependence of l/Tl in the high and low
temperature regions is given by the negative and positive exponential
terms respectively in equation (IV.17). The mechanisms contributing
to each of these terms will be discussed separately.

The high—temperaturé‘region gf l/Tl is controlled only by a

spin-rotation mechanism. Since the extreme narrowing condition
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applieﬁ, the contribution to l/Tl from a spin-rotation mechanism is
given by equation (I.30). This equation may be used to evaluate the
spin-rotation coupling constant for each species provided that the
moment of inertia and the spin-rotation corxrelation time for each

species is known.

The moments of inertia in the x, y, and z direction were calcula-

, PBr_Cl, PBrCl, and PCl .173 The bond distances and bond

3 2 2 3

(-]
angles in PCl3 are174 2,043 * 0.003A and 100.1 % 1.3° respectively.
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[
The bond distances and bond angles in PBr3 are 2.23 £ 0.12 and

100 % 0.2° respectively. No data on the structural parameters of

ted for PBr

PBr201 and PBrCl2 are available. Since the bond angles do not change

in going from PBr. to PC13, it is assumed that they are the same in

3

PBr2C1 and PBrCl,_, and a value of 100° is assigned to all bond angles.

2
Furthermore, it is assumed that the P-Cl and P-Br bond lengths in

. o
PBrzcl and PBrC12 are the same as in PCl3 and PBr3, namely 2.04A

o
and 2.23A respectively. The values of Ix' Iy and Iz' together with

an average moment of inertia, I, are given in Table XXII for all the

species.

The values of TSR at 25°C, calculated from equation (I.31) with

TD equal to the value of TQ at 25°C, 2.34x10-12 sec, assumed to be the

same for all species, are given in Table XXII. Since the values of

TSR are at least a factor of twelve smaller than the value of TD’

the condition under which equation (I.31) applies is fulfilled.

The values of l/TlSR at 25°C, calculated from the second term

in equation (IV.17) and the appropriate parameters are given in




TABLE XXIIX

Parameters for the Spin-Rotation Contributions to l/Tl at 25°C
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a

PBr3 PBr201 PBrC12 PC13
40 2.
1 x10°%g en®) 830.05 823.55 329.15 325.99
40 2
1,x10%%(g cn’) 829.65 435.34 579.20 325.99
sz104ov(g cn?) 1559.36  1170.65 829.25 579.21
°x10%° (g ) 1073.0 809.9 579.2 410.4
~cSRx10”14 (sec) 18.58 14.02 10.03 7.11
e 1 “0.150% 0.230%
1/7. _S(sec™h 0.176 0.182
1SR 0.200° 0.243°
2 2 i 2.78% 9.00%
(¢ >+, 2 % gz . 3.99 5.67 .
yy 2z 3.21 9.25

a The value of T_ at 25°C is 2.34x10_12

D

b _ _
I=(1, + I, +I,)/3.

C

1/Tsr

For a sample containing PBr3

e .-
For a sample containing PBr3

» PBr

2

and PC13.

secC.

= Cexp(—EB/RT), from equation (IV.17).

Ccl, PBrClz, and PC13.
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Table XXII, together with the values for the spin-rotation coupling

1
constant. The latter value is denoted by (Cxx2 + C 2 + szz)é,

which for the PBr3 and PC.‘L3 simplifies to (2C12 + C“2)/2 because
of the symmetry of these molecules. Although the spin-rotation
coupling constants for both PBr3 and PCl3 are slightly larger for the
sample which does not contain the PBrZCl and PBrCl2 species, it is
not believed that this discrepancy is significant.

The relative importaﬁce of the dipolar, scalar interaction, and
anisotropic chemical shift mechanisms to the low temperature region
of l/Tl may be determined by compafing the contribution due to each
mechanism to the experimentally observed value, given by (l/Tl-l/TlSFg.
The values of (1/T,-1/T, ), which may be calculated from the first
term in equation (IV.17) and the appropriate parameters, are given
in Table XXIII at 25°C.

The intramolecular dipolar contribution to l/Tl for the molecules
studied here may be obtained from equation (I.8) as:

Lo 452 2 v2 (I, + 1) () Ol (Iv.18)

TlD 3 P X

where P refers to the phosphorus atom and X to the halogen. Since both
the chlorine and bromine nuclei possess a spin of 3/2, equation (IV.18)

may be rewritten as:

1 2 25 2 -6
EI; = 5h Yo [X YX(rP—X? ]TD . (IV.19)

In order to take into account the two isotopes of chlorine and bromine,
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the values Ygl and Yér are substituted By (0.754 Y§5 + 0.246 Y§7) and
(0.506 Y$9 + 0.494 Yél) respectively, where all the terms have been
defined elsewhere. The P-Cl and P-Br internuclear distances are taken
as 2.04£ and 2.23; for all the molecules, YP is 10.8291xlo3 rad g'auss_l
sec-l, and TD is 2.34xlo-12 sec at 25°C. The values of l/TlD at 25°cC
are given in Table XXIII. The values of l/'l’lD are at most only 10%
), thus the intramolecular dipolar

1SR

mechanism alone cannot explain the experimental observations. The

of the values of(l/Tl-l/T

value of the intermolecular dipolar contribution, 1/T1D', is not

estimated here because it has been shown that for pure PC13118 and

PBr3,119 the intermolecular contribution is approximately 10% and

6% respectively of the intramolecular contribution. Thus the l/TlD'
contribution is quite insignificant.

. The scalar interaction contribution of the second kind to l/Tl
may be calculated from equation (I.25). The values of l/TlSc are
calculated taking into consideration the isotopic population of the

nuclear species, in a analogous manner as in the treatment of the

l/T2Sc data in the previous section. The values of l/'l‘1Sc at 25°C

are given in Table XXIII. The contribution of l/T1SC is negligible

for PC13, but quite significant for the bromine compounds. This is

mainly due to the fact that the bromine transverse relaxation time

in PBr3 is much shorter than the chlorine transverse relaxation

time in Pcl3.

The anisotropic chemical shift contribution to l/‘I‘l may be

calculated from equation (I.22) if the anisotropy of the chemical
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TABLE XXTIII

Contributions to l/Tl other than 1/TISR at 2S°Ca

PBr PBrZCl PBrCl PCl

3 2 3
-oC -3¢
b -1 1.78x10 - _, 4.36x10
(/T -1/T) )" (sec ) _,4 1.82x10 1.33x10 _3@
1.68x10 3.79x10
l/TlD(sec-l) 1.81x10 1.34x10°°  8.70x10"%  4.03x107%
l/TlSc(sec_l) 3.57x10 2.38x107°  1.19x10 > 2.76x10°°
l/TlA(sec-l) 1.01x10"° - - 1.54x107°>

a The value of TD at 25°C is 2.34x10-12 sec.

b 1/Tl—l/T = Bexp(EB/RT) from equation (IV.17).

1SR
¢ For a sample containing PBr3, PBrzcl, PBrClz, and PC13.

For a sample containing PBr3 and PCl3.
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shift, Bz,, and the asymmetry parameter, n, are known. For a symmetric .

top molecule, such as Pcl3 or PBr3, N is zero, and 6z' may be expressed

as:
§, =25, -6, (IV.20)
z' 3 L mn ! St

where 6]|, and 61' are the paramagnetic chemical shifts along the major

axis of the molecule and perpendicular to it respectively. The corres-
ponding diamagnetic terms are assumed to be isotropic. Thus equation

(X.22) reduces to:

1 2 .2 2 - 2
T = 15 Y Ho (Gl, 6.1,) TA . (Iv.21)
ia
. 122
The values of (61,—611,) for PCl3 and PBr3, obtained by Deverell
from values calculated by Gutowsky and Larmann,176 are 276x10_6 and

224x10-6 respectively. Using the value of TA equal to TQ at 25°C,
2.34:::10'-12 sec, the values of l/TlA for PC13 and PBr3 at 40.5 MHz
are calculated and given in Table XXIII. Since 62, values are not
available, the anistropic chemical shift contribution to PBr2Cl and
'PBrCIZ cannot be calculated.

The sum of l/TlD’ l/Tlsc’ and l/TlA for PBr3 and Pcl3 at 25°C
are 6.39x10-3 sec-l and 1.94x10—3 sec-l respectively. This discrepancy
between these values and the average experimentally obtained valﬁes,
(1/7-1/T, ) in Table XXIII, may be due in large part to the long

extrapolation necessary to obtain the latter value at 25°C. It is

important to notice, however, that the anisotropic chemical shift
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makes a significant contribution, and in the case of PCl3 is the
dominant factor. This effect has generally been neglected, and in
the case of previous work on PC13J~'18 this omission has resulted in a

misinterpretation of the results. This will be discussed in more

detail in the following section.
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4., Discussion of Nuclear Relaxation Results

The results obtained in the previous sections of this chapter

may be compared to those of other workers in a number of cases.
As has already been mentioned, the value of l/T2 for 35Cl in

a neat sample of PCl, at 25°C, reported in this thesis is slightly

3
larger than that measured by Johnson, Hunt, and Dodgen169 at 26°C.
The measured value of 1/T2 for 35Cl in PCl3 in a mixture with PBr3,

which is about 10% higher than the value in the neat Pcl3, and the
known gquadrupole coupling constant in PCl3 have been used to obtain a

value of T, the reorientational correlation time. It may be noted

that the value of T_ is approximately an order of magnitude smaller169

than that calculated by the Debye-BPP hard-sphere approximation.
The value of TQ obtained and the known quadrupole coupling

constant in PBr3 were then used to calculate the value of 1/T2.for

Br in PBr3 in the mixture of PCl3 and PBr3. On the basis of the

results of l/T1 for 35Cl in PC13, it -is expected that the value of

79

l/Tl for 79Br in neat PBr3 would be about 10% higher than in the

mixture.
From the measurement of the l/T2 values for 31P in‘PCl3 and PBr3,
in a mixture of these compounds and in a mixture with PBr2Cl and PBrClz,

35Cl and P—79Br scalar

and the l/T2 values for 35Cl and 79Br, the P-
coupling constants were calculated. The value of 129 Hz obtained here
for the P-35Cl scalar coupling constant is in good agreement with that

of 120 Hz determined by Strange and Morganl30 from measurements of l/Tl

. . . . 3 .
in the rotating frame as a function of field strength, for 1P in PC13.
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However, the value of 249 Hz'obtained for the P-7gBr coupling constant
does not agree with that of 350 Hz determined by Rhodes, Aksnes, and
Strangellg. The value of the product T2BrAP-Br obtained in this work
predicts the rotating frame l/T1 values of Rhodes et ale? correctly,
thus the discrepancy must be due to the methods of separating TZBr

and AP-Br' Rhodes et aleg attributed the difference in the measured
l/‘I‘l at 9 MHz and 18 MHz to the scalar interaction mechanism, and

obtained values of AP-Br/T2Br' which when combined with the rotating

frame l/'I‘l values permit calculation of T2Br and AP—Br' It may be
noted that the rotating frame measurements do not agree with the low
temperature 9 MHz data. Moreover, the 9 MHz and 18 MHz data differ. at

high temperatures in a region where no frequency dependence should exist.

It is not possible to determine the P-35Cl and P-79Br scalar

coupling constant, and the 35Cl and 35Br quadrupole coupling constants

in PBr2C1 and PBrClz; However, calculations based on the assumption

that these values are the same as in PCl3 and PBr3, yield values of

Cl and PBrCl, which are in reasonable agreement

2 2

with the observed values. The discrepancy can be explained by small

l/T2 for 31P in PBr

changes in the quadrupole coupling constants or in the scalar coupling

constants from those assumed.

Measurements of l/Tl for 31P in PBr3, PBr2Cl, PBrClz, and PCl3
as a function of temperature have shown that in the high temperature
region, the spin-rotation contribution is the coﬁtrolling mechanism.
From the known value of TD' equal to TQ' it is possible to calculate

2 2 2%

the spin-rotation coupling constant, (C + C + C ). For
XX vy ZZ
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the symmetric top molecules PCl3 and PBr3 this parameter may be written

1
as (2C12 + Cllz)é. The theoretical values of Cl and CIl for Pcl3 and

PBr3 have been calculated by Deverell.122 For PC13, Cll and Cl are
. 1

=2.59 kHz and -6.43 kHz respectively, thus (2Cl2 + Cllz)/2 is equal
to 9.46 kHz. This is in excellent agreement with the average value of
9.13 kHz obtained in this work. Similarly, the values of Cll and Cl

for PBr, are ~1.02 kHz and -2.46 kHz respectively, yielding a value

3
1
of 3.63 kHz for (2c12 + cllz)'5

average value of 3.00 kHz obtained here. It should be pointed out

that the theoretical value of (2Cl + Cll)/3 for 19F in CHF3 agrees

well with that obtained from molecular beam measurements.122 The

1
values of (2C12 + C”2)/2 obtained previously for PC13118 and PBr3119

are 14.0 kHz and 7.6 kHz respectively. These values are in error

. This is somewhat larger than the

because they were calculated using an incorrect value for TD' as will
be explained in the following paragraph. Calculated values for the
spin-rotation coupling constant parameters for PBr2Cl and PBrCl2 are
not available, and therefore no comparison can be made with the
experimental yalues. |

Measurements of l/Tl for 31P in PBr3, PBr2Cl, PBrCl2 and PCl3
as a function of temperature have also shown that the low temperature
region is consistent with contributions due to dipolar, scalar inter-

action, and anisotropic chemical shift mechanisms. In-the previous

work on PCl3 by Aksnes, Rhodes, and Powles 1° at 9 MHz, only the .

dipolar term was considered. However, the T value obtained here

indicates a 25% contribution from the scalar interaction and anise-
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tropic chemical shift mechanisms at 9 MHz. In addition, the resolution.
of the dipolar contribution in the previous work could be considerably
in error since it derives from a bending in the l/T1 versus 103/T curve
at a temperature approximately 30°C below the freezing point of PC13.
This bending could simply be due to a non-exponential temperature.
dependence of the viscosity in the supercooled liquid. Strange and
Morgan130 have obtained a value of 25xlO3 sec—l for l/Tl for 35Cl

in PCl3 at room temperature, which is in excellent agreement with the
value quoted in this work. However, use of the value of TD from the
results of Aksnes and co-workers118 for the calculationvof the 5Cl
quadrupole coupling constant yields a value of 25 MHz, which is much

smaller than the experimentally obtained value of 52.1 MHz.170 In

119

the case if PBr_, previous work has given a value of TD larger

3

than it should be, as is demonstrated by the fact that the 79Br

quadrupole ccupling constant is 230 MHz, in comparison to the experi-
170 119

mental value of 439 MHz. Rhodes and co-workers have noted that

their T_ values are in error because of the small dipolar contribution

from which it is derived.
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" ‘"CHAPTER V
CONCLUSIONS

The studies of redistribution reactions in phosphorus trihalides
indicated that reproducible kinetic results could not be obtained. The
non-reproducibility was found to be assoéiated with very effective
catalysis by traces of water. Extensive efforts to eliminate this
catalysis appear to have failed, although the reaction half-time has
been increased from about one hour at 40°C to about 10.5 days at 70°C.
The results obtained here indicate that even the qualitative reaction
times quoted by previous workers for reactions involving halogen
ligand redistributions on phosphorus may be grossly in error. This
may also apply to similar redistribution reactions on other Group VA
central atoms. It may be generally concluded that redistribution
reactions involving halogens may be more susceptible to catalysis by
moisture since the halogens hydrolyze more rxapidly.

