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ABSTRACT

PART I

AN X-RAY CRYSTALLOGRAPHIC STRUCTURE DETERMINATION
OF BROMOMALONAMIDE

PART II

AN ESR STUDY OF RADICALS IN SINGLE CRYSTALS OF
Y—-IRRADIATED BROMOMALONAMIDE AND IODOACETAMIDE

By

Robert Francis Picone

No carbon-centered radicals with bromine or iodine
substituents had previously been studied by single-crystal
ESR methods. The purpose of this work was to obtain ex-
amples of such radicals, carry out analyses of their ESR
spectra and use the ESR parameters to deduce their struc-
tures. 1In order to interpret the ESR spectra of single
crystals in the most thorough manner, crystallographic data
are desirable for the host crystal. It proved necessary to
obtain such information in this work since no previous
crystallographic investigations of the materials used had
been carried out. The principal results of this investiga-
tion are summarized below:

I. The crystal structure of bromomalonamide, HBrC(CONH, ),
has been determined from MoKa diffractometer data by use of

Patterson and Fourier syntheses. The crystals are
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orthorhombic, Pnma, with cell constants at 220: a =
9.487(3)R, b = 11.294(4), ¢ = 5.885(3)%, p_ = 1.90 g cm™?,
pp = 1.85 g cm™ 3, Thé value of R, for 270 observed re-
flections is 0.029. There are four molecules in the unit
cell and one-half molecule in the asymmetric unit. The
bond lengths are C-Br, 1.954(5)2: Cc=0, 1.236(7)2; C-N,
1.290(5)8; c—, 1.522(9)2. The three-dimensional hydrogen
bonding network contains eight- and twelve-membered rings
with N....0 distances of 2.94(1) and 2.82(1)%, and H....O
distances of 2.21(7) and 1.85(7)8, respectively; the N-H...O
angles are 164(7)°. A rigid body analysis of the thermal
motions indicates that there is a librational motion, domin-

ated by the hydrogen bonding scheme, of about 79 about a

line joining the amide nitrogens of a molecule.

II. Bothpowder and single-crystal ESR spectra of paramag-
netic species formed by y-irradiation of bromomalonamide at
779K have been obtained. One radical shows a large bromine
hyperfine interaction plus a small proton interaction and

g, A(81Br) and e2qQ(8'Br) tensors have been determined from
an analysis of the spectra of the deuterated form. The data
have been interpreted as favoring the structure <CHBrCONH,
for this species. The second fragment has been identified
as <CONH, but ESR parameters are not reported since it

has been studied previously. Neither species is stable at

room temperature in the host crystal.
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III. Powder and single-crystal ESR spectra of iodoacetamide,
y-irradiated and observed at 77°K, have been analyzed.
Hyperfine interaction with one iodine and one hydrogen nu-
cleus is observed and the A(1271), A(H), g and e2gQ('271)
tensors have been found. These data indicate that the
radical species is the w-electron radical, -CHICONH,, and
are consistent with a planar or nearly planar structure.

The g and A('271) tensors are axial, or nearly so. The
odd-electron spin densities in the iodine 5s and 5pv
orbitals are larger than found for the halogens in the
analogous fluoro-and chloro-radicals, but are comparable

with the values found for bromine in +CHBrCONH, .
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PART I

AN X-RAY CRYSTALLOGRAPHIC STRUCTURE DETERMINATION
OF BROMOMALONAMIDE

I. INTRODUCTION

Crystallography, as a science, dates back several
centuries. The investigations at that time were necessarily
limited to the observations oconcerning the external fea-
tures of crystals. From these early enquiries, it was soon
postulated that the regular and symmetrical arrangment of
crystal faces was due to some sort of internal pattern.
Following the discovery of X-rays in 1895 by Roentgen,
experimentalists were given the means to explore these ideas
and examine the internal structure of crystals. It was not
until 1912 that the utility of X-rays was perceived. Max
von Laue postulated that X-rays are of the same order of
magnitude as the interatomic spacings in a crystal. Hence,
the crystal could act as a three—dimensional diffraction
grating and diffract a beam of X-rays. 1In that same year
Friedrich and van Knippering confirmed this idea experi-
mentally. Shortly thereafter in 1913, W. L. Bragg worked
out the first crystal structure. 1In recent years the devel-

opment of the computer and the automated diffractometer



2
have brought the science of crystallography within the
reach of any scientist who avails himself of these instru-
ments.

Determination of the crystal structure of bromomalon-
amide was undertaken to aid in the interpretation of the ESR
data for the radical which is obtained on irradiating the
amide. 1In a similar type of investigation the crystal
structure of malonamide has been obtained! and used in dis-
cussing the ESR specfra of radicals trapped in irradiated
single crystals of this substance.1”3

X-ray crystal analyses have been reported for three
additional diamides, oxamide,4 succinamide® and dichloro-
malonamide.® The structures in all cases involve important
intermolecular hydrogen bonding but the conformations of
the molecules, and the arrangements in the three-dimensional
networks, differ. An analysis of the thermal motions in

bromomalonamide has also been made in this work.



II. CRYSTALLOGRAPHY

A crystal may be defined as a solid composed of some
basic internal pattern which repeats itself at periodic
intervals.?” The fundamental building block is referred to
as the unit cell. The unit cell is a parallelopiped which
consists of an atom, ion, molecule or some combination
thereof. Under a set of translation operations, the unit
cell will fill the entire crystal volume. The contents of
the unit cell may, in turn, be generated from appropriate
symmetry operations on the asymmetric unit, the unique por-
tion of the unit cell. In crystallography it is usual to
solve for the crystal structure in terms of the asymmetric
unit rather than the entire unit cell. This considerably
simplifies the task of the crystallographer.

The symmetry relationships consist of the familiar
molecular symmetry elements: mirror planes, rotation axes,
centers of inversion, and rotation-reflection axes. 1In
addition, two new elements, screw axes and glide planes,
result from the translational operations of crystal symmetry.
A screw axis is a rotation about an axis followed by a trans-
lation parallel to the axis. A glide plane is a mirror in

the plane followed by a translation parallel to the plane.
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There are several types of unit cells commonly en-
countered in crystallographic work. The primitive (P) cell
is a minimum volume cell with lattice points at each
corner.® The body centered (I) and face centered (F) cells
are self-explanatory.

If each unit cell were to be replaced by a representa-
tive point and the points were to be connected, a crystal
lattice would be formed. The direct lattice would be quite
useful if a real image, such as the image provided by a
microscope, were obtained, since the direct lattice is
associated with real space and a relatively simple relation-
ship between the crystal structure and the lattice would
result. However, in X-ray crystallography, it is the dif-
fracted image which is produced. This is a map of the
reciprocal lattice rather than the direct lattice. The
reciprocal lattice is associated with Fourier space.? The
reciprocal and direct lattice have the same symmetry and
are simply related to each other. For a lattice with axes
a, b, ¢ there is a related second lattice such that a*, is
| toa and c, b* is | to a and ¢, and c* is |

to a and b.



III. THE X-RAY EXPERIMENT

A. Bragg's Law

When a beam of X-rays strikes a crystal most of the
beam passes through the crystal unaffected. A small amount
of the beam, though, is scattered by the atoms which con-
stitute the crystal, creating a diffraction pattern.
Scattering occurs when the electrons act as secondary
sources of radiation (the incident beam is the primary
source) and emit X-rays in all directions. The frequency
and wavelength of the emitted X-rays are the same as those
of the incident beam. An analogy is sometimes drawn between
diffraction and ordinary optical reflection. Since the
diffracted beam appears to be a reflection from a lattice
plane, it is often referred to as a reflection. W. L.

Bragg first noticed the similarity between the two processes
and developed a particularly simple equation to describe
the diffraction phenomenon subject to the following consid-

erations:
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1) The angle of the diffracted beam equals the angle
of the incident beam.

2) waves from successive parallel planes must arrive
at a detector in phase in order to produce an
intensity maximum.

3) The distance traveled by the waves must equal some
integral number of wavelengths in order for the

waves to be in phase.

The Bragg equation is

. - nA
sin 6 = 53 ¢ (1)

6 1is the angle of "reflection", A 1is the wave-

length of the incident radiation in R, n is an integer

which gives the order of the reflection, d 1is the inter-

planar spacing in the crystal lattice in 2.

Bragg's law leads to several conclusions:

1) 6 and A must be matched before a reflection can
be observed. An X-ray beam at an arbitrary angle
with respect to the crystal will not necessarily
give a diffraction pattern. 1In practice, the dif-
fraction angle is varied until the crystal is
properly aligned in the X-ray beam to satisfy
Bragg's law.

2) The wavelength needed to produce a diffraction
pattern must be approximately the same dimension
as the interplanar spacing. This corresponds to

the X-ray region of the electromagnetic spectrum,
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0.1 to 100 R,and the region of most concern is
about 1 X. Radiation of longer wavelength will
result in poor resolution while radiation of
shorter wavelength will result in a scattering
angle too small to be conveniently measured.

3) sSince there is an inverse proportionality between
d and sin 6 it is more convenient to use the
reciprocal lattice. There is then a direct

relationship between sin 6 and dx.

B. Data Collection

A precession or an oscillation camera is used for the
alignment, unit cell measurements and space group determina-
tion. Although the two methods are complementary, usually
one or the other is used exclusively in the initial data-
collecting stages. The Polaroid precession camera has the
advantage in the speed with which the crystal may be aligned.
The precession camera makes a complicated series of motions
involving the camera and film to give a photographic image
of the reciprocal lattice. Since the wavelength of radia-
tion is selected beforehand, and the diffracted angle is an
easily determined experimental parameter, the reciprocal
lattice spacings may be obtained by applying the Bragg
equation. The reciprocal lattice spacings are readily con-
verted to the direct lattice @pacings, which, in turn, will

yield the dimensions of the unit cell axes.
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The space group is determined from the systematic
absences among the reflections on the photographs. The
choices of space groups for combinations of h k 1 ex-
tinctions are listed in the International Tables for X-ray
Crystallography, vVolume I1.10

The X-ray experiment is capable of detecting only
translational symmetry elements!! and in addition adds a
center of symmetry to a crystal whether it is present or
not. Therefore a unique selection of the space group is
not always possible from photographs.

Although a centric crystal can be distinguished from
an acentric one by the piezoelectric effect, it is not a
very reliable indicator. However, from the complete crys-
tal structure analysis, the correct space group assignment
can be conclusively made.

Film methods may be used to record all of the X-ray
intensity data. The process is tedious and subject to human
error when the intensities are judged. 1In recent years,
therefore, data collection has become almost completely
automated. A computer-controlled diffractometer is used to
measure the intensities by moving the scintillation counter
and crystal to the appropriate location in space. The re-
flection is then measured as a function of time. With a
diffractometer the data is collected with more speed and
accuracy than is possible with film techniques. The entire
procedure ranges from several days for a simple crystal sys-

tem to a few weeks for a more complicated system.



C. Data Correction

The raw intensities obtained from the scintillation
counter have to be adjusted before the data can be used in
structure calculations.

If the crystal absorbs radiation of the wavelengths
selected, then an absorption correction, abs, has to be
performed. Since this process is time consuming and expen-
sive, it is usually omitted for those compounds with a small
mass absorption coefficient.

The correction is accomplished via a computer program

based on some variation of Beer's law,

1 = 1o exp(-p (%), 1), (2)

where 1 1is the intensity of the X-ray beam passing through
a crystal of thickness 1 , I, 1is the intensity of the
incident beam, p is the density of the compound, and (% A
is the mass absorption coefficient, which is dependent on
the wavelength of the X-rays. Values of (%)k are tabu-
lated in the International Tables for X-ray Crystallography,
volume III.12

Another effect which must be taken into account is the
Lorentz factor. This correction is a consequence of the
diffraction geometry, and the form applicable to the in-

tensity measurements made from a diffractomer is:

L= s - (3)
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The final correction term is the polafization factor.
It is not dependent on the manner in which the data are
collected. The incident beam is unpolarized but the re-
flected beam from the crystal is partially polarized. This
is taken into account by the polarization factor p, which
is

2
p = 1 + cos?p . (4)

Often these latter two equations are combined, since
they are a function of 26, into a single Lorentz-polariza-
tion factor

_ 1 + cos22¢
LP = =3351n 26 : (5)

The computation of the absorption and Lorentz-polari-
zation factors involves no knowledge of the structure and
is carried out before the data are refined. Collectively
these corrections are referred to as geometric factors.

In a typical crystal structure, several hundred reflec-
tions are collected. The corrections, with their dependence
on 6, have to be calculated for each 6 value. This
rather tedious process is readily adaptable to computer
techniques. Prior to the development of rapid computers
with large memories, crystallographers were reluctant to
undertake absorption corrections. Computers, therefore,
have not only contributed to more crystal structures being

solved but also to more accurate crystal structures.



IV. THEORETICAL

A. Phase Problem

The main objective of crystallography is to take the
diffracted image produced'by the X-ray beam and attempt to

reconstruct the arrangement of atoms in the unit cell which
led to that particular diffraction pattern. The quantity
which is measured in a crystallographic experiment and which
contains part of this information is the intensity of the re-
flections. The intensity is simply related to the square of
the amplitude of the diffracted waves. 1In order to piece to-
gether the unit cell contents from the diffraction data, how-
ever, it is necessary to know both the amplitude and the phase,
The phase information is lost in the process of data collec-
tion. Therefore, a major concern of crystallographers, at
present, is the regeneration of this lost phase information.
For a crystal whose unit cell lacks a center of symmetry
(acentric), the diffracted waves may be anywhere from 00 to’
180° out of phase. For a crystal whose unit cell contains
a center of symmetry (centric or centrosymmetric), there
are only two possibilities for the phase angle. Either the
wave is in phase (+) or it is 180° out of phase (-).13 The
phase problem is immensely simplified, therefore, if a crys-

tal has a center of symmetry. Nonetheless, the sheer number
of reflections obtained from even a small crystal system

(less than 50 atoms) makes calculations prohibitive without

11
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the use of high-speed computer. For ins tance, a molecule
with 300 observed reflections will have (2)300 possible
combinations of phase angles. With tha éid of computers,
though, problems of many times this magnitude can be solved
routinely.

Much theoretical effort has been directed toward sol-
ving the phase problem since, in principle, all the struc-
tural information is present in the collected data, but the
phase information cannot be extracted. This makes for an
interesting theoretical problem. At present, though, there
are only two practical ways, plus innumerable variations

of each, of solving the crystal structure.

The Patterson method is applicable if thé structure has
a heavy atom from which the phases can be determined. If a
heavy atom is not present, then isomorphous replacement, in
which a heavy atom derivative is prepared, is a possibility.
The unit cell must not be altered by the substitution. The
structure of the heavy-atom derivative can then be solved
and from it that of the original compound.

The direct-method attack is used if no heavy atom is
present in the molecule. Such is the case with many organic
crystals. Direct methods depend on the fact that the elec-
tron density is positive throughout the unit cell and are
based on probable phase relationships for each reflection.
Much of this work has been pioneered by Harker and Kasperl4
and also by Sayres.l5 This approach is most applicable to

centrosymmetric structures.
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B. Structure Factor

A function which relates the experimental data to the
electron density is required in order to obtain a solution
to the crystal structure. Such a function would have to
be represented by a three—dimensional Fourier series, since
the arrangement of atoms within the crystal is periodic.
These requirements are fulfilled by the structure factor, a
periodic function which is a mathematical description of
the scattering of the waves by the atoms in the unit cell.

The structure factor, F is composed of an amplitude

hkg’
and a phase. As was previously mentioned, the intensity is
proportional to the square of the amplitude of the dif-
fracted waves. The exact relationship between the ampli-

tude of the reflection and the intensity is;:

[Frics |

2
I = IFhkzl LP(abs)k , (6)

where the absorption (abs) and Lorentz-polarization (LP)
factors are familiar from the section on data correction, and
k is a proportionality or scaling constant. 1Its exact
value is determined in the final stages of the structure
determination.

