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We present a method of simulating the EPR spectra of spin
abels in liquids using direct convolution of hyperfine splitting with
orentzian linewidths. The aim is to simulate the experimental

ineshape by considering all spectrometer characteristics as well as
nhomogeneous and homogenous linewidth effects. A major ad-
ance in this method is the correction for the broadening produced
y Zeeman modulation commonly used to obtain EPR signals; this
llows experimenters much more freedom to optimize their exper-
mental conditions for the best signal-to-noise ratio. Microwave
ower broadening (saturation) effects on the EPR lines are signif-

cant even at very low observer levels. Successful simulation re-
uires that all contributions from unresolved hyperfine splittings
e explicitly included. Inhomogeneous broadening is dealt with by
ncluding all spins that interact with the electron (as a set of
uperhyperfine interactions); there is no “effective Gaussian” to
ubstitute for the correct superhyperfine interactions. The effects
f spin exchange on the linewidth and lineshape can be observed
nd must be taken into account in order to extract the fundamen-
al linewidths. © 1999 Academic Press

Key Words: linewidth; lineshape; EPR spin labels; simulation;
xchange.

INTRODUCTION

The aim of this paper (Paper I) is to provide the backgro
nd theoretical framework for us to answer the simple q

ion: Can all broadening seen in electron paramagnetic
ance (EPR) spectra of the lines from nitroxide spin labe
uantitated? We consider nitroxide spin labels in liquids
ergoing rapid rotational motion (characterized by correla

imes smaller than a few nanoseconds). There are many
osals in the literature (1) that suggest how to extract t
olecular rotational correlation times from continuous w

CW) EPR spectra. One method is to measure the hom
eous linewidths (identical to those observed by electron
cho (pulsed) experiments) and determine the motional
rties of the spin label from them.
However, extracting these linewidths directly from the C

PR lineshape is problematic because the CW EPR line
ains broadening effects (artifacts) due to the spectrom
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etection principles: the effect of dispersion mixed in with
bsorption signal, the effect of the finite level of the microw
eld, and the effects of the Zeeman modulation. The sp
ave different intrinsic homogeneous linewidths for each o

ines due to the interaction of the electron with the nitro
ucleus. Additional inhomogeneous broadening due to
uperhyperfine interactions of the electron with the proton
euterons) and the (13C) carbons of the label also occurs.
ur knowledge no one has examined these sources of b
ning with the aim of quantitatively accounting for all sour
f line broadening simultaneously in spin labeled EPR ex

ments. We have done so in this work and will use the resu
ata to study motion of spin labels in solution in the acc
anying paper (Paper II). In this paper (I) the linewidth a
sis techniques used are described and experimental r
resented. A brief description of this work has been g
lsewhere (2). We now present the sources of broadening
ow they are all, simultaneously, taken into account.

INSTRUMENTAL BROADENING MECHANISMS

Absorption/dispersion phase rotation.In normal CW EPR
pectroscopy only the absorption component of the reson
ignal is observed with the dispersion component being
ressed by suitable phasing of the microwave bridge. In
iple the microwave phase in the reference arm of modern
ridges can be set to give a pure, symmetric absorption-sh
ignal. In practice for a standard TE102 cavity the phasing i
ithin 1–2° of that for pure absorption, while in a loop g

esonator (3) the error can be as much as 20°. Some dispe
omponent is therefore always present in the signals and
e taken into account. This is done by combining the simu
ure absorption EPR signal (A) with the dispersion signal (D)

or a total signal ofS 5 A cos(u ) 1 D sin(u).

Observer RF field amplitude.Linewidths can become ve
arrow—50–70 mG at a rotational correlation time of 30
typical of a spin label in deoxygenated water). Does
icrowave observer RF field amplitude,h1 (typically 30–40
G) produce extra broadening due to line saturation?
1090-7807/99 $30.00
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200 ROBINSON, MAILER, AND REESE
quation for line broadening (assuming no Zeeman modul
ffects on relaxation (4)) is given by

R2eobs
2 5 R2e

2 ~1 1 h1
2/R1eR2e!, [1]

hereR2eobs is the observed homogeneous linewidth,R2e is the
ntrinsic unbroadened homogeneous linewidth, andR1e is the
pin–lattice relaxation rate, all expressed in the same u
his quadratic inR2eobscan be rearranged to give the correc

inewidth R2e in terms of experimental observables:

R2e 5 2h1
2/ 2R1e 1 Î~h1

2/ 2R1e!
2 1 R2eobs

2 . [2]

or typical values ofR1e andh1 the correction can be as mu
s 25% ofR2eobs, so saturation effects are important.

