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ABSTRACT

Small free radlicals trapped in solid argon, krypton
and carbon tetrachloride at l1.2°K have been studied using
electron spin resonance (ESR).

An attempt was made to determine whether the methylene
radicel, produced by the photolysis of diazomethane and
ketene trapped in the solid matrix, has a triplet ground
state. No signal definitely attributable to the methylene
radical was observed. It is postuiated that the zero field
splitting due to the spin-spin coupling of the unpaired
electrons broadened any ESR signal beyond detectability.

The ESR signal of trapped methyl radicals was observed in
some experiments, and it 1s suggested that they were formed
by abstraction of hydrogen atoms from another deposited
material by methylene radicals. An experiment in which
diszomethane was photolysed in the presence of Dp0 in an
argon matrix at l.29K yielded an ESR signal which may
possibly have been due to the CHpD radical.

An investigstion has been carried out of the
populations of the rotational levels of methyl radicals
produced by the photolysis of trapped methyl iodide and
dimethyl mercury at L.2°K. For thermal equilibrium freely
rotating radicals should populate only the ground state at
this temperature, but it was found that the lowest two levels

were both populated. It is suggested that elther there was
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not thermal equilibrium, or, more likely, the methyl radicals
were undergoing hindered rotation.

Room temperature equilibrium mixtures of NgFu - NFs
were trapped in the three matrices at h.2OK, and ESR
absorption due to the trapped NF, radicals was observed.
Three lines were observed at this temperature, with the
centre one of greater amplitude and smaller line width than the
outer two. During warmup the amplitudes and wigfhs of these
lines became approximately equal and two further triplets
appeared, symmetrically distributed about the centre line.
From the warmup spectra the 1lsotropic hyperfine splitting
constants for fluorine and nitrogen have been deduced to be
168 and U8 mc./sec. respectively. It is suggested that the
radicals underwent slow isotropic rotation at ’.EOK. The
degree of s-character of the molecular orbital containing tie
unpaired electron is discussed in the light of the isotropic
hyperfine splitting constants. An unsuccessful attempt to
find hyperfine and rotational structure in the ESR signal of
the NFp radical in the gas phase was carried out.

The ‘photolysis of CrF3I in krypton and carbon
tetrachloride matrices at h.2OK vielded a very complicated
ESR spectrum. A phase reversal of some of the lineg was
observed. A broad single line was observed when CF3I 1n
carbon tetrachloride was irradiated at 77°K. At the time of
writing no definite interpretation of the spectra can be

suggested,
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CHAPTER ONE.

GENERAL INTRODUCTION

1-1 Free Radicals at Low Temperatures.

Study of any chemical entity requires that there be present
a sufficient quantity of that substance to give an observable
signal on interaction with an appropriate megsuring apparatus.
For the case of a reactive species, of which most free radicals
are excellent examples, obtaining such a quantity is often a
major problem. It is usually solved either by producing the
species in such large numbers that they may be studied before
reacting (as in flash photolysis), or by preventing them from
contacting anything with which they may react (as in matrix
isolation).

In the experiments discussed in this thesis the latter
method, matrix isolation, 1is used for study of small free radicals.
The radicals are prevented from reacting by trapping them in a
matrix of solid inert gas or another inert material., Rigidity
of the matrix is necessary for effective trapping of the radicals,
since a non-rigid metrix allows them to diffuse and hence
recombine. Rigidity is achieved by reducing thermal motion of
the atoms or molecules of the matrix matérial almost to zero
with some coolant such as ligquid nitrogen (b.p.77°K) or liquid
helium (b.p.u.ZoK); the refrigerant used will depend on the
nature of the mafrix. Studies by Pimentel and others (1) have
shown that for effective trapping the temperature must-be below
about forty percent of the melting point of the matrix, and as
liquid helium achieves this purpose adeqguately for the matrices

used predominantly here (solid argon and krypton) it has been
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used as the refrigerant.

Of the various methods used for studying trapped free
radicals, electron spin resonance (ESR) is one of the most
useful. In the first place, since the presence of an unpaired
electron is necessary for ESR detection a trapped substance
can be identified as a radical rather than a molecule with a
closed shell. The nature of any coupling of the unpaired spin
with other angular momenta (orbital momentum, nuclear spins,
rotational motion) reveals much about the nature of the radical
and its environment. Also, ESR can detect as few as 1012 radicals,
an advantage of immense importance in studying species difficult
to produce. The major disadvantage of ESR 1s the complexity
and cost of the apparatus, but if this can be overcome the
technique 1is excellent.

The work described in this thesls is rather similar to that
carried out by the ESR group at the Johns Hopkins University
(2)-(12). They obtain free radicals-by depositing a mixtureof
matrix gas and decomposition products of a microwave discharge
or ultraviolet irradiation on a sapphire needle at A.BOK, or by
irradiating a solid deposit of reagent and matrix with ﬁltraviolet
light., These workers have studied a number of species, including
hydrogen (2)(6)(7)(8) and nitrogen (l)(5) atoms, amino (3) and
alkyl (9) radicals as well as HCO (10), CN (12) and NO,, (11),
and have done much work interpfetiﬁg their broberties when
trapped. The work described in this thesis extends the studies

to various other radicals, whose ESR spectra are interpreted .in



a similar fashion.

1-2 Basic Principles of Electron Spin Resonance

Electron spin resonance studies consist essentially of
placing free radicals in a magnetic field and investigating
transitions between Zeeman levels of any non compensated

electron angular momenta. The Hamiltonlan for such levels is:
- qRH.T
ﬂ‘" 96 (1)
where 3 = electronic g - factor; ¢= Bohr magneton; H =
magnetic field;]~=1j;§:total anguiar momentum operator of the
electrons; L = orbital angular momentum operator; § = spin

—

angular momentum operator. In most free radicals L = O so that

%| is written:
#, - gpH-S 2

In this case 32: 2 . In a strong magnetic field, which is usually
the case in an ESR experiment, S 1is quantized along H , so
that if {-(?, is treated as a first order perturbation of the

electronic potential and kinetic energies 1its energy levels are:
\/\/| = Ms S@Ho (3)

where ns: projection of the electron spin in the direction of

H ; Ho = the magnitude of the magnetic field. If S8 , the

quantum number of the total spin, is %, equation (3) becomes:

W, =il5_3@H, ()
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The magnetic dipole selection rule Afﬂftlallows transitions

between the levels at energies of:
A9 = gfH, (5)

where;&==Planck's constant;'0= frequency. In actual fact

these equations‘are applicable only when thé radicals are in
fairly rapia isotropic motion, for the g-factor has directional
properties, and should be written as a tensor. Thus, equation

(2) should read:

#, =pHG-S (6)

where G is the g-factor tensor. S is nevertheless quantized

in the field direction, so that equation (5) should be:

A= BH, (Tu- G- Tw) (7)

where THis a unit vector in the field direction. However,
when the radicals are in isotropic motion the g-factor term
is constant for all sample orientations and equation (5) is

applicable.

-

The following additional Hamiltonian, due to magnetic inter-

actions of the nuclei in the radical, is superimposed on fﬁp

%2=Z(§'aj°fj +X3F\'Ij) (8)
J

where 13 is the nuclear spin operator of nucleus j. The first
term, due to the spin-spin interaction of the unpaired electron
and nucleus j, is called the hyperfine (hf) interaction, and Z&

is called the hf interaction tensor. The éecond term is the
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nuclear Zeeman energy which (as in this case) is often small
enough to be neglected. ‘ii}is the nuclear moment of nucleus J.
The hyperfine interaction is written as a tensor because, like
the g~-factor, it has directional properties, Nevertheless 3&

may be subdivided into two parts:

v—

('ij z AJu t+ EJ (9)

where L 1s the unit dyadic. Equatlon (8) m

%, =7 (ATET + 55 T)
J (10)
Z(ASX + SBL)

Ajand BJare glven by the follow1ng.

q. p ¥ S,(;J')

may be rewritten:

it

1

Aj

3.Fﬁjﬁ
j _3P )’J 433 - s (12)

]

(11)

!

@l
]

where £ is the length of &, , the vector between nucleus j

and the electron; 5(;3)=Dirac delta function. It will be
noted that Ajhas no directional properties and ié thus called
the isotropic hf constant. Also 5(5? requires thatrAj=0unless
there igs a finite probability of finding the electron at
nucleus j, i.e. unless the orbital containing the unpaired
electron has some s-character at nucleus j. Eﬁ , which is
traceless, does have directional character and is called the
anisotropic hf interaction tensor.

Let us assume that the g-factor is isotropic and work in
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a molecule - fixed coordinate system whose axes xXyz are coincident
=

with the principal axes of Bj. The hyperfine interaction super-

imposes an extra splitting on the electron Zeeman splitting,

making the energy levels (13):

W = \A/' + \"/&f
My gBH. +2 M0 A 2ABBa-)}Clid® 0
*‘B (3cos 6+ ) ZC(A B)mn”@(c«:sz sm’X)}

where (MI) is the progectlon of IJ on the magnetic field;
e)+are spherical polar coordinates of the z-axis with
respect to the external field; X represents the orientation
of the molecule about the z-axis; if B_jx: BJ] ,Bjy are the three

-

principal values of B , then:
B~ By = -3 (B +Byy)

| (14)
¢; = 7 (B~ Byy) o

BJ is called the anisotropic hf splitting constant. Note that
for axial symmetry B',ﬁ BJ‘yand Cj’O, and equation (13)

becomes:

(

/
W= M gH, + Z M, M) 52 ABBes0-1)+B3204)] a5
In the frequently found case of lA ‘»,B\ this becomes:

W = MgqBH. +J§ M { A ByBare-]  a

For spherical symmetry (including the case when the radicals are

rotating at a frequency Q»%B.J_ ) (1), the anisotropic part
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averages to zero, making the energy levels:
W= M, ¢BH, +JZ A MM, )

Transitions occur according to the selection rules&M#|,

A (\V\I)J-:Oat energies of:

AD = gpH, +JZAJ-(MI)J- 8)