There are numerous ways of representing the structure

factor. In exponential form, it is written:

F = 2 .
hk ¢ 3 IFhkz[exp(2m(hxj + kyj + sz))

= 3 |F exp(ia. ) (7)
3 | hkz| laj
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IFhkz' is the magnitude of the structure factor and gj
is the corresponding phase angle. The summation index,
j, is equal to the number of atoms in the unit cell. The
Miller indices, hk{, serve the same purpose as the order of
reflection, n, in the Bragg equation.
The structure factor may, alternatively, be presented

in complex number form:

hk £ (8)

Apyy, = 2 fojcos 2Tr(hxj + kyj + zzj) =3 fojcos 2qj @)

J J
B = > f . sin 27(hx. + ky. + fz.) =3 £ .sin . (10
kg = 5 Fos m(hxy + ky; + fzg) z £o5%in aj (10)

The magnitude, as expressed here, is:

1/2

2 2
IPrxgl = [2hxg * Bhkg

2 2
= > £ . cos . + > £ . sin . . (11
(3 £ 08 ay)" + (3 £ sin ay)']. (11)

The phase is:

1 B Zf_. sin a.

- hkiy _ -1 ok pl
a: = tan” (=2££) = tan” ( ). (12)
J Ahkz Zfoj cos aj

For a centrosymmetric unit cell, the form of the
structure factor can be represented by an even function,
f(x) = £(-x). Hence, the sine terms will drop out and the

equation reduces to :

f . cos q.-. (13)

Fhkz - ? oj j
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Since fOj sin aj = 0, then ay = 0° or 180°. No such
simplification is possible for an acentric crystal.

The electron density can now be written as:

-1 :
p(x,y,2) =V =535 |Fhkz[exp(-2w1(hx + ky + £z)).(14)

hk £
. “hk ¢

' = : .
Defining a term, ¢ hk2 el the density equation (14)
may be rewritten:

(15)
S | .
p(x,y,z) =v = =55 |Fth|exp(-2v1(hx + ky + fz - a'hkz))’

hk £ :
where V is the volume of the unit cell calculated from
Bragg's law.

A closer examination of Equation 15 for the electron
density which is in real space will reveal that it is merely
the Fourier transform of the structure factor (Equation’7),
which is in reciprocal space.

A trial crystal structure can now be assumed and the
structure factors calculated on that basis. The agreement
between the observed and the calculated structure factors
will serve as a criterion for the correctness of the as-
sumed structure. A quantity, R, the residual, is used for

this purpose.
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1) The Scattering Factor

The fo term encountered in the complex number form
of the structure factor equation is known variously as the
atomic scattering factor or the atomic form factor. The
scattering power of an atom is a function of its electronic
structure, the wavelength of X-radiation, and the angle of
scatter. The scattering power reaches a maximum at 6 = 0°
when the value of the form factor is equal to the atomic
number of the scattering atom. Because at increasing values
of 6, the scattered waves become increasingly out of phase
with each other, the form factor will decrease with increas-
ing sin 6/A . Figure 1 is a graphical representation of

f versus sin G/X for a carbon atom, illustrating these

o
features of the form factor. Values for the atomic form
factors are listed in the International Table of X-Ray

Crystallography, Volume III.l2

2) The Temperature Factor

As presented in the above discussion, the scattering
factor is independent of temperature. In the preliminary
stages of the structure determination, this assumption is
adequate. However, the atoms are not stationary but are
vibrating about their equilibrium positions. This is a
temperature dependent—phenomenon which has the net effect
of decreasing the scattering factor. The modified form

factor is
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Figure 1. Scattering factor curve for carbon.
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B sinze)

f = f, exp(-
(o] )\2

(17)

where B is known as the thermal or temperature factor.

This factor is given by

B = 872 <uj2> , (18)

where <uj2> is the mean square vibration of the jth

atom. Values of B for organic molecules typically range
from 1 to 5.

The thermal motions can, in the simplest approximation,
be treated isotropically. Usually the motions are considered
as such until the refinement of the atomic coordinates stops
at a given R value. Then the thermal motions are described
anisotropically as a thermal ellipsoid. The R value will

then reach a new minimum.

3) Anomalous Dispersion

In the event that the wavelength of the primary radia-
tion is near an absorption edge of a scattering atom the
phase of the scattered radiation will differ from that of
the other atoms in the unit cell. This is referred to as
anomalous scattering or anomalous dispersion. The effects
are small and can be safely ignored if the structure con-
sists only of'light atoms such as carbon, oxygen, nitrogen,
etc. However, if the structure contains a heavy atom such
as bromine, the effects of anomalous dispersion cannot be

disregarded.
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The anomalous dispersion phenomenon can often be used
to the advantage of the crystallographer. For instance, in
the section on space group determination, it was mentioned
that the X-ray experiment introduced a center of symmetry
in the unit cell and, as a consequence, the hkj reflec-
tions are equal to the hkjf reflections (-h, -k, -£). 1If
anomalous dispersion effects occur then, for an acentric
unit cell, the hkj) reflections are no longer equal to
hkZ reflections; however, for a centric structure the re-
lation still holds.

With the inclusion of anomalous dispersion, the form

factors are

£orom = fo * D' + iAf", (19)

where Af' 1is a real correction term and Af" is an
imaginary quantity. Again values for f' and £f" may be

obtained from the International Tables.12

C. Patterson or Heavy Atom Methods

An inherent difficulty in the electron density equation
is the dependence on phase information which is unavailable.
This obstacle is not insurmountable especially if the
structure contains a heavy atom. The Fourier series is a
weighted sum with the heavy atoms contributing the most to
the structure factor. A truncated form of the fourier

series, involving only the heavy atoms could be written



20

= ~+ g¢heavy atoms _-ig 44
Fhkﬂ 2 fj e . (20)

Naturally, this equation would not be correct. However, it
would serve as a trial structure from which the positions
of the other atoms could be obtained by an iterative pro-
cedure. This leads, though, to the initial problem of
locating the heavy atom. Fortunately, there exists a

power ful means of positioning the heavy atom without prior
knowledge of the phase. A. L. Patterson in 1935 attempted
to obviate the dependence on the phase relationship by
using the squares of the magnitudes of the structure factors
as Fourier coefficients. The Patterson function, P(u,v,w),
is related only to the intensities of the diffracted waves
and has a form quite similar to the electron density equa-

tion:

P(u,v,w) = v ! 555

hk ¢

|Fhk£|2exp[2vi(hu + kv + gw)], (21)

where u is the vector distance between atoms at X3, Yi.
2y, and X5, Y., 23, and w and Vv are defined analogously.
The Patterson function produces a vector map of the inter-
atomic distances for all of the atoms contained in the unit
cell. 1In principle, the relative positions of the atoms

can be derived from a Patterson map. Since a vector from

A to B 1is equal in magnitude but opposite in direction to
the vector from B to A, all Patterson maps are centro-
symmetric. It was shown earlier that, for a centrosymmetric

function, the Fourier series can be reduced to a sum of
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cosine terms:

P(u,v,w) = v ! 555 |F
hkg

hkzlz cos 27(hu + kv + gw). (22)

Another feature of the Patterson map is that all of the
interatomic vectors of zero length, i.e. vectors from atoms
to themselves, will lie at the origin resulting in a large
peak. This can be used as a scaling factor to determine
the relative heights of the peaks of the remaining vectors.

For a unit cell of N atoms, there are N2 vectors
in the Patterson; N of these are at the origin and §i§:ll
will be related to the remaining Eig:ll by a center of
inversion. Consequently a Patterson map will have Hig:ll
independent peaks. For a unit cell with even a moderate
number of atoms, the peaks will overlap and result in an
indistinguishable array of interatomic vectors. The magni-
tudes of the peaks, though, are proportional to the products
of the atomic numbers of the two atoms forming the ends of
the vector. A heavy atom among many light atoms is readily
located. This is especially true if the symmetry require-
ments of the space group to which the crystal belongs are
such that the heavy atom must be in a special position.

Only those symmetry elements which involve no translational
operations can lead to an atom being in a particular
location. When an atom lies on a closed symmetry element
such as a mirror plane, center of inversion, or rotation

axis, then it is said to be in a special position of a space



22

group.!? These are fewer in number than the general posi-
tions but obey the same group symmetry.

As a specific example of the Patterson synthesis, con-
sider the molecule bromomalonamide, HBrC(CONH,),. The
space group is Pnma and there are four molecules (52 atoms)
in the unit cell. According to the fomulas given, the 52
atoms in the unit cell will result in 52 x 51 vector peaks.
This is a large but not hopeless number of vectors to sort
out. If the Patterson map were to be solved in its entirety,
leading to the complete crystal structure of bromomalon-
amide, only (52 x 51)/2 vectors would need to be found be-
cause of the centrosymmetric nature of the map. However, the
usual situation is that one can locate only a few of the
vectors, including those of the bromine. From the inter-
atomic vectors which can be located the positions of the
corresponding atoms can be determined. This information may
then be used with the electron density function to phase the
reflections. Since bromomalonamide is centrosymmetric, the
phases will affect only the signs of the scattering factors.

The first vector to locate is the origin. This will

have a height, ignoring the hydrogens, of:

4(35 x 35 x 8 x 8 x 8 x8x7x7x7x7
no. of

bromine oxygen nitrogen
molecules Y9 g

Xx 6 x 6 x6 x6 x6x6).
carbon
A peak of this magnitude could perhaps obscure other nearby

vectors. Some crystallographers, for this reason, consider
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the origin to be of nuisance value and eliminate it from
the map entirely. However, it can serve as a scale by
which the peak heights of other vectors are judged. This
is a definite advantage when trying to decide whether or
not a peak is a composite of several overlapping vectors.
The largest vector peak, other than the origin, is the

bromine-bromine vector. The relative height of this peak

35 x 35

as compared to, say, the oxygen-oxygen vector is X '

or it is about 20 times as intense. This indicates that the
bromine-bromine vector will be easily discernible. An
examination of the symmetry table for the Pnma reveals that
there are eight general equivalent positions. Since there
are only four bromine atoms in the unit cell, these will
occupy the special positions listed beneath the general posi-
tions in Table I. The possibilities for the special posi-
tion include a mirror plane and one of two centers of in-
version. The latter choices are clearly impossible so the
bromine is located on the mirror plane. These four positions

are:

1. x, 1/4, z 3. 1/2 - x, 3/4, 1/2 + z

2. x, 3/4, z 4. 1/2 +x, 1/4, 1/2 - z.
The y coordinates in the Fourier map are fixed at some
multiple of 1/4. However, the Patterson map does not di-
rectly give the position of an atom but only the vector be-
tween two atoms. The vectors that arise from these positions
are given in Table II. The bromine Patterson peak was

located at coordinates gj% ' —%% ' zé%-. These transformed
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Table I. Symmetry relationships of space group Pnma.
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Symmetry of special projections
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Table II. Patterson vectors for bromine

in space group Pnma.

X.1.2 X.3Z . fx3.4ez i”f'*'i’z
ik N e S e T A
X3.2 X}z 0 104-22  p-2X1q
Lt A e T I AR A S e
M FEE Sl s+ I i ’
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to the Fourier coordinates

_ o= _ 2.50 L . =1.25
u = 2x = 48 =) x = 48
ve L 2248 -1

= 2 T 38 =2 ¥ = 7

_ 7.2 — _ 3.6
w =2z = —36 > z = —3-6 .

The Fourier coordinates 2x, 1/2, 2z were chosen to conform
with other bromine-containing organic compounds studied in
this laboratory in which the bromine atom has a negative

x coordinate.

The atomic coordinates of bromine can be derived from
these vectors. They, in turn, will be used to phase the
electron density (Fourier) map. The Fourier synthesis leads
to a map of all atomic positions. The approximate coordin-
ates thus obtained are now rerun to give a first-corrected
Fourier map.

Hydrogen atoms cannot usually be placed by this pro-
cedure. Often, though, a difference Fourier map can be used
to position them. This is obtained by subtracting off all
known atomic coordinates. A few peaks of positive density
in an otherwise featureless map should remain. These are
the hydrogen atom coordinates. If this method fails, there
are other indirect means of locating the hydrogens.

Once the first corrected set of atomic coordinates has
been obtained from the Fourier map, a process known as re-
finement is initiated. The ease or difficulty with which

this proceeds depends in large measure on how good the
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Fourier model is. If the trial structure is poor, then the
atom coordinates may converge to a false minimum and a new
trial structure has to be formulated. Conversely if the
trial structure is good, then the model will converge rapidly

to a true minimum.

D. Least-Squares Methods

Least-squares methods attempt to fit the data to a
linear equation or a set of linear equations. The success
of the least-squares X-ray programs is attributable to the
fact that the data set far exceeds the number of parameters
to be fit. The "excess" data are needed because of uncer-
tainties in the measurements. The ratio of data points to
parameters for a successful structure determination is in
the realm of 5 or 10 to 1.

The least-squares routine minimizes the discrepancies
between the observed and the calculated structure factor

amplitudes:

2
P= 2 nkgl Fobs.nke! = ¥Fearc.nkgl! (23)
where Whk g is a weighting function equal to the inverse

of the square of the standard deviation, and k 1is a scaling
factor necessitated by the fact that the data are not on an
absolute scale. Here k 1is treated as another parameter
to be varied.

It is not necessary to refine over all the atoms in the

unit cell. Only the unique portion of the unit cell, the
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asymmetric unit, need be considered in the refinement pro-
cess, For N atoms in the asymmetric unit, there are
(9N + 1) parameters. 1In addition to the scale factor,
there are three positional and six thermal quantities per
atom.

The error is minimized by taking the first derivative
of R with respect to each variable and setting it equal
to zero. This will yield (9N + 1) independent linear equa-
tions. 1In practice there are frequently less than (9N + 1)
parameters due to conditions imposed on the position and
thermal factors by the space symmetry. Referring to the
earlier example of bromomalonamide, it was shown that the
y coordinates of the bromine, carbon, and hydrogen atoms
in the mirror plane are each fixed at 1/4. The space group
further requires that two of the thermal parameters for each
be fixed at zero. Also, all hydrogen atoms were assigned
invariant isotropic thermal parameters. Therefore, instead
of the anticipated seventy-three variables there are only
forty-nine. This enhances the data-to-variable ratio con-
siderably. Similar considerations hold for other crystal
systems.

At the outset of this section it was mentioned that
least-squares methods were applicable to linear equations.
The structure factor, though, is not linear but transcen-
dental, i.e. a sum of sine and cosine terms. It can be made
to approximate a linear equation by expanding in a Taylor

series about the parameters. Terms higher than first order
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are discarded. This truncation is permissable only if the
postulated structure is reasonably close to the correct
structure. As the refinement progresses and the standard
deviations become smaller, the linear approximation becomes
increasingly better because the higher order terms, which
have been discarded, approach zero.

One measure of the correctness of the structure is the
residual, R. For diffractometer data, the R value should
be in the range of 3 to 9 percent.