Zeeman modulation frequency, modulation amplitude,
hase. Modulation of the Zeeman field at frequencies

ween 10 and 100 kHz is universally employed in CW E
pectroscopy to increase the signal-to-noise ratio (SNR5).
his action, however, produces significant line broadenin

he modulation amplitude or frequency (expressed in gau
significant fraction of the intrinsic linewidth. The us

rocedure is to reduce the modulation amplitude to less
he narrowest observed linewidthR2eobs; in fact one shoul
eally reduce the amplitude to less than the narrowest intr
inewidth R2e. Either way one pays a big price in the SN
deally one would like to be able to increase the Zee
odulation amplitude to give maximum signals from the li

n the spectrum (the Zeeman frequency also produces b
ning but this is usually less important). The effects of Zee
odulation and frequency are not routinely included in E

imulations; the simple corrections shown below mean
hey can be.

We have developed an exact method of lineshape simu
hat gives the true linewidths even when the lines are o
odulated. The theory described below is developed from

or CW saturation-transfer EPR—a technique to obtain
ional information using the quadrature signal at the se
armonic of the Zeeman modulation—which requires
odulation effects be explicitly included (6, 7). We can correc

or any imperfections in settings of quadrature phasing
ake into account the finite broadening effects of modula
mplitude and frequency. A complete development is give

he Appendix. Here we outline a simplified treatment
eglects microwave observer amplitude,h1, saturation (suc
ffects can be nearly corrected using the formula forR2e in Eq.

2]).
The resonance expression for the Lorentzian line inclu

he first harmonic of the modulation frequency (vm) is, in
omplex form,

a1
6 5 a0 6 vm , [3]
n

ts.

d
-

if
is

an

ic

n
s
d-
n

at

on
r-
at
-
d
t

d
n
in
t

g

here a0 5 D 1 i z R2e defines the (complex) Lorenzti
ineshape (a0

21) in the absence of modulation.D 5 v 2 v0 is
he frequency offset from the resonance frequencyv0, andR2e

1/g z T2e is the linewidth. The effects of Zeeman modulat
mplitudehm are incorporated in three terms,g1

6 andg0:

g1
6 5

1

2
a1

6$1 1 Î1 2 ~ghm/a1
6! 2% [4a]

nd

g0 5 a0 2 ~ghm/4!$1/g1
1 1 1/g1

2%. [4b]

The EPR signals are complex numbers of which the dis
ion is the real part and the absorption is the imaginary
ig1 is the in-phase, first harmonic signal, and Sig1

Q is the
hase-quadrature, first-harmonic signal. The complex EPR
als are linear combinations of the products of theg’s:

Sig1 5
21

2p H 1

~ g0g1
1!

1
1

~ g0g1
2!J [5a]

nd

Sig1
Q 5

2i

2p H 1

~ g0g1
1!

2
1

~ g0g1
2!J . [5b]

hese are normalized relative to the area of the double int
f the in-phase absorption signal. Notice that when the m
lation frequency and amplitude are set to zero, the
unmodulated) absorption and dispersion-shaped Loren
ignals are recovered viz. Sig1 5 21/pa0. These equation
xecute very quickly and require minimally more time than
imulations without modulation effects.

INTRINSIC BROADENING MECHANISMS

Rotational correlation time. In simulating nitroxide spec
ra, we assume that each line due to the nitrogen nu
yperfine splitting (hfs) has its own, intrinsic, independ

inewidth, and that the distance between the lines is arbit
ven though the line positions are largely determined by
fs. Other nuclei in the nitroxide molecule with non-z
uper-hfs, e.g., neighboring protons or deuterons and nat
bundant13C nuclei, can split the spectrum further. Th
plittings may or may not be resolved depending on the l
idth relative to the hfs; if not resolved they make the appa

inewidth broader. This effect is usually called inhomogene
roadening for historical reasons—such apparent broad
f lines can also occur if there is an inhomogeneous Zee
eld over the sample. We found that incorporation of inho
eneous broadening effects was essential for obtaining
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201LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, I
uality lineshape simulations. The total hfs splitting is p
uced by first forming a binomial (or trinomial) distribution
tick spectra appropriate for the number of protons (or de
ns) contributing (8). After combining this pattern with that
ther natural abundance isotopes, such as13C, the final stick
attern has the linewidth convolved onto it. For computa
e perform these operations on the unpaired electron e2 as a
eries of convolutions: e2 V aN V aHorD V ac

13 whereaN, etc.,
epresent the appropriate magnitude and type of hfs. In
970s Freed and co-workers extracted linewidths from
erimental spectra in liquids (9) by such a convolution o
orentzians with the appropriate hfs stick spectrum. W
ram and Plachy employed this method in studies of s

abeled lipid bilayers (10) as did Hyde and Subczynski
heir work on CTPO in water (11). Recently workers hav
sed the approximation of adding Lorentzians to a Gaus
roadening function to model unresolved hyperfine patt
12). Selected points in the wings of the lines were use
xtract the true Lorentzian assuming the shape was a s
Lorentzian and a Gaussian (13). Other work was done b

ee (14) and by Halpern (15). More recently a direct con
olution of Lorentzian and Gaussian functions using the
ourier transform (FFT) algorithm has been reported (16).

n our analyses the use of a Gaussian was not a good en
pproximation of the hfs pattern, mainly because our sig
ad a very large SNR. We returned to directly simulating
orrect hfs stick spectrum and convolving it with Lorentz
ines of appropriate width.

