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Circular Dichroic Triplet —Singlet Difference Spectroscopy. 1. Analysis of Dichroic
Components in Optically Detected Magnetic Resonance
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Linear and circular dichroic triplet-minus-singlet spectroscopy (LB} and CD(FS)) are highly sensitive
methods for determining the angles between the optical and microwave transition moments, the strength of
molecular interactions, and band assignments of a wide range of biological systems. Both3)Dqd
CD(T—S) spectra can in principle be measured via dichroic optically detected magnetic resonance (ODMR),
a complex measurement method involving a sample with both linear and circular anisotropies, imperfect
light modulation, possibly misaligned components, optical elements at low temperatures, and a partially
polarized light source. We report a theoretical analysis of the influence of these effects on the measured
spectra, via a StokedMueller analysis of the optical system used for recording dichroic-ODMR spectra.
From the theoretical results we develop and test experimental strategies to ensure the reliability and
measurability of LD(FS) and CD(FS) spectra.

1. Introduction derived from the ratio of the LD(¥S) signal to the S signal

at low microwave powers, whereas the angle between the optical
transition moment and the membrane normal or symmetry axis
of sample is derived from the ratio of the LD to the absorbance

acids, the purine and pyrimidine bases of DNA and RNA, the signal. Both of these angles can be used to help derive the
' ! structure of the examined molecule and to definitely assign

photosynthetic pigments, and other protein-associated pigment .
such as flavines. ODMR is used to measure the change in arfbands in the TS spectra. CD(¥S) spectroscopy can be used

optical property due to microwave-induced transitions between to detect changes in excitonic interactions with and without the
magnetic sublevels of the lowest triplet sthfeThe three presence of the triplet state, which reveals information about
branches of ODMR are named after the commonly monitored the couplings of the interacting mole_cules. The high sensitiyity
optical properties: absorbance (ADMR), fluorescence (FDMR), of CD and .CD(T—S) helps to identify bands which remain
and phosphorescence (PDMR). The strengths of ODMR are theunr_esolved n absorbance spectra erSl’absort%ance spectra.
intrinsic nature of the excited triplet state as a spin probe, the Unhkte experlrr:lentalt LDt(-:;_S) spect:ogcop?ﬁ CD(T=S)
high sensitivity when optically detecting the magnetic resonance spectroscopy has not yet been reported.

transitions, and the ability to select via the frequency of the Inet'vrvnoe ;)taﬁ)edresmv;/)e |tr1trt§>g#c; :E\:th_esoretu;alt ?)ngglss a'?d an
oscillating magnetic field among triplets on different types of experimenta nstratic D{E) spectroscopy using
molecules and even on the same type of molecule in different _optlcally detected magnetic resonance. Sln_ce d'Cth'C'ADMR
environments is a complex method, involving a sample with both linear and
Various types of triplet-minus-singlet (TS) spectra can be mrculgr anisotropies, |mperfect_ light modulation, possibly
measured with ADMR. The different TS spectra show the misaligned components, and optical elements at low tempera-
subtle differences of the optical properties of the system in the tures, the measurement system needs to be analyzed carefully

singlet and triplet states, from which intermolecular distances, rDo;dnedr E:)[?\:;ljledagijigﬁgﬁglgcési,nszﬁ?eisegglly/i dbegg rr‘noetz(_j n
relative orientations, and couplings can be determined. The

selection via the frequency of the magnetic field with ADMR syrementé? In the present paper we analyze the optical system
results in a higher resolution and recording speed feiST via the Stokes Mueller formalismt™*In our upcoming paper

spectra than via the laser-flash technique. TheSTspectrum we apply.the strategies for minimizing the mixing of optlcal
is the difference of the absorbance with and without the presencean'SOtrOp'eS developed here, and report the first experimental
of a triplet, and likewise, the double difference linear dichroic CD(T—S) spectra.

T—S (LD(T—S)) or circular dichroic FS (CD(T—S)) spectra
are the difference of the LD or CD with and without the presence ] ) .
of a triplet. Thus the singlet parts of the-B and CD(F-S) In this section we present four Mueller matrix analyses of
spectra at a fixed microwave frequency are selected subsets othe optical system used to measure LD- and CD-ADMR spectra.
the singlet absorbance and circular dichroism (CD) measuredNO consideration is taken for reflection, scattering, or nonlinear
with conventional absorption spectroscopy. Note that the angle optical effects. In the Stokesviueller formalism the incident

between the optical and microwave transition moments is light is described by a vector of light intensitigs and the
optical elements by 4 4 linear operatorsiM. The effect of

* Corresponding author. E-mail: hoff@biophys. LeidenUniv.nl. the optical elements on the polarization of the incoming light

For approximately the past 20 years optically detected
magnetic resonance spectroscopy (ODFRRs been used to
investigate biological molecules, including the aromatic amino

2. Theory
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Figure 1. The LD/CD-ADMR measurement setup. The PEM controller
signals are given with solid lines and the controls with dotted lines.

is determined by applying the appropriate operators on the
incoming light vector. Mueller matrices are used rather than

Jones matrices, which include the phase of the light, since our
electrooptical measurement system only detects light intensities.

