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Measurement of magnetic circular dichroisiCD) anisotropy has contributed greatly to the
understanding of the electronic structure of transition metal ion centers in both biological and
nonbiological materials. Compared to previous methods, optically detected electron paramagnetic
resonance experiments can measure MCD anisotropy with dramatically improved orientational
resolution. In this paper the relevant theory for systems with an isolated Kramers doublet ground
level is derived and its application illustrated using a transition metal ion center in a protein: low
spin ferric haem. ©2000 American Institute of PhysidsS0021-96060)00634-4

I. INTRODUCTION experiments were carried out on several types of copper
protein?*®a number of severe difficulties were experienced.
Magnetic circular dichroism(MCD) anisotropy is a Experimentally, it is difficult to distinguish between anisot-
powerful tool in the assignment of electronic transitions andropy of the microwave saturation/magnetic relaxation and
hence in the understanding of molecular structfrdhe  MCD anisotropy. In addition, magnetic relaxation effects
MCD field and temperature dependencies of samples coneross-relaxatiolf and spectral diffusioncan remove the
taining randomly orientated molecules are sensitive to thigrientational selectivity of the experiment: Molecules which
anisotropy?~® Such experiments, which are known as MCD are not resonant with the microwaves become saturated.
magnetization or saturation curve analysis, have been palFhese magnetic relaxation/microwave saturation effects are
ticularly important in the study of transition metal ion centersalso strongly dependent upon sample variables such as con-
in enzymes and other proteins. When combined with inforcentration and other experimental conditions. Understanding
mation from complementary methods, such as optical abthese effects can be especially difficult in proteins containing
sorption and electron paramagnetic resonance speeaultiple paramagnetic centers.
troscopies, it has been possible to deduce the chemical The coherent Raman detected EPR experiment has the
structures of paramagnetic centétdowever, MCD magne- potential to overcome these difficulties. Like the conven-
tization experiments rely on the ability to distinguish be-tional microwave detected EPR experiméfigoherent Ra-
tween centers with different orientations through their differ-man detected EPR measures the microwave induced preces-
ent Boltzmann spin polarizations. As the magneticsion of the sample magnetization. The fundamental nature of
anisotropy of the centers decreases, the requirements for ithe coherent Raman procés3® means that there are poten-
strumental linearity, stability, and signal-to-noise can be-ially many different types of experiment belonging to this
come very severg. class. An important group of coherent Raman detected EPR
Electron paramagnetic resonand&PR method$®  experiments, which are the principal subject of this paper,
are able to distinguish between centers with different orienare those that may be considered to arise from an oscillating
tations relatively easily using the microwave resonance conmagnetic circular dichroism or birefringen¢earaday rota-
dition. In an ideal optically detected EPR experimenttion) due to the microwave-induced precessing
one therefore performs an optical experiment on an orientamagnetizatiort’~2° We find it convenient to refer to experi-
tionally selected set of chromophores. If MCD is used toments of this class as “PROD” experimenBaramagnetic
detect the EPR we may therefore, in principle, measuré&kesonance Optically Detectedt is possible to measure
the MCD anisotropy with high accuracy. The first attemptsMCD anisotropy using the PROD experiméhiOther types
to exploit this possibility in samples containing randomly of coherent Raman detected EPR experiments have been per-
orientated molecul€3® used a relatively well-known formed that cannot be described in terms of an oscillating
method!*2—saturation of the EPR transition by the resonantMCD or Faraday rotatioh?
microwave radiation and detection of the subsequent reduc- The difficulties experienced with conventional MCD de-
tion in the MCD signal. Unfortunately, although successfultected EPR arise from the fact that strictly speaking it does
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not measure EPR at all but rather a secondary consequence:
repopulation of the magnetic states by microwave power
saturation. In contrast, the PROD experiment measures EPR
in as direct a way as can be envisaged with an optical ex-
periment. This fundamental simplicity makes the experiment
more suitable for precision measurements of MCD anisot-
ropy. In the absence of microwave saturation, the only po-
tential influence of magnetic relaxation effects on the size of
the precessing magnetization is through the EPR line shape
function. In many practical cases other factors determine the
line shap€;®and in the rare cases where relaxation is impor-
tant it is usually not necessary to know the details of the
mechanism in order to simulate the spectra. Equally impor-
tantly, the interactions between paramagnetic centers th _ .