Concentration effects from paramagnetic molecules.The
ntermolecular processes arising from collisions of the
abels with each other or with a paramagnetic molecule su
xygen (when present) broaden the lines. The chance col
f molecules is a stochastic process and produces an exc
f spin states, resulting in a broader Lorentzian line for
on-zero concentration of paramagnetic molecules. Bec
ollision frequency increases with increasing concentra
omogeneous Lorentzian linewidths of the spectra will alw
e greater than the fundamental, intrinsic value ofR2e (17).
uch processes increase the homogeneous linewidth of al
y the same amount.

METHOD OF DATA ANALYSIS AND SIMULATION

Optimization strategy. In optimization programs one mi
mizes the deviation of the experimental line from the the
f Yi is the data point at thei th position in the spectrum, andŶi

he simulation, then the quantity to be minimized is the v
nces2:

s 2 5
1

N O
i51

N

~Yi 2 Ŷi!
2 5 ^~Yi 2 Ŷi!

2&. [6]
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his is the standard least-squares method—a very non
rocess. The need to include an arbitrary scale,s, and baselin
ffset, b, adds two extra parameters that must be include

he search. These add no information on the linewidths
ence are of no interest unless a display of fit versus da
eeded at the end. A more suitable model for lineshape
sis defines the variance with thes andb corrections explicitly

ncluded:

s 2 5
1

N O
i51

N

~Yi 2 s z Ŷi 2 b! 2. [7]

he variance of the data is

s y
2 5 ^~Yi 2 ^Yi&!

2& [8]

nd that of the model is

s ŷ
2 5 ^~Ŷi 2 ^Ŷi&!

2&. [9]

he standard error is proportional to the correlation coeffic
nd the variance of the data

s 2 5 ~1 2 R2!s y
2 , [10]

hereR is the correlation coefficient, corrected for the m
18):

R 5
^~Y 2 ^Y&! z ~Ŷ 2 ^Ŷ&!&

sys ŷ
. [11]

is bounded by the triangular inequality (21 # R # 1) and
s a dimensionless way to represent the variance betwee
xperiment and the theory or model—independent of the

ng or baseline offset of the data.R is maximized (s mini-
ized) using a Marquardt–Levenberg search. The overla

an be found by computings andb: s 5 Rs y/s ŷ andb 5 ^Y&
s^Ŷ& with the optimum scaling and baseline found by

etting the derivatives ofs2 with respect tos andb to be zero
he scale factor,s, is calculated at the end of the fitti
rocess.
The double integral of theŶi spectrum is unity so thats y/s ŷ

s the ratio of the data and fit. The inclusion ofR in s shows
hat a poor fit will lead to large errors ins as would be
xpected. This scale factor avoids some of the problems
iated with the usual methods of double integration. For
mple, if the EPR signal has some asymmetry due to a s
ixture of dispersion into the absorption signal then ev
oiseless double integral will be in error. The scale factor is
atio of the magnitudes of spectra of the same (arbitr
hape—no phase rotation is needed. The scale factor onl
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202 ROBINSON, MAILER, AND REESE
ata from the spectral region where the signal is located u
ouble integration which requires extended flat zero-bas
egions. For a well fit spectrum (R close to unity) the sca
actor is controlled bys ŷ; this puts strong requirements on
odel used for fitting the data. We have found that thes is

ensitive to subtle details of the model used. Every effort m
e made to reducex2 5 s2/sn

2 to as low a value as possible
ests ŷ ands.

