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ABSTRACT

 The cation radical of chlorpromazine in solution
was studied in detail by electron sﬁin resonante. The 16
line spectrun Was.interpfeted in terms of a nitrogen atom,
twoiequivalent protons at the first side chain carboh atom,
and 'three almost equivalentvprotons from the ring system.
. The relative magnitudes of the splitting constants require
many of the. spectral iines to be coincident, and the res-
ult is the 16lline spectrum observed. Analysis of the
splitting constants was done using Huokel molecular orbital -
calculatiohs, from which it was deduced that the chlorprom-
azine cation structure is folded about the N-8 axié, with
an included angle of 104°, '

The spectral asymmetry observed in sulfuric acid
solution was interpreted in termé of random molecular motioms
causing a fluctuating environment to arise at the nuclear
positions. This leads to a modulation effect on the nuclear
magnetic moment, and 1é responsible for.linewidth variatibn.

Further broadening due to exchange effects is discussed

~ qualitatively. The asymmetry of the spectra enable the sign

of the nitrogen splitting to he estimated -- it was'founq to
be pbsitive. |

A brief discussion of the electrical properties.of
chlorpromazine, using HMO calculations, was included, and
some discussion of the mechanism of chlorproﬁazine drug action

was also considered for completeness.
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INTRODUCTION

The many and intricate probléms involved in un-
dersténding.such an apparently simple thing as a living cell
have resulted in much attention being focussed on the bhio-
logical sclences byvstudents of the physical sciences. The
chemical and physicallquestions are often within the realm
of physical science, espécially when separated frombthe_bio—
"1ogica1 structﬁre, and so there is no barrier preventing
overlap of the different diséiplines. The separaﬁion of the
soiencesvinto;various-departments has often resulted in dup-
"lication of experiments and loss of potential applibatidns
to a subject reqﬁiring a fresh approach. ~Now, however, many
fields described_vériously as biophysics, neurophysics, bio-
chemical physics, quanﬁum biology, etc., are Offeriﬁg a chal-
lenge to scientists'who want,to apply pure physics, fpr ex-
émple, to theiproblems'qf cell'memhrahes.

Electfdn spin resonance (esr) studies éfe especially
.adaptable to many biological probiems, and the systems studied
.often involve very complicated molecules., Careful approxim-
_ations ére then needed to apply the theories of esr to such
molécuies, without losing too much information about the bio-
molecule. Simple biomolecules are,‘of'coufse;.being studied
most, and in this-work'a relativeiy simple drug molecule was
examined. Drugs are not usuvally species native to liv@hém§
(especially animal) systems, but_do.intefact in interesting

and generally unknown ways (unknown in the sense that the mech-
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anisms of drug action are not precisely understood at the
cellular and molecular levels, in many cases).

Chlorpromnazine (CPZ):

A /
(/g H2)3N(C H3)2 |

“where the numbers indicate the nunbering convention to
be used in this-work, is easily available to esr study, and
is an asymmetric structure;.‘Most esr theory has been estab-
lished for éymmetrical species, for mathematical convenience,
so an ‘esr study of CPZ should_enablé a comparison tb be made
between the résults generally obtained for symmetriéal mol-
eculés énd.the interpretation of a molecule like chlorprom-
'aéine. |

Chlorpromazine is usually used as a hydrochloride,
and is a white polycrystalline solid that is readily oxidis-
‘able by biologicél, chemical,'and electroéhemical méans, and
also exhibits botﬁ impurity and intrinsio'éémi—conductor pro-
_perties.

The simple theories to be applied tb this esr étudy
of CPZ are hoﬁed to provide evidence that the techniques of
chemical physics, for example, may,be'of use in»explaining_
.Biologioal functions. Most of the work here will concentrate
‘on explanatiéﬁfof the esr-speqtra end physical propértieéngf
CPZ, but some qualitative discussion will be given to the

role of chlorpromazine as a drug.
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EXPERIMENTAL METHODS

A: ESR_SPECTROMETERS

Two spectrometers were used. The first, designated
ESR-3, is similar to the Varian V-4500 100KHz unit operating
at X-baﬁd frequency (~9200MHz), with microwave power supplied
by a Varian V-153 klystron with Kepco transistorized DC power
supply o stabilise the filament voltage. The magnet is a
Varian V-4012 12" model with 2.5" pole gap, modulated at IOOKHz.‘
The magnetic measured with a proton resonance magnetometer;
with the probe conneoted to an FM-modulated 20Hz osoillator.
The oscillator suppliés a variable fréquency of about 14MHz
to the probe; and the frequeﬁcy is read off a Hewlett Packard
5425L electronic counter after being made to beat with a sig-'v
nal generator., Power was ménitored with a Hewlett Packard 430C
microwave power meter. |

The other spectrometer was a Variéh E-3 bench model.
This instrument has a 4" magnet with 1.2" pole gap and is mod-
ulated at 100KHz. vﬂicrowave frequency and power are read‘off
the microwave bridge, and field measurement is by means of a
Fieldial. Accuracy is +3% of the field reading. This, of
course is considerébly less accurate than the proto& resocnahnce
magnetometer,'whichnis accurate to about 0.1G., The E-3 has

an X-Y recorder for signal output.

'B: SOLVENTS USED
Nitromethane (CHBNOZ) and acetonitrile (CHBCN) were
obtained from Eastman Organic Chemicals (Spectro Grade), and

- were used without further purification., When not in use, the
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solvents were kept under vacuum. Sulfuric acid (HZSO&)
was obtained from British Drug Houses (Analar,_95.5% min, )

and was dried on a vacuum before use,

C: COMPOUNDS INVESTIGATED
| Chlorpromazine~HCl was obtained from Pouienc, and

was used.withouf further treatment. Promazine-HCl was a
gift of J. Wyeth Co., and was also used without further treat-
ment. |

For the electrolytic oxidation, the auxiliary com-
pound used as supporting eleétrolyte was LiClOu'(G.F. Smith
Chemical company), and was dried over vacuum for several days
before use. It was found that the electrolysis failed to
give a stable radical if éll compounds were not dried care-
fully béfore use. | |

Chemical oxidation in nitromethane/aluminum chloride
used aluminum cﬁloride obtained from British Drﬁg Houses. The
highly hygrbscdpic nature of AlClB.meant that it had to be
stored over a vacuum all the time.

D: VARTABLE TENPERATURE APPARATUS

_ Temperature variation was effected using a Varian
V-45047 Variable Teumperature Accessofy. For low temperatures
dry nitrogen gas was passed through a stainless steel coil
which Wés immeréed in a suitahle coolant. The cooled gas
then passed through a cylindrical dewar eguipped with a stick
heater, and into a special dewar situated in the cavity. To
control the temperature either the flow rate could be adjusteéed

or the heater could be used to warm the gas, For high temp-
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erature ﬁork, the cooling device was omitted and'the'stick
heater_used to warm the gas to the desired temperature.

Temperature was méasured with a copper/oonétantan
thermocouple and a Rhodes potentiometér. During all runs
differiﬁg from room temperature, the cavity was kept at a
reasonably constant temperature by passing dry nitrogen gas
through it. The-temperature variétion for all runs was ne&er
worse than +2°C, and was often constant to within 0.2 degrees
for a particuiar run.

" E: SAMPLE PREPARATION.BY ELECTROLYTIC OXIDATION

An electrolysis cell designed by P.H.H. Fischer (105)
was used, with best results obtained using acetonitrile as the
solvent and L10104 as the.supporting electrolyte. The solution
was prebared in the cell by dissolving CPZ and LiCl0) in the
acetonitrile and then degassing on a vacuum line. Passage of
20 amps at 5 to 10 volts for 30 to 60 minutes produced the
characﬁerisfio red CPZ cation. The concentration of CPZ in
the initial solution was about 10—3M for most satisfactory
results.

F: SAMPLE PREPARATION USING CHEMICAL OXIDATION

Sulfuric acid oxidation Waé used moét frequently,
This was most easily carfied out by preparing a sample of CPZ
in 95.5% HZSQH beforehand, and transferring a portion to an
esr sample tube equipped with a stopcock., The solution could
then be degassed and esr spectra recorded.b Optimum concentrations
for this method were 1072 to 107 7M.

Oxidation in A1C13/0H3N02 was considerably moré precise.



b

A sidearm was attached to the esr sample tube below the stop-
cock, and in thisléideafm‘were placed the requisite amounﬁs of
. A1C14 and CE?Z,;Nitromethané-was then distilled into the
éidearm, and the reaction completed. The resultant red sol-
ution of CEZ+‘waé'then transferred to the bottom of.the esr
tube. In this manner, the reactants were.kept degassed at all
times and the concentration of the initial couid be fairly
laécurately known, Optimum concentrations here were found to
be 1072 to 107,

Oxidations in phosphoric and hydrochloric (conc.)
acids waé effected in the'same'manner.as for sulfuric acid,
yiélding similar'red‘solutions. The,spéctra of these solutions
were nbt examined iﬁ great detail,

Temperature studies were madé only:on-the éulfuric
acid solutions; Attempté to do th; same for the écetonitrile
and nitromethane solufions resulted in the solvents (which

were under vacuum) being troublesome due to bolling and evap-

oration above 40°C,
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THEORETICAL ASPECTS

I HYPERFINE SPLITTING AND SPIN DENSITIES

A: PROTON HYPERFINE SPLITTING IN AROWMATIC RADICALS

When aromatic hyperfine splittings were first ob-
served by Weissman et al (1-3) in 1953, the first explanat-
ion was that somehow there was interaction of the electronic
mégnetic.moment with proton moments. Such an interaction was
considered necessary to explain why naphthalene anions ex-
hibited detailed hyperfine-structufe (1), Clearly the elec-
tronic ﬁave function was not zero at some proton positions,

a fact that contradicﬁed the general ideas of aromaticity at
that time. In the conventional planar aromatic molecule the
pi-electron charge resides in the lobes of the carbon p,

orbitals -~ either above or below the aromatic ring. There

is then a node at the carbon nucleus through which the un~
paired electron, in a radlcal, must become zero. Thus no
interaction (in a conventional sense) between the electron
“and proton (through the C-H sigma orbital) seemed possible.
Weissman (1) specﬁlated that zero-point vibrations hy the
proton may be responsible, since only small admixtures of states
are required to produce the observed magnitudes of hyperfine
splittings (3). This is because a pure hydrogen ls orbital

has a splitting of about 510G. Subsequently the vibronic in-
teraction approach was shown to be wrong (4), since the splitt-
ing constants were not proportional'to the squére réots of

the nuclear masses, as a vibronic interaction theory would

predict_(S).
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In eliminating bending vibrations of the C-H bond,
Venkataraman and Fraenkel (4) suggested that the unpaired
eleétron ié not in a pure pi state in‘an aronatic radical (or
any pi radical), and transfers some spin density to the protons
by conflguratjon 1nteract10n between the sigma and pl states.
H.M. ﬁcConnell (6-9) and several others examined such a mech-
aniSm, and the most extensive work is McConnell's -- ‘much of
vwhat immediately follows 1is based on McConnel]'S investigations.
The details of McConnell's theory are presented
~quite fully in Appendix 2, but a brief discussion of the use
of "McConnellts relation" is'given here. Essentially, the
spin polariSation arising from the presence of an unpaired el-
ectron in a pl system can brodude an appreéiable spin polar-
isation in s—atomié orbitals of the aromatic protons by an
atomic exchange coupling mechanism. Both Weissman (10) and
McConnell have explained this, and the result is often written
quantitatively as: | |

= Qcce(> (3-1)
where all is the proton hyperfine coupllng constant, f
~is the unpaired spin density at the carbon atom of the C-H
" bond, and Qgc is the spin polarisation constant (or sigma-pi
factor, etc.) for thé case in question,

Usually the relationshiéﬁescribed by eq (3~1) is
assumed to be linear, and in such an assumption there is a
potential hazard. McConnell's derivatidn;bgiven in Appendix
2, descrives the splitting generally as: |

aj ® 165007, (3-2)
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The spin attenuation factor'fj can then be assobiated
with Q, but since f is, in general, expected to differ from
proton to préton, Q must also be’susoeptible to the same be-~
haviour. It is usually convenient to.ignore such behaviour,

however, in treating most free‘radicals.

B: NITROGEN HYPERFINE SPLITTINGS

The observation that spin polarisation was respons-
ible for'protdn hypérfine splittings can clearly be applied
.to anyvother nucleus possessing a_spin_magnetic moment and att-
ached to, or in, a ring system or pi system. Karplus andb
Fraenkel (13)zexamined cl3 in great detail and showed that cl3
splittings are dependent on the pi-electron spin densities at
nearest-neighbour atoms és well as at the ¢13 nucleus itself.
Experimental verification has shown this theory to be essent-
ially correct (13,14). Other atoms considered in the same
manner are FL7 (15) and Nlu (16-20). these treatments, how;

’ evér; require Considerably mofe discussioh.w'The fluorine case
is not of interest here, except to mention that Hinchcliffe
and Murrell (15) obtain only order of magnitude agreement and
certainly more work is needed in this particular case.

As references 16-20 show,'considerable disagreement
as.to an explanation for Nlu hyperfine splittings was the
situation for some time. A thorough and reasonable treatment
of the problem, however, has been given by Henning (21), and
application of the theory has been quite successful, Thus a
brief description of the method 1s useful.

Clearly s relationship like eq (3-1) could be used
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for Nlu hyperfine interactions. In fact, Carrington and
- Santos Veiga (16) used such a relationship and claimed fair
success., Howevér, one important aspect may have been over-
lookéd by some, and that is that results like thosé of Carr-
ingﬁon.were for a family of like compounds, Use of eq (3-1)
for any atom should'striétly be limited to such families in
ordér to have meaningful use of the relationship. Henning
actually performed a least-squares fit and an error test on:
a¥ —ole} (3-3)

and applied it to {ﬁf—dipyridyl, 1,4~ and 1,5-diazonaphth-
alene, and pjrazine._.His-results indicated that a relation-
ship of the form of eq (3-3) does not exist for the genefal
case,

If the lsotropic hyperfine interaction between an
electronic moment (ge@e§(k)).and ; nuclear moment (&nBnln),
described by the Fermi contact Hamiltonlan (sece Appendix 1)
is répresented as: A_

= 8/3 &nr /M8 (rpic) S, (NG
\¥ then can be considered to be the state in which the
free radical system exists, and\y(o) is the ground state
with eigenvalue Mg since it is an elgenstate of S,= S,(k).
\Y(O) W can be represented as
LP ‘GG 65 .’? ﬁi'lﬁﬂﬂﬂﬂl - (2-4)
where(’represcnts qnctspln andg. a3 spin. (The above is
for an anion but the result can bhe applied equally well to
catioﬁs).

