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ABSTRACT

Single crystals of ester-urea, ketone-urea, and ether-urea
inclusion compounds were X-irradiated and investigated by electron
spin resonance. Eleven inclusion compounds formed between urea and
the straight-chain alkyl esters yielded radicals of the type
RCHZCHCOOR'. The « and B proton coupling constants of two radicals
were studied over the temperature range 352°K to 7°K. The splittings
caused by the alcohol (R') protons were resolved in many cases.
Information regarding the structure of the inclusion compounds was
obtained. The long-lived radical RCHZCHCOR’ was detected in all six
ketone-urea crystals. The spin density in the 2p orbital adjacent to the
carbonyl group is 0.81 + . 04. The ether radicals were of the type
RCHOR' and the spin density on the carbon atom is approximately C. 70
+ .08. The ketone radical and ether radical spin distributions obtained
from the m-electron theory are in qualitative agreement with the
experimental spin distributions. In addition, single crystals of fumaric
acid-urea were X~irradiated and studied by electron spin resonance.
The dominant radical (HO,CCH,CHCO,H) in this case is formed by
addition of a hydrogen atom (rather than by removal of a hydrogen
atom, as above). The fumaric acid-urea crystal is not a hexagonal
inclusion compound. The major orientations of the radical were deter-
mined with respect to the external crystal morphology.

Electron spin resonance studies of the triplet state of pyrene and

triplet excilon stales in ion radical salts are also briefly reported. The
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approximate g values and zero field parameters for pyrene in a
fluorene matrix at 100°K are 8ex = 2. 0033, gyy = 2. 00286, 8,y = 2. 0033,
D(xy)/he = + 0. 0806 cm™, D(z)/hc =+ 0. 0810 cm™, and E/hc =

¥ 0.0182 cm™. The estimated errors in the g values, D, and E are

+ 0,005, + 0.0012, and + 0. 0009, respectively. The relation between
triplet excitons and magnetically dilute radicals in the (%PCH3)+
(TCNQ), and (%ASCH3)+ (TCNQ), ion radical salts was investigated.
The temperature-dependent broadening of the radical line is apparently
caused by an exciton-radical exchange interaction. At 77°K the exciton
line width is proportional to the free radical impurity line width, which
suggests that unresolved nuclear hyperfine interactions contribute

greatly to the exciton line width at this temperature.
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I. ELECTRON SPIN RESONANCE AND MOLECULAR
MOTION OF THE RCH,CHCOOR' RADICALS
IN X-IRRADJIATED ESTER-UREA INCLUSION
COMPOUNDS*

O. Hayes GriffithT
Gates and Crellin Laboratories of Chemistry T

California Institute of Technology
Pasadena, California

Single crystals of the inclusion compounds
formed between long-chain alkyl esters and urea
were X-irradiated at room temperature and the
free radicals produced were investigated by elec-
tron spin resonance. The eleven esters studied
were diethyl adipate and the methyl, ethyl', hexyl,
and octyl esters of monocarboxylic acids. The
long-lived free radicals observed in all of these

compounds are of the type RCH,CHCOOR'. These

Supported by the National Science Foundation under Grant No.
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National Science Foundation Predoctoral Fellow.
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are n-electro.n radicals with the unpaired elec-
tron largely localized on one carbon 2p orbital.

The coupling constants of the alcohol protons (R')
were resolved in the spectra of several radicals
and the values ranged from 3 to 6 Mc/sec. The
ester radicals undergo motion in the tubular cavi-
ties formed by the urea molecules of the crystal,
and this affects the magnitudes of the proton
coupling constants. The dependence of the - and
B-proton coupling constants on this motion is briefly
considered. From the ethyl heptanoate radical ESR
data, recorded over the range of 352°K to 7°K + 3°K,
and from the room-temperature ESR data of all
eleven ester radicals, information is obtain_ed re-
garding the motions and orientations of the ester
radicals. In addition, two carboxylic acid-urea
inclusion compounds were investigated and the
orientations and motions of the well-known radi-
cals produced in these systems (RCIQC HCOOH) are
compared to those of the ester radicals. Approxi-
mate equations are given which relate the observed
a-proton coupling constants and spectroscopic
splitting factors to the diagonal elements of the o=
proton tensors and g-tensors of all radicals in-

vestigated.



A. INTRODUCTION

The inclusion compounds formed between urea and the n-
hydrocarbons or their derivatives have been extensively sludied. 1-4
Crystallographic data have been reported on the crystasformed be-
tween urea and acids, alcohols, halides, ethers, and several n-hydro-
carbons. By comparing X-ray powder diffraction patterns, it has
been concluded that all of these systems have similar hexagonal crys-

tal structures. 5,6 Furthermore, Smith7

has completed a detailed
crystallographic investigation of the n-hexadecane-urea compound.
Long crystals, hexagorial in cross section, were formed by the ad-
dition of hexadecane to a solution containing urea and isopropyl al-
cohol. The unit cell is hexagonal (a, = 8.230 & and ¢, = 11. 005 A),
and there are six urea molecules per unit cell. The hexadecane mole-
cules are in an extended planar zigzag configuration with their long
axes parallel to the ¢ axis, and are enclosed in tubular cavities
formed by spirals of hydrogen-bonded urea molecules. The time
average positions of the plane of the hydrocarbon molecules are either
perpendicular to the a axis, or are at multiples of 60° to this posi-
tion. The view along the ¢ axis of a long~-chain hydrocarbon- urea
compound is given in Fig. 1. |

In addition to the crystallographic work, dielectric absorp-

8

tion~ and nuclear magnetic resona.nce9 investigations of several

urea inclusion compounds have been reported. Results from all of
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these investigations support the conclusion that the hydrocarbon
molecules (or their derivatives) fit only loosely in the tubular cavities,
and thus may undergo a large degree of molecular motion,

.Because of the simplifying effects of ordered structure and
molecular rhotion,' these compounds provide a convenient medium
for electron spin resonance (ESR) studies of certain X-ray-produced
free radicals. A preliminary account of this technique has been pub-

lished. 19

In this paper we are concerned with the identification,
orientation, and molecular motion of the free radicals produced by

the X~irradiation of the ester-urea crystals.

B. PROTON COUPLING CONSTANTS

No crystal structure data have been published on the com-
pounds formed between urea and the straight-chain ester molecules.
However, considering the data reported above, it is highly plausible
that these compounds have hexagonal crystal structures. Here we
will assume this to be the case, and will later provide ESR data
supporting this assumption. Anticipating the experimental results,
we assume that the only stable radical formed is the one obtained
by removal of one of the oz--protons11 from the ester molecule.
Therefore we have a model in which there are six orientations of
one radical. As in the case of the hexadecane-urea crystal, the
esters are taken to be in an extended all-trans configuration with
the time average position of the plane containing the carbon

atoms perpendicular to the tubular axis. The six orientations



are related by the six~fold symmetry axis of the tubular cavity. 12

The ester radical is expected to be very similar in electron-
ic structure to the extensively studied radical, RCHaC‘HCO,H, formed

by the X-irradiation of aliphatic dicarboxylic acids. 13-15

Therefore,
as in the acid case, the spin density is largely localized on the 7-
orbital of carbon atom 2 and the problem becomes primarily oné in-
volving two isotropic g- protons and onc anisotropic a- proton. The
coupling constants of both g¢-and g-protons have been investigated in

detail by McConnell and co-workers, 13,16-18 14,15

and by others.
We briefly consider here the aspects of the dependence of the - and
B-proton coupling constants on the motion and orientaﬁons encoun-
tered in the experimental work reported below (as represented by
the above model). The six possible oriehtationé of the radical

have a negligiblé effect on the coupling constants of the 8- protons,
but are important to the discussion of the a proton coupling con-
stants.

a. The g-Proton Coupling Constants -- Theoretical studieslg'21

suggést that the isotropic coupling constants of the §- protons, af y
are related to the spin density in the px’y orbital on carbon atom 2,

pg ,, by the linear equation |

af = Rig) 0y | (1)



Heller and McConnell*®’ 22 pave suggested that R{f) be approximated

by the relation
0 2
R(e) =B cos £ (2)

where ¢ is the angle between the axis of the Py orbital on C, and the
projection of the Cs—Hﬁ bond onto a plane which is perpendicular to
the C,-C, bond.

For radicals containing two g-protons attached to the same
carbon atom, the two values of §, are 30° ¥y or 60° ¥ y, depending

on the conformation of the molecule. Egq. (2) then becomes
0 2
R, (8) =B cos (30 % y) (3ab)
0 2
or "Ry, (0) =B cos (60xy) (4ab)

The upper and lower signs refer to the positions of protons 1 and
2 respectively, and y is called the angle of twist (Fig. 2). In the

special case that y = 0, the two protons will have identical coupling

21

constants. Eq. (2) has been justified by valence-bond theory, ™~ and

Egs. ;(2) and (3ab) have been used in numerous. experimental studies
of free radicals cbnta'ming B-protons. 13-15

If the g-protons undergo motion with respect to the axis of the
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(b)

Fig. 2, The definition of the molecular Cartesian coordinate system
with respect to the C,~H, bond and the px’ orbital (perpendicular to
plane of paper)on C,. The origin is at the C, nucleus and the positive
x’ axis extends into the paper (see footnote 11 for the labeling of
protonsand carbon atoms)., (b) The view along the y’ molecular
axis showing one possible geometrical configuration of the free
radical 3-protons. The solid line and dashed line represent the

axis of the 2px’ orbital and the radical plane, respectively.
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p, orbital, R(9) must be replaced by an average value, (R(8)) .
For example, if all values of § are equally likely (e.g., free ro-
tation about the C,-~C, bond) and the frequency associated with the

24

motion is large compared to the hyperfine frequency, then

(RE) /B =1/2 (5)

In general the values of § will not all be equally likely, and the prob-
ability density function describing the motion must be determined in
order to evaluate (R(d)) . Stone and Mak126 have used the harmonic
oscillator and free rotor approximations to evaluate (R{#)) . Several
other authors have also considered the effects of molecular motion on
B-proton coupling constants. 27-29 |

In the case of the ester-urea crystals, the urea molecules
restrict the internal motion of the ester molecules and creaté an
essentially infinite barrier to complete rotation about the C,-C,
bonds. However, restricted motion about the C;~C; bond is al-
lowed. It is reasonable to assume this motion occurs about some
equilibrium position described by the angle 6 =6,. The effects of
motion may then be readily estimated assuming various probability
distribution functions. |

If the motion is taken to be constrained between the extreme

values of 8, + o, and all angles between the extreme values are
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assumed to be equa.lly ‘probable, then by direct integration of

Eq. (2) one obtains
(R(O))/B =1/2 + (cos 8, - 1/2)-5‘-1-5—1&-2-—"—‘ (6)

Or, if the motion is described as a simple harmonic oscillation be-
tween 0, + a and f, - @, then from Eq. (2) and the probability distri-

bution function for a classical harmonic oscillator one obtains
(R())/B = 1/2 + (coszé)n -1/2) J, (2a) (m

where J, (29) is a Bessel's function of the first kind.
 Finally, the motion could be approximated by a quantum
mechanical harmonic oscillator. Assuming Boltzman statistics one

obtains

(RO /B =1/2 + (cos 8, - 1/2)[ 1 - exp(- E/kt)]

[} n (_ Z)DH' (8)
nzz VZ:E) (Vl)zbv'(n ) v)!. éxp(-nE/kt - 1/b)
where | E = il.i(VQ /'I[)}?'7 and b = (IV, )%/ﬁ

ozzv0 /2 is the potential energy term of the harmonic oscillator Hamil -

tonian and I is the reduced moment of inertia for motion about the
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C,-C; bond. Eq. (8) may, in principle, be used to obtain a value
for V, Iﬁro_viding I is known and the torsional motion about the C,~C,
bond is not coupled to the other motions of the molecule. Of course,
all three equations (5-7) assume that the frequency associated with
the motion is large compared to the g proton hyperfine frequency.
The limiting behavior (for small o or low temperatures) of
Eqgs. (5-7) are qualitatively the same. The dependence of (,R(Gl)) on

the motion in all three of these equations is of the form
(R())/B’ =1/2 + (cos 0, - 1/2)F (9)

where F depends on the motion. This same algebraic form is ob-
tained with any potential function which is symmetric about the equil-
ibrium position 8,. For example, if one includes the anharmonic
potential V, = clcxz‘1 + czoz8 + +++ as a first-order perturbation of the
harmonic oscillator, Eq. (9) is modified only by a change in F. The"
form of Eq. (9) is also retained if the motion is harmonic and is
coupled to other harmonic oscillations. We have omitted from Eq.
(9) a correction term of the form G sin 29, resulting from anti-
sy-mmetric potential terms. This correction could arise, for ex-
ample, from the perturbation of the harmonic oscillator by an anhar-
monic potential of the form V, = d1a3 + dzcv5 4 =« <+ the motions of

the ester radicals in the urea dinclusion compounds are expected to

be complex. Therefore, we will only attempt to compare
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qualitatively the degree of motion’ of the B—profons in the different
radicals, and we will neglect the correction term, G sin 26, . 30
Rewriting 6, as 30 +y. Eqs. (6~9) may be written in the

form
(Ry 4(0) = A+ D cos’(30 % y) (10ab)
where A= (@®-B/2 (10¢)

and A and B depend on the motion and do not containy. As the
motion decreases B approaches B® and A approaches zero. As the
motion becomes large Egs. (7, 8) would not apply but the B and A
obtained from Eq. (6) approaches 0 and B’ /2 respectively, and
therefore Eqgs. (10ab) for this angular dependence approach Eq. (5)
(as expected). The jester and acid radicals reported below cover the
complete range qf possible values of A and B.

If the presence of motion is ignored, then one value of B’ and
one value of ¥’ may still be found from Eqs. (3ab) which yield the
experimental values. of the two 8 proton couplihg constants (through-
out this section we will denote by primes the values of B and y ob-
tained from Eqgs. (3ab) and the ESR data of a radical undergoing
motion), However, the values of B’ andy " will be lower than B’
and y. In general,' to obtain B0 the system must be cooled to a

‘temperature at which motion about the C,~C, bond becomes negligible.
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The value of y obtained with B’from the low-temperature is not
necessarily the same as the room-temperature value of y since 6,

may be a function of temperature.

b. The a-Proton Coupling Constant -- The approximate spin

Hamiltonian for a system of one proton (I) interacting with one elec-

tron (S) in a magnetic field (H) ig16

=3, +Xpp (11)
where se=|B|s- g H (12)
and SchF = hASerz: B hBSXIIxI + hCSyrIyr (13)

B is the electronic Bohr magneton, g is the spectroscopic splitting-
factor tensor, and A, B, C are the diagonal elements of the @ proton
nuclear hyperfine coupling constant tensor. The nuclear Zeeman
term has been neglected. In Eq. (11) the molecular Cartesian co-
ordinate system (x’, y', z’) is used in which the & proton hyperfine
tensor is diagonal. This right-handed coordinate system is assumed
to bear the same relation to the geometry of the ester radical as it
does to that of the corresponding carboxylic acid rad'ic:al16 (Fig. 2).

In our model, the molecular y’axis is approximately paral-
lel to the ¢ axis (tubular axis) of the urea compound. If we con-

sider frequencies of motion in a plane perpendicular to the ¢ axis
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sufficiently large to produce an isotropic g-proton splitting in that
plane, and assume further that all orientations of X’ and 2z’ in that

plane are equally likely, then Eq. (13) reduces to the axially sym-

metric form

%5 = hDS,, 1, +hDS,, 1, +hCS,, 1, (14)
where D= (A +B)/2

Using Eq. (14) in place of Eq. (13) and assuming that the
anisotropy of g is small, the a-proton coupling constant, aa, as a
function of the angle, &, between the magnetic field vector and the

crystalline ¢ axis is16

a% = ['Dz +(C?-D) cos cﬁ]% ' (15)
Furthermore, the isotropic value, a, o , 18
2%=1/3(A+B+C)=1/3 (2D +C) (16)

If the motion is not of sufficient amplitude or frequency to
justify the use of Eq. (12), then the ESR spectra perpendicular to
the c¢ axis will be anisotropic and asymmetric. However, because

of the crystal symmetry, the ESR spectra recdrded with the
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magnetic field parallel to the crystalline ¢ axis will remain sym-
metric even in the absence of molecular motion. It may be noted
that since fhe B-proton coupling. constant is a function of the motion
about the C,;~C, bond and the a-proton coupling constant is a function
of the orientation of the C,—Hy bond with respect to the crystal co-
ordinate system, the ESR data gives information regarding both the
internal inotion of the radical and motion of the radical with respect

to the laboratory coordinate system.

C. EXPERIMENTAL

During the preliminary identification of radicals the chemi-
cals used were purified by distillation or recrystallizaﬁon. For the
| majority of the work standard commercial grade chemicals were
used. Crystals of all of ‘the acid and ester urea inclusion compounds
used to obtain the data of Table I and Fig. 5 were grown from
methanol by slow evaporation. A few crystals of some of the com-
pdunds were also grown from ethyl alcohol and from isopropyl
alcohol, and yielded the same ESR spectra as the crystals grown
from methanol. Thus, although the possibility that solvent molecules
are present in the crystals has not been eliminated, if present, their
effects on the ESR sp_ectra appear to be negligible.

The crystals were obtained in the form of hexagonal needles

(angles measured to +'15”). The z axis of the erystalline coordinate
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system is defined to lie along the needle axis of the urea compound.
It will not be necessary to specify the x and y axes other than that
they lie in a plane perpendicular to the =z axis, and hence perpen-
dicular to the basal plane'. The morphology of these compounds is
the same as that of the hexagonal hexadecane-urea adduct and this
fact suggests that all of these compounds have hexagonal crystal
structures and that the z axis lies along the crystalline ¢ axis.
This point is considered later in connection with the low-temperature
ESR data for the X~irradiated ethyl heptanoate-urea crystal.

The crystals were subjected to 30 kv X-rays from a Machlett
AEG- 5OS.'X—ray tube for two to ten hours at room tempefature. A
Varian X-band spectrometer was used to obtain the ESR data, and the
modulation amplitude was approximately one megacycle/sec (Mc/sec
is abbreviated as Mc in the following sections). Crystals studied at
room temperature were mounted on a teflon plug in the microwave
cavity with the aid of a microscope. An average of several spectra
of three or more crystals was used to obtain each value reported in
Table I. The crystals were mounted in a metal dewar system to
obtain spectra recorded below room temperature and they were
placed in a heated gas-flow system for temperatures above room
temperature. The uncertainty in temperature measurements de-
creased from + 3°K near liquid helium temperatures to + 1°K above
30°K, ‘and all temperatures listed without an uncertainty may be taken

to be +1°K. Peroxylamine disulphonate and diphenylpicrylhydrazyl
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(solvent free DPPH; Eastman Co. ) were used for the scan
calibration and g~value standard; respectively, The tbtal width of
the peroxylamine dis;ulphonate spectrum was taken to be 72,9 Mc 31
| (26.0 gaﬁss) and the g value of DPPH as 2, 0036. 3z For any given
urea compound, the major features of the ESR spectra were inde-
pendent of the source and purity of the chemicals,' the ratio of the
hydrocarbon dérivative to urea in the alcohol soluti'on,‘ and the
length of time the crystals were X-irradiated. The resolution of
the proton splittings depended slightly on the history of the crystal
but this variation was not given any further study.

For each of the u inclusion compound
the room~-temperature spectrum recorded with the magnetic field in
the crystalline xy plane remained unchanged as the crystal was
rotated about the z axis. Otherwise, the ESR spectra were anisotropic

with respect to arbitrary rotations of the crystal.

D. IDENTIFICATION OF THE ESTER RADICALS

The room-temperature (298°K) ESR spectra of the X-irradi-
ated ethyl hyptanoate-urea crystal are shown in Fig. 3., where xy
and z indicate that the magnetic field is perpendicular or parallel,
respectiirely, to the z axis of the crystal. The proton coupling
constant s obtained frdm these'and other room~temperature spectra
are given in Table I. The room-temperature ethyl heptanoate-urea .
spectrum for the xy orientation clearly consists of six lines of

relative intensities 1:1:2_:2:1:1, and is due to the interaction of two
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7°K
—— 100 Mc/s

_ Figure 3
- The ESR spectra of the ethyl heptanoate radical as a function of tem-
perature. (The extremely small lines in the center of the z orienta-
tion, 298°K spectra, are due to an exciton impurity in the micro-
wave cavity.)
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equivalent protons (a=65Mec) and a third proton (a=41 Mc). The
z-spectrum of ethyl l}eptanoate-urea congists of six lines of relative
intensities 1:2:1:1:2:1, and resuilts from the interaction of two
‘equivalent protons (a=84Mec) and a third proton (a=68 Mc). Further=-
more, a small splitting of each line of the outside doublet into three
lines is barely visible. This splitting, and similar splittings of

the inner-.lines, were slightly better resolved in some of the ESR
spectra.

Spectra of the radicals formed in the systems’inethyl

octanoate-urea and octyl propionate—urea are shown.in Fig. 4.

The eight-line equal-intensity spectrum for the xy orientation of
_the methyl octanoate-urea crystal arises from the interaction of
three nonequivalent protons (a=41 'Mc, 64 Mc, 87Mc). The z spec-
trum of the methyl octanoate-urea crystal is approximately a six-
line spectrum (1:1:2:2:1:1) split further byl three approximately
- equally-coupled protons. The spectrum is adequately reconstructed
if the four proton coupling constants are chosen to be 89 Mc, 83 Mc,
66 Mc, and 3Mc. The Xy spectrum of the octyl propionate-urea
crystal consists of eight lines of relative intensities 1:1:3:3:3:3:1:1,
and is due to fhree equivalent protons (a=65 Mc) and a fourth proton
(a=42Mc). On closer examination it is seen that each line is further
split by the interaction of two approximately equivélent protons

(a ~1-3Mc). Finally, the z spectrum of the octyl propionate-urea

crystal consists of approximately five lines split further by two
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A-XY A-Z

4

B-XY B-Z
| /\

—— 100 Mc/s

P ———
—

Figure 4

The room-temperature ESR spectra recorded with the magnetic field
in the xy plane and along the z axis of two ester-urea crystals. The
spectra A and B are of the methyl octanoate radical and the octyl
propionate radical, respectively.
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protons (a=6Mec). The approximately five-line spectrum is due to
three equivalent protons (a=72Mc) and one proton (a =84 Mc).

In view of these data, the only reasonable choices for the
radicals produced in ethyl heptanoate-urea,‘ methyl octanoate-

urea, and octyl propionate-urea crystals, are; respectively;'
o 9
CHS(CHZ)SCHzCHéJOCH.‘,CH3

«
CH,(CH,),CH,CHCOCH,
9
CHZCHCOCH, (CH,),CH,

The @~ and B-proton coupling constant assignments are given in
Table I. The small coupling constants are due to the €—protons; 33
and splittings due to the y~—protons are not observed. |

As expected, the a-proton coupling constants exhibit large
anisotropies. These anisotropies were examined in detail for
the systems ethyl heptanoate-urea and octyl propionate-urea at
room_temperatﬁre. If D is taken to be ‘af:y and C is taken to be
ag, Eq. (15) reproduces the anisotropy within experimental error
for all values of the angle @ (for the limits of experimental errors
see Table I). In contrast, and again as expected, the B-proton
- coupling constants are very nearly isotropic, The maximum and

minimum values of 'aﬁ occur in the z and xy directions respectively,

and the two values differ by only a few megacycles,
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FOOTNOTES FOR TABLE I

2 All values are reported in Mc/sec.

b The radicals are those formed by the removal of one o-proton
from the parent compound.

€ a® aP, af are the coupling constants for the a-proton and the
two B—protons, respectively, and xy and z denote the spectra recorded
with the magnetic field in the crystalline xy or z directions.

d The limits of experimental error varied with the orientation
qf the crystals and the extent of overlap of the individual lines. Num-
bers reported to two and three digits are accurate to+ 1. 5 Mc/sec
and + 3 Mc/sec, respectively. The B-proton coupling constants
listed as approximately one-half a given number indicate that the suin
" of the two coupling constants is known to + 2 Mc/sec and their differ-

ence is only a few Mc/sec, but the two individual values are not
accurately known Some values are omitted (... ) due to poor accura-
cy caused by the extensive overlapping of lines. There was nothing
"unusual about these overlapped spectra and the a-and B-proton
coupling constants were in the same range as those reported in

Table I. The decanoic acid radical, for example, gave a four-line
| z-spectrum of approximate (but not exact) intensity ratio 1:3:3:1
which is due to three nearly equivalent protons (a ~3(252) Mc/sec).