First, we calculate the dichroic-ADMR signal from a ran-
domly oriented, frozen sample which, in addition to exhibiting
circular dichroism and circular birefringence (CB), exhibits
differences with and without the presence of a triplet state in
absorbance, linear birefringence (LB), LD, CB, and CD,
respectively denoted @A, ALB, ALD, ACB, andACD. Second
and third, the effects of residual static birefringence in the
photoelastic modulator (PEM) and a misaligned polarizer and
photoelastic modulator (PEM) on the signals is calculated.
Finally, the effect of strain (linear birefringence) in the windows
of the sample cell and/or optical elements on the dichroic-
ADMR signal is calculated. Since strain is inevitable in optics
and sample cells at low temperatures, it is important to know
the amount of strain tolerable in these components. All analyses
include a partially polarized light source.

2.1. Experimental Setup. The LD/CD-ADMR setup is
shown in Figure 1. The input bea®, is produced by a
tungster-iodine lamp (250 W, 24 V), which is rotatable in the
plane perpendicular to the main light propagation. The input
light is focused by a lens through four quartz windows of a
cryostat onto a sample in a poly(methyl methacrylate) (PMMA)
cuvette. The sample is cooled to approximately 1.5 K with liquid

and lock-in are §gi#br CD-ADMR and at2fpem for LD-ADMR. The

helium to inhibit spin-lattice relaxation between spin sublevels.
It is excited with a polarized magnetic field at, @scillating at
a microwave frequency with a square-wave modulation at
frequencyfy, which is produced in a loop-gap resonator or helix
connected to a HP8350A sweep oscillator with a HP8352A RF
plug-in and a homebuilt digital signal generator. The light then
travels through another four quartz windows of the cryostat and
is focused with a lens onto a photoelastic modulator (PEM)
(PEM80-FS5, HINDS International Inc., with frequenfpgu
= 50 kHz) at 48, which modulates the polarization of the light
at multiples of the oscillation frequendyey. The light beam
is polarized with an MGT 25 B14 Glan-Thompson prism
polarizer at O or 9¢°, and the wavelength is selected with a
monochromator. The optical signal is converted into an elec-
tronic one with a Peltier-cooled silicon photodiode.

The signal modulated afy{ + kfpem), Wherek is equal to 1
for CD-ADMR and 2 for LD-ADMR, is doubly demodulated
by a lock-in atkfegy followed by a lock-in atf, (both type
Stanford SR510). The signal &fis demodulated by one lock-
in (EG&G 5209), which also is used to measure the dc signal
via an A/D converter. Thé\A signal is the ratio of the signal
at frequencyfy to the dc signal. The F¥S spectrum is
proportional to the sum oAA measured with the polarizer
parallel to the polarization of the magnetic field and twita
with the polarizer perpendicular. The LDfB) signal is the
ratio of the signal atff, + 2fpeym) to the dc signal, and the CD-
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(T—S) signal is the ratio of the signal d,(+ fpewm) to the dc A, LB, LD, LB, LD, CB, andCD are defined in eq 7 in terms

signal. The experimental setup is connected to a computer which

controls the monochromator wavelength, PEM wavelength, and A.=2.303Q + A)I2

magngtlc field frequency and records lock-in signals and LB = (27/4)(n, — n)L

experimental parameters. o7 Y
In LD-ADMR the angle ¢; between the optical anih LD =2.303Q, — A)/2

microwave transition moments of the molecules in the ’

measured sample is determined by formulas derived for photo- LB’ = (27/2,5)(Ngs — N9l

selectiont314 LD’ = 2.303Q 5 — A;39)/2
3R +1 CB= (27/4,)(n_ — n,)L =2¢
¢, = arccoy + — 1) _
3-R CD=2.3030_ — A,)/2 (7)