-—

These are shown schematically in Figure 1 for the casetﬁ?S= %313

(the quantum number of the total spin of nucleus j) = 3. The
equations show that the shift due to Bﬁvaries with the orientation
of the radical in the magnetic field. If one is studying a

sample containing randomly oriented radicals the main effect

—
—

of IBJ is often to broaden the lines due to the isotropic hf
interaction, sometimes changing their shape (16)(10), and
other times making them undetectable. ’

The ESR transitions observed in these experiments involve
the absorption of microwave power. The power absorbed 1is
proportional to the population difference between the lower
(Pﬂs:—éaand upper@ﬂs=éﬂlevels. Such a difference 1s usually
found, since very often the spin system 1is in thermal equilibrium
with its surroundings, and the populations of the levels follow
a -Boltzmann distribution. This distribution is maintained, even
wheh microwave power is absorbed, by a mechanism (called spin-
lattice relaxation) which depopulates the excited level fast
enough to retain thermal equilibrium. Sometimes, however, the

spin-lattice relaxation rate cannot keep up with the power

absorption, so that the population difference, and hence the
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power.absorbed, decreases. A watch has to be kept for this
phenomenon, called power saturation, especially at low
temperatures, for it may wreak havoc with ESR measurements,

broadening the absorption lines out of proportion.
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CHAPTER TWO

GENERAL EXPERIMENTAL METHODS

2=1 Description of the Electron Spin Reéonance Spectrometer

The X-band spectrometer, which was designed in this
laboratory, uses a Varian V-153 klystron as a microwave source.
Energy from the klystron enters a magic tee bridge connected
on one side to a microwave cavity resonating in the TEO12 mode
'and on the other to a resistive load; a silicon diode detector
is connected to the thi?d arm. With the detector as an indicator
the klystron cavity sige and reflector voltage are adjusted until
power absorbed in the cavity is balanced by that absorbed in the
resistive load. Finally, by setting up a slight inbalance with
an attenuator in the resistive lcad arm a bias current of ¢g.l100
microamperes is passed through the detector to increase the
signal~-to-noise ratio. The klystron frequency is locked to that
of the cavity by an autoﬁatic frequency control (AFC) with a
carrier channel of 10 kec./sec. Further attenuators in the
waveguide system, one between the klystron and the magic tee,
and the other between the magic tee and the cavity, allow the
microwave power to the cavity to be reduced to one milliwatt
and below. In the microwatt range the AFC works only with
difficulty, éo the resistive load can be replaced by another
cavity towhich the AFC can be connected ét a high power level
while the cavity containing the sample is operated at a low
power level. Thesmicrowave frequency 1ls medsured with a Hewlett
Packard 52l/525/5l0 frequency counter, and the microwave power

is monitored with a thermistor and a Hewlett Packard 430 power

meter.
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The magnetic field is produced by a Varian six-inch electro-
magnet with a 2.5 inch pole gap, and fitted with ring shim pole
caps. It is measured with a proton resonance magnetometer.

The latter consists of a 3 mm. probe coil contalning glycerol,
which is inserted into the magnet gap beside the cavity, and is
connected to a marginal oscillator which is frequency modulated
at 20 cycles/sec. The proton resonance signal is displayed on
an oscilloscope and a signal generator loosely coupled to the
oscillator is tuned to zero beat; the frequency of the generator
is then measured with the counter. The magnetic field is
modulated at OO cycles/sec. orl20 cycles/sec. with a pair of
auxiliary coils mounted round the cavity and signals are recorded
as first derivatives of magnetic susceptibility vs. magnetic
field. The very high signal-to-noise ratio in the spectrometer
is due to the use of narrow band amplification technigues.

Block diagrams of the detection and AFC systems are in
Figures 2 and 3.

2=2 The Liguid Helium Dewar System

The iiquid helium dewar is based on the design of Duerig
and Mador (16), and is shown in cross section in Figure l. The
centre container holds the liquid hellum and 1s shielded by

71078 m. Hg

liquid nitrogen; the vacuum envelope is pumped to 10~
with an oil diffusion pump and a rotary oil pump, and the pressﬁre
in the system is measured with an NRC type 507 ionization gauge.
The microwave cavity is attached diféctly to the liquid helium

container, and in its centre is an 0.15 inch sapphire rod on

which gaseous samples are condensed. In order to minimize
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evaporation of liquid helium due to entry of heat from external
sources the cavity is connected to the external circuitry by a
length of Type 30l stainless steel waveguide having a wall
thickness of 0.01 inch. In the end wall of the cavity have
been milled horizontal slots to allow irradistion of the sample
in situ; the slots are 0.3 mm. wide and allow 50% of the incident
radiation to enter the cavity. A hole in the boftom of the cavity
permits insertion of a 1/16 in. outside diameter, 0.005 in. wall
thickness stainless steel capillary through which the gaseous
samples enter,

The following procedure was used to fill the dewar with
liquid helium. At least one, and preferably three or more
hours before the helium transfer the radiation shield was filled
with liquid nitrogen. Then the liquid helium was siphoned from
a storage dewar through a 3/16 in. outside diameter, 0.010 in.
wall thickness stainless steel transfer tube enclosed in a vacuum
jacket. The pressure on the liquid helium in the storage dewar
was about % pound/Square inch above atmospheric during a transfer
operation. Helium was liquefied in an adjacent Collins cryostat
and gas evolved from the dewar was recovered for further use.
Only by trial and error, and then from experience, could the
operator decide when the dewar was full; indications of the
dewar's being empty were such things as cessation of motion of
the gés holder in the helium recovery system and an increase in
the pressure in the vacuum system., It is hoped that a depth

indicator using a superconducting tantalum wire, which is now
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in the process of being constructed, will eliminate the guesswork
in handling the lquid helium.

2=3 Production of Trapped Radicals

Vacuum techniques were used in handling samples. The
following procedure was used in preparing gas mixtures. An
evacuated, blackened three litre bulb was filled to an appropriate
pressure (usually 1-5 mm. Hg) with a reagent gas (R) from which
all air had been previously removed. Enough matrix gas (M) was
then added to make up the desired mole ratio (M/R). If possible
the sample was left to stand for a few days to allow mixing of
the reagent and matrix. In many cases, however, this could not
be done, and mixing was often promoted by warming the bottom of
the bulb.,

Two lamps were used to irradiate the samples. These were
a Genefal Electric A-H6 1000 watt mercury arc lamp and a General
Electric HB85A3/UV 85 watt mercury arc lamp; both were water
cooled. Radiation from the lamp was focussed on the sapphire
rod by a palr of quartz lenses set in a brass holder. The holder
was constructed in such a way that the space between the lenses
could be filled with water as a filter for any infrared radiation
from the lamp. Filling with water was necessary when using the
A-HH6 lamp as otherwise the heat caused the liquid helium to boil
off rather rapidly. Use of the water filter was not necessary
for the H 85A3/UV lamp. Photolyses were carried out on the solid
deposits using the full arc of the lamp; attempts to increase the
efficiency of radical production by irradiating during deposition

had little effect.
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The course of action in an ESR experiment was as follows.,
After the appropriate lamp had been focussed on the sapphire rod
and the dewar had been filled with liquid helium, the sample
was passed from the bulb, through a flow regulator at a setting
found by trial-and-error to give the most efficient rate of
deposition, and thence onto the cooled sapphire rod via the
stainless steel capillary. The sample was added either until
the deposit could be seen (by looking through the waveguide)
to be 1-2mm. thick (as in the case of experiments requiring
photolysis) or until a fairly large signal was found (as in
the experiments involving NO2 and NFE)' When deposition was
complete the lamp and microwave system were turned on, the
frequency was measured, the microwave power was set at an
appropriate level and the desired magnetic field region was
scanned in search of an ESR signal.

The above was the general technique used in studying
solid samples at u.2OK. Special treatments were often necessary,
depending on the sample and experiment, and are described in

the sections discussing the individual radicals.
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CHAPTER THREE

THE METHYLENE RADICAL

3-1 Introduction

Throughout the past decade much interest has been centred
about the methylene radical (CH2)° In the main the cause of
such interest has been its two non—bénded electrons, and much
work has been done to try to determine what happens to them
in various conditions. Chiefly, however, most consideration
has been given to the ground state and the decision as to whether
it is a singlet or a triplet.

Theoretical predictions of the nature of various states
of methylene have been as diverse as the number of papers
involved, and have depended on the assumptions and treatments
used and on the detail of the calculation. For example, Foster
and B oys (17) used a variation method employing configuration
interaction and predicted the ground state to be 3Bl’ with an
H-C-H bond angle of 1290. On the other hand Leunard-Jones (18),
continuing some work of Mulliken (19), drew some corrélation
diagrams between isoelectronic species using molecular orbital
theory and decided that the ground state of methylene should be
lAl . Walsh (20) went further, drawing correlation diagrams for
various species at different configurations, and although he
decided that the ground state of methylene should be lAl he
pointed out that if the molecule were linear it would be 32:; .
Jordan and Longuet-Higgins (él), using a modified valence bond

approach, and Pedley (22), from heat of formation considerations,

have recently concluded that the ground state should be the
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linear triplet. From these examples the diversity of the
predictions is'apparent.

Experimental findings seem more and more to favour the
triplet as the ground state, although the evidence is indirect.
In the photolysis of diazomethane in the presence of cis-2-butene
Woodworth et al. (23) found stereospecific addition of methylene
to the olefin to form cis-1,2-dimethylcyclopropane. Such
stereospecificity would be expected, they point out, if the
methyiene were in a singlet state because conservation of spin
would facilitate direct addition to the double bond. Addition
of triplet methylene would have a diradical as an intermediate
which would have a sufficient lifetime to permit loss of the
stereospecificity as well as formation of 3-methyl-l-butene. Anet
et al. (24) and Frey (25) did in fact find the latter phenomenon
when the experiment was done in high pressures of inert gas and
concluded that methylene, originally formed in the singlet state,
had been degraded to a triplet ground state.