On the basis of the kinetic results obtained here, it would seem
that two approaches to determining the kinetics of redistribution
reactions may be profitable. Since it seems unlikely that the catalytic
effects can be completely removed, studies on systems not involving
halogen atoms might yield meaningful kinetic results. Alternatively,
the catalytic process itself might be investigated by preparing possible
catalysts and studying their effects on redistribution reactions. It
appears that the hydrolysis products of the phoséhorus halides are the
catalysts, but in the case of PCl3 and PBr_ these have not been properly

3
. . . 141
characterized. A compound such as OPF2H, which has been characterized,
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is an analogue of a likely intermediate arising from the hydrolysis

of PCl3 and PBr3; this and similar compounds could be tested for

their catalytic effect. The understanding of the catalytic reaction

might be useful in future preparative work on mixed ligand phosphorus

compounds.

The study of the 31P longitudinal relaxation rate in PCl3 and

35

PBr and the Cl transverse relaxation rate in PCl3 as a function

3'
of temperature have yielded values for the spin-rotation coupling

constants for these compounds in excellent agreement with the theoretical

values calculated by Deverell.122 These studies have also pointed out

the importance of the anisotropic chemical shift mechanism to the 31P

longitudinal relaxation rate of these compounds at 40.5 MHz. This
mechanism has generally been neglected by previous workers in this

field. The anisotropic chemical shift contribution to the relaxation

1

rates of both the 3 P and 19F nuclei may therefore be quite significant

especially at high frequencies.

In the present work, the reorientational correlation time, TD’

was determined from an experimental value of the 35cl transverse

relaxation rate in Pcl3 and the known 35Cl quadrupole coupling constant

in this compound. This value of Ty is about one oxder of magnitude
' . 81,169
smallexr than the value calculated from the Debye-BPP equation.

This indicates that results from studies whose interpretation is based

on a T calculated from the Debye-BPP equation may be significantly

D
. . . 97,98
in erxror. For example, in the studies by Hubbard and co-workers

on CF, and SF the spin-rotation constants which have been obtained

4 6’
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are about a factor of three larger than expected from molecular-

beam experiments.122 This discrepancy may be due to the use of too
large a value of TD' which was calculated from the Debye-BPP equation.
If the discrepancy between the real and calculated values of TD is
the same in CF4 and SF6 as it is in the PC13-PBr3 system then, the
spin-rotation coupling constants calculated by Hubbard and co-

97,98 L : .
workers would be smaller by (10) © and would then be in excellent
agreement with the values calculated by Deverell.122 Therefore, it
can be concluded that it is crucial to have a value of TD based on

experimental measurements, in order to interpret properly nuclear

magnetic relaxation results.
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APPENDIX A

Appendix A consists of Tables AI to AXXXV which contain the

concentration-time data for samples 1 to 35 respectively, for the

kinetics in the PCl_-PBr_ system. All concentrations are in mole

3 3
fractions. For samples 1 to 8, the initial mole fractions of the
reactants were calculated from the weight measurements of PCl3 and
PBr3. For samples 9 to 35, the initial mole fracfions of the
reactants were calculated from the mole fractions of all the species
at equilibrium, as has been explained in the text. The half-lives
of the reactions were obtained from the usual first-order semi-
logarithmic plot, for those reactions that obey first-order kinetics.
For those reactions not obeying first-order kinetics, the half-
lives were estimated from the time-concentration plots. In the

samples containing water, the water was distilled into the nmr

tubes after the PCl

3 and PBr3, unless otherwise stated.
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TABLE AI

Kinetic D'ataa at 41°C for Sample lb with

N, = 0.51, N, = 0.49

3 3
time (min) I‘Tzs>13r3 Nopr ,CL e 5 N1>c13
1.1 0.498 0.012 0.024 0.465
11.1 0.397 0.061 0.085 0.458
15.9 0.403 0.081 0.097 0.418
22.2 0.399 0.196 0.121 0.384
29.2 0.380 0.120 0.154 0.346
33.8 0.346 0.139 0.162 0.353
38.8 0.344 0.150 0.172 0.333
45.3 0.327 0.161 0.179 0.333
51.8 0.311 0.165 0.213 0.312
56.8 0.306 ‘ 0.174 0.205 0.315
62.9 0.292 0.188 0.221 0.299
69.8 0.279 0.196 0.236 0.289
75.0 0.272 0.193 0.253 0.283
81.6 0.284 0.201 0.260 0.255
87.4 0.259 0.226 0.248 0.268
93.7 0.247 0.224 0.267 0.263
99.2 0.264 0.231 0.267 0.238
105.9 0.254 0.226 0.279 0.241
111.6 0.259 0.226 0.282 0.233
119.3 0.244 0.235 0.289 0.232
124.6 0.240 0.270 0.279 0.211
131.6 0.228 0.251 0.310 0.210
137.0 0.215 0.260 0.289 0.236

142.6 0.221 - 0.260 0.304 0.226
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TABLE AI (Cont'd)
time (min) NPBr3 NPBr2C1 NPBrCl2 NPC13
149.2 0.221 0.249 0.305 0.225
158.3 0.217 0.273 | 0.316 0.194
185.2 0.185 0.299 0.314 0.201
191.7 0.198 0.281 0.318 0.202
196.9 0.173 0.282 0.335 0.210
203.3 0.210 0.280 0.324 0.186
209.4 0.190 0.285 0.330 0.195
215.3 0.181 0.299 0.240 0.180
221.1 0.175 0.290 0.347 0.188
227.4 0.181 0.329 0.336 0.154
233.3 0.181 0.309 0.325 0.185
239.5 0.198 0.302 0.325 0.175
244.8 0.182 0.318 0.333 0.167
261.9 0.190 0.305 0.337 0.168
312.8 0.199 0.291 . 0.352 0.159
321.3 0.185 0.300 0.353 0.162
339.4 . 0.183 0.312 0.345 0.160
346.4 0.168 0.341 0.335 0.156
356.9 0.178 0.327 0.338 0.157
369.2 0.173 0.322 0.354 0.151
401.8 0.175 . 0.315 0.337 0.173
420.3 0.163 0.307 0.352 0.178
8 days 0.177 0.321 0.343 0.160
8 days 0.173 0.296 0.355 0.175
a t;EPBr3 = 56 min, t%PBrZCl = 59 min, t%PBrCl2 = 52 min,
t;EPcl3 = 52 min. Data obeys first—order kinetics.

b Sample, prepared by weighing, contained 5.3 M PCl3 and 5.5 M PBr3.
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Kinetic Data® at 41°C for Sample 2° with
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iNPBr3 = 0.35, iNbcl3 = 0.65

time (min) Nopr Nppr_c1 Nopre1 Noe1
3 2 3

5.2 0.280 0.035 0.075 0.610
12.6 0.196 0.115 0.124 0.565
18.1 0.180 0.144 0.184 0.492
24.2 0.135 0.158 0.212 0.495
35.0 0.115 0.185 0.295 0.405
- 40.2 0.105 0.195 0.295 0.405
45.4 0.100 0.195 0.315 0.390
50.6 0.100 0.205 0.330 0.365
55.7 0.095 0.215 0.360 0.330
60.9 0.085 0.220 0.360 0.335
66.3 0.078 0.203 0.362 0.357
72.2 0.080 0.210 0.375 0.335
80.9 0.080 0.195 0.380 0.345
86.9 0.075 10.215 0.400 0.310
92.4 0.075 0.210 0.390 0.325
98.4 0.080 0.215 0.380 0.325
104.0 0.070 0.220 0.385 0.325
118.7 0.070 0.220 0.385 0.325
126.2 0.065 0.215 0.375 0.355
132.8 0.070 0.220 0.340 0.370
142.1 0.075 0.210 0.375 0.340
149.2 0.075 0.245 0.385 0.295
156.4 0.060 0.215 0.405 0.320
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TABLE AII (Cont'd)
time (min) N N; N N
PBr3 PBrZCl PBrcl2 PCl3
165.5 0.065 0.225 0.400 0.310
196.6 0.065 0.235 0.390 0.310
227.6 0.065 0.225 0.385 0.325
24 hr 0.065 0.225 0.3985 0.315
24 hr 0.060 0.225 0.385 0.330

3
tl/zPCl3

a . . .
t%PBr = 16.5 min, t%PBrzcl = 16 min, t%PBrCl2 = 17 min,

b Sample, prepared by weighing, contained 7.1 M PC13 and

3.8 M PBr3.

18 min.

Data obeys first-order kinetics.
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TABLE AIII

Kinetic Data® at 41°C for sample 3b with

iNPBr3 = 0.66, iNPC13 = 0.34
time (min) NPBI3 NPBr2c1 NéBrCl2 Ni>c13
4.7 0.544 0.115 0.132 0.209
9.8 0.386 0.280 0.193 0.141
14.3 0.374 0.329 0.207 0.090
.19.0 0.329 0.348 0.244 0.079
24.0 0.334 0.374 0.230 0.063
29.5 0.317 0.364 0.240 0.079
34.0 0.326 0.360 0.240 0.074
38.5 0.305 0.389 0.238 0.068
43.6 0.319 0.399 0.222 0.061
48.7 0.327 0.382 0.225 0.066
53.3 0.311 0.379 0.239 0.071
58.5 0.314 0.377 0.232 0.077
a ©,PBry = 5 min, 4PBr,Cl = 4.8 min, £, PBrCl, = 4.7 min,
t;éPCl3 = 4.0 min. Data obeys first-order kinetics.

b Sample, prepared by weighing, contained 3.7 M Pcl3 and

7.0 M PBr3.
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Kinetic Data® at 41°C for sample 4b with

iNP“‘3 = 0.64, iNPC13

time(min) NPBr3 Nppr ,CL Nperc1 , NPC13
5.5 0.609 0.008 0.020 0.362
9.2 0.577 0.021 0.033 0.370
14.3 0.601 0.027 0.045 0.328
21.3 0.552 0.041 0.065 0.341
27.8 0.561 0.048 0.071 0.321
33.5 0.557 0.061 0.061 0.321
38.8 0.550 0.068 0.069 0.313
44.8 0.523 0.075 0.072 0.329
52.5 0.516 0.082 0.096 0.305
58.7 0.501 0.103 0.095 0.301
67.5 0.520 0.108 0.104 0.269
73.3 0.492 0.115 0.094 0.297
87.5 0.494 0.134 0.106 0.267
97.8 0.535 0.124 0.117 0.224
103.9 0.480 0.140 0.127 0.253
116.9 0.483 0.152 0.125 0.240
129.1 0.462 0.163 0.144 0.230
134.6 0.467 0.173 0.156 0.204
147.2 0.445 0.185 0.146 0.224
161.1 0.451 0.195 0.159 0.196
172.8 0.432 0.221 0.160 0.187
187.2 0.441 0.225 0.176 0.158
197.5 0.413 0.243 0.177 0.167




TABLE AIV (Cont'd)
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time (min) NPBr3 NPBIZCl PBrCl NPc13
212.5 0.413 0.240 0.174 0.174
228.8 0.391 0.246 0.195 0.167
242.9 0.409 0.243 0.188 0.160
257.7 0.387 0.270 0.190 0.154
272.5 0.399 0.263 0.197 0.141
287.9 0.367 0.299 0.204 0.130
302.6 0.361 0.295 0.199 0.145
317.8 0.356 0.286 0.230 0.129
332.8 0.389 0.297 0.212 0.102
347.7 0.366 0.319 0.207 0.108
362.5 0.370 0.306 0.215 0.112
378.0 0.336 0.316 0.223 0.125
24 hr 0.284 0.402 0.238 0.077

. 24 hr 0.284 0.387 0.231 0.098
a tPBry = 170 min, £ PBr,Cl = 162 min, £, PBrCl, = 106 min,

t,/zPCl3 = 120 min. Data obeys first-order kinetics.

b Sample, prepared by weighing, contained 3.9 M PCl3 and

6.9 M PBr3.




-TABLE AV

Kinetic Data® at 41°C for Sample Sb with
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iNPBr3 = 0.63, iNPc13 = 0.37
time (min) Nfsr3 NPBrZCl NPBrC12 Npc13
2.0 0.589 0.029 0.020 0.362
9.5 0.597 0.039 0.038 0.326
15.0 0.574 0.071 0.069 0.286
22.5 0.548 0.092 0.082 0.278
28.1 0.519 0.106 0.105 0.270
34.6 0.498 0.122 0.132 0.249
40.0 0.470 0.134 0.145 0.252
47.0 0.466 0.158 0.134 0.241
52.2 0.463 0.173 0.130 0.234
59.4 0.462 0.173 0.153 0.212
72.5 0.419 0.200 0.173 0.208
82.5 0.391 0.214 0.193 0.203
92.1 0.419 0.212 0.182 0.187
102.4 0.373 0.247 0.204 0.177
112.3 0.387 0.243 0.202 0.168
122.3 0.380 0.255 0.212 0.153
133.5 0.353 0.277 0.213 0.157
142.5 0.362 0.274 0.207 0.156
152.3 0.352 0.296 0.215 0.136
164.9 0.352 0.309 0.205 0.134
172.2 0.333 0.319 0.205 0.143
182.8 0.340 0.312 0.233 0.114
197.9 0.317 0.321 0.232 0.130
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TABLE AV (Cont'd)

time (min) NPBr3 NPBrZCl NPBrC12 Ni>c13
212.8 . 0.318 0.304 0.254 0.125
228.1 0.307 0.335 0.236 0.122
243.0 0.308 0.340 0.225 0.126
257.2 0.298 0.349 0.237 0.116
273.1 0.310 0.333 0.246 0.111
287.1 0.293 0.364 0.249 1 0.094
302.8 0.283 0.351 0.270 0.096
519.4 0.264 0.386 0.253 0.097
530.2 0.278 0.375 0.256 0.091
591.8 0.274 0.392 0.258 0.076
602.8 0.272 0.389 0.258 0.080
23 hr 0.270 0.403 0.255 0.072
23 hr 0.278 0.391 0.260 0.072
a tPBry = 72 min, £, PBrCl = 86 min, t,PBrCl, = 74 min,

t, PC1l, = 82 min. Data obeys first—order kinetics.

b Sample, prepared by weighing, contained 4.0 M PCl3 and

6.7 M PBr3.
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TABLE AVI

Kinetic Data® at 35°C for Sample 6b with

iNPBr3 = 0.41, iNPcl3 = 0.59

time(min) NPBr3 Nper ,CL Npprc1 ) Npe1 5
2.6 0.381 0.025 0.047 0.548
7.2 0.369 0.030 0.024 0.576
12.1 C.402 0.042 ' 0.059 0.497
i8.1 0.372 0.047 ' 0.079 0.502
23.0 0.357 0.072 0.081 ' 0.491
29.9 0.320 0.085 0.101 0.494
34.9 0.309 0.091 0.109 0.491
40.6 0.300 0.100 0.138 0.462
46.2 0.306 0.113 0.130 0.451
51.7 0.278 0.131 0.142 0.449
57.0 0.306 0.133 0.142 0.419
62.7 0.281 0.143 0.158 0.418
71.8 . 0.250 0.159 0.193 0.398
78.6 0.252 0.173 0.174 0.402
84.5 0.265 0.175 0.189 0.372
90.6 0.241 0.189 0.196 0.374
96.2 0.253 0.152 0.204 0.391
104.7 0.237 0.177 0.212 ©0.374
110.1 0.254 0.200 0.217 0.329
116.6 0.230 0.179 0.229 0.361
122.1 0.244 0.171 0.241 0.344
132.7 0.223 0.172 0.232 0.373

141.9 0.218 0.181 0.228 0.373




TABLE AVI (Cont'd)
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N

time (min) 12 PBr,Cl NPBrCl2 PCl,
152.8 0.218 0.182 0.218 0.382
161.8 ' 0.220 0.209 0.225 0.346
173.4 0.215 0.174 0.243 0.368
187.1 0.226 0.178 0.242 0.354
202.6 0.218 0.187 0.258 0.338
330.0 0.199. 0.205 0.280 0.316
335.0 0.185 0.210 0.266 0.340
32 hr 0.099 0.265 0.379 0.257
32 hr 0.096 0.249 0.389 0.265

z

éPCl3

b Sample, prepared by weighing, contained 6.5 M PCl3 and

4.5 M PBr3.

57 min.