R= ALD _ i ) of A, Ay, Ass, Asss, A, andA_, the absorbances in the Y,
AA  AA+ AA; 45°, 135, right and left circular polarizations, respectivety;
etc., are the refractive indices with the same subscript definitions;
whereAA, and AA; denote the changes in absorbance parallel L is the path lengthi, is the wavelength in vacuum anfdis
and perpendicular to the magnetic field. Equation 1 is valid when the optical rotation in radians/c#.In dichroic-ADMR the
the power of the magnetic field is low enough such that only SampleG is randomly oriented when the microwaves are off,
molecules with their magnetic transition moments parallel to thus onlyAe, CD, and CB can be present with no microwaves.
the magnetic field are excited. Thevalue or dichroic ratiois ~ When the polarized microwaves are on, the signal primarily
found from a least-squares fit to the lowest microwave power from molecules aligned with the polar_|zed magnetic fl_eld will
points of a plot ofALD versusAA values at a single wavelength ~ change because they are far more likely to get excited than
made by measuringA, and AA; with the PEM off. Once the moleculc_as whose transmo_n .moment is nearly or exac.tly
Rvalue is found at one wavelength in the spectrum, the perpendlcular to the magnetic field. The sample can be described
measured spectrum with experimental gain factors can be using eqs 5 and 6 as
correctly scaled to this point.

G= ef(HA+HB+Hc) (8)
2.2. Application of Stokes-Mueller Matrix to Experimen-
tal Setup. In this section we briefly explain the StokeMueller where
formalism, and thereafter determine a general expression for
the output of the experimental setup. The Stokes vector for the Hy=Ad 9
ingoing lightbeans, is transformed through multiplication with 0 0 _cD o
a series of Mueller matricéd, representing the optical elements
and the sample, into the Stokes vector for the output lightbeam H. = 0 0 0 CB (10)
Sout B |-CD O 0 0
0 —-CB O 0
gout: MnM n—l."M3'\/I ZM ISn (3) AA 0 —ACD ALD
0 AA ALB ACB
The components of a Stokes vector are defined as follows: He=M(f, 1) —ACD —ALB AA 0 (11)
ALD —ACB O AA
S the total intensit
S las = 135 4 | is the identity matrix, andA\LB' and ALD' are zero due to
Lo— 4)
$ +7 0= symmetry. The ternHa is solely a function of the isotropic
S| (o~ leo absorptionAe. The termHg is only a function of theCD and

CB, since the sample is assumed to be randomly oriented when
wherelo, loo, las, l135 14, andl_ are the intensities of the N0 microwaves are applied. The tekig is dependent on the
light in the X, Y, 45, 135, right circular, and left circular ~ Microwave excitationM(fm,t), which causes the changes in
directions. The magnetic field is linearly polarized in the ~ 1SOtropic absorbancé\®), linear and circular dichroism(_D,
direction.Z is the direction of propagation of the electric field. ACD), and linear and circular birefringencal(B, ACB) of the

The Mueller matrix for a general sample can be described sample. We assume that all mairix elementbigiandHc are
. 6 9 P small, and expand#'s™d in a Taylor's series. The sample
by G, which equal®

matrix to the second order is then

G=¢" (5) G~ expA){l —Hg — He + Hg72 +

where HM(E D)} (12)
, In the following discussion the approximation @fonly to the
A , LD Ch LD first order is considered.
H= LD A LB CEj (6) The Mueller matrix for a PEM at an angje B(y,00), is a
—CD -LB A LB function of the amplitude of the time-dependent retardadign
LD -CB -LB A and the oscillating frequenaypgy of the silical”
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B(y.9,) =
10 0 0
0 sird(2y) + B cod(2y) —ucos() (1— p)sin(4y)/2
0 ucos(?) B —u sin(2y)
0 (1—p)sin4)/2 usin)  cog(2y) + B sinf(2y)

13)
The definitions and Fourier expansions/andu are'®

B = cosP(sin(@pgpt)] = Jo(d,) +

0

2% J5(9,) cos@wpgyt) (14)

0

u = sin[oy(sinpgyt)] = 2 Ji(0,) cosf{wpgpt)
i=£35,..

(15)

whereJi(d,) is the Bessel function of ordérand the parameter

Owen and Hoff

at 45, the polarizer at Dor 9¢°, and the partial polarizer. The
Mueller matrices for the sample, PEM, polarizer, and partial
polarizer were given in eqs 12, 16, 18, and 19.

1 0041|{1 000 S

= 110 000 (|0100 | .. |2
SOUt_ZDO 000 (|00 —u G S (22)

+1 00 1 0O0u}p S3
Only the first element o8, designate®yetected IS detected by

the photodetector.

2.3. Calculation of Effects of Sample Artifacts and
Partially Polarized Light Source. In this section we determine
the output of the dichroic-ADMR system with a randomly
oriented sample with CD, CB, and all of the magnetic field
dependent optical propertieSA, ALB, ALD, ACB, andACD.