The reasonableness of the bond distances and angles,
and the molecular configuration is another criterion. The
refinement proceeds in the following manner:

1) temperature factors are isotropic and constant,

2) temperature factors are isotropic and variable,

3) temperature factors are anisotropic and variable.
The scale factor, k, and positional parameters are varied

throughout the entire procedure.
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Table III. Experimental sequence for the bromomalonamide
structure determination

RAW DATA
(DIFFRACTOMETER

GEOMETRIC FACTORS (LP, abs)

CORRECTED
DATA

PATTERSON
(HEAVY ATOM)

J'SOLVE,for BROMINE

FOURIER

SOLVE for
ALL ATOMS

LEAST SQUARES

FINAL
SOLUTION




V. EXPERIMENTAL PROCEDURES

A. Preparation of Bromomalonamide

Bromomalonamidel® was prepared by the slow addition of
bromine to a chilled solution of formic acid and malonamide.
The mixture was allowed to stand for several hours while it
was stirred. The white precipitate which resulted was
filtered and washed with chloroform, followed by cold water.
It was then recrystallized from ethanol. A further yield
was obtained by evaporation of the supernatant liquid under

reduced pressure. The melting point of the product was

178-1800,

Analysis %C %H IN ZBx
Expected 19.89 2.76 15.47 44 .19
Reported 20.02 2.48 15.53 43 .99

Deuterated crystals were obtained by exchanging bromo-
malonamide with D,O three times. Crystals were grown from
both CHgOD and D,0. The morphology was the same in either
case; colorless crystals elongated along the b axis. NMR
spectra indicated that the exchange was nearly complete
since no proton peaks were observable. The final product of

the deuteration process was (D,NCO),CDBr.

31
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B. Selection and Alignment of Crystals

Generally, the crystals selected for X-ray diffraction
work will range in size from 0.2 to 0.5 mm on an edge. The
actual dimensions are checked on a calibrated binocular
microscope. A crystal that is too large can be cut to the
required size and shape with a razor blade. Since this
study of bromomalonamide included both an X-ray diffraction
portion and an electron spin resonance portion, the crystal
morphology was carefully examined so that the axes identi-
fied from the crystallographic work could subsequently be
used for the alignment of the crystals for ESR work. A
crystal of bromomalonamide and its axes are shown in Figure
2. The dimensions of the crystal were 0.5 x 0.30 x 0.32 mm.

A further examination of the crystal under a polarizing
microscope is required to determine whether the crystal is
twinned and to aid in the initial alignment of the crystal
in the X-ray beam. The crystal is then fastened with glue
onto a glass filament. The glue, usually Amberol, Duco
cement or Canada balsam, is allowed to dry overnight to en-
sure that the crystal is firmly in place. The glass filament
is attached to a goniometer head, a device which facilitates
the alignment and centering of the crystal. The goniometer
head consists of two movable arcs which are calibrated in
degrees and are located 900 apart. Each arc allows correc-

tions of up to 200 with an accuracy of about a half a degree.
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An excellent description of the goniometer head and align-

ment procedure is given in the book by Glusker and True-

blood .19

C. Precession Techniques

Crystals of bromomalonamide were oriented in the X-ray
beam by the Polaroid precession method. The crystals were
mounted on the goniometer head with the b axis coincident
with the axis of the glass fiber and the entire setup was
placed on a precession camera (Philips Model XRG 3000).

In addition to the corrections allowed by the arcs on
the goniometer head, an additional degree of freedom is
introduced by the precession camera. The entire goniometer
head was permitted to rotate about a 3600 angle in order to
locate the crystallographic axes. The alignment of the crys-
tal and the search for symmetry axes were performed simul-
taneously. Rotations of the spindle axis were made approxi-
mately every 300 over a precession angle of from 10 to 150
until the symmetry axes were found. The entire procedure
was accomplished in a few hours. Once the axes were located,
two zero-level precession photographs were taken (one for
each axis) and from these pictures the lengths of the axes
were measured. Each picture required an exposure time of
about five hours for the zero-levels and each succeeding
upper level photograph required more exposure time. With
bromomalonamide, Cu K, X-rays (A = 1.5405 ®) were used for

the zero levels, with a nickel filter to exclude beta
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radiation, and Mo K, X-rays (A = 0.7079 &) were used for
the first and second levels with a niobium filter.

The parameters to be adjusted before taking precession
pictures were the film-to-crystal distance, screen-to-crystal
distance, screen size and the precession angle. The Screen
has an annular aperture which permits only a single level to
be photographed at a time. The above parameters are inter-
dependent and the adjustments were made with the assistance
of a nomogram. A detailed explanation of the precession
method is given in a monograph by M. J. Buerger.20

From the zero—level precession photographs the unit cell
dimensions a = 9.515 &, b = 11.265 &, and ¢ = 5.870 8 were
obtained and the symmetry of the unit cell was determined to
be orthorhombic. The photographs actually give the recipro-
cal lattice axes but, since bromomalonamide is orthorhombic;
a* = 1/a, b* = 1/b, and c* = 1/c. Similarly the volume of
the unit cell is simply the product of the axes; V =
630.54 8 or 630.54 x 10 2% cm3. This information, together
with the molecular weight, is sufficient to calculate the

density of the crystal.

_ _mass _ Z) (MW
P = Volume - N \Y (24)

where MW is the molecular weight of bromomalonamide, 181
gm mole-l, N is Avogadro's number, 6.02 x 1023 molecules
mole-l, Vv is the volume of the unit cell, 630.54 x 10 24
cm3, and Z is the number of molecules in the unit cell.

Z is unknown, but for an organic compound such as
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bromomalonamide only three choices were likely, 2, 4, or 8.
From ESR data, which were collected concurrently with the
X-ray data, the choice of two molecules per unit cell was
not possible and eight was not very likely, which left four
as the most probable number. The calculated denisty, based
on four molecules in the unit cell, was found to be 1.90 gm
cm-s. The density was determined by another, independent
process, the flotation method. A crystal of bromomalonamide
was allowed to float in a beaker containing iodomethane (p =
2.28 gnm cm-s), and dichloromethane (p = 1.34 gm cm_a) was
added dropwise until the crystal remained suspended in the
mixture. The density of bromomalonamide was determined to
be 1.85 gm cm™3. rThis compares favorably with the value
obtained from the X-ray data and confirms the assumption
that the unit cell contains four molecules.

The upper levels, first and second levels, as well as
the zero-level precession pictures were needed in order to
assign bromomalonamide to its proper space group. On the
basis of systematic absences in the precession photographs,
which revealed that for okjg reflections, kX + f§ was odd
and for hko reflections, h was odd, bromomalonamide could
be assigned to either space group Pnma (centric) or Pn2,a
(acentric). Since these differ only by a center of symmetry,
the ESR data were not able to distinguish between them. The
surest way to make a correct choice was to do the complete
crystal structure; this showed the space group to be centric

and, therefore, Pnma. An explanation of the symbols and a
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listing of all 230 space groups is available in Volume I of
the International Tables for X-ray Crystallography.l?® The
space group Pnma 1is based on a primitive, orthorhombic
cell. There is a twofold screw axis along each edge of the
unit cell, a mirror plane perpendicular to the b axis and,
of course, a center of symmetry. The other symmetry ele-
ments present in the unit cell are an a glide perpendicular
to ¢ and an n glide perpendicular to the a axis. The a
glide consists of a mirror in the ab plane followed by a
translation of %, and the n glide consists of a mirror in
the bc plane followed by a translation of (g + %). The
space group designation also lists eight positions in the
unit cell. Since there are only four molecules to assign
to these eight positions, there must be half of a molecule
per position or % molecule in the asymmetric unit. This
means that the crystal structure of bromomalonamide entails

Br ?
locating only the Ht;C—C-NHz moeity. The rest of the
contents of the unit cell can be generated by application of

the symmetry elements of the Pnma space group.

D. Diffractometer

The intensity data were collected with a Facs-I Picker
diffractometer, a fully automated model, using Mo Ka radi-
ation. 1Initially, twelve reflections of moderate intensity
were selected at random and processed by a least-squares

routine to further refine the lattice parameters obtained
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from the precession photographs. The cell dimensions thus
refined were a = 9.487(3) R, b = 11.294(4) &, ¢ = 5.885(3)
£ with the standard deviations in parentheses. The Picker
diffractometer employed a graphite monochromator, so that
only a narrow wavelength reached the crystal, and a scintil-
lation counter to measure the intensities of the diffracted
beam. An omega scan of 1.0° with a scan rate of 0.50 min~ !
was used to integrate the reflection intensities. Ten-—
second background counts were measured at the beginning and
end of each scan. The background resulted from stray radia-
tion and scattering of the X-ray beam by air and dust. The
scan range in theta was from 2.5 to 459. Beyond 459 so few
observed reflections were noted that it was not considered
worthwhile to extend the scan range. The intensities of
three standards were checked every 100 reflections. These
were used to determine if crystal decomposition were occur-
ring during the data collection process. No deterioration
was indicated from the intensities of the test reflections.

For an orthorhombic system, the unique data are con-
tained within a single octant. 1In this instance the hkJ
octant was chosen and the hk/ octant was also measured
to corroborate the alignment of the crystal in the diffrac-
tometer. The intensities from the two octants were judged
to be equivalent and thus confirmed our alignment. The
automatic attenuator was not in operation when our measure-

ments were made. Consequently, the strongest reflections

overloaded the scintillation counter and had to be
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redetermined on an individual basis after the remainder of
the data had been collected. The attenuation factor had to
be calculated manually which meant re-collecting ten re-
flections with the attenuator in place to establish a value
for the attenuation factor. The twenty-four reflections
which overloaded the counter were then measured and the same
attenuation factor applied. Of the 543 independent reflec-
tions collected, 270 had intensities > 30 (I) and could
be classified as observed; o (I), the standérd deviation of

the intensity, is given by:

1/,

%1%, (25)

o (I) = [counts + background + xnet? x 10~

where xnet = (counts - background). The data from the dif-
fractometer was output in two formats--as paper tape which
could be easily converted to computer cards and as teletype

printout which provided a printed record of the data.

E. Data Processing

The first step in data processing was to sort out the
unobserved data using Equation 25. Then a decision had to
be made whether an absorption correction was needed. The
sorting procedure, using DATCOR,2! included two geometric
correction effects, the Lorentz-polarization factors.

The optimum thickness of a crystal is given by an equa-
tion found in Stout and Jensen:22

2
topt E (26)
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where |, the linear absorption coefficient, is a function
of the wavelength of radiation employed. For organic crys-
tals which do not contain a heavy atom, the linear absorp-
tion coefficient is usually less than 1 cm™t for Mo Ka
radiation and the optimum crystal thickness is about 2 cm.
Absorption effects are therefore negligible or can be ac-
comodated by the scaling factor in the later stages of the
refinement. In either event a separate calculation need not
be performed for a simple organic compound to correct for
absorption effects. The linear absorption coefficient for

1 and

bromomalonamide, calculated from Equation 2, is 68 cm
the optimum thickness is 0.029 cm or 0.29 mm. The thickness
of the crystal used in this study was 0.5 mm; therefore it
was decided to perform an absorption correction. Most books
recommend that the crystal be ground or shaped into a sphere
so that the absorption of radiation by the crystal would be
isotropic. This could not be done for bromomalonamide since
it was necessary to locate the axes as a function of crystal
geometry so that this information could be used for ESR
studies. Such information would be lost in the shaping
process. A computer program, ABSCOR,23 which was written
for a crystal of specified general shape, was therefore
utilized to correct for absorption effects. The transmis-
sion factors obtained from this program ranged from 0.19 to
0.34.

The data were now in the appropriate form to obtain

the Patterson and Fourier syntheses.
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F. Patterson and Fourier Maps

A packing routine (PACK 5)24 produced a list of all
intra- and intermolecular contacts within a 4 £ radius of
a central molecule of bromomalonamide and also the symmetry
elements which generated the contact. The intermolecular
contacts between the nitrogen and oxygen atoms were sought.
The approximate coordinates of the hydrogens were derived
from the nitrogen-to-oxygen distance. There were no voids
or gaps within the 4 & search radius large enough to accomo-
date a methanol of crystallization. The packing analysis,
thus, confirmed the Fourier difference in this respect.

A full-matrix least-squares refinement was carried out
in which the scale factor, atomic coordinates and isotropic
thermal parameters were varied. In the final two cycles of
the least-squares program, anomalous dispersion corrections
were introduced for bromine and anisotropic thermal param-
eters were used for all atoms except hydrogen. The hydrogen
atom thermal parameters were kept isotropic and held fixed
but the positional parameters were allowed to vary. For 270
observed reflections and 48 variables, the R value for the
unit-weighted structure factors converged to R; = 0.029 and

Ry = 0.030 where

F F
R, = g [{FZ{ - [ell (27)
1/,
R, = ZW(lFol_- IFC[)z (28)

>w  [Fo?| .
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The Patterson vector map was generated by program
PATTR3% with the b axis perpendicular to the plane of the
page. After the map had been contoured, a search was made
for the bromine vector. The magnitude of the bromine vector
peak was by far the largest in the map. The symmetry re-
quirements of space group Pnma were such that the bromine
atom had to lie in the mirror plane of the molecule which
coincided with the mirror plane of the crystal. Positioning
the b axis of the Patterson map perpendicular to the plane
of the paper meant that the bromine atom was in the plane of
the page and along a page edge. From these considerations
it can be seen that the bromine vector and consequently the
bromine atomic coordinates were readily located.

The Fourier map, phased only by the bromine atomic co-
ordinates, was generated by program FORO1.25 A second
Fourier synthesis was run using all of the non-hydrogen atom
coordinates. This had only a slight effect on the residual
value. An attempt was made to find the hydrogen atoms by
using a Fourier difference map. 1In a difference map, the
) and the phase angle is that

coefficients are (F -F

of the trial structure. A positive peak is expected if

obs calc

insufficient electron density is given to an atom or if the
coordinates assigned to an atom are incorrect. No positive
peaks were found in the Fourier difference map which meant
that the hydrogen atoms did not contribute sufficient elec-
tron density to the structure to be detected. A packing

analysis was then utilized to determine indirectly the
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atomic coordinates of the hydrogen atoms.

A phenomenon occasionally encountered among amides is
the thermal averaging of the nitrogen and oxygen atomic
positions. To check out this possibility in bromomalonamide
the thermal and positional parameters of the nitrogen and
oxygen atoms were interchanged. The new structure, after
two cycles of least-squares refinement, converged to an Ry
of 0.046 with no appreciable change in bond lengths. The
thermal factors of the "nitrogen" atom, however, were not
positive-definite; this indicated a deficiency of electron
density about the "nitrogen" atom. Therefdre, it was con-
cluded that no positional averaging of the nitrogen and oxy-
gen atoms is occurring and that these atoms are distinguish-
able in the bromomalonamide structure. Table IV lists the

observed and calculated structure factors.
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VI. RESULTS AND DISCUSSION

A. Molecular Geometry

A stereographic view of the bromomalonamide molecule
is shown in Figure 3. The bond distances, bond angles and
standard deviations are listed in Table V. These values
are in substantial agreement with those reported for similar
diamides and the comparison is summarized in Table VI. The
c(1) - c(2) bond distance, 1.522 K, is slightly shorter than
the 1.54 & usually found in aliphatic compounds and lies
between the extremes reported for malonamide (1.502 &) and
dichloromalonamide (1.560 8). The c(2)-N bond, 1.290 &,
is somewhat short for an amide and is about the same length
as the comparable bond in malonamide and dichloromalonamide
before each was corrected for thermal motions. The bond
distances and angles involving hydrogen are less certain
that those for the remaining atoms as shown by the standard
deviations in Table V. The bond angles in the central car-
bon, c(1), are close to the tetrahedral value, while the
carbonyl carbon, C(2), and the nitrogen atom each have a
planar arrangement of the atoms bonded to them. The amide
groups are planar within experimental error and c(1) is

common to the planes of the amide groups of a given molecule;
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Table V. Interatomic distances and angles.
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Interatomic Distances

Bond Angles
0

Br-c(1)
c(1)-c(2)
c(2)-o

c(2)-N

N-H(1)

N-H(2)
N(1)-H(1)...0
N(1)-H(2)...0
H(1)...0
H(2)...0

Br...Br(nonbonded)

H N NN H O M e

»

.954
.522(9)
.236(7)
.290(5)
.92(7)
.11(9)
.94

.82

.21

.85

.95

Br-c(1)-H(3)
Br—-c(1)-c(2)
c(1)-c(2)-
c(1)-c(2)-N
H(1)-N-H(2)
c(2)-c(1)-c(3)

o-c(2)-N

c(2)-N-H(1)
c(2)-N-H(2)
O....N...O

N-Hoo

«.0

113
109
121
112
112
108
125
123
124
124
164

.0(6
.1(5
.1(6
.0(7
.0(7
.9(8
.0(7
.6(4

D N L L N N .