Data analysis. Once a spectrum is acquired by the sp
rometer and stored on disc the files are translated into
orm needed for fitting to the spectral model chosen. On
creen are displayed all the parameters of the spec
long with the options to float or fix any of the paramet
he procedure is to first optimize the derivative spec
rossover positions, the Lorentzian linewidths, microw

FIG. 1. The CW EPR spectrum of a sample that is a 2-mm-long 0
arboxamide) in water at room temperature, contained in a 0.8-mm OD3 0.6
I). The least-squares best fit simulation is overlaid on the spectrum, an

arameters (in units of gauss): the two crossover points had optimized
he axial deuteron hfs splitting was 0.075 and the 12 equivalent deutero
he microwave observer amplitudeh1 was 0.04 G and the optimum microw
eeman modulation amplitude of 9.38 G produced a slight admixture of

s determined from the closeness of theR value of Eq. [11] to unity: here 12 R
easured in gauss have a standard error of60.005 G.
e
e

st

-
he
e
m
.
l

e

hase (absorption/dispersion components), and the13C hfs.
he resulting microwave phase and13C hfs values are fixe
nd the crossover positions, Lorentzian linewidths, and

eron (or proton) hyperfine splittings are allowed to va
he entire fit is then redone allowing as many quantitie
oat as possible to ensure that the minimumx2 has bee
ttained. It is essential that the crossovers and initial
idths be optimized first; if this not done then the ot
arameters do not converge on stable meaningful va
he fitted spectrum, the scale factor,x2, and the signal-to
oise ratio are computed. The SNR is computed as the
f variance of the data,s y, to the variance of the noise,sn.
e calculatesn by subdividing the 1024-point experimen

pectrum into 8 –10 segments and calculating the varian
ach segment about a straight line—s 2 is the smallest o

M solution of15ND13 CTPO (2,2,5,5-tetramethyl-3-pyrrolin-d1391-15N-1-oxyl-3-
ID capillary in a 1-mm loop gap resonator (Medical Advances, Milwau

e residual (310 gain) is shown below them. The spectrum was fit with the follow
ues of210.588 and 11.791, the two linewidths were optimized at 0.240 and 0
had 0.031 hfs couplings, and the ring13C splittings were 6.07 and 6.90. In additio
phase of the signal was 2°, i.e., virtually no dispersion component. Th

adrature component so that the optimum Zeeman phase was 3°. The g
1 z 1024. Thex2 was 14.2 for this spectrum with a SNR of 372. All quanti
.6 m
-mm
d th
val
ns
ave
qu
2 5
n
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203LINEWIDTH ANALYSIS OF SPIN LABELS IN LIQUIDS, I
hese variances. The value of SNR obtained in this way
bjective estimate of the SNR. A more common calcula
f SNR is the ratio of the height of the largest peak-to-p
ignal to the rms noise; our method removes the bias
arrow line spectra and makes use of all the informatio

he spectrum. Explicitly including the instrumental para
ters is the fitting process allows for much more flexibi

n data collection and makes for more accurate anal
.g., all data need not be collected at the same Zee
odulation amplitude. Sample concentrations were
rated using the scale factors of the fits to spectra of kn
oncentration. The analysis also corrects for different
trumental parameters—amplifier gains, modulation am
ude, sample size, type of resonator, microwave po
umber of scans, and acquisition time. Oxygen conce

ions in the sample were calculated from the IUPAC s
ility tables for oxygen–water and oxygen– glycerol m
ures (19). The microwave power and the spin–latt
elaxation rate were not optimized by the fitting proced
ather, the microwave power is a known fixed quantity,
pin–lattice relaxation rate has been measured inde
ently (20), and their effects on the linewidth are correc
y Eq. [2].

RESULTS AND DISCUSSION

Figure 1 presents the results of the analysis of the sol
pectrum of15ND13 deuterated CTPO (2,2,5,5-tetramethy
yrrolin-d1391-15N-1-oxyl-3-carboxamide) with the leas
quares best fit overlaid on the data, and with the 103 ex-
anded residual (signal minus fit) below. The modula

requency, the modulation amplitude, and the observer a
ude were previously calibrated and not allowed to vary.
verall fit was excellent, except for the turning points: cl

nspection of the fitting at these points indicates that the s
rum was swept slightly too fast to truly reflect the narr
orentzian character of the spectra in this region where
ignal is changing most rapidly.

Zeeman modulation.A test of the Zeeman modulatio
orrection is how well the program and procedure can m

TAB

Peak-to-peak modulation
amplitude (gauss)

Mean low-field
linewidth
(gauss)

S

1.00 0.134
0.50 0.131
0.25 0.142
0.10 0.149
0.025 0.144

a Sample was deoxygenated 0.1 mM15ND13 dCTPO in water for minimum
or these quantities due to the fit of the model to each of the data sets
n
n
k
or
n
-

s,
an
i-
n
-
i-
r,
a-
-

.
e
n-

n
-

n
li-
e
e
c-

e

el

ver modulation. The excellent fit in Fig. 1 clearly shows
uccessful. For the 2-mm-long CTPO “point” sample use
he intrinsic Lorentzian, modulation corrected,15ND13 line-
idths are 0.24 and 0.26 G, respectively. The agreement
xperiment is excellent as given by the lowx2 of 14.2—even