We define the constarit = exp(—Aiso)[(P? + P2 + (P2 —
P,?) cos(&)], whereAi is the total isotropic absorbance of the
system. Throughout this section the top and bottom of the plus

do is dependent on the power fed to the quartz piezoelectric or minus Sign will refer to the p0|arizer at° 0and 90,

transducer, which is mechanically coupled to the silica block.

Wheny is 45, the Mueller matrix for the PEM simplifies to

1000
0100
008 —u
00up

The Mueller matrix for a linear polarizer oriented at an angle
under normally incident light 317

B(45°,0,) = (16)

1 sin(2y) 0 cos(2)
_1lsin(2y) sirf(2y) 0O sin(4y)/2
P =2l 0 00 (17)

cos(2) sin(4y)2 0 co(2y)

From eq 17 the Mueller matrix for a polarizBg gpat & or 9¢°
is calculated to be (plus sign for,0Ominus sign for 96)

1 0041
_10 o000

Po20=32l0 000 (18)
1001

A detector acting as a partial polarizer can be describé# as

D=
PZ+P} (P2-PAsin) 0  (PZ— P2 cos(2)
(P2 —PJ)sin(2a) Do 0 (P~ P)’sin(4a)2
0 0 2P,P, 0
(PZ—PAcos(z) (P,—P)’sin(@a)2 0 Dy

19

where (19)

D,, = (P + P, sirf(2a) + 2P,P, cog(2a)  (20)
D, = (P2 + P cos(2a) + 2P,P, sirf(2a)  (21)

P2 and P2 are the principal transmittance of the detector in
the X andY directions, respectively, aralis the azimuth angle
of the optical axis of the partial polarizer with respect to ¥e
axis.

The output of the dichroic-ADMR system can be found by
multiplying the matrices for the light input, sample, the PEM

respectively. Using eqs 312, 16, 19, and 22 the signals at
each frequency can be derived:

dc signal= g [s + S,CD =+ (5,CB+ s;)J(6,)]

ac signalf,) = —0.5F[s,AA — S,ACD +
S;ALD =+ Jy(0,)(SSALD — s;,ACB + s;AA)]
ac signalkfog,) = £FJ(0,)S.0
ac signalf,,,fpey) = £FJ1(6,)(SYACD + S, ALB — S,AA)
ac signalf,,,2f.g,) = £FJ,(0,)(—SALD + S;ACB — s;AA)
(23)

wherek is an integer andg, is equal to §CD + s;) whenk is
odd and $;CB + s3) whenk is even.

From eq 23 we derive the measurBdralue, and theAA,
ALD, and ACD spectra. We defin& = 5ALD — s;ACB +
SSAA.

AA|eas™
ACHn) _ ~[SAA— SACD + SALDL J(00K]
DC [sy+ S,CD =+ (5,CB + 55)J4(,)] @9
ALD|neas=
AC(f, 2fpenm) “SALD T SATE ~ SAA
—_— = = iz‘]z(ao)
DC [SO +s,CD =+ (SlCB + 53)\]0(60)]
(25)
ACDlneas™
T - 1( 0}[% + SZCD 4+ (S_LCB + %)Jo(ao)]
(26)
_AD
€3S AA |meas
ALD — s, ACB + s;,AA
o) 2 >

“Is AA — SACD + S,ALD + Jo(0,)K
[s S Sy 0(00) ](27)

In eqs 24-27 the signals are the sum of more than one
absorbance variableA@, ACD, ALD, etc.). They can be
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Figure 2. The zero, first, and second order Bessel functidiis) as
a function of the argument, in solid, dashed, and long-dashed lines,
respectively.

simplified by (1) reduction of the PEM modulation amplitude
to 6o = 0.767 and (2) minimization of the proportion of LD in
the source light|&s|/so) through lamp rotation.

First, by reducing the voltage sent to the PEM to 76% of its
usual setting, the argument of the Bessel function of zero order
Jo(0), is set to 0.76 makingJo(do) ~ 0, as shown in the plot
of the zero-order Bessel function in Figure 2. This procedure is
well-known to researchers determining Mueller matrix ele-
ments?-891219This setsly(d,) to zero in eq 23 in the dc signal
and ac signaff,) and in egs 2427. Additionally the CD(F
S) signal increases by 82% and the LB(S) signal decreases
11%, due to the changes in the magnitudes of the first- and
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"Figure 3. (A—C) AA spectra and (BF) LD(T—S) spectra of RCs of

the purple photosynthetic bacteriuRb. sphaeroidesR26 with the
polarizer oriented parallel (solid line) and perpendicular (dashed line)
to the magnetic field. Three different settings of the PEM retardation
d, are shown. In (A) and (D)), = 0.767; in (B) and (E),0o = m; in