.4(6)
.8(2)
.0(7)
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the angle between these planes is about 109°. oOne feature in
which the molecular geometry of bromomalonamide differs from
the remaining diamides1:476 jg the mirror symmetry relating
the two amide groups of each molecule.

The molecules are linked together by hydrogen bonds to
form a three-dimensional network. Each amide oxygen is
linked to hydrogen atoms of two neighboring molecules form-
ing two hydrogen bonds and each molecule is hydrogen-bonded
to four neighbors. Along the a axis neighboring molecules
fam pairs of hydrogen bonds involving both amide groups of
both molecules so that 12-membered rings result. Along the
c axis neighbors are linked end to end by pairs of hydrogen
bonds leading to 8-membered rings. A stereographic repre-
sentation of this arrangment is shown in Figure 4. Three-
dimensional hydrogen-bonded networks involving eight- and
twelve-membered rings are found in dichloromalonamide,® and
eight-membered rings in malonamide.! Two-dimensional hydro-
gen-bonded networks with eight-membered rings are found in
oxamide4 and, along with eleven-membered rings, in succin-
amide .5 An exceptionally short intermolecular Cl...Cl
contact was observed in dichloromalonamide but the inter-
molecular bromine contacts in bromomalonamide are long.

The configurations of the diamide molecules in the
crystals studied vary. In oxamide and succinamide they are
completely planar with the oxygen atoms on opposite sides of
the molecule. In malonamide the two amide groups are rotated

out of the central Cc-C-C plane by 40° and 659, respectively,
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so that the amide groups are nearly perpendicular to each
other and, in addition, the amide groups are not quite
planar (NH, groups 2-14% out of the C-CON plane). The di-
chloromalonamide molecules have C, symmetry with the NH,
group only rotated about 52 out of the C-CON plane. Bromo-
malonamide is unusual in having a mirror plane so that the
oxygens are on the same side of the molecule. The inter-
molecular Br...0 distances (3.15 R) are slightly shorter
than the sum of van der Waals radii (3.35 ®) as was found
for the Cl...0 distance in dichloromalonamide.

It is interesting to consider the possibility of a
molecule in which the amide oxygens were on opposite sides
as in the other diamides. The molecules would then have C,
symmetry, apart from the CHBr group, and a space group of
lower symmetry Pn2;a (obtained by discarding the mirror
plane of Pnma) would be required. Distance calculations
show that the general form of the hydrogen bonding scheme
could be retained because the alteration of half of a given
molecule (atoms for which 0 <y < b/4) is accompanied by
the alteration of the nearest neighbor molecules (-b/4 <y <
0). An attempt to refine the structure with this conforma-
tion was made but a satisfactory refinement was not obtained.
The observed conformation, then, does not appear to be a
direct result of the particular hydrogen-bonding pattern
but may result from intramolecular interactions such as
Br...0. It would be of interest to examine the gas phase

or solution dipole moment to determine whether the crystal
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conformation is also adopted by the free molecules.

B. Thermal Motions

In the gaseous state free rotation about the c-C and
C-N single bonds would be expected but in the solid phase
strong intermolecular hydrogen bonding can confer rigidity
on the molecules. In bromomalonamide a three-dimensional
structure results from the hydrogen bonding network in the
ab and ac planes (Figure 4) and this would be expected
to be rather rigid.

The thermal motions have been analyzed by the method
of Schomaker and Trueblood?® and the TLS (translational,
liberational and screw) motions show that-the bromomalon-
amide molecule is essentially a rigid body and that libra-
tional motions are dictated by the hydrogen-bonded network
rather than by the bromine atom as would be anticipated for
the free molecule. The thermal parameters and atomic co-
ordinates of bromomalonamide are given in Table VII.

Tests of the motion included calculations using both
mass-weighted Cartesian displacement coordinates (MWCDC)
and unit-weighted coordinates of the atoms and these gave
equivalent results. The librational and translational
tensors are given in Table VIII for both cases. Since the
motions are essentially independent of mass, the effect of
the hydrogen bonding has been to overcome the influence of
mass. For crystals in which the intermolecular interactions

are of the van der Waals type, a mass dependence is observed.
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Table VII. Atomic coordinates and thermal parameters for
bromomalonamide. The anisotropic thermal param-
eters are defined as

[-(B11h%2+B33k2+B33 £2+2B5hk+2B, gh £+2B5 3k 4)]

Atom x Yy z P11 P22 Pss Piz Bis Feas
Br -159 2500 1295 192 141 205 0 13 0
c(1) 873 2500 -1578 94 78 185 0 -9 0
c(2) 468 1403 -2933 80 64 257 75 6 -4
c(3) 468 3596 -2933 80 64 257 -75 6 4
N(1) 1533 806 -3671 71 75 415 8 -13 -38
N(2) 1533 4194 -3671 71 75 415 -7 13 38

o(1) -781 1147 -3271 50 102 424 -21 17 -70
o(2) -781 3853 -3271 50 102 424 21 17 70
H(1) 2526 983  -3524
H(2) 1478 246  -4351
H(3) 2029 2500 -1342
H(4) 2526 4017 -3524
H(5) 1478 4754  -4351




Table VIII.
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motions in bromomalonamide.

Translation and libration matrices for thermal

T K2 T Orientation Matrix L (°) L Orientation Matrix
Unit-Weighted Coordinates
0.0752 0.386 0.0 -0.922 62.772 0.864 0.0 -0.504
000538 0.0 -1 .O 0.0 6.910 0.0 1.0 0.0
0.0029 -0.922 0.0 -0.386 1.064 0.504 0.0 0.864
Mass-Weighted Coordinates (MWCDC)
0.0490 0.0 -1.0 0.0 46.700 0.911 0.0 -0.413
0.0478 -0.951 0.0 0.308 10.529 0.0 1.0 0.0
0.0309 -0.308 0.0 -0.951 7.247 0.413 0.0 0.911
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The rigid body approximation for the TLS analysis, on the
other hand, assumes that the motion is governed by the inter-
molecular forces and the mass distribution in the molecule.
The concept of an isolated molecule is lost in the presence
of the hydrogen-bonding network and, instead, the molecular
motion becomes dominated by this polymer-type bonding scheme.

The center of reaction in the molecule lies between
the two amino groups, as found using either MWCDC or unit-
weighted coordinates. Physically, a line joining these
groups could be visualized as a hinge about which oscilla-
tions of the molecule may occur. In the free molecule the
oscillations would be governed by the moment of inertia of
the molecule and would be about the center of mass. 1In
bromomalonamide the motions are, therefore, governed by the
hydrogen bonding.

A similar effect was observed in a rigid-body analysis
of the thermal motions in trichloroacetic acid,?7 which con-
tains dimers held together by hydrogen bonds. It was shown
that there is a libration about the long axis of the dimer
so that the molecule moves according to the constraints im-
posed by the hydrogen bonding. J¥nsson and Hamilton used a
mass-independent analysis; our recalculation using MWCDC
gives slightly improved results and allows us to include
hydrogen-atom anisotropic thermal factors as opposed to
their enforced neglect in the original treatment. However,

our results confirm the conclusion that the molecular motions
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(apart from the CClg group rotation) are governed by the

hydrogen bonding scheme.



PART II

AN ESR STUDY OF RADICALS IN SINGLE CRYSTALS OF
Y-IRRADIATED BROMOMALONAMIDE AND IODOACETAMIDE

I. INTRODUCTION

Electron spin resonance (ESR) spectroscopy is a par-
ticularly useful technique for probing the electronic en-
vironment of paramagnetic materials. Paramagnetism occurs
whenever a substance has one or more unpaired electrons.
Among the transition metal ions and elements, paramagnetism
is a commonly encountered phenomenon. Transition metal
species can be readily studied by ESR when they are made
magnetically dilute by doping into a diamagnetic host crystal.

Organic molecules, on the other hand, are almost always
diamagnetic, i.e., all of the electrons are paired. 1In
order for an organic compound to be amenable to ESR tech-
niques, a paramagnetic center has to be induced, usually by
ionizing radiation such as X- or y-rays. The net result,
if irradiation is performed on a single crystal or powder,
is one or more paramagnetic fragments trapped in the parent
compound. The amount of radiation damage is quite small
and the paramagnetic center does not require further dilu-

tion. Radiation damage in organic compounds usually
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results in the formation of a r-electron radical. These
radicals are characterized by an unpaired electron which is
located in a predominately carbon 2pz orbital, which is
perpendicular to the plane 6f the molecule. Any magnetic
nuclei which interact with the unpaired electron are usually
situated at or near the nodal plane of the carbon 2p7r
orbital. The magnetic coupling of the electron to such
neighboring nuclei is known as hyperfine interaction.

Ionizing radiation applied to organic crystals is
always an uncertain procedure in that the damage incurred
by the crystal cannot be predicted a priori. However, in-
formation available from study of similar compounds can re-
duce the uncertainty as to the expected radical species.

An ESR study of the radicals in X-irradiated malon-
amide!~4 H;C(CONHy),;, was among the first single-crystal
investigations of organic radicals and as such served as
the basis for theoretical calculations, and provided the
background for subsequent single-crystal investigations, of
other systems. To extend the knowledge of hyperfine inter
actions with nuclei other than hydrogen, the -CF(CONH, )
and °CF3aCONH; radicals in irradiated difluoromalonamide
were examined.® Currently y-irradiated single crystals of
chloromalonamide® and dichloromalonamide? are being investi-
gated and the data available from these studies were helpful
in the present work.

The fluorine hyperfine splitting tensors for several

T-electron radicals with g-fluorine substituents have been
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obtained from single-crystal ESR studies so their geometries
and electronic structures are reasonably well known.8-10
In the last few years the anisotropic 38Ccl hyperfine inter-
action tensors have been .determined from single-crystal data
for the a-chlorine in -CHClCOOH,!! -CFClCONH,,12 -CH,Cl,13
(CeClg)zCCl'4 and, in part, -CCl,CONHgz1% and -CClg.1® Re-
cently ESR data for the radical °CHICONH; have been re-
ported based on powder spectra.l?7 It would, therefore, be

of particular interest to have information on a radical,

oriented in a single crystal, with an aq-bromine, or an a-
iodine substituent so that the effects of changing the
halogen substituent in a series of m-electron radicals could

be evaluated in greater detail.

Unfortunately, carbon radicals with bromine or iodine
substituents have proven unusually difficult to study. No
reliable values of the isotropic iodine or bromine hyper-
fine interaction in such a radical appear to be available
from solution ESR measurements since such radicals have
proved to be quite labile. Attempts to observe the ESR
spectra of bromine- and iodine-substituted aliphatic radi-
cals in solutionl® or in an adamantane matrix1® have failed
in this laboratory and some negative results have been re-
ported by other authors.29 Although there are reports of
aromatic radical anions with iodine or bromine substituents?!
no halogen hyperfine splitting was observed; this could
mean that a(I) or a(Br) was less than the linewidth or

it could result from loss of iodine or bromine. It has been
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shown that the latter occurs very readily from anion radi-
cals, usually too rapidly to permit observation of ESR
spectra.2! The iminoxy radical from 2-bromoacetophenone
oxime, although a rather different type of radical, shows
a value of a(Br) about as large as a(F) in the analogous
fluorine-substituted radical.

Although iodine-—-and bromine-containing organic radicals
are more stable in the solid, the ESR spectra are very com-
plex. Bromine has two isotopes, 79Br and 81Br, each with
I = 3/2 but with different magnetic moments and quadrupole
moments; there may also be additional hyperfine splitting
from other nuclei, site splitting, lines from other radicals
and different axis systems for the A(Br), g and e2Qq
tensors. These factors, and the resulting extensive over-
lapping of lines, has hindered ESR work and no complete
analysis of single-crystal spectra has so far been reported
except for the radical (CHg)pS<Br in dimethyl (9-fluorenyl)
sulfonium bromide.22 1In this radical the odd electron is
largely on sulfur so the results are not directly comparable
with those for carbon-centered radicals.

A bromine-containing radical was detected in y-irradi-
ﬁted single crystals of bromoacetic acid but could not be
positively identified.23 fThe radical <°CFgBr appears to
be present in y-irradiated single crystals of bromodifluoro-
acetamide,24 and the maximum value of the 81Br hyperfine
tensor was found to be 238 G, but a complete analysis was

not made. A partial analysis of the bromine tensor in an
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excited triplet state of sym-tetrabromobenzene has been
carried out.2% pAlso, g-bromo radicals have tentatively
been identified in five y-irradiated polycrystalline organic
bromides and possible values for some of the tensor com-
ponents have been listed;2€ interpretation of complex powder
ESR spectra is, however, not always unequivocal. Powder
data have been used to obtain possible ESR parameters for
two radical anions of N-bromo amides and the odd electron
is believed to be more or less equally shared between nitro-
gen and bromine in these.27

There does not appear to be any previous example of an
organic radical exhibiting iodine hyperfine splitting where
the ESR spectra could be unambiguously analyzed.28 No iso-
tropic iodine hyperfine interactions for w-electron radicals
are available either. A complete analysis of single-crystal
spectra of a radical CHICONH, is reported here. After
this work was completed a communication appeared reporting
ESR parameters for the radical éHICONH2,17 data were ob-
tained largely from powder spectra. Agreement between the
parameters, where they may be compared, is good considering
the difficulties inherent in interpreting powder data. A
detailed ESR study of -+CHBr(CONH;) is also reported here.
This radical has been obtained in bromomalonamide y-irradi-
ated at 779K and both powder and single-crystal ESR spectra

have been analyzed. A second radical, °CONHy, is
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simultaneously produced but has not been investigated.
Interference from the lines of the latter radical has,

however, been greatly reduced by employing CDBr (COND, )2

in the present work.



II. LITERATURE SURVEY

Numerous textbooks, monographs and reviews are avail-
able which discuss in detail the theoretical and experi-
mental aspects of electron spin resonance spectroscopy. A
review by J. R. Morton2? gives a comprehensive survey of
the field of ESR from its inception until the time of the
article in 1964. Morton presents a primarily qualitative
discussion of the developments in the field and provides a
complete set of literature references at the conclusion of
the article.

A more recent article by A. Carrington and H. C.
Longuet-Higgins30 stresses the theoretical concepts of an
ESR experiment with several sample calculations on transi-
tion metal ions. cCarrington3! has also authored a review
featuring the ESR of aromatic molecules in solution.

Books by Carrington and McLachlan,32 Wertz and Bolton,33
and Ayscough34 provide a satisfactory introduction to theor-
etical as well as experimental considerations involved in a
magnetic resonance experiment. More advanced treatment of
the theory is presented in books by Slichter,33 and by
Poole and Farach.36 All of the pertinent quantum mechani-

cal equations are gathered in a rather encyclopedic text by
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Abragam and Bleaney.37 These authors make little effort,
however, to present a rigorous derivation of the equations.
Treatments of the experimental aspects of ESR including
intrument design and technology are provided in books by
Poole38 and Alger.39 The book by Alger has an extensive
section on low-temperature techniques, a topic that is be-

coming of increasing importance to the experimentalist.



