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EPR Line Shifts and Line Shape Changes Due to Spin Exchange of Nitroxide Free Radicals

in Liquids

Introduction

It has been 37 years since Daniel Kivelson first publidred
theory to describe spin exchange between free radicals in liquids.
During these 37 years, much theorefic8l and experi-
mentab 71019 work has been devoted to the EPR spectral
changes induced by spin exchange between radicals in liquids.
A monograph published in English in 1980 gathered a wealth
of theoretical and experimental data and described the use of
the spin exchange technique to study problems in chemistry

and biology.

The present work is restricted to the case of spin exchange
between identical*N nitroxide free radicals undergoing rapid
translational and rotational motion. At negligible spin exchange
frequencies, the EPR spectrum is composed of three well-
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An expression for the EPR line shape of a nitroxide free radical undergoing spin exchange in the slow exchange
limit is derived and tested experimentally and against a rigorous theory. The line shape is the sum of the
absorption and dispersion of Lorentzian lines, in which the dispersion component is of opposite signs for the
outer lines and zero for the inner. The relative amplitude of the absorption and the dispersion is shown to be
a linear function of the spin exchange frequency. Nonlinear least-squares fitting of the spectra allows the
separation of the absorption and dispersion components determining their relative amplitudes to high precision
yielding values of the spin exchange frequency that are of precision comparable to those derived from the
more traditional line broadening. This new way to measure spin exchange frequencies is attractive because
there are no complications from dipolar interactions and no measurements at low concentrations are required.
The resonance fields of the absorption component of the outer lines shift toward the center of the spectrum
as the square of the spin exchange frequency and the observed positions of the lines shift even further due
to the absorptiorrdispersion overlap. The observed shift is also a quadratic function of the spin exchange
frequency and involves the unbroadened line width. Both shifts may be used to measure the spin exchange
frequency; however, only the observed shift yields values that are of precision comparable with broadening
and dispersion-amplitude techniques. The predictions of the theory are tested experimentally using
peroxylamine disulfonate in 50 mMMXO; at 67°C. At this elevated temperature, the concentration of the
radical decreases at a convenient rate making it possible to study a wide concentration range without disturbing
the sample. The line broadening was linear with the concentration with a coefficient of correlation
0.99996. The spin exchange frequency derived from the amplitude of the dispersion component was within
less than 1% of that derived from line broadening and of comparable precision. Spin exchange frequencies
derived from the shift of the lines were of lower precision yielding values of the spin exchange frequency
about 2% lower than those found from line broadening.

original theory due to Kivelsdnwas based upon the general
theory of motional narrowing due to Kubo and Toriitand
was able to predict the effects of spin exchange in the two limits
of slow exchange and narrowing but could not describe the
entire range. A rigorous theory covering the entire range was
given by Currif in 1962, and the modified Bloch equations
were employed by Jongthe following year. Another rigorous
theory, clarifying the physical significance of some of the
assumptions of Currin and eliminating the need for others was
given by Freedlin 1966, and a similar treatment was given the
following year by Johnsof.

It is known that, in principle, the spin exchange frequency
may be deduced by studying line narrowing, line shifts, or line
broadening.

separated narrow hyperfine lines. The well-known qualitative . F_or hitroxides, e7xtrgmg line harrowing has been stu_dleq n
features of the effect of spin exchange which are illustrated in liquids only ‘?”Cé’ y|eld|ng spin exchange frequgnues n
the textbooks (for example, in Figure 9-4, p 202, of ref 20) are 29reement with those derived from line broadening. As a
as follows: as the spin exchange frequency increases, the thre _rac_:tlcal matter, observatl_on of spin e_xchange narrowing in
lines broaden and move toward the center at spin exchange'qu'ds requires concen;ratlons.far too high to make it useful as
frequencies small compared with the line separation, the so-2 tool to study mO.St |.nterest|ng systems. There are other
called slow exchange limit. At higher spin exchange frequen- problems as well as is dlsc_ussed on pp—1119 Qf ref 4. T_hus,
cies, the lines broaden further and coalesce into one broad line;EVen though the study of line narrowing was important in order

and finally at still higher frequencies, the broad line narrows. [© confirm that aspect of the theory, it is not a promising