hough each line is broadened and distorted by the large
lation amplitude of 9.38 G peak-to-peak at 10 kHz. As fur
roof Table 1 shows the results of fitting spectra of a samp
eoxygenated 0.1 mM15ND13 CTPO in water over a range
odulation amplitudes: the simulations extracted similar

rinsic Lorentzian linewidths independent of modulation
litude. The line can be overmodulated by up to 20 times

ntrinsic width but the result is still the intrinsic linewidth wi
o penalty in fitting accuracy. We should add that if there
istribution of modulation amplitudes over the active volu
f the sample the fitting program cannot correct for overm

ation greater than about a factor of four times the intri
inewidth. The error that results is an increase in the fi
inewidth of about 10%. Parenthetically, we note that
rogram provides any easy way to calibrate the Zeeman
lation amplitude at any Zeeman frequency. We empha

hat it is the ratio of the modulation amplitude to the t
orentzian linewidth that determines the degree of overm

ation, not the ratio of modulation amplitude to the appa
idth of the spectral line.
Halpernet al. (15) have modeled the effects of inhomo

eous broadening on Lorentzian lines by using an approp
um of Lorentzian and Gaussian lines and extracting
orentzian widths. Subsequently their analysis was extend
vermodulated Voigtian lines (21). They showed that the am
litude at which the maximum EPR signal was observed va
s the ratio of Lorentzian to Gaussian widths, and this cou
sed to get the ratio. Knowing this ratio and the obse

inewidth the actual values of the Lorentzian and Gaus
inewidths at zero-modulation amplitude could be obtained

result the corrected Lorentzian linewidth could be obta
rom a spectrum slightly distorted by overmodulation (wh
he effect of the distortion was to simply increase the appa
idth of the Gaussian component). If we removed the m

ation correction from our program and floated the hfs s

1a

dard error
gauss)

Mean high-field
linewidth
(gauss)

Standard error
(gauss)

0.005 0.160 0.006
0.005 0.157 0.006
0.006 0.167 0.005
0.002 0.173 0.002
0.007 0.169 0.009

ewidth using 10-kHz modulation frequency. Standard errors are those r
do not necessarily reflect the overall accuracy of the values.
LE

tan
(

lin
and
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204 ROBINSON, MAILER, AND REESE
ings then the apparent hfs similarly increased to absorb
odulation effects. These corrections for overmodulation

hanges in hfs or Gaussian width are artificial and cle
onphysical. At the large modulation amplitudes used to ob

he spectrum of Fig. 1 a simple Lorentzian–Gaussian s
ould never fit the spectral shape; a full simulation mus
one. Smirnov and Belford (16) used a direct convolution
orentzian and Gaussian functions by FFT to extract the
orentzian width from a Voigtian line. Morseet al. (22) have
legantly applied this technique to study the kinetics of oxy
ptake in cells, and Smirnovet al. (23) measured oxyge
ermeability in phospholipid bilayers. Their method requ

hat the experimental conditions be unchanged; our abili
orrect for both Zeeman modulation amplitude and po
aturation broadening lifts this restriction. Figure 2 shows
pectrum, fit, and residual for the central region of14NH13

rotonated CTPO with oxygen removed. Thex2 of 2.9 con-
rms that the model of 12 methyl protons with hyperfi

FIG. 2. The EPR spectrum of the center line of deoxygenated 0.1 m
elow. The best (x2 5 2.9) Lorentzian linewidth found by the program wa
f 0.057 G in this sample (20); a microwave fieldh1 of amplitude 0.04 G (m

2], result in saturation brodening of the line by 0.015 G; when this is
.005 G.
r-
y
ly
in

e

e

n

d
to
r
e

plitting of 0.193 G split by one axial proton with a hyperfi
plitting of 0.518 G is a very good one. These results a
xcellent agreement with the those of Hyde and Subczy
11) for the same molecule at the same nominal conce
ion—their fits gave a linewidth of 90 mG with axial a
ethyl proton coupling constants of 0.19 and 0.52 G at 2

data calculated from Fig. 3 of Ref. (11)).

Exchange effects.Figure 3 (bottom) shows the experime
al EPR signal with fit overlaid and residual from dCTPO
as approximately a 1-G linewidth obtained at 8 mM la
oncentration. We used the same protocol that produce
esults in Figs. 1 and 2—we allowed linewidths and crosso
o vary for bestx2 and then did the same to all the hyperfi
plittings, as described above. The apparent hyperfine cou
ecreased for this more concentrated sample. We expec
et a similar high quality of fit, with lowx2. In fact the best fi
ontains a large residual suggesting that the intrinsic lines