(C) and (F),0, = 1. The microwave frequency lies in thB|—|E|
transition (467 MHz) of the triplet. The LD(FS) signal for the parallel
polarizer orientation is multiplied by-1, for easier comparison with
the perpendicular polarizer orientation signal. The difference (sum)

second-order Bessel functions, as shown in Figure 2 and in eqspeqween the orthogonally recorded (LD(T—S)) spectra is shown

25 and 26. AlternativelyJo(do) can be kept nonzero, and the
AA component of the dichroic rati® can be corrected afterward
for the extralo(do,)ALD term in the denominator of eq 27 as in
ref 20. With a nonzeraly(d,) the AA spectrum recorded

simultaneously with the LD(¥S) spectrum then also needs
correction for the extrdy(d,)ALD wavelength-dependent term.

In Figure 3A-C the AA spectra and in Figures 3EF the
LD(T—S) spectra of the reaction centers (RCs) of the purple
photosynthetic bacteriurRb. sphaeroide®R26 recorded with
the polarizer perpendicular (dashed line) and parallel (solid line)
to the magnetic field are presented for three different settings
of the PEM retardatiord,. In Figure 3A,D,d, = 0.767; in
Figure 3B,E,0, = m; in Figure 3C,F,0, = 1. The difference
between the orthogonally record@dh spectra (dotted line) is
greatest ford, = 1 and is least fod, = 0.767, in agreement
with eq 24, which states that the difference of the two signals
should be proportional tdog(do) (assumingssJo(do)/so << 1).
Additionally, the experimental ratio of the measured difference
between the orthogonally record@d\ spectra ford, = 1 and
0o = o agrees with the theoretically determined raljl)/Jo-

(7). The sum of the LD(+S) spectra in Figure 3BF is
approximately 0 for alb, settings, as expected from eq 25 since
the signals in the two polarizer positions only differ by a factor
—1.

In Figure 4 the difference of the orthogonally recorded
spectra ford, = 1 is compared to the LD(FS) signal. The
Jo(1) spectrum is chosen sin¢&(1)] > |Jo()| > |Jo(0.767)|.
The AA spectra difference is indeed very close to the LB(T
S) signal, indicating thaALD > (—5ACB/sy + $5AA/Sy) in
the expected difference. The predominanc@hbD in the AA
spectra difference rests upon the assumption that the £BJT
signal is pure, which is highly likely since it is reproducible on
trials with different amounts of; andss.

The second method to purify the signals in eqs-24 is to
minimize the relative amount of LD in the light sour{s)|/s
using the ratio of the ac signaft2y) to the dc signal, which

with the dotted line, enlarged by a factor of 2.

1.0

ot
n

relative delta absorbance (a.u.)

|
950

~1.0
750

800 850 900
wavelength (nm)

Figure 4. Sum of theAA spectra of RCs of the purple photosynthetic
bacteriumRb. sphaeroideR26 with the polarizer oriented parallel and
perpendicular to the magnetic field (dotted line) compared with the
LD(T—S) spectrum (solid line). The PEM retardankgs set to 1 in
the AA spectra and to 0.76in the reference LD(+S) spectra (for
high purity).

according to eq 23 is

2(s,CB + 53)3,(3,)
S 1+ S,CD =+ (5,CB + $;)3,(6,)

ac signal(Zygy)
dcsignal

(28)

It is best to set the light with no sample present so that CB and
CD are zero. Alternatively one could use a wavelength with no
CB. The ratio|ss|/sp is minimized by first setting the PEM so
that Jo(0o) is zero and then rotating the light source until the
value of the ratio is minimized.

In Figure 5A theAA spectra and in Figure 5B LDES)
spectra are shown for one lamp position in which the rgsid
S is minimized (dot-dashed line) and one in which it is not
minimized (solid line). The ratio of the ac signd¥g2y) to the
dc signal was minimized with the sample present. &
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spectra in Figure 5A for the two lamp positions are identical.
Since the signal foAA spectra withlp(do) ~ 0 is (AA — SSACD/
S + SSACD/sy + $sALD/sy), we can conclude that thieA term
dominates. The LD(FS) spectra in Figure 5B are very different
from each other. According to eq 25 the measured LES)
signal is equal toALD — 55ACB/sy + ssAA/S). Experimentally
we see, in Figure 5B, that the sum of the true LBE) and
(AA) spectra (dotdashed and dashed lines, respectively) does
give an excellent fit (dotted line) of the measured LB(S)
spectrum with the lamp in an unsuitable position. We thus
conclude that thes;ACB/sy term is unimportant at these
wavelengths.