. . . .. FIG. 1. Euler anglesp, 6, 7 relating the moleculag-value axis system
through cross-relaxation, can remove orientational selectivity v ;"and the laboratory axis systei Y, Z. The main magnetic field
in MCD detected EPR at worse only influence line shape irBO is applied alongZ and the linearly polarized microwave frequency
coherent Raman detected EPR. If it is possible to distinguiskield 2B, coswt is applied alongX. In practical instrument8, will nor-
between centers by conventional microwave detected Eppqally be horizontal. The direct?onal_cosines gsed throughout _the main
then it will also be possible to do so with coherent Rgmgntfzitnagié;(Cosﬁfgs(‘fi%i’;;g'sn(ﬁ‘iisr']nn’fs?:Zi'gf;fig:;;i?s'?nz;
detected EPR. These considerations lead to a dramatic SiMos¢ cosz,sin 6sin ), andA,=(sin 6cos,sin 0sin ¢,cos6).
plification of the interpretation of the experiment.

Recent instrumental improvemefitsallow the PROD

experiment to be applied to a remarkably wide range of sci- ) )
entific problems. It is the purpose of this paper to illustrate—#”): K is a collection of fundamental constants
how MCD anisotropy can be measured using the PROD extNaa®m log(€)/1000izqc7), f(v,A) is a magnetic field in-
periment. To this end, a theoretical treatment of moleculeslependent optical line shape function with a normalized ze-
with fictitious spin-1/2 ground levels is given and the theoryroth moment
is compared to an experiment on a metalloprotein: low spin
ferric haem (Pseudomonas aeruginosaytochrome c55]1 (f f(V’A)dyzl)
We refer to “fictitious” spin to remind ourselves that the 4 ’
states concerned are never pure spin functions.

and theAp; are the directional cosines between the optical
propagation axi$® and theith molecular axisj=xyz The
parametersC contain the optical matrix elements:

II. THEORY
cxi=§ Im{(g(i)|mye)(elm,|g(i))},

A. Basic equations

We consider a moleculr, more generally, a localized ) )
chromophore such as an ion, atom, or defect centéth a Cyi=§;, Im{{g(i)|m,|e){elm,|g(i))},
fictitious spin-1/2 ground level. We assume that other levels
have no significant thermal population and are not mixed
into the ground level by the applied magnetic field. In short, ~ Czi= > Im{(g(i)|m/e)(elmy|g(i))},
we are concerned with a molecule whose ground level may ¢
be described with &=1/2 spin Hamiltonian. We further where them; are the linearly polarized electric transition
assume that the dominant contribution to the MCD ariseslipole operators in the molecular franje) are the excited
from the thermal spin polarization of the ground level. Thislevel states, an{gy(i)) are the ground level states with their
is nearly always the case for transition metal ion paramagfictitious spins quantized along each molecular aixi$hese
nets at cryogenic temperatures. For such a molecule thexpressions are derived in Appendix A.
MCD along a laboratory axi® may be related to the mo-

lecular fictitious spin expectation valugs,, ,), through the B. MCD magnetization /saturation curve analysis

equation:
The most important method of studying MCD anisot-
Aep=4KFf(v,A)[(ApCyyt APyny+APzsz)<~Sx> ropy used at present is the magnetization/saturation
N experiment3=® In this technique the circular dichroism ex-
T (ApxCruyt ApyCyy T ApC2y)(S)) perienced by an optical beam propagating parallel to an ap-
T (ApCrpt ApyCyrt APzsz)<~Sz>], o plied magnetic fieldB,, is studied as a function of magnetic

field strength and temperature. In order to firmly establish
whereAep is the difference between molar extinction coef- the connection with our PROD experiments we shall derive
ficients for left and right circularly polarized lighte( the relevant theory for this experiment. Considerable simpli-
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fication is obtained if we equate the molecular axis systemC. PROD experiment
xyz with that of theg-value system. We consider a mol-
ecule whosay-value axes are orientated relative to the ap-

e . X ) cro
plied field axisZ in accordance with Fig. 1. We shall have
numerous occasion to refer to the directional cog\yebe-
tween theith g-value axis {=x,y,z) and another axig The
orientational dependencies of tita component of the ficti-
tious spin is