All of these effects are predicted by various theofigsand technique especially in biology. _
all of them have been observed experimentalyo-1° The Line shifts in nitroxides have been carefully studied only once,
by Jones using a modified Bloch equation formulation to
* Electronic mail: barney.bales@csun.edu. FAX 818 677 3234. analyze the data. Excellent agreement between spin exchange
€ Abstract published irAdvance ACS Abstract©ctober 1, 1997. frequencies derived from line broadening and line shifts was
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obtained. Line shifts in the spectra due to aqueous solutions
of VOSO, have been analyzed using the theory of Molin et al.
(see p 116 of ref 4) again confirming the theory, unfortunately
with an uncertainty that was 50% of the result. Thus, even
though the studies of line shifts were important in order to
confirm that aspect of the theory, they have not been used as
routine techniques.

Almost all of the experimental determinations of the spin
exchange frequency to date have been based upon line broaden-
ing rather than line shifts because the former could be
determined with higher precision than the latter. Three recent
developments have changed the situation. First, magnetic field
sweep units exhibiting extraordinary linearity and short-term
reproducibility have become available. Second, detailed un-
derstanding of the effect of inhomogeneous broadening on the
nitroxide EPR line shapes has been achieved leading to accurate
representations of the EPR line shadpeThis allows nonlinear
least-squares fitting techniqu#¥éd* to be used which in turn
permits the location and intrinsic line width of a resonance line
to be determined with high precision even with rather noisy
spectra. Third, it has been learned that modulation broadeningrigure 1. Simulated EPR spectra of a nitroxide radical with =
contributes only to the Gaussian component of the resonance1s.8285 G aﬂdAH;L,p(O)M. = 0.123 G undergoing spin exchange at
lines?® which means that improved signal-to-noise ratios may frequency (avedy = 0 and (b)wedy = 5.19615 G @edyAo = 0.3283).
be obtained by modulation broadening the lines while maintain- The best fit of eq 11 to the spectrum in (b) is essentially perfect if the

ing high precision in determining intrinsic line widths and intensity,lu, is allowed to vary and the two terms in eq 11 are displayed
positions in (c) the absorption and (d) the spin exchange induced dispersion.

) ) ) . Aasis one-half the distance between the outer lidgssis the distance
The general theories are essentially equivalent when appliedbetween the resonance fields of the outer lines of the absorption
to nitroxide free radicals that show no inhomogeneous broaden-componentAqs,s < Aassbecause the overlap of the dispersion lines shift
ing. Some of these theories predict complex eigenvalues, whichthe observed lines further than the shift of the resonance fields. The
implies a mixture of absorptive and dispersive components that Pertinent amplitude¥, and Vs are defined.
distorts the line shape from Lorentzian. This aspect of spin
exchange has not been studied experimentally yet. Molin et
al* applied a second-order perturbation analysis to their theory
in the slow exchange limit to produce more accurate analytical
expressions. Following their development, we show that the
distortion is due to the introduction of what we have called spin
exchange induced dispersion into the outer lines of the spectrum
from which yet another, independent measure of the spin
exchange frequency may be obtained in principle.

The purpo_se_of the present work is as_follows: (1) to critically Theory
test the predictions of the theory of Molin et‘ednd define the . . . . i o
limits of its applicability, (2) to test the theoretical prediction We restrict the discussion to cases in which nitroxide free
of a spin exchange induced dispersion and to learn if it is radical tumbles rapidly producing motionally narrowed EPR
practical to measure the spin exchange frequency from this SPectra. Figure la shows such a three-line spectrum in the
effect, and (3) to critically assess the precision with which line absence of spin exchange, defining the hyperfine coupling
shifts may be used to derive spin exchange frequencies. constantA,. Figure 1b shows the effect of spin exchange such

In addition to the interest inherent to the stated purposes, therethatwex = 0.3283yAo which crowds the upper limit of the so-

are practical motivations to the work. First, dipolar interactions, called slow exchange case definedday < yAo. Here, wexis

mportan i experinents at sl whereT 1s e absoue 1 3P XCNA fecuercy apcne oyamagretc o of
temperature ang is the viscosity, also broaden the lines in : y