Note that the light intensity facta is maximized whens;|
is minimized (eq 4) but the tradeoff is worthwhile in light of
eq 25 sinceACB < AA. It is only disadvantageous in eq 26 in
the ACD|meas term sinces ALB is increased. Minimization,
however, ofs; is actually not necessary RCD measurements
because in eq 26 onlgJo(d,) appears, which can be set to
zero. Alternativelys; can be minimized for CD(FS) measure-
ments by maximizings.

After minimizing |ss|/so and settingly(do) to zero, eqs 24
27 reduce to

AA|peas™ —AA
—s,ACD + s,ALD CD
when‘ > > ‘<<1and‘$2 <1
SAA S
ALD|peas™ F23,(5,)ALD
—s,ACB+ s;AA CD
when u‘ <1 and‘s2 <1
SALD S
ACD)| peas™ £23,(6,)ACD
—S,ALB + s,AA s,CD
When‘W‘ <1 and‘ S <1 (29)
—S,ACB+ s;AA
R'measD ALD/AA when ‘W‘ <1
—s,ACD + s;ALD
and | A | =1 @)

The exacR-ratio can be measured by calibrating the instrument
to account for the gain constants; otherwiseRhgtio without

the gain factor can be measured with one lock-in amplifier with
the PEM off at a given microwave power using

AC(f,,PEM,)| AC({ PEM.)
_ALD| _ DC(PEMy) |, DC(PEMq) I
e AA |meas AC(f PEM)|  AC(f,,PEM,)
DC(PEM,,) |, DC(PEMy) |5
(31)
where
AE?(CIFF”—F;/II\:? ~ —(AA =+ ALD) (32)

with the plus sign for the parallel polarizer position and the
minus sign for the perpendicular polarizer position. Equation
31 will reduce to eq 30 assuming thaCD + (5:CB + s3) <
S in addition to the same conditions as in the other method of
measuringr (eq 30).

In Figures 4 and 5 we have shown the validity of the
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Figure 5. Comparison of the\A (A) and LD(T—S) spectra (B) with
light in optimized (dot-dashed line) and unoptimized (solid line)
positions. Additionally in (B), the dashed line iSA with light in
optimized position; dotted line is fit of LD(FS) spectrum in
unoptimized position with a sum of the optimized LD{$) andAA
spectra presented in (B).

approximations in egs 29 and 30 f&WA|neas ALD|meas and
Rlmeasin the case of RCs of the photosynthetic bacterikn
sphaeroidef26. In order to check if the conditions are satisfied
more generally, we need to estimate the relative magnitude of
the measured values of optical anisotropies. For partially
oriented system#e > 10LD and A > (10°—10°)CD.1121 |n

the region of an absorption band CB is usually of the same
order of magnitude as CB,but LB can be 10 times more than
LD?22 particularly for oriented polymer systems where form
birefringence, solvent ordering, and other effects contribute,
which have nothing to do with the chromophore under inves-
tigation! Thus, for systems where the background effects are
minor, reasonable estimates of the microwave-independent
optical parameters ak. = 2—4,LD = LB = 0.2, andCD =

CB = 103107511 We assume that the differences in these
anisotropies between the triplet and singlet states, (ALB,
ALB, ACD, ACB) have the same relative order of magnitudes.
Furthermore, we know that? > (5,2 + 2 + %% and assume
that the light source is primarily unpolarized light. Using these
limitations we conclude that our approximations MA|meas
ALD|meas ACD|meas and R|measin eqs 29 and 30 are widely
valid.

2.4. Residual Static Birefringence of PEM.The PEM can
have a small, time-independent, residual static birefringence
(4), which will change its retardation frody, to (0, + a(4)).2
This will cause mixing of the signals because the cosine (sine)
of the retardance will additionally include odd (even) frequency
components. Using eqs 402, 16, 19, and 22, the measured
AA, ALD, andACD can be derived (witlg(do) ~ 0, cosi(1))
~ 1):

AA|eas™ —AA

ALD|,00s™ F23,(6)ALD
ACD|00s™ +23,(6){ ACD — ALD sin@(4))} (33)

The AA|measin €q 33 is valid under the same conditions as for
AA|measin €q 29. For theALDyneasand ACD|meas@pproximations

in eq 33 to be valid, they must satisfy both théD|measand
ACDJmeasrequirements in eq 29 and additiona]&kCD/ALD|
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Figure 6. (A) AC(frem)/DC signal (dashed) magnified by a factor of ~ Figure 7. Angle ¢; between the optical anith microwave transition
400, AC(2feev)/DC signal (solid) versus wavelength, both divided by ~moments versuR (A), and the derivative o$; versusR (B).