€ The radical derived from octyl propionate exhibits three
a8 = oB). |

magnetmally-eqmvalent B protons (aa
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The three p-protons of the octyl propionate radical have
equal coupling constants, which indicates that the methyl group
is rotating (or undergoing large amplitude oscillations) at room

temperature. From Egs. (1,5) the values of pZB"(CHa) are

T 2% (o1 )
\™ 7

pcu aig = 2!:3 = l‘QMC

o' B (CHy), = 225 = 143Mc

The two values differ because of the anisotropy of the g-proton
coupling constants. Only the product and not the individual values
of p’\r,: and B’ (CH,) are determined from these data. (To avoid un-
' necessary subscripts, the spin densities on carbon atom 2 of all
radicals are written simply as pg. This does not imply that all
of the spin densities are equal, although evidence for this equality
is presented later, and each value of pz is to be identified with the -
particﬁlar radical being considered. )

~ Inthe case of the ethyl heptanoate radical, the two B-protons -
are also equivalent, but it is not possible to determine from the room-
tem:perature data whether this is due to stationary equivalent 306 or
60° positions, small oscillations about one of these positions, or a
complete averaging of vthe angle 0 as given by Eq. (5). If one assumes

that the last explanation' is correct, the values of pZB"(CHz) are
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T 0 _ 9B
BCB (CHz)xy = ZaXY = 131 Mec

Q0
TR’ (CH,), = 225 = 137Me

These values are approximately the same as those for p’é B° (CH,),
and this provides partial verification of the assumption of complete
averaging of the angle 6, A further discussion of the ethyl heptanoate-
urea crystal is given in the following section. |

The two _B—-protons of the methyl octanoate radical are not

ecquivalent, | Using the two a8 values and Egs. (1,3) (or Egs. (10 a;.b)

X
with A= 0), the values of p’é ]}37'(CH._,)Xy and y* are found to be 102 Mc
and 7.5°, whereas using Eqgs. (1,4), the values are 302 Mc and 2. 5°.
Any set of two B-proton coupling constants must satisfy both Eq. (3)
and Eq. (4), and further data are needed to decide which conformation

is correct. By arguments given above
B = B' =z B/2

where the prime indicates motion about the C,—C, bond. Noting that for
the very similar octyl propionate radical p’é B(CH,) = 130 Mc, the second
set of values for pz B’(CH,) and y may be discarded. It is, therefore,
concluded that the pg-protons of the methyl octanoate radical are under-
going oscillations with respect to the a-proton about positions shifted
from the 30° symmetry 'positions (Fig. 2). The Béproton coupling

constants of these radicals are discussed further below.
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E. TEMPERATURE VARIATIONS OF THE ETHYL
HEPTANOATE RADICAL SPECTRA

X-irradiated single crystals of the ethyl heptanoate-urea com-
pound were investigated at temperatures above and below room tempera-
ture. The spectra at elevated terhperatures for both the xy and z
orientations were similar to the room-temperature spectra. The in-
tensities of the spectra décreased markedly above 345°K, and the
highest temperature for which spectra were recorded was 352°K. Be-
low room temperature, spectra were recorded down to 7°K + 3°K and
a few of these spectra are given in Fig. 3. The xy spectrum gradually
changed from a six~line to an eight-line spectrum and the eight lines
became unsymmetrical at lower temperatures (~150°K) due to incom-
plete averaging of the six orientations of the radical. Rotation of the
crystal about the z axis, while maintaining the magnetic field in the xy
plane, produced marked changes in the spectra at 77°K, The featureé
of the spectra were reproducible at intervals of about 60° and at no
other angles. This data supports the assumption that the crystal
structure is hexagonal and that the ¢ axis lies along the z direction
of the crystal. |

Spectra recorded with the magnetic field along the z axis also
changed gradually with decreasing temperature, and all temperature
effects at all orientations were reversible. Due to the overlap of
lines in both the xy and z arientations, values of the coupling con~-

stants were obtained only over certain temperature regions.
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Fortunately, these regions were complementary, and either the xy
or z coupling constants were obtained for most temperatures.

The 'a;‘y coupling constant of the ethyl heptanoate radical
was measured down to 150°K, and the ag coupling constant was
measured from 298°K to 220°K and from 135°K to 7°K + 3°K. The
values of the a-proton coupling constant for both orientations were
found to be approximately independent of temperature, ' The value
of ag decreazed approximately 3 Mc in going from 7°K + 3°K to
298°K, and Ay remained unchanged over the range 298°K to 150°K,
Three effects which in principle could change the value of a® with a
change in temperature are: (1) a change in the value of p’é due to
motion about the C,—C, bond, (2) motion of the a-proton in the xz
or yz planes, and (3) reorientation of the molecule with respect to
the crystalline z axis. Barring the highly unlikely cancellation of
these effects, one may conclude that pg is independent of temperature,
that the molecular motion (at frequencies greater than the hyperfine
frequency) of the a-proton occurs primarily in the xy plane, and that
there are no major reorientations of the molecular axes with respect
to the crystalline z axis over the temperature range investigated.
Since the unpaired spin density is largely localized on carbon atom 2,
motion about the C;—C, bond would not be expected to have a large
effect on pg and therefore no conclusions abouf this motion may be
drawn from the above déta.

The B-proton coupling constant data over the range 7°’K + 3°K

to 250°K is presented in Fig, 6. Above 250°K the values of agy and
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Figure 5

The two g-proton coupling constants of the ethyl heptanoate radical
as a function of temperature.
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ag decreased gradually to the room~-temperature values, a change
of approximately 1 to 3 Mc in 50°K. The two sets of curves in
Fig, 5 would;' of course,' coincide if the @-proton hyperfine inter-
action were completely isotropic. Below 250°K the S-protons became
magnetically nonequivalent, causing the gradual transition from a six-
toan eight-line spectrum. Using the same arguments as for the
methyl octanoate radical room-temperature data, it is found that
Egs. (3ab) and not (4ab) lead to acceptable values of p?é B'(CH,)
for all data derived from the eight-line spectra.

~ The values of y’ and pZ B’ obtained from Eqgs. (3ab) increase
with decreasing temperature. Taking 131 Mc and 50 Mc as the low-
temperature limiting values of a‘zz and a_gz, the values of y and
p’é B’ (CHz)z are found to be 22° and 133 Mc. The low-temperature
limiting value of p’é B0 (CHz)z may be compared to the values 143 Mc
for pg B’ (CH,),, and 137 Mc for p’é B (CH,), obtained from Eq. (5)
and the room-temperature octyl -propioriate radical data and ethyl
heptanoate radical data, respectively. The experimental uncer-
tainties in these values are roughly + 6 Me¢, and are large due to.
the doubling of the experimentally-observed values of the room-
temperature data to obtain PZBO (CHZ) and pg B’ (CH,), and due to
uncertainties in the measurements of the broader lines of the low-
temperature spectra. Within the limits of experimental error these
three values of pg B are approximately equal. And since the values
of B and the values of p’é are expected to be nearly equal',' this

again' supports the assumption of complete averaging of the S-proton
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positions in the ethyl heptanoate ré.dical at room temperature.

Further qualitative information about the B-proton motion
may be obtained from Eqgs. (8, 10ab) and the data of Fig. 5. By
combining Eqgs. (1I,'10ab.) one obtains

B
2a, - p’é B’ c082(30~y)-1/2

Zaﬁz‘ - pg B’ cos?(304+y)-1/2

(17)

With a known value of BO this equation may be used to estimate y.
Eq. (17) is double-valued in the sense that if v, is a solution so is the

34 However; only one of these angles yields the experi-

angle 90-v,.
mental coupling constants by Eqgs. (loab),' and the choice of angles

is made by comparihg the low-temperature results of Eqs. (10ab)

and Eq. (17). Over the temperature range 7°K £ 3°K to 130°K,

v for the ethyl heptanoate radical is found to be approximately constant
and equal to 22° + 4°, Above 130°K the values of v obtdined from

Eq. (17) decrease slowiy with increasing temperature, but this change
may not be significant. Once y (hence §,) has been shown to be con-
stant, Eq. (8) may in principle be used to estimate V,. Ignoring

~ anharmonicities, Eq. (8) would be applicable providing at the tem-
peratures of interest all motions which might couplé with the torsional
motion about the C,—Cj4 bond are negligible. This is equivalent to
requiring that V be much less than the potential barriers associated
with motion about other bonds in the radical. If,' as a gross approxi-

mation,' the groups attached to C, and C; are allowed to undergo motion

and the radical is assumed to be in a planar zigzag coniormation;
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then I ~ 1.7 (10)™® g cm? for the ethyl heptanoate radical, From
Eq. (8) and the g-proton coupling constant data in the temperature
range T°K + 3°K to 40°K, V,, is found to be in the neighborhood of
1-3 Kcal/mole, Other reasonable values of I yield similar values
of VO," and these values of V, are of course merely order-of-mag~
nitude estimates of Vo' Since potential barriers associated with
other bonds in the ester radical cannot be assumed to be much less
than 1 Kcal/mole ;'35,’ 36 and since the exact value of I is not known,
a reliable value of V  cannot be obtained from the ESR data of

Fig. 5.

Preliminary spectra of the octyl propionate radical have also
been recorded over the temperature range 298°K to 7°K + 3°K. As
.in the case of the ethyl heptanoate radical, a‘: is independent of
temperature. However,. the methyl group of the octyl propionate
radical is apparently still undergoing rotation or large amplitude
oscillations at 7°K + 3°K. This behavior is similar to that reported
for the CHaé (COOH), radical, which is formed by the X-irradiation

of methylmalonic acid, 20 |

F. DISCUSSION OF THE ROOM-TEMPERATURE ESTER
RADICAL SPECTRA |
In addition to ethyl heptanoate,' octyl propionate, and methyl
octanoate,' several other esters were investigated at room tempera~
- ture. After X-irradiation, each of these systems exhibited the

radical formed by the removal of one o proton from the ester
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molecule. The {-proton coupling constants were resolved in the z-
spectra of several ester .radicals',' and they ranged from 3Mc to 6Mc.
The a-and B-proton coupling constant data are summarized in Table L
Within the limits of experimentz;l aécuracy, all of the ester radicals
have the same values of aza and a;y.' This suggests that all of the
ester radicals have the same spin density, pg,» and the same orienta-
tion of the a-proton with respect to the crystalline z axis,

Of the ester radicals reported in Table I{ only those derived
from ethyl héptanoate'," octyl propionate,_ and diethyl adipate exhibit
magnetically-equivalent B—protons,n and the coupling constants are the
same for all three radicals. Thereforé,l as 1n the case of the ethyl
vheptanoate and octyl propionate radicals;' the B-protons of the diethyl
adipate radical are undergoing complete averaging as given by Eq. (5).
The radicals derived from either ethyl nonanoate',' ethyl decanoate, or
ethyl dodecanoate have two B-proton coupling cbnstants that differ by
only a few megacycles ,' and therefore the spec’éra are not completely
resolved. However,' the sum of the two coupling constants, afyl and
a}’?yz, is easily measured to within 2 Mc, and in Table I the values of
these coupling constants are listed as approximately one-half of this
sum. The fact that the g-proton coupling constants are nearly equal to
those of the ethyl hepfanoate radical implies that oscillations about the
C,~C; bonds in these three radicalé are of nearly the sar.ﬁe amplitude
as in the ethyl heptanoate radical. o

For the remainder of the ester radicals listed in Table I, the

two B-proton coupling constants differ sufficiently to produce well-

resolved eight-line spectra;' and it is again found that Eqs. (3ab) and
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not (4ab) lead to acceptable values of B’. From Eq. (17) and the data
of Table I, values of y, and y,-90° are readily obtained. In the absence
of low-temperature data, A and B muét be evaluated in order to deter-
mine which of the two angles is correct, By subtracting Eq. (10a) from
Eq. (10b) and simplifying the resulting equation, one obtains

2(aB- '3)
pTB = gl (18)
(3)21sin2y|

In Eq. (18), both angles yield the same value of pIB. The value of

pgA is determined from Eq. (10c), pr , and a known value of pr" (CH;).
Since pg is apparently a constant, the value of pr° (CH,) is the same
for all ester radicals.having two B-protons, and is approximately the
same as that of pro (CH,). Here we will take the value of prgéy to be
131 Me. Upon substituting pgA, pr, and the two angles into Egs.(10ab),
only one of the two angles yields the experimentally observed S-—proton
coupling constants and the other angie is discarded. By this procedure,
the values of v for ethyl hexanoate, .ethyl octanoate, ethyl undecanoate,
methyl octanoate, and hexyl octanoate are determined to be 30°, 10°,
15°, 15°, and 45°, respectively (all angles + 8°). These angles may be
compared to the values of y*, 4°, 3°, 4°, 7°, and 6°, respectively, ob-
tained for the same radicals from Egs. (3ab).

The amplitudes of oscillation about the C,~C, bonds may be
estimated with the above values of y and Eq. (6) or Eq. (7). Since the
ogcillations are l'arge,' Eq. (6) and not Eq. (7) is used here, although it
may be noted that the equations give the same result for small angles,

For instance, taking B® and y to be 131 Mc and 22°, the two values of
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(R,(0)) and of (R,(0)) obtained from Eqs. (6) and (7) differ by only 5%
and 2. 5%, respectively, for an oscillation amplitude of 30°, Using

Eq. (6) the amplitudes of oscillation for the above six radiéals fall in
the range of 70 to 80 degrees. By the same equation, the values of o
of the other ester radicals are at least 80° to 90°, ‘and therefore there
exists large amplitudes of oscillation about the C,~C, bonds of all ester
radicals reported in Table I,

By this point it is obvious that the assumption of a time average
planar zigzag conformation of fhe ester radicals is an approximation,
For such a conformation; y would be zero and the equilibrium angle,

8,, of the two B-protons would be 30°. The angles of twist for the radi-
cals exhibiting magnetically equivalent (or nearly equivalent) B—protons
cannot be obtained from the ESR data. However, the room-tempera-
ture values of y for the six ester radicals exhibiting eight resolved
lines, and the low-temperature value of y for the ethyl heptanoate radi-
cal are significant. Considering the constraints imposed by the van der
Waals radius of the tubular cavity, this implies twisting about other
bonds besides the C,~C, bond. From Fig. 1, or by use of molecular
modeis, it is seen that a molecule with an angle of twist about the

C,—C, bond is most easily accommodated by the tubular cavity if there
exist also similgr out-of-plane 'adjustments in adjacent bonds of the
ester molecule (This same argument applies to oscillations about the
C,—C, bond since a cooperative motion is required in order to achieve
the large amplitude oscillations of the p-protons. ) It is clear, however,

that all radicals in a given ester-urea compound have approximately

the same angle of twist, 7, and the same degree of molecular motion.
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Otherwise, the ESR spectra would be a superposition of lines from
each nonequivalent radical and the spectra would be complex. 37 Of
course, whether or not the undamaged molecules exist in a time-
average planar zigzag configuration cannot be determined from the ESR

data.

G. THE CARBOXYLIC ACID-UREA INCLUSION
COMPOUNDS
Of the two acids investigated, one (decanoic acid) is a mono -
carboxylic acid, and the other (sebacic acid) is a dicarboxylic acid.
The radicals produced by X-irradiation of these acid-urea crystals
are

ol
CH,(CH,);CH,CHCOH

O
) .l
HOCCH,(CH,),CH,CHCOH
and are formed by removal of one o -proton from the corresponding
acid molecule (Fig.6). The above sebacic acid radical has also been
found in X-irradiated single crystals of sebacic acid,38 and this general
type of radical hasbeen observedin many other crystalline dicarboxylic

acids. 13-16

The above two carboxylic acid radicals are briefly in-
vestigated here primarily as a test of the model chosen to represent
the radicals in the urea inclusion compounds. The a-proton coupling
constants of the acid radicals are given in Table I, and are approxi-
mately the same as those of the ester radicals. As with the esters,

o

taking D to be axy and C to be a: , Eq. (15) reproduces the a®
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XY

—— 100 Mc/s

Figure 6
The room-temperature ESR spectra recorded with the magnetic field
in the xy and z directions of an X-irradiated sebacic acid-urea
crystal.
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anisotropy to within + ZMF: for both the sebacic acid radical and the
decanoic acid radical. The values,' in Mc,l of C,D,'aoa are 82, 42, 56
and 84,' 42, 56 for the sebacic acid radical and the decanoic acid radi-
cal,' respectively.

To compare these results,' the diagonal a“ tensor elements for
the radicals in pure dicarboxylic acids are neec_léd,' and there are dif-
ferences in the values reported for these tensor elements. Two ex-

amples are the values for the succinic acid radicalm and the sebacic

38 The diagonal values of the a% tensor, C, B, A, for

acid radical.“
these two radicals are 92, 59;’ 30 and 88; 56,7 27T Mc, respectively.

From these tensor elements, the values of C, D, a, are 92, 44, 60

' and'88, 41, 57, respectively. The agreement between these values and
those for the acid-urea crystals is satisfactory. The values of D and
a for all four systems are essentially identical, and the C values of
the radicals in the urea adducts are slightly below those of the radi-
cals in the pure acid crystals. The difference in C values may be

caused by the molecular y’ axis being tilted away from the crystalline

7z axis. Besides decreasing the apparent value of C, this shift would

a
axy

derived from the average of the diagonal tensor elements.

of course also increase the value of'D obtained from over the ore

The a‘z! and afy of the abid radicals are approximately equal to
those of the ester radicals (Table I). This is an indication that the
spin densities, pg , and the orientations of the radicals with respect to
the molecular z axis are approximately the same for the acid and

ester radicals; The value of p] is nearly unity, as may be seen by
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comparison of the above values of aoa with the range of aoavalues,

59 Mcto 64 Mc, recently reported for transient alkyl radicalsz9

o 19,20

(note: a_ = Qp’(‘;, where Q is a constant.

. The fact that p, is

nearly unity in the case of the carboxyl radicals has already been
established. 16)' Alth'ough no detailed temperature investigations of the
acid spectra were undertaken; the spectra of both acid radicals changed
gradually and reversibly with temperature, Splittings due to the car-
boxyl proton or the y-protons were not resolved in any spectrum of
either acid radical.

The two B protons of the sebacic radical are magnetically
equivalent and aB for these two protons is found to be equal to 87 Mc.
The two B-protons of the decanoic acid radical are nearly equivalent
(+ 1-3Me) and the values of the two B-proton coupling constants are ap-
proximately the same as those of the sebacic acid radical. From Egs.
(3,4), and using the more accurate aP of the sebacic acid radical, the
values of pr’xy are 116 Mc and 349 Mc for equilibrium angles of 30 and
60 degrees respectively, and again the value 349Mc is discarded. The
value of 116 + 2Mc is slightly below the pr‘;cy
propionate radical (130 + 3Mc) and the ethyl heptanoate radical

values for the octyl

(131 + 3Me), suggesting that the B8-protons of the acid radicals are
undergoing limited motion about the 30° equilibrium position. Taking
B to be 130 Mc, the angle of oscillation, y, for the sebacic acid radi-
cal lies in the range 30° to 45°, It should be stressed here that Eq.

(6) is being used only to compare, qualitatively, motion about the

C,~C, bond. However, it is clear that the degree of motion about the

C,-C, bond is much larger in the ester radicals than it is in the acid
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radicals.

One major difference between the ester and the acid radicals is
the possibility of forming hydrogen bonds involving the carboxylic
protons, X-ray diffraction studies of several pure crystalline di-
carboxylic acids have established that the acid molecules are bonded

end to end by intermolecular hydrogen bonds.sg’ 40

It has been sug-
gested that the acid molecules in the acid~urea crystals are bonded to-
gether in the same mamner.‘11 The hydrogen bonding in either the
monocarboxylic or dicarboxylic acids would effectively hinder oscil-
lations about the C,~C, bond (as is readily seen by use of molecular
models). Another possible',' although less likely; explanation of the

- reduced motion in the acids is hydrogen bonding between the acid mole-
cules and the urea molecules. The O-H--+N bond is known, 42 and
hydrogen bonding is observed between molecules of urea and oxalic

acid in the monoclinic urea-oxalic acid crystals.43

Hydrogen bonding
involving the urea protons may also occur in both the acid and ester
molecules, but this bonding would not easily explain the difference in
molecular motion in the two cases.

| The above discussion is relevant to the question of possible
complete rotation (or rapid reorientation among the six radical posi-
tions) of the hydrocarbon derivatives in the tubular cavities. The room-
temperature ESR spectra of both the acid and ester radicals could
result fg'om large amplitude oscillations of the a-proton in the xy plane

or from rotation of the entire molecule about the crystalline z axis.

The gradual and continuous changes of the spectra with temperature
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require the presence of large oscillations of the aproton but do not
rule out entirely the possibility of complete rotation at room tempera-
ture. However, because of the formation of the C—O- ‘X hydrogen
bonds mentioned above it is very unlikely that the dicarboxylic acids
undergo rotation at room temperature, Hydrogen bonding between the
dicarboxylic acid molecules would create molecular units of essentially
infinite length,' and hydrogen bonding between the acid molecules and
the urea molecules would create a barrier to rotation of the carboxyl
groups.

An éstimation of the lower limits of the frequency and amplitude
 associated with the o-proton motion may be obtained from Egs. (11-13)
and the acid radical tensor elements quoted above. .If the radicals are
freely rotating in the tubular cavities',’ then the only condition necessary
to obtain an isotropic splitting in the xy plane is that the rotational fre-
quency be large compé,red to the hyperfine frequency (motional fre-
quency > 60Mc/sec for the acid and ester radicals). If instead of ro-
tating freely, the a-proton is oscillating in the xy plane with an ampli-
tude, 6, about some equilibriﬁm position, then the amplitude of oscil-
lation is also important. Froxﬁ Eqs. (11-13) one may obtain the very

approximate relation

a oA 2 118in 26
Aags ~ (A-B)l(cos’g )-3]=5s= (19)
where Aa;"y is a measure of the a-proton anisotropy in the xy plane,

and ¢, is the angle between the magnetic field (in the xy plane) and

either the x’ or z’ molecular axes, For the ester and acid radicals
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the difference between A and B is evidently ~29 Mc and if § is taken to
be greater than 80°, then :0> Aa}?y =z 3Mc. Since there are six radi-
cal orientations (in general, three different values of @,) that con-
tribute to the ESR spectra, an anisotropy of a few Mc would only con~
tribute to the broadening of the ESR lines; and would not produce a

measurablé effect on the splittings in the xy plane;

H. SPECTROSCOPIC SPLITTING FACTOR DATA

The g~values of the ester radicals reported in Table I are
identical within experimental error. The averages of the values
measured with the magnetic field in the crystalline xy and z directions
are g(xy) = 2. 0031 and g(z) = 2. 0036, respectively. The values of the
two acid radicals are also the same and are given by g(xy) = 2. 0025
and g(z) = 2. 0041, The experimental uncertainty in all g-value
measurements is +.0003 (relative to the g-value assumed for DPPH).
As in the case of most organic free radicals, the anisotropy of the g-
value is small, and therefore the electron spin vector is aligned |
along the magnetic field direction. This was assumed in calculating
the proton coupling constants from the ESR data.

It is desirable to relate the measured g-valué data to the iso-
tropic g-value, g . It cannot be assumed that the principal elements
of the g-tensor correspond to the molecular x’,y’, z’ directions. (The

14, 44. ) How-

minimum element evidently lies along the z’ direction
ever, we have shown that the large amplitude motions of the molecu~-
lar x" and z’ axes occur in the crystalline xy plane, For this situa-

tion the isotropic g-value is given to a good approximation by the
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relation g, = $(2g(xy) + g(z)), regardless of the orientations of the
principal values of the g-tensor in the molecular coordinate system.
From this formula and the above ‘data',' g for the ester and acid radi~
cals are 2,0033 and 2, 0030, respectively. These values of g, are
essentially identical to those reported for the adipic acid radical

(2. 0031) and the succinic acid radical (2; 0030).  (g-Value data have not
been reported for the sebacic acid radical produced in crystalline

sebacic acid. )

I. SUMMARY

The long-lived free radicals observed in all of the aliphatic
ester~urea crystals investigated were of the type RCHzéHC OOR’.
Thése radicals are similar to the well-known free radicals produced
in X-irradiated dicarboxylic acids, except that the splittings due to
the alcohol protons (of R’) are present in the ESR spectra of the ester
radicals. These previously unobserved splittings provide evidence
that a small fraction of the unpaired spin density is distributed on the
carboxyl group of the ester radical. The room-temperature study of
the ester radicals shows that (a) the orientation of the axis of the 2p
orbital on C, with respect to the crystalline ¢ axis (tubular axis) is
the same for all radicals studied; (b) there exist motions of the a— |
and B-protons at frequencies greater than 10-100 Mc/sec; (c) the
amplitude of the a-proton motion in a plane perpendicular to the c
axis is greater than ~ 80",' and the anisotropy of the aproton coupling
constant is adeQuately describedh by an axially-symmetric spin

Hamiltonian; (d) the amplitudes of oscillation of the S-protons with
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respect to the a-protons are large for all ester radicals, but the f—
proton positions are completely averaged only for a few of the radi-
cals studied; (e) there exist significant deviations from time-average
planar zigzag configurations in many ester radicals (causing non-
equivalence of the p-protons); and (f) all radicals of a given ester-
urea crystal have the same time~-average configuration and approxi-
mately the same degree of molecular motion (indicating a high degree
of order in the ester-urea crystals).