a .
tiPBr3 70 min, tl/zPBr2
t

Cl = 54 min, t;éPBrCl2 = 87 min,

Data does not obey first-order kinetics.
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TABLE AVII

Kinetic Data® at 35°C for Sample 7b with

iNPBr3 = 0.42, iNPC13 = 0.58
time (min) NPBr3 NPBr2c1 NPBr012 ¢ NPC13
2.4 0.389 0.018 0.115 0.478
8.4 0.303 0.095 0.131 0.472
14.2 0.276 0.167 0.183 0.374
20.6 0.186 0.197 0.265 0.352
26.1 0.167 0.220 0.295 0.318
32.4 0.140 0.252 0.323 0.285
38.3 0.125 0.282 0.340 0.253
44.3 0.110 0.278 0.354 0.258
50.0 0.105 0.290 0.358 - 0.247
56.3 0.107 0.261 0.372 0.259
62.3 0.112 0.290 0.368 0.230
114.3 0.118 0.334 0.338 0.210
8 hr 0.103 0.279 0.387 0.230
8 hr 0.095 0.273 0.390 0.241

%

PCcl

a . _ . _ .
t,PBr3 10.5 min, t%PBrZCl = 10.3 min, t%PBrC12 = 12.5 min,
t% 3

10.8 min. Data obeys first-order kinetics.

b Sample, prepared by weighing, contained 6.4 M PCl3 and

.6 M .
4.6 PBr3



TABLE AVIII

Kinetic Data® at 35°C for Sample 8b with
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iN,. = 0.42, iNPCl3

time (min) NPBr3 NPBrZCl Npere1 NPC13
3.0 0.439 0.000 0.000 0.561
8.3 0.373 0.047 0.048 0.533
14.4 0.358 0.052 0.079 0.511
20.3 0.335 0.094 0.095 0.475
26.3 0.336 0.098 0.134 0.432
32.7 0.283 0.121 0.162 0.433
39.5 0.273 0.136 1 0.197 0.394
45.4 0.263 0.131 0.208 0.398
51.3 0.255 0.170 0.247 0.328
57.6 0.215 0.165 0.223 0.397
63.3 0.226 0.189 0.244 0.342
72.4 0.195 0.195 0.265 0.345
82.5 0.188 0.208 0.281 0.323
92.5 0.174 0.235 0.256 0.339
102.5 0.184 0.231 0.269 0.317
112.4 0.174 0.234 0.286 0.305
122.0 0.167 0.267 0.311 0.255
132.7 0.166 0.223 0.315 0.296
142.3 0.143 0.246 0.349 0.262
152.5 0.135 0.245 0.335 0.285
177.4 0.130 0.245 0.356 0.269
184.6 0.125 0.254 0.346 0.275
192.1 0.147 0.256 0.321 0.276
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TABLE AVIII (Cont'd)

time (min) N, N_: N, N
}?Br3 PBr2Cl PBrCl2 PCl3

197.3 0.115 0.260 _ 0.344 0.281
212.4 0.127 0.248 0.366 0.259
227.3 0.122 0.258 0.338 0.282
27 hr 0.095 0.274 0.379 0.253
27 hr 0.091 0.277 0.373 0.258
a _ . - . — .

tl/zPBr3 = 53 min, q’éPBrzcl 48 min, 1:1‘§PB:¢'Cl2 48 min,

tLPCl3 = 45 min. Data obeys first-order kinetics.

2 .

b Sample, prepared by weighing, contained 6.3 M Pcl3 and

4.6 M PBr3.
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TABLE AIX

Kinetic pata® at 33°C for Sample 9b with

N, = 0.39, iN . = 0.61
3 3
time (min) NéBr3 NPBrzcl 4 NéBrClz Npc13
3.8 0.334 0.039 0.042 0.585
12.2 0.319 0.068 0.091 0.522
20.7 0.291 0.091 0.124 0.494
28.5  0.288 0.099 0.161 0.451
36.5 0.268 0.119 0.181 0.431
45.6 0.264 0.137 0.192 0.406
54.5 0.234 0.153 0.218 0.395
63.3 0.226 0.171 0.224 0.379
71.6 0.226 0.171 0.235 0.368
80.2 0.214 0.173 0.250 0.362
90.1 0.210 0.182 0.255 0.353
226.0 0.170 0.218 - 0.304 0.309
235.0 0.149 0.224 0.319 0.308
7.8 hr . 0.130 0.243 0.341 0.287
8.0 hr 0.124 0.244 0.332 0.300
17.6 hr 0.108 0.241 0.350 0.301
17.7 hr 0.112 0.242 0.342  0.304
a t%PBr3 = 50 min, t%PBr2Cl = 40 min, t%PBrCl2 = 38 min,
tléPCl3 = 31 min. Data does not obey first-order kinetics.

b Sample was prepared on a grease-free system.




Kinetic pata® at 60°C for Sample lOb with

TABLE AX
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Wemr, = 0.59, iNPcl3 = 0.41

time(days) NpBr Nppr_c1 Nppre1 Npc1
3 2 2 3

0.0 0.388 0.000 0.000 0.612
0.0 0.414 0.000 0.000 0.586
0.8 0.332 0.032 0.046 0.590
0.8 0.323 0.027 0.043 0.607
1.9 0.303 0.074 0.091 0.532
1.9 0.302 0.065 0.097 0.536
1.9 0.308 0.064 0.095 0.533
3.0 0.304 0.060 0.115 0.521
3.0 0.308 0.060" 0.110 0.522
6.9 0.224 0.148 0.201 0.427
6.9 0.231 0.150 0.211 0.407
10.0 0.177 0.215 0.265 0.344
10.0 0.166 0.216 0.271 0.347
14.0 0.138 0.258 0.299 0.305
14.0 0.131 0.250 0.307 0.312
26.0 0.117 0.282 0.340 0.261
26.0 0.122 0.266 0.332 0.279
42.0 0.106 0.264 0.353 0.278
42.0 0.107 0.263 0.373 0.257
63.0 0.099 0.281 0.351 0.268
63.0 0.097 0.269 0.353 0.282
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TABLE 2X (Cont'd)

time(days) Nobr Noer_c1 Npere1 Npe1
3 2 2 3
150.0 0.104 0.285 0.342 0.269
150.0 0.109 0.281  0.352 0.258
150.0 0.105 0.292 0.349 0.254
150.0 0.103 0.290 0.352 0.255

a — ——
t%PBr3 = 4.9 days, t%PBr2¢l = 5.1 days, t%PBrCl2 = 4.9 days,
tl/PCl3 = 5.0 days. Data obeys first-order kinetics.
2

b Sample was prepared on a grease-free system.
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TABLE AXI

Kinetic Data® at 60°C for sample llb with

iNPBr3 = 0.51, iNPCl3 = 0.49

time (days) NPBr3 NPBrZCl ' NPBrC12 Ni>c13
0.0 0.520 0.000 0.000 0.480
0.0 0.459 0.000 0.000 0.541
0.0 0.483 0.000 \ 0.000 0.518
0.0 0.495 0.000 0.000 0.505
0.8 0.384 0.095 0.098 0.423
0.8 0.377 0.091 0.089 0.443
1.9 0.358 0.158 0.148. 0.336
1.9 0.356 0.161 0.143 0.341
1.9 0.327 0.156 0.156 0.361
1.9 0.334 0.144 0.168 0.354
3.0 0.330 0.189 0.180 0.300
3.0 0.332 0.193 ' 0.173 0.303
6.9 0.238 0.277 0.247 0.238
6.9 0.232 0.274 0.254 0.240
9.9 0.230 0.290 0.254 0.226
9.9 0.215 ~ 0.316 0.257 0.212
14.1 0.207 0.336 0.262 0.195
14.1 0.206 0.326 0.268 0.200
26.0 0.196 0.346 0.271 0.186
26.0 0.197 0.355 0.257 0.191
42.0 0.196 0.332 0.273 0.199

42.0 0.188 0.329 0.271 0.212
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TABLE AXI (Cont'd)

time (days) Nopr Npsr_c1 NpBre1 Npe1
3 2 2 3

63.0 0.203 0.335 0.278 0.183

- 63.0 0.200 0.342 0.272 0.186
150.0 0.194 0.339 0.279 0.189
150.0 0.191 0.343 0.283 0.184
150.0 0.196 0.340 0.281 0.183
150.0 0.197 0.340 0.281 0.181

t%PBr3 = 3.0 days, t%PBr Cl = 3.0 days, t;EPBrCl2 = 3.0 days,

2

= 3.1 days. Data obeys first-order kinetics.

y
o}
0
2]

|

Sample was prepared on a grease-free system.
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TABLE AXIT

Kinetic Délta&1 at 70°C for Sample l2b with

N, = 0.45, iN, . = 0.55°
3 3

time(days) Nppr_ . Nppr_c1 - Neprc1 Npe1
3 2 2 3

0.0 0.400 0.000 0.000 0.600
0.0 0.417 0.000 0.000 0.583
0.0 0.402 0.000 0.000 0.598
0.0 0.400 0.004 0.000 0.596
0.5 0.399 0.034 0.030 0.536
0.5 0.399 0.034 0.030 0.536
1.5 0.379 0.058 0.056 0.507
1.5 0.368 0.059 0.053 0.521
2.5 0.361 0.066 0.078 0.495
2.5 0.365 0.066 0.078 0.490
6.8 0.315 0.121 0.133 0.431
6.8 0.299 0.113 ' 0.146 0.443
9.8 0.287 0.139 0.179 0.395
9.8 0.279 0.138 0.175 0.409
13.7 0.267 0.184 0.223 0.326
13.7 0.259 0.177 0.222 0.342
25.6 0.179 0.244 0.311 0.266
25.6 0.185 0.255 0.307 0.253
41.6 0.124 0.307 , 0.389 0.180
41.6 0.133 0.291 0.362 0.215
62.7 0.130 0.301 0.358 0.211
62.7 0.130 0.300 0.358 0.212
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TABLE AXII (Cont'd)

time (days) Npr Npsr_c1 NpBre1 Npe1
3 2 2 | 3
149.5 0.140 0.315 0.343 0.203
149.5 0.135 0.308 © 0.350 0.207
149.5 0.132 0.289 0.368 0.211
149.5 0.137 0.293 0.356 0.213

t;éPBr3 = 11.0 days, t%PBrzcl = 11.2 days, t;éPBrCl2 = 10.2 days,
t;iPCl3 = 10.2 days. Data obeys first-order kinetics.

b Sample was prepared on a grease~free system.

¢ However, the average value at 0 day yields iN = 0.41,

PC13

lNPBr3 = 0.59.




Kinetic Data® at 70°C for Sample 13° with

TABLE AXIIT
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iNPBr3 = 0.41, iNPCl3 = 0.59°

time (days) Nopr Nppr_c1 Nperc1 Npe1
3 2 3

0.0 0.376 0.000 0.000 0.624
0.0 0.385 0.000 0.000 0.615
0.0 0.386 0.000 0.000 0.614
0.0 0.380 0.000 0.000 0.620
0.5 0.372 0.019 0.007 0.601
0.5 0.368 0.019 0.007 0.605
1.5 0.339 0.028 0.048 0.584
1.5 0.335 0.032 0.048 0.585
2.5 0.341 0.051 0.053 0.555
2.5 0.353 0.049 0.054 0.544
6.7 0.295 0.107 0.136 0.462
6.7 0.303 0.104 0.135 0.458
9.7 0.261 0.116 0.171 0.452
9.7 0.268 0.123 0.169 0.439
13.7 0.234 0.181 0.218 0.367
13.7 0.226 0.169 0.225 0.380
25.1 0.163 0.224 0.318 0.295
25.1 0.179 0.227 0.320 0.274
41.6 0.096 0.290 0.376 0.239
4l.6 0.096 0.285 0.385 0.234
62.7 0.084 0.302 0.377 0.237
62.7 0.088 0.276 0.383 0.254
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TABLE AXIII (Cont‘'d)

time (days) Nppr NoBr_c1 Norre1 Npe1
3 2 2 3

149.5 0.103 0.287 0.363 0.246
149.5 0.092 0.286 ~ 0.370 0.252
149.5 0.097 0.269 0.380 0.255
149.5 0.094 0.279 0.375 0.253

a = =
t%PBr3 = 12.4 days, t%PBrZCl = 10.5 days, t%PBrCl2 10.2 days,

tl/PCl3 = 8.8 days. Data obeys first-order kinetics.
2
Sample was prepared on a grease-free system.

¢ However, the average value at O day yields iNPBr = 0.38,

3

leBr3 = 0.62.
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TABLE AXIV

Kinetic Data® at 35°C for Sample l4b with

iNPBr3 = 0.42, iNéCl3 = 0.58 and 0.0303 mmol H20°
time (min) NPBr3 NPBr2Cl © Nppren ) Npc1 .
2.6 0.379 0.039 0.041 0.541
10.2 0.293 0.089 0.105 0.513
17.0 0.309 0.113 0.146 0.432
24.2 0.253 0.139 0.181 0.427
29.5 0.255 0.149 0.211 0.384
36.9 0.226 0.174 0.238 0.362
43.8 0.220 0.187 0.260 0.333
49.9 0.200 0.197 0.268 0.335
55.7 0.197 0.210 0.283 0.310
63.1 0.169 0.223 0.298 0.310
69.6 0.160 " 0.237 0.307 0.296
76.8 0.144 0.238 : 0.321 0.297
86.8 0.147 0.245 0.332 0.276
94.2 . 0.135 0.251 0.338 0.276
100.7 0.139 0.264 0.341 0.257
108.0 0.133 0.263 0.347 0.257
113.6 0.129 0.258 0.359 0.255
123.3 0.127 0.265 0.355 0.254
7.0 hr 0.109 0.271 0.379 0.240

7.2 hr 0.105 0.276 0.382 0.236
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TABLE AXIV (Cont'd)

time (min) N N_. N N
PBr PBr,C1 PBrCL, PC1,

20.0 hr 0.105 0.293 0.380 0.222

20.2 hr 0.104 0.283 © 0.382 0.231

a . _ . - .
'l:léPBr3 = 33 min, t;EPBrzcl 33 min, t%PBrClZ 32 min,
t;EPCl3 = 33 min. Data obeys first-order kinetics.

b Sample was prepared on a grease~free system.

€ Determined from the volume of its vapour.
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TABLE AXV

Kinetic Data® at 35°C for Sample 15° with

iNPBr3 = 0.41, iNPCl3 = 0.59 and 0.0132 mmol H20°
time (min) NPBr3 NPBrZCl NpBrCl2 NPC13
3.2 0.373 0.028 0.014 0.585
9.6 0.355 0.036 0.021 0.587
15.6 0.345 0.056 0.048 0.551
22.8 0.319 0.067 0.076 0.538
28.7 0.304 0.083 0.089 0.524
35.9 0.300 0.087 0.103 0.510
46.6 0.292 0.099 0.130 0.479
63.0 0.246 0.136 0.158 0.460
78.1 0.238 0.148 0.184 0.430
 93.3 0.210 0.167 0.208 0.415
107.4  0.203 0.183 0.211 0.402
211.8 0.155 0.217 0.286 0.342
222.4 0.163 0.223 . 0.295 0.319
235.0 0.153 0.238 0.298 0.311
251.0 0.150 0.236 0.304 0.310
263.0 0.147 0.240 0.316 0.297
322.7 0.135 0.246 0.321 0.297
333.4 0.129 0.248 0.327 0.296
342.6 0.135 0.245 0.334 0.286
363.2 0.131 0.235 0.334 0.300
427.1 0.117 0.254 0.353 0.277
438.4 0.117 0.244 0.351 0.289

489.1 0.113 0.252 0.351 0.284




TABLE AXV (Cont‘d)
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time (min) Nppr Nepr_c1 Noarcl Npc1
3 2 2 3
498.2 . 0.112 0.253 0.357 0.278
17.7 hr 0.100 0.265 0.359 0.276
17.8 hr 0.099 0.261 0.371 0.269
5.0 days 0.095 0.278 0.385 0.242
5.0 days 0.096 0.277 0.388 0.239
a . _ . _ .
t;éPBr3 = 70 min, t%PBr2Cl = 70 min, t%PBrCl2 84 min,
tléPCI3 = 86 min. Data does not obey first-order kinetics.