Attempts to trap methylene and perform ultraviolet and
infrared studies on it have always ylelded complicated spectra.
Pimentel et al. (26)(27)(28) have made numerous infrared studies
on the trapped photolysis products of diazomethane, and have
based arguments concerning trapped methylene on the presence of
absorptions whose disappearance on warmup coincided with the
formation of ethylene. The most recent papers on such investigat-
ions, by Goldfarb and Pimentel (28) and by Robinson and McCarty
(29), present complex and often conflicting results in infrared

and ultraviolet studies of the phenomenon.. The presence of
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tautomers of diazomethane and extra photolysls products such as

CH was probably the cause of the complication. Robinson and
McCarty found some absorptions near 3200Ao which they thought
might have had as a lower state 3Zg' methylene, but in view

of the evidence of Herzberg (30) this assignment appears

doubtful. In all, previous work on trapped methylene has been
highly inconclusive, for slight changes in experimental conditions
seem to have far reaching effects.

In gas phase spectroscopic studles of the flash photolysis
of diazomethane Herzberg et al. (30)(31) have found the most
suggestive evidence for triplet ﬁetﬁylehe. The experiments,
done in a high pressure of inert gas, revealed features in the
vacuum ultraviolet which could be due to linear methylene
(C-H bond distance l.OBX). He also found features in the
visible whose lower state was bent (lAl), but because a/greater
pressure of inert gas was required to pfoduce the features in
the ultraviolet he suggested that the lower state of this
transition ( 3[;) was the ground state.

In the experiments described here an attempt was made to

investigate the photolysis products of ketene (CH_CO) and

2
diazomethane (CH2N2) trapped at A.EOK,in solid argon and krypton.
Ketene was tried first because of thé dangerous properties of
diazomethane even though earlier studies by Pimentel (32) of the
photolysis in situ had revealed no decomposition, presumably
because CH_ and CO had recombined in the mabtrix cage. Diazomethane

has the advantage that CH2 does not react with the other photo-

lysis product, N2 , and thus the cage has little effect, once
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fragmentation has occurred. It was hoped that a triplet state
for trapped methylene could be found by ESR. In view of the
low temperature to be used and the number of collisions that
methylene could undergo in the solid it 1is likely that any
triplet state found would be the ground state.

The experiments are described in the following sections.
An experiment involving the photolysis of CH2N2 in the presence
of D_O 1s also discussed.

2
3-2 Blectron Spin Resonance of Triplet States, with particular

consideration to methylene in‘a 32:3 state.

A triplet state possesses two coupled unpaired electrons
(i.e. S=1), and consequently should be detectable by ESR. The
interactions described in equations (6) and (8) still exist,
but there is a further one resulting—from.thé épin—spin inter-
action of the electrons, which is often of very great magnitude
and complicates matters considerably. Data on ESR of triplet
states are rather sparse, although some do exist (33) - (37).

For two unpaired electrons in &8 triplet state éontfibﬁtion
from spin-spin interaction can be adequately described by the

following Hamiltonian: _ _ - —
2 R2 Sl'Sz _ 3&5,2;5(f:‘32>
ﬂss = 9P 43 5 (19)

where S., st are spin operators of the individual electrons and

A is the interelectronic vector of length &, (Because the spin
part of the triplet wave function is symmetric the spatisl part
must be antisymmetric, so that always +#0and the contact term

in Rssvanishes). If now equation (19) is expanded into
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components in Cartesian coordlnates }%sg becomes, after some

algebrailc manipulations:

#, = - s‘ﬁz[;".ls.(s,xSy*rSySﬂ) +20%(8, S, +5, %)

0

* 2225, S+ 5, Sy )+ 3 (5, 5,55y

A

1 2_ _2 T ~ )]

+ b -3—-%;3,{- (3S|'3323/ S|.Sz 3em
Let us now consider CH2 in the axially symmetric linear Zﬂ state.
In this state the spiﬁ wave function is a triplet, the orbital
angular momentum about the molecular (z) axis is zero, and the
spatial wave function is symmetric to inversion through thé
centre of symmetry but antisymmetric to reflection in any plane
running through the z-axis. In this case any integrations of ﬂsg

over the spatial part of the wave function cause the first four

terms to vanish leaving only
- _ P 3% - T.C
ﬂs‘s- 3 P { 23;_,5[)(3 SI‘XSZX” S'.Sz) (21)

One can take as zero order spin functions of the triplet

state:

"

0(| 0(2

Ms='>
Mes0) = (e +fi)
Me=-1) = BB

where o and‘S mean spins parallel and antiparallel to the molecular

axis and subscripts 1 and 2 mean electrons 1 and 2. The states[eq,
(2«’2)} are eigenfunctions of S?':S-S, Sbeing the total spin

operator. Now S';S\"' S‘zand its z-component S$= S;g"' S;%/,
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whence: _ 2 S" +2_§.§
28, Sy (23

S +
S,y
336135, R S| BT

3’
and: %ss = _ﬂﬁp
Also,
S? [vk,> = ]%'qu >
S: MS) - 743: MS) (25)
2
SylMs) = M)
S;; M9> ) -‘;-— M)
so that:

M= -8 2235251 M) e

One can represent the spatial part of the zero-order wave
function by 4”(4’,,41), where /Fl 443 are the spatial coordinates

of the two electrons, so that the overall zero-order wave

function is:
SRR (CAPARIYN (27)

The overall Hamiltonian, ignoring hyperfine and nuclear Zeeman

terms, which are small compared to the electron Zeeman term and

N

f&ss, becomes:
L 2 R2 3 2_';2 2 2
= gpH'S — 3 —Z———S 38, = 5 (28)
: b r
B ecause of the axial symmetry one can consider components of H

perpendicular to the molecular axis as being along the x-axis,.
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In this case the matrix for the Zeeman term is

. HX Hx/ﬁ @)
gfH-S = ofp | M o Mg (29)
o yg “Hy
For jq;sit is
| o o
- 0¥ T 362 .S o -2 ¢ (30)
SP( )‘3 ') - N _

i szf; a ¥6e,7)

where T is the integral <LP(/F,,;1“

The overall Hamiltonian is then:

T+gBHy  gBH/z O
H=\ Bz 2T 1P/ (31)
o sPHyE  T-gpHy
At zero field, i.e. wheni4x=H;0, equation (31) becomes:
T O O
ﬁ =10 2T © (32)
o O T '

The states\°>)“),|-o are thus eigenstates offcluukn'these
conditions, the first having energyﬁZTand the latter two being
degenerate at an energy—r. The separation,31‘, called the
zero-field splitting, is the’cause of much of the difficulty in
detecting triplet states by ESR. It depends solely on the

spatial part of the wave function and can be very large. For
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oxygen molecules (35)(38) it has been found to be 92,200 mc./sec.,
and Coope (39) has estimated that for linear methylene it 1s at
least 32,890 mec./sec. These energies are very much greater than
those of 9500 mc./sec. used in most X-band ESR spectrometers,
and may necessitate use of special techniques. Indeed, ESR
studies of 02 in clathrates required use of a special cavity
and pulsed magnetic fields (35).

If a magnetic field is oriented along the z-axis the

Hamiltonian matrix becomes

T+3pH° v) O
#-1 o 2T o (33)
o 0 T—aPHD

V1> ylo) 1=  are again eigenstates of #, this time at energies
of-T+3ﬁF%q—ZT-{T+3PH% These are shown diagrammatically in
Figure 5 for a zero field splitting of 33,000 mc./sec. When
a radio frequency magnetic field is oriented perpendicular to
Fx (as in the present case), magnetic dipole transitions occur
according to the selection rule ®Mg=t}at energies of TETfigﬁFh‘.
The #Mg=t2 transition is forbidden. It must be remembered that
in most ESR experiments the frequency éf the microwave cavity
(i.e. the energy transition studied) is kept constant and the
magnitude of the zero field splitting may be such that some
transitions, though allowed, may not be observable in a given
experimental situation.

If now the magnetic field is applied perpendicular to the

molecular axis (i.e. along the x-axis) the Hamiltonian matrix

becomes:
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Figure 5. Energy Level Diagrams for the Spin
Hamiltonian of Equation (28) for a Triplet State
with a Zero Field Splitting of 33 kmc./sec.
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#= \3Pg 2t Pz (34
0 gpHelz T |

The eigenvalues and their corresponding Qigenfunctions
are giVen in Table I below:
TABLE I
Eigenvalues and Eigenfunctions of a Triplet State of a Linear
Molecule when a Magnetic Field is Oriented Perpendicular to

the Symmetry Axis.

Eigenvalue Eigenfunction

T Yz Cl-d - 11y)

N / |
Tt [ATEr gl =T (s:aT)"m . (g,; 3T>Z|o) +(813T)/zl_
2 2 | \as us

28

The magnetic dipole transitions are now allowed between all

3T t/qT? +‘t3‘p’H3‘
; 2
and [/ 9T+ ‘fﬁ?ﬁzfﬁ . Observation of transitions is

three eignenstates, and occur at energies of

subject to the same experimental restrictions as for the case
of F‘\L} . A diagram of the energy levels is given in
Figure 5; |

In the case of the magnetic field being neither parallel
nor perpendicular to the molecular axis the eigenstates become
further combinations of the basis states. The energy levels
change with the field, as well as the angle“between the field

and the molecular exis, in a complicated fashion. As a result
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the fields at which the transitions may occur also have a
complex dependence on the angle.

The experiments to be described here concern attempts to
trap methylene in a polycrystalline matrix of solid inert gas.
A number of possible situations may arise; the first is that
the radicals are held rigidly in the matrix. In thils case one
obtains all orientations of the radicals with respect to the
field. Transitions occur over a continuous range of fields
about-%%L, the magnitude of the range being dependent on the
zero field splitting. It is very likely that this broadening
would preventdetection of any transition at fields close to
that corresponding to g = 2. In the field region of g = L.
detection is more likely, but could occur only if 3T(~ A,

(V= cavity freguency) (34). In view of Coope's predicted value
for 3T 7 32,890 mc./sec. and the frequency of éSOO mc./sec. used
in the experiments it is unlikely that such a condition Would.
be met. The result is that if the radicals are held rigidly it
is most improbable that they would be detectable.

If the radicals are isotropically rotating at frequencies
very much greater thanfté(then a similar situation to that
found for the anisotropic part of the hf interaction would occur,
namely that the zero field splitting would average to zero.

In this case transitions occurring in the field region of g = 2
would be detectable.