14 ; — _ ;
proportion to the concentratidrd%1516.18 |n those experiments, N spin quantum numbeM, = +1, 0, and—1 corresponding

the broadening due to dipolar and spin exchange interactions'€SPECtively to the low-, middle-, and high-field lines.
must be separated before conclusions may be drawn. This In thel absence of unresolveq hyperfine structure, the reso-
separation is not straightforward at constant temperature. "2 cc lines have the Lorentzian g?gal%e, and for the slow
Second, there are experimental situations in which line broaden-xchange limit, all of the theorigs?2.1o _ predict that spin
ing is not straightforward to analyze. These points are discussedeXChange broadens the lines as follows:
below.
Peroxylamine disulfonate (PADS) in 50 mM&O; studied BMl - 4609’!3\/5)/ @
at 67°C was chosen for this first study because complications ) ) .
due to inhomogeneous broadening are absent rendering linedvhere the broadeningw , is defined to be
that are very nearly Lorentzian in the absence of spin exchange. L L
The dianion radical of PADS is unstable, and we exploit this BMI = Apr(wex)Ml - Apr(O)MI )
fact to vary the radical concentration by carrying out the
experiment at an elevated temperature. This has three advan- The broadening is predicted to be independentMf
tages: first, the sample is undisturbed during the experiment however, we retain the dependenceMdrfor reasons discussed

permitting precise relative measurements of the signal intensity;
second, the concentration of dissolved salts is constant; and third,
the value ofT/y = 8 x 10* K/P is well above the values df/y

= 5 x 10 K/P, below which dipolar interactions affect the
spectra® In this experiment, the precise absolute radical
concentration is not of interest, only the relative concentrations
that are accurately deduced from fitting the observed spectra to
an appropriate line shape.
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below. In eq Z,AH;p(wex)M, is the Lorentzian peak-to-peak (lev

line width of theM line at spin exchange frequeneyy, and by = —2(wed7) e — )
the zero indicates this line width in the limit of zero spin ' m=m H(O)y — H(O)y,
exchange (zero concentration). According to eq 1, the broaden-
ing of the lines in Figure 1b is expected to be 4.00 G. Direct
measurement of the widths of the three lines yidds = B_;

= 4.59 G andB, = 3.88 G, yielding an average broadening of
4.35 G, about 8.8% higher than the prediction of eq 1.

Most nitroxide spectra are accurately described by the Voigt
shape, which is a LorentziarGaussian convolution; however,
we consider only Lorentzian lines in this paper for several
reasons. First, the experimental measurements are made usin

a r_adical that very nearly yields a Lorentzian Ii_ne shap_e at low hyperfine coupling constany, if we neglect the small second-
spin exchange frequencies. Second, the new interesting result%rder Shift20 AI2H(0). Neglecting this quantity, eq 7 yields

appear at spin exchange frequencies large enough that inho-w 7P fOr My = 1, —edyAo for My = —1, and zero foM, =
e - 4 € - ) -

mogeneous broadening has only a minor effect. Finally, Th . .
: . . results m mmarized for any of the three lin
methods?25-28 are available to separate the Gaussian and 8y ese results may be summarized for any of the three lines

Lorentzian components if need be.
Experimentally wex may be controlled by exploiting the fact

where the sum is over the two nuclear quantum numbers other
than M, and ¢, is the statistical weight of the spins in this
configuration; ¢y, = Y3 for *N nitroxides. [In the orginal
notation,by, = u/uk, where the subscrigitlabels the line. This
ratio u/ui is found from the equations immediately preceding
eq 2.86.] The zero indicates the resonance fields in the limit
of zero spin exchange (zero concentration). The three lines
gomprising the spectrum are equally separated by the nitrogen

that wey is proportional to the concentratidn?810.19thus by, = Mwe/yAo (8)
we = K[PADS] (3) The first derivative of eq 5 with respect té is given by

where [PADS] is the molar concentration of PADS and the «/§le

factor K depends on the temperature, viscosity, charge of the _8\/§|M §'MI - T[?) - E'MIZ]

nitroxide, ionic strength2 and perhaps steric factotsTo the YuHw) = C : > >

extent that PADS influences the viscosity and the ionic strength, ' JT[Apr(wex)M,] B+ E'M, ]