Excitation of a paramagnetic sample by a resonant mi-
wave field results in precession of the magnetization
about the applied magnetic field axis at the microwave
frequency’ In the conventional EPR experiment the precess-
ing magnetization is detected through the microwave radia-
tion that it emits>* In the PROD experiment the precessing
magnetization is detected through the oscillating circular di-
~ - g chroism (or birefringence experienced by an optical beam
<S>=<SO>(—')AZi, (2)  propagating perpendicularly to the applied fitld®® wWe
9 have already derived an expression for the MCD in terms of
the fictitious spin expectation values, Efj). The derivation
i 1 . - of that equation does not rely on the fictitious spin expecta-
molecule: (Sy) = —3tanh@ByY2KT), g; is the principal tion values being the thermal values. A light beam passing

2__ 272 : : :
g—valqe, an@; =2igiAzi- A ge.ometncal dgr_lvatlon of these through the sample is unable to deduce the method by which
equations is found in Appendix B. Combining these expres;

. . - ; . the spin polarization was created. We may therefore use Eq.
tsf;ons 'In Eq.(ll) (PF_. Z)land egfr.essmg thel.zitm terms.of ‘ (1) to calculate the microwave-induced oscillating MCD sub-

€ pofarangies, |g.. » WE Obtain our explicit expression Oﬁect to one important condition, i.e., that the optical linewidth
the MCD anisotropy:

is much larger than the microwave frequency. This is neces-

where <~So> is the thermally averaged fictitious spin of the

<~ ) sary so that the optically induced molecular electric dipole
Asz=4Kf(y,A)i[(cxxsinecos¢+ Cyxsingsine can adjust adiabatically to the precessing magnetization, or
g alternatively so that we may continue to use the concept of
+C,, c0S6)g, Sin 0 cose an optical transition probability on a time scale short com-
pared to the microwave peridd.In this circumstance we
+(Cyysingcose+Cyysingsing+C,ycosd)gy may separately treat the interaction of the optical and mag-

netic transitions with the radiation. It is very rare for optical
transitions of paramagnetic species in condensed matter to
+C,,c0s6)g, cosd]. (3)  have optical linewidths narrower than microwaye-300
GHz, 0.03-10 cm?) frequencies. In the cases where it does
In many practical applications of MCD a sample containingoccur, it is possible to perform the calculation with other
randomly orientated molecules is studied. Only three termﬁnethodg;‘l'le but the Signa| is no |0nger So|e|y determined by
in Eq. (3) are even functions of and ¢, and it is only these  the aspects of electronic structure that give rise to MCD.
terms that need to be considered when simulating a magnerhese more general cases lie beyond the scope of this paper.
tization curve: Calculation of the oscillating MCD therefore comes
down, within the assumptions discussed above, to solving
= the equation of motion of the fictitious spin. We again con-
8 /2 77/2<SO> . X . . K A
<A8>Z:_Kf(V,A)f J ~—[Cyxdy Si? 6 cOF sider a fictitious spin-1/2 molecule with a rhomigevalue
™ o Jo 9 system. We must specify the orientation of the microwave
field relative to theg-value axes, Fig. 1. We introduce a

Xsin#sing+(Cy,sindcos¢+Cy,sindsing

+Cy,0y Sir? @ sir? ¢ laboratory axis systemXY zZ with the applied field,Bg,
alongZ and the microwave fieldB; coswt applied alongX.
+C,g,co glsingdada. (4) It is convenient to consider separately the parts of the ficti-

tious spin that oscillate in phase with and in phase quadrature
_ _ _ with the magnetization responsible for the conventional EPR
For a molecule with an axially symmetrig-value system signal. The oscillating fictitious spin polarizations along the

(9x=9y=9.) this reduces to g-value axes are shown in Appendix C to be
12 (Sp) ~ 2
<A8>z=4Kf(V,A)jO o (S)epr= ((%)cosacosdmosn
X[C, g, sir? 6+ C,,g,cos 6]sindde, (5) 2_ g2)g2
. o +(g><(—gé$)coszacosz¢sin¢sinn
1

whereC, = (Cy+C,,)/2. 2
Expressions of these mathematical forf&sgs. (4) and _ ( gxgy) sing siny