For hindered rotation the situation becomes much more
complicated. For the case of 05 trapped in guinol clathrates,

a situation rather similar to that found in the present
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experiments, the zero field splitting is merely reduced (38),
It has been suggested that there is a hindrance potential to
rotation of tﬂe form VY, ( P—cosﬂf), where € is the angle between
the molecular (z) axis and the direction of minimum potential in
the cage (z'). This reduces the zero field splitting to

3T'= 3T[%<cos‘§>w_ - _4{] and transforms the Hamiltonian’g’(o to
= = 2
- gpRS 43T S0 - £3ls)] (35)

Quantization of.g is now in the direction of zﬂ. In this case
the radicals would not be detectable at g = 2,

3-3 Experimental Methods

A. Ketene

The ketene used was kindly supplied by Dr. G. B. Porter,
who had prepared it by pyrolysing acetic anhydride. As ketene
boils at ~- 5600 and reacts with water to give poisonous acetic
acid vapour it was necessary to keep it in liquid nitrogen. Its
purity was checked in a mass spectrometer, and the small amounts
of ethylene and carbon monoxide found in this way were removed
by freezing and warming the sample between 77 and 1éSOK. Gas
mixtures of ketene and Matheson Research Grade argon Wére prepared
at matrix ratios (M/R) of 100 and 300. The general deposition
technique described eérlier was modified by bypassing the brass
flow regulator to reduce any metal catalysed polymerizsastion of
the ketene (although the sample had nevertheless to pass through
the stainless steel capillary into the cavity). The General
Electric A-H6 lamp was used to irradiate the solid sample.
Magnetic fields in the region of g = 2 and g = |, were scanned in

searching for methylene resonance; the microwave power varied
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between five and 100 milliwatts.

B. Diazomethane

Diazomethane was prepared in the laboratory before each
attempt to prodiuce methylene. Since dlazomethane is both
highly toxid'énd explosive it was necessary to carry out the
preparation in a fume cupboard and to wear protective clothing
while handling the compound.

Two methods were used for the sample preparations. The
one used for all the experiments involving the search for
methylene used the synthesis method of de Boer and Backer (40)
for gaseous diazomethane. The apparatus 1s shown schematically
in Figure 6. The procedure'was as follows. A solution of 3 gm.
KOH in 3 ml. water and 25 ml. 2-(2-ethoxyethoxy) ethanol was
warmed wlth a heating pad to 50—6000 in the speéially modified
125 ml. long stemmed flask. To this was added dropwise a
solution of 6.5 gm. N-methyl N-nitroso p-toluenesulfonamide
("Diazgld" from Aldrich Chemical Company) in 10 ml. anisole,
and the diazomethane produced in the ensuing reaction was
extracted by bubbling inert gas (argon or helium) gently through
the mixture. The gases were cooled in a condenser, passed
through a trap containing KOH pellets to remove any water, cooled
further in a trap at 1950K (002- acetone), and the diazomethane
was finally condensed in a trap at 77OK (liquia N2). The system
of traps was closed to the atmosphere énd any non-éondensable
gas was pumped off. The trap containing diazomethane was warmed
to 198 K, and the compound distilled to & third trap at 77°K.

0
Finally the third trap was warmed to 195 K and a middle fraction
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of the gas evaporating from this was collected in a bulb and
transported to the vacuum system connected to the ESR spectrometer.
The purity of the diazomethane was checked in a Perkin-Elmer 21
Infrared Spectrometer and although peaks were observed at
2800-2900 cm_f1 (the aliphatic C-H stretch region; the peaks may
have been due to an impurity or possibly a cyclic CH2N2 dimer)

all others were those reported for diazomethane (L41) and the

sample was used. (A further middle fraction of the sample
obtained as above failed to reduce the relative intensity of

the peak at 2800-2900 cm.-l.) Samples for ESR study were prepared
in the usual way at matrix ratios.from 100 to 300 using latheson
Research Grade argon and krypton as matrices. Because diazomethane
decomposes on long standing the samples had to be used after only
one or two hours mixing. The samples were deposited in the usual
way, and the A-H6 lamp was used for the irradiation. The search
for an ESR signal followed the same procedure as for kétene.

In the experiment involving D20 a slight modification of
the method of Dr. J. A. Bell (L2) was used for the diazomethane
synthesis. It was.adopted in an attempt to reduce the number
of possible impurities in the sample, for it eliminated the
necessity of heating and using a carrier gas and permitted the
use of a mercury diffusion pump, which the previous apparatus
did not do. The apparatus is shown in Figure 7 and the method
used was as follows. Using the Y-shaped tube shown in Figure 7
dry N-methyl N-nitroso p-toluene sulfonamide was added ig vacuo
to a solution of KOH in ethylene glycol which had been previously

degassed and cooled to oOC to prevent decomposition of any
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diazomethane formed. (It was necessary to prepare the KOH
solution by dissolving the hydroxide slowly in ethylene.glycol
at room temperature; heating caused the solution to turn yellow
with a simultaneous increase in viscosity, possibly due to the
formation of a polymer.) The vapours produced were extracted
from the generating system by slight pumping, passed through a
tube containing glass wool to catch any droplets which might
have bumped out of the solution, and condensed in a trap at 770K.
Any ethylene condensing in the trap was removed by a flash
distillation and the diazomethane remaining was condensed in a
bulb and transported to the other bulb as before. The whole
procedure was carried out in the dark in order to minimize
photolysis of diazomethane.

In the preparation of the gas mixture the three litre buldb
was filled with the diazomethane sample to l mm.Hg and the pressure
was increased to 15 mm. Hg by addition of D20 (A1l air had been
previously removed from the DZO by freezing to 1953K pumping
and then warming with the pump off. The procedure was repeated
six times.) Finally argon, the matrix gas, was added to bring
the total pressure to just over 30 cm. Hg. After the gases had
been mixing at room temperature for about an hour the sample was
deposited on the sapphire needle at A.ZOK in the usual way and the
solid was irradiated with the full arc of the A-H6 lamp. The field
region of g = 2 was searched for an ESR signal using a micfowave

power level of 2-5 mw,
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3-ly -Results and Discussion

The results of the experiments involving the search for
methylene are shown in Table II. The most obvious facts in the
table are that no definite, réproducible signal attributable
to methylene was found, and on numerous occasions methyl radicals
were obtained. Furthermore, when the wide signal was obtained it
was almost always in conjunction with that of the methyl radical
(except in run 6, and in this run difficulties were encountered
with the spectrometer). Also a suggestion of a signal at g =l
was found only once (run 8) and this was detected only at extreme
settings of field modulation, amplitude and signal level. It
should be noticed also that the methyl signal and the wide one
were produced from both ketene and diagomethane when the matrix
ratio was 100, but not when it was 300. It seems most improbable
that trapping of methylene radicals would have been less likely
at M/R = 300 than at M/R = 100 and it must appear that the methyl
radicals and the radicals causing the wide signal were produced
in the same process., If this were the case then the ESR
absorption of trapped methylene radicals was probably not detected.

Methyl radicals could have been prepared either by the
photolysis of an impurity or by the abstraction of hydrogen atoms
from something by methylene. Photolysis of methyl iodide is a
well known example of the first type of reaction, while the
reaction of methylene with propane (4L3) is an example of the second.

It is by no means impossible that abstraction to produce the methyl

radical and a large rigidly trapped radical actually occurred,

and the fact that the radicals were observed only at the low

4

matrix ratio, when something other than inert gas was more
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The Results of the Experiments Involving the Search for Methylene.

Experiment Sample Matrix Result
Ratio ,
1 CH CO/Ar 300 nil
2
2 CH2CO/Ar 300 slight indication of signal
3 CHZCO/Ar 300 nil
Iy CHzCO/Ar 300 nil
5 CH2N2/AP 100" et g = 2 wide signal; CH,
present
6 CH NZ/Ar 100 at g = 2 possible wide signal
2
7 CHZCO/Ar 100 033 present
8 CH2N2/Ar 100 at g = 2 strong wide signal;
CH3 present
at g = li possible wide signal
9 CH2N2/Ar 100 at g = 2 weak wide signal; CHy
present
10 CH2N2/Ar - at g = 2 weak wide signal; CHy
present
o
11 CH2N2/Kr 100-300 nil
12 CH,N,/Kr 200-300{ nothing definite

# A pyrex filter was used.

Diethyl ethér was present in the sample.
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accessible to methylene, adds weight to the argument.
To test the abstraction hypothesis the experiment involving

CH N2 in the presence of D_ 0 was carried out. Although the ease

2 2
of abstraction of hydrogen atoms from water would be less than that
from hydrocarbons because of the greater bond energy in water, it
was hoped that the radical CH2D could be prepared. D20 was chosen,
however, because it is easily obtained and because any 0D generated
in an abstraction would probably not be detected because its g-factor
is not 2. (However, in ice, a polar matrix, the orbital angular
momentum may be quenched and the radical detected (Ll}) in this
field region. The separation of the lines in OD is about 6 gauss.)
Possible photolysis of D2O was discounted because the energy of
the radiation was too low to break the OD bond.

A spectrum was obtained in the expériment and 1s shown in
Figure 9. The four line signal of methyl was very prominent, but
there were some other absorptions interspersed, the most noticeable
being a triplet between the two most intense methyl lines. Between
the outer methyl lines there were further weak absorptions. All
the lines were very narrow%suggesting that the radicals producing
them showed some degree of rotational freedom in the matrix. Now
the ESR spectrum of CH2D would probably show three sets of triplets
symmetrically arranged about the free spin g-value with the centres
of each triplet about 2l gauss apart and each line in the triplet
3.7 gauss apart. The expected intensity ratio of the lines would
be 1:1:1:2:2:2:1:1:1. The lines found in the centre triplet
surrounded a g-facfor of 2.0015 ¥ .0002 and were .2 * 0.3 gauss

apart, very nearly the separation expected (but very much less
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than 6 gauss found for OD). The strange shape of the triplet
may well have been caused by its being superimposed on the
broad resonance found earlier in conjunction with the production
of CH3 radicals from diazomethane. Although it was difficult
to identify any triplets amongst the outer peaks the low signal~
to-noise level may have been obscuring them. Thus the prod-
uction of CHED:was suggested; time considerations prevented
further pursuit of the problem.