III. THE ESR EXPERIMENT

The unpaired electron in a paramagnetic species has
associated with it the property of spin. The combination
of spin and charge result in a net magnetic moment. The
relationship between the spin angular momentum, §7 and the
magnetic moment, ﬁ;, is expressed by Equation 1, where 9o

and ﬁe are proportionality constants:
- -2
Ly = =94 Bg S (1)

In a standard electron magnetic resonance experiment,
the paramagnetic sample is placed in a magnetic field, 5.
The interaction of the field with the magnetic moment is
then:
> -

- o ->= - g Ld
E" = pu H 9.Pe S H (2)

For a magnetic field applied in the z direction, Equation

2 reduces to the form:
E = -9, B, HS, (3)

where Sz is the component of spin angular momentum in
the z direction.
There are several energy levels which correspond to

the (2s + 1) orientations (each designated ms) which the
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spin vector will have in a magnetic field. For a single
electron with S = 1/2, there are only two possible orienta-
tions, m, = + 1/2 or m, = - 1/2. This is referred to as
a spin multiplicity of 2 or a doublet state.

An oscillating field with a frequency, v, is applied
perpendicular to the static field. This microwave frequency
is kept constant while the magnetic field is swept until
the resonance conditions are satisfied. At this point, a
transition is induced between the two energy states of the
electron. Because the magnetic field is swept during an

ESR experiment, hyperfine splitting values are commonly re-

ported in units of gauss. The resonance equation is
AE = hv = -g_ B, H (4)

Planck's constant = 6.62 x 10 27 erg - sec,

where, h

v = microwave frequency in units of megahertz or
gigahertz,

Je = Landé g factor (unitless),

fe = Bohr magneton = 9.27 x 102! erg gauss ',

H = magnetic field in units of gauss.

Electron spin resonance spectra are characterized by
three types of parameters: A, Q, and 9o+ which provide
information about the environment of the unpaired electron.
All are tensors of the second rank and can be represented
as symmetric 3 x 3 matrices. By a suitable rotation of
coordinates, each matrix can be put into the more familiar

and convenient diagonal form, then elements along the digonal
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of each matrix are known as the principal values of the

tensor. Thus, for the A tensor:

A A A A
yx YY Yz Yy
zx Azy Azz 0 Brz



IvVv. THEORY

A. Spin Hamiltonian

Paramagentic resonance phenomena are usually explained
on the basis of quantum theory if information regarding line
positions and transition probabilities is desired. Since
the magnetic resonance experiment provides many of the
parameters used in the energy evaluation, the quantum
mechanical treatment is semi-empirical. In order to inter-
pret a magnetic resonance spectrum, it is first necessary
to postulate a spin hamiltonian, X¥C. This quantity operates
on the appropriate wavefunction, ¢, to give the energy
states. The proper wavefunctions are derived from combina-

tions of nuclear and electron spin functions.

Ky vy, = Eygy, (6)

Y

The exact form of the Hamiltonian will vary according
to the complexity of the system under consideration. The
experimentalist must decide which terms in the Hamiltonian
give an adequate description of the expected interactions.
A general Hamiltonian suitable for the systems treated in

this dissertation is given by Equation 7:
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¥x = J'celectron Zeeman JCnuclear hyperfine
JQquadrupole + }Cnuclear Zeeman. (7)

The Hamiltonian has been separated into several terms to
facilitate the ensuing discussion. The terms are listed in

order of decreasing magnitude of effect.

1) x - H. The interaction

electron Zeeman = Be 5 §>
of the spin angular momentum with the magnetic field is
known as the electron Zeeman effect. For organic radicals
this is by far the strongest interaction. Since g wvaries
but little from the free spin value of 2.0023 for organic
radicals, it can be treated as a scalar quantity and the
Hamiltonian simplifies to g_B_ §”+ # where g, and B,
are constants. When a heavy atom such as bromine or iodine
is present, the possibility of spin-orbit coupling exists
and G nmust be treated as a tensor quantity. The g
tensor is an experimental parameter and is referred to as
the spin-orbit coupling term, the Lande g factor, or the

spectroscopic splitting term.

->
=>

2) X =§”- A - I. This portion of

nuclear hyperfine
the Hamiltonian represents the interaction of the magnetic
moment of the nucleus and the magnetic field due to the

spin and orbital moments of the odd electron. A, like g
in the preceding paragraph, is a second rank tensor and is

known as the hyperfine splitting tensor and also must be

evaluated experimentally. S” and I~ are the electron and
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nuclear magnetic moments, respectively. The A tensor can
be further subdivided into an isotropic, or non-directional,
portion and an anisotropic, or directional, portion. It is

frequently written as such to reflect this fact:

- - => -> =>_ => =>
->. ->o ->= ->- ->_ I .S - 3(I .r xs .r )
S A I as I geBegan[:ra =5 (8)
The isotropic coupling constant is given by a scalar, a,

where

a = 8—3l JePeInPp0 (¥) (9)

The presence of a Dirac delta function, 6(r), in
Equation 9 enables a physical interpretation to be given to
a. The Dirac delta function has a finite value only when
r = 0. This means that the isotropic coupling constant
exists if the unpaired electron is at the nucleus. Since
s orbitals have no node at the nucleus, a can be related
to the s character of the unpaired electron. The isotropic
coupling constant is obtained from the trace of the diagonal-

ized hyperfine tensor, i.e.

1
a - 3 (Axx + Ayy + Azz) (10)

When the isotropic contribution to the hyperfine splitting
is subtracted from each of the diagonal elements of the

matrix, the anisotropic portion remains. This is a trace-
less tensor, i.e. the diagonals sum to zero. The notation

for the anisotropic component is B.
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- Axx-a 0 0 Bxx 0 0
->
B = 0 A -a o0 =0 0 11
Yy BYY (11)
v
0 0 Azz— 0 0 Bzz
where Bxx + Byy + Bzz = 0.

The dipolar or anisotropic hyperfine parameter, B, is
inversely proportional to the distance, r-s, between the
unpaired electron and the magnetic nucleus. This term is
sometimes written in another form to emphasize its direc-

tion dependence:

: 1-3 cos2? ¢
B = geBegan < r3 >aV (12)

where 6 1is the angle between a principal axis of the
tensor and the line connecting the nucleus with the unpaired
electron. For an electron in an s orbital, Equation 12
averages to 0. Therefore, the anisotropic term can be
related to the p and d character of the odd electron.

In the solid state only the combined effects of these two
guantities, i.e. isotropic and anisotropic terms, can be

measured.

- 2 I .
3) }cquadrupole Q'[I, - 3 (£ +1)]. A third tensor
quantity which is present only for nuclei with nuclear spin
I >21, is the quadrupole term. Like the g and A ten-

sors, it can be represented as a 3 x 3 matrix. Since the

quadrupole tensor is traceless, only two of the diagonal
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elements of the matrix are necessary to specify it. The
nuclear electric quadrupole moment, Q, is a measure of the
non-spherical charge distribution within the nucleus. The
quadrupole coupling constant is electrostatic in nature and
arises from the interaction of the nuclear quadrupole
moment with the field gradient of the electrons at the

nucleus. The Q' term in the Hamiltonian is

2
o' - 3e2 0 32y _ 3efQaq,, (13)
41(21-1) o =z2 = T41(21-1) °

where e 1is the electronic charge, Q is the quadrupole
moment and q,, is the gradient of the electric field at

the nucleus. The ¢ term is equal to the second deriva-

zz
tive of the electrostatic potential, V, with respect to

the molecular axis coordinate, 2z. The quadrupole coupling
constant is contained within the Q' parameter and is equal
to e2quz. The magnitude of the coupling constant is
usually reported in units of megahertz.

The presence of a nucleus with a quadrupole moment can
make spectra appear complicated especially if the quadrupole
and hyperfine coupling are of the same order of magnitude.
The magnetic and electrostatic interactions each attempt
to orient the nucleus abou£ its own axis. The principal
effects of this are line broadening, irregular line spacing,
and the presence of "forbidden" transitions. The normal
"allowed" transitions correspond to mg = +1, m_ = 0 while

I
forbidden lines have mg = 1, my = 1, *2. Occasionally
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the "forbidden" lines may be more intense than the "allowed"

lines, making interpretation of the spectrum difficult.

4) 30 9P I 5. This is the

nuclear Zeeman
nuclear Zeeman component of the Hamiltonian and represents
the direct action of the magnetic field at the nucleus. It
is often small and in many instances is omitted from the

complete Hamiltonian. It is included here for the sake of

completeness.

B. Approximate Solutions

Since the equations that result from use of the full
Hamiltonian in Equation 7 are rather formidable, it is often
necessary to resort to approximate methods of solution.

The perturbation method is one such approach that has been
successfully applied. 1If the strongest interaction differs
by one or two orders of magnitude from the remainder of the
terms, then perturbation theory is applicable. 1In a mag-
netic resonance experiment, the largest term is the electron
Zeeman interaction. Since the magnetic field strength is
about 3000 gauss while the hyperfine interaction for a pro-
ton usually does not exceed 35 gauss, the perturbation ap-
proximation is clearly valid for organic radicals. However,
if the organic radical contains bromine or iodine, the maxi-
mum hyperfine splitting is nearly 300 gauss. The perturba-
tion treatment can still be utilized but higher-order cor-

rection terms have to be considered.
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The Hamiltonian is separated into }C(o) for the
electron Zeeman term and JC(I) for the remaining inter-
actions. The Zeeman energy is obtained and the other terms
are added as small corrections or perturbations.

The necessary equations are given below:

s ena(1) [
2 = 12 - =2 Q;’,Ci 32 15 (14)
i#] i j

(1) panss (1)
By = ey - et o -z QUERGIE L qs)
i#3 i j

The perturbation equationé have been solved by Bleaney,40
subject to the conditions that the system have axial or near
axial symmetry and that the quadrupole interaction is
smaller than the hyperfine term.

The first-order energy levels calculated by Bleaney

are
E(m,, m_ ) = Hm + Km.m. + S—[mZ - l(1 +1)] (16)
s' Mp/) = 9bHMg sPr *2Imp -3
3Azgﬁ cos? ¢ A%|c°529+531 sin26
( -1) - g 8 Ho( )4
K2g2 Kg
where

6 is the angle between the external field and the

z axis,
%I is the component of the g tensor in the z directinn,
g is the component of the g tensor in the x or y

direction,
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A is the component of the hyperfine tensor in the
z direction,
B is the component of the hyperfine tensor in the
x or y direction,
= o 1ia2 o2 2 2 winz 1172
K = g "[A %I cos? 9 + B?L sin2 0] , and (17)
g2 = gﬁ cos26 + gf sin2 @. (18)

The energy difference between two energy levels is

then AE

(ms—l, mI).

hyv = gBeH + KmI

For the spin system

for the transition (mg, mI) —>

1/2, 1 = 3/2, the

S

first-order equations predict (21 + 1) or four equally-

spaced and equally intense lines.

The quadrupole term has

the effect of shifting the energy levels but this cannot

be detected experimentally because each level is shifted

the same amount.

in Equation '

When the enerqgy differences are considered

the quadrupole term is seen to vanish in

this first-order treatment.

The expression for the energy levels carried out to

second order 1is:

E(ms,mI)

= gBeHmS

+ Km_m

Ag) cos20 + B?L sin?
S I-gnﬁnHmI

1

3A2qf cos?6

+ %L [mi

A2 + K?

- L(zs1)) (

Kg
_1)

K2 g2

B2

+mg (A2

A2_B22
8K2gp H

|

)’

-m?)

(1(1+1) 1

T

2

sin? 26 m m;

S

(cont.)



76

2

2
- m (‘-’1|?LAB) Q'2 sin? 26
I

(8ms + 1 - 41(1 + 1))
gZKZ 8KmS I
oy (19)
4 Q'2 sint 6 2
- mI (—ER. _—_ERE;___ (ZI(I + 1) - 2mI -1).

The energy of the transition E(m_,m_) — (E(m

s'M1 “Limp)

S

is:

2 2 2
LE = hv = gB_ H + Km +(A4;2K) ggn

(1(z +1) - mi)
e

I
(20)

2
2 _ p2)\2 g, 9
w2 (32 - B?) (—”—-—L) sin? 26

I 8K2gﬁeH g2

2
(8mI

2
9, 9 AB s .
- m (ll 2L ) Q'2 sin2? 26 £ 1 - 41(1+41))

g2 K2 8Kms(ms - 1)

4
9 B) Q'2 sin4 6 2
- m (gK (8Rmgtng = 17) (21(x + 1) - 2mp - 1).
Second-order corrections are obtained by including the
off-diagonal elements of the Hamiltonian matrix, which were
neglected in the first-order approximation. The off-diagonal
elements of the matrix mix the m and mS wavefunctions.

I

Lines involving transitions corresponding to AmI =+ 1
will now appear in the spectrum. The intensity of these
"forbidden" lines is usually weak and is borrowed from that
of the "allowed" lines so that as the intensity of the

"forbidden" lines increases that of the "allowed" lines

decreases.
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The mi terms which appear in the second-order equa-
tion are responsible for the unsymmetrical appearance of
the ESR spectrum. Separations between lines either increase
or decrease rather than remaining uniform as the spectrum is
scanned. The portions of the second-order equations which
involve m% are field dependent and, in a sufficiently
strong magnetic field, the second-order effects described
above will disappear and a simple first-order treatment of
the spectrum will suffice.

The quadrupole terms which disappeared in the first-
order approximation are quite important when the second-

order corrections are considered. Terms in m3 will cause

I
the line spacings to be unequal, but symmetrical about the
center of the spectrum. Quadrupole interactions will give
rise to "forbidden" transitions corresponding to changes of
AmI = +1, 2 in the nuclear magnetic quantum number. The
intensities of these lines will depend on the ratio of Q
to B.

Since quadrupole terms are independent of the magnetic
field strength, the effects of a quadrupole moment will not
vanish at high fields whereas terms involving mi will
diminish in importance. This provides a convenient means
of distinguishing between second-order and quadrupole ef-
fects.

Figure 1 is an energy level diagram with the expected

features for a) first-order, and b) second-order, approx-

imations for a system with S = 1/2 and I = 3/2. The



Figure 1. a)
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First-order energy levels and
allowed transitions;

second-order energy levels and
allowed transitions.
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reason for the inversion of the nuclear energy levels be-
tween mg = - 1/2 and mg = + 1/2 is that the field at
the nucleus reverses during the course of a transition.
The second-order equations reduce to a particularly
simple form when the magnetic field is situated along the
parallel or perpendicular principal axes.

With the magnetic field along the parallel orienta-

tions, 6 — 0°, K — A, g — 9 and

_ 2
hv = g" 6eH + Am_ + I] .

——B -
I zg"BeH"[I(I +1) = m (21)

With the magnetic field along the perpendicular orientation,

6 — 900, K —> B, g —> 9 and

2 2 m le
hv = 9 BH +Bm + (iT_LET:-e%L-)[I(I + 1)-m§]- _%B_
(21(z + 1) - 2m§ -1]. (22)

These equations are in a form adaptable to computeri-
zation. This is especially desirable for powder spectra,
the major features of which consist of contributions from
the paraliel and perpendicular orientations. A, B, g , g
and Q' are parameters to be fit to the line positions
given by H) and HL with v fixed.

Some interesting predications can be made from Equations
21 and 22. The quadrupole interactions completely disap-
pear in the parallel direction. The second-order effects
are more pronounced in the perpendicular orientation, where

the ratio of the hyperfine terms to the magnetic field
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: A2 + B2 . . .
strength is (-—H—-—), than in the parallel orientation
2
where this ratio is 2— . These observations can be quickly

H
checked from the powder spectrum if the features are well-

resolved.



V. TECHNIQUES

Electron spin resonance spectra have been recorded of
solid, liquid and gaseous samples. Gases are infrequently
encountered and will not be considered here. Varying
amounts of information are obtained from a spin resonance

experiment depending on the form of the sample.