The sigma and pi orbitals can be written more ex-
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plicitly (21): A

T\—.L—':é‘air(pz)r v , (3-5)
where the molecular orbitals M are linear combinations

of carbon and nitrogen 2pz atomic orbitals with z perpen-

dicular to the molecular’ plane. and

G' = = (:cl(l + < hyxl hy))] [hwh),) |
G - T20= el hy )% [hi-hy] (3-6)

for the bonding and antlbondlng cases, respectively,
The(% orbitals making up the j in-plane bonds are linear
combinations of sp2 hybrids, (hX\hy), of atoms x and y con-
stifuting the x-y bond,.where (hi\hi} is the overlap integral,
It should be hoted fhat the sigma orbitals are
necessarily symmetric in the molecular plane, and further
that.both the nitrogen.ls and lone-pair orbitals'are simil-
~arly symmetric, so the sigma system just described can in-
clude the "odd" hitrogen orbitals( Now if excited states
are designated qﬁ, interelectronic repulsions (represented
as Egez/r ) can mix L{/O with {;, giving: |
§ =g, + X KO /(E,-Ey )] & )
to first order (see, for example, any text on simple
first order perturbation theory, i.e. ref. 22 p245),
Because the total electronic Hamiltonian is a sum of one-
electfon and two-electron operators, only Singly and doubly
excited configurations need be cénsidered.(Zl). . Thus,
considering only those configurations\Ltwhich'give a first
order contfibutiOn to the spin density at the nucléar,pos—

ition Ins the spin density there can be written:
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e (zn) =iz %Sz s, (014> .
+ 22 [l (£o-E.,)] <¢¢|mg]€'g<_1:nk>sz<k>|wo> i
since‘e(gn)=J¢%§ZSszkrnkﬁ¥dT (22) and. 4’as in eq (3-8),
In other words, the unpaired spin density at the nucleus,
which is controlled by the delta function of electron-nuclear

|

pOsiFion, is the -difference between the average number of &
spins and § spins (governed by ZSzk) -~ thus if there are more
Ocspins the spin density is positive, and vice-versa.
For the ground oonfiéuration q%theTTorbital con-
taining the odd electron has a node in the molecular plane,
so that the first term in‘(3-8) must vanish. Thus, consid-
ering the nonevahishing contributions to the spin density it
can be noted thét the delta'function requires the eiectron
to“jump”between orbitals which are non-vanishing at the nuc-
leus -- the spin density at the nucleus is therefore produced
by one—electron“jumps”between excited states, resulting in
the possibility of two spin doubiet states and one spin
quartet (6,21). The ground oonfigurationtﬁjis a doublet,
so the quartet can be ignored and two doublets can be derived:
pure singly exoited:LPs:J%- g\C,G;-..G;-@‘j... I'?m‘\-\(f‘é"..ff;;c‘#...7'!'-.4'“]
| or b (xpp -potat) - (3-9)
"pseudo singly excited:%g=%2§*¥§”?¥u'“¥§¢ |
Equations (3-9) are well-known wave functions (6,
21,22), and it can be seen immediately that Qgcannot contribute
to the spin density since it cancels internally (21), so\yFs

is the only configuration needed to first order. Usihg the

appropriate matrix elements (12): |
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<WO‘$Q\U{ = "(@/E <GL “»Mlle/(nz 1'n+| P > ,
{Lps 10 ? (2/6)G: (4w)GE (L) (3-10)

where 5{’ M ;SJ(r ni) Sz (k)

NowaﬂZéir(pz)r, as before, so

~<%I§@|@Z— -(‘6/r)2£'3n+1 rén+1, s<<’-(pz rlez/rlzl Py) >

i and the atomlc orbital spin den81ty matrix forkﬂ,is (21):

, qar
b » s = an+1,ron+1,s (3-11)
Therefore combining gives:
V= gz ZEQIS(JST - (3-12)

and thus the hyperfine coupling matrix Q can be written:

QY = -16/3ngn@ng‘£{(g(pz)rle2/r12| p,) I/ [Elo) - EG—=pI) X
| X GleGH (o) (3-13)
Iﬁ‘eq (3- 13) the summation over i-and p should, in
principle, be extended over the excitations of all the sigma
bonds in the molecule, but it is convenient to restrict the

summation to sigma orbitals adjacent to the atom in question,

“i.e. (1s)N, Gi\IC’G'I'\IC' and Ny for nitrogen:
’ oonN

Ca/‘fN\%c

ThenG{QgN)Gé(gN) can be oonsideréd negligible fbr all
other orbitals. Such a restriction is necessary for ease of
‘computatioh, and is comménly used in simplified molécular_orb-
ital theory. McConnell's relationship (eq (3-1)) is based on
this assumption.-lln other words, it is assumed that the
‘exchange integral for non-nearest-neighbour atoﬁs is vanish-
ingly small,

So a matrix for QN can be set up:
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Ay e e QN =
Neg =
QN = QgN Qgc 0 where, by symmetry, L NCZ

| N | QClN"QCZN
Qey 0 Q¢
Q01c1 =aczcz

so, from eq (3-12)

N
QNNfﬁN + Qcc( 01c1+ cece) *
¢ Forca (S (3-14)

N
* (QNC+QCN)(PL1N+602N .
Henning shows in detail (21) that the bond excitation.q;j“q%:

N
is antigymmetric, which leads to the result that Qch'QCN‘

Thus e@ (3-14) becomes:
& = Quln -+ Qcelferer * Peace) (3-15)

Henning also carried out a similar argument for a
C~-H fragment, considering the only relevant excitation to
be QJJQ:, and arrived at a matrix representation for @
H H .
B {9mm 9Hc . |
QT = H H ,» but since the proton does not
- \Qcy Qcc
b bital QH =0 QH 'QH =0 ] itati
ear a p-orbital, Qu.=0, Qu,=Q.,=0, since no excitation can

occur between them. Thus the only non—vanlshlng matrix element

is QCC’ as shown earlier by McConnell (6).

C: HYPERCONJUGATION AND SPIN POLARISATION CONTRIBUTIONS

How important is hyperconjugation in aromatic_sys-
tems?  The question has been debatéd by several authors (24-
29) in in considerations and analyses of esr spéctra, with
the situation so far tending to favour hypechnjugation over
spin polarisation for the interaﬁtion of methyl and meth-
ylene.groﬁps with an aromatic ring system. These groups are

the ones of most interest here, and will be the oniy énes
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considered.

McConnell's equation (3-1) for protons has often
been applied to methyl protons (24,25), and methylene protons
(27) with some success, but the obvious inconsistency in Q
values (varying from 20 to 30 gauss, with no particular corr-
elation within "families" of molecules) suggests that a more
fundamental relationship holds. Indeed, in this experiment
an apparent Q value in the neighbourhood of 11G 1s obtained
if spin polarisation conditions are considered. The whole
guestion of hyperconjugation versus spin polarisation, which
was raised in‘somevdetail by Colpa and de Boer (26), seems
better expressed as "how much does spin polarisation contrib-
ute to hyperconjugation (or vice-versa) when considering
the methyl and methylene hyperfiné stfucture in esr spectrat.
'kLevy (28) has considered this point in quantitative terms, and
his discussion will be applied here. It should bé noted,
however, that some modification maj be needed to completely
explain experimental results, but this will be fﬁrthér elab-
orated later. |

Levy's formulation is useful in the sense that its
accuracy depends largely on the moiecular orbital treatment
used to obtain the coefficients of the appropriate wave function,
and aé such is very adaptable to\simplified theories, Using
Hlickel theory Levy . obtained reasénably good results -~ cer-
tainly more consistent than many previous expianatibns (25,26).
Two expressions are derived, one for methylene protons and one

for methyl protons. The dérivation is straightforward and is
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based oh calculations'of the spin densities at the protons
cqncerned, and using Slater atomic orbitals (see, for ex-
ample, ref; 30) an expression for the_total spin dénsity at
the proton één be calculated from: |
(3 ) Z Coﬁcom&vx(?)wm((’) (3-16)
where Q% ZSCOLKQL | (3-17)

The final results are:

Aoy, = RICGE +19.862 +1616.Cy + (595 +1.1:6C)-
(C +€") —309( "‘Qu) (3-18)

- where the spin polarisation contribution is included
in the last term and is derived from (27):
= Qe = QG +Gr) = -39 (319
where C!' and CY repre§ent the ad jacent carbon.atoms.
i.e. | C\\\ ///H
i \

For the methyl case, »
Ay, = 219.8Gf +1347CE +1017CCe + 3997Cu ¢
+ 09736, — 3.09CE (3-20)
where again the last term represents the spin pol-
arisation contribution.

Care mus£ be taken in applying these relationships
to non-simple systems (either aliphatic or aromatic) since
often many assumptions have been made in arriving at a sit-
vation in which the use of such relatioﬁships as egs. (3-18)
and (3-20) is plausible, and the results may not be entirely
Jjustifiable. However, 1if the necessary care 1s taken, the

results should indicate the extent to which hyperconjugation
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and/or spin polarisation contribute to the esr spectra.

D: CALCULATION OF SPIN DENSITIES

The blose relationship between spin densities and
~the observed hyperfine splitting in esr spectra leads to the
conclusion that a knowledge of the coefficients of the rel-
evant.moleculér orbitals (and hence a knowledge of the un-
paired electron density) leads to an estimation of the hyp-
erfine coupling constants. In using any molecular orbital
theory to estimate spin densities a very important point to
consider is the ease of calculation of the desired values.
Since this usually implies a simplified treatﬁent,.the par-
| ameters Qalculated from such coefficients should reflect the
same degree ofiapproximation. The two methods to be consid-
ered here for molecular orbital calculations‘are‘the Hﬂckel
molecular orbital method (HMO) and the Mclachlan self-con-
sistent field theory (SCF). A brief discussion of each might
be useful:

(1) H#ickel molecular orbital theory (32,34):

Basically, all wave functions % are solutions to
the Schrbdinger equation,ﬂiy=g¢, whei‘eﬁis the Hamiltonian
operator which includes all interactions between m eléotrons
‘and n nuclei. The lack of exact expressions farqb has usually
meant that considerable approximation must be made, however.
Further, since theAwave function contains far more inférmatiOn
than can be obtained from it at any time, the approximations
made must be suitable for the purpose. Thé first approxim-
atibnnhere is that ¢)oan be considered the pfoduct of a set

of ¢ ~bonds, which are further divisible into relatively non-
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intefacting 1ocali§ed bonds, and f{-bonds;
¢ = ¢¢fr | (3-21)

Thus if it is assumed_ that Séfcan be considered as a
productAof 2-center bonds only (i.e. the individual ¢-bonds
"are considered to determine¢%), ami¢%is approximated in the
LCAO method as a combination of sz orbitals, each of which
shares the same nodal plane (the carbon- skeleton in planar
aromatic rings):

i.e. (é) J‘( (Qf

for the ILCAO molecular orbltals.
The ff-system is considered alone, ahd the Hamiltonian can be
initially considered a one-electron operator, and.to solve for
the set of coefficients giving the best energy for the molec-

ular orbital the variation principle can be used (see, for ex-

ample, reff 35) J’ &QE &T | |
' J\PldL (3-22)
In other words, eq (3 22) is the expectation value ofip
over the Hamiltonian qperator and represents an approximation
to the energy of \{/ . Any wave function \{J'-#t(/(i.e. the
approximation to be used) will therefore give a higher eneréy
than the ground-state energy Eg -- where Qﬁ=%’,é::Eo. Min-
imising eq (3-22) with respect to the coefficients
Q§= =0
leads to (32): |
%‘:C‘f( Hvt'ég%) =0 . _ (3-23)
“where HYS — f(Q(H(QS dv = HS\(
S Qc ds 4T = Sp¢

Ir there are n coefflclents, clear]y there w111 be n eq-
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uations of the form (3-23) -- where t ranges from 1 to n.

Now, in the Hfckel approximation the Coulomb in—
tegrajjs,“YV‘JﬁvHéadt, represent approxXximately the energy of ah
electron in a (carbon) 2p, orbital; so for the T-lattice, con-
" sisting of carbons entirely; it can be assumed that all Hrr
are equal and thus}kf@i The resonance, or bond, integrals,
Hrs’ represent an atomic orbital interaction energy, and if
r and s are not bonded H,..=0, ifr and s are adjacent and

bonded, Hrs=@. The overlap integrals, S can be repres-

rs’
ented by the delta function, Srs=6;s, since S,.,.=1 for norm-
alised atomic orbitals, and Srs is assumed to be 0 for r#¥s.
Finally, ‘it can be shown that (32):

& = n, -

G = e myg (5-28)

for the energy of the j'th molecular orbital,
If heteroatoms are to be included, modification

of the Coulomb and resonance integrals can be effécted as

follows:

Hee = ¢+ hg

Hes = kg s=v4I < (3-25)
_ 0 S#CR

where h and k are determined somewhat semi—empirically:

for each heteroatom in question(32,36). The spin density can

now be calculated at the r'th atom from the following relation-

ship: . 12
, f% = C}
(3-26)
where cl is the coefficient of the half-occupied mol-

r

ecular orbital at the atom in guestion. This relationship
follows from (3-8) and the wave function just described.

(1i) Mclachlan self-consistent field theory (33,39):

The Mclachlan SCF methnod applies best to alternant
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hydrocarbons (32,33,39) and some difficulty ariées when
applying this method to non-alternant systems, especially if
heteroatomé are present., It does, however, explain negative
spin densities and has beeh of some use in calculations on
‘nitro- and cyano-aromatic radicals (36,37).

The SCF total‘r—electron Hamiltonian can be written:

| 30 = (-4 92 - 2\:,)4&(# s (3-27)

S
where Vr is the potential due to the screened nucleus r,

McLachlan (39) showed that electrons ofo(and@ spin occupy
different orbitals without affecting the electronic wave fuhction.
In other words, they occupy spatially different orbitals. Thus
the.totaliTéelectrén wave function becomes
r = w(d ) P@ew...) . (3-28)
McLachlah used Hilckel molecular‘orbitals>as starting orbitals
and calculated the effects of electronic interactions (elec-
tron-electron perturbations) on the HMO coefficients. To do
this he defined the modified Coulémb integral
OQ' = X, + Q)\Cg,h#l@ (3-29)
where Cr g*l are the coefficients of the r'th atomic
ofbital of the half-filled HMO, and ¢ the Coulomb integral in
" the Hlickel approximation. If cf.is the HMO coefficient, then
the eleotron—eleotron perLurbatlon becomes (?9)
2 (=€) (3-30)
Thus the spln density bccomes; in Mclachlan's
method (33): :
'r C‘(/ na t 2 (c‘(u - ‘f,‘,) (3—31)
and in calculations )13 ugually taken to beaal 2 This

theory works well with alternant hydrocarbons, as mentioned
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earlier, and also with some non-alternant hydrocarbons
(fluoranthene, acenaphthylene), using Qgcs-z&.ZG. As will

be shown later, this value of Q is most'suitable for this
work, although application of any of the thebries just out-
lined to chlorpromazine results in deviations from experiment
that suggest careful interprétation of any quantitative

values.

Y

IT PARAMAGNETIC RELAXATION IN LIQUIDS

A: THE SPIN HAMILTONIAN -

‘Very often the hyperfine structure of -spin resonance
spectra in liquids exhibits a definite asymmetry or a line-
widﬁh alternation effect. Such phenomena have been shown to
be due to'nudlear ofientation, solvent viscosity, etc., and
- most have been well-discussed (40—5?), The relaxation effects
to be discussed here-are those.éxpléining spectral'asymmetry
and linewidth narrowing, since the more complicated linewidth
vériations are probably not.applicable to this expefiment.
Thevquite complicatéd.relaxatiOn and densitywmatrix treatments
of such as Kivelson and Freed and Fraenkel (43,44, 49 51,54)
_will not be con31dered in any detail, therefore.

Before approachlng any theoretlcal derivations,
some postulates cn the nature of the system to 5e studied
have to be made, in order to choose the appropriate Hamiltonian
" to describe the pertinent interactions. McComnell (40), in his
~original treatment assumed that in solutidn an ordered state

exists. That is, the paramagnetic species being considered
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behaveé as if it Were[in a regular crystal field, but un-
like solid-state crystal behaviour is able to undergo
Brovwnian métion. Ideally, then,‘the paramagnetic ion acts
aé a tumbling microcrystal., Such motion causes a fluctuating
force to act randomly on anisotropic g-tensor and hyper-
fin% interactions.. Thus the greater_this anisotropy, the great-
er the relaxaﬁion effect. If the crystal field surrounding
| the ion is then assumed to have a certain symmetry, the app-
ropriate spin Hamiltpnian can.be applied'with respect to the
random fluctuating forces. The treatment outlined by Pake (58)
is sufficient for this treatment, especially since only an
order of magnitude agreement is expected. Slichter (59) and
Abragam (60) also give thofough discussions, aS'dobthe other
references listed ét the beginning of this section.