The appearance of the spectrum of ordinary methyl in the
water experiment was hardly surprising. The matrix ratio
N_. was only 80, ideal conditions according to the

22
previous experiments for production of methyl radicals. The

AR + DZO/CH

great intensity of the methyl spectrum compared with that of
the other lines could be attributed to greater ease of
abstraction of H from CH than of D from OD. In all the
experiment added impetﬁs to the suggestioﬂ that the methyl
radicals found earlier arose through an abstraction mechanism,
In considering the problem of the non appearance of a
signal'due to methylene a very obvious question comes to mind,
viz.were any methylene radicals trapped? The abstraction
mechanism just discussed, if correct, sﬁggésts that they were
produced, although it does not say for how long. It 1is possible
that methylene radicals may have decomposed or that other
products may have been obtained, a situation suggested by the
data of Robinson and McCarty (29). Pimentel (28) however,
did manage to trap a precursor for ethylene, which was almost

certainly methylene, using radiation of energies similar to
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those used here. It i1s inconceivable that methyleﬁe could be
produced at a matrix ratio of 100 but not one of 300, and one
thus suggests that it was indeed trapped and the reason for the
lack of an ESR signal must be found elsewhere,

Of course, if the trapped radicals were not in a triplet
state no signal could have. been obtained. In view of the results
of Herzberg (30) this is an unlikely situation, for as was
pointed out earlier any trapved radicals were probably in the
ground state and the ground state 1s almost certainly the triplet
(32;). Furthermore the observation of abstraction may indicate
the presence of a triplet, for Richardson et al. (45) have
suggested that singlet methylene may show random insertion into
carbon hydrogen bonds whereas the triplet may show abstraction.
Trapped triplet methylene radicals were thus very probable.

If any trapped methylene radicals were held rigidly in
the matrix, then they would have been undetectable in these
experiments because of the high zero-field splitting. Again we
have an unlikely situation, for the ESR spectrum of methyl radicals,
which are of comparable size, indicates rotation of this radical
in the matrix and methylene should do likewise (although rotation
via the tunnel effect is much more likely for methyl than for
methylene), Now at A.QOK freely rotating methylene should be in

" the ground (J=0 ) and first excited (J=1 ) rotational states, and
1

respectively. Since the zero-field splitting is between 3.3 x lO:LO

the frequencies of rotation should be zero and 4.8 x 10*1l sec.~

and about 7x1010 sec.”t then for the radicals in thé»J=l state

it is very possible that the effect of the electron spin-spin
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interaction could be averaged to zero and ESR transitions could
be observable at g = 2. The lack of an observed signél suggests
that this was not the case.

Most likely the situation was similar to that of oxygen
in a quinol clathrate (35), namely that the radicals were
undergoing hindered ro%ation and that in the cage there was a
direction of minimum potential energy. As will be discussed
later in the thesis methyl radicals in an argon matrix probably
undergo hindered rotation, and the situation was probably similar
for methylene. The zero field splitting would have been merely
reduced, and as fhe cages wefe randomly oriented in the poly-
crystalline matrix the effect in the experiments would have

been the same as for rigidly trapped radicals.
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CHAPTER FOUR

POPULATIONS OF ROTATIONAL STATES OF THE METHYL RADICAL

L-1  Introduction.

In the ESR spectrum of the NH_, radical one would expect

2
at first glance that the intensities of the hf peaks due to

the hydrogen nuclei should be in the ratio 1:2:1, with three

due to nitrogen of intensity ratio 1l:1:1 superimposed on each.
Instead Foner et al. (3) found all nine lines to be of approx-
imately equal intensity, and lMcConnell (47) proposed an
explanation based on the premises that the radicals were rotating
freely and that the statistical distribution of the radicals

in rotational states corresponded to thermal equilibrium. Using
data for ND_ Jen (li8) carried the argument further and decided

2

from the peak intensities that both ND_ and NH

5 > Were undergoing

" hindered rotation in the matrix.

In the ESR spectrum of the CHBC(COOH)2 radical Heller (Li9)
found four peaks due to hf interactioﬁ of.éhe electron and the
methyl protons, whose intensity ratio was 1:3:3:1 at room
temperature but decreased to 1:1.45:1.45:1 at u.2oK. From
considerations similar to those of McConnell he deéided that the
methyl group underwent nearly free rotation about the C-C bond
at A.ZOK.

The ESR spectrum of methyl radicals is well known. (5). It
contains four sharp lines, centred about the free spin g-value;
about 2l gauss apart. In this chapter a treatment similar to
those of Heller and McConnell is made to try to determine the

populatiohs of the rotational levels of methyl radicals trapped
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in solid argon at h.2oK. Let us assume the methyl radicals

to be in their planar 2A2" ground state with the C-H distance
1.08 ﬁ (30). They are thus symmetric tops, of point group D3h’
and their rotational energy term values for free rotation are

given by:

F(3,K) = BI(JT+) +(A-B) K* (36)

whereB"g—]‘[%'[; ;A=§ﬁ'§t“[—A ;€ is the velocity of light; I, ,Ig are
moments of 1lnertia about the threefold and twofold symmetry axes
respectively; J:0,1,2.. 5 K=0,21,12 . *J.  The lowest levels are
given in Table IIIT,
TABLE III -

Term Values of the Lowest States of Freely Rotating Methyl Radicals.

J K Term value (cm.-l)
0 0 0

1 1 14.5

1 0 19.3

2 2 38.6

If freely rotating radicals follow a Boltzmann distribution at
A.ZOK, then greater than 99 percent of them will be in the ground

rotationagl state.

Using the Born- Oppenheimer approximation the overall wave
function can be written as the product of the electronic,

vibrational, rotational and nuclear wave functions (50)(51):

Y = LPe Lfc Lt; k+L (37)
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Since methyl radicals contain protons, which are fermions of
spin %, the Pauli Principle says that 4’must be antisymmetric
to exchange of two of these protons. Rotation of 180° about one
of the twofold axes performs such an exchange, whereas rotation
of 120O about the threefold axis 1s equivalent to exchange of
two pairs of protons.ly is thus antlsymmetric and symmetric
respectively to these two operations and is therefore of species
A, of the rotational subgroup D3 (51).

The radicals trapped at h.2OK may be assumed to be in
their ground electronic and vibrational states (symmetry species
:

(1]
A2 and Al

finds eight possible diffefent configurations of the three spins,

respectively). If one now considers the nuclel one

which can be combined into eight orthonormal eigenstates as

follows:

\.pm = Rk

/5 (xfs + 4Bt + pore)
Yoz = 15 (#PP +B4B + PBo)
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The first four are totally symmetric (species Al), and correspond
to nuclear spins of 3/2, 1/2, - 1/2 s = 3/2 respectively. The
latter four make up two doubly degenerate states (species E),

and correspond to nuclear spins of 1/2, 1/2, - 1/2, - 1/2

respectively. In order for the overall state to be of species
A2,‘¥R must be ?f species Al when qk is A1 (since A2 X Al = A2),
or 1t must be of species E when qﬁ is E (since Ex E = A1+A2+ E).
Of the two most important low lying rotational states being

considered here, the state J=0 , K=O has symmetry 4., whereas

1
the J =1 4y K=%l| level has symmetry E. The J=\, X0 state, being
of rotational species A2, is completely.absent.

Since there are four Al nuclear spin functions, and two
E spin functions the Al rotational levels have statistical
weight L, whereas the E rotational levels have weight 2,

The intensity of a hyperfine line is proportional to the
population of the nuclear level in question. Thus, if the methyl
radicals are in the ground rotational state the four hyperfine
lines will be in an intensity ratio 1l:1:1:1, corresponding to
nuclear spins 3/2, l/2, - 1/2, - 3/2 respectively. However, if
the J-=\3K=i‘rotational state is also populated the intensities
of the 1/2 and - 1/2 lines increase and in the 1limit of hoth
rotational levels being equally populated the intensity ratio

reaches 1:3:3:1. This is shown schematically in Figure 10.

lj-2 Experimental Methods

Two sources of methyl radicals were employed in the
experiments. B and A Reagent Grade methyl ilodide was kindly

supplied by Dr. G. G. S. Dutton, .and although small quantities
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of impurities were found by gas chromatography it was used with-
out further purification because of the well known nature of the
ESR spectrum of the methyl radical. Dimethyl mercury, the other
source, was used without further purification because of its high
toxicity. Exhausts from all pumps used in the experiments involving
dimethyl mercury were directed either into a fume cupboard or out-
side. Matheson Research Grade argon was the matrix, and gas
mixtures (M/R = 100) were prepared, mixed and deposited in the
usual way. The A-H6 lamp was found to be the most effective in
preparing the radicals. The spectra were obtained by scanning
very slowly over the peaké, with the idea of doing a graphical
integration, since the intensity of a transition is proportional

to the area under the absorption peak. Microwave power of 5-10 mw.
was used, although it was discovered after the experiments were
complete thaththere was a possibility of sligh? saturation.