In addition to the room~temperature study of the eleven ester
radicals; the ethyl heptanoate radical was also investigated over the
temperature range 352°K to 7°K + 3°K and it was found that: (a) Over
this range there is no significant reorientation of the axis of the 2p
orbital on C, with respect to the crystalline ¢ axis; (b) the a-proton
motion occurs primarily in a plane perpendicular to the ¢ axis; (c)
'the B-proton angle of twist is approximately independent of tempera-
ture over the range 130°Kto 7°K + 3°K; (d) the large amplitude
oscillations about the C,~C, bonds decrease continuously with de-
creasing temperature; and (e) both the anisotropy of the low-tempera-
ture ESR spectra and the morphology of the ci'ystals suggest that the
ester-urea crystals have ‘hexagonal structures. All temperature
effects are reversible, Considering the constraints imposed by the
tubular cavities, the large amplitude oscillations about the C,~C,
bonds strongly suggest that the intramolecular motions. of the ester |
radicals are cooperative,

- Two acid-urea crystals, decanoic acid-urea and sebacic acid-

" urea were also studied and the ESR data showed that: (a) The long-
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lived radicals are of the type RCH,CHCOOH; (b) the acid radical
oa-proton motion and orientation are similar to the ester radical

motion and orientation; and (c) there exists motion of the g-protons of
similar frequency (i. . , above 10-100 Mc/sec)but much lower ampli-
tude than in the ester radicals, This decrease in motion is evidently
caused by hydrogen bonds involving the carboxyl protons of the acid
radicals. For both the acid and ester radicals one may obtain the
approximate values for one a—proton hyperfine (principal) tensor
element,' the average of the other two elements ,' the isotropic a-proton

coupling constant,' and the isotropic g value',_ 8o°
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1I. ELECTRON SPIN RESONANCE OF RCHCOR"
RADICALS IN X-IRRADIATED KETONE-UREA
INCLUSION COMPOUNDS*
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Single crystals of six inclusion compounds formed

between aliphatic ketones and urea were X-irradiated

at room temperature and the free radicals produced
were investigated by electron spin resonance. The six
ketones investigated were 2-nonanone, 6-undecanone,
3-tetradecanone, 2-undecanone, 2-dodecanone, and
3-undecanone. The long-lived free radicals observed

in all of these compounds (RCH,CHCOR!') are formed by
the removal of one « proton from the parent ketone.

The unpaired spin density in the 2p orbital adjacent to
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the carbonyl group is 0.81 + ., 04. A contour plot of the spin
density aé a function of the molecular orbital parameters is
given. In qualitative agreement with the ESR results, the

molecular orbital methods predict the position of maximﬁm

spin density to be adjacent to the carbonyl group.

A.. INTRODUCTION

The free radicals produced in a series of X-irradiated aliphatic
ester~urea inclusibn (;_ompounds have recently been investigated by
electron spin resonanée (ESR)! The use of an inclusion compound has
the distinct advantage over a low temperature glass or powder in that
all of the guest molecules of the compound are magnetically equivalent
at one or more crystalline directions. Only one ester radical (RCHCOOR')
and no urea radicals were detected after X-irradiation. The ester-urea
single crystals were investigated as a function of temperature and of
orientation in the magnetic field, and information regarding the struc-
ture and motion of the ester radical was obtained. It is of interest to
investigate other aiiphatic molecules by this method. In particular, the
aliphatic ketone molecules are of interest because of the presence of
only one oxygen atom. This simpliﬁcatién in structure makes possible
a more quantitative investigation of the X-ray produced ketone radicals.

In this paper the radicals in a series of X-irradiated ketone-urea

inclusion compounds are identified, the coupling constants are given,

and the experimental and thedretical positions of maximum spin density
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are determined. ?

B.EXPERIMENTAL

Single crystals of the inclusion compounds formed between urea
and the aliphatic straighl-chain ketones were grown from a methanol
solution by either slow evaporation or by slow cooling. In all cases
ketones were chosen which gave the best Quality of urea inclusion crys-
tals and, therefore, the lengths of the ketone molecules studied are
somewhat arbitrary. The crystéls obtained were either hexagonal needles
or flat hexagonal plates and were stable for several months in air at
room temperature. The z axis of the cartesian cfyétalline coordinate
syétém is defined to lie along the needle axis of the urea compound and
therefore thé z axis is parallel to the six faces of the hexagonal prism.
The x and y axes are not specified other than that they lie in a plane
perpendicular to the needle axis of the crystal. The morphblogy of the
ketone-urea crystals is typical of the morphology of crystals formed
between urea and a varietyl of long straight chain molecules.® The
ketone molecules are therefore expected to exist in an extended zigzag
conformation in the hollow (hexagonal) cavities formed by the urea
molecules.* We will assume this to be the case throughout the following
discussion, although no crystallographic data has been reported for the
ketone-ufea compqundé studied in this paper. |

The X-ray apparatus, X-band ESR spectrometer, modulation

amplitude, and calibration standards were the same as employed in L.
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A conventional small dewar connected by means of a transfer tube to a
liquid helium dewar was used to cool the crystals below room tempera~
ture. The rate of cold helium gas flow was controlled by varying the
power dissipated in a resistor located inside the liquid helium dewar.

A heated nitrogen gas flow system was used to obtain temperatures
above room temperature. Crystals of the 6~undecanone-urea compound
were hcafed to ~ 325‘_’1{’ for a few minutes prior to recording the final
ESR spectra to remove small quantities of additional radicals. The
lines due to these radicals were not sufficiently resolved to allow
identification of the radicals. The other X-irradiated ketone-urea
inclusion compounds listed in Table I were not heated before obtaining
the ESR spectra. For any given inclusion compound, the major lines
of the ESR spectra were independent of the ratio of fhe ketone to urea
in the methanol solution and to the length of time the crystals were

X-irradiated.

C.. RADICAL IDENTIFICATION

The ESR spectra obtained for the X-irradiated 2-nonanone,
6-undecanone, and 3-tetradecanone urea inclusion compounds are given
in Figs. 1-3.- The ESR hyperfine pattern of the 2-nonanone-urea crys-
tal results from two nonequivalent but nearly isotropic proton coupling
constants and one anisotropic proton coupling constant. The lines are
further split by three small proton coupling constants which are‘re—

solved only at certain orientations of the magnetic field. The ESR
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Figure 1
The room-temperature ESR spectra of an X-irradiated 2-nonanone-
urea crystal with the magnetic field vector (a) 7 0° from the z axis
and (b) parallel to the z axis. The reconstructed "'stick' spectra
of the CH;COCH(CH,),CH, radical for these two orientations are given
below the observed spectra.
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spectra obtained for the 6-undecanone~urea crystal are similar except
that the small splittings arise from two equivalent proton coupling con-
stants. Finally, the ESR spectra obtained for the 3-tetradecanone-urea
crystal may be constructed from three equal and nearly isotropic proton
coupling constants, one anisotropic coupling constant, and two approxi-
mately equivalent coupling constants of much smaller magnitude than the
other four. Therefore, the only logicé.l choices for the radicals pro-
duced in the 2-nonanone, 6-undecanone, and 3—tetradecanone urea inclu-

sion compounds are, respectively,

.
CH,(CH,),CH,CHCCH, | (1)
O
.
CH,(CH,),CH,CHCCH,(CH,);CH, (2)
.
CH,CHCCH,(CH,), CH, (3)

and the magnitudes and assignments of the proton coupling constants are
given in Table L. ® In agreement with results obtained for other radicals,
the p-proton coupling constanté are very nearly isotropic and the e~proton
coupling ‘constants are anisotropic; The small splittings result from the
previously unresolved § -proton coupling constants. Splittings due to the
y~protons are not resolved.

Three other ketones, 2-undecanone, 2-dodecanone, and 3-undeca-
none, were also investigated and the results are summarized in Table I

The radicals observed in all ketone-urea inclusion compounds may be
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Figure 2
The room-temperature ESR spectra of an X-irradiated 6-undecanone-
urea crystal with the magnetic field parallel to the xy plane and-along
the z axis, respectively. The reconstructed spectra of the CH;CH,-
COCHCH,CH, radical are given below the observed spectra.
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Figure 3
The ESR spectra of an X-irradiated 3-tetradecanone-urea crystal at
310°K. The magnetic field is approximately 40° from the crystalline
z axis. The reconstructed spectra is that of the CHSC'HCOCHZ(CHZ)Q-

CH, radical and the remaining (major) lines are apparently due to the
CH,CHCOCH(CH,),CH, radical.
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FOOTNOTES FOR TABLE I

a

B g

aa, ‘a"”, and a” are the coupling constants for the a protoh,
p protons, and the § protons, respectively, and Xy and z denote the
spectra obtained with the magnetic field in the crystalline xy or z
directions. All coupling constants are reported in Mc/sec.

o The ESR spectra of three of the radicals were recorded at
temperatures above 298°K in order to improve resolution. The
temperatures chosen are somewhat arbitrary. The change of resolu-
tion with temperature is caused by a slight temperature dependence of
the p-proton coupling constants. The accuracy of a; (~ 76 Mec/sec) for
the third and sixth radicals is decreased to + 3 Mc/sec by the eXten-
sive overlapping of spectral lines. All other a% and a‘3 values é.re

estimated to be accurate to within + 2 Mc/sec. The small ag values

should be accurate to within + 0.7 Mc/sec.

€ These radicals are formed from the parent compound by the

removal of one @ proton. The parent ketones are, from top to bottom,
2-nonanone, 6-undecanone, 3-tetradecanone, 2-undecanone, 2-dodeca-

none, and 3-undecanone.

d ‘These two radicals each exhibit three magnetically equivalent

p protons (ag = aE = a‘f ).
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thought of as being formed by the removal of one hydrogen atom from
the o position of the parent ketone, and there was no évidence for stable
paramagnetic sites associated with the urea molecules. The g values
of all six radicals were measured at room temperature and were found
to be the same within experimental error.. The average g value and the
estimated error with the magnetic field parallel and perpendicular to
the z axis, respectively, are g(z) = 2.0040 + , 0003 and g(xy) = 2.0044
.0003. As may be seen from Fig. 3, the ESR spectra of. the X-irradiated
3-tetradecanone-urea compound are complicated by the presence of one
or more additional radicals. All radicals present have roughly the same
thermal stability and it was not possible to greatly change the relative
concentrations of the radicals by either heating the crystal or subjecting
.the crystal to ultraviolet light. However, the outermost unidentified
doublet is split by two small and approximately equivalent coupling
constants. From further considerations of the magnitudes of the
various splittings it appears that all major unidentified lines can be
assigned to the radical CH;CH,COCH(CH,),;CH;. An analogous situation
occurs in the case of the X-irradiated 3-undecanone-urea compound.
We will not be concerned further with these additional radicals since a
well resolved example of a nearly identical radical is present in the
6—undeéanone-urea crystal.

All of the above radicals were remarkably stable. The radical
concentrations remained approximately constant during the several
hours of room temperature experimentation. However, the concentra-

tions of the radicals decreased slowly as the crystals were heated and
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the ESR signals disappeared at temperatures well below the melting

points of the crystals.

D. EXPERIMENTAL DETERMINATION OF THE SPIN DENSITY pc',T
a. From a-Proton Coupling Constant Data

It is apparent from the data of Table I that the ketone radicals are
very similar to the previously reported carboxylic acid® and ester’
radicals.ﬂ That is, there is a large spin density associated with carbon
atom 2, a small spin density associated with carbon atom 1, and pre-
sumably a small spin density associated with the oxygen atom. These
are evidently m-electron spin densities and are referred to as pCZ, pCf,
and pO", respectively. (It will be shown later that the m-electron
assumption is supported by all available data.} We will immediately
limit the discussion to pCZ since this diagonal spin density matrix element
is so much larger than the adjacent one, pCf, that the off~diagonal
elements of the spinr density matrix’ may well dominate pC’I. This
means., in effect, that the estimate of pC’{ obtained from the coupling
constant data by the usual methods may be highly unreliable. The
value of ng , on the 6ther hand, may be obtained by two independent
methods and, thefefore, pCf_ can be obtained with good accuracy. The
procedure followea here is as follows: the value of pCZ is estimated
from the a-proton coupling constant data and from the g-proton coupling
constant data; the theoretical values of pC;'{r are obtained as a function -

of the molecular orbital parameters and these spin densities are then
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compared to the experi'mental pCLr.

The maximum value of the e-proton coupling constant, aa, occurs
when the magnetic field is parallel to the z axis and the minimum value
of a” occurs with the magnetic field perpendicular to the z axis of the
crystal. These two values of a® are.referred to as a‘z' and a;':y, respec-
tively, and they are the same within experimental error for all ketone
radicals studied (Table I). The first step in obtaining the spin density
is to extract the isotropic contribution, a: , from a;y and a‘z'. This is
somewhat more troublesome for included radicals than for radicals
rapidly tumbling in solution or rigidly held in a crystal lattice because
molecular motion in the urea inclusion compounds averages a portion,
but not all, of the anisotropic proton-electron hyperfine interaction.

In I, the equation -

ag = (1/3) (a3, +2) (4)

was used to obtain aj from experimental values of ag_ and a). This

simple relation will also be useful in obtaining an app);oximate value of

a: for the ketone radicals. In obtaining Eq. (4), the a-proton tensor
elements in the xy plane are assumed to be averaged by molecular motion.
This averaging can be accomplished by 4va.rious types of motion. The
tensor elements are obviously averaged by rapid rotation of the radicals
about the crystalline z axis. They are approximately averaged if the
amplitude of the radical motion in the xy plane is grea.tér than ~ 80° and

all bond positions in this range are equally probable (the residual few

Mc/sec anisotropy would have a negligible effect on the splittings but
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could inhomogeneously broaden the ESR lines). The tensor averaging
would also be accomplished provided that each'radical executes a ran-
dom walk among the orientations related by an h-fold axis of symmetry
parallel to the crystalline z axis (n = 3). If n= 6 this corresponds to a
rapid jumping of the radicals between the six positions of minimum
energy in the hexagonal tubular cavitiés of the crystal. All of the above
types of motion are, in principle, allowed by the general structure of
the inclusion crystals. ® |

| For each of the six kefone-urea compounds reported in Table I,
the room température spectra recorded with the magnetic field perpen~
dicular to the crystalline z axis remained unchanged é.s the crystal was
rotated about the z axis, but were anisotropic with respect to arbitrary
rotations of the crystal. This behavior is typical of all included radicals
studied thus far and it results from the motional averaging of the tensor
elements in the xy plane. As a ﬁhal check of Eq. (4) for such a radical,
the value of a,, obtained from this equation and the included acid radical
ESR data, was compared to a, reported for similar radicals in "rigid"
dicarboxylic acid crystals.l The two values were identical within
experimental error and this provides a partial justification of the use

of Eq. (4) for other included radicals. Assuming Eq. (4) to be valid for
the ketone radicals, a; = 51 + 2 Mc/sec for all six ketone radicals of
Table I. The m~electron spin density on é.tom 2, pCZ, may now be
obtained from McConr;e_ll's well known equa.ti‘on,l9 ag =Q pC”, where Q
is a proportionality constant and pCTr is the 7-electron spin density on

the carbon atom bonded to the « proton. A good estimate of Q is
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62.7 Mc/sec. This number is the value of a: reported by Fessenden
and Schuler for the ethyl radical (CHg CHz, pC’T ~ unity). ® Taking Q to
be 62.7 Mc/sec, pCh = 0. 82.

b. From p-Proton Coupling Constant Data

Thg value of pCZ may also be obtained from the ketone g-proton
coupling constants. The p protons undergo motion Wi£h respect to the
7 orbilal on C, and the value of pC‘;r cannot, in general, be obtained
without a knowledge of the nature of the motion. However , the methyl
group attached to carbon atom 2 of the 3-tetradecanone radical is
rotating (or undergoing large amplitude oscillations) at frequencies
large compared to the ﬁ-proton'hyperfine frequency, as is evidenced by
the equivalence of the three g protons. This is also the case for the
methyl group of the 3-undecanone radical and for these two radicals
the usual expression relating the spin density to the p-proton coupling
constants reduces to a; = (B/ 2) pCz, where af is the isotropic compo-
nent of the p-proton couphng constant and B/ 2 is a proportionality
constant. " The experimental value of a.‘3 contéins an anisotropic compo-
nent as well as the isotropic component and these two contributions must
be separated before this equation can bé used to obtain pCf. Fortunately,
the anisotropic component is small and, therefore, the method employed
to‘extract af is not critical.

Heller™ has observed that, for the CH,C(CO,H), radical, the

anisotropic components of the g-proton hyperfine coupling constants are



-66-

adequately described by the Hamiltonian

%y = - g|BleyByT L(1-3 cos®a) Sl (5)

In Eq. (5) a is the angle 'between the magnetic field direction, H, and
the CHs—éH carbon~carbon bond, SH and IH’ are the components of S
and I along H, and - gl IgNBNh'IT_LpCﬂ = dec;’ =(-)2.2 Mc/sec.
The isotropic value of the three p-proton coupling constants is (+)70.9
Mc/sec for this radical. From the data reported by Morton and
Horsfield” for the similar radical CH,CHCO,H, a, a), and B, are
(-)54.7, (+)70.3, and (-)3.0 Mc/sec, respectively. If we take pCh =
0.90 x . 04 for these two rad'icals; then a good estimate of By is (-)2.9
+0.,6 Mc/ seé. '

For the included radicals, " the a-proton tensor elements are
averaged in.the Xy plane and this requires a motional avéraging of the
C;—Cg bond positions in the tubular cavities. If the motions of these

radicals are again taken to be free rotation, large amplitude (equal

probability) motion or a random jumping motion, Eq. (5) yields

af{y =pCy [Bd(l— ':' sin®8) + R/2] (6)
ag = pCT [Bd(1-3 cos*8) + R/2] 7 (7)
af =pC] (R/2)=1/3 (2af), +2]) ®
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where at‘3 and a.‘3

Xy 7 2T€ the p~-proton coupling constants with the magnetic

field perpendicular and parallel to the z axis, respectively, and @ is

the angle between the C,~Cqy bond and the z axis. Using Eq. (8.) and the
data of Table I, af = 59. 6 Mc/sec for the 3-tetradecanone and 3-undeca-
none radicals. For the ethyl radical af =176.4 Mc/sec. If R is assumed
to be the same for the ketone and ethyl radicals then pCZ (ketone) =
59.6/75.4 = 0.79. This value of pCZ‘,r is in excellent agreement with the
Value of 0. 82 obtained from the a-proton coupling constant data.

From Egs. (6) and (7) and a value forg we may also estimate the
anisotropic component of ap. If the C—Ha bond and the axis of the 2p
orbital on C, lie in the xy plane and the ¢ bonds involving C, are sp®
hybridized, then the most probable value of 9 is readily seen to be 30°,
(These ‘requirements are, of course, more stringent than those used in
obtaining pCh.) - Taking 6 = 30° and pCT =0.79, Egs. (6) and (7) give
ag =~ 62 Mc/sec and aiy ~ 60 Mc/sec which are in agreement with the:

data of Table I. 18

‘¢. Effects of Temperature Changes on the ESR Spectra

The principal question remaining is whether the above experimental
value of pCZ,_T is a meaningful quantity associated with this class of
aliphatic ketone radicals, or whether this spin density is a temperature-
dependent function of intramolecular motion about the C,~C, bonds. In
the case of two included ester radicals, the ethyl heptanoate radical and

the octyl propionate radical, it was possible to obtain well resolved
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spectra over the wide temperature range from roughly 340°K to 7°K. !
The ester e-proton coupling constants, and hence pCf, were observed
to be independent of temperature over this entire range within experi-
mental error. The ester B-proton coupling constants changed gradually
with temperature due to temperatu_re-dependent motion about the C,—Cg
bonds. For the ketone radicals it was not possible to completely
resolve the ESR spectra over this wide a range of temperatures. How-
ever, some data in addition to that presented in Table I were obtained
over limited temperature rahges both above and below room tempera-
ture. For example, well resolved xy and z ESR spectra were recorded
for the 3-tetradecanone-urea crystals at 313, 323, and 333°K. (We
refer to spectra obtained with the magnetic field in the xy and z
crystalline directions as xy and z spectra, respectively.) Well resolved
Xy and z spectra were also recorded for the 6-undecanone and 2-dodeca~
none radicals at approximately 333°K. The a-proton coupling constants
derived from these data are the same as those of Table I within the
estimated experimental error of + 2 Mc/sec. At these temperatures
the spectra recorded with the magnetic field in the XY plar}e were iso-~
tropic with respect to rotations of the magnetic field in this plane, and
spectra for all orientations of the magnetic field were symmetric.

The X-irradiate}d 6¥undecanone-urea crystals were cooled from
room temperature to 30°K. DBoth the xy and z spectra changed gradually
with temperaturé aﬂd the Xy spectira began showing signs of asymme_try

below 270°K. At 7T7°K the xy spectra were anisotropic with respect to
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rdtations of the magnetic field in the xy plane. The features of these
anisotropic spectra were repeated at intervals of 60° in the xy plane,
and at no other orientations of the magnetic field. As with the ester
radicals, this observation supports the assumption that the crystals

are hexagonal and that the z direction lies along the crystallographic

¢ axis. Although no coupling constant data were obtained from the
asymmetric Xy ESR spectra, approximate coupling constants were
measured from the symmetric 6-undecanone radical z spectra for
-temperatures down to 190°K. Over this range a; was independent of
temperature within an estimated experimental error of + 4 Mc/sec,
which suggests that pCLT is temperature-independent (over this tempera-
ture range). Below 190°K the z spectra were sufficiently broadened and
unresolved to prevent mecasurement of the coupling constants. There
was, however, no indication of any major changes in the magnitude of
ag from 190°K to 30°K. Below 50°K there was very little change in the
general features of the spectra obtained with the magnetic field either
parallel or pérpendicular to the z axis of the 6-undecanone~urea crystal.
All of the above temperature effects on all ketone radical spectra were
-reversible.

The data of Table I provide adequate evidence that the spin density
distribution is independent of the length of the ketone molecule and the
exact position of the carbonyl group in the chain (and therefore of the
precise conformation of these radicals in the tubular cavities). In
addition, the above ESR data, recorded over a range of temperatures,.

strongly suggest that ;.'JC",r is independent of temperature. Therefore,
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with reasonable certainty, the value 0. 81 + 0. 04 representing the
average of the values obtained from the e- and p-proton coupling con-
stant data may be taken to be a meaningful property of this general
class of aliphatic ketone radicals. The estimated error of + 0. 04
reflects the variations among the possible choice for R and Q as well
as the approximations in the formulas used and the iimits of experi-
mental accuracy.

Before proceedihg to the molecular orbital calculations it is
advisable to consider the m-electron assumption in greater.detail.
McConnell, Heller, Cole, ‘and Fessenden have shown that the radical
éH(COzH)2 is a m-electron radical; the odd electron spin is largely
localized in an orbital antisymmetric to reflection 1n the plane contain-
ing three carbon atoms and the e-hydrogen atom.® Other dicarboxylic
acid radicals and alkyl radicals having both o and g protons interacting
with the unpaired spin are also known to be m-electron radicals. 10,1
Siuée, the magnetic properties of the ketone radicals are so similar to
those of the acid and alkyl radicals, the ketone radicals are almost
certainly m-electron radicals. The g values of the ketone radicals are

quite similar to those of the acid and alkyl radicals. The isotropic

p

coupling constants a: and a, are also consistant with the known 7-elec-
tron proton coupling constants. Turning now to the anisotropic compo-~
nents of the proton coupling consfants, we note that if the carbon atom 2
is sp® hybridized then the Cz—Ha bond lies in or near the crystalline xy

plane. This follows from the fact that the "walls'' of the tubular cavities
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restrict the possible orientations of the long straight-chain molecules.
Smit.h‘1 has found using X-ray crystallographic techniques that the
included n-hydrocarbons exist in a time-~averaged extended zigzag
conformation (this would place the Cz‘Ha bond of the corresponding
RCHR 7 radical in the xy plane). in I it was shown that the C,—H  bonds
of the carboxylic acid radicals are approximately in the xy plane by
comparing the a.; v and a.; of these radicals with the k.nown principal
elements of the a-proton tensor. Extending these arguments to the
ketone radicals, the ratio of a;y!(ketone)/ a;y (acid or ester) is 0,93 and
the ratio of a: (ketone)/ a; (acid or ester) is 0. 92. These two ratios are
the same within experimental error which implies a similar averaging of
the tensor elements in all three radical systems. The very small
ketone B-proton coupling constant anisotropy has already been shown to
be consistant with this radical orientation and hybridization. All of the

data are therefore consistant with the 7-electron model assumed both in

obtaining the experimental value of pCZ and in the following calculations.

E. MOLECULAR ORBITAL CALCULATIONS OF SPIN DENSITY

The spin densities were calculated using the Hiickel theory™ and
the method of McLachlan.” For these molecular orbital calculations
the nuclear framework of the ketone radical is represented by the

structure : R o

<
H R
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in which all atoms shown are coplanar. The unpaired spin density is
extended over C,, C,, and the oxygen atom, and each of these three
atoms contributes one electron to\ the 7 system. In the Hiickel molecular
orbital method the two parameters relating o and 8 co to o, and 8 ce are
defined by the equations h E(_ao - ozc)/ﬁ)cc and k Eﬁco/ﬁcc' The one-
electron wave functions are obtained by the usual variational procedure
and the spin densities are given by the squares of the coefficients of
the half-filled molecular orbital. The spin densities are, of course,
a function of the two parameters h and k. In order to obtain the best
overall view of the method, the range of h and k values used here is
much larger than the usual range employed in Hiickel calculations.