A major approximation to be made is that the micro-
- crystal exerts an axially symmetric force on the péramagnetic
“ion (this is somewhat justifiable simply by noting that the
majbrity of the unpaired spin density resides on the nitrogen
atom, and primarily there in the ﬁz orbital. Thus in relation
to the nitrogen part of the molecule axial symmefry is a fair
" approximation), and the appropriate.spih_Hamiltonian is (see
Appendix 3): ' |

| H=@LanHSe xgu(8pSp +1eS,)) + D! ¢ RSt (3-32)

transforming to laboratory co-ordihates, and noting that

for spin 3 systems D=0, and defining:-

9="9n+%23L , B3=g1-9 o
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the Hamiltonian‘can be written (see ref. 58 for all terms):

= apH,S, va TS + % (AgpHo+ bL) Beos’o-1)S,
+ b/ sin® cose (I, & .1 ei¢) Ss |
+72 (Agph, + b1,) sine ceso (S, éé¢+ S_ew{)
+ bl sine (145, & . 1.5 &%)
- Y2 (Beoo-1)(1,5 +1.8:) (3-34)
which was the way McConnell first wrote the Hamiltonian.
In eq (3-34) the time-dependence of the terms in6 and $has
been left implied, rather than writing 6),¢G)etc.,. Terms in-
volving S, and S_ will‘give'fise to electron spin-lattice

relaxation, wheras terms in I+ and I_ will give nuclear re-

laxation effects.

B: RANDOM CORRELATIONS '

Thé next problem is to determine the behaviour ofi@
in a fandomly fluctuating environment (which willlcause the
épins to_experiehce a mOdulated magnetic field), and to do
‘this a knowledge of random functions is necessafy.' This 1is
more fully discussed in Appendix 4, The.most formidable, or
perhaps unceftain, pfoblem,involves the definition of the
N.Vcorrelation functioné G(t) and guj(appendix k) where: |

- G@) = (NN g(t) = Glo)g(c) (3-35)
and f(x(t)) is a random function of time since x(t) is
by definition.‘ Any convenient definition of 303; then, will
definev@ﬁ), since Gﬂﬁ.is usually available in the problém“being
considéreq - if is certaihl& evaluable in this case. For
-mathematical ease, then, the hbst comﬁbnlj’used form oﬁf“t)

is as follows:
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9(0) =1 , 0_)('3'“""00\ =0 (3-36)
cand  9(T) ~ 3(0)/3.'

'where'Q is the correlation time for the system'being
conéidered. There is clearly a lack of precision in the
definition of % , and the oﬁly real limit is that G%Ube small
for ITIM»T., In other words, the correlation must be poor (a
small value of the correlation function) when the interval
being considered deviates considerably from the true one,
Appendix 5 shows how the correlation functidn can be derived,
and Appendix 6 gives the relaxation rate 1/T1 in terms of the
correlation function already derived. Slichter (59) and Pake
(58) give very complete derivations of the spin-lattice re-
laxation, and Abragam (ref. 60, p 283) also gives a good
'treatmeht. Following these references, and Appendix 6, the

general result can be derived that&
y vY) “R -y €
(57 ) = Wigm = #2] Gy & dr (5.
2T\ Jam | lom ) 3-37)
Now the time-~dependent perturbation can be written as
the product of a spin operator, Aop! and a time-dependent
'part, F(t), that describes the variation of the lattice co-
ordinates with time:- :
gQ\(k) = AOF F(b) (3-38)
or, more completely, .
¢ L
H,(6) = 2 Agp Fib) (3-39)
( .
for each nucleus. :
Clearly, if the Hamiltonian considered applicable for

the problem is separable into a spin and lattice prodﬁct, the

relaxation effects of the perturbation can be treated. Con-
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sider, then, that: ‘
G0 = H(cosow)® gp(-inife)  (3-b0)
where j(COSQCE)) = <MIJ%\U:)“Q>
and %(’C) = &P (—1el /)
] and 5(_(,0) = 2,'(‘;_/(\ +u)"’q_2') ~-- see Appendix 4
50 (BT, = WAKRIAcp 1) (R, (1 28/l143%) (3-1)

For the case of an aromatic W-radical, S=2% and in

1

the esr case the transitions occur between mS=+% and ms=—%,
vnjﬁlﬁml=0. The spatial part of the operator will be a funct-
ion of angle, as already described. Thus, selecting from eq

(3-34) the term:

Kl = Ay F) = (s o5 éf MgeHoebLs) (5-42)
since it is the most important spin-lattice term -- the
others become negligible in comparison for this case, Then:
G(v) = % (Bgghy+bme) |41 14D Tsine emp ]2 &'/
= 0 (Agzho-t bimp)? @ /e o (3-43)
therefore )é‘r' = h‘%o(ﬂﬂrfgﬂo +bn11)2 AT 1*E?)  (3-L4)

Which is the equation to be used in this case,

C: LINEWIDTH AND THE NUCLEAR QUANTUM NUMBER

Asymmetric spectra in electron spin resonance have
béen_studied and explained for many cases (40,41,43,45,46,65)
~and for the purposes of this work é brief description of one
effect will be given. Again, the part of the Hamiltonian to
“be considered dominant will be the part: that is diagonal in
nuclear quantum number, as this term will be most affected by

variations in the magnetic environment at the nucleus (for this

Simplified case). Completé details will be omitted princip-
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ally beéause the résults obtained are concerned primarily
with an explanation of the observed results, and only second-
arily with gquantitative agreement.

If a simplified first-order perturbatién is consid-
ered, and it is assumed thaﬁ b4<ggHO (this is not a strong
assumption, Since experimental work indicates that these two
terms are nearly equal),and if the diagonal term in eqg (3~34):

b(3eos*o-1)1,8,

is considered, then if the microérystal‘is fixed in space,
the diagonal element of this term fof some state |mpmg) corr-
esponds to a 1oca1 hyperfine magnetic field displacing the el-
ectron resonance frequency by‘&»::éhyéi Furthermore (since
C\\)S‘SF: Ho ): .
#Sw = b3 (3wsto-1) mg o (3-45)

énd, as is well known, under rapid tﬁmbling the angular
term tends to an average value of zero and the resonance is
undisplaced. |

Therefore, knowledge of the effect of(!on eq (3-453)
should indicate the manner in which the dipole-dipole coupling
will affect the resonance (since%é(3a€0-l)occurs in the di- |
p'olar coupling Hamiltonian, f{{ = 439080 :-[‘—g - ?{'“[—L\)(%g—ﬁ ). |
Narrowing arises here because of the fluctuating magnetic en-
~vironment of the ion and if such an environment is considered
to have two values, shifting the center of the resoﬁance,o&o,
by either +& or -§ , then the lifetime of existence in elther
state can be defined to be% . The spin can therefore precess

attqﬁﬁwith the magnetic field varyihg randomly at-either locale.
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If, howevér, no fluctuation between the environments occurred,
then the decay time (TZ’ the Bloch transverse relaxation time,
" see Appendix 7) will be ngl/x.

The fluctuation of each precessiné spin is, in effect,
a random walk about the spin's phase angle with respect to the
rotating frane. «Theﬁ a méan-square ‘phase d’ifference_,ﬂg‘z,
can be defined (66): |

Ag* = n(w§)® L (3-46)
where n i§ the number of changes of environment, and'CJ
then measures the mean phase accﬁmulation per second. Since
T2 is essentially the time in which in-phase preceésing spins
become 1/e out of phase (58), and (A({!")& must be of ﬁ‘ne order
of one radian, and‘if the elapsed time is TZ;
| =Ty
so | = (’E/"Q)(”QS)Z o (3-47)
and the linewidth is equal to 1/T2~'(¢52' for T& /8
or if % SV, 1/Ty=1/Tg~§ . o
In other words, if 'Q(/(S the environment has fluctuated
before the transvefse spin component has decéyed in conseq-
uence of the Tg~Z§ decay. Therefore ?}_('/J is the criterion |
‘for averaging away broadening effects (J is tﬁe.frequency
measure of dipblar coﬁpiing).

General theories by Kubo andﬁTbmita (67) and other
cbnsiderations of density matrix and relaxation tréatments
show tﬁat S cén'be taken to be the amplitﬁde-of any'randAAZy
fluctuating perturbation diagonal in m_ (58), which averages

to zero over long times and has a correlation time TL. This



-28=~

cannot be appiied to long T, (a rigid lattice) where the line-
width is § (% >%). |

Off-diagonai random perturbations can contribute to
spin-lattice relaxation, as was shown in the preﬁious section,

" and under conditions of extreme narrowing’&ﬂ‘kﬁ, 1/T1 can con- .
tribute a term comparable to 1/T, (58) to the total linewidth
because the finite spin state lifetine, Tl’ broadens energy
levels in accordance with TrAanﬁ, Even including this effect,
however, 1/T§“§6215 still quite valid as ag'order of magnit-.
ude expression.

In organic radicals the averaging away of anisotropic
effects 1s usually nearly complete in low-viscosity solutions.
This is because‘Qis short and g- and A-tensor anisotropy is
usvally not large. Hence the isotropic Hamiltonian:

ﬁo = 3?”081 + CL,I,S_ (3-48)
is often approximately.valid. '

If it can be shown that the molecule obeys the axial
Hamiltonian and if there are reasons for considerinf éf and
A-tensor anisotropy, fhen the diagonal term of the axial Ham-
iltonian:» : : :
Xg(ﬁggHo-&-bl%)(?}wﬁze—l) 32: (3-49)

and for sufficiently rapid motion, using eq (3-45);:

| § = }’3(133\(.3“04-577/\1)/4‘ (3-50)

so W, = T (Bgghy + bV %2 (3-51)

represents the motional (residual) 1inewidth'to be ex-
pected. Clearly, the nuclear quantum number, my, will dé-

termine the linewidth, and quite different linewidths are to
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be expected for different values of mye In general, 1/T2
will be less for negative my than positive. Such an observ-
“ation, or the opposite, should enable the manner of.nuclear
splitting to be determined for esr spectra.

Finally, a more general result (which. is eésentially
the same as eq (3-515, but can include as many terms or effects
as wanted) was developed by KivelsonA(45):

1/T, = K% + Lmp + C | (3-52)
where the linear term is the intramolecular dipoéle in-
teraction just considered and is responsible for spectral a-
symmetry. Fbr the nitrogen atom L is negative‘(68), and in
general eq (3~52) enables the sign . of the splittingAconstant
to be determined.
.‘Spectral narrowing or_broadening>due to exchange
effects will not be:considered heré, but wili be discussed
very briefly in the next section when the spectral lineshapes

are consldered.
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RESULTS AND DISCUSSION

A: A BRIEF INTRODUCTION

The spectra observed in sulfuric acid, shown in.
figsf la-1i, were assigned to the cation of ohlorpromaziné
(CPZ*), and the spectra shown in figs. 2a-d were éssigned to
another oxidation product, to be discussed more fully later,.
Thé transition to the spectrum exhibited in'figs. 2 was not
| expected, but adds useful information to the expected behav-
iour of chlorpromaéine -- this will\be more fully discussged
when the electrical properties of chlorpromazine are consider-
ed. This will also be correlated with the blophysical and
biomedical aspects of CPZ. For the majority of the discuss-
ion the propeftieS'of CPZ+ will be the main point of interest.
_Spectra obtained under different circumsténces are showh in
figs. 3a-e and will also be discussed later -- no discussion
-of the spectra of pfomézine hydrochloride (for the structure
of this, and other common phenothiazine drﬁgs, see Appendix 9)
is givén_since attempts to obtain resolved and uséful spectra
in various media were unsuccessful. It was hoped that some
~iInformation on the esr spectrum of a symmetricél; but very
similar, "relative" of CPZ would add to the knowledge of CPZ |

in particular, and all phehothiazine drugs in'general.

B: THE HYPERFINE STRUCTURE OF cPz™
Analysis of the spectrum of CPZ+ proved difficult,
The sixteen line spectrum observed clearly consisted of many

co-incident (acéidentally) lineé,vso no easy separation of
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comﬁonents was.possible.' Aséignments were effected by exam- -
ination of a) the spectra of phenothiazine and some of its.
simpler derivatives (69-79), and b) by exémination of the
Hiickel spin densities at various ring positions. Neither a)
nor b) was.particularly successful, but closer examination of

- the electrolysed CPZ samples (fig. 3a) combined with a com- -
putef-simulated spectrum finally resulted in an excellent
agreement between observed and calculated spectra (all esr
.simulations were made using a program written by C.S.Johnson
of Yale'University and P.J.Black of this univérsity); The
splitting conétants obtained were not entirely expected from
cdnsidefations of either the other phenothiazines, or the lim- -
ited work done oﬁ chlorﬁromazine already. However, the "fit“:_

suggested the folldwihg basic splitting constants:

aN = 6,700 G _ ‘

al = 3.400 G (4-1)
a% = 1.620 G

a3 = 1.600 G

where aN is the nitrogen-14 splitting constant, al the
splitting due to the CHp, group attached to the nitrogen atom
(carbon number 15, or C-15), and a2 and a3 the splittings due
to ring protons. Some confusion exists with these qonsténts
-- initially, from Hfickel calculations, it was expeJted that
Ithere would be four almost equivalentvring protons (%his equivs
alence is not equivalence in the Symmetrical sense, but in
the sense that'the'spin densities are almost equal ~- this
means that the splitting constants will be alﬁost equal, if
the proton spin polarisation, or Q, constants are the same at:

all these positions. In other words, "accidental"*eqﬁiv—
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alenée ié involved), but'the.results indicate that-oniy

three ring protons are contributing to the structure obs-
erved, and these-aré nearly”equivaleht. Further, the spect-
ral fit re@uires two protoné to beimore équivalent than the
other (altﬁough for a more realistic fit all protons should
have slightly different splitting constantsl--‘this”is‘not
warranted in view of tbe approximate nétﬁre of mﬁch of tﬁe cal-
culation, énd the term "equivalent® will continﬁe to be used

to déscribe‘protons with similar spin densities, even if

there ié no strﬁctural éymmetry). If two protdhs have a=1.62G,.
and one has a=1,60G, then eq. (4-1) hoids. However, if_the ‘
opposite 1is true'thenva1 should be & 3.37 G.. The final ass-
’ignmenf of-this wil1'be made in thHe next sections, after a

discussion of the Hﬁékel calculations ‘has been made,.

~

c: HUCKEL CALCULATIONS

Hiickel calculations'(done using a conputer program
writben by D.Kennedy, and modified slightly to do a Mclachlan
calculation also by F.Nakano, both of this university) were
carried out on é planar stfucture initially, but it was later
considered better to modify these calculations to,include'
folding about the N-S axis. The exacpbangle of fold%ng was
determined by carrying out calculations for a series'of angles
and fitting the results to the splitting constants considered
bin?the previous section, Thisvmethod was restricted primarily

N, and somewhat less to al, since most of the effect of

to a
structural folding about the N-3 axis should be evidenced at,

“or near, the nitrogen atom. Folding{ or flapping, of the side-
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25% glass ot~—90°C!