Sample was prepared on a grease-free system,

¢ Determined from the volume of its vapour.
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TABLE AXVI

Kinetic Data® at 35°C for Sample 16° with

iNop, = 0.41, &N, = 0.59 and 0.0193 mmol i,0°
3 3

time (min) NPBr3 NPBrzc:L NPBrC12 Ni>c13
3.1 0.364 0.032 0.034 0.569
10.0 0.316 0.081 0.084 0.519
16.8 0.287 0.130 © 0.143 0.441
24.0 0.244 0.152 0.178 0.426
30.8 0.233 0.144 0.215 0.408
37.9 0.209 0.173 0.236 0.382
44.7 0.211 0.175 0.271 0.342
52.0 0.171 0.211 0.288 0.330
58.8 0.173 0.213 0.301 0.313
67.2 0.156 0.216 0.317 0.311
- 77.8 0.153 0.238 0.317 0.292
108.0 0.121 0.252 0.350 0.277
113.7 0.118 0.259 0.365 0.258
124.5 0.117 0.270 0.355 0.258
137.8 0.112 0.276 0.371 0.242
153.1 0.106 0.277 0.372 0.246
226.6 0.106 0.277 0.372 0.246
233.9 0.104 0.273 0.377 0.246
242.7 0.105 0.263 0.385 0.248

253.4 0.106 0.273 0.374 0.247




TABLE AXVI (Cont'd)
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time (min) N, N N
PBr3 PBr2Cl PBrCl2 PCl3
4.2 days - 0.104 0.274 0.376 0.246
4.2 days 0.102 0.276 0.374 0.248
a . R _ .
t;EPBr3 = 27 min, t%PBr2Cl = 29 min, t%PBrCl2 = 26 min,
t,/PCl3 = 26 min. Data obeys first-order kinetics.
2

b Sample was prepared on a grease-free system.

¢ Determined from the volume of its vapour.
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TABLE AXVII

Kinetic Data? at 35°C for sample l7b with

iNPBr3 = 0.38, iNPCl3 = 0.62 and 0.0258 mmol H20°
time(min) NpBr NpBr_c1 NpBre1 Npe1
3 2 2 3
3.1 0.349 0.033 0.059 0.558
9.7 0.263. 0.086 0.136 0.515
15.8 0.244 0.116 0.218 0.423
23.0 0.164 0.168 0.280 0.389
29.7 0.152 0.193 0.322 0.332
37.4 0.1l6 0.209 0.349 0.325
44.8 0.108 0.237 0.368 0.287
53.0 0.098 0.244 0.371 0.283
60.1 0.096 0.238 0.385 0.281
68.5 0.091 0.239 0.386 0.284
74.9 0.090 0.239 0.388 0.282
83.4 0.091 0.254 0.384 0.270
106.0 0.091 0.249 ’ 0.385 0.274
122.9 0.084 0.251 0.3%0 0.275
4.0 days 0.088 0.258 0.388 0.266
4.0 days 0.086 0.250 0.381 0.283
tgPBr3 = 11.5 min, t%PBrzcl = 12.5 min, t%PBrCl2 = 10.5 min,
t;éPCl3 = 11.0 min. Data obeys first-order kinetics.
Sample was prepared on a grease-free system.

c . .
Determined from the volume of its vapour.

I
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TABLE AXVIII
. . a b .
Kinetic Data at 35°C for Sample 18 with

iN = 0.41, iN,,, = 0.59 and 0.0064 mmol H20c

PBr3 P 13

time (min) NpBr Nppr_c1 - Yepraa Npe1
3 2 2 3

2.7 0.407 0.000 0.000 0.593
10.4 0.378 0.019 0.014 0.589
16.8 0.356 0.032 0.028 0.584
24.0 0.355 0.037 0.043 0.565
30.8 0.350 0.041 0.058 0.551
37.8 0.341 0.046 0.058 0.554
4.6 0.332 0.051 0.073 0.545
51.8 0.339 0.063 0.082 0.516
59.7 0.321 0.071. 0.095 0.513
68.2 0.292 0.080 0.098 0.529
77.7 0.297 0.090 0.118 0.495
94.0 0.277 0.105 : 0.136 0.482
109.8 0.282 0.124 0.157 0.436
123.2 - 0.270 0.137 0.159 0.434
240.3 0.218 0.184 0.225 0.373
247.0 0.203 0.184 0.230 0.383
263.7 0.200 0.196 0.244 0.359
288.2 0.189 0.204 0.251 0.356
393.0 0.173 0.214 0.286 0.326
400.0 0.171 0.212 0.291 0.326
458.0 0.167 0.220 0.302 0.311

466.0 0.155 0.217 0.309 0.319
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TABLE AXVIII (Cont'd)

time (min) NPBr3 ' NPBr2C1 NPBrClz N1>013
17.7 hr ©0.122 0.270 0.349 0.259
17.8 hr 0.120 0.262 0.348 0.270
22.9 hr 0.108 0.269 . 0.369 0.254
23.0 hr 0.109 0.268 0.362 0.261
47.0 hr 0.104 0.267 0.371 0.257
47.0 hr 0.109" 0.268 0.377 0.246

a _ R - . _ .
t;éPBr:3 = 132 min, t1,§PBr2Cl = 150 min, t;EPB:t:Cl2 = 162 min,
tl/PCl3 = 156 min. Data does not obey first-order kinetics.

2

‘b

Sample was prepared on a grease-free system.

c - -
. Determined from the volume of its vapour.



TABLE AXIX

Kinetic Data® at 35°C for Sample 19b with

= 0.60 and 0.0130 mmol H_0°
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iN'PBr3 = 0.40, iNPCl3 5
time(min) NpEr Nopr_c1 NpBrc1 Npc1
3 2 2 3
4.8 0.328 0.054 0.069 0.549
12.2 0.292 0.090 0.135 0.483
18.6 0.272 0.115 0.174 0.439
25.2 0.228 0.146 0.211 0.416
31.8 0.202 0.172 0.247 0.380
39.1 0.173 0.200 0.268 0.359
45.9 0.166 0.196 0.298 0.339
53.2 0.153 0.215 0.314 0.319
59.7 0.143 0.209 0.334 0.313
68.6 0.133 0.240 0.339 0.288
77.7 0.118 0.250 0.350 0.283
93.3 0.112 0.255 0.355 0.278
107.7 0.102 0.251 0.375 0.272
122.9 0.099 0.258 0.383 0.260
226.5 0.095 0.258 0.382 0.265
234.3 0.095 0.258 0.377 0.270.
28.6 hr 0.094 0.254 0.385 0.267
28.7 hr 0.097 0.271 0.375 0.257
a t,PBr, = 23 min, t,PBr,Cl = 23 min, t,PBrCl) = 22 min,
t%PC13 = 20 min. Data obeys first-order kinetics.
b Sample was prepared on a grease-free system.

c . .
Determined from the volume of its vapour.



Kinetic Dataa at 35°C for sample 20b with

TABLE AXX

.. 236

iNPBr3 = 0.39, iNPC13 = 0.61 and 0.0193 mmol H,0°

time (in) Nppr NpEr_c1 Npprc1 Noc1
3 2 3
2.8 0.300 0.068 0.101 0.531
S.0 0.234 0.122 0.195 0.451
20.1 0.186. 0.182 0.284 0.347
27.2 0.139 0.200 0.320 0.341
33.7 0.140 0.232 0.337 0.290
40.4 0.121 0.237 0.358 0.284
45.5 0.118 0.240 0.363 0.279
53.1 0.102 0.242 0.378 0.278
59.7 0.101 0.252 0.373 0.273
67.2 0.098 0.255 0.379 0.268
76.8 0.102 0.260 0.378 0.259
84.3 0.093 0.250 0.397 0.259
107.8 0.0%94 0.259 0.391 0.256
116.3 0.093 0.261 0.387 0.259
129.8 0.095 0.268 0.384 0.253
137.1 0.090 0.268 0.379 G.263
13.2 hr 0.089 0.260 0.392 0.259

a £, PBry = 13.5 min, £ PBr,Cl = 13.0 min, & PErCl, = 12.0 min,

t%PC13_= 12.0 min. Data obeys first-order kinetics.
b Sample was prepared on a grease-free system.

c . .
Determined from the volume of its vapour.
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TABLE AXXI

Kinetic Data® at 35°C for Sample 21b with

iNpp. = 0.37, iNp,, = 0.63 and 0.0126 mmol H,0°
3 3

time (min) “emr, NPBr2Cl “pprc, NPC13
2.9 0.335 0.042 0.033 0.589
9.9 0.277 0.064 0.084 0.575
16.8 0.284 0.084 0.117 0.514
25.1 0.236 0.114 0.146 0.504
31.8 0.230 0.125 0.182 0.463
39.1 0.218 0.136 0.195 0.450
45.7 0.189 0.161 0.219 0.431
54.2 0.183 0.167 0.230 0.420
72.3 0.155 0.195 0.277 0.373
79.9 0.147 0.199 0.282 0.373
92.8 0.149 0.205 0.298 0.348
108.4 0.127 0.209 0.310 0.354
122.4 0.125 0.215 0.316 0.344
153.5 0.119 0.226 0.336 0.319
354 days 0.080 0.247 0.381 0.292
354 days 0.078 0.249 0.384 0.289
354 days 0.083 0.248 0.376 0.294
354 days 0.077 0.250 0.381 0.292

a £ PBry = 46 min, £,PBr,Cl = 41 min, t, PBrCl, = 45 min,

t%PCl3 = 42 min. Data obeys first-order kinetics.
b
Sample was prepared on a grease-free system.
c . .
Determined from the volume of its vapour, and allowed to react

for 2 hr with PBr3 prior to addition of PC13.




= 0.39, iN

TABLE AXXTI

0.61 and 0.0126 mmol H_0°

Kinetic Dataa at 35°C for Sample 22b with
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tine (min) NéBr3 NPBrZCl NPBrC12 NPc13
2.6 0.327 0.045 0.113 0.516
10.1 0.234 0.125 0.195 0.446
16.7 0.210 0.163 0.256 0.371
23.9 0.171 0.203 0.281 0.345
31.0 0.154 0.215 0.306 0.325
38.0 0.132 0.227 0.327 0.314
44,7 0.126 0.233 0.336 0.305
53.1 0.118 0.255 0.342 0.285
62.9 0.116 0.261 0.348 0.275
70.8 c.108 0.265 0.356 0.271
82.8 0.097 0.262 0.368 0.274
93.3 0.091 0.267 0.371 0.271
354 days 0.081 0.264 0.387 0.268
354 days 0.080 0.276 0.374 0.270
354 days 0.082 0.258 0.385 0.276
354 days 0.084 0.261 0.385 0.269
a tPBry = 12.5 min, £ PBr,Cl = 13.0 nin, t, PBECL, = 11.0 min,
' t%Pcl = 10.5 min. Data does not obey first-order kinetics.
b Sample was prepared on a grease-free system.

c . .
Determined from the volume of its vapour, and allowed to react

for 2 hr with PBr3 prior to addition of PCl

3"
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TABLE AXXIII

Kinetic Data® at 35°C for Sample 23b with

iN,_ = 0.36, iN,, = 0.64 and 0.0127 mmol H20°
3 3
time (min) NPBr3 NpBr2c1 NPBrCl2 NPC13
3.0 0.336 0.013 0.022 0.629
10.0 0.303 0.041 0.053 0.603
16.8 0.289 0.052 0.072 0.587
24.1 0.281 0.062 0.089 0.563
30.7 0.279 0.071 0.103 0.548
40.2 0.257 0.084 0.122 0.537
47.6 0.257 0.093 0.146 0.504
63.1 0.235 0.110 0.171 0.483
77.6 0.205 0.136 0.200 0.459
93.3 0.183 0.149 0.227 0.441
" 250.6 0.119 0.213 0.334 0.334
258.2 0.115 0.217 0.334 0.334
368.0 0.099 0.221 0.361 0.319
374.0 0.097 0.223 0.364 0.315
354 days 0.076 0.234 0.396 0.295
354 days 0.067 0.222 0.402 0.309
354 days 0.076 0.238 0.398 0.288
354 days 0.076 0.234 0.391 0.300
a t, PBr, = 100 min, £ PBr,Cl = 76 min, t,PECCl, = 96 min,
t;EPCl3 = 82 min. Data obeys first-order kinetics.
b

Sample was prepared on a grease-free system.

¢ Determined from the volume of its vapour, and allowed to react

for 2 hr with PCl3 prior to addition of PBr3.



TABLE AXXIV

Kinetic Data® at 35°C for sample 24b with
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iNPBr3 = 0.35, iN§Cl3 = 0.65 and 0.0124 mmol H20°
time (min) NéBr3 Ni>Br2c1 NPBrC12 NPC13
2.5 0.318 0.026 0.037 0.619
9.0 , 0.283 0.061 0.059 0.597
15.6 0.263 0.086 0.101 0.550
21.7 0.231 0.104 0.134 0.531
28.8 0.218 0.119 0.161 0.502
36.2 0.192 0.131 0.187 0.490
45.1 0.183 0.158 0.219 0.440
52.6 0.150 0.164 0.252 0.434
63.7 0.146 0.191 0.268 0.395
72.7 0.120 0.190 0.292 0.398
80.5 0.119 0.200° 0.297 0.384
354 days 0.070 0.228 0.394 0.308
354 days 0.068 0.230 0.387 0.314
354 days 0.064 0.225 0.392 0.320
354 days 0. 069 0.224 0.392 0.315
a t%PBr3 = 33 min, t%PBrZCl = 29 min, t%PBrCl2 = 38 min,
t,/chl3 = 37 min. Data obeys first-order kinetics.

b Sample was prepared on a grease-free system.

¢ Determined from the volume of its vapour, and allowed to react

for 2 hr with PCl3 prior to addition of PBr3.
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TABLE AXXV

Kinetic Data® at 35°C for sample 25b with

iNPBr3 = 0.38, iNPC13 = 0.62 and 0.00759 mmol H20°

time (min) NPBr3 Npgr ,CL NPBrC12 Npc1 3
3.5 0.332 0.027 0.014 0.627

9.6 0.304 0.050 0.044 0.602
15.7 0.279 0.071 0.084 0.567
28.3 0.253 0.096 0.123 0.528
40.7 0.229 0.120 0.183 0.468
55.1 0.184 0.165 0.232 0.419
62.7 0.177 0.183 0.249 0.392
81.3 0.144 0.191 0.292 0.373
93.3 0.139 0.205 0.309 0.347
110.2 0.123 0.212 0.327 0.338
126.2 0.121 0.219 0.347 0.314
159.1 © 0.102 0.229 0.365 0.305
19.0 hr 0.092 0.243 0.376 0.288
19.1 hr 0.088 0.247 0.371 0.294

a . . .
tléPBr3 = 38 min, t%PBrzcl = 37 min, t%PBrCl2 = 34 min,

t%PCl3

34 min. Data obeys first-order kinetics.

b Sample was prepared on a grease-free system.

¢ Determined from the weight of the cobalt complex.