K could show some dependence upon [PADS]; in fact, Eastman 9

et al®found thatk varied as [PADSY with m' = 0.174+ 0.03
using concentrations up to [PADS} 57 mM, while Jones where
reportedm’ = 0.07 4 0.02 using concentrations up to [PADS]

=80 mM. Later, Eastmaf reported data up to [PADS} 56 H — H(we)w
mM which were fit tom = 0. The behavior ofK with E’MI = ZL—' (10)
temperature, viscosity, and ionic strength, studied by Eastman A|‘|pp(wex)vv|I

et al.13 is not of concern in this work. Our concern was to

minimize the dependence & on [PADS] by holding these and AH. (v, = AH: V3 ;
. o " pp(@edm, = AHy(wedm/v3 is the peak-to-peak line
three variables constant; i.e., to ensure thét~ 0. The width in the first derivative spectrum.

temperature is held constant, and the viscosity and ionic strength The spectrum described by eq 9 is composed of the familiar

are not expected to vary significantly since the cor_lcent_ration Lorentzian absorption plus a term that has the mathematical
of PADS plus products is constant. Often, the Stekemstein form of the dispersion of a Lorentzian whose intensity varies
relation holds: with wex and sign varies wittM,. The second integral of eq 9
with respect tH is the signal intensityly,, which is expected

to be independent d¥l, for any practical temperature; i.e., the
three lines are equally intense. Nevertheless, we retain the
dependence ofy, on M, for reasons discussed below. The
dispersion term does not contributelgpand does not represent
_an absorption of energy. The sum of eq 9 over the three values
' of M, yields the predicted spectrum:

K = constanT/n (4)

whereT is the absolute temperature andhe shear viscosity;
however, this is not necessary to reach the conclusions of this
work.
The EPR line shape of a radical undergoing slow exchange
i.e.,wex < yAo is given by eq 2.81 of Molin et af.which may
be rewritten as a function of the magnetic fiettl, as follows: A A
Y(Hwe) = gIM,[LM,I(H) + Dy, (H)] (11)
|
2y, (1+Dby&w)

AAH {0y, [L+ &4l with the Lorentzian absorptiohy, of unit doubly integrated
intensity given by

YMI(H1wex) =

wherely, is the integrated intensit;AHbz(wex)M, is the line £
width at half-height (the superscript denotes Lorentzian), and LA H) —8V3 M,

M = . (12)
H = H()y T AR B+ 8T
[S)
by =2—— (6) . . . o
! AHl/Z(wex)Ml and the spin exchange induced dispersion given by
The subscripM, labels the*N hyperfine line which appears A 4by[3 — &',”
at resonance fieltl(we)w. The coefficientsy, are computed Diy,(H) (13)

- L 2 . 22
by Molin et al# (p 47 above eq 2.86) as follows: TAH (@] T3 + &'y,]
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The superscript A refers to the fact that the absorption term “normal” dispersion; i.e., the detected magnetization that varies
is normalized to unit intensity (area). in phase with the microwave field. Normal dispersion is often
encountered experimentally, especially with aqueous sarfples.
Amplitude of the Spin Exchange Dispersion

It is convenient to rewrite eq 9 in terms of the peak-to-peak Shift of Hyperfine Lines

height of the absorption componeft,, and the maximum It is well-known that exchange between sites of different
amplitude of the spin exchange dispersion componéspy, as resonance frequency shifts those resonance frequencies toward
follows: one another. An interesting perspective is provided by Slighter
(p 593). Many authors, using many different theoretical
{—8Vpp(M|)§',\,|| + 3VgisdM)[3 — §’MI 1} technigues, have addressed the problem; however, other than
Y'MI(H,weX) = — Molin et al.? it does not seem to be widely appreciated that the
3 +§MI] observed shift is the sum of two contributions. First, the
(14) resonance fieldH(O)y, shifts to H(weywm, upon onset of spin
exchange. Second, the overlap of the dispersion component
where shifts the position of the observed line further. Compare Figures
L ) 1b and 1c.
VedM)) = \/§|M,/ﬂ[Apr(wex)M,] (15) The shift of H(O)y, is given by eq 2.83 of Molin et dl.as
V3, H(@ey, — HOW, = by (@ely)? P
. = |— w —_— = (9] _—
VaispMi) = 4VpM)—5 (16) &M, M e HO)y, — H(O)y,