(5)] have been obtained by several authst However, un- :

like earlier derivations, the present treatment does not rely on ~ ~ _

the presence of molecular symmétfyr the appropriateness % (Suisp) COL wt) — (Saps) SIN(wt) ®)

of a particular model of electronic structifre. 91 '
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2
ggg ) cosé sin¢ cosy

<~Sy> EPR™ ( ( gg? ) cos¢ sinn+

2 ~2\H2
+(—gy(gy2 %X)gz) cog 0 sir? ¢ cose sin 7;)
9.9
% (édisp)COS( ot)— <~Sabs)sin( wt)

01

()

9’9,

(S)err=— ( (?

((95—95)92)
T\
9

)sinecosn

cosé sin 6 cose¢ sing siny

% <§disp>cos( ot)— <§abs>3in( ot)
g1

: 8

<~5><>Quad.= - ( (%) sin¢ cosn

2.2
+(gy(gyz 95)9;

L

) cos@ sir? ¢ cose¢ siny

. ( 039,9;

) €0s6 cos¢ sin 77)
J_

% <§disp>sm( wt) + <éabs> cog wt)

J1 ©

<~Sy> Quad= ( (%) COS¢ COS7

(gx(gi—gi)gz

Lo B
9.9
0xdy9

- ( . zyg Z) sin¢ cosé sin 17)

1

) cosf cos ¢ sing siny

« <§disp>3im ot) + <§abs> cog wt)
01 '

(10

4 w2 (72 gg
<A8>X:;Kf(v,A)fo fo {cxx( gxgz

1

)cos2 6cos ¢+

2
gégy) cos ¢

L

+Cyy

3,2
gygz) .
cog dsir’ ¢+
(9292 ¢

9.9

+C,,
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B (2 snosn

« <§disp>SiH( wt) + <éabs> cog wt)
Oa '

(11)

9.0,
=221 cosp+
(9) g

(gi—gi)gz)
9.9

X C0S¢ Sin¢ cose sinn

2 2
+(gxgy) sif g, (12
g

andg? =g sir? ¢+g; cog ¢.

For a microwave field sufficiently weak to avoid satura-
tion, the absorption and dispersion phase fictitious spin po-
larizations are given by

(Saps)=—018B1(Sp) 7t (w), (13)

(Stisp) = — 918B1(So) 79 (), (14)

whereg is the Bohr magnetorf(w) is a line shape function
normalized according tdf,f(w)dw=1, and g(w) is its
Kramers—Kronig transforrft

We shall consider first a light beam propagating along
the laboratoryX axis, parallel to the microwave fielBy .
Substituting the expressions for the oscillating spin polariza-
tions and the directional cosines, Fig. 1, in Et). (P=X),
we obtain an expression for the PROD anisotropy of a single
molecule. However, the case of common practical interest is
a sample containing randomly orientated molecules. Very
considerable simplification is possible in this case because
most terms average to zero when integrated over the angles
6, ¢, ». Noting thatg, g, , andg, are even functions of, ¢,
7, one finds that only the three diagonal terms survive. Fur-
ther, only the part of the fictitious spin oscillating in phase
with the magnetization responsible for the conventional EPR
signal, (S;)epr, contributes to the oscillating MCD in this
geometry. As long as thH w) is independent of;, which is
normally the case, we may average over

s

gi%) Sir? 0}<Sdisp>cos(wt)_<§abs>3imwt)

sinddodg. (15
01

This equation is analogous to E@) in the MCD magnetization experiment, and like that equation it may be numerically
integrated by computer to simulate the experiment. For a molecule with angaxélie system, Eq.15) reduces to

2 2
Ci((ggg )cos2 6+9,

+C,,

singdé. (16)

ngz)sinz 4<~Sdisp>0051wt)—<~Sabs>5in(wt)

wl
<A8>x:2Kf(V,A)f0 o

An equation of this form was used by us in a previous publicattdn the case of an isotropig-value system, integration over

a sphere gives{Ae),=4Kf(v, A)C((Sdlsp>cos@t) (Sabs>5|n(wt)) whereC=(C,,+C,,+C,)/3. This “atomic” case has
also been considered by Dehm¥lt.
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Another possible geometry is an optical light beam propagating a¥orgerpendicular to the microwave and applied
fields, Fig. 1. For such a geometry one obtaiageraging ovem):