The results for pcg a.fe summarized. by the solid lines of Fig. 4.
It is interesting to note that the spin density is quite insensitive to
variations in h and it is very sensitive to changes in k. Even though only
one spin density site is being considered (and hence a unique pair of h
and k is not obtained), this insensitivity to h makes bossible an esti- |
mation of k. I h is constrained to the liberal range of 0.7 <h <2.0 then
k=~2,0x 0.3. This value compares favorably with k ~ 1.6 reported by
Vincow and Frankel’® for a series of semiquinone anion radicals. Both
of these values, however, are somewhat higher than the range 0.8 <k
S. 1.4 most frequently employed16 in the determination of properties
(other than spin densities) of compdunds containing carbonyl groups.

McLachlan has obtained approximate spin density formulas irom

considerations of the perturbed self-consistent field theory. In the
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Figure 4
The electron spin density on carbon atom 2 as a function of the
molecular orbital parameters h and X. The solid and broken lines
represent the Hiickel and McLachlan (A = 1.1) values, respectively.
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simplest form of McLachlan's approximate method the spin density
pg is given by

T _ 2 2
Py = Cro A Eﬂrscso (9)

where 7TI.’S and Ci o are the atom-~atom polarizabilities and spin densities,
respectively calculated from the Hiickel theory and A is a semiempirical
constant which we will take equal to 1. 1‘0. The values of pCf obtained
by this method are given by the broken lines of Fig. 4. Eq. (9) has the
pronounced effect of shifting pC; to lower values of k. This shift is
desirable since now the values of h and k obtained for other properties
of carbonyl compounds yield values of pC’zr in much better agreement
with the experimental value. A unique pair of h and k values cannot,

of course, be obtained from the single experimental quantity pcg.

The ketone radical can be considered as an allyl radical in which
the electron distributibn is polarized by replacing one terminal carbon
atom of the core by an oxygen atofn. For the allyl radical, h = 0, k=1 |
and the Hiickel and McLachlan values of pCZ,r are 0.50 and 0.60, respectively.
In the ketone radical the w-electron density about the oxygen atom
increases and therefore pCZ_,T increases.' For example, the Hiickel charge
densities of the ketone radical are 0.10, 0.-1'7, and -0.27 for C,, C,,
and the oxygen atom, respectively (assuming h=1.0andk =2.0). The
Hiickel spin densities for this choice of parameters are 0.78, 0.03,
and 0.18 for C;, C,, and the oxygen atom, respectively. The Hiickel
charge densities on all three carbon atoms of the allyl radical are

Zero, and the Hiickel spin densities are 0.50, 0.00, and 0.50 for the
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three carbon atoms, taken consuecutively.20 This polarization effect of
oxygen is so strong that the ketone radical is probably better described
as an aldehyde group weakly interacting with the adjacent = electron.
Further considerations of the electronic structure of this radical are of
interest, and self-consistent field and configuration interaction calcula-~

tions are currently in progress.
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' Figure 5
The electron spin density on carbon atom 1 as a function of the
molecular orbital parameters h and k. The solid and broken lines
represent the Hiickel and McTLachlan (A = 1.1) values, respectively.
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1. ELECTRON SPIN RESONANCE AND ELECTRONIC
STRUCTURE OF THE RCHOR' ETHER RADICALS*

O. Hayes Griffith
Gates and Crellin Laboratories of ChemistryT

California Institute of Technology
Pasadena, California

Single erystals of inclusion compounds formed‘
between urea and a series of aliphatic ethers were
X-irradiated and studied by electron spin resonance.
The stable, X-ray-produced free radicals were all of
the general type RCHOR'. The approximate value for
the spin density on the carbon atom is 0.70 + 0. 08.
The unpaired spin distribution is discussed in terms
of the Hiickel and approximate configuration inter-
action m-electron molecular orbital models and the
valence~-bond method. The theoretical spin distribu-
tions are found to be in qualitative agreement with

~ the experimental spin distribution.

A, INTRODUCTION
.
In the preceding paper, ! the radical RHC—CR' was investigated

by electron spin resonance (ESR). This ketone radical is of special

xWork supported in part by the National Science Foundation
(Grant No. GP-930), and in part by a grant from the Shell Companies
Foundation.

T Contribution No. 3179.
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interest because it is one of the simplest hetero-atom radicals in
ﬁhich each atom contributes one electron to the n-system. Radicals
in which one atom contributes two electrons to the r-system are
also of interest and one of the simplest examples of this type of
radical is RHé-—-OR'. Here the spin density is primarily localized
on only tWo atoms: the oxygen atom and an adjacent carbon atom.

In this paper a positive identification of the radical RCHOR' is
reported in a series of ether-urea inclusion compounds.2 Approxi-
mate values of the carbon and oxygen spin densities are determined
from the coupling constant data and the spin distribution is discussed

in terms of the m-electron molecular orbital and valence bond methods.

B. EXPERIMENTAL

To prepare single crystals of each inclusion compound investi-
gated, the ether was added slowly to a urea-saturated methanol so-
lution until the inclusion compound began to precipitate out of solution. .
The precipitate was then redissolved by the addition of a slight excess
of methanol and the solution was cooled slowly from 298°K to 273°K
over a period of from 36 to 48 hours. The resulting crystals were
long hexagonal needles. The z axis of each crystal is defined as
lying along the ‘needle axis and fhe plane perpendicular to the needle
axis is referred to as the xy plane. Apparently no crystallographic
data has been reported for these ether-urea crystals. The general
hexagonal structure of urea inclusion compounds has,' however ,' been

shown to be independent of the exact nature of the linear host
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molecule. 4 We may safely assume, therefore, that the ether-urea
crystals have the tubular structure characteristic of organic urea
inclusion compounds.5

The ether-urea inclusion compounds are relatively unstable,
decomposing in 1-3 hours in air at room temperature. To avoid this
problem the crystals were X-irradiated at liquid nitrogen tempera-
tures and the majority of the ESR spectra were taken with the sample at
~ 273°K, rather than at room temperature. Below 273°K the crystals
-were stable for at least one or two days. A few crystals X-irradiated
at 273°K had 273°K ESR spectra identical to those obtained from
crystals X-irradiated at 77°K. It appears, therefore, that the 273°K
ESR spectra are independent of the temperature at which the crystals
were X-irradiated. The other experimental details, including the
X-ray tube, X-band ESR spectrometer, and cooling apparatus were

the same as employed in II.

C. RADICAL IDENTIFICATION
To obtain a positive identification of the X-ray produced free
radicals it was necessary to investigate more than one aliphatic ether.
The walls of the tubular cavities hinder intermolecular radical
reactions but do not prevent intramolecular radical rearrangements
and therefore there are several possible structures for the final
radicals produced. Fu-rthermore,. the .relative magnitudes of the {

6

and y proton coupling constants were not known, However,' it

sufficed to investigate examples of two types of ether molecules;
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RCH,OCH,R and RCH,OCH,. As examples of the first type, several
of the symmetrical ethers were investigated brieﬂy. Single crystals
of the inclusion compounds formed between urea and dibutyl ether
(di-n-butyl ether), di-n-pentyl ether, di-n-hexyl ether, di-n-octyl
ether, or di-n-decyl ether were prepared and X-irradiated. The
ESR spectra were qualitatively the same for all five systems. The
spectra of dibutyl ether, however ,‘ was much more nearly symmetric
(suggesting the presence of only one radical), therefore this com-
.pound was chosen for further study. The spectra obtained with the
magnetic field along the needle axis and perpendicular to the needle
axis of the dibutyl ether-urea crystal are given in Fig. 1.
| The methyl octyi ether (methyl n-octyl ether) urea inclusion
compound was chosen as an example of a long-chain methyl ether,
RCH,OCH,. The spectra obtained from these crystals at ~273°K
are shown in Fig. 2. These spectra result from one anisotropic ‘
coupling constant, two eqﬁal and nearly isotropic coupling constants,
and three small coupling constants. The small splittings are only
resolved when the angle between the magnetic field vector and the z
axis is less than ~'75°. The dibutyl ether-urea spectra, on the other
hand, result from one anisotropic proton coupling constant, two
equal and nearly isotropic coupling constants, and two much smaller
coupling constants. Again the two small coupling constants are not
resolved when the magnetic field vector is within 15° of the xy plane.
From the consideration of both sets of data it is easily seen that the

radicals produced from dibutyl ether and methyl octyl ether are,
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—y—

| |00 Mc/s

Figure 1

The 273°K ESR spectra of an X-irradiated dibutyl ether-urea crystal
with the magnetic field in the xy plane and parallel to the z axis,
respectively.
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Figure 2

The ESR spectra of an X-irradiated methyl octyl ether-
urea crystal.
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respectively,
CH,CH,CH,CHOCH, (CH,),CH, 1)
and

CH,(CH,),CH,CHOCH, (2)

The anisotropic proton coupling constant and the large isotropic
coupling constants are the familiar o and B8 proton coupling constants,
a® and aP , respectively. The small splittings are caused by the e
proton coupling constants, ag, and splittings resulting from the
| v protons are not observed. |

In addition to the above inclusion compounds, one other com-
pound, 1,4-diethoxybutane-urea, was investigated in order to obtain
the value of aB for a rotating methyl group. . The radical of interest

for this purpose is

CH,CH,OCH,CH,CH,CH,0CHCH, (3)

The reconstructed stick spectra for this radical along with the
observed ESR spectra are shown in Fig. 3. It is clear from Fig. 3
that radical (3) and at least one other radical are present in the
X-irradiated 1, 4-diethoxybutaneéurea compound. From the magni-
tude of the splittings of the z orientation spectrum, the second radi-
| cal is ev‘identlz :
CH,CH,OCH,CH,CH,CHOCH,CH, (4)

No further investigation of radical (4) was undertaken because, for

our purposes, it is essentially equivalent to radical (2).
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XY Z

} 4 100Mc/s

Figure 3

The 273°k ESR spectra of an X-irradiated 1,4-diethoxybutane-urea
crystal with the magnetic field along the xy and z crystalline directions,
respectively. Below the observed spectra are the reconstructed
"stick' spectra for the Xy and z orientations of the radical
CHscHBO?CHZ)‘lOCHCHa.
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The 273°K ESR spectra for all of the above ether radicals are
isotropic with respect to rotations of the magnetic field in the xy
plane and are anisotropic with respect to other rotations of the mag-
netic field (this is characteristic of included radicals). The g value
is also {rery nearly isotropic, The g values measured with the
magnetic field parallel and perpendicular to the z axis of radicals
(1-3) are 2. 0040 + 0. 0004 and 2. 0030 + 0. 0003, respectively. All
of the radicals observed were stable for sevéral hours at 273°K. -

If the crystals were allowed to warm up to room temperature, how-

L

In addition to the ESR data obtained at 270°K, the methyl octyl
ether-urea crystals were investigated over the temperature range
from 290°K to 40°K. There were no changes in either the line widths
or the splittings over the range 290°K to 240°K. Around 240°K the
spectra began to show signs of broadening and the 82°K ESR lines
are significantly broadened (Fig. 2). Below 80°K the spectral lines
appeared to broaden slightly as the temperature was lowered, but
the effect was not as pronounced. The overall width of the 40°K
ESR specira increased ~ 10% over the 270°K value; this is con-
sistent with a decrease in the amplitude of motion about the C,~C,
bonds as the temperature was lowered from 240°K to 40°K. There
were no rapid changes in the ESR spectra as the temperature was

lowered (such as might be caused by a reorientation of the ether
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the xy orientation (where the differences between the a® and a,B

are the 1argest). The estimated errors in agy and aﬁy for the

o A
axy and axy of the

1,'4-diethoxybutane radical are accurateto +2.0 Mc/sec and the

first two radicals are + 1.5 Mc/sec.

ag and ag for all three radicals are accurate to within + 2, 5 Mc/sec.
The accuracy of the small ¢ proton coupling constants are estimated
to be + 0.8 Mc/sec.

“ The temperature of the inclusion crystals was maintained
at approximately 273°K, while obtaining the data reported in
Table I. However, the spectra are relatively insensitive to
changes in temperature and variations as great as + 15°K pro-

duced no measurable change in the coupling constants.
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radicals) and all temperature effects were reversible.

D. EXPERIMENTAL SPIN DENSITY DISTRIBUTION
a. From o Proton Coupling Constant Data

It is immediately apparent from Table I that the values of the
a proton coupling constants for all three radicals are the same.
Therefore, in addition to identifying the radicals produced; some
general conclusions m'ay be reached regarding the unpaired spin dis-
tribution of this class of aliphatic ether radicals. Equation (4) of II
will be useful in obtaining the isotropic component,' ag, from the
a? and a%. First,- however,' the effect of

Xy Z
the dipolar interaction between the o proton and the spin density on

experimental values of

the oxygen atom must be estimated. To accomplish this the unpaired
spin dénsity on carbon atom two, pC” , and the unpaired spin density
on the oxygen atom, pO" , are assumed to be associated with the 2p
orbitals of the carbon and oxygen atoms, respectively. The a proton
is spz hybridized and the oxygen alom, carbon aloms one and‘Lwo,
and the « proton é.re coplanar. All of the dipolar matrix elements
obtained using the above assumptions may be evaluated according to
the method of McConnell and Strathdee.'7 In the present work, only
the o proton-pO” interaction was estimated by this method and the

o proton—pC" dipolar tensor elements were taken from the experi-
mental data on the malonic acid radical (0C" = 0. 90) obtained at

8

zero magnetic field,

For the numerical calculations the C—H and the c':-o bond
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distances were assumed to be 1, 08A and 1,354, respectively. The
oxygen 2p orbital was approximated by a Slater orbital with z = 4. 55
and the nondiagonal elements of the spin density matrix were neglected
(so that‘ pO" + pC™ = 1. O).9 Using these approximations the o proton
-pO" dipolar tensor elements were cal'culated,' the tensor was trans-

formed to the usual a proton-pC" coordinate system; and the total

o 12

contributions to a~ were calculated by standard methods. The

o

a
Xy

in the xy plane and integrating over the angular variables in the

general expression for a%. The resulting equations are not given

value of agl and were obtained by assuming motional averaging

here because they are space-consuming and will not be useful in

later discussions. Values of pC" ranging from 0.5 to 0.9 were

substituted into these equations and in each case the estimate of ag

a o
axy and ::1z was com-

obtained directly from the initial pC". The net

obtained using Eq. .(4) of II and the computed
pared with ag
result is that the difference between the value of ag obtained from
Eq. (4) of IT and the correct value of ag is quite small for the large
pCTT encountered in the ether radicals. TI'or example, from the data
obtained from radicals (1-3) and using Eq. (4) \of II, a, = 37.2
Mc/seé. If the proportionality constant relating ag and pC" is
assumed to be fhe same for the ether radicals and the ethyl radical
(CH,CH,, pC" =~ 1,0, ag = 62.7 Mc/sed)13, then pC" (ether) =
37.2/62.7 = 0.60. The correction for the a proton-pO" dipolar

interaction lowers this value negligibly',. 0. 7%. Therefore,' the

value predicted for pC” from the above simple model is ~ 0. 60.
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b. From B Proton Coupling Constant Data

The isotropic component of the B proton coupling constant esti-
mated from Eq. (II-8) and the data of the 1,'4-diethoxybutane radical
(3) is 58.4 Mc/sec. The value of R/2 for the ethyl radical is
75.4 Mc/sec and if radical (3) is assumed to have this same R/2,
then pC” (ether) = 58.4/75.4 = 0.77. This value of pC" is in
qualitative agreement with the value obtained from the «a proton data.
Quantitatively, however, one might hope for better agreement. In
this connection, it is of interest to éompare these results with the
a and B proton coupling constant data. for the chemically generated
ethanol radical, CHséHOH, recently reported by Dixon and Norma.n.3
The solution ESR spectra for this radical difectly yield ag =42.1"
Mc/sec and ag = 61.8 Mc/sec. If the coupling constant data of the
ethyl radical are again used to determine the proportionality
constants, the values of pC™ obtained from a(o)‘ and from ag are 0. 67
and 0. 81, respectively. These values are in good agreement with
the corresponding ether radical values of 0. 61 and 0. 77. The dis-
crepancy between the values obtained from the a and § proton
coupling constant data is apparently caused by a poor choice of the
proportionality constants. In other words, the differences in the
o bonds of the two radicals apparently is reflected in the values of
the proportionality constants. However, we will tentatively assign

the apprbximate values of 0. 70 + 0.08 and 0. 30 + 0. 08 for the experi-

mental spin densities on the ether carbon and oxygen atoms,
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respectively. These values and the estimated errors may be subject
to change as better values of the proportionality constants become
available, 14 |
To what extent this spin distribution is effected by molecular
motion is difficult to determine quantitatively because of the broadened
lines of the low-temperature spectra (Fig. 2'). It is clear that there
are no major changes in the width of the spectra over a wide tempera-
ture range. As the temp'erature is lowered the small changes that do
occur are in a direction consistent with a decrease in B proton motion
and inconsistent with an increase in the contribution of the structure
RHC—OR' (see valence-bond section). That is, the small tempera-
ture dependence of the splittings is readily explained in terms of the
B8 proton motion, but is much more difficult to explain in terms of a
temperature-dependent spin distribution. This does not provide a
complete answer to the question of motion about the C—O bond, but

does strongly suggest that the spin distribution measured is a mean-

ingful approximation to the maximum w-overlap spin distribution.

E. THEORETICAL SPIN DENSITY DISTRIBUTION
a. Huckel MO Method
In view of the experimental results|, the natural starting point
for a discussion of the RCHOR' radical is the m-electron approxi-
mation., The two m-molecular orbitals are approximated as linear
combinations of the 2px atomic orbitals of carbon atom 2 (xc) and

the oxygen atom (xo). The three o MOs of carbon atom 2 are taken
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to be sp2 hybrids and the oxygen atom is assumed to be unhybridized.15

Therefore,' of the eight oxygen electrons',' four are associated with

the oxygen 1s and 2s AOs;' one with a 2P_ ¢ MOJ another with a

ZPZ o MO, and the remaining two with theyw-electron system. The
o (or o and n) electrons will not be considered explicitly, With these
assumptions the ether radical becomes a three-electron problem.
In this ré_spect the ether radical is formally similar (except for
symmetry) to the ethylene negative ion. The ether radical will
first be considered in the framework of the Hiickel MO approxima-
tion and then as a configuration interaction (CI) pfoblem. Finally
the CI results are interpreted in terms of the valence bond formal-
ism in order to obtain a better pﬁysical description of the unpaired
spin distribution.

The single configuration wave function appropriate for the

ether radical in the Hiickel approximation is

ZP (6)-% (“I)PP ¢1a¢13 d’za (5)

where

¢; = Ci1Xe *+ CigXo (6)

and P is the w-electron permutation operator. The Ci].s are de-
termined by the variational method using a one-electron Hamiltonian
and the usual Hiickel approximatior_xs18 for the matrix elements of
the 2 X 2 secular determinant. The spin densities are the squares

of the AO coefficients of ¢, and are a function of the two parameters
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h and k. A partial contour plot of pC" is given in Fig. 4 (and

pO" is just 1 - pC"). The Hiickel spin densities are in qualitative
agreement with the experimental spin densities. That is ,' the range
of generally accepted values of h and Kk (1shs< 2 and 0.8 s k

< 1. 6)18 predict a large spin density on the carbon atom and a much
smaller spin density on the oxygen atom. It is obvious from Fig. 4
that the problem is overdetermined. A given spin density may be
obtained using any value of h provided the proper k is chosen. In

other words the spin density is determined only by the ratio g/g
and not by the individual h and k valu
corresponding to pC" = 0.70 + 0. 08 is 0.9 + 0.4 and this overlaps
well with the generally accepted range, 0.6 < h/k < 2.5,

The ether charge densities may also be obtained from Fig.
(4). 1In the Hiickel theory the carbon atom charge density of the
ether radical is pC" - 1 and the oxygen charge density is equal to
the oxygen spin density (oC" and pO" are chosen to be positive).
If the ratio h/k is positive then 0.5 < (pC" - 1) < 0.0 and
0.0 < pO" < +0.5 (Fig. 4). For pC" = 0.70 x 0. 08, the T-electron
carbon and oxygen charge densities are -0,30 + 0, 08 and +0. 03
+ 0. 08, respectively. This rather large polarization of the

w-clectron distribution corresponds to a r-electron dipole moment

of 1.9+ 0.5 D.

b. Configuration Interaction

The ether radical represents one of the simpiest possible
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Figure 4

The electron spin density on carbon atom 2 as a function of the two
Hiickel molecular orbital parameters, h and k.
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heteronuclear configuration interaction (CI) problems since there
are only two r-electron configurations. The two configuration

wave functions and the two configurations are

b, = (0% (-1)PP ¢,a0,8 9, ¢y —1— (7)
¢, A
and
b, = (6)% (-1)PP ¢ ada0,8 gy —H  (8)
| | &, -t

¥, is similar to Eq. (5) except that in the CI case the wave functions

¢, and ¢, are taken to have the full ethylenic symmetry.19 That is
¢y = (7% (148)7% (x, r x,) (0)
and |
by = (2% (1-8)7F (xg- %) (10)

where S is the atomic orbital oveflap integral. The functions ¥,
and ¥, are normalized and are rigorously orthogonal. The CI wave

function, YMoO and Hamiltonian, ¥C_ , in this approximation are

m
¥110= Gy + Caby (11)
and
5 = Loore(1) ¥ Ceore(@) ¥ ®eore(3)

+1/055 + 1/1y5 + 1/1g (12)
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Using McConnell's definition of the spin-density operator,20
the elements of the atomic orbital spin-density matrix may be de-

termined from ¥. In terms of C; and C, these elements are

pCT =21+ 9+ iC (-8 C,C, (1-8%)"2 1
= 2 Vg 2V, 4" + ¢ z( "S) (3)
. - - e

pO" = 1Ci(1+8) "+ 3C(1-8) - C,C, (1-87)72 (14)

pCO” =poc’f=gcz(1+s)"--;—cfu-s)" " (15)

and the spin density function p"(x,y,z) is
- 2 ]
" (x,¥,2) = PCT X 1"+ PCOT (XX, + Xx)+ POTIX 1T (16)

The coefficients C; and sz are determined by the usual varia-
tional procedure. The matrix elements of the resulting 2X 2 secular

determinant may be expanded in terms of the AOs in much the same

19

way as for ethylene. The estimation of the core integrals of the

ether radical deserves some elaboration. The core Hamiltonian is

'Gccore(i) =

1 o2 + 4+ o o} o]
2V (0)* Ue,@)* Yo) * Ue,@) * Ye,t)* VHaqr) 17
where U™ (or U++) and U° denote the potentials due to charged and

neutral atoms of the core. The approximate eigenvalue equa*tion21

59 )+ Uo () = Yoo¥oti) (18

can be used to eliminate the kinetic energy integral providing one
22

assumes that™".
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In Eq. (18) Uoo is the usual valence state orbital energy. There is,'
of course; a similar eigenvalue equation involving Xe and Ucc' In
other aspects ,‘ the treatment of the ether core parallels that of the

ethylene molecule. The expressions obtained for the oxygen core

integral acore and the earbon core integral agor € are
al%€ = U . (CC|00) - (00]| 00) - (C,:00) - (C,:00) (20)
aSOTe -y ~2(CC|00)- (0:C,C,) - (C:C,C,) - (H:C,C,)  (21)
C (o] *M2v2 1-~2~2 o w2ve
and the parameter B ’ introduced by Pariser and Parr23 is
B geore - (8/2) ( core ozgore)
B= (22)

(1-5%

Fortunately the spin-density distribution depends only on the

cor c
o € and o, ore

integrals. This tends to reduce the errors involved in the values

difference between o and not on the individual core
of U,, and U,, and renders the method of evaluating the coulomb
and neutral penetration integrals less critical. Initially, we will

- take the orbital energies to be the negative of the valence state
ionization potentials; Uso = -I, = -17.3 ev and Upe=-I,=-11.4
ev.m’ 24 The coulomb integrals obtained by the method of Pariser
and Parr with Z, = 3,25, Z_ = 4.55, and R, = 1.354, are
(cC|cC) = 10. 8 ev, (00|00) = 14,7 ev, and (CC|OO) = 8. 2 ev.1®
The neutral penetration integrals ‘(i:: qq) were calculated by standard
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methodsm’ 25 using Slater orbitals. The contributions of these
penetration integrals to agore and agore were found to be the same

within ~0, 3 ev,26

and therefore they were not included in the spin-
density calculations. If differential overlap is ﬁeglected,' these are -
all of the quantities (other than B)‘ entering into the expressions for
the spin-density matrix elements. The appropriate value of g8 for
this radical is not available, but the values -1, 5, -2.5, and -3, 5 ev
span what might be considered a reasonable range. From Eqgs.
(13), (14), and (15), (pC", pCO", pO™) are (0. 917, 0. 16, 0. 03), (0. 03,
0. 25, 0. 07), and (0. 89, 0. 32, 0.11) for 8 = -1, 5, -2.5, and -3.5 ev, |
respectively.