ofH13 CTPO in water (F) and the fit (dashed line) with the residual (signal
.1026 0.005 G. The spin–lattice relaxation rate,R1e, is equivalent to a linewidt
ured independently) was used to observe the signal. These conditions,
btracted the corrected estimate for the true homogeneous linewidth6
M14N
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s no longer pure Lorenztian. This is unexpected as we a
he conditions for very slow exchange (17)—line broadening i
ery much less than the spectral line separation—and w
xpect the lineshapes still to be pure Lorentzian. Figure 3

s the result of simulating the exchange process with a two
ump model (17, 24). Fitting this theoretical spectrum with o
nalysis protocol produced a residual of the same form a

he experimental spectrum. This is a clear indication tha
xchange process causes this line distortion—not an artifa

he analysis. The residual is symmetric about the line ce
nd therefore cannot be due to an extra absorption deriv
omponent. The fact that the residual has opposite signs f
wo lines means that it cannot be due to a dispersion co

FIG. 3. (Top) Simulated two-jump slow exchange spectrum with an
xchange) linewidth is 100 mG. Random noise has been added for a S
hown with 53 gain. (Bottom) Spectrum of spin-labeled15ND13 CTPO in wa
2.2 G. The linewidths as well as the deuteron hyperfine coupling were

n this spectrum than in the lower concentration spectra (see Ref. (26)). The r
tting it with the fitting program. This large residual shape appears in b
in

ld
p)
te

or
e
of
er
ve
he
o-

ent, which would have the same sign for both. Molin’s (17)
heory also predicts that the inward shift of the line position
uadratic in spin label concentration. In our experience,

hat of Halpern (25), this shift appears linear in concentrati
he implications of these results will be discussed in
ccompanying experimental paper (Paper II) (26).

CONCLUSIONS

We have developed a useful, general method for mea
ent of linewidths—even in the face of overlapping spect
sing a widely available commercial software package.
ractical matter the ability to correct for Zeeman overmod

hange rate constant of 400 mG and a hyperfine splitting of 20 G; the in
of 100. The residual is the difference between the simulated spectrum

. Linewidths are approximately 800 mG and the nitrogen hyperfine split
owed to freely float to find optimum values. The optimum deuteron valu
ual is the 53 difference between the experimental spectrum and the res
spectra and demonstration of this fact is the main point of this figure (ext).
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ion allows higher amplitudes to be used with correspon
igher signal-to-noise ratio. A surprising finding was that
ration broadening effects on the EPR lines were nonn
ible; the linewidths must be corrected. At high spin la
oncentrations the effects on the lineshape of intermediate
xchange can be observed. An improved method has
eveloped for estimating relative spin concentrations by

aining the scale factor between the data and a best fit spe
f unit area. An important feature of this method is that
uality of the fit can give estimates of the errors in the s

actor.

APPENDIX—ZEEMAN MODULATION CORRECTION

To a large extent other workers have avoided simulatio
eeman modulation effects apart from early studies in
960s (5). Recently Hyde (27) introduced the mathematic

echnique of pseudo-modulation with the primary aim of tra
orming absorption-shaped EPR spectra into absorption d
tive spectra without a decrease in signal-to-noise ratio. T
uthors kindly supplied us with a computer program (SU
PEC 2) and we found that it could simulate the lineshap
vermodulated lines. The theory for the nonlinear EPR t
ique of ST EPR developed by us in the 1970s includes
ffects of modulation explicitly (7).
We consider a single spin-1

2 particle in the presence of a D
agnetic field, a microwave RF source, and a Zeeman m

ation source. The Hamiltonian (in frequency units) includ
hese three interactions in the rotating frame is

H 5 DSz 1 gh~S1 1 S2! 1 ghmSzcos~vmt!,

hereD 5 vo 2 v is the frequency difference between
armor precession frequency of the spin,vo, and the frequenc
f the applied radiofrequency (RF),v. h 5 h1 of the text, and

s the amplitude of the RF in Gauss. The associated de
atrix equation of motion is

ẋ 5 2i @H, x# 2 ib@~S1 1 S2!, Sz# 2 G~x!, [A-1]

hereb 5 gh \v o/kBT. The presence of thehm Zeeman term
auses modulation of the components of the magnetization
spin-1/2 particle the equation of motion requires the 2

epresentation of the spin operators (28):

H 5 SD/ 2 1 ghm/ 2 cos~vmt!
gh

3
gh

2~D/ 2 1 ghm/ 2 cos~vmt!!D , [A-2]

nd the relaxation matrix is
g
t-
li-
l
in
en
-

um
e
le

f
e

-
iv-
se
-
of
h-
e

u-

ity

or
2

G~x! 5 S 1
2R1~x11 2 x22! R2x12

R2x21 21
2R1~x11 2 x22!

D . [A-3]

he longitudinal signal isL 5 ^Sz& 5 tr{ Szx} 5 1
2(x 22 2

11).
The equations of motion then are

d

dt Sx11 x12

x21 x22
D 5 2iS gh~x12 2 x21!