. .242

TABLE AXXVI

Kinetic Data” at 35°C for Sample 26° with

iNPBr3 = 0.38, iNéc13 = 0.62 and 0.0145 mmol HZOé

time (min) NPBr3 Nppr ,C1 NPBrC12 NPC13
2.5 0.302 0.074 0.108 0.517
8.6 0.165 0.183 0.239 0.412
14.8 0.146 0.208 0.307 0.339
20.8 0.102 0.242 0.341 0.314
26.7 0.096 0.257 0.361 0.286
32.9 0.084 0.256 0.374 0.286
38.5 0.090 0.250 0.376 0.284
46.9 0.080 0.255 0.379 0.286
62.7 0.086 0.249 0.374 0.291

a . . _ .
t%PBrB = 6 min, t%PBrZCI = 6 min, t%PBrCI2 6 min,

t, PC1

3, PCL, 6 min. Data obeys first-order kinetics.

b Sample was prepared on a grease-free system.

¢ Determined from the weight of the cobalt complex.




.-243
TABLE AXXVII
Kinetic Data® at 35°C for Sample 27b with
. _ . - c
1NPBr3 = 0.38, lNPCl3 0.62 and 0.0148 mmol H20
time(min) Nppr NpEr_c1 NpBre1 Npe1

3 2 2 3
3.1 0.342 0.025 0.041 0.592
8.6 0.259 0.085 0.118 0.538
14.7 0.252 0.116 0.181 0.451
20.9 0.202 0.143 0.217 0.439
26.7 0.191 0.153 0.240 0.415
34.3 0.162 0.178 0.265 0.395
42.6 0.157 0.192 0.293 0.358
54.0 0.131 0.204 0.321 0.343
62.6 0.126 0.223 0.342 0.309
78.0 0.103 0.232 0.362 0.303
5.9 hr 0.085 0.246 0.389 0.280
6.0 hr 0.086 0.249 0.389 0.277

a . . .
t%PBr3 = 20.5 min, t%PBrzcl = 20.0 min, t%PBrC12 = 20.8 min,

t;iPCl3

b Sample was prepared on a grease-free system.

20.6 min. Data obeys first-order kinetics.

¢ Determined from the weight of the cobalt complex.
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TABLE AXXVIIT

Kinetic pata® at 35°C for Sample 28b with

iNPBr3 = 0.39, iNPcl3 = 0.61 and 0.0215 mmol H,0°
time (min) NPBr3 NPBrZCl NPBrC12 NPCl3
2.8 0.326 0.051 0.082 0.541
2.9 0.243 0.126 0.167 0.465
15.7 0.205‘ 0.168 0.217 0.411
23.2 0.171 0.188 0.254 0.386
30.0 0.161 0.203 0.288 0.348
36.9 0.145 0.224 0.313 0.319
42.6 0.134 0.225 0.329 0.312
54.1 0.123 0.241 0.342 0.294
62.7 0.104 0.245 0.363 0.288
16.4 hr 0.094 0.265 0.364 0.277
lé.5 hr 0.096 0.263 0.368 0.273
t%PBr3 = 16.7 min, t%PBrZCI = 16.0 min, t;éPBrCl2 = 14.5 min,
t;EPCl3 = 14.7 min. Data obeys first-order kinetics.

b Sample was prepared on a grease—free system.

¢ Determined from the weight of the cobalt complex.




TABLE AXXTIX
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Kinetic Data® at 35°C for sample 29b with

iNo. = 0.39, iN ., = 0.6l and 0.00796 mmol H,0°
3 3

time (min) NPBr3 NpBr ,CL Nppre1 5 N1>c13
2.2 0.317 0.046 0.054 0.583
9.8 0.225 0.139 0.135 0.501
15.3 0.209. 0.145 0.221 0.425
23.1 0.149 0.164 0.253 0.434
39.0 0.135 0.219 0.326 0.320
47.0 0.104 0.231 0.348 0.316
51.6 0.108 0.237 0.350 0.306
59.1 0.034 0.215 0.380 0.311
70.4 0.097 0.238 0.367 0.298
. 78.8 0.089 0.251 0.378 0.282
349.1 0.088 0.257 0.385 0.270
357.5 0.087 0.258 0.382 0.274
335 days 0.090 0.250 0.386 0.275
335 days 0.082 0.253 0.384 0.282
335 days 0.086 0.259 0.390 0.265
335 days 0.085 0.260 0.382 0.274

a £ PBry = 14.0 min, . PBr,Cl = 15.0 min, t,PBrCl, = 14.5 min,

t%PCl3 = 15.0 min. Data obeys first-order kinetics.
b Sample was prepared on a grease~free system.

€ Determined from the weight of the cobalt complex.




TABLE AXXX
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Kinetic Data® at 35°C for Sample 30b with

iNPBr3 = 0.37, iNPCl3 = 0.63 and 0.0147 mmol H20°
time (min) NPBr3 Ni>Br2c1 NPBrCl2 NPC13
2.8 0.277 0.096 0.113 0.515
11.4 0.144 0.174 0.239 0.443
17.8 0.137 0.190 0.300 0.373
25.1 0.105 0.213 0.338 0.344
33.0 0.101 0.217 0.352 0.330
41.1 0.083 0.235 0.367 0.315
334 days 0.072 0.240 0.396 0.291
334 days 0.072 0.240 0.391 0.296
334 days 0.078 0.249 0.394 0.279
334 days 0.071 0.242 0.397 0.290
* t,PBr, = 10.5 min, t,PBr,Cl = 11.0 min, £ PBrCl, = 11.5 min,
t%PCl3 = 12.0 min. Data obeys first-order kinetics.

Sample was prepared on a grease-free system.

¢ Determined from the weight of the cobalt complex.
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TABLE AXXXI

Kinetic Data® at 35°C for Sample 31b with

' iNPBr3 = 0.36, iNPCl3 = 0.64 and 0.0213 mmol H20c

time (min) NPBr3 NPBr2Cl NPBrC12 NPCl3
2.5 0.282 0.048 0.060 0.610

9.1 0.199 0.110 0.148 0.544
14.7 0.205 0.131 0.208 0.456
22.3 0.146 0.171 0.258 0.425
28.6 0.138 0.183 0.302 0.376
35.1 0.108 0.200 0.331 0.360
42.9 0.108 0.219 0.354 0.320
50.0 0.094 0.215 0.363 0.329
56.8 0.090 0.214 0.385 0.311
62.9 0.081 0.232 0.381 0.306
234 days 0.073 0.236 0.395 0.295
234 days 0.074 0.236 0.398 0.292
234 days 0.076 0.234 0.403 0.287
234 days 0.075 0.236 0.401 0.289

a .
tléPBr3 = 14.5 min, t,/zPBr2

t%PCl3 14.0 min. Data obeys first—order kinetics.

Cl = 14.0 min, t%PBrCI2 = 14.5 min,

Sample was prepared on a grease-free system.

€ Determined from the weight of the cobalt complex.



TABLE AXXXIT

Kinetic Data® at 35°C for Sample 32° with
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iNPBr3 = 0.38, iNPCl3 = 0.62 and 0.0148 mmol H20c
time (min) NPBr3 NPBr2c1 NPBrC12 N1>c13
2.3 0.340 0.011 0.009 0.640
9.1 0.325 0.034 0.028 0.613
15.6 0.317 0.047 0.049 0.588
22.9 0.279 0.071 0.084 0.566
38.8 0.266 0.089 0.127 0.519
47.8 0.244 0.101 0.135 0.520
60.1 0.237 0.122 0.153 0.489
72.9 0.202 0.143 0.178 0.477
96.9 0.188 0.159 0.210 0.443
. 195.7 0.147 0.202 0.291 0.360
203.0 0.130 0.200 0.300 0.370
16.6 hr 0.092 0.238 0.373 0.297
16.7 hr 0.090 0.245 0.366 0.299
a &PBry = 75 min, t,PBr,Cl = 67 min, £, PBrCl, = 79 min,

t%PC1 78 min. Data obeys first-order kinetics.

3

b Sample was prepared on a grease-free system.

¢ Determined from the weight of the cobalt complex, and allowed

to react for 2 hr with PCl3 prior to addition of PBr3.




TABLE AXXXIII

Kinetic Dataa at 35°C for sample 33b with
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iNPBr3 = 0.37, iNPCl3 = 0.63 and 0.0145 mmol HZOé

time(min) NPBr3 NpBr ,C1 NpBre1 N1>c13
3.2 0.333 0.017 0.009 0.641
2.9 0.318 0.031 0.037 0.614
15.7 0.306 0.038 0.065 0.590
25.1 0.296 0.044 0.074 0.586
38.7 0.290 0.055 0.100 0.555
47.7 0.274 0.065 0.104 0.557
59.8 0.264 0.076 0.122 0.539
73.0 0.251 0.088 0.136 0.525
107.0 0.226 0.113 0.177 0.484
.122.8 0.210 0.115 0.191 0.484
138.8 0.208 0.127 0.195 0.470
170.9 0.177 0.139 0.246 0.437
187.5 0.182 0.158 0.252 0.408
14.9 hr 0.086 0.245 0.375 0.295
15.0 hr 0.081 0.227 0.379 0.312

® 4 PBr, = 128 min, ¢ PBr,Cl = 132 min, tPBzCl, = 122 min,

t%PCl3 = 128 min. Data obeys first-order kinetics.
b Sample was prepared on a grease-free system.

¢ Determined from the weight of the cobalt complex, and allowed

to react for 2 hr with PCl3 prior to addition of PBr

3.



TABLE AXXXIV

Kinetic Data® at 35°C for Sample 34b with
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iN,. = 0.39, iN,,, = 0.61 and 0.0147 mmol H20°
3 3

time(min) Nppr NpBr_c1 Nprre1 Npe1
3 2 3

3.5 0.324 0.053 0.070 0.553
9.8 0.238 0.106 0.157 0.499
17.5 0.214 0.134 0.232 0.420
23.8 0.182 0.172 0.270 0.377
29.5 0.170 0.170 0.295 0.365
37.5 0.144 0.200 0.311 0.344
59.9 0.114 0.235 0.358 0.294
66.6 0.111 0.238 0.358 0.294
82.3 0.113 0.235 0.365 0.286
. 98.4 0.107 0.238 0.373 0.282
344.3 0.096 0.248 0.379 0.276
363.2 0.0°21 0.254 0.377 0.278
21.8 hr 0.099 0.264 0.377 0.260
21.9 hr 0.096 0.258 0.375 0.271

@ £,PBr;y = 16.0 min, t, PBr,Cl = 17.5 min, t, PBrCl) = 14.7 min,
t!ﬁPCl3 = 16.0 min. Data obeys first-order kinetics.
Sample was prepared on a grease-free system.

€ Determined from the weight of the cobalt complex, and allowed

to react for 2 hr with PBr3 prior to addition of PCl

3.
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TABLE AXXXV

Kinetic Dataa at 35°C for Sample 35b with

iNPBr3 = 0.38, iNPC13 = 0.62 and 0.0144 mmol HZOé

time (nin) NPBr3 NPBrZCl | NPBrCl2 NPC13
2.8 0.310 0.039 0.052 0.599
8.9 0.258 0.091 0.112 0.538
15.7 0.247 0.112 0.170. 0.471
24.6 0.200 0.143 ™ 0.204 0.447
31.6 0.183 0.157 0.231 0.429
40.2 0.158 0.172 0.256 0.413
48.7 0.161 0.184 0.278 0.377
66.7 0.134 0.206 0.302 0.358
91.0 0.119 0.212 0.340 0.329
15.2 hr 0.086 0.249 0.380 0.285
15.3 hr 0.085 0.251 0.386 0.278

a t,PBry = 29.0 min, tPBr,Cl = 29.5 min, t,PBrCl, = 30.5 min,

t!ﬁPCl3 = 31.0 min. Data obeys first-order kinetics.

b Sample was prepared on a grease-free system.

¢ Determined from the weight of the cobalt complex, and allowed

to react for 2 hr with PBr3 prior to addition of PC13.
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APPENDIX B

Appendix B consists of Tables BI to BVI which contain the
equilibrium mole fractions and equilibrium constants for ‘he PCl3—
PBr3 system at 35°C, 37°C, 40.5°C, 50°C, 60°C, and 70°C respectively.

The equilibrium constants are of the form

K = (N )(

PBr.Cl

5 )/(NPBr )(NfCl )

NfBrCl2 3 3
Bach entry in a table corresponds to a different sample. The
equilibrium constants are calculated from mole fractions, which
are given as the average of two or more scans. The range for each
equilibrium constant, which is obtained from the calculation of the

individual scans, is placed in brackets next to the equilibrium

constant calculated from the average mole fractions.



TABLE BT
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Equilibrium Mole Fractions and Equilibrium Constants at 35°C

NPBr3 NPBr2Cl NPBrCl2 NfCl3 Ka

0.092 0.270 0.384 0.254 4.444 (4.25 + 4.62)
0.105 0.288 0.381 0.226 4.622 (4.50 » 4.78)
0.086 0.251 0.389 0.274 4.144 (4.00 > 4.29)
0.096 0.275 0.375 0.254 4.234 (4.06 - 4.31)
0.096 0.277 0.387 0.240 4.652 (4.65 » 4.68)
0.104 0.273 0.376 0.247 4.007 (3.89 > 4.08)
0.087 0.254 0.385 0.274 4.102 (3.91 » 4.27)
0.108 0.268 0.370 0.254 3.614 (3.41 » 3.77)
0.095 0.260 0.380 0.265 3.924 (3.72 > 4.07)
0.092 0.263 0.387 0.258 4.295 (4.19 » 4.42)
0.080 0.248 0.380 0.292 4.034 (3.82 > 4.24)
0.082 0.265 0.382 0.271 4.554 (4.32 > 4.78)
0.076 0.235 0.395 0.294 4.153 (4.01 » 4.33)
0.068 0.227 0.391 0.314 4.164 (4.04 > 4.31)
0.090 0.245 0.374 0.291 3.502 (3.45 > 3.54)
0.085 0.253 0.376 0.587 3.884 (3.68 > 4.22)
0.086 0.247 0.389 0.278 4.022 (4.02 > 4.07)
0.095 0.264 0.366 0.275 3.702 (3.69 = 3.70)
0.091 0.241 0.370 0.298 3.292 (3.25 » 3.33)
0.084 0.236 0.377 0.303 3.502 (3.40 » 3.62)
0.096 0.256 6.377 0.271 3.714 (3.55 +3.87)
0.086 0.250 0.383 0.281 3.962 (3.86 + 4.10)
0.086 0.256 0.385 0.273 4.206 (3.90 + 4.43)
0.074 0.236 0.399 0.2901 4.374 (4.33 » 4.37)
0.073 0.243 0.395 0.289 4.554 (4.40 + 4.65)

a The superscript refers to the number of scans used to obtain

the average mole fractions and equilibrium constant.



Equilibrium Mole Fractions and Equilibrium Constants at 37°C

TABLE BII
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NfBr3 NPBrZCl NPBrCl2 NPCl3 K

0.174 0.305 0.361 0.160 3.952 (3.88 > 4.06)
0.064 0.216 0.388 0.332 3.952 (3.87 + 4.13)
0.296 0.384 0.245 0.075 4.242 (4.04 -+ 4.48)
0.275 0.393 0.238 0.094 3.622 (3.24 - 4.06)
0.286 0.364 0.255 0.095 3.422 (3.08 = 3.76)
0.098 0.257 0.384 0.261 3.822 (3.81 » 3.95)
0.099 0.276 0.389 0.236 4.602 (4.56 - 4.65)
0.093 0.275 0.376 0.256 4.342 (4.32 »+ 4.40)
0.106 0.296 0.378 0.220 4.802 (4.72 » 4.88)

a The superscript refers to the number of scans used to obtain

the average mole fractions and equilibrium constant.