The calculated values for pC" are somewhat larger than the
experimental value. This is due, in part, to the neglect of the effect
of bonding on Uso and U,,. For example, in benzene and other

hydrocarbons Hush and Pop1e2'7

found that the value of Uc c is

~ -9, 5 ev, which is éignifica.ntly less negative than the valence state
value, -11.4 ev. The effect of bonding of the hydrocarbon ¢
electrons is apparently to decrease the stability of the = electronsu16
For the ether radical the large dipole moments present an added
complication., The w-electron dipole moment is apparently

~1.9 % 0.5 D and is in the direction C—O". There is also present
a large q—electron moment, In ether molecules this momeﬁt is

1-2 %8129 414 ig almost certainly in the direction C&-0". The 7
and o dipole moments therefore have opposite polarity, The 7=

electron moment of the ether radical increases the electronegativity
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of the oxygen atom and this should increase the o-dipole moment
over the value obtained for the ether molecule., The sum of the ¢
and 7 contributions may therefore be a moment in the direction
C“—L—O_",' and this would increase the stability of the electrons on carbon
while decreasing the stability of the elecfrons on oxygen (through
changes in electfon repulsion). If this is the case; the net effect is
a suppression of the quantity Uoo = Uy below the valence state
value of -5.9 ev. An arbitrary, but not unreasonable, choice of
Ugo = Uge 18 -2.5 ev. For this choice (pC";-pCOW;'pO”) become
(0. 93, 0.25, 0.07), (0.86, 0.34, 0.14), and (0. 79, 0. 40, 0. 21) for
B=-1.5, -2.5, and -3.5 ev,' respectively. These spin densities
are in much better agreement with the experimental values. (The
agreement could be further improved if the differences between the
coulomb integrals were also suppressed.)

| The approximations employed to obtain these spin distributions
are obviously not free from criticism. Nevertheless, the simplified
CI theory does predict the correct order of magnitude for the un-

paired spin densities (for either choice of Uoo -U Furthermore,

cc)'
if overlap is retained and the Mulliken approximation, 19 pad =
3 S(pp + qq), is employed then the calculated spin densities are not
significantly altered from the above values. No major change occurs
because the overlap integral is small (S = 0. 165) and because all

terms appearing in C, and C, which depend linearly on S,r vanish.
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¢. Valence Bond Model
The two valence-bond or spin-state wave functions a_md

corresponding structures are

dyp = 677(1-8)"2-1)PPx ox ox,f  RHC-OR' (23)
1 1 o &
bop = 672(1-897H(-1)FPx ax 8x,2  RHE—OR! (24)

where wNE and ZPCH designate the functions corresponding to the
neutral structure and the structure with charge separation; re-
spectively. The appropriate linear combination of these two
functions, Wy, would normally be obtained from the Hamiltonian,
3., by the variational method. However, in this case ¥yp, is
entirely equivalent to ¥,,,. By expanding ¥, and ¢, in terms of
¢NE and zpCH’ ‘I'MO becomes '

o o C c, |
- 1 2 2_ ! 25
Mo [Jz(usy ¥ JZ(I-S)} ‘NE* [\/2(1-sy J2(1+S)} Yon (29)

If overlap is neglected, pC” is just the square of the coefficient of -

¥yg and this is identical to Eq. (13). In other words pC” is a
measure of the confribution of the valence bond structure RHé—ﬁR'
to the total wave function. The CI theory predicts the contribution
of this structure to be 95-80%, which compares favorably with the
experimental value of 70 + 8%. Similarly, the w-electron charge
is directly related to the contribution of the structure RHC—OR'.
By comparing Eq. (25) with Eqs, (13) and (14) the charge densities

associated with oxygen and carbon are |pO"| and 1-|pC"|,
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respectively (which are of the same form as the Hiickel MO results).
The CI (or VB) theory predicts a w-electron polarization of ¢l ob*
where .056< 8 < 0.2 The valence-bond method is perhaps the
‘easiest to visualize; one readily predicts that the neutral structure
(23 contributes to a larger extent than does the polar structure (24).
However, the simple Hiickel, CI, and VB predictions are all in

agreement with the experimental results.
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IV. AN ELECTRON SPIN RESONANCE STUDY OF
X-IRRADIATED FUMARIC ACID-UREA CRYSTALSla’ b
By O. Hayes Griffith, lc .nd Alvin L. Kwiram

Gates and Crellin Laboratories of Chemistry

California Institute of Technology
Pasadena, California

Single crystals of the monoclinic fumaric
acid-urea crystals were X-irradiated at room
temperature and investigated by electron spin
resonance. The urea molecules of this previously
unreported crystal minimize polymerization of
fumaric acid and permit an investigation of
X-ray-produced monomer radicals. The dominant
radical observed is the well-known HO,CCH,CHCO,H
radical. The a-proton tensor is obtained and the major
orientations of this radical are related to the crystal

morphology. Single crystals of succinic acid-urea
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were also briefly investigated and the orientations
of the X-ray produced carboxylic acid radicals
(R(f‘HCO,H) in all three "molecular compounds
were the same with respect to the three very
similar crystal morphologies, The degree of
radical motion in the fumaric acid-urea, succinic
acid-urea, and adipic acid-urea crystals is much
less than that of similar radicals in the hexagonal

urea inclusion compounds.

A.INTRODUCTION

The electron spin resonance (ESR) study of X- or y-
irradiated saturated crystalline dicarboxylic acids has provided
useful information regarding the electronic structure, magnetic
properties, and orientations of free radicals of the type R'C'J’HCOZHZ,
and it is of interest to investigate X- or ¥-ray damage in the un-
saturated dicarboxylic acid, fumaric acid. However, y-rays have
been shown to polymerize acrylamide, methacrylamide, vinyl
stearate, acrylic acid, methacrylic acid, and related compounds
in the solid state3’ 4. More recently several derivatives of maleic
and fumaric acid have been found to dimerize in the solid state
under the action of u.v. lights, For example, fumaronitrile and
dimethyl fumarate photodimerize to yieldl tetracyanocyclpbutane6
and tetracarbomethdxycyclobutane7, respectively. It is therefore

reasonable to expect that y-irradiation of fumaric acid might cause
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polymerization in the solid state. Cook, Rowlands, and Whiffen8
have shown that polymerization does occur in y-irradiated fumaric
acid by observing that the dominant radical present after irradiation
is of the form HO,CCH(R)CHCO,H. In addition, some of the minor
lines of the spectra were tentatively assigned to the radical
HOQCCHRCHCOQHQ. Simultaneously with this work, single crystals
of fumaric acid-urea were prepared and studied by ESR in this
laboratorylo. These mixed crystals, although apparently not pre-
viously reported, were expected to be stable by analogy with the
crystals formed between saturated dicarboxylic acids and urea
reported by Schlenkn. These mixed crystals effectively "dilute"
the fumaric acid and suppress polymerization, thereby making
feasible a study of the X-ray-produced monomer radicals. The
identification and orisntations of the major free radical (HCO,CH,-
éHCOzH) observed in the fumaric acid-urea crystals is discussed

below and the orientations of this radical are compared to those of the

free radicals in other dicarboxylic acid-urea crystals.

B. EXPERIMENTAL
The crystals of fumaric acid-urea were grown from a methanol

solution containing mole ratios of fumaric acid-urea of from 1:3 to
1:10. The habit of the fumaric acid-urea crystals obtained from
the methanol solution by slow evaporation is illustrated in Fig. 1,
and the exterior angles are given in Table I. Defining the crystal
faces as shown in Fig. 1, the crystals grew with face h in contact
with the crystallizing dish. By titration with potassium permanga-

nate the mole ratio of fumaric acid to urea in the crystal was
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Figure 1

One typical habit of the fumaric acid-urea crystal (1). The definition
of the axis system with respect to the crystal morphology. (2)-(5)

The views of the crystal along the x, -x, z, and -z directions,
respectively,
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TABLE I
INTERFACIAL ANGLES OF THE FUMARIC ACID-UREA CRYSTALS

Angle® - Intersecting Faces®

13° 40’ | I:k, nim, p:o, r:q

32° 55' ' | f:k, m:j, i:0, q:g

40° 25' LA, jn

56° 25 g:h, h:i, j:e, e, g1, nii,
r:f, j:p

65° 20 ‘ k:e, m:e, o:h, q:h

67° 25' _ f:g, i:j

100° 55 h:n, h:l, e:p, e:r

107° 15! ' I:n, k:m, o:q, p:r

& The exterior angles (x 15') formed by the lines normal to the two

intersecting faces.

b The faces are those of the habit illustrated in Fig. 1.
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found to be 1.0:2.0 + .2. Furmaric acid-urea crystals were also
grown from water, and were obtained as needles elongated along
the y axis. The ESR spectra obtained from crystals grown in
different solvents or with varying ratios of fumaric acid to urea
in solution, were essentially equivalent, Crystals of the other
dicarboxylic acids investigated were grown from methanol by
slow evaporation.

A Varian X-band spectrometer was used to obtain the ESR
data and the crystals were mounted in the microwave cavity by means
of optical goniometer techniques. By this means, the orientations of
the crystalline axes with respect to the magnetic field were known to
within + 30'. The room-temperature ESR spectra of the fumaric acid-
urea crystals were complicated by the presence of more than one type
of free radical, and several features of the gpectra changed with time
(due to the changing concentrations of the free radicals presentiz).
Heating to 50°-70°C simplified the ESR spectra (Fig. 2), and we will
consider here only the ESR spectra of the crystals which were heat-
treated prior to obtaining the ESR spectra. Prolonged heat-treatment
onlydiminished the ESR signal intensity and did not. change the split-

tings or relative intensities of the major lines of the spectra.

C. RESULTS
The ESR spectra obtained with the magnetic field along the

X,y, and z crystalline directions are given in Fig. 2. The g-value
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: Figure 2
The ESR spectra of an X-irradiated fumaric acid-urea crystal with
the magnetic field parallel to the x, y, and z crystalline axes, re-
spectively. The crystal was heated 2’50" to 70°C) for one hour prior
to recording these spectra, Continued heating decreased the intensity
but left the major features of the spectra unchanged, -
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of the ESR spectra was nearly isotropic, and the maximum range
for the xy, yz, and xz planes was from 2. 0027 to 2. 0046 + , 0003.
The spectra of Fig. 2, and all other ESR spectra obtained from
the (heat-treated) crystals are attributed to the radical

| If,s
HOZC-(;,—(;Jl—COaH
Hy H,

This radical has previously been produced by the removal of one o-

15,16 and from dl-aspartic a.cid17 ( by

proton from succinic acid
X- or y-irradiation). However, in X-irradiated fumaric acid-urea
crystals the above radical is formed by the addition of a hydrogen to
an undamaged fumaric acid molecule. Observations of free radicals
formed by H-atom addition at room temperature are relatively in-
frequent compared to observations of radicals produced by removal |
of H-atoms (or carboxyl groups, etc.). H-atom addition has, how-
ever, been observed in X-irradiated tiglic acicjll8 and in X~ and vy~
irradiated furoic acid18’ 19.
The ESR spectra of X~irradiated fumaric acid-urea crystals

are complex for arbitrary orientations of the magnetic field, and

there are apparently several magnetically-distinguishable orienta-

tions of the above radical. However, the Speétra are always domi-

nated by at most two orientations of the radical, and these two orien-

tations account for at least two thirds of the total ESR gignal in-

tensity. We will be concerned here with the two major orientations
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of the radical, and will not discuss further the multiple orientations
which produce low-intensity ESR spectra (it was not possible to
‘resolve completely these low-intensity signals).

The two major orientations of the fumaric acid radical
gave the same ESR spectra in the yz plane and approximately the
samé spectra in the xz plane. These were the only two planes for
which reasonably accurate coupling constant data could be obtained.
As shown in Fig. 2, the ESR spectra of all radical orientations are
approximately superimposed when the magnetic field is along the x,
y, or z crystalline axes. Along these three directions the values of
the approximately magnétically equivalent g-proton coupling con-
stants are 86,85, and 84 Mc/sec (+3 Mc/sec), respectively, The
B-proton splittings for other orientations of the magnetic field
differ at most by a few Mc/sec from these values.

The a-protdn data were reduced to tensor form using the
usual spin Hamiltonian2 (neglecting the nuclear Zeeman term). It
was found that the spectra arising from the major orientations of
the radical could be reconstructed to within + 1.5 Mc/sec for an
arbitrary direction of the magnetic field provided two a-proton
tensors were used. These two tensors are related by a two-fold
rotation about the x axis and are given, along with the eigenvectors |
and eigenvalues, in Table II. (Two tensors related by a two-fold
rotation about the y axis r.eproduce the inajor features of the épectra,
but the agreement is much poorer than it is for the tensors of Table

II). Although the tensdrs of Table II reproduce the a-proton coupling
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constants to within + 1.5 Mc/sec, the absolute accuracy is limited
to + 3 Mc/sec because of the imperfect superposition of the multiple
orientations of the radical. Laue X-ray diffraction patterns of the
fumaric acid-urea crystal indicate the crystal structure is mono-
clinic and that the two-fold axis lies zlong the x direction. This
confirms the results obtained from the anisotropic a-proton ESR
data.

Electron spin r esonance data were also recorded for the
succinic acid-urea crystals in order to compare the radical orien-
tations with those of the fumaric acid ~urea system. The morphology
of the succinic acid-urea crystals is very similar to that of the
fumaric acid-urea crystals (for example, f:g and g:h are 68°5' + 15'
and 55°55® + 15*, respectively, for the succinic acid-urea crystal).
After X-irradiation at room temperature the only free radical ob-
served is the one resulting from the removal of one a-proton from
the succinic acid molecule, and it is therefore the same as the fumaric
acid radical. The values of the ¢-proton coupling constants along the
X, V, and z axes of the succinic acid-urea crystal are 69, 81, and 29
Mc/sec and are identical, within the limits of experimental accuracy,
with the values 69, 80 and 29 Mc/sec along the corresponding axes of
the fumaric acid-urea crystal. The 3-proton coupling constants of
the radicals in the two crystals are very nearly the same along the
X, Vv, and z axes, respectively, and the ESR spectra with the magnetic
field in an arbitrary direction are qualitatively the same for the

two crystals.
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The crystals formed between adipic acid and urea, and
pimelic acid and urea were also briefly investigated. In both cases
X-irradiation produced the usual long-lived free radical formed by
the removal of one a-proton from the parent dicarboxylic acid. The
morphology and radical orientations of the adipic acid-urea crystals
are similar to those of the fumaric acid-urea and succinic acid-urea
systems. However, the two 8-protons of the adipic acid radical are
nonequivalent, typical coupling constants being 105 and 83 Mc/sec,
and the ESR spectra due to a second radical are observed (this latter
observation has been briefly mentioned elsewherelo). The two 8-
protons of the pimelic acid radical are also magnetically nonequiva-
lent, and the ESR spectra exhibit the usual anisotropy associated with
an @-proton (in the absence of molecular motion). The crystals of
pimelic acid-urea obtained from methanol had poorly developed faces

and no radical orientation study of this system was attempted.

D. DISCUSSION
a. The Relation Between the Free Radical Axes and the
Crystal Coordinates

Free radicals of the type RéHC()aH have been extensively
studied by ESR in X-irradiated crystalline dicarboxylic acids and
the diagonal tensor elements of all of these radicals are approximately
the samez. From a comparison of the eigenvalues of the a-proton
tensor (Tablell) with the values reported for similar radicals in

crystals with known crystal structures, it is readily seen that the
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eigenvahies 28,52, and 92 Mc/sec correspond, respectively, to (1)
the direction along the C,~H , bond, (2) the axis of the 2p orbital on
C;, and (3) a direction perpendicular to (1) and (2). These directions
are commonly referred toas the molecular cartesian z', x', and y'
axes, respectively. The direction cosines of the x',y', 2' axes with
respect to the crystalline x,y,z axes are given in Table II. From
Table II it is seen that the C,—H o bonds of both radical orientations
lie nearly along the crystalline z direction and the 2p orbitals con-
taining the unpaired electrons lie approximately in the xy plane, and

are inclined ~ 36° to the x axis of the crystal.

b. The B-Proton Coupling Constants

The B-proton coupling constants a,, in the absence of

It

molecular motion are given by the approximate relation aB=R(9) pC7r
pCTB° cos 6 where B° is a constant, pCT is the spin density in the
2px. orbital on C,, and 6 is the angle between the axis of the be,
orbital on C, and the projection of the Cz—Hﬁ bond onto a plane which
is perpendicular to the C,—C, bond 15 [ R(6) is just the constant of
proporlionalily between pCﬂ and aﬁ.] If there exisl small amplitude
oscillations about the C,—C; bond, then the principal effects on the
above equation relating ag and 6 are to decrease the apparent value

20, 21

of B® and to add a small constant tcrm, A®° Howcver, if there
exist very large molecular motions about the C,—C, bond (e.g., free

rotation) then the 6 dependence will be averaged out and ag™ pC"B0 /2,



-123-

Therefore, the equivalence of the two 8-protons of the fumaric acid
radical indicates that one of the four following situations exist: (1)
The value of 8 for each B-proton is 30°, (2) the value of 6 for each

B-proton is 60° 22

, (3) the B-protons are undergoing limited torsional
motion about the 30° or 60° positions, or (4) the B-protons are under-
going very large amplitude oscillations about the C,—C, bond. The
choice between these possible explanationsis made by comparing the
values of a‘B calculated from the above equation with the experimen-
tally observed ag, assuming a known value of pCﬂBO. Taking pC”B0
to be in the range 130 to 140 Mc/sec obtained from similar radicals

2,21 ag for 6 = 30° ranges

with rotating methyl groups attached to C,
from 97 to 105 Mc/sec. The observed values lie somewhat below
this range, suggesting that the B-protons of the fumaric acid radical
are undergoing limited motion about the 30° equilibrium positions.
Therefore, the time-average positions of all four carbon atoms and
the a-proton lie in one plane, and the B-protons are inclined 60° to

this plane. The orientation of this plane is obtained from the a-

proton tensor data of Table II.

c. Comparison of the Fumaric Acid-Urea Crystal with
Other Dicarboxylic Acid-Urea Crystals
Urea has been found to form mixed crystals with a wide variety
of molecules and these crystals have been the subject of numerous

investigations. The urea inclusion compounds are the best known of
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these systems and they are formed between urea and the derivatives
of the straight-chain hydrocarbons. The inclusion compounds are
hexagonal crystals in which the hydrocarbon molecules fit loosely
into cavities formed by hydrogen-bonded urea molecules. The
centers of the oxygen atoms of the urea molecules lie in the edges
of a regular hexagonal prism, and the unit cell is composed of six

23, 24. Because of the

urea molecules spiraled about the prism
absence of strong interactions between the urea molecules and the
hydrocarbon molecules, the latter undergo a high degree of complex
molecular motion in the tubular cavatieSZI’ZB. Another distinguishing
property of the inclusion compounds is that the urea and hydrocarbon
molecules do not, in general,crystallize in whole-number ratiosn’ztl’z.6
This follows from the fact that the tubular structures have more or
less fixed dimensions, whereas the hydrocarbon molecules may vary
in length. These three properties of the urea inclusion compounds:
(1) hexagonal crystal structures, (2) large degree of motion of the
guest molecule, and (3) definite, but (in general) nonintegral com-~
position, provide convenient means of identifying the urea-inclusion
compounds.

Urea also forms crystals which are not of the inclusion com-
pound type. Schlenk11 has found that crystals formed between urea
and acetone (1:2.8), adiponitrile (1:1), suberonitrile (1:5.7), iri-
chloroacetic acid (1:1), malonic acid (1:2), succinic acid (1:2),

adipic acid (1:2), and several dihalogenated hydrocarbons of short-

chain length exhibit X-ray powder diffraction patterns unlike those
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of the hexagonal urea inclusion compounds. Oxalic acid-urea
crystals (1:2) and dioxane-urea crystals (1:1, 1:2) also differ from

23, 27, (The numbers in parentheses

the hexagonal inclusion crystals
following all of these compounds arethe mole ratios of the hydrocar-
bon derivatives to urea.) Most of these crystals are composed of
wholé-numbered ratios of the two components and are often referred
to as ""molecular compounds'. The only one of the above crystals
which has been studied in detail by X-ray crystallography is the
oxalic acid-urea crysta127. Oxalic acid-urea crystals are mono-
clinic (space group P2;/c) and possess a layer structure in which
the oxalic acid molecules and urea molecules are held together

by strong hydrogen bonds. The layers are held together by Van der-
Waals forces and there is no indication that the crystal is a salt
formed between the acid and urea molecules,

It is evident from the ESR data and Laue X-ray data that the
fumaric acid-urea crystals are not urea inclusion compounds of the
type discussed above. The crystal structure is not hexagonal, the
motion of the fumaric acid radical is very limited, and the composi-
tion of the crystal is ~1:2. Although our data does not permit a
detailed analysis of the structure of these crystals, it is of interest
to compare the ESR data with those of the other dicarboxylic acids.
The orientations of the free radical in the fumaric acid-urea crystals
are essentially the same as those of the succinic acid-urea crystal.
Since the free radicals normally remain in nearly the same positions

as the undamaged molecules, this is a strong indication that the
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orientations of the undamaged molecules in the two crystals are the
same.

The ESR spectra of adipic acid-urea crystals and of pimelic
acid-urea crystals indicate that the radical orientations are not re-
lated by hexagonal (or trigonal) Symmetry operations and therefore
the crystals are not hexagonal urea inclusion compounds. Sebacic
acid-urea crystals, on the other hand, are hexagonal and the ESR
spectra indicate that the sebacic acid radical is undergoing large
amplitude oscillationszl. This motion removes the a-proton aniso-
tropy in a plane perpendicular to the hexagonal needle axis, and
produces an easily recognizable isotropic spectrum in this plane,
Similar results are obtained for 1, 12-dodecanedioic acid, and
crystals of sebacic acid-urea and 1, 12-dodecanedioic acid-urea
are apparently urea inclusion compounds. Therefore, there is a
transition from hexagonal urea inclusion crystals to crystals of
lower symmetry as the saturated dicarboxylic acid chain length is

28. From the ESR data it is evident that some of the short-

shortened
chain length acid molecules have similar orientatiohs in the non-
hexagonal crystals. In particular it is interesting to note that the
orientations of the acid radicals are the same in the two crystals,
succinic acid-urea and fumaric acid-urea. The positions of the
urea molecules cannot be determined from ESR data since urea

does not produce stable paramagnetic damage sites at room tem-

perature,
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(27) J. H. Sturdivant, A. Schuch, and L. L. Merritt, Jr.,
Structure Reports, 13, 477 (1950). (Also, J. H. Sturdivant, unpub-
lished results.) |

(28) This transition was first noted in the series of acids:
succinic acid, adipic acid, and sebacic acid by Schlemk11 from X-ray
powder diffraction data. Of course, neither the powder diffraction
data nor the single crystal ESR data are a substitute for a (single
crystal) X-ray crystallographic investigation. However,electron spin
resonance does provide a method for investigating the structure,

positions, and molecular motion of the X-ray produced free radicals
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in the crystals.
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V. MAGNETIC RESONANCE OF THE TRIPLET STATE
OF ORIENTED PYRENE MOLECULES 12

O. Hayes Griftith 1P

Gates and Crellin Laboratories of Chemistry le

California Institute of Technology
Pasadena, California

Bree and V.ﬂkos2 have recently completed an optical polariza-
tion study of the lower singlet states of pyrene in a fluorene matrix
at T7°K. The crystal structure of fluorene is orthorhombic, the
space group is Pnam, and there are four molecules per unit cell.3
This crystal is a convenient matrix because the long axes of the
fluorene molecules are all parallel to the crystalline ¢ axis. We
report here the observation of electron spin resonance of the lowest
triplet state of pyrene in a fluorene matrix.

The fluorene (C,;H,, ), kindly supplied by D. E. Wood, was
prepared from commercial reagent grade fluorenone, The fluo-
renone was purified by column chromatography (column: alumina,
wash: spectral quality cyclohexane) and was reduced with hydra-
zene hydrate.4 The resulting fluorene was then chromatographed

as above and sublimed. 5

The pyrene (C,¢H,;,) was prepared by

zone refining (30-50 zones) commercial reagent grade pyrene.

The crystals of pyrene-doped fluorene were grown from a melt
initially containing 1.0 mole % pyrene but the actual concentra-

tions of pyrene in the crystals were not determined. 6 These crystals

were found to cleave in the (001) plane and the positions of the a,b



-134-

and ¢ axes were determined by X-ray crystallographic techniques.
The actual crystal fragments used in the e, 8. r. experiments were
initially oriented with a polarizing microscope and were not subjected
to X-irradiation until after the e, s.r. experiments were complete.
The crystals were illuminated in situ with a General Electric BH-6
Hg arc lamp and the temperature of the sample was maintained at
100°K throughout the experiments with a conventional nitrogen gas
flow system. A Varian X-band spectrometer was used to obtain the
spectra. Magnetic fields corresponding to the extrema (or near
extrema) splittings were measured with a rotating coil gaussmeter
and the remainder of the fields were measured with a Hall effect
probe.

The e.s.r. spectra were recorded with the magnetic field, H,
in the ac, bc, and ab planes of the pyrene~-doped fluorene crystals.
Two e. s.r. lines displaced symmetrically about g = 2. 0030 were
observed with H in the ac or bc planes and the maximum splitting
between these two lines occurred when H was perpendicular to the
cleavage plane. In general, four lines were observed with H in the
crystallographic ab plane. All of the e. s, r. lines decayed rapidly
upon removal of the light source (lifetime < 1-2 sec).