Fig la CPZ* in H
All spectra that follow are at room témperature,.
unless otherwise specified., Spectrometer conditions for
all spectra were about: 3250G field with 0.1 to 0.75 G mod-

ulation; 9.10 GHz microwave frequency at a S5milliwatt pow-

er level.
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Figlh CPZ' at9°C (all spectra shown in figs 1a-i
are for '"5591 solution)
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Fig 1c CPZ* at 16°C
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%,752 G

Fig 1d CPZ* at 22°C
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I |l 752G

‘Fig le CPZ* at 50°C T
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~ Fig1f CPzZ* at 75°C
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- Fig1i CPZ'at131°C — note the change becoming
apparent on the right where the temperature

was drifting up towards 136°C
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Fig2a “changed species” (CS) at 218°C



43

Fig2b CS at 59°C
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Fig 2d  low resolution spectrum of "changed”

CPZ species shown in figs 2a-c
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Fig 3b  CPZ'in conc HC!
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Fig 3d CPZ generated clectrolytically

in CH,CN at 10v for 80 mins
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Fig 3e CPZ reacted with |, sp‘ectrumf in.
50:50 acetonitrileidimethoxyethane
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Fig 4a- “computed stick diagram for CPZ*
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Fig 4b  computed spevc’tirum.»IforfCPZ+ in }-ES(Q1
‘with linewidth 1.0G |
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" Fig 4c  computed spectrum - linewidth 1.5G
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. | Fig 4d - computed spectrum - linewidth 2.0G :



Fig 4e computed spectrum
| linewidth 2.-5G



~56-~ )

chain was considered but sheuld not be applicable'here Since
the -CH2 hyperfine coupling constant is known fOr‘whatever-.
position the side-chain takes, even 1f the exact orientation‘
of tﬁe sidechain remains unknown. This aepect of the structure
will be considered in more detail subsequently. Thus, the

~ final assignment of az'and_a3 could bhe made once the best set
ef splitting constants was known. As will be given later in
more detail, the amount of folding was determined to be app-
roximately 38 degrees from planar, for both aromatic rings.:
Teble I summarieesvthe Hlickel calculation results. The spin
densities at carbons 1, 3, 9, and 11_are the 1argest_and»are
considered here to he those responsible for the ring proton
hyperfine structure, and since the spin density at carbon 1

is consistently the lowest of these four for both Hiickel and
MclLachlan calculations, the observed hyperfine spiitting is’
assigned to carbons 3, 9, and 11. This is somewhat arbitrafy
but necessary 1n order te account for the observed specfrum
properly.. The spin density calculations eould well be in error
on the amount of influence the chlorine atom at position 2 has
on either of the neighbouring protons, since no estimates of
such an influence are available, and ﬁone were estiﬁated be-
cause of the lack of literature on the subject. Thds the-
three protons were considered responsible for the final struc-
ture. It is possible that correct interpretation of the C1
“role would give one of carbons- 1 and 3 a larger spin density:
than has been calculated, and therefore diminish the other so

that the interpretation given is essentially correct. In any



57~

TABLE. I SPH{'DENSHWES

ATOM: N | C-15{.C-12| C-14]|C-1 C-3 -9 -|c-11 s

0° |umMo .232| .000| .oul| .obl|.052].066[.0621.056].137
McL. .314] -.006] .017| .018].066].076|.071 |.071 |, 101

10° |mo | .239] .o000|.o0ug| .ous|. o5, 071 . 062 ). 055]. 14k
MeL. +330{ -. 000} .017| .018].059.083 |.070 |.070 |.149

15° |HMo .237| .o00| .ou4] .ouk|.obs5).0691.0601,053].141
~ {MeL. .323{ -.006] .016| .018(.0571.080|.068 (. 068{.146
30°. {mmo L272] .ooo| .ous| .ous|.on0l.067 |.058]. ous ], 158
weL. .395{ -.000] .013|-.014|.053].077 |.066 |.064 |.155
58° |mio .307| .o00|.043| .043].036].056|.053.0431].1%0
Mel. .L69] -, 008{.005| .006|.051].061].058|.055.152

40° Mo 310 .000f.043] .oul|.035(.063|.05L |.ok2 |, 162
‘ MeL.  |.b81|-.000].005].006].050].071 |.062 |.060 |.154
45° |HMO .338] .000|.041}.041{.033].040].052 |.039 |.167
Mcl. - | .5%8[ -.000}.008F.003|.0L5 |, 066 |.060 [.059 |.148

/
MO means Huckel oalculated ﬁalues; McL, meahs
McLaohlan self—consistenﬁ fiéhﬂ'calculations.
"Notice the occurrence of ﬁegative spin denéities
in the Mclachlan calculations where the Huckel

calculations indicate a zero spin density.
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case, the Cliatoﬁ is expectéd to have‘considerable iﬁfluenoe
on the uﬁpaired sﬁin density at the neighbouring étoms. The
spin 3/2 state necesséry to obtain the final spectral agreeﬁehﬁ‘b
cannot be assigned to the Cl atom, siﬁce in mbst aromatic sys-
tems quadrupolar relaxation effects in solution aré.expected
to-be.sufficient to remove any.Cl hyperffne splitting. - Fur-A
ther, the protoﬁs (or, rather, the carbons they are bonded to)
must have a signifiéént spin polarisation interaction to account
for>observab1e splittings. :
Beforé anylfurther'comparisons'witﬁ experimentai
values are attempted,,a brief discussicn on the Hiickel cal-
culatidns will be given, | - |
The heteroatom technique (ref. 32, chaps. 4 and 5)
was uééd throughout.to account for'ail héteroatoms and thé
‘sidechain, If ©f and G%are the Coulomb aﬁd'resonance integraléﬁ 
for the benzene ring, théﬁ the relationships: | »
oLy $:¢<o + P»(eo -
'@Cx = k(;(@o

can be used,IWhére_X represents the heteroatom in qﬁestion.

C(8-2)

Moét, if noﬁ all, of the valugs for”hx'and k.x are appfoxim_
ate, and.few attempts have been:madé to establish whether:
unidue values of these parémeters exist, It is possible.to'
use a techniquei(the éuxiliary inductive pérameter, or AIP)
for heteroatoms, whereby the inductive effects of the heteros
atoms is accounted for. In other words, ﬁhehmore electro-~
negative heteroatém'polarisés the C-X bond, thus increasing
the effective électronegativity at_thé carhon atom. 'For a

given bond, Cy-X, it is possible to write:
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hee = She - (4-3)

where'& is the auxiliary inductiye-paraméter, and values
varying ffom 1/10 to 1/8 for § are commonly used. Since ex-
periment suggests that such an inductive effect is negligible
after one ¢ -bond (32), and since much discussicn on the actual
effectiveness of &‘exists, little weight will be assigned to
it heré since computations suggest that the same results are
achieved by modifying hx itself; and including any.inductiﬁe
effects in the original Huckéluassumption empirically. The
appropriate parameters used,bthérefore, were:

. hy=0.95; hg = 1.50; hgy = 3.00; hyy = 0

Kgoy = 1:0i kog = 1.05 kg = 0.65 kg gy = 3.0

c-N
Initially these values were taken from the literature
(32,79), but hy and kg_gq were later modified to the above

values.,

D: COMPARISON OF CALCULATED SPIN DENSITIES WITH EXPERIMENT

The calculated spin densities are for a mbdel that
has an angle of 10& degrees between the aromatic rings. This
will be further discussed in the next section. The actual ex-
" perimental/computational comparison will not be direotly made
on thé spin densities, but oh the splitting constants. The

final assignment 6f splitting constants is as follows:

32 = 3'1‘"0 .G”:v (LI,_LP)‘
a% = 1.62 G
ad =1.60G
where al describes the -CH, splitting at the C-15 position,

a2 the sﬁlitting due to the nearly equivalent protons at.C-3
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and C—9; and a3 describes the splitting due to»the proton at
C-11., Splittings:from other protons must be assumed to be too
small to bé observed, or completely hidden in the spectrum,
Hyperfine coupling from the natural abundance of 533 (0.74%)
_is p;obably not observable here, even in the A1C13/CH3NO2
systﬁm, although it has been observed in the slightly similar
catigns of thianthrene and various substituted thianthrenes
vwith ad about 8 or 9 G (80). Hitckel calculations made for the
thianthrenes did not include the sulfur d-orbitals, as signif-
ibant agreement was obtained using only the p-orbitals -- fqu
ther discussion of this point will be given when the energy
1e§els of CPZ+rare considered.,

The computation df the nitrogen hfs consﬁant was made
using eq (3-15). Consideration of the @ valueé to be used
was détermined mainly by Qgc, the proton sigma-pi parameter;
- The many'literature values of this parameter have all been
assigned to give good experimental agreement with calculations.
Consequently, values of eranging'from -22.5 (for the benzeﬁe
anion) to -30.0 have been used. Recently, Carter and Vincow
(81), working on the bénzene cation, have suggested that for
cations Q%C should be higher than for anions. Using thé HMO
and Mclachlan spin densities showed that in this experimént
Qgc = -29,2 G, This is a good result for a typical aromatic
cation, and is close to the calculated value of -28 G (for
énianion), but slightly higher as predicted by Carter and Vin-~

cow. Using this value to find QN from the data presented by

N

Henning (21) suggested that Qun = 20.0 G and Qgc = 7.0 G (by
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a polyﬁomial rit routine, EPOLY, available from, the U.B.C.
computing centér).' Thus: _ | |
Sl o) e
or 6.70 = (20.0) ((N) + 7 0)(0.086) (4-6)
'thereforé‘qw = 0,3048
This value is in excellent agreement with the HMO valhe.

of 0;3068, but in poor agreement with the HMcLachlan valué of

| 0.469, Further, throughout the variation in.B; the values of

Gg' and @Z remain almost constant, ranging from 0,041 to 0.046
(see Table I).' Thus a deviation from any molecular shape that
amounts to only f 0.0020 in the unpalred spin den31ty indic~

ates that the bridging carbons C-12 and C-14 are not partlc-.

'ularly sensitive to foldlng about the N-S axis., For the sake

of comparison the values_of the ring proton spllttlng constants

are: .
MO a% = 1,635 G
a” = 1.17 G : ' o (b-7)
McLachlan: az = 1.?52 G ‘
al = 1.606 G (4-8)
Clearly a combination of the two theories gives almost
perfect agreement with experiment -- no attempt to fufther

examine these constants will be made, however., For consist-
ency with the rest of the oalcUlations £he HiO spin densities
will be used. A detailed study on aAsefies of related cations
would give.better information on the‘nature of the various
spih polarisation constants , and a least squéres analysié
similar tovthat made by Henning for a series of N-heterocyclic

aromatic anions could then be used to give more reproducible
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values., The values used here, Qgc = -29.2 G, Q%N = 20.0 G,

and Qgc‘= 7.0 G are very consistent for cations, if allowance

~is made for the fact that the nitrogen cdnStants,perhaps do

not vary as much for a_bation as for an anion, with respect
to the protoh'spih polariéation constants, No precedent exists
for this hypofhesis, but the computer calculation mentioned

earlier'suggests that the vaiue of QH = -24,2 G that givés ’

the used values of'QN for aniohs (21) would be between.-28 and

-30 G for the cation, assuming that the QN stay the same.
This, then, was the assumption used and the amount of folding
about the N-S axlis was determined from the best fit of the

experimental splitting constants to the appropriate set of

- spin densities. Using such a calculation a value of 104 deg-

rees for the angle betwéen the'aromatic rings was established.

Other values of 9'cannot give agreement of calcalated splitting

constants, using the'spin polarisation constants just described,

N and the proton splitting constants,

1

with both a

Calculation of a , the splitting due to the protons

at carbon 15, the carbon attached to the nitrogen atom, was

based on some special assumptions., In calculating theAHMO Par-
ameters the -CHpCH2CHpN(CH3)p sidechain attached to the nitre-
geh atom was'assﬁmed:to be effectively,é —CHB‘group, and the
H3_part was treated as a heteroatom with the appropriate pér—
ameters (as already given). or courée, when the spin densityv
at this heteroatom is considered, it must be femembered that.
the real sifuationlis a'-CHz group. Using‘these approXimations 

an HMO calculation can be used to investigate the importance
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of hyperconjugapiqﬁ §Ver spin polarisation, or vice-versa,
Use of a simpleuSpih polarisation treatment is not
. warranted in this cése, Sinbe-attempts tb find a feasonable Q
for the methyl spin pqlarisation,failed, and use of existing
accepted values for methyl and mefhylene'groups (Q=-3.09G,
ref. 27) failed to give reasonable results. It is highly prob- .
"able, therefore, that hyperconjugation is much more imporfant
v'ih this case than 1is spin polarisation. In fact, it seems
likely that there is no épin polarisation contribution. This
will be discussed now. |
_ | The hyperconjugation in CPZ+ should arise from inter-
action of the W-system about the nitrogen atom with the C-H
Sigma bohds -~ Tor excited states and cafbonium ions hyper-
cqnjﬁgation has been shown to be quite.impoftanf (32), althougﬁ
it may not be for neutral molecules. Thus, in COhsidering | |
cpzt, Levy's equatidh, (3-20), for the splitting constant dué
fo Hypercbnjugaﬁion with a methyl group was.usea, and HMO.
values of the coefficients'were émployed. So:
- Ooyy = N9.8Cy +13.17 €8 +101.7CHCe + 3.997CuCer
+ 0.913CCr — 3.09¢8 (4-9)
and  Qcyly = 3.212.“‘3.09(’5'- S (4-10)
In eq (4—10)the'spin polarisation'contribution, -3.09@5
is deliberately left unincluded., This term, when evéluaﬁed,
is —O.948G; .Thus aCH3 is reduced to 2,264 if spin polaris—

1 to

ation is included. Since aCHB,iS to be equated with a
obtain an épproximate measuy@ of the validity of eq (4-9)

here, the value aCH3 = 3,212 G gives very good agreemént, con-
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sidering the apprdximations used,'wheras the value aCH3_= 2,26k
is unrealistically low. Thus, by neglecting the effects of
spin polarisation interaction at the methyl and nitrogen pos-
itions much better agreement between experiment and calculat-
ion is obtained. Condidering that ﬁhe molecule under con-
sideration is a cation and not a neutral molecule, hypercon-
jugation may well be a dominant effect because of the tendéncy
of aliphafic groups (especially the methyl group) to donate
‘electrons -- the positive nature of the nltrogen atom should
enhance this effect and thus.increase the hyperconjugative
interaction., This is most certainly the experimental résult
here, and for cations in general a similar mechanism énd res-
ult may be expected. Levy's calculations and comparisons for
a serieé of anions indicated that the effects of hyperconjug-
ation had been over-emphaslised consistently. This is in ex-
cellent agreement with the mechanism‘just postuiated -=- 1in
the case of the anion the negative charge would tend to opp-
osé the flow of electrons from the methyl group (or methylene
group). Thus Levy’srcalculations might be expected to be
modified slightly for application to esr spectra, with the
treatment he gives (eqs 3-18 and 3420) being more applicable
to neutral species in the sense that the hyperconjugation/
spin pblarisation balance ié%fhe same for the radical as for
the neutral analogue. In any event, the experimental fact
here is that CPZ+'interacts‘with the aromatic ring almost ex-
clusively by means of hypérconjugation mechanisms which are

enhanced by the cationic nature of the aromatic system,
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E: THE "ANOMALOUS" SPECTRUM

The spectra shown in figure 2 are termed "anomal-
ous" beéause they were totally unexpected. When the temper}
ature study was being made on CPZ+, a linear relationship be—
tween linewidth and fémperature was looked-for. However, at
"a temperature of 12590 the spectrum began to change, and by
1365C the change was cdmpiete. Subsequently it was found

that at room pressure (the esr sample was evacuated to about
L

10" "torr) prolonged heating at 100°¢C produced the same result.,
This heating had'to'be greater than 120 hours, since less
heating resulted simply in a slightly broadened, but normal
spectrﬁm -- heating to around 130o in the esr samples produced-
a change in 10 minutes. The change observed was not reversible
upon cooling, although dilution with'ﬁater sometimes restored
the red colour (from a characteristic tan of the changed specie)
but destroyed the spectrum. The red colour generally dis-
appeared quite quickly. Analysis of this spectrum proved diff-
icﬁlt, but some approximate values of spiitting constants were
obtained that generated calculated spectra of similar shape.
Lack of resolution prevented a more serious assignment. The

3

constants obtalined were az and a“ remaining essentiaily un-
changed, alV varying from 6.6 to 6.8G, which bracketsgthe value
obtained for CPzt ( assuming this "new" speciles is not CPZ+).
The change in al, the splitting due to the group attached to
the nitrogen atonm, is quite interesting, however., Analysis

indicated that a1=6.8G, and the splitting is described by a

doublet of equal intensities. Thlg, of course, is character-
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istic of a spin 3 System -~ in this case undoubtedly a prbtdn.