TP;BLE BIIX
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Equilibrium Mole Fractions and Equilibrium Constants at 40.5°C

NéBr3 NPBr2Cl NPBrClz Npc13 K

0.172 0.316 0.346 0.166 3.83° (3.03 + 4.39)
0.064 0.225 0.393 0.318 4.34% (2.10 » 4.54)
0.319 0.378 0.233 0.070 3.94% (3.49 + 4.55)
0.284 0.395 0.234 0.087 3.70% (3.21 + 4.38)
0.259 0.370 0.276 0.095 4.15% (3.91 + 4.28)
0.080 0.262 0.400 0.258 5.08% (5.02 + 5.20)
0.082 0.265 0.391 0.262 4.82°% (4.69 > 5.04)
0.083 0.260 0.399 0.258 4.84% (4.79 + 4.96)
0.216 0.365 0.302 0.117 4.36% (4.09 > 4.67)
0.103 0.274 0.390 0.233 4.45% (4.39 + 4.57)
0.117 0.310 0.369 0.204 4.79% (4.19 » 5.30)

@ The superscript refers to the number of scans used to obtain

the average mole fractions and equilibrium constant.




TABLE BIV
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Equilibrium Mole Fractions and Equilibrium Constants at 50°C

NfBr3 NPBr2Cl NPBrCl2 NPCl3 K

0.261 0.364 0.281 0.094 4.174 (3.80 + 4.52)
0.074 0.253 0.405 0.268 5.172 (5.02 » 5.35)
0.084 0.260 0.390 0.266 4.542 (4.45 + 4.65)
0.205 0.369 0.312 0.114 4.934 (4.27 » 5.75)
0.123 0.310 0.370 0.197 4.732 (4.58 + 4.86)

a . .
The superscript refers to the number of scans used to obtain

the average mole fractions and equilibrium constant.



TABLE BV
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Equilibrium Mole Fractions and Equilibrium Constants at 60°C

NPBr3 NPBrZCl NPBrC12 N1>c13 K

0.105 0.287 0.349 0.259 3.68% (3.51 + 3.87)
C.258 0.371 0.280 0.091 2.42% (2.03 > 4.98)
0.079 0.258 0.396 0.267 4.84% (4.76 + 4.94)
0.077 0.259 0.398 0.266 5.03% (4.91 - 5.23)
0.205 0.380 0.305 0.110 5.14 (5.05 + 5.21)

a . .
The superscript refers to the number of scans used to obtain

the average mole fractions and equilibrium constant.



TABLE BVI
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Equilibrium Mole Fractions and Equilibrium Constants at 70°C

[

NPBr3 NPBr2Cl Ni’BrCl2 NiDCl3 K

0.136 0.301 0.355 0.208 3.782 (3.68 » 3.84)
0.097 G.280 0.372 0.251 4.282 (4.28 + 4.30)
0.250 0.380 0.280 0.090 4.734 (4.06 = 5.54)
0.076 0.274 0.384 0.266 5.202 (5.18 + 5.22)
0.078 0.267 0.399 0.256 5.342 (5.21 +~ 5.47)
0.211 0.384 0.302 0.103 5.342 (5.27 » 5.45)

a The superscript refers to the number of scans used to obtain

the average mole fractions and equilibrium constant.
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APPENDIX C

Appendix C consists of Tables CI to CVI which contain the
concentration-time data for samplés 1 to 6 respectively, for the
kinetics of the CFBPClz-CF3PBr2 system. All concentrations are in
mole fractions. For all the samples the initial mole fractions of
the reactants were calculated from the mole fractions of all the

species at equilibrium, as has been explained in the text. The

half-lives of the reactions were estimated from the concentration

versus time plots.
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TABLE CI

Kinetic Data® at 40°C for Sample 1 with

iNtF3PBr2 = 0.49, iNCF3PCl2 = 0.51

time (min) NCF3PBr2 NCF3PBrc1 NCF3PC1
5.6 0.481 0.048 0.471
12.6 0.462 0.082 0.456
15.6 0.452 0.095 0.452
20.5 0.443 0.117 0.441
25.6 0.433 0.135 0.431
30.6 0.423 0.150 0.427
36.6 0.415 0.168 0.417
42.7 0.408 0.184 0.408
50.9 0.394 © 0.202 0.404
60.9 ' 0.387 0.224 0.389
75.9 0.374 0.246 0.380
90.9  0.362 . 0.266 0.372
106.9 0.353 0.283 0.364
120.9 0.342 0.300 0.357
145.9 0.335 0.316 0.348
168.9 ©0.321 0.335 0.344
181.9 0.320 0.343 0.337
301.9 0.288 0.397 0.315
24.0 hr 0.257 0.459 0.284
48.0 hr 0.255 0.464 ' 0.281

a . . .
t,/ZCF3PBr2 = 64 min, t;iCF3PBrCl = 67 min, t%CF3PClz = 63 min.

Data does not obey either first-order or second-order kinetics.
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TABLE CII

Kinetic Data® at 42°C for Sample 2 with

iNCF3PBr2 = 0.46, iNCF3Pc12 = 0.54
time (min) NCF3PBr 5 NCF3PBrCl NCF3PC1 N
5.9 0.484 0.000 0.516

9.9 0.489 0.002 0.509
15.9 0.484 0.005 0.511
22.9 0.457 0.007 0.536
30.9 0.454 0.008 0.539
45.9 0.450 0.010 0.540
60.9 0.444 0.015 0.540
145.9 ' 0.446 0.031 0.525
278.0 0.442° 0.055 0.504
336.0 0.440 0.065 0.495
416.0 0.442 0.077 0.481
471.0  0.445 0.086 0.469
17.9 hr 0.324 0.288 © 0.388
23.8 hr - 0.274 0.377 0.349
28.3 hr 0.267 0.391 0.341
32.2 hr - 0.264 0.402 ( 0.333
49.9 hr . 0.243 0.436 0.321
49.9 hr 0.240 0.433 0.327
10.1 days 0.231 0.461 0.308
10.1 days 0.231 0.460 ' 0.309

a
t%CF PBr, = 8.0 hr, t%CF

3 2 PBxCl = 14.2 hr, t;iCF3PCl2 = 12.7 hr.

3

Data does not obey first-order kinetics.
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TABLE CITI

Kinetic Data® at 42°C for sample 3 with

iNCF3PBr2 = 0.47, iNCF3PC12 = 0.53
time (min) NCF3PBr 2 NCFBPBrCl NCF3PC1 .
5.9 0.473 0.010 . 0.517

9.9 0.467 0.020 0.514
14.9 0.456 0.030 0.514
20.9 0.451 0.045 0.504
26.9 0.443 0.055 0.503

. 35.9 0.435 0.082 0.484
45.9 0.420 0.104 0.476
60.9 0.401 0.150 0.449
198.9 0.304 . 0.343 0.353
255.9 0.287 0.375 0.338
326.9 0.275 0.399 0.326
390.9 ©0.273 0.409 0.318
16.7 hr 0.247 0.448 0.305
23.5 hr 0.247 0.448 0.304
27.9 hr 0.247 0.457 0.297
27.9 hr 0.247 0.455 0.298
30.8 hr _ 0.252 0.453 0.29
48.7 hr 0.246 0.452 0.302
48.7 hr 0.248 0.447 0.305
10.2 days 0.248 0.451 ' 0.302
10.2 days 0.245 0.457 0.298

a . . _ .
t,/ZCF3PBr2 = 105 min, t%CF3PBrC1 = 103 min, t%CF3PCl2 = 104 min.

Data obeys both first-order and second~-order kinetics.
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TABLE CIV

Kinetic D'ataa at 42°C for sample 4 with

iNCF3PBr2 = 0.48, iNCF3Pc12 = 0.52
time (br) Ner_pBr Ner_pBrc1 Ner_pe1
3002 3 3

0.1 0.489 0.000 0.511
0.2 0.487 0.000 0.513
0.4 0.487 0.000 0.513
0.5 0.484 0.000 0.516
1.6 0.478 0.013 0.509
" 4.5 0.467 0.027 0.506
11.3 0.450 0.059 0.491
11.3 0.449 0.059 0.493
17.9 0.429 0.097 0.474
17.9 0.433 0.096 . 0.471
25.8 0.400 0.144 0.457
25.8 0.405 0.143 0.451
36.0 0.385 0.189 0.426
36.0 0.385 0.189 0.427
43.2 0.371 0.213 0.416
43.2 0.369 0.210 0.420
49.8 0.359 0.238 0.404
49.8 0.355 0.240 0.406
59.8 0.343 0.262 0.395
59.8 0.342 0.264 ' 0.394
67.5 0.333 0.282 0.386
67.5 0.330 0.285 0.385
74.8 1 0.330 0.291 0.379
74.8 0.330 0.291 0.379




TABLE CIV (Cont'd)
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Data does not obey first-order kinetics.

time (hr) NCF3PBr2 : NCF3PBrCl CF,PCl,
83.7 0.320 0.310 0.370
83.7 0.319 0.308 0.373
91.4 0.313 0.320 0.367
91.4 0.313 0.321 0.366
98.1 0.311 0.324 0.364
98.1 0.309 0.326 0.364
107.8 0.305 0.332 0.363
107.8 0.306 0.333 0.360
115.4 0.302 0.350 0.348
115.4 0.300 0.348 0.352
122.7 0.301 0.350 0.350
122.7 0.302 0.348 0.350
140.1 0.294 0.367 0.340
140.1 0.296 0.366 0.339
156.4 0.288 0.378 0.334
156.4 0.289 0.376 0.335
356.5 0.263 0.429 0.308
356.5 0.259 0.428 0.313
21.7 days 0.264 0.431 0.305
 21.7 days 0.266 0.429 0.305
21.7 days 0.266 0.426 0.308
31.0 days 0.262 0.425 0.312
31.0 days 0.262 0.422 0.316
31.0 days 0.261 0.428 0.311
a £, CF,PBr, = 40 hr, t,CF PBrCl = 43 hr, £, CF PCl, = 47 hr.
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TABLE CV

Kinetic Data® at 42°C for Sample 5 with

iNCF3PBr2 = 0.48, iNCF3PC12 = 0.52

time (hr) NCF3PBr2 NCF3PBrCl NCFBPCl .
0.1 0.496 0.000 0.504
0.2 0.494 0.000 0.506
0.3 0.477 0.000 0.523
0.5 0.475 0.000 0.525
1.8 0.477 0.008 0.515
2.0 0.474 0.013 0.514
3.9 0.475 0.020 0.505
11.9 0.450 0.063 0.488
11.9 0.451 ~ 0.062 0.487
18.5 0.428 0.094 0.478
18.5 0.433 0.095 0.472
25.4  0.408 0.135 0.456
25.4 ’ 0.412 0.135 0.454
35.1 0.393 0.168 0.440
35.1 0.395 0.168 0.437
42.7 - 0.381 0.193 0.426
42.7 ~ 0.383 0.193 0.424
49.5 0.378 0.203 0.418
49.5 0.376 0.204 0.420
59.3 0.369 0.223 ' 0.408

59.3 0.367 0.223 0.410
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TABLE CV (Cont'd)

time(hr) NCF3PBr 5 ' NCF3 PBrCl Nc:»?31>c1
66.9 0.358 0.240 0.402
66.9 0.356 0.241 0.403
74.3 0.357 0.252 0.391
74.3 0.355 0.254 0.392
83.2 0.348 0.258 0.394
83.2 0.342 0.263 0.395
90.0 0.337 0.279 0.385
90.0 0.339 0.274 0.387
197.8 0.330 0.284 0.380
97.8 0.337 0.282 0.381
107.3 0.327 0.294 0.379
107.3 0.325 0.299 0.378
115.0 0.327 0.302 0.371
115.0 0.324 0.300 0.376
122.3 © 0.321 0.313 0.366
S . 122.3 0.322 0.312 0.365
"139.6 . 0.318 0.324 0.357
139.6 0.315 10.326 0.359
156.1 10.304 0.342 0.354
156.1 0.309 0.342 0.349
156.1 0.311 0.340 0.349
14.8 days 0.263 0.422 0.315
14.8 days 0.272 0.415 : 0.313

14.8 days 0.269 0.422 0.309




TABLE CV (Cont'd)
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time (hr) Ner_par Ner_perc1 Ner_pc1
3 3 3770

21.7 days 0.271 0.422 0.307
21.7 days 0.268 0.418 0.313
21.7 days b.269 0.419 0.312
31.0 days 0.261 0.434 0.305
31.0 days 0.262 0.428 0.310
31.0 days 0.259 0.428 0.314

t,CF3PBr) = 44 hr, ¢ CF PBXCL = 51 hr, t,CF,PCL, = 50 hr.

Data does not obey first-order kinetics.




Kinetic pata® at 42°C for Sample 6 with

TABLE CVI
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iNCFBPBr2 = 0.49, iNCF3PClz = 0.51

time (min) NCF3PBr2 NCF3PBrCl NCF3PC12
8.0 0.284 0.462 0.255

12.0 0.281 0.466 0.252
15.0 0.277 0.462 0.261
20.7 days 0.267 0.454 0.279
20.7 days 0.266 0.456 0.278
20.7 days 0.268 0.455 0.277
30.0 days 0.263 0.459 0.278
30.0 days 0.262 0.456 0.282
0.269 0.448 0.283

30.0 days

a t% for all species is a few minutes.
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APPENDIX D

Appendix D consists of Tables DI and DII which contain the
equilibrium mole fractions and equilibrium constants for the

Ccr PClz-CF

3 PBr2 system from 25°C to 60°C. The equilibrium constants

3

are of the form

XK= (N 2 )

) /(N ) (N
CF,PC1Br CF,PBr, ' CF PCl,

All the equilibrium constants in Table DI pertain to one sample,
whereas every entry in Table DII corresponds to a different sample.
The equilibrium constants are calculated from mole fractions which
afe given as the average of two or more scans. The range for each
equilibrium constant, which is obtained from the calculation of the
individual scans, is placed in brackets next to the equilibrium

constant calculated from the average mole fractions.