7,8

Using the method of Hutchison and Mangum, the g values

and zero field splitting parameters of the Hamiltonian 3¢ = 8H-g* S +

y
g,, = 2.0033, D(xy)/he = + 0. 0806 em™, D(z)/he = +0.0810 em™

2 2 Q2 _ ' _
DS, + E(S, -~ S;) were found to be g, = 2.0033, 8yy = 2. 0026,

2
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and E/hc = F0. 0182 cm“l. The estimated errors in the g values,
D, and E are £0, 0005, + 0. 0012, and + 0. 0009, respectively. The
limits of error are uncomfortably large because the e,s,r. signals
were very weak, frequently being only a factor of 1.5 to 8 above the
noise level. Employing these values of the parameters in the above
spin Hamiltonian and allowing for the symmetry properties of the
fluorene lattice,' the positions of all observed lines can be predicted
within experimental error. Therefore, it is clear that the e.s.r.
signals result from one type of molecule and this molecule occupies
a substitutional site in the fluorene lattice. It remains to show that
this molecule is pyrene. |

Single crystals of fluorene exhibited a faint blue-green phospho-
rescence at boiling nitrogen temperatures and corresponding weak
lines were present in the phosphorescence emission spectra of these
crystals. However, under the same experimental conditions that
the e. s.r. spectra were obtained from the pyrene-doped fluorene
crystals, no e.s.r. signals were observed from single crystals of
fluorene and therefore it is highly unlikely the above e. s.r. spectra
are due to either fluorene or an impurity in fluorene. The zone
refined pyrene undoubtedly contains impurities, the most trouble-
some of which is pfobably- na.phthacene9 (CigH,,). A single crystal
of naphthacene-doped fluorene was grown from a melt containing
0. 01 mole % of naphthacene and no e. s.r. signals were observed
at 100°K in these crystals. The pyrene-doped fluorene crystals

exhibited a reddish phosphorescence at low temperatures similar to
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the phosphorescence of pyrene in a hydrocarbon glass. The maximum

of the only line observed in the 77°K phosphorescence spectra of the

1

pyrene-doped fluorene crystals occurred at 16, 750 cm™' + 60 cm™,

which is in good agreement with the phosphorescence maximum
‘ 10

reported for pyrcne in glasses at T7°K, The emission lines
observed in the fluorene crystal were apparently quenched in the
pyrene-doped fluorene crystal. All of the above evidence supports
the conclusion that the e. s.r. spectra observed in the pyrene-doped
fluorene crysfals arise from (the lowest) triplet state of pyrene.
Further splitting of the fine structure e. s.r. lines into hyper-

fine lines was not observed in any of the spectra recc)rded11

and,
therefore, it is not possible to uniquely determine the orientations

of the pyrene molecules in the fluorene lattice. However, one of the
principal magnetic axes of pyrene lies approximately along the
crystalline ¢ axis (the long axis of fluorene) and the other two mag-
netic axes correspond to the short axis and a normal to the molecular
plane of fluorene. It appears, therefore, that the molecular plane
and long axis of the pyrene molecule are oriented with respect to

the fluorene lattice in the same manner as the displaced fluorene
molecule. If we assume this to be the case then the molecular z,

y, and X axés of pyrene would be parallel to the long axis, the short
axis ,' and the normal to the molecular plane of the pyrene molecule,
respectively.12 |

‘We are indebted to Professor Hafden M. McConnell for the

generous use of his laboratory facilities. We are also indebted to
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Dr. Richard E. Marsh for help concerning the X~ray photography,
to Professor Melvin W, Hanna for helpful discussions, and to

Mrs. Lelia M. Coyne for obtaining the optical spectra.
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(8) D(xy) is the value of D obtained along with E from the (extrema)
splittings corresponding to the molecular x and y directions and
D(z) is the value of D obtained using E and the (extremum) splitting
corresponding to the molecular z direction; The agreement of these
two values of D constitutes a partial verification of the proper choice
of molecular axes. Using these values of D and E, (D?+ 3E?)? =

0.0868 + 0.002. This value is in only fair agreement with the value

0.0929 cm™' obtained by Smaller [B. Smaller, J. Chem. Phys., 37,
393 (1963)] (and confirmed by us) from the Am = + 2 transition of
randomly oriented pyrene molecules.

(9) However, the zone refined crystalline pyrene appeared white
rather than the yellow, characteristic of small concentrations of
naphthacene.

(10) McClure reports [D. S. McClure, J. Chem. Phys., 17, 910

(1944)] that for pyrene in a rigid glass at 77°K the phosphorescence
maximum occurs at 16,800 cm_l, the ratio of phosphorescence
yield to fluorescence yield is 0. 001, and the mean lifetime is about
0. 2 seconds. |

(11) The lack of resolution is presumably due to the large number
of protons interacting with the electron and to crystal disorder.
Laue photographs disclosed that the first crystals obtained were
badly disordered. The crystals used for the e.s.r. study were of
much better quality but could have been sufficiently disordered to

reduce resolution of the hyperfine structure.
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(12) By convention,'7 D and E for pyrene were arbitrarily chosen
to have opposite signs. If D and E were chosen to have the same
sign then the x and y axes would be interchanged. This inde-
terminancy affects only the relative signs of D and E and not their
magnitudes. We are indebted to Dr. J. H. van der Waals for a

discussion on this point.
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V1. TRIPLET EXCITONS AND MAGNETICALLY DILUTE RADICALS
IN (,PCH,)" (TCNQ), AND (@AsCH,) (TCNQ),
ION RADICAL SALTS'

Free radical impurity ESR lines in two ion radical
salts of TCN were found to homogeneously broaden and
change from a Gaussian to a Lorentzian line shape as the
temperature was increased from 77°K. This is interpreted
as resulting from an exciton-radical exchange interaction.
The radical exciton exchange activation energies are of
the same order of magnitude as the exciton-exciton acti-
valion energies. The T7°K excilon and radical line widih
anisotropies were investigated in (@@ AsCH,)” (TCNQ),
crystals. The line width of the exciton is proportional to
the free radical impurity line width, which suggests that
nuclear hyperfine interactions dominate the exciton line

width at this temperature.

“A. INTRODUCTION

Several studies of (3 PCH,)" (TCNQ); (I), (0AsCH,)" (TCNQ); (11),
and other ion radical salts based on the strong electron acceptor tetra-

cyanoquinodim ethane1 (TCNQ)

TUnpublished results of O. H. Griffith and H. M. McConnell.
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SO
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TCNQ

have been reported. The electron spin resonance (ESR) spectra of
these salts exhibit triplet state behavior. The fine structure splittings

of I and II are represented by the spin Hamiltonian
:g-g~§+DSZZ+E(S;-S§7) (1)

with | D/hc| = 0.0062 cm™*, |E/hc| = 0.00098 cm™!, g = 2.004,

g . = 2,003, and 8oy 2. 003. 2 (The parameters of I and II are identi-

yy
cal within experimental error). The temperature dependence of the ESR
signal intensity, I, for an excited triplet state separated from the

ground singlet state by an energy J is
I T [exp(J/KT) + 3] - (2)

Chesnut and Phillips2 found that the ESR intensities of I and IT obey

Eq. (2) (with J = 0. 065 ev) and therefore the unpaired electrons corre-
late; giving rise to a ground singlet and a thermally accessible triplet
state. The two 77°K high field lines broaden, move together, and
collapse into one central line as the temperature is raised. This effect

has been attributed to exchange interactions between tripletsz’ :

and,
more specifically, between triplet excitons. 4 The exciton concept

provides a natural explanation of the absence of nuclear hyperfine
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structure in the spectra of I and IL 5 The existence of triplet

excitons also accounts for the zero field splittings, since the exciton
Hamiltonian 5(’1{ reduces to Eq. (1) for a sufficiently small exciton band
width. ® D, D. Thomas, A. W. Merkl, A. F. Hildebrandt, and H. M.
Mchnnell7’ 8 have recently reported the zero-field exciton magnetic
resonance of II. Here we are concerned with the relation between high

field ESR spectra of triplet excitons and magnetically dilute free radicals

inI and Il 10

B. EXPERIMENTAL

The ESR spectra were obtained with a Varian X-band spectro-
meter. The crystals were mounted in a microwave cavity which forms
part of the vacuum chamber of a metal dewar. Roughly half of the low
temperature data were obtained by slow cooling of warm crystals and
the other half were obtained by slow warming of cold crystals. Cold
nitrogen gas was passed through the dewar to cool the system. The
warming was accomplished simply by allowing the dewar to slowly re-
turn to room temperature. The average temperature change which
occurred during the time necessary to obtain one ESR spectrum was

~ 2.5°K. All temperature effects were reversible.

C. RADICAL-EXCITON SPIN EXCHANGE

The ESR spectra of an arbitrarily oriented (¢ PCH,)" (TCNQ),

crystal are shown in Fig. 1. The orientation of the crystal and the
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148°K

128° K

Figure 1

The temperature dependence of th_g exciton (outside doublet) and
radical ESR signals of a (4, PCH,)" (TCNQ), crystal. The exciton
77°K fine structure splitting is '?3 gauss. These spectra were
obtained at different spectrometer gain settings. '
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17 6°K

14 8°K

128° K

TT7°K

- Figure 2

The retraced radical spectra of Fig. 1 and the reconstructed
Lorentzian (---) and Gaussian (- -) line shapes for the central
radical line.
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magnetic field Scan rate were the same for all four spectra. The out-
side two lines result from a triplet exciton fine structure splittingz’ 4
and the inner lines are free radical signals. The radical concentration
was increased by X-irradiation prior to obtaining the spectra. In
addition to the broadening of the exciton lines, there is a pronounced
temperature effect on the free radical signals, At 77°K there are at
least seven resolved hyperfine lines in the spectra of Fig. 1. As the
temperature is increased the lines broaden until at 150°K only one
structureless line is observed. This effect is apparently caused by a
exciton-radical exchange interaction.

The exciton signals are Lorentzian. 11 The line shape of the
radical changes with temperature as illustrated in Fig. 2. The
Lorentzian and Gaussian lines of Fig. 2 were chosen to match the peak
heights and widths of the observed central radical line. The central
radical line at 77°K is Gaussian. As the temperature is increased this
line changes shape until at ~ 150°K the line is Lorentzian. The smaller
radicai lines add intensity to the experimental derivative curves causing
the 148°K spectra to appear to have more intensity in the wings than is
characteristic of a Lorentziah line. The effect of temperature on the
radical line shape is even more clearly illustrated in Fig. 3. In this
case the crystal was not X~irradiated before recording the ESR specira.
The T7°K radical spectrum of Fig. 3 is obviously Gaussian. At 130°K
the line shape is intermediate and at 150°‘K the Lorentzian curve
coincides exactly with the experimental curve. The 167°K radical line

(and the 176°K line of Figs. 1 and 2) appears to be Lorentzian even



~146-

167° K

150° K

130° K

TT7°K

Figure 3

The retraced ESR spectra of a second (¢ PCH,)" (TCNQ), crystal.
The Lorentzian (---) and Gaussian (- - -) approximations to the central
line are superimposed on the spectra. The exciton splitting of the
77°K spectrum is 70 gauss and each spectrum was obtained at a
different gain setting.
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though the shape is complicated by the overlapping of exciton and
radical lines. At higher temperatures the exciton concentration
increases to such an extent that the exciton lines completely dominate
the radical line. The overall transition from a Gaussian line at low
temperatures to a Lorentzian line at higher temperatures (higher exci-
ton concentrations) provides strong evidence that the radical is under-
going spin exchange collisions with the excitons.

In the limit that the exchange frequency v is much smaller than

the separation between the ESR lines (slow exchange limit),
v = 3~zy (AH ~ AH,) (3)

where AH and AH, are the line widths in gauss measured from peak
points of the derivative of the absorption in the presence and absence of
exchange, respectively. 3 Jones and Chesnut3 found that the exciton~

exciton exchange frequencies have a temperature dependence given by
v =y, exp(-AE/KT) (4)

where AE is 0.13 + 0, 01 ev and 0. 11 + 0. 02 ev for I and II, respectively.
In Fig. 4 the semilog plots of AH - AH, vs 1/T°K are given for the same
(9, PCH,)" (TCNQ); crystal used to obtain the spectra of Fig. 1. The
AH, for the exciton and radical are 1. 00 gauss and 3. 75 gauss, respec-
tively. The exciton-exciton and radical~exciton exchange frequencies
are

= 3"%-}» 1.3 (+ 1. 0) gauss 10* exp[~0.10(x 0.01) ev/kT]

and
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Figure 4

A semilog plot of AH - AH, vs 1/T°K for the same (¢,PCH;)" (TCNQ),
crystal and magnetic field orientation used to obtain the spectra of
Fig. 1.
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v = 3"%7/4. 0 (+ 5. 0) gauss 10° exp [~ 0. 20 (+ 0. 03) ev/kT]

respectively. The errors given for v, are associated with the extra-
polated value (T = «). The temperature dependence of the line widths of
one X-irradiated (%ASCH3)+ (TCNQ), crystal was also measured. In
this case the exciton-exciton and radical-exciton exchange frequencies
are

v=38"2y2.2 (& 2.0) gauss 10" exp[-0.10( 0.02) ev/kT]
and

v=3"2y8.0 (« 5. 0) gauss 10" exp|[ - 0. 14 (+ 0. 02) ev/kT]

respectively. The AH, values for the exciton and radical are 1. 50
gauss and 10. 0 gauss, respectively. The orientations of both crystals
were arbitrary. The exciton-exciton spin exchange activation energies
are the same for the two crystals, within experimental error, and
agree with the values reported by Jones and Chesnut. The excifon_—
radical spin exchange activation energies are more difficult to consider
quantitatively. The radical AH, was measured from a Gaussian curve
and the AH were obtained from curves which varied in shape from
Gaussian to Lorentzian. No corrections were introduced to compensate
for this change in line shape. The radical-exciton exchange activation
energies are of the same order of magnitude as the exciton-exciton
exchange activation energies. The important observation is that there
is an exchange interaction between the excitons and radicals.

The exciton concentrations and radical concentrations may be

calculated using the singlet triplet activation energy, J. The exciton
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concentration, Ct’ is |
N, 3

Ci = N; + Ng 3 + exp (J/kT) 3 exp (- I/KT) ®)

where Nt and Ns are the number of triplets and singlets present and
J = 0.065 ev. The number of radicals present may be determined by

comparing the integrated free radical ESR signal intensity, I, with the

r?
exciton signal intensity, It ; providing the signals are not saturated.
The ESR signal intensities are not, of course, proportional only to the
number of excitons and radicals present, but are also proportional to
the ESR transition probabilities and the population differences of the
energy levels involved. The number of radicals, Nr’ is given by the

relation

N, =N,(8 Ir/3 L) (6)

where the factor of 8/3 or 1(1 + 1)/3 (3 + 1) represents the combined
effects of the transition probabilities and Boltzman population differences
on the radical and triplet state ESR signal intensities (neglecting the
small fine structure and hyperfine structure perturbations on the Zeeman
Hamiltonian). 10 The exciton signal intensity, It’ includes both high field
lines (the doublet of Fig. 1} but does not include the half field line.

The definition of the radical concentration, Cr, which we will use
is

C,= Nr/(Nt + NS) = C, (8 Ir/3 L) (1)

This is an arbitrarily defined spin concentration. A more conventional

definition of Cr is the number of radicals divided by the total number of
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centers which could produce radicals. If the free radical is derived
from one TCNQ molecule the radical concentration, by this definition,
is Nr/4 (Nt' + NS) = C, (2 Ir/3 It) because each exciton is associated with

four TCNQ molecules. 12

If, however, the radical is associated with
two TCNQ units or with the phosphorous or arsenic atoms, then this
ratio is increased slightly.

The ratio Ir/ I, may be obtained from peak to peak widths (w) and
heights (h) of the ESR derivative spectra, since the radical and exciton
line shapes are known. At 7T7°K the central radical line is Gaussian

and the exciton lines are Lorentzian, so that
_ 2 2
Ir/It = 0. 517 W hr/l. 814 Wy ht (8)

where r and t refer to the radical and triplet exciton, respectively, and
the multiplicative constants are the standard absolute intensity conver-
sion factors for these line shapes. Using Eq. (7) and Eq. (8) the radi-
cal concentrations in the crystals of Figs. 1 and 3 are 1. 6% and 0. 3%,
respectively. The radical concentration in the X-~irradiated (goBAsCH3)+
(TCNQ), crystal is 0.8%. The exciton concentrations at 77°, 128°,
148°, and 176°K are 0. 02%, 0.8%, 1.8%, and 4. 0%, respectively.
Although no detailed discussion is presented here, these results support
the idea that the triplet excitons are mobile; if the triplets were immobile
and localized, it is difficult to account for the homogeneous broadening
of the entire free radical signal at these radical and triplet concentra-

tions,
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D. ANISOTROPY OF EXCITON AND RADICAL LINE WIDTHS

The radical and high field exciton line widths are plotted as a
function of angle in Fig. 5. The line widths were measured from the
peak positions of the derivative curves. The crystal was rotated about
its long diagonal and 8 = 0° corresponds roughly to the magnetic field
being perpendicular to the large face of the crystal. Some points were
recorded over the entire range, 0° < & < 350°, Most of the p'oints of
Fig. 5, however, were recorded over the range 0° < 6 < 180° and
plotted twice; once for & and once for 180° + 8. To determine the
experimental line shape, Gaussian and Lorentzian lines with the same
w and h as the experimental spectra were calculated at intervals of 8 =
30° over the range 0° < 8 < 360°. The exciton fine structure splitting
became small in the regions 30° { 8 { 60° and 120° ( 8 ( 150° (and cor-
responding 8 + 180° regions) and no line shape information was obtained
because of the overlapping of lines. Some of the ESR spectra at other
orientations were slightly asymmetric but there is little doubt that the
radical lines are Gaussian and the exciton lines are Lorentzian. The
exciton line of Fig. 6, for example, coincides with the Lorentzian curve
and the radical line of Fig. 6 coincides with the Gaussian curve. The
Gaussian and Lorentzian lines are obviously poor approximations to the
experimental exciton and radical lines, respectively, of Fig. 6. This
(qosAsCHa)+ (TCNQ), crystal was not X-irradiated and the radical con-
centration calculated from Egs. (7) and (8) is 0. 04%.

The striking feature of Fig. 5 is that the exciton and radical line
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Figure 5

The 77°K exciton and radical line widths as a function of angle in an
arbitrary plane of a (¢zAsCHg)" (TCNQ), crystal.
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.2 G*

~9.4G—

Figure 6

~ The (a) exciton and (b) radical ESR lines at the 90° orientation of
Fig. 5. The Lorentzian (---) and Gaussian (- -+) lines are super-
imposed on both ESR spectra.
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width anisotropies are approximately the same. If the radical is asso-
ciated with the TCNQ units this observation strongly suggests that nucle-
ar hyperfine interactions contribute to the exciton line width, Another
possible source of exciton line width anisotropy is crysial disorder.
The exciton lines will be inhomogeneously broadened if the angle
between the magnetic field direction and the molecular axes are not the
same for all molecules of the lattice [ see Eq. (21) of Appendix II].
This effect will be most pronounced when the fine structure splitting is
changing most rapidly with angle. In Fig, 5 this corresponds, for
example, to the ~ 40° orientation. The minimum inhomogeneous broaden-
ing occurs near the 0° and 90° positions where the rate of change of the
fine structure splitting with angle is small. The maximum exciton line
width corresponds to the 90° position, however, and therefore crystal
disorder does not account for the line width anisotropy and probably does
not contribute significantly to the exciton line width.

The precise nature of the radical (or radicals) is not known.
Small concentrations of free radical impurities are always present in
crystals of Iand II. The impurity could be TCNQ or (TCNQ), radicals
which did not pair up to form triplets. The impurity signals are
apparently not associated with ¢, PCH, or ¢%AsCH,, since the hyperfine
structure in I and IT are very similar. The X-irradiation of I and Il had
very little effect on the radical hyperfine structure. One possible result
of the X-irradia.tion is to create S - 1 dafnage sites which pair up with
one of the two (initially paired) TCNQ units to form a singlet state plus
the other TCNQ radical. The observation of very little change in hyper-
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fine structure is consistent with this mechanism. 12 In any case, the
radicals appear to be either TCNQ, (TCNQ) q O some impurity which
is derived from TCNQ.

If one assumes that the instantaneous nuclear hyperfine structure
of the exciton is the same as the hyperfine structure of the radical
(e. g. TCNQ) and that this structure determines the exciton line width,
an estimate of the diffusional exciton jump rate 7~! can be obtained

from the relation 77!

= 3%17 AY/ 'W;f, where A is the hyperfine line

width of an excitation on a single site and th is the observed exciton
line width (defined as one half the width at the peak points of the deriva-
tive curve).'7 From Fig. 5, Wy, ~ 1 Mc/sec and for TCNQ, A ~ 30 Mc/
sec, giving ™ ~ 10" sec™L. 7 The same estimate is obtained from

zero field data by an independent method. 7 Deuteration experiments are
in progress which should test whether the dominant contribution to the

exciton line width is nuclear hyperfine structure.
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the individual exciton lines at these higher temperatures are almost
certainly Lorentzian.

12. This is a result of the stoichiometry of the crystal and does
not imply that the exciton is delocalized over four units.

13. It is desirable to determine the increase in radical concentra-
tion after X-irradiation. This was not done in these preliminary
experiments because the method used to mount the crystal made it
difficult to perform two experiments on the same crystal (one before and

the other after X-irradiation).
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I. SUPPLEMENTARY REMARKS ON APPARATUS
AND METHODS

The general apparatus used for these experiments included a
vacuum system, several crystal growers and zone refiners, a low
temperature gas flow system, X-ray equipment, two metal dewars,
and other auxiliary equipment. Much of this apparatus was not de-
signed by any one individual. When appropriate, we will attempt to
mention the names of the contributors and to cite references in which
some of the apparatus is described in more detail. The basic commer-
cial equipment used was a Varian X-band ESR spectrometer and a
General Electric XRD-5 X-ray unit.

The vacuum system was of conventional design except that low-
temperature U-tubes were used to prevent contamination of the
samples by pump oil and stopcock grease. The use of the zone re-
fining technique was suggested to us by S. B. Berger. The zone re-
finers consisted of alternating heating elements and water-cooled
copper coils. The theory and applications of zone refiners are dis-
cussed by W. G. Pfann. 1 Two heating elements housed in an insulated
box (usually a drying oven) were used to grow crystals from the melt.
These crystal growers are merely devices to insure the existence of
equilibrium conditions between a solid-liquid interface. The basic
rule in the design of crystal growers of this type is that a large temp-
erature gradient across the interface produces the best crystals. This

may be easily achieved by passing the compound, sealed in glass,
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through two heated metal tubes placed end to end; one maintained at

temperatures well above and the other at temperatures well below the
melting point of the compound. D. E. Wood was also involved in the
research requiring these techniques and drawings of typical zone re-

finers and crystal growers may be found in his thesis. 2

Low speed
(approximately one revolution per day) synchronous motors suitable
for drawing the Pyrex sample tubes through the zone refiners‘ or
crystal growers may be purchased from the Minarik Electric Co. of
Los Angeles.

These crystal growers and zone refiners were used only in
Section V of this thesis (and in a depressing number of unsuccessful
experiments involving single crystals of purified aromatic hydro-
carbons). The crystals of Sections I through IV were grown either by
evaporation or by slow cooling of solutions. The slow cooling was
eagily achieved by placing a flask filled with the saturated solufion in
a Pyrex dewar. The dewar was partially filled with an alcohol-
water mixture to increase the heat capacity of the system and was then
placed in a refrigerator or cold room. The rate of cooling was con-
trolled by varying the heat capacity and dimensions of the dewar. The
room temperature solutions were usually cooled to 273°K in a quart
dewar over a period of three days. Single hexagonal crystals 3mm x
15mm frequently were obtained by this method.

The crystals were subjected to X-irradiation from a tungsten
target AEG-508 Machlett Tube powered by the GE-XRD-5 X-ray unit.

Frequently it was desirable to X-irradiate the crystals at liquid
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nitrogen temperatures and the device used for this purpose is shown
in Fig. 1. Basically this is a copper platform soldered to a good
heat conductor which is surrounded by liquid nitrogen. The ring
near the bottom of the copper tube centers the heavy tube and prevents
the platform from crushing the glass dewar when the dewar is tilted.
There is a teflon collar on the bottom of the tube to protect the dewar.
The holes in the side of the tube are necessary to allow the nitrogen
gas to escape. The groove in the platform was used in early powder
experiments; a portion of the sealed quartz tube holding the powder
was shielded from the X-rays by the copper block and the powder was
t ransferred to this part of the tube after X-irradiation (otherwise the
color centers of quartz would dominate the ESR spectra). For single
crystals the dewar was filled with liquid nitrogen, the copper plat-
form was lowered into the dewar using the handle shown in 'Fig.. 1,
more ligquid nitrogen was added, and the crystal was placed on the
platform. A thin disk of Styrofoam insulated all of the top except the
X-ray path and the entire top was covered with Saran Wrap to prevent
ice from forming around the crystal.

The two liquid-helium dewars used are shown in Figs. 2 and 3.
The basic design of the stainless steel cylinders of these dewars was
provided by Professors G. W. Robinson and H. M. McConnell. The
dewar of Fig. 1 was used for variable temperature studies of Sections
Iand VI. The evacuated microwave cavity is located near the bottom
of this dewar and the waveguide tubing passes up through the liquid

helium reservoir. A vacuum space and nitrogen reservoir surround
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Figure 1
Copper platform for the X-irradiation of crystals at 77°K.
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the helium reservoir. The cavity and iris tuning screw are mounted
on the bottom of the helium reservoir and are, therefore, subject to
drastic changes in temperature. This creates a serious noise prob-
lem because snug-fitting components loosen at low temperatures and
undérgo mechanical vibration. At the suggestion of A. F. Hildebrandt,
a double modulation scheme was used to decrease the noise level.