their corresponding Bessel functions. (B) Function &{#)), a.u. .
P g (®) D output of the system before the photodetector is calculated to

be
< 1. From this analysis we conclude that the residual static
birefringence of the PEM can caudéD to enter into theACD %o
measurements. Suld6) = D+Py 96,45 B(45+d6,0,) G- 2 (35)
By placing the PEM at 45between two crossed polarizers
at 9C¢ and O, we can measure the residual static birefringence 5
a(4). AssumingCB = CD = 0 ands, < s3 sin(a(4)) From egs 16-12, 16, 19, and 35 we can derive the signals at
each frequency, witly(d,) set to zero:
Ao _ 2210, sin) Alneas™ ~AA (36)
ALD|peas™ F235(8){ cos (2 B)ALD +
AC(2fpey) -
oC — :’:2‘]2(50) (34) Sln(2 dg)SlAA/S)} (37)
ACD|peas™ £2J,(6,)ACD (38)

In Figure 6 the experimentdC(fpem)/DC and AC(2fpem)/DC We assume all conditions in eq 29 are valid and additionally
signals and the derived function sit{g)) are shown. The  for ALD|yeasthat ©ALB + s;ACB)/(s1AA) < 1. The only term
AC(2fpem)/DC signal is larger than thé\C(fpen)/DC signal in the above equations which is different from eq 29 is the one
because it is not multiplied by sia(1)), which is very small ~ for ALD|meas The amount oAA in the measuredLD signal
and decreases at longer wavelengths. We estimate the value ofs minor becaus@LD is about 1 order of magnitude smaller
sin((A)) to be less than or equal t0>3 10-3 in the 700-1000 than AA whereass; sin(2 d)) ~ 103 The relative change
nm range. The qualitative and quantitative characteo(@) ALD|measfor small & is equal to the change in the dichroic
agrees with that of ref 7. Using our estimatesAdD andACD ratio OR:

from section 2.3, we estimaté\[LD/ACD) sin(a(1)) ~ (10>— S s,

10%(3 x 1078 = 0.3-3. Thus even with an excellent PEM oR . sin(2 d9)— (39)
with a residual static birefringence much smaller thanthiere R SR

may be a significant contribution kLD in the ACD signal. The severity of the corruption to th&eLD and dichroic ratio

The measured CD(FS) spectra can be corrected for the LD-  signals is directly proportional to the angle of misplacement,
(T—S) contribution by using the measured CB(F) spectra  the relative amount of 45polarization of the light source, and
of the same selected subset of molecules in two different the inverse of the dichroic ratio. We estimate the error in the
microwave transitions of the triplet. The CD¢B) spectra of ~ angle to be at most°3for which sin(2 @) = 0.1. An upper
the two microwave transitions should have approximately the limit of the relative amount of 45polarization of the light source
same shape. The spectra measured in the two transitions caf$ estimated at 10%. Thus, although the relative chang® in
be normalized at points where the LD(B) spectra are Wil be greatest aroun& = 0, the change in the angi@ will
approximately zero, to set the CDEB) contribution the same. D€ largest wheR enters the extremities of thecurve, namely,
The LD(T—S) spectra for the respective transitions can then be When R ~ —0.3 or whenR ~ 0.5, as shown in Figure 7.

subtracted from the measured CB{$) spectra until the CD- Neverthelessf, :]he error i Ihs plré)bzls\bly dlezs ;han°5 At Ejhe. h
T—-5s tra f the two t it th _ extremities of thes-curve,¢ should already be determined wit
( ) spectra from the two transitions are the same another method, regardless of a misplacement of the PEM and

2.5. Misplacement of Polarizer and PEM by an Angle @. polarizer.
Another source of error in the LD-ADMR measurements may  2.6. Calculation of Effects of Strain in Cryostat Windows/
be misplacement of the PEM and polarizer by an angleTthe Cell. Strain is always present in optical elements and is even
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more noticeable at low temperatures. In this section we will
consider the effect on the output signal of low levels of LB
and LD in the optical components neighboring the sample.