Therefore, the spectrum may be written (22)

Y(Hw,,) = ;[VPP(MOL'MI(H) + Vdisp(MI)D'Ml(H)] (17) The sum is evaluated as in eq 7 yielding
|

1 2
H(w — H()y = M=—(w/7) (23)
with the Lorentzian absorption of unit peak-to-peak height given e M '6A ol
by
Therefore, the low-field absorption componeM, (= +1) is
—8§’MI shifted upfield, the high-field line downfield, while the center
L' (H) = . 22 (18) line is unaffected. The shift expressed by eq 23 is illustrated
[B+¢& M, ] in Figure 1 as the shift of the absorption component, Figure 1c

) ) _ ) _ _ from the original line positions, Figure la, but is not the
and the spin exchange induced dispersion of unit maximum measured shift. This is because, as pointed out by Molin et

amplitude given by al.* the superposition of the spin exchange dispersion compo-
' nents shifts the lines further to positiohw,,)s’, which are
. 3B-¢ M, ] defined as the positions that the observed resonances are at their
M,(H) = m (19) maxima or where the first derivatives cross the baseline. The
MI

second shift, which is given by eq 2.86 in Molin et4involves
AHFL)p(O)M, and the sum that appears in eq 22. Writing their
expression in terms of a first derivative, field-swept presentation
and adding to eq 23 yields

3V3yA, M\[/3 Wey| @
H(@e)in® = HO, = |5 AHO)y, + ~ A @

2
Utilizing eq 1, eq 20 may be written e

_ [Equation 24 is equivalent to eq 3.24 in Molin’s book.] It is

VaisdM)Vpe(M1) = M BIM)/Ag (1) convenient to measure the distance betweerMhe +1 and
Note that eq 21 supposes that the broadefifld) is due to 1 lines in the spectrum. If we defln%gbz [H(we-1 —
spin exchange and not some other concentration-dependent!(@ed+1] and 2aps = [H(we,)”T — H(we)T1] from eqs 23
broadening such as dipolar and might provide a test of this and 24, we find
supposition in situations in which dipolar broadening is sus- 1
pected. [The assumption that dipolar interactions do not modify Aps=Ag— 6—(cue)jy)2 (25)
the line shape is based upon simple motional narrowing Ao
theony!®18ignoring dynamic frequency shifts. In viscous liquids,
there may be complications in the role of dipolar interactions.] Agpe= Ay — 1 @AHL 0),, + Dex| Pex (26)

Therefore, the magnitude of the relative amplitudes of the bs 2L 27 L A

Lorentzian absorption and the spin exchange-induced dispersion
yields the spin exchange frequency, (eq 20). Note that accordingwhereApr(O)il denotes the average Lorentzian line width of
to eq 21, the relative amplitudes of the absorption and dispersionthe M; = +1 and—1 lines in the absence of spin exchange.
terms in eq 17 is the broadening divided by the hyperfine Equation 26 is one-half the distance between the low- and high-
coupling constant with a positive sign for the low-field line and field lines, directly measurable from the EPR spectrum; eq 25
a negative sign for the high-field line. The center line shows is one-half the distance between the resonance fields of the
no spin exchange dispersion. This latter fact is convenient absorption components of the low- and high-field lines which
experimentally because it provides a means to correct for the must be found by fitting of eqs 11 or 17 to the experimental