D. E. Wood later made very significant improvements in the cavity
and crystal mounting scheme.2 A. L. Kwiram and W. W. Schuelke
contributed many suggestions during all phases of dewar design and
modification.

The cold finger dewar of Fig. 3 has the advantage that the
cavity and tuning screw are always at room temperature. It is only
useful, however, for experiments performed at the boiling points of
nitrogen, helium, or a few other liquids. A. L. Kwiram designed
the base of the dewar, a metal cold finger which forms part of. the
helium reservoir, and a copper heat shield which is fastened to the
nitrogen reservoir. The heat shield, guartz outer jacket, and brass
base plate are shown, along with the lower portion of the dewar, in
Fig. 3. Drawings of these and other parts may be found in A. L.
Kwiram's thesis.3 For experiments involving organic crystals,
radiative heating of the sample mounted on the metal cold finger
proved to be a serious problem. We therefore substituted a quartz
finger for the metal finger (Fig. 3) and mounted the sample, on a rod
extending through the dewar to the lower part of the cold finger. The

quartz finger is attached through a quartz-Pyrex graded seal to a
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Pyrex-Kovar seal. Kovar metal-to-glass seals vary in durability.
We obtained excellent results using seals made by Glass Instruments
of Pasadena. The quartz finger was etched with hydrofluoric acid to
reduce the outside diameter (the quartz jacket, copper shield, and
cold finger must {it into the microwave cavity). The closed end of
the finger consists of a quartz window which is fused onto the finger.
This window was originally designed for use with u.v. irradiation
from beneath the dewar. However, we found that it was almost im-
possible to avoid trapping a few crystals of ice on the inside of the
window and these crystals, of course, scattered the light. In subse-
quent experiments, the light was passed through the side of the cold
finger.

The cold finger is soldered to a flange and the flange is
screwed onto the dewar. An indium wire gasket forms a helium-tight
seal between the flange and the dewar. Soldering the cold finger onto
the flange presents a problem because the cylinders of the dewar are
not exactly concentric. This makes it difficult to center the long
cold finger inside the nitrogen hear shield (which is screwed into a
different set of cylinders). The problem was solved by soldering the
finger into the flange with the flange, finger, and nitrogen shield all
in place. A low-temperature, somewhat flexible solder was needed
and indium solder (or indium wire) obtained from the Indium Corpo-
ration of America was quite satisfactory. A heating element was
placed inside the upper end of the cold finger and the dewar was

assembled. The indium was melted, the cold finger centered, and
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the seal was allowed to cool. The heating element was then removed
through the top of the dewar leaving the dewar ready for use.

The cold finger dewar was used for some preliminary experi-
ments of Sections 1 and V, and several experiments not reported in
this thesis. A few of these experiments required X-irradiation of
the sample at liquid helium temperatures. In order to do this, a
small portion of the nitrogen shield was removed and the X-rays
were directed through the thin quartz walls of the jacket and cold
finger and onto the sample. The sample was then lowered to the
bottom of the cold finger for the ESR experiments. The majority of
the ESR results of Sections II - V were, however, obtained with a
conventional gas-flow system. Nitrogen gas was passed through a
copper coil immersed in liquid nitrogen. The cold gas then passed
through a small quartz dewar containing the crystal. Pressure
differentials across the copper coil are to be avoided. When the
pressure inside the coil becomes excessive, some of the nitrogen
liquefies and the spray of nitrogen droplets creates an extremely
high noise level. This may be easily avoided by using shorter coils
or larger diameter tubing (we used four to six feet of 1/4" O.D.
copper tubing). The helium gas -flow system mentioned in Section
II' was also frequently used. G. R. Liebling has designed a small
quartz dewar and sample holder for use with gas-flow systems4 and
many of the results were obtained with this dewar.

. The numerical calculations were performed with an IBM 7094

computer. The C.I.T. library matrix diagonalization subroutine
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EIGVV® was used for the Hiickel and McLachlan calculations of
Section TI. EIGVV uses Share subroutine NYEVV of Share Distribu-
tion 339 to accomplish the solution (see Share NYEVV write-up for
details of the method). The procedure followed in these spin density
calculations was to advance the parameter h in incremental units
over the range 0<h <3. For each value of h, the value of k was
advanced over the range 0 <k <3 (using a nest of DO loops). The
computer then diagonalized one 3 X 3 matrix for each of these com-
binations of h and k. It was a simple matter to manually pick out the
desired spin density values from the range of values listed in the
computer output.

The penetration integrals of Section III were evaluated by
summing over nuclear attraction integrals and coulomb integrals ob-
tained from programs generously made available by R. M. Pitzer.
The overlap integral program was kindly provided by M. S. Itzkowitz.
The zero field parameter calculations of Section V were performed

with the aid of C.I.T. library subroutine MULLER. 5

This subroutine
finds the real and complex roots of a polynomial with real coefficients.
All other calculations associated with this thesis were made with

short routines written in ¥ortran IV.

REFERENCES
1. W. G. Pfann, Zone Melting (John Wiley and Sons, New York, 1958).

2. D.E. Wood, Ph.D. Thesis, California Institute of Technology,
(1964).
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II. ETHER RADICAL CI MATRIX ELEMENTS
From Eqs. (7), (8), and (12) of Section III, the matrix elements
of the linear variational function (III - 11) are:
Hy = (9H[%,)
Hy, = {¥,|H[T,)

1

n

Hyp = (U [H[Y) = -I; - Ly - L,
where
L = (D3 gpe Wla(D) = 271 +8)7
CORE CORE CORE CORE
x lag e thoo  thye ]

L = (oD opgD)i¢a(D) = 27(1-8)7

CORE CORE CORE CORE]

x Lag o) Fco " Poc

Ly = (6013, pp (D6n1) = 2791 - )72

CORE CORE CORE CORE]
x Lo, "% B T hRoc

Ta = (WG] £ [6:206:2)) = 271+ 8)
x [(CC|CC) + (00| 00) + 2(CC|00) + 4(CC!CO)

+ 4(00|CO) + 4(CO|CO)]
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Jpz = «:qbz(l)«pz(l)l;,—l;l¢2(2)¢z-(2>> = 271 -9)7
x [(CC|CC) + (00| 00) + 2(CC|00) - 4CC|CO)
-4(00|CO) + 4(CO|CO) ]
Ty = <¢1<;1)¢1<1>1;11; | 62(2)02(2) ) = 27%(1 - 7)™
x [(CC|CC) + (OOIOO) + 2(CC|00) - 4(C0] CcO) ]
Ky = <¢1(1)¢3(1)1;—11; [ 34(2)p4(2)) = 2731 - &1
x [(CcC |CC) + (OOIOO) - 2(CC [OO)]
Ly = (Du(Dou(DF 192(2)05(2) = 271 +8)7(1 - 5772
X [(CC|CC) - (00|00) + 2(CC|CO) - 2(00|CO)]
L = (a(U6a(D)I5- 192(2)0,(2) = 271 - 8701 _)E

X [(cclce) - (00]|00) - 2(CC|CO) + 2(00|CO)]

and, for example,

(CC[00) = (x (D)X, (_1)1;11; [Xg @)X o(2))

ag T = (g (W[5 5 (D IXg (D)
Boo = (D1 (DX (1)

There are similar definitions for the remaining integrals.
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The normalized coefficients of the linear variational function are

1
C, = [H3 + (Hy; - EY13(-H,,)

2 -
C, [le + (Hn - E)2 12 (Hu - E)

where E is the energy appearing in the secular determinant. Applying

the Mulliken approximation and collecting terms, one finds

CORE
- CRE | (00]00) - (cC|Ce)]

L
Hy, = 27%(1 - 8% 2_[a0 -

and

(H:u -E) = B+ (,32 + lez)%

The problem has now been reduced to the evaluation of the
atomic core, overlap, and coulomb integrals. These integrals may be
estimated by the method of Goeppert-Mayer and Sklar (reference 21
of Section III). It is well known, however, that the results obtained
for hydrocarbons are unreliable and there is every reason to believe
they would also be unreliable for the ether radical. Therefore, an
extension of the method of Parisier and Parr was used. This approach

is outlined in Section III.
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II. RADICAL AND TRIPLET SPIN HAMILTONIANS

A. RADICAL HYPERFINE STRUCTURE HAMILTONIAN

~ The electron nuclear hyperfine Hamiltonian is
9 = |p]8 g H - gpfplly + hSglga, + (S b 1) (1)

(see reference 16 of Section I). H,S, and I are the magnetic field
vector, electron spin angular momentum operator, and nuclear spin:
angular momentum operator, respectively. SH and IH are the com-
ponents of § and 5 along ﬁ , and g is the spectroscopic splitting factor.
tensor. The four terms of the Hamiltonian are, from left to right,
the electron Zeeman term, the nuclear Zeeman term, the isotropic
electroﬁ—nuclear contact term, and the anisotropic electron-nuclear
dipolar term. The Hamiltonian matrix may be diagonalized by a pro-
cedure similar to the one used with the general triplet state H:imil-
tonian (see below). For the 7 -electron radicals in a magnetic field of
~ 3 kilogauss, however, v, > |a|,|b| (where y, = h'g|8|H) and
therefore it is convenient to} quantize the electron spin along the mag-
netic field direction. The Hamiltonian appropriate for the "inter-

mediate magnetic field" case is

3 = g!BIHSH - g By + hSylyae + hSH(e "b-1) (2)

LA N

where ey is a unit vector in the direction of the magnetic field. The

AANPNNA

g value of Eq. (2) has been taken to be isotropic because the g value
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aniSotropies of m-electron radical spectra are small and do not appre-
ciably affect the magnitude of the ESR splittings.

McConnell, Heller , Cole, and Fessenden have determined the
splillings from Eq. (2). The interested reader is directed to reference
16 of Section I for the detaiis on the method (see also reference 3 of

Appendix I). The hyperfine splitting d is given by

=y ey | ®)
BE ©C ©
where T={O C O
O O A

and B, C, and A are the diagonal elements of the dipolar tensor plus
the isotropic coupling constant, a, . ¥or an a proton bonded to a
carbon atom having unit ﬂ—eléctron spin density, B, C, and A are on
the order of -60, -90, and -30 Mc/sec. In Eq. (3) we have omitted
the contribution from the nuclear Zeeman term because it has only a
small effect on the splittihgs discussed in Sections I-IV. In polar

coordinates, Eq. (3) becomes
d&® = sin®6(B*cos®¢ + C?sin®¢p) + A*cos®d (4)

where 6 is the angle between the C-H o Pond and e, , and $is the angle
between the axis of the carbon 2p orbilal and the projection of ey onto
a plane perpendicular to the C-H o bond.

In the "ultra high field" region where v, v, > |2|,|b] and
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Y, = h'lganH), Eq. (2) becomes

3¢ = g|B|HSy + hSpLa, + hSyleq b epy) (5)

and for this case,

d~ ep-Troy (6)

Although Eq. (6) is not strictly applicable for the ~3 KG magnetic
field used in X-band ESR, Eq. (7) is frequently a good approximation
to the ESR splittings. The a-proton coupling constant formulas in
Sections I, II, and III are obtained from Eq. (4) or Eq. (6). In Section
IV the tensor was obtained from the ESR splittings by essentially the
reverse of the above procedure. The details of this method are given

in reference 3 of Appendix I.

B. TRIPLET STATE FINE STRUCTURE HAMILTONIAN
The spin Hamiltonian which adequately describes the electron

spin resonance fine structure splittings of a molecule in the triplet

state ifs1 , 2

o - 2 2 _ o2
3 ‘(ngxxsx + Hygnyy + Hzgzzsz) +DS” + E(SX Sy) (7)

where D and E are the dipolar zero field splitting parameters. The

three spin functions

2_% (aa + 388)

S
I

277 (B + Ba)

(on
i
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and L 2"2(0 + 85)

are eigenfunctions of DSZZ +E(S, - S;) with eigenvalues D + E, O,
and D - E, respectively. These three functions form a convenient
basis set for diagonalizing the Hamiltonian matrix. For example,

if H is parallel to the x axis, the secular determinant becomes

‘I'a 1‘yb \I’c

¥, (D+E) - E g _pH o)

¥, ) E 0 =0

¥, o) o) (D-E) -E
Solving gives
E, = (D-E), E,=4D+E)x[(g pHP++(D+EF? (8)
hence ,. |
v = AE = (E, -5,) = -3(D - 3E) + [ (g, 8B + XD + EF1* (9)
hv = AE = (B, - B) = -4D - 3E) + L(g08) + 4D+ EF1®  (10)

Expanding the square root in a Taylor's series and subtracting
Eq. (9) from Eq. (10) gives the useful Eq. (11). Similarly, adding
Eqg. (9) to Eq. (10) yields Eq. (12). Similar results are obtained with
H|yand H |z. We have restricted the discussion to the transitions
occurring between E, and E_'and between E_ and E,. These Am = %1
transitions are allowed when the r.f. magnetic field is perpendicular

to the constant field (as is the case for all of the experiments



-178-

reported in this thesis). The half field transition between £_ and E +

(Am =+2) is allowed when the r.f. field is polarized parallel to the

H field. The Am = £2 transitions have been observed for the TCN@

ion radical salts of Section VIbut were not investigated in this work

(see reference 1 of Section VI). The Am = +2 transitions have been

extensively discussed by van der Waals and de Groot."’

All of the energy levels and equations used to obtain the zero

field parameters from experimental Am = +1 transitions are listed

below.

H ||x
E, =(D-E), E, =}(D+E) [(g 80 + (D + B’

82,8 H,H,

_D+E2(H+H)
2hy P TJlﬁz
= s

g
xx AH; + Hy)

(D-3E),—_gxde2_Hl)+a)+E (Hl-Hz)

Hly |
By =(D+E), E,=30D - E)= [(g,,6H) +i(D - Ef]?

(D+3E)=gyy,3(H2—Hl)+%rg_£ﬁ <H - )

y

g =2h %%ﬁf(%qfﬁ

vy (HJ. + Hz)

+ .

s

(8)

(11)

(13)

(14)

(15)
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H [z
1
E, =0, E,=Dx[(g, H) + E*]? (16)
-~ gzzB E? H, - H
D= T(HJ_—HZ)+2—g—Z—;E(~—Z——-——1H1H2)+... (17)
ohy - E2 [H, +H

gzzﬁ 1}2 +

gzz = Tt (18)

In Egs. (11) through (18), H, and H, are the magnetic ficlds corrce-
ponding to the two Am =1 transitions.

To obtain D and E one first locates the three extreme splittings
of the ESR spectra. These three extrema lie in mutually perpendicular
directions and correspond tothe magnetic x, y, and z axes of the mole-
cule. All six permutations of the axes are assigned to the three ex-
trema and crude values of D and E are calculated from Egs. (11), (14),
and (17) (retaining only the first terms of the expansions and assuming
g = 2.0). Four permutations of the axes are immediately eliminated
because the value of D (ny) obtained from Egs. (11) and (14) does not
approximately equal the D (D Z) obtained from Eq. (17). The other two
permutations differ only in the assignment of the x and y axes and one
may accurately obtain D and E using either choice of axes. The crude
values of D and E are used to obtain O vy and g, 7 from Eqgs. (12),
(15), and (18). These g values and the initial ny, D,, and E are
substituted into the right hand side of Egs. (11), (14), and (17) to obtain

improved values of D and E (reference 7 of Section V ). This iterative
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process produced constant values of DX , DZ, E, g

y %X’ gyy;
within four or five cycles in the case of pyrene (Section V). The

and 8z

values of D_  and D, should, of course, be equal within experimental

y
error.
 The relative signs are not determined uniquely because an

interchange of the x and y axes in Eq. (7) changes the sign of E. One
of the two possible choices of axes corresponds to D and E having the
same sign and the other choice corresponds to D and E having opposite
signs. It is important to assign the correct set of axes once the sign
convention has been chosen. This may be done using only one addi-
tional orientation of the magnetic field in the xy plane providing the
direction of H is not 45° from the x and y axes. One merely compares
the calculated splitting at this orientation with the experimental value.
Only one choice of the axes will give the correct splitting.

Obtaining the fine structure splitting at an arbitrary orientation
of the magnetic field is slightly more complicated because no terms

of the secular determinant vanish. Expanding the secular determinant

one obtains the general cubic equation
3 2 2 2 2 2 . 2 .2 2 .2 2
E" -2DE" +[D" - E" - (BH) (gxx sin” 6 sin“p + g gy Sin 6 cos“¢p
+ g;Zcosz§b)]E + [(BH)zsinze((D - E) gzxx sin’g
+ (D + E) g‘;y cos’@] =0 (19)

where 6 is the angle between the z axis and H, and ¢ is the angle

between the x axis and the projection of H onto the xy plane. This
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cubic equation is easily programmed for a computer. The H field is
scanned over a wide range and the quantities E . E, and E, - £_

(and E 4 E_) are calculated for each choice of H by the computer.
Since these energy differences must be equal to hy, one has only to
compare the computed energy differences with the laboratory micro-
wave cavity resonance frequency. This process is needed only once
to determine the choice of axes, but was repeated at intervals of
every 30° in the xy, yz, and xz planes to compare the calculated split-
tings of pyrene with the experimental splittings (Section V).

The zero field paramcters of the (¢3PCH3)+(TCNQ); and
(¢3ASCH3)+ (TCNQ); salts are so much smaller than the microwave
quantum (compare 0.006 cm ™ to 0.3 cm™) that a first order perturba-
tion method may be used to simplify the calculation of the fine structure
splitting. The details of the method are given in references ~and
of Section VI. One first quantizes the electron spin along the magnetic
field direction and relates this new set of axes (x'y'z') to the xyz system
using polar angles. Neglecting g-value anisotropies, Eq. (17) becomes

in the x'y'z' coordinate system

1 3, .. 2
3 = g8HS,,+ [5(8 cos’ - 1)D +5 (sin®0 cos®2¢)E]S , +

terms involving (S;, - S;,), SZ, 818,15 S, 15,1,

SY'SZ|$ Sztsyu and (SXrSyr + Sylsxt)' (20)
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‘T'he basis functions used in this case are the three eigenfunctions of SZ
11,1) = ao
1
|1,0) =272%(ap + pa)

Il)']-) =38

The only term of Eq. (20) yielding nonzero first-order corrections to
the energy is the S;, term. The fine structure splitting is easily seen

to be

d = [(3cos®6-1)D + 3(sin®fcos 2¢)E | (21)
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PROPOSITIONS
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PROPOSITION 1

The ion radical salts of tetracyanoquinodimethane (TCNQ) have
thermally accessible triplet states removed 0.03 to 0.4 ev from the
ground singlet state.l The ESR spectra are consistent with the be~
havior of triplet exciton states rather than localized and immobile
triplet states. 2,3, However, since there have been only a few ob-
servations of triplet excitons, further experimental evidence fdr such
states is desirable. In this proposition a nuclear magnetic resonance
experiment is suggested which should distinguish between localized
triplet states and mobile triplet exciton states in ion radical salts.

Nuclear magnetic resonance techniques have been used to deter-
mine the magnitudes and signs of the isotropic hyperfine coupling

4.5

constants, a, of several paramagnetic systems. " The effective

nuclear Hamiltonian is
3 = -g B HL +ahl$, (1)

If the lifetime 7 of the electron spin in a given state is sufficiently
short so that ar <« 1,the proton will see a single average hyperfine
magnetic field (SZ) much smaller than the instantaneous value, 6,7

The Hamiltonian becomes in this case
K = —ganHIZ + ahIZ(SZ') - (2)

and if kT > ge[BeIH
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(8,) = -g4|Bg|S(8+1)H/3KT (3)

Combining Egs. (2) and (8) one obtains for the constant frequency

experiment

AH = —age2 B e2 S(S+1)H/ g,8,3kT (4)
where

AH= H - H,

and H, is the magnetic field of the unshifted (a = 0) line.

Consider first the possibility that the thermally accessible
triplet states are populated by immobile and localized triplet excita-
tions. The proton isotropic hyperfine splitting constant of the TCNQ"
radical in solution is 1.39 gauss. If the triplet spin density is de-
localized over two TCNQ molecules, the coupling constant is approxi-
mately 0.70 gauss. Assume that strong exchange interactions of the
form J8S, '8, exist between neighboring triplets and shorten the lifetime
of the spin states. No hyperfine structure is resolved at 77°X, so
evidenily at « 1 for all T> 77°K. This inequality probably also
holds for some T <T7°K.

From Eq. (4) one would predict a line shifted by an amount AH,
the shift increasing linearly with decreasing temperature. Thus in a
field of 14 Kkilogauss the shifts are 2.1 and 7.5 gauss for 273°X and
T7°K respectively. There also exists one unshifted line which
corresponds to protons of molecules in the singlet state. The intensity

of the unshifted line is approximm tely independent of tempe r alure and
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the intensity of the shifted line follows the relation I «c 1/T X
[exp(J/KT) + 3] where J is the singlet-triplet energy separation.
For the salt (¢,PCH,)" (TCNQ)~ (1), for example, J = 0,065 ev.
The signal intensity of this shifted line is sufficient for observation
above liquid nitrogen temperatures by a standard wide line NMR
spectromeler.

Second, consider the possibility that the thermally accessible

triplet state is populated by mobile triplet excitations.8

If the exciton is
moving fast enough so that ar << 1, the electron's field at the nucleus
is again averaged and a temperature-dependent shift of the nuclear
signal is predicted. Since each proton effectively sees the same
average exciton spin density, the shift is related to the magnetic

susceptibility. The following formula is readily obtained?
AH = -2agf g ; H/g B, kT[exp(J/kT) + 3] (5)

A maximum shift occurs when T ~ J/ 1.6k or ~ 470°K far 1. Above
this temperature the shift drops off roughly as 1/T and below it de-
creases moré rapidly. There is no unshifted line. In a field of 14
kilogauss the shifts obtained from Eq. (5) are 0.2 and ~ 10™* gauss
for 470°K and T7°K respectivel y.

These experiments are somewhat marginal since even the larger
predicted shifts are of the same order of magnitude as the line widths.
However, other systems, for example the radical «,a-diphenyl-g-

- picryl hydrazyl, have been studied under conditions in which the

shifts were approximately equal to the line widths.” 10 The above
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experiments should, therefore, also be feasible.

Added Note. This suggestion was originally submitted as a
candidacy proposition in March of 1962. Since this time the ion
radical salt Wurster's Blue Perchlorate (WBP) has been extensively
investigated by ESR [D.D. Thomas, H. Keller, and H. M. McConnell,
J. Chem. Phys., 39, 2321 (1963)]. WBP undergoes a phase transi-
tion at 186°K. Below 186°K the cation radicals pair up to form
ground singlet states and thermally accessible triplet states. The
ESR spectra indicate that the electronic excitations are triplet excita-
tions. Very recently Kawamori and Suzuki [ A. Kawamori and K.
Suzuki, Mol. Phys.,8, 95 (1964)] have performed wide line NMR
experiments on WBP similar to those proposed above. The WBP
NMR shift roughly obeys Eq. (4) from room temperature to ~190°K.
Below this temperature the shift is in qualitative agreement with
Eq. (6). These NMR results are consistent with the exciton inter-

pretation given by Thomas, Keller and McConnell.
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PROPOSITION 2

The catalytic or radiation-induced polymerizations of
acetylenes in solution (or inthe gas phase) give poor yields and poly-
mers of poor quality. Most of the polymeric products are liquid and
tarry substances of an aromatic nature. 1,2 The mechanisms of
these reactions have not been completely elucidated.3 Several authors
have suggested that the fragment CH=CH-CH=CH-CH=CH forms from
acetylene and rapidly cyclizes to yield benzene (or benzene deriva-
tives). 1 Other products observed are divinylacetylene (CH,=CH-C=
C-CH=CH,) and polymers which probably contain cyclobutane and
cyclobutene rings. 1,2 If only linear additions were allowed, however,
long unsaturated polymers might result. We propose a synthesis of
semi-infinite polyenynes , semi-infinite polyenes, and a new class of
organic semiconductors using a helical template to orient the acetyl-
enic monomer molecules during the polymerization. |

The word "'synthesis' is used here in the biological sense and
we will find it convenient to discuss the reactions in terms of templates,
substrates, and a source of energy to initiate the reaction. The tem-
plate in all cases is a helical urea or thiourea structure. The sub-
strate is, of course, the unsaturated monomer and the source of
energy is a photon or electron. There are an average number of
"ifs" in the following discussion. However, a great number of "ifs"

4,5,6 and

have been removed by the recent work of Brown and White,
a review of the pertinent aspects of their work is necessary in order

to discuss the synthesis of unsaturated polymers. Brown and White



-190-

prepared the urea and thiourea inclusion compounds of a great number
of molecules containing double bonds by using well known methods.
The crystalline inclusion compounds were then subjected to x-irradia-

tion. The ensuing polymerization my be schematically represented

as:follows.6
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After the inclusion compounds were irradiated, the substrate was
removed with water (or other solvents) and the polymers were studied
by the usual methods.