4 w2 (w2 2 3
(As)Y:—Kf(v,A)J f CXX((gxgzygz>co§ b+ gyzgz)sin2 ¢)(sin2 b+ cog 0 cog $)
™ 0 0 9.9 9.9
3 2
+Cyy (%) (cog ¢+ cog st ¢)co ¢+ w) (cog ¢ sir? 0+ cog H)sirt ¢ | +C,, gxgy) sir? 0}
9.9 g9:9 g
Siiso)SiN(wt) + (Sype) cOL wt
X< dlsp> n( ) < abs> 5( )Sin9d0d¢, (17)
91
|
which reduces in the axial case to tional EPR instruments, no magnetic field modulation is used
(Ag)y=2Kf(r,A) SO spectra and.S|rn'uIat|on's are presented as the absolute'5|g—
nal rather than its first derivative. Spectra have the same sign
w2 g.9g g%\ as the conventional EPR spectra when the MCD giving rise
XJ CL( g *|(1+cos 0)+C,, E) sirf 9} to them is positive.
~° 5 Simulations are carried out using numerical orientational
(Sgisp) SIN(wt) +(Szps)COY ) averaging methods closely analogous to those used in con-
X 9 sinéde. ventional EPR. The major differences arise from the need to

simulate the dispersion phase signal. For this reason a com-

Thus in addition to ar/2 phase shift in the temporal depen- Elete frequency-space spectrum is simulated for each mag-

dence, the orientational dependence of the terms proportion btic field point. A considerabl@ypically two order of mag-

10 Cyy, Cyy, Caz, et(?. are dlffergnt compared. to the first nitude increase in computation time results from this
geometry. The resulting PROD line shapes wil also thereé roach relative to field-space calculations. It is also impor-
fore be different, although the information content is the bp P ; P

same. No net modulated circular dichroism is obtained for fant to note that the Kramers—Kronig relatisheeqire that

light beam propagating parallel to the applied fiddg. %(w) and g(w) are odd and even functions i, respec-

Clearly, the case of an arbitrarily orientated light beam car;['vely' Although use of an asymmetrised absorption line

be treated by considering the components of the light bearﬁhape’ for example:
passing along andY, and taking an appropriate linear com-
bination of Eqs.(15) and(17).

I1l. APPLICATIONS g-value
. L . 654 3 2 1
We shall illustrate the application of the theory using a —————— ,
low spin ferric haem proteinPseudomonas aeruginosy- 1.5 . ]
tochrome ¢5;. Low spin ferric haems perform electron
transfer functions in a variety of biochemical proces€es. 1.0 1

The buffered protein solution was mixed with a glassing
agent(glycerol 1:1 by volumgto obtain an optically trans-
parent sample when frozen. The centers are therefore ran e |
domly orientated. All data were measured with a microwave ]
frequency optical heterodyne detected instrument describec g5 4
in detail elsewheré®?123 The intensity modulation of the ] ]
transmitted light beam was measured using a high speec  -1.0 .
photodiode and low noise microwave receiver. A single mi- 1
crowave oscillator is used to excite the sample and drive the ~ -1-5 L S S B
microwave receiver. This allows the phase relationship be- 00 02 04 06 08 10
tween the microwave excitation and the optical modulation . Magnetic field (T)

to be examined and hence the signals due to the absorptivelG. 2. PROD spectrum d?seudomonas aeruginosgtochrome g;; mea-

& : A : . i sured at 588 nnfpoints. An argon ion pumped ring-dye laser was used as
(Saps), and dlsPerSlve(Sd'SP>’ parts of the precessing ficti the optical source. The optical power incident on the sample was 17.5 mWw.

tious spin to be measured separately. The data are presentgg optical pathlength was 0.5 mm. The sample concentration estimated
in terms of the microwave modulation of the absorbafide  from the optical absorption spectrum was 2.6 mM. The sample was im-
of circularly polarized light according tad®=P,- 1004 A mersed in super-fluid helium at 1.8 K. The microwave field had a frequency
— Ao+ (AA/2)sin(t), where P is the transmitted optical /27 of 13:66 GHz and an amplitudeBg=1 G. The absorptive phase

. e . . signal is completely microwave power saturated under these conditions. A
power, Pq is the incident powerw/2 is the microwave dispersive phase simulation witl€,,|>|Cy,|,|Cy,| (line) provides an ex-
frequency, and\, is the average absorbance. Unlike conven-cellent fit to the data.