To account for these results structurally is not straight-
forward, however.

It is immediately obvious that the splitting of the
'group attached to the nitrogen atom in CPZ+.is one half that
of the same, or comparable, splitting for the new épecies.
This could be coincidence, or'could reflect a situation in
which a proton has been lost from the -CH2 group in CPZ+.
if the spin density remains essentially unchanged at all other
‘positions then a splitting constant for the remaining.proton
.would be twice as large as for the previous two protons, but
only two esr levels would result from the single proton,
changing the spectrum radically. In this particular case,’
also, there is the large complication that the new splitting
is numerically the same as for the nitrogen atom, so an in-
teraction~of an»unpaired spin with these two centers would
result in a quartet of intéﬁsity ratio 1:2:2:1, and sep-
aration of peaks of 6.8G., Further interaction with thé spin
'density at the ring pfotons would add structure around and
between these peaks, as observed. Further, taking into |
acgount the broadening of the high-field lines, and checking
with a low-resolution specfrum (fig. 24d), the experimental
inteﬁsity ratios are 1:2:2.3:0.9, which is in excellent agree-
ment with tﬁe calculated values for the case of a lost proton.
A calculation using the same equation as befofe, éq (4-9),
wasvmade (ﬁodifying the coefficients to account for the 1oss'

of one proton), yielding:
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aéH = 7.24 G
And a spin polarisation treatment for a single proton
attached to the nitrogen atom directly'gives:
ayg = 7.53 G |
The latter calculation‘was made to include the possibility
that the temperature change was, in effect, loss of the side-
chain and protonation of the nitrogen atom, presumably from
the soivent. This consideration was made because of the re-
semblancé-of the spectrum to an unresolved phenothiazine spect-
rum, which also has a 1:2:2:1 intensity distribution. The two
| calculations offer no definitive answer to the structural
cﬁange pfoblem, although the hyperconjugation calculation is
Aslightly better. Energetically, it might be expected that loss
of a pro£on to the solvent at temperatures greater than 125°C
(in concentrated sulfuric acid) is theAmore likely answer.

The report (93) that a second electron'may be re-
'1eased'from-the side-chain nitrogen, giving an intense blue
di~cation could not be substantiated either experimenﬁally or
theoretically (by simulatiﬁg a spectrum to fit the observed
and predicted resulté). Further, it was not possible to in-
clude the side-chain nitrogen atom in the spectral structure
analysis for either mono- or di-cationic structures. No blue
solufion could be obtained in solution (although it is readily
obtained in the solid (93)), and the excellent agreement of I
‘the given results with calculatidns suggests that thelside—

‘chain is not involved in the esr considerations beyond the

first carbon atom -- this is the usual aromatic situation,
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F: THE CORRELATION TIME

The asymmetry exhibited in the spectra can be reads
ily interpreted in termé of anisotropy in the g- and A-ten-
sors, which leads to_a 1ineér dependence'of linewidth on the
nuclear quantum number, mj. Aromatic molecules generally do
not exhibit large aniéotrdpies (except for special cases like
nitrenes, where there can be appreciable spin-orbit coupiing
in certain states; l.e. in the triplet state), and in chlor-
prdmazihe thé principal anisotropy is expected to arise from
the nitrogen.atom.. It was fouhd impractical to try to estim-
ate the anisotropy of the other contributing atoms and infer—
_actions, so only the parameters of-the.nitrogen atom are to‘
be oonSidered. First, however, a?discussion of the correl-
ation tiﬁe is appropriate. |

It can Eeiseen from figs. 1 thét, at higher tempera-
tures, the spectra become more symmetfical and better.resoiv-
‘ed. This is due to the lowerihg of the_correlation'time,ZE '
as the viscosity bf the solvent decreases, The determination
of the COTrélatioﬁ time is quite a difficult:problem, and is
not usually attempted exactly for magnetic resonance experi-
ments. The more elaborate theories of relaxafion in liqﬁids
require only aﬁ estimate bf the correlation time, of ten using
precedents calculated 1ﬁ self-diffusion work, and thus bnly
ordér of magnitudé agreeméht with whatever the true correl-
ation time isrréquired. An éxéct calculation would;.bf coufse,
be preferéble.

Most of those_using correlation times approximate
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them using the Stokes expression for the viscous force on a
sphere, which, combined with the theory of Brownian motion in
"~ liquids (55,58, 82) glves |
Lun;a@/akT R (4-11)
where a is the Stokes' radius of the rotating particle,
and-7 the solution uiscosity. Edelstein et al (53) found that
values of a calculated from eq'(4-11) were considerably small-
er than the molecular dimensions would suggest. Further,
O'Reilly (82) found using. quadrupolar relaxation tlmes obtain-
ed from the nmr spectra of a serise of Cl-containing molecules,
that calculated from eq (4-11) were an order of magnitude
toc?lohg. However, O'Reilly used the molecular Voiume for a
"15 eq (4-11) and Edelstein found that this was not always valid.
Any comceriéon of correlation times that compare some experi;
mehtally-determined'value of‘Q uith that determined fromveq (4-11)
‘}must specify what,a»is. This is not'straightforward,_andvisb
the reason mahy authers_use eq (4-11), and if unexpected dev-
iations occur, mcdify their parameters (53,58). Considering
.the physicallbasie for eq (4-11), however,_ieads to the concl-
usion that the Debye relationship was’derived for a spherical
':macroscopic object, and incorporated into the.Stokes expfess-
ion, and is not directly applicable to the question of how a
molecule or microcrystal moves, subject to Brounian motion,
fhrough a solution of known'viscoSity. Attempts to\calculate
a mofe'preciSe-Value of % fof the cpz’ cese wereAmade'usiué
an expression for the free volumebof a rigid—sphere‘molecule

rotating randomly in a solution. Buehler et al (85)>give:
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v = {9.'0/3 ¢3 - W3 i - W(vr-c2)
+ 22 (- GCTZ)( S'm"c/e 4 sin~'yn)
t+ 84‘3(2 sinu, + T - sin"w—sm"b) (4-12)
where c=a/{2, a= {”ro y T, being the collision sphere

(e-26) /3¢
i

t (Y"-tc‘( Cz)/

¢
| Uy = JAcrc (v Xa 2 T+¥K,
0 ekl ) e Il

X2 = ¥3 (R¢-6) ¥

G = (3 -2c2)%

C = (2v2- ca)}k

radius, and : M

H T

Using appropriate values of ro.(assumed here to be about
the same as . the dimensions of chlorpromazine, or about 102),'
values of vg%ranged from 5.to 7 angstfoms}_ Such values were
surprisingly close to those expected (4 to 6 X), in consider-
-ation of the rémarks of Edelstein et al (53). Thus, substit-
ﬁtion of vy for g’in eq (4-11) was considered appropriate,
and values of T obtained ranged from 2.65x1077 to 1.42x10-8
seconds, at room temperéfures (21-22¢C). This seems to be
a reasonable result, especially when compared to the value
for HyO of 3}(10"11 secs. (ref. 58, pllO),rwhich has a smaller
- radius and viscosity than chlorpromazine -- small enough to
account for the 1/1000 to 1/100 difference in correlation
time} This raises the fact that it should be'possible tol
determine values of T quite reasonébly if a standard, such
as water, was accurately known. Comparisons of dimensions and
viscosity then should enable,cohsistent values of T to be

obtained.

A'thermodynamically obtained value of the correl-
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. ation time is a?ailable, and Watts et al (86) have derived
" the useful relationship:
)'7/hT = consﬁant C(4- 13)
where D is the diffusion coefficient for the 1iquid.
Then using (83):
D = (QIIWL d'/VF eXp(—W/?‘)exp( AE/[Q—_) (L4-14)
where AE is the barrier height for diffusion, w is the
work of formation of a hole, and d2 the mean-square distante-:
between lattice sites (w arises from considering thét-a mol-
ecule participating in the réndom motion of a liquid can be
considered tfépped in a hole and subject to Br0wnién collis-
jons with other holes and particles). The use of eq (4-14)
is not warranted here, since an estimatioﬁ for w is not av-
ajilable for'chlorpfomazine. However, if w is known, an ex-
pres51on for Te can be formulated :
' T = 2" > wp w/\el) (4-15)
which shows that exact values of‘Q are by no means.un-
available for the right systems. A detailedbstudy on line-
width variations would then not be subject %6 discrepancies
at the solute/solvent level where approximations are often

- made, and where, perhaps, fewest approximations are desirable,

- G: LINEWIDTH VARIATION

To apply any knowledge Qf the‘correlation function
and correlation_time to a radical tumbling randomly in a vis-
cous sblvent, some knowledge of the aﬁiSotropy in.the g- and
A-tensors'is necessary. Suchlinfbfﬁaﬁion is available oftén

from glass spectra or spectra of randomly-oriented solids (85).
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The spectrum of CPZ+.in a glassy matrix of HpSOy at -9Q°C
gave some indication of A by measurement of the s?litting
- of the outermost peaks (fig la). Further analysis of this
spectrum was accomplished by‘analysis of ofher nitrogen~
containing aromatics, as outlined by McConnell (71).
chonneil studied the intercalation of CPZ+ in DNA

helices (71) where the helix axis is held parallel and per-
pendicular to the applied field. CPZ intercalates such that
the aromatic'plane (probably the expected axis if the mole-
cule were planar)Ais perpendicular to the helical axis. Thus
an esry study éf the orientation is relatively simple., The
spectra obtained (very similar to the one obtained here) were
not considered gbod enpugh to measure the A and g tensor el-
ements,‘but'ﬁ%e uséd~as a check of estimated parameters. The
estimated parameters are obtained by considering a similar
molecule whose A_and g parameters ére known. Then a relation-
ship can be proposed: o
‘ Ay /a = constant (4-16)

for a particdlar nitrogen-~-containing similar molecule,
and where a is the isotropic splitting bbserved in solution,
:and A; is the A component in the required direction i (with
respect . to the symmetry axis).‘ Using this leads to a value
for the constant of 2;35 and 0,33 for the perpéndicular and
parallel directions, réspeqtively, of di-t-butyl nitroxide.
Thus, for chlorpromazine: o
2.35
0.33 % 44/6.70, Ay = 2.2 G

~

X 4,/6.70, Ay = 15.8 G
' ' (4-17)
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The measured isotropic g-value for séveral spectra was
remarkably constant, and cheoking with a DPPH internal stand-
ard (contained in a capillary mounted inside the sample tube)
gave the same result of g=2,00626, McConnell's-g"=2.003, énd
the &) estimated from the glass spectrum obtained.here, g“=2.0028
agree well, so the relatidnship:

g = 1/3(g +2g) |
can be solved for 8 This yields gl=2.0079, which is

slightly higher than McComnell's estimate of 2,006, Thus it
should be f‘easible, using correct values of 4 g=|g1_-g“|, T and
temperature to apply eq (3—51)’and obtain an eétiméte of the
linewidth variation to be expected.‘ The Qalculations’made
essentially ignored any anisotropy in the proton hyperfine and
Zeeman ihteractions,'and thus cohsidered ohly the nitrogen atom
as the contributihg>factor. Further, considering . all the
approximations made, only order of magnitude agreement was ex-
pécted. and sé thé'neglect of proton.hyperfine anisbtropy
_ for this particulérxcaseyis probably more than within the
overall experimental'uncertainty. Table II Shows‘the results
of the calculations, and as can be seén, the asymmetric spectra
of CPZ+ in Hy SOU at temperatures where the viscbsity is still
high (see Appéhdix 8 for the viscosities of sulfuric\acid) is
well explained. As the viscosity.decréases, the shorter corr-
elation time shows that, under the experimental conditioqgﬂ
- used, fhe-higﬁ-field broadening should vanish, leaving an
essentially symmetrical spectrum - (of ¢ourse, under conditions

such that the measﬁrable linewidth is of the order of milli-
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LINEWIDTHS CALCULATED FOR a=6.5A

nitrogen spin state
temperature ) 0 T

282 °k .162 G 1.47 G 4.1 G
289 123 1.12 3.1
295 .09 . 80 2.23
300 .06 6l 1,50
323 .0l .32 . 835
333 . 022 025 . 58
350 .02 175 48
360 . 016 b2 .39
385 , 012 .10 .29
395 . 010 .09 255
396 . 010 - .088 250
Lo9 . 008 .08 22

These numbers are for only a diagonal contribution
from the spin Hamiltonian, a T, term may contribute
as much as the above T, values if the correlation
time is of the right size. Also neglected are any
exchange effects on hyperfine broadening, and any
other terms in the Hamiltonian that might give rise
to broadening.
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gauss, broadening éffects would be more pronounced, and _
- slight differences more easily seen). Attainment‘of the 16
line spectrum shown in fig.‘1 allowed better splitting constant
measurements to be made, also, which'furthér showed that
using 100KHz modulation, Whére the modulation-broadening
amounts to about 70 milligauss, even in the absense of any
other broadening effect, very little further resolution is
likely since the 16 lines are coincident to the extent that
only 100 milligauss er;'so separarate the coincident lines.
Examination of the calculated linewidths shows that
best results seem to ocdur for a, the Stokes! radius, of the-
order 6.5 angstroms. Thuslit is tempting folsee‘if the app-
ropfiate correlation time for this value of a, at_some set
temperature, would be useful in calculating a value for the
-spin-lattice relaxation time, Ty. Kivelson (45) derived an
expression for'T1 which showed that Tl is dependént on the
same\mI and m% terms as was Tp. At the limits of high temp~
erature and low concentration, where T1°‘T2 (h5,87), 8 per-
fectly symmetrical spectrum should arise. In this experiment
it appears that this condition may have been approached. If
the dipole-dipole interaction is dominant (for which an ex-
pression for T, was calculated in secfion IIT), then eq (3-44)
is applicablé. This results in the values of,TI1 shown in
Table III. Stephen and Fraenkel (88) determined 1/’I‘1 for HZO
to be of the order of 2x10~u sec™t where w&Qﬂﬁl is assumed.
‘In this experimént'(t_m'lo-8 and(4~6x109, so w is‘certainly not

applicable. At room temperature, where the viscosity of sul-



TABLE TIIT SOME REPRESENTATIVE Tl TINMES IFOR VARIOUS

VALUES OF a, AND NITROGEN,SPIN STATE M

~76-

0

I
6.00 R 6.50 K 7,00 &
T, (secs) - Tl(secs) T, (secs)
temperature '
282 % L 171x1072 .217x107% .271%10”
289 130 165 206 v
295 .935%107° SECIN 148 n
304 630 n .800x103 .999x1.0™2
323 125 Sl 5ho m
333 237 " .301 ¢ 375 ¢
350 .196 v 248 n ,308 -
360 169w 213 265 o
385 17 o b7 182 v
395 106 n 133 0w 164
396' .103 .128 ¢ 159
109 .088 n 109 n 135 n