The important results are: (1) Long chains resulted from the
polymerizations. In a typical dimethylbutadiene polymerization, a
short burst of high intensity (2.3 x 10° r/sec) irradiation caused a
70% conversion to polymer in thiourea. The yield and quality of the

polymer were independent of temperature over the range -78° to
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+30°C. (2) under similar conditions and irradiation doses no poly-
merization occurred in any monomer in the liquid phase. This
dramatically illustrates the importan ce of the template. (3) The
chain growth in the canals probably occurs very rapidly; during
irradiation a sharp temperature rise associated with the heat of poly-
merization was observed. (4) The highest molecular weights obtained
in urea were ~ 100,000.and in thiourea ~ 10,000. These polymers
may be considered short by polymer chemists, but they do indicate
that vacancies and impurities in the canals are not a major problem.
(5) In all cases where a solid polymer was produced, the product

left after template extraction consisted of small needles with well de-
fined crystal faces. X-ray diffraction patterns of the needles indicate
that the chains are lined up parallel to the axis of the needle and that
the polymers are highly crystalline (perhaps pseudomorphic). The
needles showed well defined extinctions when rotated between crossed
polaroids. In the words of Brown and White: "Apparently, when the
thiourea (or urea) is extracted from a polymerized complex, the
polymer chains collapse together but do not loose the parallel align-
ment which they had in the complex." (6) In several cases the
crystalline polymers crosslinked on standing at room temperature
after the template had been removed. (7) The polymers formed are
apparently all trans. (8) And finally, copolymers could be formed by
including more than one substrate into the template. Ag in any
template réaction, substrate specificity 1imits the molecules which

can be reacted. The classes of compounds are now well known,
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however, and - linear molecules nearly always include in either urea
or thiourea (or both).

Turning now to polyenynes, it is evident that acetylenes rather
than ethylenes must be employed in the synthesis. We first note that
there has been no published work on polymerizing acetylenes in in-
clusion compounds. Acetylene itsell probably will not form urea or
thiourea inclusion compounds because of its short length. (It may be
possible to utilize molecular sieves for this purpose and this should
be attempted. However, it is unlikely that the acetylene molecules
would be held end to end and cyclic polymers would probably result.)
A much more likely candidate is butadiyne and we suggest that this
compound be investigated initially (although the highei‘ "n?yne,s" would

be equally interesting). The desired polymer is (-C=C-HC=CH-C=
C-HC=CH—)n, Butadiyne polymerizes in solution above about 0°C. 1
However, the inclusion compound may be formed at temperatures

well below 0°C and if the inhibitor (present in many industrial samples)
is sufficiently bulky, it may be left in solution since it will not be in-
cluded in the template, The solubility of molecules forming in-
clusion compounds is greatly increased when urea is added to the
solution. This implies a degree of association between the template
and substrate in solution and this in turn should aid in reducing the
tendancy for random ‘polymerization during inclusion compound
formation. Finally, we may add that acetylencs are known to form

inclusion compounds. 7

A similar route to polyenes is proposed. In this case, the
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monomer is 1,5-hexadiyne. The initial polymer will probably be
(-HC=CH—CH2-CH2-C‘='C-)n and the question arises as to whether this
polymer can be isomerized to the linear polyene. It is possible that
the linear polyene is actually formed during, or soon after, the poly-
merization. It is even more likely that this isomerization could be
accomplished by thc application of heat or some other form of energy
(unlike the solution case, the polymer is isolated and should exhibit
a reasonable thermal stability). For example, an electric discharge
could cause a permanent dielectric breakdown of the individual insula-
ting units, A third possibility is chemical isomexfization. Recently
Sondheimer, Ben-Efraim, and WolovskyB have discovered that
1,5-enynes can be isomerized to linear polyenes by means of potassium
t - butoxide in t -butyl alcohol. By this method these authors were able
to sunthesize linear polyenes containing as many as ten carbon atoms.
The chemical route to long polyenes would, of course, require partial
or total solution of the polymer. I successful, these synthetic routes
could be extended to substituted polyenes.

The long polyenynes and polyenes are of great interest in ab-

sorption spectroscopy. 9

Perhaps of more importance is the possi-
bility of obtaining one, two and three dimensional organic semicon-
ductors. All presently known purely organic semiconductors except
polyphenyls and relaited compounds, are in a sense’, zero dimensional.
That is, the electronic forces between adjacent molecules are rela-

tively weak and there is no direct w~electron conduction path through

the crystal. The poly-p-phenyls are one-dimensional conductors
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in that there are one-dimensional conduction paths along the phenyl
rings of the polymer. However, these polymers are infusible
amorphous powders and are apparently unsuitable as semiconduc-

1:01':’-:».10’11

The polyenynes and polyenes are also one-dimensional
semiconductors. It is doubtful that a macroscopic crystal of un-
broken chains could be formed because of impurities and irregu-
larities in the lattice. However, the single polymer strand conduction

path in one direction could be quite long, perhaps on the order of

100,000 A. Since all conduction paths are parallel, this class of
organic polymers could easily have carrier mobilities much larger
than those of any previously reported organic semiconductor. Two
and three dimensional organic semiconductors are possible in the case
of enyne polymers through crosslinking of the linear chains. This
could provide a macroscopic number of unbroken 7-eleciron paths

through a large single crystal.
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PROPOSITION 3

The valence-state concept was introduced by Van Vleck. 1
Mulliken2 constructed a table of valence-state energies and this table
was later expanded by Skinner and Prichard. 3 Mo;fﬁtt4 has also made
valuable contributions to the theory of valence states. Very recently
Companion and Ellison5’ 6 have constructed tables (based on Moffitt's
approach) which enable the rapid expansion of valence-state energies in
terms of spectroscopic energies. The theory of valence states developed
by these authors has been useful in relating the electronic properties of
molecules to known atomic properties. For example, many of the
integrals encountered in molecular calculations can be estimated from
atomic spectroscopic data. We review here the development of semi-
emperical one-center coulomb integrals in terms of valence state
energies and suggest a modification of the method used to estimate the
integrals when there are two m-electrons on one center.

Pariser7’ 8 estimates the carbon one center coulomb integral

(CC‘ CC) using the relation
(CC]CC)=IC+AC (1)

where Ic and A c are the appropriate valence state ionization potential
and electron affinity, respectively. The rationalization of this step is

based on the simple charge transfer process

C+C— C +c*
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The electrons shown are 7 electrons and the remainder of the electrons
are in sp2 hybrid orbitals. According to the Goepperi-Mayer and
Sklarg (GMS) theory the total m-electron energy on the left is ~2I ¢ while
on the right it is ~2I_ + (CC| CC). The energy difference is thereforc
(CC| CC) and this may be equated to the value of I . - A, obtained
(indirectly) from experimental spectroscopic data. Eq. (1) is also used
to evaluate integrals over oxygen and nitrogen orbitals, provided that
each atom contributes one electron to the 7-system. If the atdm con-
tributes two electrons to the m-system, however, the interpretation of
the charge-transfer reaction is not as clear. Very few attempts have
been made to obtain semiemperical coulomb integrals for the two

electron case. Using nitrogen as an example, Pa]_()niloa 11

argues that
the charge transfer process 2N — N* + N~ should be replaced by
the process

oN" — N+ N (@)

This is a reasonable extension of the arguments of Pariser. To obtain
a better understanding of the problem it is necessary to expand the
valence-state energies in terms of spectroscopic energies and to quanti-
tatively relate these energies to the coulomb and exchange integrals.
For a specific example, we will discuss the semiemperical integral of
oxygen.

To obtain the valence-.state energies in terms of spectroscopic
energies, one first writes down the valence-bond wave function, 2, of
a given structural formula as a linear combination of antisymmetrized

1-6, 12

product wave functions, D;. Since configurational interaction is
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neglected, only one valence bond function is considered. The Di are
then written as a partially antisymmetrized product of normalized
determinantal wave functions DM, one for each of the M atoms of the

13 The DM are expanded in terms of the atomic eigenfunc-

molecule.
tions fbﬁ‘ of the atom A, and the coefficients I‘J o Of each product of the
@f are collected in a systematic fashion. One then imagines that the
molecule is completely dissociated in such a manner that the coefficients
Pja retain their values for the equilibrium internuclear distances. The
resulting nonstationary state of the atoms is therefore a simple product

(without antisymmetrization) of the éﬁ"s and atom A may be considered

to be in the nonstationary valence state4
ol -z eétgh
a o o

where GaA is the sum of the | %alz. The energy of the valence state is
the sum of the products of the spectroscopic-state energies times the
factors, G‘j.

As an example, consider the O ~ H radical. One possible valence

bond structure for this radical is
Q=-|P, B PBh -— |P,P P RY
Y Y R SR N

where P+ , - are the 2p orbitals wita m, = +1,0, -1, his the hydrogen
1s orbital, and the oxygen 1s and 2s filled shells have been omitted.

Expanding the single detcrminantal wave functions, one obtains

o 4 _
P B, P Bh] —% [1-2 2] |2, B,R R |n|
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PP, P P, h| = 1|P. PP P, | |n]

—[1-
J5

and from the tables of Companion and Ellison (or by the procedures given

by Eyring, Walter, and Kimball“)

gy 1 0 1 0 3
|P+P+P_P0| = 7_2_—[-6@ ('D,1,0)+ & (“P,1,0)]
P, 2. P P,| =% (p,1,1)
|h| = @h(zs, 0,%) and |E| = @h(zs, 0, -3)

The standard notation is used for the stationary-state functions
@(ZS+IL, My, MS) and the operator Pij only permutes electrons between
different determinants, DM (electrons 1-4 and 5 are associated with
oxygen and hydrogen, respectively). The valence bond function before
dissociation is

5

ﬂ=71_-—[1-7P5][%<I>(1D10) " (%5,0,4) + 38 (°p,1,0)8" (%5, 0,-3)
1 03 h 2o o
-_ﬁé(P,l,l)é(s,o,-z)]

The energy of the oxygen atom in its valence state is therefore

E(C; s%yz, V,) = E(O; 8% ,0,0) =+ E(D) + 1 ECP) + 2ECP)

-3ECp) + L E(D)
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likewise

E(0%; s%’z; V) = 1 (D) + 1 E(2P)
E(07; s*¢’yz®; V,) = E(ZP)

Here V; is the number of singly occupied orbitals and x,y, and z denote
the 2px, 2py, and 2pz orbitals, respectively. These same valence-state
energies may be obtained from the valence-bond functions of other mole-
cules (H,O, for examp1e4). Numerical values for the valence-state
energies are obtained from experimental spectroscopic data using these
equations.

The valence-state energies may be further decomposed into the
atomic I, J, and K (core, coulomb, and exchange) integrals by methods

similar to those of Eyring, Walter, and Kimball. 14 The results arew'l'7

0
E(0 ;s*'yz; V;) = E o +4 L+ Ty + 5 3y -(5/2)1(Xy (3)

-+
E(07; 82 Vi) =Egque+3L,+J, +2J -K_ 4)

E(O; szxzyzz; V,)=E

core+51p+2Jxx+8J -4 K (5)

Xy Xy

where X and y are the 2p functions which have vanishing components of
angular momentum about the x and y axes, respectively, and z =p,.

Using these relations the energies of the reactions

O~ (s*x*yz*; V) —» o) (szxzyz;Vz) +e” AE = A,
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O'(s*x*yz; V,) — O*(s*y’z; V,) + &~ AE =1

are readily obtained in terms of I, J, and K. Collecting terms one

oblains

Jex = (OOI 00) = E(0%; szyzz; V,) + E(O7; s*xPyz?; V) - 2B(0° s?x%yz;V,)
=1-A (8)

or, from the valence-state data of Parks and Parr, 16

(00| 00) = (17.8) + (-2.2) - 2(0.49) = 14.6 ev

The integral (OO[ 0O0) may also be developed in terms of the
energies of the singly and doubly ionized atoms. The resulting expres-

sion is

(00| 00) = Iox = E(O'", s’yz, V,) + E(Q°, s’%°yz, V,) - 2E(0F, s’xyz, Vs)
(7)

or
(OO|OO0) = (49.4) + (0.5) - 2 (15.3) = 19. 3 ev

The 19. 3 ev value results from the quantitative treatment of the
charge transfer reaction (2) and the 14, 6 ev value is the same as that
obtained from Eq. (1). The difference arrises from the common orbital
treatment rather than errors in spectroscopic measurements. We
suggest that Eq. (6) leads to a more reliable estimate of the coulomb

integral than does Eq. (7). Eq. (7), which involves the second ionization
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potential of oxygen, is formally consistent with one extension of the
GMS theory to the two m-electron (one one center) case. However, even
the first ionization pote.ntial of the atom in the molecular environment

is smaller than the value calculated from the valence-state theory. The
effect on the second ionization potential is difficult to predict.

Certainly the molecular properties of interest depend more critically on
the first ionization potential of oxygen than on the second ionization
potential. When using Eq. (6) in a modification of the GMS theory, it
may be advisable to estimate the orbital energy by the first ionization
potential (plus a coulomb term) rather than the second ionization poten-
tial. Improvements on the common orbital method should be made.
Julg, 18 among others, is considering this problem and the results
published so far are similar to those obtained from Eq. (1).

As a final comment, we suggest that equations similar to (6) be
used in place of Eq. (1) to obtain the semiempirical value of the coulomb
integral. 19 Formally the results are the same. It is relatively easy,
however, to employ an incorrect valence-state energy when using
Eq. (1). The only purpose in considering the quantity I - A is that,
for a particular choice of three valence-state energies all core, ny,
and ny integrals cancel leaving only Jxx' There are usually several
valence-state energies to choose from. For example, one alternate
choice for the first method given above is E (O+1; s’xyz, V;) and two
+1

alternate choices for the second method are E (O

E (O+2

; s°xyz, V,) and
; 8°2°, V,). The energies do not always differ sufficiently to

make the choice an obvious one. If the energies are systematically
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expanded in terms of atomic integrals, however, the choice is obvious

because the cancellation of all core, ny' ny integrals occurs for

only one combination of the valence-state energies.

[y

W
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corresponds to Moffitt's random spin argument). For example,

L ,
((41)°2 Pijssxxyz|i25ccore(i)

+i%;j 1/ rijl (41)7% Pijsé'xiiyz) gives

Eq. (3). One obtains better insight, however, by expanding the
spectroscopic state wave functions into single determinantal
functions and then expanding the matrix elements of these functions
into atomic integrals by the methods of Eyring, Walter, and
Kimball. 14 (One must, in general, expand the Jre Kpe ete.

into F and G functions and then collect terms, )
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PROPOSITION 4

The chemistry of micelles continues to be one of the more active
fields of colloid and surface chemistry. A micelle may be defined as a
thermodynamically stable association colloid formed by three or more
amphipathic molecules. 1 Partly because of their importance to the
soap and detergent industry, the overwhelming majority of papers
published on micelles have delt with detergent micelles in aqueous
solutions. There is also a growing literature on micelle formation in
liquid hydrocarbons. Dramatic changes frequently occur in the physical
propert_ies of the colloid when small amounts of water are added to the
nonaqueous solutions. The properties of the (semi) nonagueous solu-
tions are the subject matter of this proposition.

Many proposed structures and properties of nonaqueous micelles
are deduced from the extensively-studied aqueous systems. In water,
the ionic amphipaths (e. g. sodium dodecyl sulfate) cluster into micelles
at concentrations exceeding the critical micelle concentration (c. m. c. ).
The hydrophilic parts are exposed to the water while the hydrophobic
hydrocarbon chains extend into the interior of the micelle. 2 In non-
aqueous solvents, just the opposite arrangement is presumed to exist;
the polar heads of the amphipatic molecule are buried in the center of
the aggregate and the hydrocarbon chains extend into the solvent, 2,3
Because of this inverted structure, the nonaqueous micelles carry no
excess charge and therefore cannot be studied by the usual conductivity

methods. Several physico-chemical techniques, including density,



-206-

ViSCOSity, osmotic pressure, and ebullioscopic methods, have been
frequehtly employed to investigate the size and shape of the micelles. 1-4
Most of the methods used, however, give only the average detergent
content and average water content of a micelle. It is of interest to
obtain information regarding the distribution of water molecules in the
micelles and for this purpose a nuclear magnetic resonance experiment
is proposed. Consider the typical oil-soluble surfactant bis-(2-ethyl-
hexyl) sulfosuccinate (Aerosol OT), for example. In anhydrous dodecane
Aerosol OT is present in micellar form. The c. m.c. of Aerosol OT
has not been determined but the micelles are apparently present even
for very low surfactant concentrations. Typical solutions contain 1-10 g.
“Aerosol OT in 90 g. of hydrocarbon solvent. 1,4 The average number
of Aerosol OT molecules per micelle is ~ 30 in a solution containing
1 g. Aerosol OT and 100 g. dodecane. 1 The micelle diameter is
thought to be roughly twice trhe effective length of an Aerosol OT mole-~
cule.

As water is added to the solution it is solubilized by the detergent
and presumably occupies a position near the centér of the micelle.
One observes that the average micelle size increases as the water is

added to the system. 1+ % 2

The position of the H,O proton NMR signal
should be sensitive to the ratio of the detergent concentration to the
water concentration of a given micelle. For one water molecule, the
down-field shift due to the ion is éxpected to be on the order of 4-10
ppm depending on the cation employed. There is also an up-field shift

caused by the breaking of hydrogen bonds and the magnitude of this shift
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will depend on the structure of the micelle. 6 It is highly unlikely that
these two shifts will cancel. All H;O protons on the interior of a given
micelle will exchange rapidly, producing a single sharp line character-
istic of the size and shape of the micelle. The resulting shifts will be
difficult to calculate but one should be able to obtain a measure of the
micelle uniformity from the line width data. The line will be inhomo-
geneously broadened il the waler: delergenl ralio varies greally among
the micelles. Initially, one should look for a difference in line width
as a function of water and detergent concentrations, Temperature,
pressure, and solvent studies would also be useful. Aromatic and
aliphatic protons may, of course, be replaced by deuterium. A compa-
rison of the NMR and X-ray data would be useful. From X-ray data on
nonagqueous and agueous micelles, Winsor8 suggests that three types of
micelles, spheroidal lipophilic, spheroidal hydrophilic, and lamellar,
coexist in solution.

Density measurements have been reported on a series of solutions
containing 0.1-20 g. water and 10 g. Aerosol OT dissolved in 90 g.
n-dodecane. > The apparent specific volume of water is 0. 91 for 0.1 g.
water in the solution. As more water is added the apparent specific
volume increases rather sharply. After 2 g. water has been added the
specific volume increases more gradually and approaches a value of
1. 00. Mathews and Hirschhorn5 interpret these results as indicating
that the initial increments of water strongly hydrate the polar groups
'of the detergent. Additional water is considered to retain its bulk

density in the micelle. In view of these data we propose that an attempt
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be made to freeze the solubilized water by increasing the pressure,
lowering the temperature, or by a combination of these techniques.
If a solid core of ~ 50-100 water molecules rotates sufficiently rapidly,
a sharp line will be observed in the NMR spectrum. There will also be
a shifted line from the water molecules surrounding the ions of the
detergent. Nonrotating microcrystallites would not give high resolution
NMR signals but in either case an effect on the NMR spectrum should
occur as the crystallite forms. It may be possible to obtain information
regarding the amount of water solvating the ions relative to the amount
present in the central core.

These experiments are obviously nontrivial. There are, however,
a large number of possible solvent-detergent combinations which could
be studied. Several sulfonates have been reported other than Aerosol
OT. 1-4,8 Oil-soluble alkali metal phenylstearates are known to form
micelles. 9 The viscosities of the lithium, sodium, potassium, and
cesium salts of phenylstearic acid in benzene decrease sharply as
water is added to the solution. Apparently spherical micelle formation
occurs only after water has been added(in contrast to the sulfonate
case). Several other soaps and detergents have been reported as

detergent additives and corrosion inhibitors in lubricating oils. 1,3
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PROPOSITION 5

Many magnetic resonance investigations of aromatic hydrocarbons
in their triplet states have been reported since the classic experiments
of Hutchison and Mangum. 1 It is logical to extend this work to excita-
tions confined to two molecules. Sternlicht and McConnell2 have
calculated the dimer excitation spectrum as a function of the excitation
transfer rate between two translationally-nonequivalent sites. As the
transfer rate is increased the monomer lines are homogeneously
broadened. For very fast transfer rates the fine structure doublet is
represented by the average of the two monomer spin Hamiltonians.
Here we propose methods for distinguising the dimer signals (in the
fast transfer limit) from the monomer and impurity signals. It is
instructive to consider a specific system and we arbitrarily choose
naphthalene in a curene lattice. The right-handed coordinate systems

for the monomer and dimer are taken to be3

Y X
S
X z
~~ '

MONOMER DIMER
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where x,,y,, ‘zl' and X,, V,, 2, are the magnetic axes of the two naphthalene
molecules.

The monomer spectra may be calculated by standard methods.
To obtain the dimer spectra it is convenient to first calculate the effec~
tive zero field parameters, D;, and E,,, of the dimer. These parameters
may then be used to obtain the dimer spectra by the usual methods. The

individual dipolar Hamiltonians % and 3¢, for the two naphthalene mole-

cules are
2 2 2
=DS_+E(S -8 1
% =DS, +E (S, -8) | (1)
2 2 2 .
- - 2
% =D§, +E (8, -8)) (2)

where D/he = 0. 1003 em™! and E/he = -0.0137 em™. In the dimer

coordinate system the dimer Hamiltonian 3¢, is
%, =3 (6 +3) = [D - (D - E) sine] S, +[3(D - E) sin o]

(s;+s;)+[E+§(D-E) sin”a] (8}, —s;) (3)

, 2z ' .
Substituting S + @ = & - 5, and omitting the operator §, Eq. (3)

reduces to

N : 2
6, = [D -3(D - E) sin’a] &, +[E+3(D- E)sin'a] (5, -5) (@)
and D,, and E;, for the naphthalerie dimer are

D,, = [D - £(D - E) sin‘a] | (5)
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E, = [E + (D - E) sin’a] (6)

for our model = 45° and therefore D;,/hc = E;,/hc = +0. 01480 cm™,
Either or both the monomer and the dimer spectra may be
observed experimentally. Consider first the case where both monomer
and dimer signals are observed., The two translationally-nonequivalent
monomer sites will give rise to a total of four Am = + 1 {ransitions.
The dimer will only have two Am = 1 transitions and this aids in
distinguishing the dimer signals from impurity signals (the impurities
being other phosphorescing aromatic molecules in the lattice). When-
ever ''spurious' resonances are observed, we suggest that the positions
of both the dimer and monomer lines be calculated and compared to the
experimental line positions. A plot of the monomer and dimer splittings
when the magnetic field is in the x,y, monomer plane is shown in Fig. 1.
The microwave quantum was chosen to be 0. 3210 cm™" (typical X band).
The 0° and 90° positions correspond to the magnetic field being
parallel to the X, and y, axes, respectively. One interesting feature of
Fig. 1 is that the center of the dimer (xxx) doublet is shifted up field
from the center of the doublets of monomer one (---) and monomer two
(--~-). Along the y, axis the magnitude of the dimer and monomer
splittings are the same, but the dimer lines are again shifted to higher
fields. Another distinguishing feature is that the dimer splitting
vanishes when the two monomer splittings cross. We propose that this
phenomenon be investigated for more general models. (This is

algebraically tedious but may be accomplished using the definition of
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Figure 1. The fine structure 5 11tt1ngs of the monomers (-~-,-+)
and of the dimer (xx s)vs rotation of the magnetic
field in the molecular plane of one of the monomers.
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D,; and E,, and the general cubic equation given in Appendix ITI. ) If it
can be shown that the dimer lines coalesce whenever the monomer

lines cross this would be a very useful rule in identifying dimer signals.
In any case the splittings rather than the signal intensities must be
considered because the relative concentrations of the monomers and
dimers are not known. In some crystals it is conceivable that pairs

of guest molecules are incorporated into the lattice, yielding a high
dimer concentration. In other crystals (such as naphthalene in durene)
the concentration of monomers is apparently much greater than the
concentration of dimers.

If only the dimer lines are observed the problem becomes more
difficult. As mentioned above, the dimer splittings will not have the
symmetry of the displaced host molecules (when there are two transla-
tionally-nonequivalent lattice sites there is only one dimer). One
principle magnetic axis of the monomer is perpendicular to the aromatic
plane of the displaced host molecule and this is not in general true for
the dimer. Both of these differences should help in identifying the dimer
spectra. Unfortunately, if the guest molecules do not occupy substitu-
tional sites it is remotely possible that neither the monomer nor the
dimer signals would have the expected symmetry properties. We,
therefore, propose the following experiment to distinguish between
monomer and dimer signals (When only one doublet is observed). A
mixture of 50% perdeuterated and 50% protonated guest molecules
should be incorporated into the lattice. The triplet state of the per-

deuterated molecule is lower than that of the protonated molecule by
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~ 10 cm~'. At low temperatures, therefore, one would observe a
large signal intensity from the deuterated monomer even though it is
adjacent to a protonated monomer. The energy difference between the
deuterated and protonated molecules can be controlled by the extent

of deﬁteration, so that it should be possible to prepare a crystal which
exhibits dimer signals at one temperature and a combination of dimer

and monomer signals at a lower temperature.
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