L-3 Results and Discussion

The derivati&e tracings of two of the ESR absorption lines
used in the measurements are shown in Figure 11; they are the
two highest field peaks of the spectrum. Although a graphical
integration was attempted the value obtained for the peak
intensity ratio was highly inaccurate because of the large
amount of guesswork involved in finding the exact position that
a certain slope should be placed. Furthermore, the large taill
on either side of the more intense iine, which was partly
responsible for the large discrepancy, did not fit into the
Lorentzian shape of the sharper part of the line and may have

been due to a superimposed broad absorption.
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Figure 1. The Two High Field Lines of the ESR
Spectrum of the Methyl Radical.
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As a result the following procedure was used to determine
the absorption intensities. Since both pegks had essentially
a Lorentzian line shape, and since both had the same width be-
tween the points of maximum and minimum slope, the area under
an absorption peak was proportional to its amplitude in the
derivative tracing. Thus these heights were measured and found
to be in the ratio 2.8:1 for the larger peak to the smaller peak.
This ratio may well have been a bit high in favour of the larger
peak because of the possibility of a contribution from the
superimposed broad absorption. Nevertheless it is quite apparent
that the intensity ratio of 1:;1, expected if only the ground
rotational state of the radicals were populated, was not found,,
and that many of the radicals were excilted above the ground state.
One of the possible reasons why the intensity ratio was
not 1:1 is that there was not thermal equilibrium and that the
upper rotational level was populated. This was not an
impossibility, for if one were to condeﬁse a room temperature
equilibrium mixture of methyl radicals at Li.2°K there would be
originally a distribution ratio of 1l:1 between the two lowest
rotational levels (although thermal equilibrium would eventually
be achieved). The reason is that combinations between levels
of different spécies (apart from nuclear spin) are forbidden.
Now the radicals studied here were prepared at h.EOK, and although
they could all have been produced in the ground state the upper
state might easily have been populated as well. 1In their studies
of NH, radicals trapped from the gas phase at u.2OK Robinson and

2
McCarty (L6) found, however, that the room temperature distribution
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was not preserved, a fact which they suggested was due to a
breakdowvn of the symmetry selection rule caused by interaction
of the nuclear spins with the spin of the unpaired electron.
If such a possible situation were achieved in the present
experiments, then thermal equilibrium could probably easily
have been established.

A very likely cause of the upper rotational level being
populated could have been the presence of a potential barrier
to free rotation. Effects of such barriers have been considered
by Koehler and Dennison (52) for the case of internal rotation
of a methyl group in methanél, and by Meyer et al. (38) for
the rotation of O2 in a quinol clathrate. In these caées the
two lowest levels came closer together as the potential barrier
was increased, and eventually coalesced into part of a vibrational
mode. Thus, when the potential barrier was high the upper
rotational level could be populated with thermal equilibrium.
Now the van der Waals radius of the methyl radical along a CH
bond is 2.28 g, whereas the radius of a substitutional hole in
an argon lattice 1s 1.873. Although the van der Waals radius
does not necessarily give the effective radius of the radicalsg,
and although the trapping sites of the polycrystalline matrix
need not/be the substitutional holes, yet nevertheless these
figures indicate that if some sort of rotation were occurring,
then it was probably greatly hindered. To test this hypothesis
it will probably be necessary to reduce the sample temperature
considerably, and this will require an apparatus for pumping

on the liguid helium to reach temperatures well below the

o
normal boiling point of 4.2 K.
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CHAPTER FIVE

THE NFZ RADICAL

5-1 Introduction

It is now well known that tetrafluorohydrazine, NZFM’
dissociates into NF2 radicals at room temperature (53) according
to the following equation:

NZFH.: 2NF2 - 20 kcal.
Like other polyatomic radicals, NF2 is expected to exhibit ESR
absorption, and such has been observed by Piette et al. (5l) for
NF2 in the gas phase. The signal observed by them was a single
line, of width 10l gauss, centred at g = 2.010, and although
hf interactions and coupling of the electron spin with the
rotational angular momentum of the radical would be expected
in such circumstances, the laék of splitting was explained as
being due to a smearing out of the signal by collisional effects.

The N2Eh - NF, equilibrium has a close analogy in the well

2
known dissociation of NZOM to NO.. Farmer et al. have found that

2
although similar collisional broadening of an NO2 signal 1s present
at pressures above 5 mm. Hg, N02 may nevertheless be trapped in
inert matrices and show hyperfine interactions due to the nitrogen
nuclear spin (55). A similar study of NF2 was therefore thought
to be feasible. In this case one would expect hyperfine inter-
actions with both the nitrogen (IN=|) and fluorine (Ig=i) nuclei,
as opposed to only the nitrogen in NO2, with consequent complication

of the spectrum. The study is made more interesting by the lack

of data in the literature on fluorine hyperfine interactions, and



it was hopped that a comparison of the hf splittings in NHp (3)
and NF2 could be made.

An attempt to detect hf and rotational splittings in the
gas phase was also made and is reported in section 5 of this
chapter.

5-2 Experimental Method for Travping the NFo Radicsal

Tetrafluorohydrazine, 99.1% pure, was obtained from Air
Products and Chemicals Inc., Allentown, Pa., and, as reported
impurities should not interfere in the experiments it was used
without further purification. The compound is toxic and under
certain conditions may be explosive (56) (57). It was therefore
handled in a similar manner to diazomethane,rnamely using a fume
cupboard, with the operator wearing protective clothing.
Precautions were taken to keep tetrafluorohydrazine away from
orgenic materials, especially hydrocarbon pump oil, and Kel - F
# 90 halocarbon grease was used on the stopcocks. (For‘the small
gquantities of tetrafluorohydrazine used Apiezon grease was found
satisfactory in the vacuum system where the final gas mixtures
for ESR study were prepared.) The matrices used were Matheson
Research Grade argon and krypton, as well as Fisher Spectroanalysed
carbon tetrachloride. Experiments were carried out at mole ratios
(M/R) of 300 and 1200 in both argon and krypton, and 1200 in carbon
tetrachloride. Trappring was achieved by depositing the room
temperature equilibrium mixture of NgFu, NF, and matrix gas on
the sapphire rod which had been cooled to liguid helium temperature.

Such a procedure prevented combination of NFp radicals which would

otherwise have occurred on cooling. Deposition was continued
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until a very high signal-to-noise ratio was obtained.

Spectra were obtained at h.2oK and throughout warmup,
until the ESR signal disappeared. No appreciable saturation was
observed at a microwave power level of one milliwatt and this
was used in all the experiments.

Results of an experiment in which N02 was trapped at a mole
ratio (M/R) of approximgtely 300 are also described here. The
matrix was Matheson Research Grade krypton, and the sample ﬁas
the room temperature equilibrium mixture of Matheson NO2 - Naou.

The microwave power was one milliwatt,

5=3 Results

o
(a) Spectra at l.2 K.

The ESR spectra found for the NF2 radical trapped in various
matrices at A.ZOK are shown in Figures 12,13,1l and 16. In general
all the spectra showed three major lines, with the centre one of
greater amplitude but lower peak-to-peak width than the other two.
The low field peak had greater amplitude than that at high field,
but the two were of comparable width. Numerical data concerning
line widths and separations, as well as the g - factor at the point
of zero slope of the centre peak,are given in Table IV,

In argon (Figures 12 and 13) some fairly resolvable structure
was evident. On the centre line a bump was found at both
concentrations approximately five gauss to high field of the point
of zero slope, and at M/R = 1200 there was also structure on the
low field side of the line three gauss from the same point. (A

close look at the spectrum found at M/R = 300 reveals vestiges

of this structure). The other two lines were very much smoother,



TABLE IV

Numerical Data from the ESR Spectra of NF2 Radicals Trapped in Various Matrices at h.ZOK. This table gives

the separations,as well as the line widths between points of maximum and minimum slope, of the three

centre lines of the spectra. The g-factor given is that of the point of zero slope of the centre peak,

Matrix Mole Low Field Separation Centre Separation High Field g-Factor
Ratio Line (gauss) Line (gauss) Line
(M/R) Width Width Width
(gauss) (gauss) (gauss)

Ar 300 5.9%1.0 19.0%1.0 3.3%f1.0 17.4%.0 5.7%1.0 2,0048%, 0004
Ar 1200(4)" 3.3%0.5 16.7%0,5 1.4%0.5 16.3%0.5 2.8%0,5 2.0050%. 000k
Ar 1200(B)™ 3.3%0,5 17.4%0.5 1.7%0.5 16.9%0,5 14.9%0.5 2,0084*, 0004
Kr 300 8.5%0,5 19.4%0.5 3.3%1.0 16.3%0.5 9.0%0.5 2,0047%, 000y
CC1h 1200 # 11.7%0.5 7.7%0.5 17.2%0,5 # 2.0049%. 000k

* Two experiments were carried out in argon at M/R = 1200,

#

These line widbths are unspecified because of the nebulous nature of the peaks ( see Fig. 16).
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Figure 2. ESR Spectrum of
NF5 in Argon  (M/R=300) at 42°K.

G denotes gauss. Hy is the magnetic field
where g=2.0023.
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Figure 13. ESR Spectrum of
NF5 in Argon  (M/R=1200)  at 42°K.
G denotes gauss. H, is the magnetic field where g=2.0023.
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Figure . ESR Spectrum of
NF5 in Krypton (M/R= BOO)at 42°K.

G denotes gauss. Hg is the magnetic tield
where g=2.0023.
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Fig. 15 ESR Spectra of NF, during Warmup.
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Figure 16. ESR Spectra of NF2 in CClA

(M/R=1200). G denotes gauss. H, is the magnetic
field where g=2.0023. '
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Figure 17. \/\
ESR Spectra of
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although there was some structure on the low field peék at

M/R = 300, .It is interesting to note from the above table that
at M/R = 1200 the peak-to-peak widths were in general about half
those at M/R = 300. However data changed considerably from run
to run on the same sample (see the two high field peak widths in
argon at M/R = 1200), and so probably little conclusion can be
dravn from this observation. The divergence in the two peak
widths just citedwas probably due to slight differences in
deposition conditions, although they were supposedly the same.

In krypton (Pigure 1lL) much of the structure was absent.
On the centre line the bump>to high field was reduced to a
shoulder, while the ones on the low field side of the centre peak
and on the low field peak were missing. It i1s possible in this
case that averaging of the anisotropic pafts of the hf inter-
actions and g.- factor may have been appearing because of the
probable larger size of the krypton trapping sites than the
argon sites.

At M/R = 300 in the inert gas matrices two further absorptions
could be seen, one on either side of the main triplet. There
were two very noticeable features of these lines : (a) The one
at high field was further from the centre than the 6ne»ét low
field. (b) Neither peak crossed the baseline, suggesting that
they were due to a broadening of the main absorption rather than
individual transitions.

The spectrum obtained when NF2 was trapped at liquid
helium.temperature in carbon tetraéhloride was very much

distorted in comparison to those found in the inert gases (see
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Figure 16). The two outer peaks of the triplet, compared to
the centre oné, were very weak indeed, and the centre peak
was very distorted, being of a peculiar shape and very much
wider than that found in argon and krypton. Also, the centre-
to-centre separation of the low field and centre lines was

12 gauss, as opposed to approximately 18 in the.inert gases;
However the g - factor at the point where the centre peak
crossed the baseline was 2.0049 * .000l, the same as in the
inert gases.