These values are calculated somewhat apvroximately
from the spin:lattice term of the axial spin Ham-
iltonian that is considered most important to mod-
ulation of the nuclear and spin woments by lattice
fluctuations or random molecular motions. |
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furic acid is about hOcp., Hyde and Brown (875 fihd Ti.abouﬁ
1.4X10_5. It would appear, then, that tetfacene (the com-
pound studied‘by Hyde and'Broﬁn) and chlorpromézine, which
have a similar structure; exhibit a similar spin-lattice re-
léxation process, since thé experimental Tl's here are around
10-’ secs.. For tetracene,‘it was found eXperimentally that
Tloo’(c%ﬁ?, and since 1/Tlo< ‘Q/Q-ew‘f)—-see eq (3-44)-- wr |
for the experimental conditions used. This is the same ex-
perimehtél situation here, buf experimentalbvalues of T1 were
not measured so no check on the dependence of the spin-lattice
relaxation time on the cofrelation time was possible. The.
theory used to derive Ty, éﬁd thus eq (3-44), predict a linear
dependence, andAthis ié what is found by Hyde andABrown. .The
importance of spiﬁ-léttice relaxation processes in determining
.the observed linewldth cannot be quantitatively determined
without an experimental measurement of Ti! but in this case
the linewidth may be mére nearly:“
1/T = 1/Tp + 1/Tq

as suggested by MbConnell (40). If this is the case,
then the calculated linewidths, Tgl, may be as much as one-
half times too small for the case w*%2>|. Such is the sit-
uation for tetracene in sulfuric aéid (87). Thus the rather

small values of 1/T» shown in Table 1I are probably too small
because of the neglect of the spin-lattice relaxation. The
T1 effects can be added in, but since the exact amount of T1
contribution to the relaxation process is not known;.and since

exchange broadening is also likely present (this will be dis-
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| cussed‘shortly), onl& approximate values could be given, and
thesé would therefore have diminishing significande with re-
spect to Ehe approximations made to estimate the T2 values.

| | To examine the 1inewidths a bit further; it is poss-
iblg to express the overall linewidth as:

1/T2 = Km% + Imp + C | ' (4-18)

Now, an asymmetric spectrum allows an estimation of the
sign of the splitting constant to be made. ~In this case, as-
suming‘fhe nitrogen to be responsible for the asymmetric shape‘
observed, the sign of the nitrogen hyperfine coupling constanﬁ,
aN, can be determined if L is known (since only the linear
term in eq (4-18) will give an asymmetric contribution).

33 (89,90)

have been determined in this fashion. 1In this instance,

The sign of the splitting constants for C13 and S

and L can be written in Kivelson's notation (45,89):

L = "5 95893 o _5(3/2)"2 (gygy)(fc*cf) |

| R +[29:-(ox 3] @i} (4-19)

where a. = )2(0 | (Bwsz’egfl)/"3lo> _ (4-20)
%6 <ol sin?e; oxp(2idc)ie3loD (4-21)

and where_((ﬂ.”\c> is the expectation value for the op-

(&

i

- erator ih question for the molecular ground‘state. - Since,
for CPZ+, 8x = 8y simplification is possible, and since for
nitrogen-14:
%s@sﬁﬂﬁgf\daa = 38.1 MH,
from reference 89, ay must be positive and thus L must

be negative since & is greater than both gxrand Eye Since

experimentally the broadest lines appear on the high-field
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side oflthe spectrum, it is expected thét lines with positive
my will be narrowest, lines with negative my broadest. The |
high-field-lines thgrefore aré for negative my and thus the.
o splitting constant aN is positive. This is the accepted re-
sult (20,21). |

If it were possible to assign a linewidth and pos~
itién'to every line in the spectrum; it wouid be plausible to
v'attempt an analysis of the relaxation effects of all the par-
ticipating atoms, and thus determine if there is any anisotropy
dﬁeito the proton hyperfine interattion. In other words,
the resultant lines would have measurable linewidths and the
contributions from various methylene protons! spin stateS'
and ring protons'.spin states to the linewidth could be sub-
_tracted.out of thé resultant linewidth to give the linewidth
| due to the nitrogén interactions with the unpaired 'spin. The
result should be comparable to the linewidths calculated for
this spectrum (_CPZ+ being consideted). This 1is a qualitative
analysis, but such an analysis couid'be-useful. A modification
of this treatment to a set of coincident lines is possible,
whereby the stick diagram for the spéctrum (fig lLa here)
could be used to determine the individuél.contfibutions to
each observed line, This‘was done in this case, giving a set
of 16 equations that could be solved for the expected line- -
width contributions for the Varioﬁs nitrogen spin states,
In other words, equations like the followiﬁg can be obtained:

—@+8 =+<O|'%4‘|ﬂ L5—L7 (Lb-22)
 p=<iltb, £=<oleb o
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and L is the linewidth of ﬁhe particular fesultant 1ine,
b tfe contribution to the linewidth from the <}%,+Zl state of
the' methylene proton splitting, and <ol or il the appropriate
contribution from the nitrogen splitting. The pérticular value
méasured in eq (4-22) givesvah average resélt of 0.5G. The
significance here is thét the nﬁmber is always positive for
all the spectra that were accurately‘calibrated. The original
assumption that the nitrogen nucleus contributes most to the
anisotropy broadening is substantially correct. Attempts to
find similar correlations for the proton splittings resulted
in negative results -- there was no consistent value for any
splitting contribution to the broadening for the speétra con-
sidered, and the numbers themselves were small. Thus the eff-
ective contributions are practically zero, as expected. Only
the signs of these numbers can be considered useful, the mag-
nitude calculated is not necessarily rebresentatiﬁe of true
linewidth differences, as will be expléined shortly. It is
poSsible, then, using this relatively empirical method to ex-
aminevoertain lines, to assign the sign of the splitting con-
stants if the parameters of eq (4-18) are known. Usually, how-
ever, only a verification of the sign can be made, since the
particular state contributing to the splitting must be knoﬁn
,befofe the differences expressed in equations like eq (4-22)
can be interpreted.properly.

The quantitative aspects of eq (4-22) cannot be em-

phasised because the resultant lines do not necessarily have

Lorentzian shape. Theories used to derive the relaxation times-
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have assﬁmed this shape for the épectra in solution, but the
resultant of a series of nearly 6oincident lines, which may be
individually Lorentzian in shape, is not necessarily Lorentz-
ian. The Bloch formulation of relaxation times predicts a
Lorentzian lineshape for unsaturated resonance conditiéns, but
-only for well—separafed lines. Thus although the final line-
shape may appear to be Lorentzian, the actual linewidth is

not the sum of the individual Lorentzian components, or ahy
series of simple fractions of them (91). Thus, in this case,

" it would be unwise to attach too much emﬁhasis to the measur-
ed linewidths in the final spectrum -~ in fact; as éhown<§nﬂf87,
fig. 5, the resultant linewidths do not all exhibit the sane
behaviOur with temperature. Simulated spectra also had aiff-
erent 1iﬁewidths to the aétuai spectra, and in general it can
be assumed that'linewidth analysis of the more complicated

esr spectra willlnot show_the‘temperature dependence expect--
ed without somé knowledge of the broadening due.to each nuc-
ieus present -- this information is often not availablé and
thus many of the mbre complicated esy spectra are left un-
analysed. A detailed computation of the actual lineshapes
for each_line here.was not attempted, so quantitati#e aspects
of eq (4-21) mﬁst be left at tﬁe e@pirical level already de-

scribed.

H: POSSIBLE EXCHANGE EFFECTS o | .

- : . + .
Figure 3 shows some spectra of CPZ obtained in
media other than sulfuric acid. ' It caﬁ be seen that the

spectra in phosphoric and hydrochloric.acids are very sim-
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ilar to those in sulfuric acid. This was expected sihce the
viscositj of these solvents is high enough to cauée motional
broadening (viscosities greater than—v10-24 10_1 poise are |
in the range necessary to broaden the épectrum of CPZ+). The
lower viscosities of acetonitrile and nitromethane (around .4
to .8 cp), however, were expected to show symmetrical spectra
ofvapproximately the sane shape as those for sulfuric écidAat
higher temperatures.' In nitromethane (fig 3a) a well-resolved
but s-shaped spectrum was obserVed, and‘1owering the concen-
tration failed to remove the's—shape‘and still give a resolved
spectrum. Thus the expected regolution, but not theishape,
was obtained. The acetonitrile spectra were all similar to
that shown in fig 3d,-and.here the unusual feature is that not-
only isvthe s-~-shape retainéd, but the linewidth broadening
has caused enough overlap to obscure four lines; Atﬁempts to
resolve these spectra failed, and lowering the éohceﬁtration
below aboutilo”BM resulted in loss of resolution. Thus it
seems that in these media there is an exchange broadéning éff—
ect. The apparent_removal of this effect as the temperature
is increased for the sulﬁhuric acid system could not be dub-
licated with the lower-viscosity solVents, sincé they began to
boil beforé any change was observed, For the sulfuric acid
examples, the "flattening" of the overall lineshape is brob-
ably due to a volume increase in thé solvent at higher temp-
eratures thus'effectively increasing the distaﬁce betheen the
microcrystals or paramagnetic centers. This would diminish

the exchange interaction between these centers. .
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_ The exchange interaction was not considered gquant-
1ta;ively here, but a brief description will be given in most-
ly qualitative terms. Exchange interaétions generally occur
in ﬁon-dilute systems, and a many-particle model of a system
containing paramagnetic centers shows that Coulomb inﬁeractions
between the eleotroné of neighbouring ions can lead (consider-
ing also the Pauli principle) to an interaction of the form:

e = 275 S8 (4-23)
where I) = 5 NA{‘{L‘) ‘{)6 (\_/,') (e?/!")') (‘)A(Y; )‘)4’,3(\!»’)0{“(5 47 (Lh-24)

‘andA¢ng)¢6(t¥) describes the result of electronic over-
lap. Because large overlap leads td the general result that
Wa andQQBare not orthogonal if A and E relate to different
denters, it is customary to consider Jij as a small perturbat-
ion on the electronic energies within the ion, rather than
‘attempt computations on a new 2-cen£er system where each cen-
“ter is on a different molecule., Thus large overlép will be.

neglected. The exchange integral, J falls off rapidly for

ij
large inter-ionic distance, so the exchange interaction can
be localised to neighbouring pairs:
e = - 527F5%-3; O (ke25)
where the sum is over all nearest-neighbour pairs, and
usually all nearest-neighbour pairs are assumed to have idén—

tical 1bcation within the system, thus Jis = Jo

J
Calculations of the effect of exchange interaction

~will not be given, but results for solution study show (58)

that the effect of exchange interaction is essentially a narr-

owing, since exchange tends to average out electronic dipolar



-8l

1nteractions which‘normally would give a very broad spectral
11nf (ref 22, pp 205-208). Solids show this clearly, but sol-
ution spectra are narrowed dverali, but individual hyperfine
lines become broadened. This arises when the concentration

of the sample is such that éxchange of the electrons on neigh-
bouring nuclel occurs, and the hyperfine lines broaden by an
amount 1/Je, where wp is the exchange frequency (ref 60, p 502),
resulting in.l/@ebeing the effective lifetime of an electron
at the neighbouring nucleus. As the exchange frequency becomes
'cpmparable with the energy of the hyperfine interaction, the
“hyperfine structure gradually broadéns and coalesces into a
single ‘line. In other words, the hyperfire interaction is no
1onger centered at one nucleus, but becomes averaged over éairs
of nearést-neighbours' nuclei,

Thus, for the case of CPZ+,‘it appéars that a concen-
tration of cations sufficient to observe the specﬁrum by esr
techniques is high enough to cause some exchange interaction.
Bemoﬁal of this interaction was expectéd through the use of the
nitromethane/a2luminum chloride oxidation technique, since it
has been reported that this technique yields close to 100% of
ﬁhe radical species (80). Thus, since the same source quoted
results that indicate that sulfurid acid oxidation yields only
about 1% radical, it should bé possible to obtain resolved esr

5 aM solutions of CPZ in AlClB/CHBNOZ‘

spectra for around 10 - 10~
.Many attempts to do this failed, with the optimum_concentration
for good spectra in both casés being about 10_3M. Thus, if it
is indeed exchange effects that give the s-shaped spectra, and

it probably is, then the radical—generating ability'of'both
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systems must be about the same for chlorpromazine.

Some Biological Aspects of Chlorpromazine

A: FELECTRICAL PROPERTIES

The report (94) that chlorpromazine behaves as an
impurity semi-conductor below 32°C, and as an intrinsic semi-
conductor above thatjtemperature indicates the extremely low
ionization potential of CPZ., The 32°C transition point has
been associated with a crystallograbhic change which affects
the sidechain as well as the ring systenm (9&) -- a very im-
portant feature of this is that this change obcurs in the re-
gion jﬁsﬁ below body temperature. Interestingly, the change
occurs only in the polycrystalline material, and_nét in sin-
gle crystals (95). Careful study of the esr speétra from
room temperature to 50 degrees'revealed no uhusual change in
the molecular structure of the ring and first part of the side-
chain., ‘The changeat 125°C might be the same change reported
for the conductivity studieé, or a different effect entirely,
but no change at.32°C in solution occurs., However, the cond-
uctivity studies were made on compreésed pellets of the poly-
crystalline state, and this would have the effect of lowering
the ionisation energy, or, equivalently, reducing the size of
the energy gap. This is essentialiy what happens when carbon
condenses into the'diamond lattice, which is ah intrinsic semi-
" conductor at the appropriate temperature. Thus the situation
at 32°C‘might be equivalent to that at_125°C, if it is assumed

thaf the change to intrinsic semi—conductivity is equiValent
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to an increése in the number of carriers available. This means
thag something like a di-cation 1is formed, as_described earlier
when considefing the changed‘spectfum above 12500. - The change
theﬁ was not described explicitly as a change frém a mono- to
a di-cation, but this oould:be the result of losing é proton
from the first sidechain methylene group to, say, the solvent.