2$D 1 ghmcos~vmt!%x21 2 2ghL

3
$D 1 ghmcos~vmt!%x12 1 2ghL

2gh~x12 2 x21!
D

2 S2R1L R2x12

R2x21 R1L
D 2 ibS 0 1

21 0D .

[A-4]

he observed signals are the absorption (A) and dispersio
D) components of the magnetization:

SD
AD 5 S tr$Sx%

tr$Sy%D 5 S 1
2~x12 1 x21!
1
2i~x12 2 x21!

D . [A-5]

fter rearranging for the different elements,

L̇ 5 22gh~ A! 2 R1L

Ḋ 5 2$D 1 ghmcos~vmt!%A 2 R2D

Ȧ 5 $D 1 ghmcos~vmt!%D 2 R2A 1 2ghL 1 b. [A-6]

The equations of motion for the three signals are expli
ime dependent only in terms of the Zeeman modulation
uency. Therefore, it is simplest to do a Fourier expansio

erms of the harmonics of the modulation:

SD~t!
A~t!
L~t!

D 5 O
r52`

`

exp~ir vmt!SDr

Ar

Lr

D . [A-7]

ubstitution into the above equations shows that

S2rvm R1

R1 rvm
DS Lr

L9r
D 5 22ghSA9r

Ar
D , [A-8]

hich can be rearranged to solve forLr in terms ofAr :

S Lr

L9r
D 5

22gh

rv m
2 1 R1

2 S R1 2rvm

rvm R1
DSAr

A9r
D . [A-9]

he transverse components may be expanded in a F
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eries, and one finds that the equations for the dispe
omponents are

S 0 rvm

2rvm 0 DSDr

D9r
D

5 S2D 0
0 2DDSAr

A9rD 1 S21
4ghm 0

0 21
4ghm

D
3 HSAr21

A9r21
D 1 SAr11

A9r11
DJ 1 S2R2 0

0 2R2
DSDr

D9r
D .

[A-10]

The absorption components may be similarly expanded
he longitudinal components substituted into the equation
he absorption components. After a little rearrangement th
f 4 by 4 equations for each harmonic may be generated

n-phase and phase quadrature components of the abso
an then be substituted back into the equations for the
bsorption and dispersion signals:

ArX r 1 Sghm

4 D $X r11 1 X r21% 5 d r ,oZ , [A-11]

here the vector of elementsX is

X r 5 1
Ar

Dr

D9r
2A9r

2 .

The choice of2A9r in the signal vector is a phase convent
o make the matrices more symmetric. The matrixAr is a 4 by

matrix with the resonance condition on the diagonal.

Ar 5 1
D 2R2 rvm 0

R2 1 R1Sr D 0 rvm~1 2 Sr!
rvm~1 2 Sr! 0 D 2~R2 1 R1Sr!

0 rvm R2 D
2 ,

[A-12]

hereSr is the dimensionless, saturation parameter from
ongitudinal term

Sr 5
~gh! 2

~rvm! 2 1 ~R1!
2 [A-13]

ndZ is the column, inhomogeneous vector

Z# 5 b z 1
0
1
0
0
2 .
on

nd
r
et
he
tion
ur

e

he in-phase components are even under exchange ofr for 2r ,
herefore,

X 1 1 X21 5 2MX 1 whereM 5 1
1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 0

2 ,

[A-14]

hich is needed for ther 5 0 equation.

he Recursive Solution

To solve for ther components we consider this to be
ecursive problem viz. ifX(r11) is known we can solve forXr .
his is equivalent to a tridiagonal matrix problem, which

he form from the coupled equations as (7, 28)

1
A0

ghm

2
M 0 0 0

ghm

4
A1

ghm

4
0 0

0
ghm

4
A2

ghm

4
0

0 0
ghm

4
A3

ghm

4

0 0 0
ghm

4
Gn

21X0

X1

X2

X3

Xn

2 5 1
Z 0

0
0
0
0
2 .

[A-15]

he recurrence begins with defining a new matrixG, in the
ower right-hand corner at the maximumr value ofn: Gn 5 An

hen continue recursively which removes the upper triang
art of the matrix

Gr 5 Ar 2 Sghm

4 D 2

~Gr11!
21,

nd the signal atr 5 0 is

G0 5 A0 2 2Sghm

4 D 2

M~G1!
21.

nce these definitions have been developed,X 0 5 G0
21Z 0.

otice that as the modulation goes to zero, thenGr 5 Ar , as
xpected.
In an upward recursive manner, each of the signals ca

ound from

X r 5 2
ghm

4
Gr

21X r21. [A-16]
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herefore the signal at the first harmonicX1 is