Circular anisotropies in optical components are neglected sinCeAA| ...~

they are usually too small to contribute to significant erfgrs.
With the use of egs 5, 6, and 12 the small-signal matrix for a
nonideal optical component is found to be (ignoring the
attenuation factor)

1 —a' 0 —g
_ _ai’ 1 _bi 0
-3 0 ~b'1

whereg;, &', b, andb;’ represent the amounts bD, LD', LB,
and LB', respectively. When nonideal optical element with
Mueller matriceSOP; are present before and after the sample,
the system output will be

1 001|100 0 S
<« 1o ooo o100 | o . s
Su=Plo 000 ||o0p —u|OPZCOPrs,
+1001 |[00up s,

(41)

Using egs 16-12, 16, 18, 19, 40, and 41, under assumption
thats,, s, s, &, &', b, b, LB, andCB are second-order terms,
and keeping only first- and second-order terms for each
expression, witllo(d,) &~ 0, we derive the measurexi, ALD,

and ACD signals:

AA|ea™ —S {SHAA — S,ACD +
ALD[—sy(a; + &) + s3]} (42)
ALD| pas™ F2L(0 H{AA—(a, + &) + Sy/s)] +
ALD — b,/ ACD} (43)
ACD)| peas= F23,(0 ){S,AA/s; — ACD +
ALB(a/ — s/s;) — ALDb,} (44)

The ac signal at the multiples of the fundamental PEM
frequency is

AC(Kfpey)/DC = £FJ(0,)Se0 (45)
wherek is an integer, and
5CD+s[b; + b)) +s,—s[b +b,/]  kodd

o

The mechanically induced strain of the cryostat windows, which
causes an extra linear dichroism component &y, 4fpem,

—Sla, + 8] +5CB+ b’ +b,]+5; keven

etc., as seen in eq 45, was also found in ref 20. However, these
authors did not address the possibility of these linear dichroic

components being present in the measuxe® signal (eq 43).
The primary interfering terms in the measuredD spectra will
be the total residual linear dichroism times thA&\ signal.
However, the residual linear dichroism would need to be

Owen and Hoff

The conditions under which the measured signals reduce to eq
29 are

—AA
—S,ACD + ALD[—sy(a; + &) + sj]
when ‘ <1
SAA

ALD | peas™ F23,(5,)ALD

" AA[—sy(a; + &) + s3] — ACDg)b,’ 1
W en‘ ALDs, =
ACD| peas™ £23,(6,)ACD
AAs, + ALB(sja,' — ;) — ALDsb,’

when‘ “ACDS, <1 (46)

2.7. Reducing Birefringence in Cryostat Windows/Sample
Cell. From eqgs 43 and 44 we can draw two major conclusions:

1. AA could be in theALD|meassignal if the sum of the linear
dichroism in all the optical elements (besides the sample) before
the polarizer is large enough.

2. ALD could be in the ACD|meas Signal if the linear
birefringence of the optical elements between the sample and
the polarizer is large enough.

To ensure that the level of linear dichroism and linear
birefringence in the optical elements is as low as possible, we
have developed two techniques to measure these quantities. In
the first technique we measure the amount of this background
linear dichroism by adding a polarizer at°4&fter the light
source, to convert incoming light to the Stokes vector€.5(
s)[1, 1, 0, 0]. We then substitute 0+ ;) for sy ands; and
0 for s, andsz in eq 45, and remove the sample from the sample
cell, to obtain

AC(2fpey)/DC ~ F4J,(0,)(a; + &) (47)
With this method we can try various optical components and
choose the ones with the smallest amount of linear dichroism.
Alternatively, we can omit the extra polarizer at°4&nd
minimize the effect of the linear dichroism present in the optical
elements by rotating the lamp and minimizing the signal
AC(2fpem)/DC with the sample present.

AC(2fpe))/DC ~ £4s, (0 ) —solay + 8] +
$iICB—s)[b, +b,] + 53} (48)

Then whenAC(2fpge\)/DC is minimized,so Y (—so(ay + az) +
s3) will be minimized.

In the second technique the linear birefringence in the optical
elements between the sample and polarizer is minimized. A
polarizer at 0 is used after the light source to convert the input
light vector to 0.5% =+ sg)[1, O, 0, £1]. Then from eq 45

AC(foes)

S & 43(09ICD — (b + b))

(49)

We assume that the CD of the cuvettdd, and test one side of
the sample cell at a time (d®' ~ 0) by rotating it untilb,’ is

unreasonably large (on the order of 0.01) to cause interference.a minimum. A disadvantage to this procedure is that it works

There will be no difficulties in measuring theA spectra in the
presence of strain in the cell windows. For th€D spectra
mainly by’ ALD or a;’ ALB signals could cause contamination.

well for testing cuvettes but is not practical for testing half the
windows in the cryostat. Since we do not want to test the sum
of the linear birefringences of the cryostat, it is not currently
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