Much discussion on the ability of thé phenothiazines
(see fig 7 for some representative examples) to form a cationic
state h53>been centered about the energy of the highest-filled
molecular orbital, Most studies have been made using HMO, and
Karreman et al (96) report m;, in the.expression:

€ = o+ @3 _— (4-26)

to be pegative. This would indicate that fhe energy of the
highest-filled molecular orbital is represeﬁtative of an anti-v
bonding orbital, since and are negative; wﬁeras Orloff and
Fitts (97:) feel that consideration of the sulfur d-orbitals
should be taken into account, thus making my positive (for
chlorpromazine, it is very small and positive). bThis is in-
tuitivelj nore reasonéble, since most phenothiazines are stable
in the absence of lignt, but are non-explosive. They are, in
other words, easily ionized but not overly unstable in their
gfound staté. This would indicate tﬁat the highest~filled HMO
is close to the energy of an isolated carbon 2p orbital. |

Hiickel calculations pefformed indicate that CPZ is_
bonding in its highest-filled HMO, and the vapiation of the
energy of this orbital with the angle de#iation from a planar

structure is given in figure 6. It can be noted that the energy
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appears to become more bdnding as theta iﬁcreases towards 90
deg#ees (the plot is not of energy itself, versus theta, but
‘of m; in eq (4-26) versus théta). Thié, nowever, does not
mean that this is the situation: all that it really indicates
is that as cosf decreases to 0, the resonance integral for the
C-N hond approaches the value for a C-C bond; this is because
the angular variatioh‘was included iﬁto the Hlickel calculations
as follows:
Ber = ﬁf,v cos © | (4-27)

where @ is the folding angle. The same relationship was
used to find the variatioﬁ of nitroéen spin density with'the
positidn'of the alkyl sidechaln, as shown in figure 8. For

the case of the folding angle, little-oén be deduced from ﬁhe

me-

1

values except that my; 1is positive,‘and hence fhe\Huckel

"approximation indicates that the energy of‘the highest-occcu-~
piéd orhital isblowef than that of an isolated cafbon 2p orb-
ital and thus bonding with respect to this carbon orbitsl,
Even for the plénar structufe, where m; 1s small, but positivg,
a bonding situation is'apparent, and it can be coﬁcludéd th

a more stable counfiguration than this (more bonding) will be
most favourable, but this will not be the extreme approached
at a folding angle of 90° (when voth rings are touching) as
figure 6 would suggest. Thus a compromise is probable; and
earlier spin density calculations showed that an angle of 104°
between the rings was consistent with the esr spectrum. This

result would appear reasonable despite the indications of fig-

ure 6. The best positicn of the sidechain would appear to Be
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theilogical one, that‘is,attached to the nitrogen atom para-
1lel to the N-S “bond” and perpendicular to a plane bisecting

the rings through the C-3, C-2, C-9, and C-10 bonds. The

following diagram illustrates this point: /SRI
: - 4\\ N\\
; S ;§”> A
1;:;.\:3\ A
N \
l a N
i e . Cl -

This point is included fof'completeness; since it has
been postulated (96,97) that the sidechain is not in this pos-
ition, but folded under the nitrogen in a position that can.
be best described asb"tucked under" between the folded rings.
Gutmann and Keyzer (95) support this sort of structure, but
esr Shows only that fhe nitrogen spin density, calculated by
~ HMO methods, should be about .300 - .308., Figure 8 shows that
| this is the value over a wide range of angles (10° to 60°),
‘and varying the position does not.élter the my value of the
highest-occupied orbital'appreciably enough to attach any im-~
portance to this parameter.

The charge transfer mechanism has beén investigated
- by Gutmann and Keyzér (95), with the result that chlorpromazine
forms a complex with iodine of the form: Ié:CPZ+:Ig:CPZ+:I§,
where IS is a neutral molécule. Above 5OOC, in acetonitrile
solution; this 2:3 ratio changes to a 1:2 complex. Since a
1:1 complex is also observed, but not discussed, it may be
postulated that the 2:3 complex breaks at the neutral specie,
leaving the 1:1 and 2:1 complexes. This would require weak

bonds, which is typical for many bioldgical obarge~transfer
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complexes. Since the'chlorpromazine probably uses its7V-sys-
tem to étabilise the complex, thé donation of charge to the
acceptbr species may involve the inclusion of the acceptor be-
tween the rings, where the negative charge on the acceptor may
serve to stabilise_ﬁhe'close ﬁfoximity of the two.partially'
~positive aromaticxfiﬂgs. Intéractidn at‘either the nitrogen
_of sulfur atoms is possible, and'bothkcarry appreciable un-
- paired Spin‘density in>CPZ+. The sulfur d—ofbitals are nate
ural cahdidatés fof partial bonding, as is the niﬁrogen lone-
ﬁéir system. Sharing Betweéh the two centers could be poss~.
ible.for-larger'ééceptors: no further discussion of this will
be attempted, however, since,a detailed study of chérge_trans-
fer complexes of chlorpromazine,was nbt.made. A spectrum of
the_CPZ:iz éomplex in aéetonitrile is giveh‘on page 50, and
as‘can be seen,‘littie information is available from this spec-
trum. A similaf, but broader; spéctrél éhape was obtaiﬁéd

for the solid complex.

B: MECHANISM OF CHLORPROMAZINE ACTION -

The tranquilising aspects of a relatively straight;
‘_'forward molecule like chlorproﬁazine implicate the compiex;
itiés of the human nervous system. It has been suggested that
thé pheﬁothiazines act as charge transfer donors in biological
reéétions, and it has further beenusuggésted thaf'most bio-
1ogicél pomplexes havé the majority of the electronic charge-
in the acceptor state (96): Chlorpromazine, like all the

 phenothiazines, donates electrons readily from a highest-
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filled orbital that is close td the lowest-unoccupied orbit-
.al.f A tranquilising reaction can occur Py polarisation of~the
electric double iayer of a cell membféne. The_drug'donates
an électron to the accepting inside layer of the membrane,
which then becomes negative:with respect to the outer layer,
and thus polarised. This tends to oppose the normal mode of
nerve excitation, or'any membrane crogsing, by preventing

the "sodium pump!" action. A complete description df this,
and the action of nerve cells is giVen in most texts on neur-
ology, and a good, but brief, discussion may bé obtained in
reference 106. Briefly, the‘membraﬁe becomes activated by a
rapid influx of Na+ ions ahd a correéponding loss of K+ ions,
Since the concentration of Na+ over long times is constant
outside the membrane, a "sodium pump' has been postulated to
account for the subsequent removal of the Na+ ions that enter
during a nerve pulse, restoring the membrane pOténtial and
readying it for further activation, By blocking either the
sodiur pump, or the entrance of Na+ into the membrane by pol-
arisation of the membrane layers, nerve action is damped and
tranquilisation occurs. This is prbbably the mode of tran-
quilisation of drugs liké chlorpromazine. Chlorpromazine is
certainly a strong enough donor to act unselectively, and this
would explain its tendency to not only tranquilise, but also
interfere with normal'vision, induce anemic;like.conditions,
and cause eXxtrapyramidal conditions. This will be treated
briefly after a discussion of some biochemical aspects.

The binding mechanisms and metabolism of chlorvprom-
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azine are likely all based on the donating ability of the>
.druﬁ. Piette and Sandberg (99) used esr studies on spin-
labelled erythrocyte ghosts (which are‘often qpnsidered to

be good membrane models -- they are simply erythrocytes with
all hemoglobin and cell funétioh removed) to show that CPZ
can bind at quite restricted (spatially) membrane positions,
and in fact can do so'strongly. If a spin label is weakly
attached to such a positidn, CPZ tends to strengthen the
binding and immobilise the spin label. Such a protective
mechanism 1is probably_presentX%he protection of cells against
hemolysis; which chlorpromazine does at low concentration.

At high concentration chlorpromazine itself will hemolyse
cells. ‘Such protective mechanisms reQuire a stronger surface
structure to arise when the protector interacts at the sur-
face membrane., This is apparently common to all phenothiazine
drugs, wifh protective ability decreasing in the'order:
perphenazine, chlorpromézine, promazine. This order is the
same order for decreasing potency as a psychotropic agent,
The_actual binding mechanisn is likely either by intercalation
into a pblymeric structure or by bonding at the sulfhydryl
group of a protein., Pilette's results'indicate that CPZ can
bond at the sulfhydryl group, and it has been shown that CPZ
intefcalates (probably in the cationic form) into the DNA helix
structure (71). It is not generélly knéwn, for aﬁ indiscrim-
inate reaction, whether chlorpromazine is oxidised first, or
whether it becomes oxidised after binding by participating in

a biological charge transfer reaction. Spirtes (100) suggests



-96~

that the latter is not the case, but his results seem some-
_wha; inconclusivé. It does appear, however, that the binding
is easlly reversible (95% of the CPZ can be rePoved-by washing
with a saline solution) and indiscriminate in biﬁding site in
a molecule containing only protein. In systems containing
lipoproteins the binding is not easily reversible (100,99) and
suggests therefore a more specific binding site.

Thus the occurrence of side effects with such drugs
as the phenothiazine series 1is a 1ogicalvresult of the non-
‘specificity of interaction at many membrane sites. The many
metabolites of CPZ that ére present in any human body that has
beén treated with chlorpromazine (these metabolites are all
varying at the side chain positions, where the terminal nit-
rogen, in particular, loses either of the methyl groups, or
‘both; also involved in the metabolism is thé ring sulfur aton,
which cankbe easily protonated) can all react at sites using
the basic ring structure to effect a bond, but differences can
occur in the side chain effects. The different phenothiazine
drugs all differ most markedly in the side chain, so perhaps
this part of the molecule is the most important in determingng
drug aétion differences. Thus indiscriminate action by one
of these dfugs at several sites could result in polarisation
or hyperpolarisation of some membranes, depolarisation of others;
binding with trace metals (72) that are needed for other met -
abolic processes, reduction of hemoglobin 1evels_by hemolysis
of the red blood cells when used in high doses, and etc..

Chlorpromazine is given in large doses to some of the more
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severe cases of schizophrenia, in doses up to 2g per day.

Such doses éould easilylresult in'the many side effects ob—
Served (anemia, oculatory trouble, extra—pyramigal symptoms )
by interfering with cell function and nervevconduction. of

much interest 1is the occurrence of extra-pyramidal symptoms,
which are well manifested ih Parkinsdn's disease. If the

area of interaction of chlorpromazine that causes this pro-

‘babie nerve interference could be isolated, much more inform-

atidn oﬁ the méchanism of nerve output would be aVailable at

~the chemical level. Knowledge of the spectrum of chlorprom-
azine itself, then, might'perhaps enable use of‘physical meth-
ods .to be more relevant than they haVe been in the past.

More workvis being done-in’this ares by physical scientists,

and the function and structure bf hemoglobih, for instance,

" has been well examined by esr and diffraction techhiques,'with
the result that much of the behaviour bf this molecule in thé
humén body is now well understobd. This is a_relativelybsim-
ple example, biologically, and of much'more_interest and com-
plexity>is the function of the nervous system and brain, and
the manner of interaction of outside agents (e.g. drugs) at

' Sites in the nervous system is enabling some information to

be obtained at the molecular and cellular levels, Hopefully,

physical techniques like electron spin fesohanoe“will be able

to b;_used to solvé some of.ﬁhese interesting problems. The
function of tﬂe'physical-sciehtist.in these applications wiil

- be to guidé the biologist in hiS_theOries,'and to open new fields

to study by physical means and thzoretical interpretation,
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APPENDIX 1

THE FERMI CONTACT BAMILTONIAN

Probably the most important interaction in afomatic
free radicals is the hyperfine interaction arising ffom
intefactidn of electronic and nuélear moments énd described
by tPe gso-called Fermi contact Hamiltonian., Different
»notafions are often used, and different ones are to be
. found in this thesis, but all are equivalent.

We write, then, the Hamiltonian (22,23)
ﬂ 8"/3 9.. re 9N(3N 2[{) S'g(‘l’) Iné J(Ynh)
where S& = S Sct;

applying this to some polyélectronic wave function!# .
‘P quf"”‘s ‘l’m gb"{’w
and writing J{‘ = ﬁg(jea S, _[ - 3?5& SI
| a = QIEIG> [ 93<S:9< 1y
B B JNFN<?"/"’?132;: 8 ) Sl
where (% T ‘%Sﬁlﬂs . : : : o

i

Lh]
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APPENDIX 2

PROTON HYPERFINE INTEBACTION MECHANISM

Much of this appendix is based on reference 6,
and is presented here in some detail in order to provide
completion of the discussion on proton splittings. Basically,
the problem is one of conétructing suitable orbitals or wave
functions, for'the aromatic C-H fragment, which follow
certain assumptions:
a) each normallsed atomlc orblta] holds only one
electron
b) the wave functions describing the electrons are
to be eigenfunctions of Sy and S2
¢c) one valence bond function must desoribe the ground
state of the C-H fragnent.
There are three normalised orbitals, the Py, S
and 6 orbitals, with_the free electron residing predominantly
in the Pz orbital on the carbon. A three electron system is

thus the one under dlsou531on, and the three spln-orbltal

“eonfigurations can be written:

\ ~A®(123)«o<(3
% A@(1,2,3)xpo
¢s = AG@(12,3) so«x

where A.lS an anti- symmetrlzatlon and renormallzatlon

operation (11),@?(1,2.3); pz (1)G6(2) s(3) is the spatial
part'of the wave function and¢x§q3etc. are spin product basis
functions satisfying the first part of assumption (b). Now,
to ebtain eigenfunctions of SZ it_is neeessary te take
linear _vcdmbinations of (ﬁ, ) Q{& and ("7,43 giving doublet (S=3)
electronic state wave functions: '

i = Ma(d,-¢h)

P, =Mz (9‘1* ¢a-245)

it

i
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and now all aésumptioﬁs are satisfied,

(P, approximates a ground configuration, and Q& an
excited corﬁ‘iguration, S0 c.alculétion_s of the energy difference
between CP, and ‘Z,A W, shows that the two levels differ by
exchénge integrals and the total one-electron nuclear attraction

exchange energy of the C-H bond (6). |
| Sinceép, cannot give hyperfine coupling with the
vpro.ton by itself, a small admixture ofvexcited state .Cpg_
| is necessary, giving the mixed ground state wave functions:
Qp’,"‘ d, +Fdf, (1)
where £ is a spin attenuation factor describing the
.amoun_t of admixture, or configuration interaction, and hence
the amount of coupling witﬁ the nucleus, |
_ Thus if H is the complete 3-electron Hamiltonian,
and {{144/. then f=-(Hz1 /DY), where Hpq= <CF;/HI(QI> McConnell
(6) expands Hpq as follows:
g, = ”(\/—/2)[(]?&(&)()—(‘) (6’//”‘1}),)3(/ GCc) .c(é( afc.l:J)
([P sG) @) p)sce) abedy)]
where /Ft (¢) G’(J) (52/‘0')()7-3(1'-))5(6)“/&6)‘ :j;,g- , the two-
electron exchange integral, and similarlyvfor 3;95 . 1If the
~condition Jﬂd‘>~T holds, then
f=03/2) J/Dr/AW
Using Slater's (12) method to evaluate. the exchange
integral, and ifA W is in the range 5-15ev, then f~0.07-0.2.
Thus the effective penetration of the odd eleotr.on into the
G system 1is given by f, which arises from consideration 61“

an atomic exchange mechanism,
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So far only an idealised, isolated C-H fragment
has bheen considered; In the real case the total unpaired
'spin density is distributed over the whole TV system--so for
any proton pasition j
Yy = PeifiRe (2)
where, in.general,\vaill not be the same for all C-H
bonds in most aromatic systems, |
Now, to discuss the actual hyperfine splittings
arising from.the theorised spin polarisation, it can be
usually assumod (especially in aromatic, organic free radicals)
- that Zeeman interactions are much stronger than the hyperfine
interactions at the fields common1y used, Therefore the
energy'of the contact (or Fermi) hyperfine interaction giveh
by the Hamlltonlan (10): | »
M = (féﬂ@/zw(m/z) z Sten) Sut0) T,
where Stﬁu is the usual delta functlon for the distance
-Qu'between the electron and‘théAprdton.’