X 1 5 2 1
4ghmG1

21G0
21Z 0 5 2 1

4ghm~G0G1!
21Z 0

5 2 1
4ghm~ A0G1 2 2~1

4ghm! 2M! 21Z 0. [A-17]

his type of recurrence often requires starting atn ; 30 or so
owever, examination of the recurrence formula shows
onvergence can be hastened because theAr matrices are ver
eakly dependent onr and are almost all alike. In particular
e suggest thatAr 5 An for all r . n, thenGn can be found
irectly, because the only stationary point in the converg
f such a series is whenGn 5 Gn11. Let us call thisGn 5 Cn,

or convergedGn. The recurrence formula then is a se
onsistent equation forCn:

Cn 5 An 2 Sghm

4 D 2

~Cn!
21,

ndCn must satisfy the quadratic equation

~Cn!
2 2 AnCn 1 Sghm

4 D 2

5 0.

he solution to this quadratic is

Cn 5 1
2An$1 1 Î1 2 ~1

2ghm! 2~ An!
22%. [A-18]

This result is a formal one because the square root
atrix is only defined in terms of the eigenvalues of the ma
he solution chosen from the two possible is the one which
n 5 An in the limit of zero-modulation amplitude. From t
bove equation it follows thatA andC must commute. There

ore we can diagonalize theA matrix, which also diagonalize
he C matrix, and each element can be solved for inde
ently. The finalC matrix can be found by transforming t
iagonalizedC matrix back into its original form. The remar
ble finding upon using this accelerated recurrence meth

hat it works extremely well forn 5 1—the answer is near
nalytical;G1 5 C1 is all that is needed to fit with experime
he signal at the first harmonic may be written in its comp

orm by making the signal be Sig5 D 1 iA and Sig9 5 D9
iA9. Then

S Sig
Sig9D 5

21

p
S2i 1 0 0

0 0 21 2iDX 1. [A-19]

his gives the in-phase and phase quadrature signals as
lex quantities.

Nonsaturation case. When saturation is small,Sr ; 0 and
; 0, and can be neglected; theA matrix simplifies and ca
r
at

ce

a
.

as

n-

is

x

m-

e diagonalized by a transformation that does not depen
he modulation index,r . The transformation matrix,T, is

T 5
1

2 1
2i 1 i 21
2i 1 2i 1
2i 21 i 1
2i 21 2i 21

2 .

he resulting diagonal matrix is

TArT
21 5 1

D 1 iR2 2 rvm 0
0 D 1 iR2 1 rvm

0 0
0 0

3

0 0
0 0

D 2 iR2 2 rvm 0
0 D 2 iR2 1 rvm

2 , [A-20]

here

TZr 5 d r ,ob
1
21

1
1

21
21

2
nd

TMT21 5
1

2 1
1 1 0 0
1 1 0 0
0 0 1 1
0 0 1 1

2 .

his is in a blocked form so that the equations for the first
lements ofY are independent of the equations for the sec

wo elements.
Therefore the equations for

Y r 5 TX r 5 1
Y1

r

Y2
r

Y3
r

Y4
r
2 5 1

Y1
r

Y2
r

2Y1
r*

2Y2
r*
2

eparate into individual equations. There are only two e
ions because there are only two eigenvaluesar

6 5 D 1 iR2 6
vm; symmetry determines thatY3 5 2Y*1 and Y4 5 2Y*2.
herefore we only need to solve for the first two. The do
ard recurrence formula isgr

6 5 ar
6 2 (ghm/4)2( gr11

6 )21 and
s initiated in the same way as above: viz. the statio
ecurrence leads to a quadratic equation ofg at some maximum
value,n:
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gn
6 5 1

2an
6H1 1 Î1 2 S ghm

2an
6D 2J , [A-21]

nd then downward recurrence is used. Whenr 5 0 a0 5 a0
1

a0
2, and we can regroup the equation

g0 5 a0 2 Sghm

4 DH 1

g1
1 1

1

g1
2J . [A-22]

ith all theg’s defined, the signals can be computed begin
ith the r 5 0 signalY0

6 5 g0
211

2b and recurring upward wit
r
6 5 2ghm/4 gr

621Yr
6. The complex signals are formed

ecombining theY’s:

SSigr

Sig9r
D 5

21

p
S1 1

i 2iDSYr
1

Yr
2D ,

nd the first (r 5 1) harmonic signals are

SSig1

Sig91
D 5 2

b

2p
z

ghm

4
g0

21S1 1
i 2iDSg1

1 21

g1
2 21D . [A-23]

he signals are scaled so that the absorption signal integra
nit area: this is done by settingb 5 1 in Eq. [A-23]. As with

he full matrix approach the self-consistent downward re
ence can begin atn 5 1 with remarkable accuracy a
enerates nearly analytical forms for the signals.
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