A. Single-Crystal Spectra

In general the greatest amount of information may be
extracted from analysis of single-crystal data. The radical
is oriented in the host matrix and obeys the same symmetry
relationships as the undamaged crystal. If X-ray diffrac-
tion data are available, they can provide information on
the orientation of the radical species within the crystal
and thus facilitate the choice of axes to be used. With a
knowledge of the space symmetry and the number of molecules
in the unit cell of a compound, the number of magnetically
inequivalent sites (site splitting) to be expected for a
given orientation of the radical with respect to the magne-
tic field can be determined. Usually the crystallographic
axes are chosen for aligning the crystal in the magnetic
field to take advantage of crystal symmetry, and to minimize

site splitting. 1In the event that diffraction data are
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unavailable, the crystal is aligned with respect to external
features. Three mutually orthogonal axes are selected and
rotations are made about each in turn. Spectra are re-
corded every 5 to 10 degrees, or more often according to

the complexity of the radical system. From these rotations
the direction cosines, which relate the laboratory axes to
the principal axes, and the A, g and Q tensors are ob-

tained.

B. Powder Spectra

Polycrystalline materials and glassy substances give
spectra which are an average of all orientations of the
radical in the magnetic field. One spectrum contains all
of the information that is available from a single-crystal
analysis except for the direction cosines. A bewildering
array of overlapping lines is frequently encountered
and choosing the correct lines is difficult. This makes
the interpretation of powder spectra hazardous from the
standpoint of assigning transitions correctly. Still, since
so much information is available from a single spectrum, it
is tempting to try to sort out the various parameters.
Consequently, many computer programs have been written to
aid in this task.41743 7In the case of radical systems with

axial symmetry (A and large anisotropies

XX - Ayy # Azz)
in g and A, some and possibly all of the components of
the tensors may be resolved. This is especially true if

the spectra are recorded at two different microwave
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frequencies. X-band at 9 gigahertz and Q-band at 35 giga-
hertz are two frequencies routinely employed in ESR experi-
ments. The higher frequency has the further advantage of

reducing second-order effects.

C. Solution Spectra

Solution spectra are capable of giving only isotropic
values of g and A. Because of Brownian motions, the
molecules reorient so rapidly that the dipole and quadrupole
interactions are averaged to zero. The absence of these
interactions has the additional effect of narrowing the
spectral lines. Therefore, solution spectra are capable
of giving very accurate values for the isotropic components
of the hyperfine and g tensors. Until recently, flow
systems were the most common means of generating organic
radicals in liquid solutions but these have the disadvantage
of requiring large quantities of materials. The photolysis
method,44 which has largely supplanted flow methods, elimin-
ates the waste inherent in the flow system. In a typical
photolysis experiment less than 0.5 gm of the organic com-
pound is used. A solution of di-tert-butylperoxide,
Me;COOCMes, and the organic substrate are placed in a quartz
tube and thoroughly degassed. The tube is placed in the
cavity of the spectrometer and subjected to ultraviolet
radiation. Radicals are formed within five minutes from
the inception of the radiation and are stable for several

hours. The reaction sequence is as follows:
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45
Me43COOCMeg ——> MegCO- + Oy ——> MezCO00-

(23)

MezCOOO+ + RH ——> R* + MegCOH + Oy .
Another recent development is the use of so0lid solutions to
obtain isotropic spectra. A mixture of an organic solid
or liquid and a host matrix such as adamantane4® are mixed
and the mixture sublimed. The solid solution that results
is irradiated with X- or y-rays. The radical formed in this
manner gives an isotropic spectrum indicating that it under-
goes free rotation within the host matrix. This procedure
is applicable to small molecules containing less than
eight heavy atoms since the organic species must displace

an adamantane molecule from the lattice.



IV. HYPERFINE SPLITTING

There has been a large collection of data amassed from
ESR studies of radiation-damaged organic compounds. Initi-
ally, the choice of compounds was limited to the simpler
amino acids, amides and carboxylic acids. These substances
were readily available, easily crystallized and of biological
significance. More recently, interest has been extended to
those organic compounds containing one or more halogen
atoms. Hyperfine interactions with hydrogen, deuterium,
nitrogen and to a lesser degree fluorine and chlorine have
now been examined. Tables of hyperfine values for these
atoms in representative compounds are provided in the

following pages.

A. q-Proton Coupling

An g-proton (I = %) is one which is directly attached
to the atom on which the unpaired electron is predominately
located, e.g., ¢-H. Both the magnitude and sign of the -
proton coupling value have been theoretically derived and
experimentally verified. A semi-empirical equation has
been derived by H. M. McConnell47 which relates the iso-
tropic portion of the hyperfine tensor to the spin density
on the central carbon atoms. The relatioﬂship, developed
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for a mr-electron radical, is

(c), (24)

- H
2H QC-H Pr

where pv(C) is the r-electron spin density on the central
carbon atom, aH is the isotropic hyperfine splitting inter-
action, the exact value of which is obtained experimentally
and ranges from -20 to -24 gauss; Qg-H
zation term which has been shown theoretically to have a

is a spin polari-

value of about -23.6 gauss. The spin polarization notation
used by McConnell is defined as follows: (1) The super-
script (H) indicates the nucleus under consideration.

(2) The subscript (C-H) indicates the band involved, with
the first letter of the subscript (C) designating the atom
on which the 7 electron is localized. McConnell's equation
is quite general and has been found applicable to a vari-
ety of cases. The fact that experimental values for the
spin polarization term vary so markedly from the theoreti-
cal value is a troublesome feature of this equation. More
reliable estimates of Qo_n for a series of substituted
alkyl radicals have been presented in a paper by Fischer .48

H
C-H

a parameter which depends on the o-7 interaction and re-

The Q term is not treated as a unique constant but as
flects inductive and other effects which will change the
magnitude of the o-7 interaction.
The mechanism of the isotropic hyperfine interaction
has been treated by a number of authors.49.,50 valence bond

as well as molecular orbital treatments were used and each
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gives the same result: the unpaired spin density at the
a proton is due to a spin polarization effect. This is
pictured for a C-H fragment in Figure 2. The odd elec-
tron is located in a carbon 2pr orbital which is perpen-
dicular to the C-H sigma bond. There are two possibili-
ties for the electron in the carbon sigma orbital. It can
have its spin aligned parallel with the odd electron
(Figure 2-A) or anti-parallel with the odd electron (Figure
2-B). The former is slightly preferred energetically be-
cause an exchange interaction is possible. According to
Hund's rule, this would create a slight excess of spin down
(beta spin) electrons at the hydrogen nucleus, leading to a
negative sign for the coupling constant. The spin polariza-
tion effect is quite small as can be seen from the fact
that a free hydrogen atom has a hyperfine value of 508 gauss

while the value for an g proton is about 20 gauss.

B. E£-Proton Coupling

f-Hydrogens are attached to the atom adjacent to the
carbon containing the odd electron, é—C-HB. Since B-pro-
tons are located rather far from the unpaired electron in a
7 radical, it is expected that the dipolar interactions,
which vary as r-a, should be very small or negligible,
making B-proton interactions essentially isotropic. An

expression analogous to the one derived for g protons can

be obtained:
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Table I. Representative g-proton hyperfine interactions.

Rasical (AR e MY (i, et
HC(COOH )5 -21.4 11.1 1.4 -10.3 51
HC(CONH,3 ), -21.2 11.0 0.1 -10.7 1
HOCHCOOH -20.3 9.6 0.7 -10.3 52
CHg -22.3 -0.2 0.4 - 0.2 53
HOOCCHCHgy COOH -20.3 10.3 0.7 -10.7 54
CH4 CHCOOH -21.5 13.0 -2.7 -10.3 55

Table II. Representative f-proton hyperfine interactions.

a, B B B
Radical (gatzg) (gaﬁzs) (gauss) (gaﬁzs) Ref.
(CH3 )2 CCONHg 21.7 1.0 -0.1 -0.9 56
CH4 CHCONH, 21.0-25.0 - - - 56
(CH3 ) 2 CCOOH 23.4 1.3 -0.4 -0.9 57
CH3 CHCOOH 22.3-28.1 - - - 55
HOOCCHCH, COOH 28.9 -— - - 58
OH
HOOC ~CH-C~COOH 10.0 7.8 0.3 -2.1 54

] ]
OH OH
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H

C-C-H p,(C) cos? 6 (25)

aH = Q

where ay is the isotropic value for the B proton ob-

tained experimentally, Q is a proportionality param-

C-C-H
eter, p (C) is the spin density in the carbon m-orbital,

and 6 1is the dihedral angle between the plane of the (C-C
and C-H bonds and the axis of the P, orbital. The ex-

pression is not in widespread use because reliable esti-

H
C-C-H

rotating methyl group Equation 25 reduces to

mates of the Q term are not available. For a freely

(26)

There is no angular dependence and the Qg CH term has
—CHs

been found to be a constant with a value of 58.6 gauss.

For the general case of hyperfine interaction from a pro-

ton in a beta position an empirical equation

ay = By + By cos? 6 (27)

1s used which differs from Equation 25 in that it has‘a
constant term Bp; ay and 6 have the same definitions

as in Equation 25, and B; and B, are constants. From
the theta dependence expressed in the above equation, it
can be seen that B proton interactions will have a range

of values depending on the radical geometry. The mechanism
by which spin density is transferred to B hydrogens is not
well understood. A hyperconjugative mechanism has been
proposed which correctly predicts a positive spin density

at the £ hydrogen atom and gives the correct order of mag-

nitude of the hyperfine interactions.
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C. Nitrogen-and Amide-Proton Coupling

The hyperfine interactions of both 14N(I = 1) and
amide protons are small and in many instances not well-
resolved. Frequently, as an aid to the interpretation of
spectra the amide protons are exchanged with deuterons which
have a spin of 1 and a magnetic moment 0.3 that of hydrogen.
In the solid state where linewidths are broad, the hyper-
fine splittings due to the deuterium atoms will not be seen
and the spectrum will be simplified. The lines are also
better resolved because the dipolar terms of deuterons are

negligible.

D. q@g-Fluorine Coupling

The g-fluorine (I = 1/2) hyperfine tensor exhibits con-
siderable anisotropy. In comparison with the g-proton ana-
log, two features are apparent. First, although hydrogen
(w = 2.79) and fluorine (un = 2.63) havé similar magnetic
moments, the hyperfine splitting values are quite different.
Secondly, the largest element of fluorine tensor is directed
perpendicular to the C-F bond and to the plane of the
radical and has a positive sign, while that of the largest
hydrogen tensor component is directed perpendicular to the
C-H bond and in the radical plane, and has a negative sign.
These facts suggest that spin polarization is not the dom-
inant mechanism by which unpaired spin density is trans-

ferred to the fluorine atom. Fluorine has p orbitals
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available to it which hydrogen lacks. Therefore, an g
fluorine is capable of direct overlap with the odd electron
orbital of a 7 radical. This would account for the rela-
tively large anisotropies of the fluorine hyperfine split-
tings as well as the positive sign and direction of the

largest component of the tensor. A spin polarization

mechanism whereby unpaired spin density is transferred
through the C-F sigma bond is also possible. The effects
of spin polarization are manifested as a slight but measur-
able deviation from axial symmetry.

There is no simple fluorine analog to McConnell's
equation. An expression can be written for the fluorine

isotropic splitting:

_ F F
3 = Qcp Pp(C) + Qe P (F) (28)

F
C-F

quantitatively evaluated as yet.

However, the two terms, Q and Qg_c, have not been
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E. qo-Chlorine Coupling

Chlorine has two naturally occurring isotopes in
measurable abundance. The 35cl (I = 3/2) isotope has a
magnetic moment of 0.821 and an abundance of 75 percent
while the 37cl (I = 3/2) isotope has a magnetic moment of
0.683. Since both isotopes have a nuclear spin greater
than 1/2, each possesses a nuclear quadrupole moment. The
hyperfine splittings are not completely resolved and com-
ponents of the hyperfine patterns overlap. In addition the
quadrupole interaction is as large as the hyperfine split-
ting for certain orientations of the magnetic field. 1If
the magnetic field is not along the quadrupole symmetry
axis (the c-Cl bond), there is competition between the
electrostatic and magnetic interactions to align the nucleus
and the resulting "forbidden" transitions become as intense
as the "allowed" ones. For these reasons few chlorine-con-
taining organic radicals have been successfully investigated
in the solid state.

As is frequently observed in the case of fluorine ten-
sors, the chlorine hyperfine tensor shows a slight devia-
tion from axial symmetry due to the spin polarization
effects. Again, there is no simple chlorine analog to the
McConnell equation. An expression can be written for the

chlorine isotropic splitting similar to that of fluorine

cl

and there is a means of evaluating the two terms, Qa_c1

cl

and QCl-C .
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Table III. Representative g-fluorine hyperfine interactions.

a, B B
Radical (gzigs) (gazzs) (ga§§s) (giﬁZS) Ref.
FC(CONH, ), 63 137.0 -64 -73 5
FHCCONH, 56 133.0 -72 -60 59
F,CCONH, 75 103.0 -51 -51 60
-OOCCFCF4C00 71 79 -67 -12 61
CF 3CFCONH, 74 127 -66 -62 62
F,CCOONH, 72 116 -58 -58 63

Table I . Representative g-chlorine hyperfine interactions.

a, B B B
: iso xx vy zz
Radical (gauss) (gauss) (gauss) (gauss) Ref.
CH,Cl 2.8 17.72 2 .47 4.05 13
CHC1COOH 3.7 16.3 -6.2 -10.1 11

CC1lFCONH, 3.0 15.0 -0.2 - 2.8 12
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_. Cl Ccl
ac1 - Qc-c1 Pr(c) * Q1_¢ Pp(cl) - (29)

The o-r parameters have been measured from the NMR chemi-

cal shifts of chlorine compounds. The values obtained are

,cl cl

= 64
c-cl c1-C 29 gauss.

= 4.7 gauss and Q



VIII. EXPERIMENTAL

A. Preparation, Crystal Growth and Crystallography

Iodoacetamide was purchased from the Pierce Chemical
Company, Rockford, Illinois, and was used without any
further purification. Solutions of iodoacetamide in ethanol
as well as in acetone were prepared. Similar crystals, in
the form of thin plates, were grown within a day from either
solution. Iodoacetamide had a tendency to form supersatur-
ated solutions and several attempts were made before suit-
able crystals could be grown. The approximate dimensions
were 0.1 mm x 3 mm x 5 mm. A crystal of iodoactamide and
its axis system is shown in Figure 3.

Deuterated crystals were made by dissolving the mater-
ial in D,0, allowing enough time for the solution to equi-
librate, and then extracting the solvent on a vacuum line.
The procedure was repeated twice more. The deuterons ex-
change with the acidic protons to form HyICCOND, .

A crystal of iodoacetamide with dimensions convenient
for X-ray work was mounted on a goniometer head. Rather
than align the crystal and assign a space group by the pre-
cession method as was done for bromomalonamide, it was
decided to perform these operations directly with a dif-
fractometer. A General Electric model XRD manual

96
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diffractometer adapted for single crystals was employed
with cu K radiation (A = 1.5405 8). crystal structures
had been previously reported for chloro- and bromoacetamide®6
and it was found that these two structures were isomorphous.
Although it did not necessarily follow that iodoacetamide
would be isomorphous with these two, the assumption was not
unreasonable; in addition, the space group to which these

two belonged, P21/c , occurs quite commonly for organic

compounds and can be uniquely determined from systematic
absences (hog, # odd and 0kO, k odd). 1In place of the
photographs associated with the precession practice, re-
flections were graphed as a function of angle. When a suf-
ficient number of reflections had been collected, the data
were checked for various symmetry elements by positioning
the diffractometer in an appropriate location. The presence
or absence of a reflection will confirm or deny a possible
symmetry element. In this manner, iodoacetamide was found
to be monoclinic and assigned to space group, P21/c. The
unit cell dimensions, a = 8.43 R; b = 6.54 R; c = 9.19 R;
and f = 100.5°% precluded the possibility of iodoacetamide
being isomorphous with chloro-and bromoacetamide.