The first order energy for S=% can be calculated (6)'

EjL1) = 10165 = 2640, 1 71, >
| .n((i,)f/\[;)(/éulg/%)(/LI/I)/S(O)/ZI (3)
~ where I, % I,=0 for allowed electronic transitions,
s(0) is the value of fhe wave function at the nucleus and
Ej(-3)=-Ey(+3). | |
Thué‘fof a splitting ﬁu(Hj) in an electron spin
resonance speétfum, equation.’(j) can be written: . |
by (1) = (216 (g J)(féf‘sl NS

= 43 “%20)
= 1600 g, -Mﬁz;
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APPENDIX 3

DERIVATION OF THE SPIN HAMILTONIAN

References 5 and 58 can be consulted for complete
details. The spin-orbit Hamiltonian is:

' =NLS + EH(L+2S) (1)

whiJh gives a second-order perturbation energy of :

" et > -
| E® - 2p (& -ANG)Siby- XAy se§- 2

where AtJ l <LP0M I‘M«X‘Pn“— ‘LP.) @ -/\‘¢J HL HJ
n¢p E,, ~ Eo :

j1€j is an orbit interaction term between the grounds
-and excited states, and if it is noted that @%g'/{jwill give rise
to a uniform displacement of all levels (5) it can be ignored.
Writing: 9ij = Q(o(g'-)\JLJ‘)
: | (3)
as the g-factor (describing, essentially, the amount of
spin-orbit interaction), and letting Ey~Eg» A, atténtion
must focus on the second term. This term will bhe responsible
for zero-field splitting of the spin multiplet, and in an ax-
ially symmbtrlc crystal field (JL Yj ,Jh%a/m.{g is diagonal
(61), so that:
-)‘?"A",) g g =-"‘>\ [./L‘L(S +§ )‘*_/1,“ (L)
“but %ﬁ = S(s+ 1) - 51 | (5
| N j[,JS X‘[/Ll S(S+l) (As- A-u S _] (6)

Now defining D“(Ar_/l."),\. and substituting into (2}
afé = ﬂué’H;_i + 91(5(HKSAX + HY§,7)~¢ Df; (7)
or, COmpletely generally, ' |
78 @(9‘% +3,u, SNASPY LT
+ E(Sx 7,)
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i

where D and E are zero-field splitting parameters and g
ﬁhe "spin-orbit" factor.

Now, for S=%, D=0, so egqn. (7) can be transformed
into 1aboratory co~ordinates as follows (including the hyper-
fine interaction):

Take (5’[9" Hede 4 f“_(HFSP rN% Si)] + A[( LS, +

" {“/TJ(IPSP + LS@)-{—... (9)
as the Zeeman and hyperfine Hamiltonian. Then if Hg is
the field in the z-direction,.
Hp=Hpcos @
where @ is the angle befween%the symmetry axis of the
molecule, T, and the laboratory z-axis.
Then H-S= HOSZ, and further:
S ——SZGOSQ +S 31necos¢+ S 31n€951n¢ (10)
= S,cosf + §(s+e"%+ S_e?¢131n9
where S¢=(Sxiisy) and ¢ is the angle between the xy plane
and the pg molecular plane, perpéndicuiar to z'and r, respect-

ively. A further point is that can be formulated as the sum

of an isotropic7(and therefore time-independent) and anisotropic

(time dependent) term:
ﬂ = Off(, +Gfil (11)

where ﬁ :3(@}52: -chS.I |

ana - [Agg/»lo%fz][wf@ a/g]s + 4 [348H5 + L J12)
x($146w59)’5 €¢+S__ J =Y [,[Cosz@ //3_/[5.[*51
4V@E(Sn@9)Lif —2¢“I S. e‘¢
+ bl sinb 0039_][1+c. + 1. e“j_j Sz

where g = 1/3(-g“+ Zgl), a =%—(Au+ ZAL)

b = A"-AL

]
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APPENDIX U4

THE CORRELATION FUNCTION AND ITS PROPERTIES (22, 58-60)

In the Hamiltoniah given in Appendix 3 and Section
I, the poiar_anglg'e can be considered to defermine the
correlation of the moleculé. The molecular symmetry axis
wili thén determine éhe éorrelation; or lack of it, for a
certain time period, and if the microdrystal is considered

to be a unit sphere ini?hape, then ,

| aion s o ) (Beosre-1)2MTsin0de
<:3aﬁ’9"ﬂ>ﬁv = 0T . =0

- f5 2iwsin9de

when considering one of the terms in (2-34).

(1)

IT the time average 1s not considered ovef a long
per_iod, but a sui_tably shorter one, then clearly<3¢0‘53-@—~l>
need not'beO at any time t if 9(&) is a random fu.nqtion.
of time.i There is thus always some time interval available
at’the end of*whidh the function will not be zero, and in-
fact there is also_an interval ending at T where the sign
of thevféndoﬁifunctiony and fhéim&éﬁitude,viS'aP??QXimatélY‘
‘the same as at the start. When this is true for any start-
ing point_then'the:processiis'termed asttationary random .

. process" and the time interval is the correlation time. -Such
- a process is to be considered here.
| Consider a fandom functioné(x(t)) and a correlation

function defined as:

Gk, - ‘é(“(t{))j*(‘x&ﬂ) (@)

where the bar denotes an average.
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Since a statioﬁary random process is being considered;
lto - t1 1 =T. Then:
G(T) = TEENTFX(T+0) | (3)
and if G(T) = 6(0)g(T) = TFE(ENToa(¥) and g(0) = 1. ()

Equations (3) and (4) can be shown more explicitly byrconsid—

ering the appropriate,probability distributions, If the def-
iniJion p(xl,tl;xz;tg) means that X=X1 at tl and xp at tp, and
.if P(xq,tq:x2,t2) means x=x2 at to when it is known that x=x;
ét'ti, theh} ) |

p(xq,t1ixp,tp) = P(xy,t1ix2,t2)pl(x1,t1) (5)
.or p is simply the product of P and the probability that x=xq

2t tl' Thué the correlation function can be written:

Gty tp) = FIR(TLIIE (x(E2))
 =_[[p(x1t1;thg)f(xl)f*(xg)dxldXZ
= Ijp(xltl)P(xl,tl;xz,tg)f(xl)f*(X2%2§ldx2
and since the definition of the,average value of a random
function x(f) at1éomé time 't, subject to the'probabiliﬁy o
diStribufion p(x,t) igs defined by (60,p270):
X(E) = Jxp(x,thax N ¢

and for f(x), a function of x and hence a random function of

~t if x is,

TR = plx,t) £ ax (8)
"For the stationary random process ‘

G(T) jjp(xl,XZQT)f(xl)f*(xz)dxldxz
[ fote)p(xg 22, Df(x) 0 ¥ () axgax,  (9)

and if G(T) is defined (somewhat loosely) to be small when

i

(TI>7 T, where T is the correlation time, the correlation
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time achieves a mathematioél definition., Further, since
r(x1,x%2,7) = p(x2,x1,T)
so G(-T) = ¢™(T) = G(T) sinoe‘p(xl,xg,-f)_= p(xy1,%x2,T)
and the last statemeht implies that past probability is the
sane as future probability.v It is assumed here that there is
alweys a time T such that this holds.
It is now possible to define a series of spectral

densities, which are Fourier transforms of G,(60):

s . A o .
jw) =] ¢@)&*at (10
0 (0 - T
Jw) = ZIG(Z,'_)oos(w'L')dl' =Jd(;(?:)e at (11)
& 0
k(w) = oé(t)sinwldt ' : : (12)
. Jo .
and therefore jW) = $J@Ww)-ik(w) (13)

The reduced correlation function has already been defined in
equation (4), so if it is represented-.as (60):
g(C) = exp(-\Tl/t.) - (14)

then jW) = 2%/(1+Q) S . (15)

This 1is often-feferred to_aS‘the spectral density, andl.
clearly jw) at a given ffequencYCu‘is a maximum foril:kﬁ,
'decreasing to 0 for either very short or very long (. This'v
shows the usuval relaxation effect that can be found when
working with 1iqﬁid solutions in nuclear magnetic or electron

spin resonance.
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APPENDIX 5

THE CORRELATION FUNCTION FOR A SIMPLE CASE (59)

If s random function is limited in its randomness
to an interval about some field value Hp, and if the deviat-"
ion from Hy is ié: and'defining:

Ho-& ) (1)

Ha
Ho+ d

| » Hq

i

‘then for the correlation function G(T) = f£(t)r(t+7) (2)
it is possible to write f(0) = Hq as a starting assumption
(it could also have been f(0) = Hy, leading to the same res-
ult).

| Now, if a probability is defined as .follows:

Pl(T3 = 0) for f(t) = (H; .

and similarly for P5(T), then:
£(0)£(T) = Hy[Py(T)Hy + Pz(T)HZ] (4)
by simple substitution. N L _

The average of (4) leads tb the averages of pi(f) and. =
'pg(T)thich-predict thet if atT=0 the field is Hy, it will
be either Hy or Hp at timeft(# 0).

. TTOVECEY = Hy[Hipg(T) + Happ(T)) (5)
“and as T-=0, pq(T)—=1 and pp(T)-=~0 'if f(t)=H; atT=0.
‘Therefore the probability that the field will jump from
Hy to Hy, W, obeys the rate equations:

= W{py-p1)
(6)

|

%
i

W(py-pp)

nmust hold. Solving gives (ref,59, p231):
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py (T) + p2(T)
py (T) - pp(T) = Cexp(-2WT)

but C = pl(O) - pp(0) = p1(0) since p,(0)=0,

(7)

therefore it follows that since py(0)=1, C=l,
So fO)T(T) = Hl[Hlpl('Z) + Hzpz('C)]
Sff (T P, (1)) -§p, (1)
—8[Se2“"+8p (1) =§ pyl "c)]
: - 20T
therefore f(05f(t5==5<3 = G(T)

where T(0)F(T) Tepreseiits tHe complete eénsemble average

i

(i.e. taking into account both possible starting points for
the field value, and noting that the field is equaliy likely
to'be-either value initially, so the result for one starting
point is.thé same for the other).

Finally, since 1/ = 2W - (9)
-1t/
- 8% /e (10)

eV (EAT)
where (9).follows from considerations 6f saturatioh and
,fate equations for a spin particle (see ref. 58, pp34-38),
and Q:is substitutéd for Tl’ the Bloch longitudinal relaxation

time..
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APPENDIX 6

A RANDOM FUNCTION TREATMENT OEﬁkt)

To apply the correlation function treatment to

the Hamiltonian already described (3-34), it is convenient

‘lﬂ = ;ﬁo + iﬂqgﬂ (1)

| wherezjzg is the isotropic part and.j?‘(t) the perturb-

to write:

- ing spin interactions which depend on lattice co-ordinates,
The spins can then be considered a subsystem of the lattice
(microcrystal) which contains atomic and molecular degrees
of freedom~-thus a difficult gquantum-mechanical calculation’
 for the entire spin and lattice system can be avoided by
treatifg;ﬁ(”tﬂ.as a random function of time.
To solve the time-dependenf Schrédinger equation

(the eigenfunctions and eigenvalues oﬂjﬁére solutions of the
time—ihdependent Schrédingeregquation, but§ﬁihtroduoes a
4small time- dependent pcrburbatlon and thus °tatlonary sol-
utions of the tlme 1ndependent equatlon do not exist):

h 34’ = $0¢ (2)

and if zero-order elgenfunctlons are up such that:
\«‘fwun = Enun ' B )

then (62)
\P zgan (t)uy, expl 1hnt/h) (&)

Substituting eéq (4) into into eg (2) yields:

S aag uy S0 S o, &tV -
"’Za (Kf‘e "*‘K‘ un é.‘E\E/h (5)

Now, multiplying through by uﬁ and replacing S&,un
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by Epu,, and integrating over all space, remembering that (62):

Iuﬁundt== S&n (6)
- 547% -Entfy

gives; Zgiﬁ dan u, e +44 nEplin e
_Za o (Epuy é‘&‘t/ﬁé,el -LE“%‘) (7)
Zi’h .@ﬁn uy, é‘Eﬂ & E m u, -LEnl?/é‘s
S0 Zl‘l’l g:kfun‘lk écb\t/ at —Zanjukﬂ‘und'l: e‘E\&/{r‘
i ey R =2la, sk t/ Sl uny (10)

dt
Now, if ap ~5 at t=0, then for k#m, and the system in state

m at t=0, |
a,(t) = —1/&’4@:}% (t+) m)ém‘ﬂl«:ﬂ at (11)
where day = —i/ngqj<u Iﬁ(’!un>%tﬁ-t/% - (12)
at

follows from eq (10), and = Ep-En/ defines the
angulér frequency (58). -
| So the béhaviour of the coefficient a, with time
is defined. Now, if the probability that a system in a state
m will be in a state k after someutime'interval t is (63):
Prn™ ayal | S (13)
then the transition rate between these two states is:
| APy = W, = ay dai + c.c. (14)

at at
Therefore, substituting eq (11) into eq (14\

!
Wyp= B <m\$€,(t | 5“‘%J<{\£€ (el € S dt' + c.e.
= "Zjactz%«t | D fﬂlﬁ’.(t)l@ Cem( bt 1)Lt + oo, e
- Now 1f§¥ (t) is a random function, this randomness will.
be evidenced in the matrix elements. Therefore a transition

rate average for the microcrystal is a measureable gquantity

defined by:

_ iy o
Wyp= h™° TH(T-CIF(L) & ®di+ C.cC, (16)
wMﬁeszm'aﬁdf(w=Qﬂﬁ@ﬂU9
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Therefore,  Wyp= ﬁ’z'[th) éaigdt (17)
Now since G(7) becomegﬁvery small if ¢ is short, or long,
compared to t (1ossbof correlation), the integrand must dis-

appear before t deviates far from T, so the limits in eq (17)

can be replaced by tw . Further, in the high—temperature

approximation, defined by (58-60):

YAy = gpHy<< kT (18)
(in this work g@HOA,éxlo—zo, kTﬂ*@XlO‘lq), and thus
1/Ty = W(i+exp(-€/kT)) | (20)

from con81derat10ns of the Einstein coefficients of ab-

~sorbtion and emission (see, in particular, ref., 64) Thus if

ELL kT
/1y = 24 | ©(21)

so  (1/2T)yp = Wy = ~2jc<t> N
- And from Appendlx 4 eq (22) is slmply the Fourier trans-

form of the correlatlon functlon, defined to be the spectral

den81ty.3uo).
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APPENDIX 7

THE BLOCH EQUATIONS-~-A BRIEF DEFINITION

The Bloch egquations provided a correct descrip-
tion (for liquids) of the magnetic properties ofvensembles
of nuclei in external magnetic fields.
In an arbitrary magnetic field (homogeneous) the
- equation of motion of the nuclear magnetization for an ensemble
of free spins is: | |
am/at =¥'M x H | | (1)

In a static field, H,=Hgy say, the trend of the mag-

. netization to an equilibrium value MZ=MO=}QHO~can be fairly
accurately described by:
aM,/dt = —{(MZ-MO)/Ti} o (2)

Now, if the huclear magnetization is given a component
‘perpendioular to Hy (by, for example, an rf pulse), the various
~local fields cause the transverse magnetization tb_decay (be- »:
cause the spins are not actually free, but'interacthith each
other and their surroundings):

| AMy/dt = -My/Tp, . dNM /dt = -Hy/T,  (3)

’In the presence of an applied field (the sum of a DC
field and a much sumaller rf field) the motion due to relax-
ation can be superimposed on the free spin motion, yielding:

aM/at =Y'M x H - Mit' + M, j' - Mz - Mg k' (4)
T2 T

it,j', and k' being unit vectors of the laboratory
frame of reference, and Tl the longlitudinal relaxation time,

T, the transverse relaxation time.
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APPENDIX 8

following are some values of viscosity for
-sulfuric acid as a function of temperature. As can he

seen, no simple correlation seems to exist,

. viscosity -
B temperature '

o %¢ : 48,4 cp
15 B 32.8
20 | 25 .4
30 o - 15.7
40 ' o 11;5.
50 | 8. 82
60 B 7022
70 | 6,09
g0 5.19

Acetonitrile has a viscosity of .46 cp at 0°C
Nitromethane has a viscosity of .85 cp at 0°C, and

B

.62 ¢cp at 25°C