AAM
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g-value center, low spin ferric Haem, with a rhombic spin Hamil-
654 3 2 1 tonian, Fig. 2. The same theory has also successfully simu-
T - . lated a number of other metalloprotein systems including the
type 1 (“blue” ) copper center oPseudomonas aeruginosa
azurin?* which has an approximately axial spin Hamiltonian.
Since these centers exhibit very different optical and mag-
netic properties, this is strong evidence for the validity of the
theoretical model used.

The line shapes are strongly dependent on the anisotropy
of the magnetic circular dichroism, Fig. 3. In comparison, the
MCD magnetization/saturation experiment shows a relative
subtle dependence on this anisotr8pys noted above, this
improvement is due to the superior magnetic resolution of
the electron paramagnetic resonance experiment. The addi-
tional orientational information obtained with the PROD ex-
periment is potentially very useful in the understanding of
molecular structure. By studying the optical wavelength de-
pendence of the PROD line shape, the method is able to
, . , deconvolute overlapping optical bands with only subtly dif-
0.0 0.2 0.4 0.6 0.8 1.0 ferent MCD anisotropies.

Further improvements in the accuracy with which MCD

_ _ _anisotropy can be measured with the PROD experiment are
FIG. 3. Simulated 13.66 GHz PROD line shapesstudomonas aerugi- oy e ctad from increasing the microwave frequency. Similar
nosa cytochrome gs; using a rhombic spin Hamiltoniarig,=0.8, g, ) ;
=2.03,g,=3.2 and Eq.(15). The three limiting cases of MCD anisotropy theoretical methods to those described here can be used for
are shown, |C,|>|Cyy|,|C,d (@, |Cyy>|CxlIC,d (b), and |C,) systems with5> 1 ground levels. Work in these directions is

>[Cy(,|Cyy| (o). A Gaussian distribution of crystal field parameters is used ynderway at present. Instruments covering the 400-1600 nm
to simulate the dominantg-strain” broadening in this proteiRef. 31). range under are construction.

Both the dispersivésolid lineg and absorptivédashed linesphase spectra

CXX

> |CW‘,|CZZ|

Jc.

N ’ny‘ »>|C,,
Y

Magnetic field (T)

are shown.
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Low spin ferric Haem centres have a rhombic fictitious APPENDIX A: DERIVATION OF EQUATION (1)
spin-1/2 spin Hamiltonian. They therefore provide a test of
the most general form of the theory presented earlier, Eaem
(15). The PROD spectrum dPseudomonas aeruginosy-
tochrome g5, measured at 588 nm is shown in Fig. 2. Ac-
cording to the theory described above, the spectrum can be K , ,
any linear combination of the spectral line shapes obtained gpT 6%( ‘gijkAPkga Im{(g’[m;|e")
for the three limiting cases shown in Fig. 3C,
> 1C.4, >|Cyl,|C4, and |C,/>|Cyyl,|Cyy|. It is , , ,
fo|u$1ycyj|,| hiovlg\//)ir,l th|a|t Jthe sirLgIeA Ii|mitil1g ycy:Ls{Esz| *(e’[mjlg >}eX‘<_k_1g'>f (V:veg heg)  (AD)
>|Cyyl:|Cy,| provides an excellent fit to the data. The opti-
cal wavelength dependence of the cytochrorgg PROD
signal has been published elsewh&te.