The denisty, calculated on the basis of four molecules
in the unit cell, is 2.43 gm cm 3. This compared favorably
with the experimental density of 2.35 gm cm™? from flotation

in a mixture of iodomethane (p = 2.28 gm cm °) and diiodo-

methane (p = 3.33 gm cm”3)
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Iodoacetamide fluoresced in the X-ray beam and this
created a large amount of background radiation. Therefore,
the above results were rechecked and verified.

The symmetry elements for the P21/c space group are
a center of symmetry, a twofold screw axis about b and a
mirror perpendicular to the b axis followed by a transla-
tion of 1/2 a unit cell length along the c axis. Since b
is the unique monoclinic axis, the space group could equally
well have been P2,/a merely by interchanging the a and
c axes. A drawing of a typical crystal and the axis system

chosen for EPR work are shown in Figure 3.

B. Sampling and Irradiation Procedures

Spectra were run of solutions, powders and single
crystals, for both bromomalonamide and iodoacetamide. Each

require separate and different preparations prior to irradi-

Reliable isotropic hyperfine splitting values were
sought for aq-bromine and g-iodine organic radicals. These
values could be obtained from solution spectra although the
radicals so formed need not necessérily be identical to
those formed in powders and single crystals of bromomalon-
amide and iodoacetamide. Solutions of di-tert-butylperoxide
in several organic halogen compounds were prepared according
to the procedure of Kochi and Krusic.44 These included
diethylbromomalonate, dibromomethane, iodoacetamide, iodo-

acetic acid and sodium iodoacetate. The solutions consisted
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of 75 percent di-tert-butylperoxide and 25 percent organic
substrate by volume. No more than 20 ml of solution were
required for an experiment. The solutions were placed in
4 mm OD quartz tubes and thoroughly degassed on a vacuum
line. Ethane was added to depress the freezing point and
the tubes were sealed while still under vacuum. In situ
radiation of the solutions with ultraviolet light was used
to generate free radicals. The light source was a Hanovia
Model 977B-1 lamp equipped with a 1000 watt xenon-mercury
arc bulb. An external water filter absorbed infrared radi-
ation which could warm the sample. The light was focused
with a concave quartz lens. Kochi and Krusic reported that
the best signal-to-noise conditions were obtained at lowered
temperatures, preferably below =709, A varian variable
temperature unit (model V-4540) maintained the desired tem-
perature. Spectra were recorded in ten-degree increments
of temperature beginning with -50° and going to -90°; below
-900, the solutions froze. Irradiations invariably produced
a single line attributable to the di-tert-butyl moiety,
(CH3)3CCOO. This species scavenges from the organic sub-
strate to produce the desired radical. Radicals formed in
this manner are stable for several hours if the solutions
are continuously exposed to the ultraviolet radiation.

Powders and single crystals were irradiated and ex-
amined at liquid nitrogen temperatures. If the samples

were allowed to warm to room temperature, the ESR signal
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would disappear within a matter of a few seconds. Gamma-
rays from a 89Co sample were the primary source of radiation
but occasionally X-rays from a chromium target were used to
produce free radicals. Irradiations ranged from three hours
for bromomalonamide to five hours for iodoacetamide. The
60co y-ray source delivered a dose rate of 2 x 108 rad/hr
or 2 x 108 erg/g hr. Fine grinding is the only prepara-
tion of powders prior to radiation. This pulverizes any
crystalliteé and eliminates the possibility of a spectrum
with features of both a single crystal and a powder. Once

the sample had been ground with a mortar and pestle, it was

emptied into a 2-dram glass vial and capped. A gram or two
of a powder sample sufficed for the purposes of the ESR
spectroscopy experiment.

The vial was placed in a Dewar filled with liquid nitro-
gen. The y-rays were able to penetrate the Dewar, liquid
nitrogen, and glass vial to damage the samples. This was
not the case with X-rays which have a limited penetrating
ability so that samples must be kept as close as possible to
the X-ray source. To accomplish this, the powder was
sealed in a polyethylene bag with bits of Styrofoam to keep
the bag afloat on top of the liquid nitrogen. The X-rays
were then focused down onto the bag. In the case of either
X-rays or <y-rays, an identical radical species was formed.
The final step in the irradiation procedure was the same
for both X- and y-irradiated samples. At the completion of

the irradiation process, the powder was quickly emptied
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from its container into another Dewar filled with liquid
nitrogen. This Dewar was specially constructed to fit into
the ESR cavity. It was vacuum-jacketed, with silvered
sides, and a Spectrasil quartz tip. Since powder samples
have a tendency to bump due to the boiling action of the
liquid nitrogen, a boiling chip and a quartz rod were in-
serted into the Dewar to minimize these effects. Signals
were observed for as long as two weeks after the irradiation
and it was assumed that the radical species formed by the
irradiation had an indefinite life span if maintained at
liquid nitrogen temperatures.

The procedure followed in obtaining spectra of a crystal
was to first determine if it were truly single. Twin crys-
tals were discarded since each portion of the crystal would
have a different orientation in the magnetic field. The
resulting spectra would be difficult to analyze and would
also lead to an incorrect assignment of crystal symmetry.
The axis systems for bromomalonamide and iodoacetamide were
decided on the basis of external morphology and X-ray dif-
fraction data.

There are no severe restrictions on crystal size as
there are for X-ray diffraction work. The upper limit for
the width and thickness is imposed by the diameter of the
tip of the Dewar, 5 mm.

Two different approaches exist for the alignment and
irradiation of crystals. 1In the first, which was eventually

adopted for both bromomalonamide and iodoacetamide, the



102
crystal is mounted in the appropriate orientation on the
flattened end of a copper wire which is attached to a long
(~ 35 cm) glass tube. The crystal is held to the copper
wire by a glue (Goodyear Pliobond) wﬁich does not lose its
adhesive properties even at liquid nitrogen temperatures.
The advantage to this procedure is that the crystal is
mounted in a known preferred orientation prior to irradia-
tion. The disadvantages are, first, that at least three
different crystals are needed, one for each plane of rota-
tion. Once glued in place, the crystal cannot be reclaimed.
Secondly, the glue upon irradiation gives an ESR signal.
These disadvantages were minimal in our case since several
crystals are needed for other methods although in theory
one will suffice. The signal from the glue is merely a
nuisance since the A values of bromomalonamide and iodo-
acetamide are both very anisotropic. The glue signal appears
as a single sharp line near the center of the spectrum due
to the corganic halogen radicals and was not confused with

any of the transitions from either of the halogen radicals.

C. Spectrometer System

The experimental set-up consisted of a commercial
varian X-band spectrometer (V-4502-04) with a twelve-inch
magnet and a multi-purpose cavity (v-4531). The field was
modulated with a 100 kHz signal to facilitate detection and
amplification of the ESR signal. The X-band system is

designed to operate at a microwave frequency of 9.2 GHz
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and magnetic field of 3000 gauss. The exact microwave fre-
quency was measured with a Ts-148/UP U.S. Navy spectrum
analyzer which covered an effective range of 9.0 to 9.5 GHz.
An accurate determination of the magnetic field was made
with a proton marginal oscillator connected to an electronic
counter (Monsanto 151-A). The counter readout was in fre-
quency units rather than magnetic induction units. A list
of conversion factors is provided in the next section. The
linearity of the magnetic field during a field sweep was
maintained by a Hall probe.

The ESR signal could be displayed on an oscilloscope
or printed out by an X-Y chart recorder (Hewlett-Packard
7005-B). Monitoring the oscilloscope display was a conveni-
ent way of optimizing the signal or locating a desired
orientation quickly. The X axis of the chart recorder
was a function of magnetic field position and a frequency
marker from the proton marginal oscillator was placed on
all spectra.

In ESR work, it is usual to record spectra in the first-
derivative mode and this was done for powder samples. This

was inconvenient for single crystals and the second-deriva-

tive signal, which closely resembles the true absorption
signal and is easier to interpret and measure than the first-

derivative signal, was used.

A variable temperature regulator (vV4540) permitted the
study of the temperature dependence of the spectra of free

radicals.
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D. Conversion Factors

Since several different units are in use at present by
ESR spectroscopists, a partial list of conversion factors
is provided here. The list is limited to the units usually
encountered in the area of organic radicals. These units
are MHz or, more commonly, gauss. However, computer pro-

grams require units of energy which are MHz or ergs.
0.714489 x ve(MHz)
H(gauss)

g =

H(gauss) 234 .87465 x vp(MHz)

A(MHz) x 0.714489

A(gauss) = 3

A(ergs) x 1.0782 x 1020

A(gauss) = 5 .

A 1is the measured hyperfine splitting value, Ve is the
klystron frequency, vp is the proton marker frequency,

H is the magnetic field magnitude.



VIII. RESULTS AND DISCUSSION

A. Bromomalonamide

1. Powder Spectra

The X-band ESR spectra of polycrystalline bromomalon-
amide and perdeuterobromomalonamide, each of which had been
y-irradiated and observed at 77°K, are shown in Figures 4 (a)
and 4(b), respectively. The powder spectrum of the deuter-
ated amide shows hyperfine interaction with a single nu-
cleus of spin I = 3/2, which must be bromine. The four
"perpendicular" and four "parallel” bromine lines are visi-
ble in Figure 4, with the outermost peaks showing the ex-
pected fine structure due to the two bromine isotopes.
Additional lines from interaction with a second nucleus of
spin I = 1/2 are seen in Figure 4, and presumably arise
from a proton; this doublet splitting of the parallel brom-
ine lines is about 14 G. The ESR parameters obtained from
the poweder spectra are listed in Table V. These results
are consistent with the presence of the radical <CHBrCONH,,
or <CDBrCOND, in the deuterated compound, formed by loss
of an amide group on irradiation. It was similarly found®
in difluoromalonamide y-irradiated at 77°K that an amide

group was lost to give the radical <*CF,CONHp, while in
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First derivative X-band ESR spectra of bromo-
ma%onamide powder y-irradiated and observed at
770K

a) irradiated cx-m:EcoNH,g,,
b irradiated CDBr(CONDj),. The upper set of
arrows indicates the parallel, and the lower
set the perpendicular, line positions.
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Table V. ESR parameters for the -CHBr(CONH,) and
-CDBr (COND, ) radicals.

Hyperfine Splittings and Direction Cosines®

g values
Powder Data

AlI(SIBr) = 290.0

A||(79Br) = 267.6

Al (81Br) = 85.7

A_L (79Br) = 79.4

| = 1.9993

9| = 2.0540

Single-Crystal Data

A||(81Br) - 289.03 g° 0.585 0.811  0.008
A, (81Br) = 83.79

1 ( )

9| = 1.9981° 0.585  0.811 0.008
9| = 2.0428

e2Qq = 187 MHz 0.585 0.811 0.008

®pirection cosines with respect to the crystallographic
a, b, c, axes.

bCOrrected for second-order effects and so different from
powder values.
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y-irradiated CF3CONH; the carbon-carbon bond was also
broken and both the éONH2 and éFa fragments identified from

ESR spectra.60

2. Single-Crystal Spectra

All single-crystal data reported are for the deuterated
radical which was employed to simplify the spectra since
the maximum deuterium splitting is less than the linewidths
(~ 10G) and only the bromine splittings are resolved. Also,
the bromine lines become narrower because unresolved split-
tings from the amide hydrogens are reduced on deuteration.
Parameters listed are for the 81Br isotope; the ratio of
the hyperfine splittings A(81Br)/A(79Br), when measured,
was always close to the ratio of the magnetic moments of
the isotopes (1.08).

The X-band spectrum of y-irradiated CDBr (COND, ), at
77°K is shown with the magnetic field parallel to the a,
b and c¢ crystal axes in Figures 5, 6, and 7. The lines
are plotted versus the angle of rotation about the a, b,
and ¢ axes of the crystal in Figures 8, 9, and 10 respec-
tively. 1In general, there are two magnetically nonequiva-
lent sites except when the field lies along an axis; however,
with the magnetic field in the ab plane no site splitting
is observed. The irregular line spacings and intensities,
and the appearance of forbidden (AmI =+ 1, #2) transitions,
indicate that the nuclear quadrupole interaction term can-

not be neglected.
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Figure 5. Second-derivative single-crystal ESR spectrum
of CDBrCOND, with the magnetic field along the
a crystallographic axis. Arrow indicates the
«COND, radical.
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Figure 6. Second-derivative single-crystal ESR spectrum
of CDBrCOND, with the magnetic field along the
b crystallographic axis.
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Figure 7. Second-derivative ESR single-crystal spectrum
of CDBXCOND,;. The stick diagrams show the
line positions and intensities calculated with
the complete Hamiltonian for a) q [[A[l(Br)

b) qzzlAH(Br). 2z
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The spectra were analyzed using the spin Hamiltonian
- =3 2z - -
x = 5ﬁ-§°>§>+-§-ABr-I§f + IB?-Q?-IB’? + gNBNI;'IB-f

and the computer program MAGNSPEC,®7 which provides the
positions and intensities of the lines for any choice of
input parameters. A preliminary value of the quadrupole
interaction constant Q' = 3e2Qq/4I(2I + 1) was obtained
from the line positions in the parailel and perpendicular
orientations of the A tensor by use of the second-order

40
perturbation theory expressions

_ 2 2
hv = BgllHll + Al|m1 + (Al/Zhv)[I(I +1) - mI} (30)
hv = Bg-LH-L-i- Am_ + (AZH +Aj_)/4hv{1(1 +1) - m;}
Q'my 2
- (21(z + 1) - 2ml - 1) (31)
Here gll, gi: All, Al. are the principal components of

the g and hyperfine interaction tensors, respectively.
In all the calculations it was assumed that the g and
A(Br) tensors have axial symmetry and that their principal
axes are coincident. Equations 30 and 31 also assume that

a the maximum quadrupole interaction, is parallel to

zz'
AH(Br)° Agreement between calculated and observed spectra
indicates that these assumptions are justified.

The principal values of the g and A(81Br) tensors,

along with their direction cosines relative to the crystal

axes, are shown in Table V.
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A more precise value of Q' was obtained by calculating
spectra with the computer program MAGNSPEC®7 for comparison
with the experimental spectra at selected orientations of
the magnetic field. Since q,, might also be perpendicular
to Al[(Br)' spectra were also calculated on that assumption.
The "forbidden" transitions in the observed spectra were
best accounted for with qzz[|A[l(Br). A value e2Qqg(81Br)
= 187 MHz was obtained in this way (Table V).

The relative signs of the principal components of the
bromine hyperfine splitting tensor were not determined in
this work since the AmI =+ 1, +2 1lines could only be fol-
lowed for limited ranges. The largest principal value may,
however, be assumed to be positive since this found to be
true for the halogen tensors in all g-halo radicals studied:
it has been attributed to the direct transfer of positive
spin from the carbon 2pv orbital into the g-halogen np_
orbital. Since the tensors show axial symmetry, there are
then two possible sign choices for (AII, Al), (++) or (+-).
A knowledge of aiso(Br) would help in selecting the proper
set but all attempts to obtain an isotropic spectrum of an
a-bromo radical have failed so far. Various bromocarbon
derivatives were irradiated in an adamantane matrix and
several organic bromides and dibromides were photolyzed in
the presence of di-tert-butylperoxide but none of these ex-
periments led to an ESR spectrum attributable to a bromine-

containing radical.
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3. Structure of the Radical

Since it was not possible to determine the relative
signs of All, gl the consequences of each of the two «possi-

ble choices will be examined. The isotropic and anisotropic

bromine hyperfine interaction terms are shown in Table VI
for each choice assuming that the observed tensor is of the
form (a + 2B, a-B, a-B). Comparable values for related
halogen-substituted radical are also given; in the case of
the chloro- and fluoro-radicals, the relative signs are
known. Unpaired spin densities in the bromine 4s and 4p
orbitals were estimated for each choice using the values68
ag(Br) = 8370 G and 2B, (Br) = 495 G from Hartree-Fock calc-
ulations.