TABLE DI

Equilibrium Mole Fractions and Equilibrium Constants

at Various Temperatures
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NCF3PBr2 NCF3PBrCl NCF3PCl2 K T(°C)
0.232 0.448 0.320 2.70 (2.58 + 2.79) 25.0
0.232 0.451 0.317 2.77 (2.76 » 2.79) 30.0
0.228 0.455 0.317 2.84 (2.83 » 2.85) 40.0
0.223 0.469 0.308 3.20 (3.17 » 3.29) 40.0
0.227 0.459 0.314 2.96 (2.89 » 3.03) 40.0
0.227 0.453 0.320 2.83 (2.76 + 2.92) 40.0

-0.231 0.456 0.313 2.88 (2.84 + 2.90) 50.0
0.225 0.450 0.325 2.77 (2.70 » 2.85) 50.0
0.227 0.453 0.320 2.83 (2.77 + 3.08) 50.0
0.230 0.461 0.309 2.98 (2.91 » 3.06) 60.0
0.228 0.457 0.315 2.91 (2.90 » 2.96) 60.0
0.232 0.447 0.321 2.68 (2.54 » 2.79) 60.0
0.256 0.462 0.282 2.96 (2.89 + 3.00) 40.0%

a Different sample from the rest of the table.
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TABLE DITI

Equilibrium Mole Fractions and Equilibrium Constants at 42°C

N N N K
CF3PBr2 CF3PBrCl CF3PC12
0.247 0.450 0.303 2.71 (2.64 » 2.74)
0.246 0.454 0.300 2.79 (2.72 + 2.86)
0.231 0.461 0.308 2.99 (2.96 > 2,99)
0.267 0.455 0.278 2.7% (2.77 » 2.82)

0.265 0.454 0.281 2.77 (2.64 » 2.88)
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APPENDIX E

Appendix E consists of Tables EI to EVI which contain the data
for the variation of l/T2 with temperature for 31P in PBr3, PBr2Cl,
PBrClz, and PC13. The data for Tables EI to EIV were collected for a
sample in which all the species were presént at their equilibrium
concentrations. A sample containing just PBr3 and PCl3 was used to
obtain the data in Tables EV and EVI. The experimental values of
l/T2 are compared to the values obtained from a least-squares fit

of the data. The equations to which the data were fitted are given

in footnotes to the tables.
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TABLE EI

, ) . a
Variation of l/T2 with Temperature for 31P in PBr3

T(°C) 20%/m(exh (1/T5) Gpsa (l/T2)calcdb (1/T2)calcdc
80.0 2.83 19.00 18.53 17.78
69.2 2.92 18.05 17.03 16.48
59.8 3.00 16.20 15.82 15.43
50.3 3.09 14.90 14.60 14.35
39.5 3.20 13.20 13.29 13.17
30.7 3.29 11.60 12.34 12.31
19.0 3.42 10.80 11.14 : 11.20
.11.0 3.52 10.13 10.34 10.45

0.0 3.66 9.07 9.38 9.53

- 9.6 3.80 7.97 8.57 8.74

- 20.1 3.95 7.20. 7.84 8.02

- 31.0 4.13 7.27 7.13 7.30

- 35.4 4.21 7.70 6.86 . 7.02

- 40.2 4.30 6.40 ' 6.59 6.74

- 45.3 4.39 7.33 6.35 6.48

- 50.8 4.50 5.97 6.09 6.20

- 56.0 4.60 6.60 5.88 5.97

- 59.4 4.67 5.93 5.75 5.83

- 65.8 4.83 5.93 5.49 5.53

- 69.8 4.92 5.27 5.36 5.39

- 74.8 5.05 5.23 5.20 5.20

- 80.4 5.19 4.97 5.06 5.03

- 85.0 5.32 4.77 4.95 4.90

- 90.4 5.48 4.67 4.83 4.75

- 94.9 5.61 5.10 4.75 4.65
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TABLE EI (Cont'd)

3 -1 b c
(-] (-]
T(°C) 107/T(°K ) (l/TZ)obsd (1/T2)calcd (l/TZ)calcd
- 98.8 5.74 4.17 4.68 4.56
-106.0 5.99 4.70 ' 4.58 4.43

a For a sample containing a mixture of PBr3, PBrzcl, PBrCl2 and

PCl3; values of l/T2 in sec-l.

b From a least-squares fit of the data to the equation

l/T2 = l/T2 + Aexp(-EA/RT).

o
¢ From a least-squares fit of the data to the equation

1/T2 = 1/T2 +.AexP(-2.183x103/T).

(o]
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TABLE EII

Variation of 1/'1"2 with Temperature for 31P in PBr2Cla

2(°C) 20t amy (1/7) 1ea
80.0 2.83 52.5 51.78
69.2 2.92 46.90 47.23
59.8 3.00 42.60 43.55
50.3 3.09 40.05 39.80
39.5 3.20 35.55 35.69
30.7 3.29 32.75 32.69
19.0 3.42 29.10 28.85
-11.0 3.52 26.37 26.26
0.0 3.66 22.43 23.09
- 9.6 3.80 20.50 20.38
- 20.1 3.95 , 17.67 17.91
- 31.0 4.13 15.90 15.44
- 35.4 4.21 15.03 14.50
- 40.2  4.30 " 13.63 13.53
- 45.3 4.39 13.07 12.66
- 50.8 4.50 11.33 11.71
- 56.0 4.60 11.03 10.94
- 59.4 . 4.67 10.33 10.45
- 65.8 4.83 9.70 9.46
- 69.8 4.92 8.67 . 8.98
- 74.8 5.05 . 8.60 8.36
- 8.04 5.19 7.73 ' 7.79
- 85.0 5.32 7.00 7.34
- 90.4 5.48 6.67 6.87

- 94.9 5.61 - 6.73 6.54
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TABLE EII (Cont'd)

3 -1 b
-] L]

T(°C) 107/T(°k ) . (l/Tz)obsd (l/Tz)calcd
- 98.8 5.74 6.07 6.25
-106.0 5.99 "6.17 5.81

? For a sample containing a mixture of PBr3, PBrzcl, PBrCl2 and

PCly; values of 1/T, in sec L.

b From a least-squares fit of the data to the equation

l/T2 = l/‘I‘20 + Aexp(—EA/RT).
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TABLE EITI

Variation of l/Té with Temperature for 31P in PBrC12a

T(°C) : 103/T(°K—1) (l/TZ)obsd (l/TZ)calcdb (l/TZ)calcdc
80.0 2.83 98.70 100.79 102.61
69.2 2.92 90.20 92.00 93.35
59.8 ' 3.00 80.80 84.85 85.86
50.3 3.09 80.1 77.51 78.19
39.5 3.20 70.50 69.42 69.79
30.7 3.29 63.70 63.47 63.63
19.0 3.42 57.30 55.82 55.75

©11.0 3.52 51.30 50.60 50.40

0.0 3.66 44.55 44.17 43.85

- 9.6 3.80 38.10 38.61 38.23

- 20.1 3.95 34.00 33.51 33.09

- 31.0 4.13 29.50 28.36 27.96

- 35.4 4.21 26.55 26.37 25.98

- 40.2 4.30 25.55 ' 24.31 23.95

- 45.3 4.39 22.90 22.45 22.12

- 50.8 4.50 19.90 20.40 20.11

- 56.0 4.60 18.55 18.73 18.48

- 59.4 4.67 16.90 17.66 17.44

- 65.8 4.83 15.50 15.50 15.35

- 69.8 4.92 13.70 14.43 14.33

- 74.8 5.05 13.60 13.06 13.02

- 80.4 5.19 11.80 11.78 11.80

- 85.0 5.32 10.30 10.75 10.83

- 90.4 5.48 9.80 9.66 9.81

- 94.9 5.61 9.25 8.90 9.10
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TABLE EIII (Cont'd)

3 -1 b

° ° )

T(°C) 10°/T(°K ™) (1/7)) obsa (/7)) catca (L/T)) calca
- 98.8 " 5.74 7.60 8.24 8.49
-106.0 5.99 7.80 ' 7.19 7.53

2 For a sample containing a mixture of PBr3, PBr2Cl, PBr012 and

PCl3; values of 1/‘1’2 in sec—l.

b From a least-squares fit of the data to the equation
l/T2 = 1/T2

. c [e]
From a least-squares fit of the data to the equation

+ Aexp (-EA/ RT) .

/T

5 4.5 + Aexp(—EA/RT).
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TABLE EIV

Variation of l/'I"2 with Temperature for 3113 in Pcl3a

1 b

T(°0) 10°/2¢%h) (1/75) obsa /) catca (1/7) ateq
80.0 2.83 148.80 159.49 167.39
69.2 2.92 147.80 146.65 152.66
59.8 3.00 138.30 136.12 140.69
50.3 3.09 119.70" 125.17 128.37
3e.5 3.20 111.80 112.99 114.82
30.7 3.29 107.20 103.92 104.84
19.0 3.42 95.00 92.09 92.00
11.0 3.52 84.20 83.93 83.25

0.0 3.66 75.00 , 73.71 72.46

- 9.6 3.80 68.60 64.75 63.14

- 20.1 3.95 57.30 56.36 54.57

- 31.0 4.13 49.80 47.74 45.92

- 35.4 4.21 44.90 44.36 42,57

- 40.2 4.30 42.90 : 40.84 39.13

- 45.3 4.39 37.50 37.60 36.00

- 50.8 - 4.50 32.70 . 34.00 32.55

- 56.0 4.60 31.10 31.03 29.75

- 59.4 4.67 27.90 29.12 27.95

- 65.8 4.83 25.70 25.18 24.32

- 69.8 4.92 22.40 23.21 22.52

- 74.8 5.05 20.50 20.65 20.22

- 80.4 5.19 18.20 18.21 18.06

- 85.0 5.32 15.50 16.22 16.33

- 90.4 5.48 14.30 14.08 14.49

- 94.9 5.61 13.00 12.56 13.21




TABLE EIV (Cont'd)
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3 -1 b c
-] o
T(°C) 10°/T(°k ) - (l/TZ)obsd (1/T2)calcd (l/TZ)calcd
- 98.8 5.74 10.30 11.22 12.10
-106.0 5.99 9.90 9.05 10.34

a For a sample containing a mixture of PBr3, PBr2Cl, PBrCl2 and

Pcl3; values of l/T2 in sec—l.

From

l/T2

c
From

1/‘1'2

a least-squares fit of the data to the equation

= 1/T

20 + Aexp(—EA/RT).

a least-squares fit of the data to the equation

4.5 + Aexp(-EA/RT).
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TABLE EV

Variation of 1/‘1‘2 with Temperature for 31P in PBr3a

T(°0) 10°/2(°K) (1/73) opsa (l/Tz)éalcdb (/7)) atca
79.6 2.84 16.70  17.51 16.32
69.2 2.92 17.00 16.18 15.31
59.8 3.00 15.05 14.99 14.38
50.3 3.09 14.15 13.80 13.43
39.5 3.20 12.60 12,53 12.39
30.7 3.29 11.50 11.63 11.63
19.0 3.42 10.73 10.51 10.65
11.0 3.52 9.50 9.77 9.99

0.0 3.66 8.80 8.90 9.18

- 9.6 3.80 8.00 8.17 8.48

- 20.1 3.95 7.47 7.54 7.84

- 31.0 4.13 6.77 6.94 7.21

- 36.4 4.23 7.00 6.66 6.91

- 40.2 4.30 6.40 - 6.49 6.72

- 44.7 4.38 6.70 6.31 6.51

- 50.8 4.50 6.03 6.08 6.24

- 56.4 4.62 6.10 5.88 6.00

- 59.4 4.67 5.70 5.81 5.91

- 66.4 4.84 5.20 5.59 5.63

- 69.8 4.92 5.87 5.51 5.52

- 85.4 5.33 5.20 5.20 5.08

- 90.5 5.48 5.00 5.12 - 4.96

- 95.0 5.62 5.20 5.06 4.87
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TABLE EV (Cont'd)

3 -1 b c
-] (-}
T(°C) 10°/T(°x ) (l/mz)obsd (l/TZ)calcd (l/TZ)calcd
- 99,9 5.78 4.90 5.01 4,78
-106.8 6.02 5.00 ' 4.95 4.67
2 For a sample containing only PBr3 and PC13; values of l/T2 in sec—l.

b From a least-squares fit of the data to the equation

1/T2 = l/T20 + Aexp(—EA/RT).

¢ From a least-squares fit of the data to the equation

5 + Aexp(—2.183x103/T).
o

l/T2 = 1/T
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TABLE EVI

Variation of 1/‘i‘2 with Temperature for 3lP in PC13a

T(°0 103/T(°K_l) (l/TZ)obsd (l/TZ)calcdb (l/TZ)calcdc
79.6 2.84 158.70 169.51 175.14
69.2 2.92 158.50 157.14 161.57
59.8 3.00 146.10 145.68 149.07
50.3 3.09 133.70 133.80 136.20
39.5 3.20 121.00 120.61 122.02
30.7 3.29 110.30 110.80 111.55
19.0 3.42 99.60 98.05 98.06
'11.0 3.52 93.40 89.27 88.85

0.0 3.66 75.80 78.30 77.46

- 9.6 3.80 72.00 68.72 67.61

- 20.1 3.95 61.80 - 59.78 58.53

- 31.0 4.13 51.50 50.62 49.33

- 36.4 4.23 49.00 46.17 44.92

- 40.2 4.30 44.40 ' 43.31 42.09

- 44.7 4.38 39.40 40.26 39.10

- 50.8 4.50 35.40 36.10 35.06

- 56.4 4.62 31.40 32.39 31.49

- 59.4 4.67 30.20 30.97 30.12

- 66.4 4.84 26.70 26.61 25.98

- 69.8 4.92 23.90 ; 24.80 24.28

- 85.4 5.33 17.30 - 17.39 17.43

- 90.5 5.48 15.20 15.33 15.60

- 95.0 5.62 13.70 13.65 14,08
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3 -1 b c
[-] [
T(°C) 10°/T(°K 7) (1/T2)obsd (l/Tz)calcd (l/TZ)calcd
- 99.9 5.78 11.80 11.99 12.61
-106.8 6.02 10.30 9.94 10.83

a For a sample containing only PBr

From

/T

2

(o]
From

l/T2

3
a least-squares fit of the data to the equation
+ Aexp(-EA/RT).

o
a least-squares fit of the data to the equation

4.5 + Aexp(—EA/RT).

and PC13; values of l/T2 in sec~l.
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APPENDIX F

Appendix F consists of Tables FI to FVI which contain the data.
for the variation of l/Tl with temperature for 31P in PBr3, PBrZCl,
PBrC12, and PC13. The data for Tables FI to FIV were collected for
a sample in which all the species were presgnt at their equilibrium
concentrations. A sample containing just PBr3 and PCl3 was used to
obtain the data in Tables FV and FVI. The experimental values of l/Tl
are compared to the values obtained from a least-squares fit of the

data. The equations to which the data were fitted are given in foot-

notes to the tables.
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TABLE FI

Variation of l/T1 with Temperature for 31P in PBr3a

T(°C) lOS/T(oK—l) (l/Tl)obsd (l/Tl)calcdb (l/Tl)calcdc
80.0 2.83 0.259 0.258 0.279
70.1 2.91 0.221 0.242 0.257
59.8 3.00 0.237 0.226 0.235
50.3 3.09 0.201 0.211 0.215
40.3 3.19 0.199 0.195 0.195
30.4 3.30 0.182 0.180 0.176
19.9 3.41 0.168 0.166 0.160
110.2 3.53 0.165 ‘ 0.153 0.145

0.3 3.66 0.147 0.141 0.132

- 10.6 3.81 0.129 0.129 0.120

- 20.2 3.96 0.137 . 0.119 0.111

- 30.4 4.12 0.117 0.112 0.106

- 35.4 4.21 0.985 0.109 0.104

- 39.6 4.28 0.107 ' 0.107 .0.103

- 45.3 4.39 0.977 0.105 0.104

- 50.3 - 4.49 0.101 0.105 0.105

- 50.4 4.49 0.106 0.105 0.105

- 56.0 4.61 0.102 0.107 0.109

- 59.7 4.69 0.122 0.109 0.112

- 59.8 4.69 0.102 0.109 0.112

- 60.3 4.70 0.114 0.110 0.113

- 65.8 4.83 0.117 0.116 0.121

- 59.5 4.91 0.132 0.121 0.127

- 70.3 4.93 0.113 0.123 0.128

- 70.5 4.94 0.119 0.124 0.129
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TABLE FI (Cont'd)

T 10°/7(°x™) WU onsa M emca VT oare”
- 74.8 5.05 0.125 0.134 0.140
- 75.0 5.05 0.136 0.134 0.140
- 80.2 5.19 0.170 0.151 0.156
- 80.3 5.19 0.158 0.151 0.156
- 80.4 5.19 0.142 0.151 0.156
- 80.6 5.20 0.161 0.153 0.158
- 84.5 5.31 0.209 0.170 0.173
- 85.0 5.32 0.7.64 0.172 0.175
- 88.9 5.43 0.214 0.194 - 0.194
- 89.9 5.46 0.219 ' 0.201 0.199
- 90.4 5.48 0.185 0.206 0.203
- 9.04 5.48 0.210 0.206 0.203
- 91.0 5.49 0.196 0.209 0.205
- 94.9 5.61 0.241 0.242 0.230
- 94.9 5.61 0.275 , 0.242 0.230
- 98.8 5.74 0.278 0.286 0.263
-102.0 5.81 0.287 0.314 0.282

2 For a sample containing a mixture of PBr_, PBrZCl, PBrCl2 and

3

PC13; values of l/T1 in sec-l.
b From a least-squares fit of the data to the equation

l/T1 = Bexp(EB/RT) + Cexp(-EC/RT).