We start from the equation of Schagz al? for the ori-
ational dependence of the MCD observed along the labo-
ratory axisP in the symmetrised form of Oganesyanal.;®

!

where|g) are the ground level eigenstatesy, is the anti-
symmetric Levi—Civita tensoi is the energy of a ground
state, andQ is the partition function. Primed quantities are
potentially magnetic field dependent. However, for paramag-
netic molecules at cryogenic temperatures, the dominant
The expressions required to simulate the PROD linecontribution to the MCD arises from thermal population dif-
shapes of molecules with fictitious spin-1/2 ground levelsferences between the ground states. In common with other
has been derived. Using these expressions it has been pdkeories>?® we may therefore approximate E@1) by tak-
sible to simulate accurately a biological transition metal ioning the line shape functioh(v,veq4,A¢g) as independent of

IV. CONCLUSION

Downloaded 07 Mar 2001 to 129.217.161.81. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



J. Chem. Phys., Vol. 113, No. 10, 8 September 2000 Magnetic circular dichroism anisotropy 4337

the applied magnetic field. For an isolated Kramers doubIeE _
the ground level statdg) are also independent of magnetic 2 (9(2)|mile)(e/m;[g(2))
field. Provided that the magnetic field only mixes the excited ©

level statege) within themselves, the sum ovi®) removes _
the need to consider the magnetic field, and also the orienta- ~ g (9(2)|mi[e)(elmj[g(2)} | .
tional, dependence of these st&fdghe principle of spectro- )
scopic stability: The matrix[ = .m;|e)(e|m;] must therefore take the form
p q
Aspz—Q,f(v A)E s,JkApkE Im{{g|m;|e) g m|e)(e[m; :(—q* p*)’
E/ where  p=3g(z)|m;|e)(elm;|g(2)) and ¢
><(e|mj|g)}exp(—k—$_). (A2) =39(2)|m;le)(elm;[g(2)). Inserting into Eq.(A3) one
finds:

The MCD orientational dependence now resides in the direc-
tional cosines Ap, the normalized populations (Q/) Im[<2 mi|e)<e|mj>}=2[|m{q}<~3x>+RG{Q}<néy>
X exp(— Eé/k'g ) and the ground level statdg,) and its Kram- e
ers conjugateg). P
Essentially,> the derivation of Eql) involves the refor- FIm{p}(S;)].
mulation of Eqg.(A2) in terms of the density matrix method The expression may be made more symmetrical by introduc-
of statistical mechanics.We shall focus on the quantity ing additional basis functions:|g(x))=(1/v2)(|9(z))
L +9@)), [900)=(1N2)(19(2)~lg(2))), lg(y))=(1/
|m’<2 mi|e><e|mj>}=—,2 Im{(g|m;e) V2)(l9@)-19(2))),  [9y)=(12)(9(2))~ilg(2))),
e Q" ge defined in such a way that the unitary transformations be-
e tween the bases|d(2)), [9(2))), (I9(x)), [9(x))), and
X (€] mj|g>}exp< — _9> ’ (|g(y)),_ la(y))) are_equwalent to the analogous rotations of
kT true spin-1/2 functiond’ The bases |¢(x)),|g(x))), and
which is the thermal ensemble average of the "MCD opera{|9(¥))./9(y))) are(within an arbitrary phase factothere-
tor:” Im{=sm|e)elm}. The possible states of an individual fore the fictitious spin functions quantized along the molecu-
molecule |g) may be expressed in terms ofrolecule fixed lar x and y axes, respectively. Expressingin terms of
basis|g(2)), [g(2)) as|g)=ci|g(2))+c,la(2)), wherec,  19(X)), [g(x)), and|g(y)). [9(y)) one finds
are complex numbers. The density matfixis defined by
pij=cic;, the ensemble average afc;. It can be ex- |m{<§; mi|e><e|mj>J

pressed as
=31+ (S) o+ (S) oy +(S)o, =z[lm(2 <g<x>|mi|e><e|mj|g<x>>]<”éx>
where ¢
:(0 1) :(0 —i :(1 0 ) +Im[2 <g(y)lmi|e><e|mj|g(y)>]<~Sy>
71 o) li o) 7T lo -1) ®
are the Pauli matrices ar{&xyz> are real numbers. In EPR +Imr2 (g(z)|mi|e)(e|mj|g(z))]<~SZ)},
theory the parameter/g.sxy ,) aredefinedas the three com- €

ponents of thdfictitious spin. The state$g(z)), [g(z)) are  Inserting this expression into EGA2) for eachi, j, and not-
then regarded as fictitious spin functions quantised along g that

molecular axis, which we arbitrarily calt. The ensemble
averaged expectation value Bfm;|e)(e|m; is given by Im[ < D mi|e)<e|mj> ] __ Im[ < D m,|e)(e] mi>]
e e

|3 mieielm ) =] 3 miexelm
We need to know the form of the matfi .m;|e)(e/m;] in

the basigg(z)), |g(z)). Noting thatm;;, are time even op-
erators one finds that

] : (A3)  one obtains Eq(1).