(b) Warmup Spectra

Essentiallj the same changes were observed during warmup
in both the argon and krypton matrices. The peak-to-peak
widths of the two outer lines decreased, fheir amplitutes
increased and the bumps on the centre peak faded. Apparently
any anisotropies of the g - factor and the hf interactions
were being averaged out, and it 1is probable that with less
rigidity in the lattice the radicals were beginning to rotate.
It became apparent that in the limit of isotropic rotation

the three lines, nowl1l7*1 gauss apart and centred about

g = 2,0053 % ,0006, would be of equal intensity and they were
therefore assigned to hf interaction with a nucleus of spin'
6ﬁ§ , namely nitrogen - 1l.

Warmup spectra in both argon and krypton are shown in
Figure 1L. It will be noticed that besides the centre triplef
there are twé further tripiets, one on each side of the centre
one, neither of which was observed at L.2°K. The individual

lines of each triplet are 17% 2 gauss apart and the centre line
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of each triplet is 60t 2 gauss from the centre line of the
spectrum. An assignment of the interaction of 60% 2 gauss to
the isotropic hf interaction constant for the fluorine atom
was suggested. Now, if this were the correct assignment the
amplitude ratio of the outer triplets to the main one would be
expected to be 1:2:1. That found was somewhat greater, but
the transient nature of the spectrum, the fact that the lines
of the outer triplets were somewhat wider than those of the
main triplet, and the constancy of the splittings all tend to
overrule this objection, and the assignment is probably wvalid.
In carbon tetrachloride the signal intensity decreased
steadily during warmup, but there was no sign of the structure
found in the inert gases. Figure 16 shows the signal obtained
about two hours after the start of warmup. The intensities
of the two outer peaks relative to the centré one were very
much greater; also there was a peak, not observed at h.2oK,
about sixty gauss to high field of the triplet. The origin of
this peak is unknown, but it was probab}y caused By an impurity.
It was still present many hours after warmup had started, when
the cavity was at 77OK, and after the triplet had disappeared.

(¢) NO, Trapped in Krypton

2

After probable averaging of anisotropies in the hf inter-
action and the g-factor had been observed for the NF2 radical
during warmup, an experiment was carried out to see if the same
could be observed for NO2 in krypton. The spectrum obtained
at h.2OK (Figure 17) was very similar to that found in other

matrices (11)(55). Throughout warmup, however, the structure,
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unlike that of the NF2 radical, did not disappear, and it seems

that the anisotropiles remained.

5-li  Discussion

Let us consider the signals obtained at l;..EOK in the light
of the warmup spectra found in the inert gases. If it 1s assumed
that all hf and g - factor anisotropies were averaged out in
the warmup spectra equation (18) is applicable in discussing

transitions, and should be written for the case of NF2 as follows:

3= gBH +Z AL + AL (M) (39)

where (MI)F and (MI)N are components of the nuclear spins of
fluorine and nitrogen nuclei; A¢ and A, are the isotropic hf
splitting constants of fluorine and nitrogen respectively. Now
h1NF2there are two fluorine - 19 atoms of nuclear spin % and
one nitrogen - 1l atom of nuclear spin 1. Thus both };(MI)F
and (P«I)N can have values 1,0, - 1 and equation (39) predicts
nine transitions. It indicates also that the three nitrogen

peaks should be supérimposed on each of the three due to fluorine

or vice versa. The high intensity of the centre triplet compered

with the other two indicates that the former is the case for the
NF2 radical. Now if the anisotropic part of the hf splitting
were to have an influence the outer triplets should show effects
of both the fluorine and nitrogen anisotropy, whereas the main
one should show only those due to nitrogen anisotropy. Further-
more for the centre line of the main triplet both ZF(MJF and
(MI)N should be zero, so that the hf interaction should have no

effect on it whatsoever.
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These inferences appear to be justified in the spectra
obtained at M.ZOK. The two outer peaks of the triplet have
been observed to be of greater width and smaller amplitude
than the centre line, consistent with the suggestion that the
outer peaks can be influenced by anisotropy of the nitrogen
hf interaction whereas the centre one cannot. Furthermore the
narrovwness of the centre line tends to discount other forms of
broadening. The fact that on warmup the line widths of the
outer peaks decreased whereas their amplitudes increased adds
further impetus to the suggestion. If one carries the inference
further it appears that the anisotroﬁic part of the fluorine
hf interaction is very large, so large in fact that it can
broaden the isotropic part beyond detectability at_h.2OK. On
warmup, however, 1t is averaged out. It may be pointed out in
passing that Gordy et al. (58)(59)obtained structure in a signal
at room temperature from X - irra&iated teflon which they assigned
to fluorine hf interactions; this structure was broadened
considerably at 9OOK, a phenomenon rather similar that observed
here for NF _. '

2
The structure of the centre peak found for NF2 trapped in

argon may be related to anisotropy in the g - factor tensor.
Kneubuhl (15) has shown how the line shape of an ESR signal
of randomly oriented radicals in which there is.no hf splitting
can be related to the principal values of the g - factor tensor.
Adrian et al. have used his calculations to determine these

values for NO2 (11) and DCO (10). Now the line shape found for

NF2 was somewhat different from those shown by Kneubuhl and by
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Adrisn, but the structure may be similarly related to the g -
factor.

Some Interesting comparisons can be made between the
spectra of N02 and NFE. The ESR spectrum of trapped N02 has
very definite structure which can be related to the g - factor
and hf anisotrépies (11). In argon the spectrum shows NO2 fo
be axially symmetric, although it need not necessarily be so,
and Adrian postulated slight hindered rotation of the N02 to
account for this. An attempt to do a similar treatment for NF2
ended in failure because of the great width and smoothness of
the outer peaks of the triplet. Indeed, the smoothness of the
lines suggests slow, rather isotrépic rotation of the radicals,
and the ease with which the peaks sharpened on warmup tends to
corroborate this idea.

It is also interesting that on warmup the hf anisotropy
failed to be averaged out for N02 but was apparently removed
for NF . Now removal of the hf anisotropy requires a tumbling
frequeicy w » % 3 R Tbeing the anisotropic hf splitting constant.
For nitrogen in NO2 %4% is 21t 3 mc./sec., so that during warm-
up NO2 never underwent tumbling motion of frequency greater
than this. On the other hand for fluorine in NF2 Qéﬁ must be
much greater than this, in order to broaden the»isotropic part
beyond detectability, yet during warmup it was averaged out
quickly in both argon and krypton.

A clue to the causes of these interesting phenomena may be

in the shapes and sizes of the two radicals. N02 is somewhat

more elongated and more bulky than NFz,for its bond angle 1is
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134° 15" with N - 0 length of 1.197 8, whereas the bond angle
in NF2 is lOA.Zo if the N - F distance is 1.37 2 (60). Using
the van der Waals radii for N, F and O of 1.5, 1.35 and 1.40 &
respectively (61) one obtains approximate isotropic van der
Waals radii of 2.7 and 2.4 A for NO, and NF, respectively.
These figures may have some bearing on the apparent ease of

NF to undergo isotropic motion in comparison with the

2
difficulty of NO_.

2

The two outer peaks in the M/R = 300 spectra at l.2°K are
noteworthy in that they apparently‘did not appear at higher
matrix ratios and that they did not cross the baseline. It is
very possible that they were due to broadening of the main
triplet and may have been a sign of peaks found during warmup.

A rather curious similarity is found in comparing the
centre triplet of NF2 with the spectrum of trapped CN radicals
(12). Both showed a triplet, with the centre line of very
much greater amplitude than the other two, and with the outer
lines broad but smooth. Furthermore, in both the outer lines
narrowed and increased in amplitude during warmup. The line
separations were different, of course, but the similarity of
the spectra is remarksble.

The spectra obtained in carbon tetrachloride were very
strange. This was one of the first times that this matrix had
been used at u.2oK. Because of its high melting point a lengthy
study of the warmup spectra found for the inert gases was hoped
for, but this was not to be. The small intensity of the outer

peaks of the main triplet, along with the absence of the outer

triplets during warmup suggests less rotational freedom
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for the radicals here than in other matrices. The freezing
point of carbon tetrachloride is much higher than those of
argon and krypton, and it is consequently more rigid than
these at u.2oK. This was probably the main cause of the
observed broadening, although 1t should be mentioned that
enough motion of the matrix was found to allow diffusion and
hence recombination of the radicals,

Let us now compare the isotropic spectrum of NF2 with
the spectrum of NH2 (3). PFor NF2 the observed splittings of
17‘t 1 gauss and 60 ¥ 2 gauss for the nitrogen and flubrine
hf interactions correspond to isotropilic hf cnstants of MB * 3
and 168 * 6 mc./sec. respectively. In NH2 these are 28.9 and
67.0 me./sec. for nitrogen and hydroéen respectively. Now the
isotropic hf splitting constant for nucleus j, after integration

over the spatial part of the wave function, is given by

2
A= Bl sp gife| %] (o)

where g; and pIare the nuclear g~factor of nucleus j and the
nuclear magneton respectively, and LHﬂP) is the value of the
unpaired electron wave function at nucleus j. The nuclear
g-factors for fluorine-19 and hydrogen are approiimately equal,
being 5.25 and 5.6 respectively, and with the other factors in.As
being numerical constants any differences in the isotropic hf
constants must arise mainly from the |Lgﬁ°“2term. Now the
unpaired electrons in both NH2 and NF2 are both expected to be

in orbitals having the molecular pléne as a nodal plane (20).

Since Aﬁ would be zero if the electron were purely in such an
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orbital, the true orbital must have some s-character to give
a non - zero constant. This is usually explained by admixing
the ground state by configuration interaction with an excited
state in which the unpaired electron is in an orbital with

some s-character.