Since the spectrum shows hyperfine interaction from
one bromine and one hydrogen nucleus, and since the spectrum
of a +CONH, fragment is observed, the most probable
structure for the radical is °CBrHCONH;. The ESR data for
*CHFCONH, and +CHCICONH,59.11 lead to the conclusion that
they are m-electron radicals with the trivalent carbon and
the three atoms bonded to it nearly in a plane. Substitu-
tion of a less electronegative substituent, bromine, should
favor a more planar arrangement®? hence -CBrHCONH; might
be expected to also be a planar w-electron radical.

If this is correct then the choice of positive signs
for both A[[, AlkBr) would be favored since the 7 spin

density, pv(Br) = 0.275, is then not unreasonable. While
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considerably larger than pv(F) and pW(Cl) in the chloro-
and bromo-radicals, the lattér are increésing with size of
halogen. The choice of opposite signs for A[l' Al(Br)
leads to the very high value pW(Br) = 0.50 which would be
appropriate for a o* radical. Thus, pv(Br) = 0.526 in
-FBr7% and is 0.40 in (CHg),S—Br,22 both of which are
said to be o* radicals. It should be noted that in these
bromine is bonded to an atom carrying a lone pair of elec-
trons so delocalization of the odd electron is facilitated.

As discussed in more detail below, the isotropic split-
ting on either sign choice is much larger than would have
been anticipated on the basis of the sketchy knowledge of
a(Br) values available in the literature. However, even

the value a 8lpy) = 152.2 G associated with the pre-

iso(
ferred choice of all positive signs for A![, §i corre-
sponds to only a small spin density in the bromine s orbi-
tals, p (Br) = 0.018. This may not be unreasonable since
Ps might be expected to increase with Py if it arises,

in part at least, from spin polarization of the bromine s
by the bromine p odd-electron density. The large value

of p, might also be associated with some deviations from
planarity since it has been.shown that in a series of

fluorine-substituted radicals a (F) increases with 6,

iso

the angle of bending from planarity.® 1In any case both

ps(Br) and pW(Br) are close to the analogous values in

*CHICONH, , which appears to be a r-electron radical.
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One might expect that pnw(x)’ and with it

(x),

would vary in the series <CHXCONH, (X = F, Cl, Br, I) as

pns

the overlap integral S(ZpW,npv), sihce odd-electron density
is believed to be largely transferred to the halogen by
direct overlap. Values of 71 S(2pv, npv) = 0.122, 0.147, 0

.115 are estimated for n = 2, 3, 4, 5 so this integral
appears to show a maximum at bromine just as an(X) and
pns(X) do.

The axial symmetry observed for the bromine hyperfine
splitting tensor is surprising since the fluorine tensors
in <CFXY type radicals show deviations from axial sym-
metry of 4-10 G, generally attributed to spin polarization
of the o bonding electrons of the C-F bond;8-10 similarly,
the chlorine tensors in -CClXY type radicals!1~15 show
deviations of 2-4 G. These values correspond to p(npo) =
0.01 and one might expect similar polarizations of the o
bonding electrons in bromo radicals. However, the present
bromine tensor is axially symmetric within experimental
error, as was the bromine tensor reported for (CHg),SBr;22
also, it is found that the iodine tensor in °*CHICONH, is
nearly axially symmetric.72

The value of gl is quite large, while g[l is some-
what below the free-spin value, as would be expected for a
radical in which the odd electron is partly on bromine and
gl is in the radical plane. Thus, the g values for the
radical <CHICONH, behave in the same way as the g values

reported here. It is interesting that g|| = 1.999,
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I| = 2.070(2.075) for (CHg),SBr, which has been described
as a o0* radical by analogy with Brz-, and so would have
gl perpendicular to the S-Br bond.
The nuclear quadrupole interaction e2qQ = 187 MHz is
rather smaller than typical values (~ 400 MHz) for diamag-
netic bromocarbon derivatives obtained by NQR spectroscopy.?3

In addition, gq lies along the C-Br bond in the latter com-

2z
pounds. However, with an odd electron spin density of

~ 0.27 in the bromine pTr orbital it is perhaps not sur-
prising that q,, is normal to the radical plane in the
present case. In (CHy),SBr it is also found that q,, and
AII(Br) are parallel?2? but, if that radical is a o* radi-
cal as proposed, Al’(Br) would be parallel to the S-Br

bond. No theoretical studies of quadrupole coupling in free

radicals appear to have been made.

4., Other Considerations

Other possibilities for the structure of the radical
cannot be eliminated at this time since the only other single-
crystal studies of radicals showing bromine hyperfine inter-
actions which are available at present are for species of
rather different types. The V-centers, such as <Br, and
-FBr, are o* radicals?® and the data for (CHg)pS-Br were
also interpreted on that basis. Our values of All(Br)'
Ai(Br), gll and gl are rather similar to those réported
for (CHj)SBr22 so there is a possibility that our paramag-

netic species is similar. Such a radical might be obtained
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by loss or gain of an electron from the molecule as a whole
[CHBr(CONH2)2]+ °T =, No species of this type, showing
halogen hyperfine interactions, appears to have been thor-
oughly established among carbon-centered radicals. Also
it would appear to be difficult to delocalize 50% or more
of the odd-electron density from bromine onto carbon, or
the rest of the molecule, when carbon is bonded to four
atoms and so has no vacant orbital or lone pair. Further,
one component of the bromine tensor should then lie along
the C-Br direction in the undamaged crystal. This is not
the case since Al[(Br), which should lie along the C-Br
bond direction in ai o* radical, makes an angle of 78°
with the C-Br direction in the undamaged bromomalonamide
crystal.?4

It is also disturbing that the values of the principal
components of the g and bromine hyperfine splitting ten-
sors which we find differ so extensively from the values
(based on powder data) reported by Mishra, et al.26 for some
radicals believed by them to be of the type <CBrRR'. Thus,

they find a (81pr) = -5.3 G, anisotropic 81Br tensor com-

iso
ponents (107, -48, -75) and g tensor components (2.002,
2.016, 2.038) for a radical which they identify as

*CHBrCOOH, while we find a. 8lgr) = 152.2, anisotropic

1so<
81Br tensor components (136.8, -68.4, -68.4) and g tensor
components (1.9981, 1.9981, 2.0428) for <CHBrCONH,. Since
those radicéls should have essentially identical ESR param-

eters, the radicals must be of rather different types.
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At present the radical studied in this investigation
is considered to be the m-electron radical -CHBrCONH,
since the radical in irradiated iodoacetamide appears to be
*CHICONH, and the latter is also characterized by a large,
presumably positive, halogen hyperfine splitting, near
axial symmetry of the A(X) tensor and gl[ below the free-
spin value. Further work with related species, and the
direct observation of isotropic bromine and iodine hyper-
fine interactions, will be needed to establish the struc-

tures of these species.

B. JIodoacetamide

1. Powder Spectra

The ESR spectrum of iodoacetamide powder irradiated
and observed at 77°K is shown in Figure 11. A set of six
peaks separated by an average spacing of 242 G are indicated
by the vertical arrows. These may be identified as the
parallel components of the A(1271) tensor (1271, p = 2.7939,
I =5/2, Q= -0.75, 100% natural abundance) since the split-
ting is too large to arise from any other magnetic nucleus.
As a result of the large iodine hyperfine interactions and
the iodine quadrupole moment, the spectra would not be ex-
pected to be described by first-order perturbation theory
and the irregular spacings of the six lines are therefore
ascribed to second—order effects. The lines are quite

broad (about 40 G) and no splittings from interaction with
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any other nuclei could be resolved. A spectrum of y-irradi-
ated CH,ICOND, powder showed no appreciable line sharpening
indicating that it is unresolved nitrogen and qg-proton, rather
than amide hydrogens, hyperfine splitting which contribute
more to the line broadening. The powder spectra also provid-
ed the approximate values I ~ 1,9900 and Al‘1271) >~ 100G

which aided in the analysis of the single crystal spectra.

2. Single Crystal Specfra

With the magnetic field along a crystallographic axis,
or in the a*c plane, a set of six doublets is obtained
(Figure 12, H||b); these twelve lines have nearly equal in-
tensities. The large sextet splitting must result from
interaction with one iodine nucleus, as shown also by the
powder spectrum, while the small doublet splitting is the
order of magnitude expected for interaction with a single
proton. When the magnetic field is in an arbitrary direc-
tion a second set of six doublets with different spacings
is observed indicating that there are, in general, two mag-
netically inequivalent sites. Often the second set consists
only of six broad lines, the proton hyperfine splitting
having been lost in the line width, and it was, therefore,
dif ficult to obtain an accurate A(lH) tensor.

The radical was assigned the strﬁcture *CHICONH,
based on these results. This radical is anticipated on
the basis of the earlier analysis of irradiated fluoro- and
chloroacetamide which form -CHFCONH, and -CHC1CONH,, respec-

tively.



126

*sTXe q 9yl buoTe sT pTaly oT3aubew a3yl °SpTWE3IaOROPOT
pojetTpexaT jJo Te3sdido-a7buts e JO uni3zdoads YST SATIRATIOP-pPUODSS pued-X °Z[ 2Inbtd

ap
HER
HUEMY]

w Any

"5zt giH “




127

3. g and A('271) rTensors

The appropriate spin Hamiltonian for analysis of these

spectra is

e = FRE-SH R 4 QL2 - 1(141)/3] - g T (32)
where the symbols have their usual significance and Q' =
3e2qzzQ/4I(2I - 1). The magnetic field positions for the
components of the iodine multiplets are shown as a function
of magnetic field orientation in bc, a*c, and a*b planes
in Figures 13, 14, and 15, respectively. The iodine hyper-
fine interaction tensor and the g tensor were obtained from
these data by the method of Waller and Rogers.?75 The un-
equal spacings of the lines show that second-order effects
are important. These were minimized by using, at each
orientation, one-fifth of the separation between the outer
lines. 1In this way the g and A(1271) tensors may be
obtained with minimum error from neglect of the quadrupole
interaction term. The principal components and direction
cosines obtained in this way for the A(!'271) and g ten-
sors are shown in Table VII; the relative signs of the
principal components of A(1271) were not determined in
this work, both the A('271) and g were found to be
axially symmetrical wifhin experimental error and share a

common axis system.
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Table VII. ESR parameters for the radical +CHICONH,.

. . a . . .
Principal Tensor Components Direction Cos:Lnesb

Iodine Hyperfine Interaction

Al|(1271) = (+) 242.0 ¢ 0.269 0.935 0.230
Ai(1271) = 95.75 - - _
g Tensor
gll = 1.9902 -0.271 0.930 0.236
= 2,0423 - - -

7

Hydrogen Hyperfine Interaction®

AXX(H) = (-) 27.5 G 0.746 0.192 0.637

Ayy(H) = (-) 8.7 -0.227 0.974 -0.028

AZZ(H) = (-) 19.0 -0.626 -0.123 0.770
Iodine Nuclear Quadrupole Interactiond

e2gQ = 216 MHz 0.269 0.935 0.230

a.. . . .
Signs in parentheses are assumed on the basis of known signs
in similar radicals.

bWith respect to a*, b, c¢ axes of the crystal.

CThe probable error in principal components, and particular-
ly in direction cosines, is rather large for this tensor
because the proton splitting was not always resolved.

dThe direction cosines for the maximum quadrupole inter-
action appear to be the same as for A but the spectra
are not very sensitive to changes in tﬁim.
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4. A(H) Tensor

Although the proton hyperfine splittings could not be
resolved in all orientations, reasonably good values of the
principal components of the A(H) tensor and their direction
cosines were obtained by the method of Waller and Rogers;7?5

these are given in Table VII.

5. Quadrupole Interaction

A preliminary value of Q' (Equation 32) was obtained
by the method of Bleaney.49 The value listed in Table VII
was then modified by fitting the experimental line spacings
to those calculated by the computer program MAGNSPEC€7 with
various input parameters. The spacings are not very sensi-

tive to Q' so the probable error is rather large.

6. Structure of the Radical

The iodine hyperfine interaction tensors may be

broken down into an isotropic component, ), and a di-

(aiso
polar tensor (2B, -B, -B) in two ways depending on choice
of relative signs for the components of A(1271). 1In all
halogen tensors for m-electron radicals for which the rela-
tive signs of the principal components have been measured,
the maximum value is normal to the radical plane (here
taken as the =z axis,with the x axis directed along the

c-I bond), and is positive. If it is assumed that All(1271)

is positive there exist two sign choices (+ + +) and
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(+ - -) and values of a;., and 2B derived for each
choice are listed in Table VIII. Estimates of pss(I)
and p5p (I) corresponding to each choice were obtained by
use of the Hartree-Fock values68 for aO(Iss) and 2B°(15p)‘
The choice of opposite signs (+ - -) leads to an odd-electron
spin density of 0.50 in the iodine 5pTr orbital which is
unreasonably large if the radical is the w-electron species,
*CHICONH, . The choice of all positive signs (+ + +) leads
to a value of pspv(I) = 0.21 which is comparable with the
values pspW(Cl) = 0.1511 and p4pW(Br) = 0.2776 for the
*CHCI1CONH, 2and -CHBrCONH, radicals; furthermore, the
value of pss(I):’0.0Z is close to the value p4s(Br) = 0.018

found for <CHBrCONH,.

Table VIII. Components of the iodine hyperfine splitting
tensor and spin densities in the iodine valence

orbitals.

. Relative 2B(1)
Radical . (1) Pe (I) p (1)
Signs X 13° G 58 5P,
-CHICONH, (+ + +) 145.0 96 0.0198 0.21
(+ - -) 16.0 225 0.0022 0.50

The near axial symmetry for the A(1271) tensor indi-
cates negligible polarization of the iodine OJSpoc orbitals
by the odd electron spin. This is puzzling since the esti-

i L ti 59 11 ;
mated spin densities pzpo(F) and pspo(cl) in
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*CHFCONH, and -CHCICOOH are -0.016 and -0.026 respec-
tively. However, it is consistent with the observation that
the bromine tensor is axially symmetrical in radicals
*CHBrCONH, 78 and (CH3),SBr.22 The anisotropy of the g
tensor found here ié large and increases in the series
*CHXCONH, as the magnitude of the spin-orbit coupling
parameter increases, as would be expected. Values of g||
below free spin may be associated with low-lying empty d
orbitals in bromine and iodine.

The proton hyperfine splitting tensor is about 10-20%
smaller than that found for simple, planar 7 -electron radi-
cals. The spin-density in the carbon 2pw orbital would
then be estimated as 0.75-0.90 from McConnell's rule. This
estimate agrees quite well with the ~ 0.77 predicted by dif-
ference using the spin densities of Table VIII. This agree-
ment is strong support for the structure -CHICONH, for the
radical.

The quadrupole interaction e2gqQ = 216 MHz is con-
siderably smaller than typical values?3 for aliphatic iodo-
carbon derivatives obtained from NQR work (e2gqQ =~ 1600-
1900 MHz) and the direction appears to be normal to the
radical plane whereas it is along the C-I bond in diamagnetic
molecules. These differences may be the result of the
presence of large unpaired electron population in the iodine

P orbital.



SUMMARY

Radicals have been detected by means of ESR spectros-
copy in y-irradiated bromomalonamide and iodoacetamide. The
radicals have been identified as CHBXrCONH, and CHICONH,,
respectively. The ESR parameters and the geometries of each
have been discussed in relation to other paramagnetic species
in the halogen-substituted amide series. Some aspects of
the Bromo- and iodo-radicals are characteristic of ¢ rather
than m-electron radicals. The corresponding isotropic
species of each, which conceivably could distinguish between
the alternatives of o0 or 7w radicals, proved elusive and

were not obtained.
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