APPENDIX B: DIAGONALISATION OF THE ZEEMAN
HAMILTONIAN

Although diagonalization of a fictitious spin-1/2 spin
> (g(2)|mi|e)e] m;|9(2)) Hamiltonian has been previously described in the
e literature3*® we shall provide an explicit derivation because
. - * we require the orientation of the axi, along which the
= 2 (9(2)|m;|e)(elm;[g(2)) fictitious spin is quantized. We consider a molecule with a
€ rhombicg-value systemd,+#g,#g,). Let the applied mag-
and netic field be orientated with respect to thealue axis sys-
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y 4 Sine BO gy’ — ( gxgy) sin 7. (C2)
91
We now introduce our final axesyyq rotated relative to
. x"y" by an angley (Fig. 5):
X siny= & cosy= £l
¢ y gl ’ y gl ’
o N where
X 2_ .2, 2

gl_gx”+gy" (C3)

FIG. 4. Definition ofx’ axis and anglex. o L L . .
The significance of the axig, is that it is the direction along

which the effective microwave field lies. Our expression for
tem in accordance with Fig. 1. We consider first the compog,, the combined transition matrix element, E#2), is ob-
nent of By lying in the g-value xy plane, Fig. 4. Once tained by substituting Eq$C1) and(C2) into Eq.(C3). Once
allowance is made for thg-value anisotropy, the effective an average oven is performed, Eq(12) is equivalent to the
field in thexy plane lies along’. The anglex is related to expressions previously derived in the context of conventional
¢ by sina= (gy/gl)smqs cosa=(g,/g,)cos¢, where gL EPR spectroscop}®
=gy Zsir? ¢+gX cog ¢. Zo must lie in the plane containing Importantly, we have explicitly derived an axis system
the g-valuez axis andx’, Fig. 5. Angleg is related tod by  xqyqzq in which the motion of the fictitious spin is particu-
an analogous set of equations: gia(g, /g)sind, cosB larly simple. The system will behave like an isotropic system
=(g,/g)cosé, gz=gf sir? 6+g§ cos 6. This completes the with a field applied alongq and a linearly polarized micro-
determination ofz,, and hence the diagonalization of the wave field applied anngQ We may calculate the motion
Zeeman Hamiltonian. The Component<(80) along theith  of the fictitious spin in the fram&gyqozg with any of the
principal g-value axis |i$> AZ |<SO> Fig. 5. By express- well known approaches of magnetic resona%?o@enerally,

ing theA, ; in terms ofé and ¢ usmg the expressions given We_can write (S, )= (Sgisp)COSE) —(Sips)Sin(et), (Sy,)

above one obtains Eq2). <Sd|sp>sm(Wt)+<Sabs>cos@t) where(S,ps) and(Sys,) are
the oscillating fictitious spin components responsible for the

APPENDIX C: SOLUTION OF THE EQUATION OF conventional EPR absorption and dispersion, respectively.

MOTION OF (S) We now wish to know the projections of these oscillat-

ing fictitious spin polarizations onto thg-value axes. Our

Excitation with a microwave field will causgS) to pre-  ntation reflects the fact that on{;&‘x ) will generate a con-
cess in a plane perpendicular to the fictitious spin quantiza-
ventional EPR signal in an mstrument employing linearly

tion axiszq calculated in Appendix B. The ax&$ andy’ lie | q q i ¢ lati
in this plane, Fig. 5. The microwave field is applied along theP? arize m|crowave5{Syq> 0€s not generate an osciiiating

laboratoryX axis. The component along thith g-value axis Magnetic dipole along. Inspection of Fig. 5 gives for the
is B;j=Ay;B;, Fig. 1. The component of the transition di- ith g-value axis: (S)epr= AxQ|<Sx ) and (S)ouad

pole alongx” is therefore (Sy ). By expressing the directional cosines in terms
YQl
2_ 2 of 6, ¢, and 7 using previous expressions one obtains Egs.
9.9, (9y— 99, : ,
Oy = cosny+ COS¢ sin ¢ cosh sin 7. (6)—(11).
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