Isotropic hf interaction due to the hydrogen nuclei in
NH2 results from the unpaired electron being in an orbital with
some hydrogen ls-character. If this orbital were purely the 1s
of hydrogen the hf constant would be 1120 me./sec. It is actually
67 mc./sec. Thus, in the molecular wave function the degree of
ls-character from each hydrogen atom may be considered to be .7
percent. On the other hand the fluorine atoms in NF2 have a 2s
orbital available and since excited states with the unpaired
electron in the ls state would be of much higher energy than
those with it in the 2s orbital configuration interactions will
be assumed to involve excited states with the unpaired electron
in the latter. Using the self - consistent field wave functions
of Brown (62) for the fluorine atom one finds that l4u°“2 is
68 x 102LL cm.—3 for the fluorine 2s state, so that if the electron
were purely here the splitting constant would be 42,500 mec./sec.
As it is actually 168 mc./sec. the molecular wave function may
be said to have fluorine 2s-character to the extent of 0.l percent
from each fluorine atom.

For nitrogen, which also has a 2s orbital available, the
configuration interaction is again most likely to involve excilted
states with the unpaired electron here. From the self - consistent

4ol
field calculation of Hartree and Hartree (63) the value of o

for the 2s orbital of atomic nitrogen may be estimated as

2 -
33 x 10 L cm. 3 Since the g-factor of nitrogen-1ll is 0.40
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this gilves a splitting constant of 1540 mc./sec. For NH2 and
NF2 the constants are 28.9 and 48 mc./sec. giving the molecular
wave functions 1.9 and 3.1 percent nitrogen Z2s-character
respectively.

5-5 A Gas Phase Study of the NFp Radical

Althbugh Piette et al. (5l) found a gas phase spectrum
of NF2 the absorption was very broad, and showed no sign of
structure, in spite of the fact that the unpaired electron'spin
should couple with the spins of both the nitrogen and fluorine
nuclel and also with the rotational angular momentum of the
radical. The lack was due to collisional effects at the pressure
used, and it was felt that the structure should be observable
at a lower pressure. Previous work of Farmer in this laboratory
had shown this to be so for the case of N02, and accordingly
an attempt was made to find such structure in NFZ.

Air free samples had to be prepared very carefully, as
the slightest traces of paramagnetic oxygen molecules can broaden
the structure of the ESR spectrum of the NF2, present in very
low concentrations, beyond detectability. The silica sample
tubes, and especially the constriction where the tubes were
sealed, were heated to AOOOC and continuously pumped for at
least four and usually eight hours to remove all traces of
oxygen. After this operation the sample tube was filled with
the N F - NF equilibrium mixture to the pressure desired
and the tube was then sealed with a blowtorch. During these
operations, all done in a fume cupboard, the opefator wore a

face mask and heavy protective clothing to guard against



55.

possible explosions.

A multipurpose ESR spectrometer with field modulation at
100 kc./sec. was used in these studies. The first sample
investigated was prepared in 10 mm. tubing with the N2 Fu - NF2
equilibrium mixture at 3 - 10 mm. Hg pressure, and was run at
room temperature. There was no sign of the broad signal
reported by Piette et al., and since he found his first signal
well above room temperature all further studies were carried
out at temperatures above ambient. The Varian V - L5l7 Variable
Temperature Accessory was used to raise the temperature.

Nitrogen from a cylinder was passed through a calcium chloride
drying tube, heated by a coil and passed through a dewar into
the cavity. The temperature was monitored with a copper -
constantan thérmocouple at the entrance to the cavity. The
sample tubes used were L mm., silica.

The results of the high temperature experiments at various

pressures are shown in Table V. It is apparent that no structure
was found at the pressures used and that the signal would be lost
in the noise at any pressures lower than 3 mm. Hg. Probably
there were simply not enough radicals present in the tube.
Now an equilibrium calculation at 300°¢ indicates that
tetrafluorohydrazine is almost completely dissociated at that
temperature, so an explanation of the weak signal must be
found elsewhere,

It is 1likely that at the high temperature used the

tetrafluorohydrazine was attacking the silica tube, especially

t
if there were any very slight traces of water or possibly



TABLE V

6.

Results of high temperature experiments involving the NF

2

radical in the gas phase.

Pregsure at Result
Room
Temperature
15 cm. Hg nil
10 mm. Hg Weak signal, 3l-68 gauss wide superimposed
on the general drift, about g = 2.017%,001.
Intensity increased from 167° to 207°G.
No structure.
3mm, Hg Same signal, much weaker - nearly lost
in noise, even at temperatures up to
0
300 ¢. ©No structure.
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hydrogen fluoride present., Water could easily have been there,
since the tetrafluorohydrazine was stored in a glass trap

in vacuo at room temperature prior to use. At the high
temperatures in the sample tube the tetrafluorochydrazine was
probably disappearing and being replaced by SiFh-' If this
were the case then the small signal was probably due fo lack

of NF2 radicals in the sample tube.
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CHAPTER SIX

THE TRIFLUOROMETHYL, RADICAL

6-1 Introduction

Attempts were made to trap the trifluoromethyl radical
(CF3) in an inert matrix at M.QOK. The method used was to
irraaiate CF3I trapped in the solid with the hope that the
C-I bond would break in similar fashion to the same bond in
methyl iodide. That this bond should break on irradiation
was suggested by photolysis (64) and pyrolysis (65) experiments
with gaseous CFBI.

Previous attempts to trap the CF3 radical have been made.
Florin et al. (66) carried out ESR studies of gamma irradiated
solid CFh. At 77°K they found a four line signal very similar
to that of the methyl radical, while at A.ZOK their spectrum
was so complicated that it defied interpretafion. Mastrangelo
(67). trapped the products of a microwave discharge in CZF6 at
77°K and used chemical data to identify one of the deposition

products as the CF3 radical.

6-2 Experimental Method

Dr. W. R, Cullen kindly supplied the CFBI used in these
experiments. The very small quantities of impﬁrities were
removed in a Perkin-Elmer Vapor Fractometer, and air was
removed by distillation in vacuo. Matheson Research Grade
argon and krypton, as well as Fisher Spectroanalysed carbon
tetrachloride, were the matrices, and the mole ratios (M/R) were
100, 100, and 60 - 75 respectively. Mixing and sample deposition

were carried out in the usual way. The H85A3/UV lamp was found
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to be the most successful in preparing the radicals. The
field region of g = 2 was scanned, and microwave power levels
of about 1 ~ 10 mw. were used.

6-3  Results and Discussion

Only weak signs of a signal were obtained when CF_I
trapped in argon was irradiated. However in krypton and carbon
tetrachloride spectra were obtained easily and are shown in
Figures 18 and 19. Their most striking features were the great
overall width and complexity, and also the presence of lines in
which there was apparently a phase reversal (l.e. they appeared
as though they were due to emission rather than absorption).

The cause of the reversed peaks 1s unknown. Possibly they
were related in some way to the spin-lattice relaxation time
T1 (the time in which an iniltial excess of energy given to the
spins will fall to 1/e of its value), perhaps in a similar
fashion to the peaks of atomic hydrégen found by Jen et al. (5).
They found the absorption signal to have a component lagging
the modulation frequency by 900, which they felt was due to the
modulation frequency being of thg order of magnitude of l/T .
How much influence this had in the present case is uncertaig
at the time of writing. However one further point should be
made. When carbon tetrachloride was used as the matrix there
was a small piece of diphenylpicrylhydrazyl (D.P.P.H.) on the
target.which gave a superimposed signal. Duriﬁg warmup the
phase of the entire signal, except for thé D.P.P.H. line,

was reversed indicating that either the motion of the matrix

or the temperature had a very profound influence on the spectrum.
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Figure 18, ESR Spectrum Obtained on Irradiation of C
Krypton (M/R=100) at 42°K. G denotes gauss.
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during warmup.
Note the phase change.

Fig19. ESR Spectra Obtained on Irradiation of CE4l in CCIA(M/R=60-75).
The line marked“D" is due to DPPH. G=gauss.
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In later attempts to reproduce the results difficulty was
encountered in obtaining a signal.

Complete assignments of the lines must await an
explanation of the phase reversal. Inspection of the spectrum
revealed little apparent system.(expécted were four lines of
rather the same pattern as that for the methyl radical). It
may possibly be that more than one radical was involved, and
if they had different relaxation times then one may be able
to account for the phase shift. Suffice it to say, however,
that the great overall spread of 288 gauss was consistent with
the large spreads found for other fluorine compounds (58)(59)
(see also chapter 5.) ‘

It may also be mentioned in passing that a sample of
15 percent CF3I in carbon tetrachloride was irradiated at 77°K
with the A-H6 lamp. The sample was held in a piece of Lmm, V
silica tubing and was cooled in a Varian V-L5L6 Liquid Nitrogen
Accessory. A single ESR line was 6bserved, of pesgk~to-peak
width 23.0it015 gauss at g = 2.009 ¥ .001. The signal disappeared
on warmup, and the purple colour of molecular iodine was observed
in the solution at room temperature. This result was quite

o .
different from that obtained at L.2 K, and reemphasized the

need for further work on the system.
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CHAPTER SEVEN

CONCLUSIONS

The scope of the experiments just described seems to be
rather limited., The reason for this statement is that the
technique appears to be restricted to the study of small
free radicals, since in larger ones anisotropic hf broadening
is often so great as to make interpretations of the spectra
very difficult, if not impossible. Furthermore the large
cage effect of the matrix makes quantum yields for photolyses

in situ very small., Since the supply of liquid helium is

limited in each experiment studies of most radicals have to

be made at signal-to-noise ratios rather lower than desirable.

This statement does not include two important types of experiments,
for which fruitful studies can be made, namely those involving

ready made radicals like NF_ which can be deposited from the

2
gas phase and those involving the photolysis of compounds like
diazomethane, in which one of the fragments is a stable molecule.
A possible method of overcoming the quantum yield difficulty
may be to use high energy radiation. The lamps used in the
experiments were medium and high pressure mercury arcs, with
the result that high energy resonance radiation was self -
absorbed., Use of a low pressure resonance lamp would probably
increase the quantum yield.
Deposition of ra@icals prepared in the gas phase (with
the use of high intensity ultraviolet radiation or a microwave
discharge) would also overcome the quantum yleld difficulty for

here the cage effect would be absent. However, for this type

of experiment the apparatus must be completely redesigned.
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