€ From a least-squares fit of the data to the equation

l/Tl = Bexp(EB/RT) + Cexp(-EB/RT).
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TABLE FII

Variation of l/Tl with Temperature for 3lP in PBr2Cla

T(*C) lOB/T(oK-l) (l/Tl obsd (l/Tl)calcdb (l/Tl)calcdc
80.0 2.83 0.321 0.311 0.319
70.1 2.91 0.284 0.289 0.294
59.8 3.00 0.263 0.266 0.270
50.3 3.09 0.236 0.245 0.247
40.3 3.19 0.220 0.225 0.225
30.4 3.30 0.199 0.205 0.204
19.9 3.41 0.191 0.187 0.185
10.2 3.53 0.181 0.170 . 0.168

0.3 3.66 ©0.163 0.155 0.152

~ 10.6 3.81 0.143 0.140 0.138

- 19.5 3.94 0.139 0.130 0.128

- 20.2 3.96 0.121 0.129 0.127

- 29.1 4.10 0.142 0.121 0.120

- 30.2 4.12 0.142 0.120 . 0.119

- 30.4 4.12 0.114 0.120 0.119

- 35.4 4.20 | 0.990 0.117 0.116

- 39.6 4.28 0.107 0.115 0.114

- 45.3 4.39 0.102 0.113 0.113

- 50.0 4.4g 0.125 0.113 0.113

- 50.3 4.49 0.124 0.113 0.114

~ 50.4 4.49 0.107 0.113 0.114

- 51.0 4.50 0.120 0.113 0.114

~ 59.7 4.69 0.114 0.117 0.118

- 59.8 4.69 0.129 0.117 0.118

- 60.3 4.70 0.112 0.117 0.119




TABLE FII (Cont'd)
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T(°C) lOB/T(oK-l) (l/Tl)obsd (l/Tl)calcdb (l/Tl)calcdc
- 69.5 4.91 0.128 0.128 0.129
- 70.3 4,93 0.146 0.129 0.131
- 70.5 4.94 0.118 0.130 0.132
- 75.0 5.05 0.157 0.139 0.146
- 80.2 5.19 0.130 0.153 0.154
- 80.3 5.19 - 0.134 0.153 0.154
- 80.4 5.19 0.178 0.153 0.154
- 80.6 5.20 0.138 0.154 0.156
- 84.5 5.31 0.227 0.168 0.169
- 88.9 5.43 0.170 0.187 0.187
- 89.9 5.46 0.232 0.192 0.192
- 920.1 5.47 0.246 0.194 0.193
- 90.4 5.48 0.256 0.196 0.195
- 91.0 5.49 0.172 0.198 0.197
- 94,9 5.61 0.250 0.222 0.219
- 98.8 5.74 0.206 0.254 0.248
-100.9 5.81 0.298 0.273 0.265

a For a sagéle containing a mixture ofAPBr3, PBrZCl, PBrClz, and

PCl_;

From

/T

[
From

/7

3

1

1

values of l/Tl in sec-l.

a least-squares fit of the data to the equation

= Bexp(EB/RT) + Cexp(-EC/RT).

least-squares fit of the data to the equation

Bexp(EB/RT) + Cexp(-EB/RT).
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TABLE FIIT

1
Variation of l/Tl with Temperature for ~~P in PBrC12a

0 10°/7(K) (1773 obsa /) area (/T area
80.0 2.83 0.306 0.314 0.325
70.1 2.91 0.323 0.292 0.300
59.8 3.00 0.256 0.269 0.274
50.3 3.09 0.242 0.248 0.251
40.3 3.19 0.214 0.227 0.228
30.4 3.300 0.213 0.206 0.205
19.9 3.41 0.194 0.188 0.186
10.2 3.53 0.169 0.170 0.167

0.3 3.66 0.163 0.153 0.150

- 10.6 3.81 0.131 0.137 0.134

- 19.5 3.94 0.122 0.125 0.122

- 20.1 3.95 0.127 0.124 0.122

- 20.2 3.9 0.126 0.124 0.121

- 29.1 4.10 0.123 0.114 0.112

- 30.2 4.12 0.116 0.112 0.111

- 30.4 4.12 0.113 0.112 0.111

- 35.4 4.21 0.106 0.108 0.106

- 39.6 4.28 0.107 0.104 0.103

- 45.3 4.39 0.0903 0.101 0.100

- 50.0 4.48 0.105 0.984 0.0987

- 50.3 . 4.49 0.100 0.0982 0.0986

- 50.4 4.49 0.0949 0.0982 0.0986

- 51.0 4.50 0.0957 0.0980 0.0985

- 59.7 4.69 0.0956 0.0969 0.0985

- 59.8 - 4.69 - 0.0998 0.0969 0.0985




291

TABLE FIII (Cont'q)

T(°C) 10%/2(°K™) (/7)) opsa (l/Tl)calcdb (/T arca
- 60.3 4.70 0.0918 0.0270 0.0986
- 69.5 4.91 0.112 0.101 0.104
- 70.3 4.93 0.104 0.102 - 0.104
- 70.5 4.94 0.0902 0.102 0.105
- 75.0 5.05 0.108 0.107 0.110
- 80.3 5.19 0.127 0.116 0.118
- 80.6 5.20 0.113 5.117 0.119
- 84.5 5.31 0.150 0.126 0.128
- 89.9 5.46 0.141 0.143 0.142
- 90.1 5.47 0.123 0.144 0.143
- 90.4 5.48 0.164 0.146 0.144
- 91.0 5.49 0.143 0.147 0.146
- 94.9 5.61 0.191 0.165 0.161
-100.9 5.81 0.191 0.203 0.191

2 For a sample containing a mixture of PBr3, PBr2Cl, PBrCl2 and
PC13; values of l/'I'1 in secfl.
b From a least-squares fit of the data to the equation

i/T. = Bexp(EB/RT) + Cexp(—EC/RT).

1
€ From a least-squares fit of the data to the equation

/T

1 Bexp(EB/RT) + Cexp(-EB/RT).
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TABLE FIV

Variation of 1/Tl with Temperature for 31P in PC13a

T(°C) 103/T(°K_l) (l/Tl)obsd (1/Tl)calcdb (l/Tl)calcdc
80.0 2.83 0.432 0.406 0.399
70.1 2.91 0.350 0.372 0.367
59.8 3.00 0.383 0.338 0.335
50.3 3.09 0.287 0.308 0.306
40.3 3.19 0.278 0.277 0.276
30.4 3.30 0.239 0.247 0.247
19.9 3.41 0.226 0.220 0.221
10.2 3.53 0.189 0.195 . 0.19

0.3 3.66 0.174 ©0.171 0.173

- 10.6 3.81 0.138 0.148 0.150

- 19.5 3.94 0.121 0.131 0.133

- 20.1 3.95 0.132 0.130 0.132

- 20.2 3.9 0.140 0.129 0.130

- 29.1 4.10 0.129 0.114 0.115

- 30.2 4.12 0.130 0.112 0.113

~ 30.4 4.12 0.115 0.112 0.1i13

- 35.4 4.21 0.0987 0.104 0.105

- 39.6 4.28 0.0920 0.0984 0.0989

- 45.3 4.39 0.0896 0.0906 | 0.0908

- 50.0 4.48 0.0833 0.0851 0.0851

- 50.3 4.48 0.0814 0.0845 0.0845

- 50.4 4.48 0.0814 0.0845 0.0845

- 51.0 4.50 0.0894 0.0840 0.0839

- 56.0 4.61 ~0.0790 0.0784 0.0782

- 59.7 4.69 - 0.0744 0.0750 0.0746
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Pc13; values of l/Tl in sec_l.

From

l/‘I'l

c
From

l/Tl

a

least-squares fit of the data to the equation

Bexp(EB/RT) + Cexp(-Ec/RT).

a least-squares fit of the data to the equation

Bexp(EB/RT) + Cexp(—EB/RT).

T(°C) 103/T(°K-1) (l/Tl)obsd (l/Tl)calcdb (l/Tl)calcdc
- 59.8 4.69 0.0770 0.0750 0.0746
- 60.3 4.70 0.0781 0.0746 0.0742
- 65.8 4.83 0.0631 0.0702 0.0696
- 69.5 4,91 0.0734 0.0681 0.0674
- 70.3 4,93 0.0739 0.0676 0.0669
- 70.5 4.94 0.0758 0.0674 0.0667
- 74.8 5.05 0.0571 0.0654 0.0647
- 75.0 5.05 0.0623 0.0654 0.0647
- 80.2 5.19 0.0602 0.0639 0.0634
- 80.3 5.19 0.0694 0.0639 0.0634
- 80.4 5.19 0.0770 0.0639 0.0634
-~ 80.6 5.20 0.0664 0.0638 0.0634
- 84.5 5.31 0.0661 0.0634 0.0633
- 85,0 5.32 0.0536 0.0634 0.0634
- 88.9 5.43 0.0567 0.0638 0.0643
- 89.9 5.46 0.0722 0.0640 0.0647
= 90.1 5.47 0.0710 0.0641 0.0648
- 90.4 5.48 0.0817 0.0642 0.0650
- 91.0 5.49 0.0566 0.0642 0.0651
a For a sample containing a mixture of PBr3, PBr2Cl, PBrCl2 and
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TABLE FV
Variation of 1/Tl with Temperature for 31P in PBr3a

T(°C) 10% /0o (1/T) ) oa (L/7) 1o db (/) 1o
8§0.5 2.82 0.310 0.349 0.368
80.0 2.83 0.405 0.346 0.365
71.2 2.91 0.300 0.323 0.336
70.1 2.91 0.333 0.323 0.336
59.8 3.00 0.322 0.298 0.306
59.4 3.01 0.264 0.29%6 0.303
50.2 3.09 0.264 0.276 0.280
50.3 3.09 0.284 0.276 0.280
40.8 3.19 0.240 0.254 0.254
40.3 3.19 0.266 0.254 0.254
30.8 3.29 0.233 0.233 - 0.230
30.4 3.30 0.264 0.231 0.228
138.9 3.41 0.201 0.211 0.206
19.5 3.42 0.221 0.210 0.204
9.9 3.53 0.222 0.192 0.186
1.3 3.65 0.178 0.175 0.168
0.3 3.66 0.185 0.174 0.167
- 10.4 3.81 0.165 0.156 0.149
- 10.6 3.81 0.146 0.156 0f149
- 19.5 3.94 0.138 0.143 0.137
- 19.9 3.95 0.152 0.142 0.137
- 20.1 3.95 0.149 0.142 0.137
- 21.7 3.98 0.136 0.140 0.134
- 29.2 4.10 0.142 0.131 0.127
- 30.1 4.12 0.129 0.126

0.129
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TABLE FV (Cont'd)

T(°C) 10°/7(°x %) /7)), (/7)o s (L/T) aea
- 30.2 4.12 0.131 0.129 0.126
- 30.2 4.12 0.128 ©0.129 © 0.126
- 36.0 4.22 0.109 0.123 0.121
- 39.7 4.29 0.115 0.120 0.119
- 39.7 4.29 0.121 0.120 0.119
- 40.0 4.29 0.121 0.120 0.119
- 44.7 4.38 0.109 0.117 0.117
- 49.7 4.48 0.123 0.115 0.116
- 50.5 4.49 0.123 0.115 0.116
- 50.8 4.50 0.111 0.115 0.116
- 53.0 4.55 0.107 0.114 0.116
- 56.4 4.62 0.110 0.114 0.117
- 59.5 4.69 0.115 0.115 0.119
- 60.2 4.70 0.119 0.115 0.119
- 61.5 4.73 0.115 , 0.116 0.120
- 66.4 4.84 0.120 0.120 0.125
- 69.0 4.90 0.112 0.123 0.128
- 69.4 4.91 0.114 0.123 0.129
- 70.3 4.93 0.144 0.125 0.130
- 71.4 4.9 0.140 0.127 0.132
- 75.4 5.06 0.119 0.135 0.140
- 76.5 5.09 0.142 0.137 0.142
- 80.5 5.19 0.179 0.149 . 0.152
- 80.7 5.20 0.132 0.150 0.153
- 80.7 5.20 0.162 0.150 0.153

- 84.2 5.30 0.217 0.164 0.165
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TABLE FV (Cont'd)

T(°C) 10°/7(°K ) (1/71) opsa (l/Tl)calcdb (/) area
- 89.9 5.46 0.187 0.194 0.189
- 90.4 5.48 0.180 0.198 0.192
- 90.5 5.48 0.251 0.198 0.192
- 95.0 5.62 0.206 0.233 0.218
- 95.0 5.62 0.272 0.233 0.218
- 99.9 5.78 0.266 0.286 '0.253

a For a sample containing only PBr3 and PC13; values of l/Tl in sec-l.
b From a least-squares fit of the data to the equation

l/Tl = Bexp(EB/RT) + Cexp(—Ec/RT).
¢ From a least-squares fit of the data to the equation

l/Tl = Bexp(EB/RT) + Cexp(—EB/RT).
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TABLE FVI

Variation of l/Tl with Temperature for 31P in l>Cl3a

T 10°/2(% 7 177 obsa /7)) rea /) catea
80.0 2.83 0.391 0.403 0.414
70.1 2.91 0.415 0.374 0.382
59.8 3.00 0.332 0.344 0.349
50.3 3.09 0.320 0.316 0.320
40.3 3.19 0.295 0.288 0.290
30.4 3.30 0.251 0.260 0.260
19.9 3.41 0.227 0.235 0.234
10.2 3.53 0.207 0.210 0.208

0.3 3.66 0.204 0.186 0.184

- 10.6 3.81 0.155 0.162 0.160

- 19.5 3.94 0.156 0.144 0.142

- 19.9 3.95 0.139 0.143 0.140

- 20.1 3.95 0.137 0.143 0.140

- 29.2 4.10 0.122 ©0.125 0.123

- 30.2 4.12 0.118 0.123 0.121

- 40.0 . 4.29 0.110 0.106 0.105

- 44.7 4.38 0.0952 0.0982 0.0972

- 49.7 4.48 0.114" 0.0905 0.0901

- 50.5 4.49 0.0928 0.0898 0.0894

- 50.8 4.50 0.0861 0.0891 0.0888

- 56.4 4.62 0.0788 0.0813 0.0816

- 61.5 4.73 0.0762 0.0752 0.0760

- 66.4 4.84 0.0686 0.0702 0.0714

- 70.3 4.93 0.0684 0.0668 0.0683

~ 71.4 4.96 0.0628 0.0658 0.0674
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TABLE FVI (Cont'd)

T(°C) 10°/2¢°K) (1/71) opsa (1/Tl)calcdb /T area
- 74.8 5.05 0.0571 0.0634 0.0650
- 76.5 5.09 0.0628 ' 0.0626 0.0641
- 79.8 5.18 0.0637 0.0613 0.0625
- 80.7 . 5.20 0.0655 0.0611 0.0622
- 80.7 5.20 0.0700 0.0611 0.0622
- 84.2 5.30 0.0590 0.0607 0.0611
- 85.4 5.33 0.0553 0.0609 0.0609
- 89.9 5.46 0.0813 0.0626 0.0607
- 90.4 5.48 0.0762 0.0630 0.0607
- 90.5 5.48 0.0515 0.0630 0.0607

® For a sample containing only PBr3 and PC13; values of l/Tl in sec .

b From a least-squares fit of the data to the equation

/T = Bexp(EB/RT) + Cexp(-E./RT).
¢ From a least-squares fit of the data to the equation

i/T

1 = BeXp(E,/RT) + Cexp(-E_/RT).