Combining eqgs 8 and 16, we find

ex

VaisdM)/VpM) = M, (20)
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TABLE 1: Accuracy of Egs 1, 20, 25, and 26 at a High Exchange Frequencype/yA, = 0.3283

method used to measure parameter paratheter value eq % error imes
direct measurement from the spectrum AosdAo 0.93907 26 5.0
Bi1 459G 1 14.8
Bo 388G 1 -3.0
Bwm0 435G 1 8.8
least-squares fit to Lorentzian; intensities of the three lines constrained to be the same  AgdAo 0.94298 26 1.5
By 417G 1 4.3
Bo 395G 1 -1.3
Bwm0 410G 1 25
least-squares fit to eq 11 or 17; intensities of the three lines constrained to be the same  |Vyis(£1)Vpp(£1)| 0.262 20 35
AandAo 0.98127 25 21
Bii1 410G 1 2.5
Bo 377G 1 -5.7
B0 399G 1 -0.3
least-squares fit to eq 11 or 17; intensities of the three lines allowed toN#ty) = 0.893(0) |Vaisf(£1)NVpp(£1)| 0.267 20 5.7
AandAo 0.98190 25 0.4
By 403G 1 0.6
Bo 395G 1 —-1.2
Bwm,0 400G 1 0.0

a|nput parametersAy = 15.8285 Gwedy = 5.196 G, ancAng(MQ = 0.123 G. The broadening predicted by eq 1 (all theorie§(M,) =
4.000 G independent d¥,. ® By, were computed from eq 2 using the input vaIueA(HIgp(Mo; Bw,Ois the average value @y,. ¢ 100edy —
5.196 G)/5.196 G, where., is computed from the observed parameter using the equation indicated in the penultimate column.

spectrum. As a practical matter, eq 26 would be used in a by Bruker. Afterward, the spectra were transferred by ethernet
routine experiment. Equation 25 is of interest in order to test to a personal computer for analysis.

the theory in detail. It is important to note that the shift often Spectra at low concentrations, where spin exchange is
quoted in the textbooks is equivalent to eq 25. It is interesting minimal, were analyzed by the program Lowfit, which searches
to note that for smaMH;p(O)ﬂ, two-thirds of the observed  for the minimum least-squares difference in the spectrum and

shift is due to the absorption-dispersion overlap. a theoretical model of a Gaussiahorentzian sum function
taking advantage of the fact that such a sum function is an
Materials and Methods excellent approximation to the Voigt shaffg* Theoretical

spectra were simulated from equations given in the Appendix

Fremy's salt (Sigma) and &0Os (Mallinckrodt) were used derived from the theory of Currif

as received. Deionized water was distilled twice. The purity
of the Fremy'’s salt was estimated to be#8% by comparing
spectra from freshly prepared solutions of Fremy’s salt and
4-0x0-2,2,6,6-tetramethylpiperidirtgs (perdeuterated Tempone, We first compare the results of perturbation theory due to
CDN Isotopes, as received). A sample of PADS in 50 mM Molin et al.? as applied to nitroxide radicals in egs 1, 20, 25,
Ko,CO; was prepared at a nominal concentration of 38.5.7 and 26, with Currin’é theory. Spectra were generated from
mM. The sample was degassed by bubbling a stream,of N the equations in the Appendix using input valuesugf, Ao,
gas through the sample for 10 min. A sample was sealed into and AH;p(O)Ml. These input values were taken to be the true
a 50uL disposable pipet and placed into a quartz tube which values, and the predictions of egs 1, 20, 25, and 26 were tested
was then placed into a Bruker temperature control unit previ- by treating the theoretical spectra as if they were experimental
ously stabilized at a set point of €. This temperature was  spectra. The broadening (eq 1) and the observed spacing
selected because it produced a decay of the spectrum whichbetween theM, = —1 and+1 lines, Agss (€9 26) are directly
was fast enough to carry out the entire experiment in about 1.6 measurable from the spectra. The dispersiabsorption
h and was slow enough so that the decay of the spectrum wasamplitude ratio (eq 20) and the spacing between\the= —1
not significant during one scan. and+1 absorption components were measured using nonlinear
A thermocouple was placed above the sample in configuration least-squares fitting techniques that have become avaitable
C of Figure 1 of ref 33. After correction for the temperature in recent years. Thus, we found the best fit of eq 11, or
gradient, the sample temperature wast6¥ °C, stable to within equivalently, eq 17 to the theoretical spectra and compared the
0.2 °C over the 97 min of the experiment. The temperature best fit parameters of those equations to the true values. An
uncertainty was dominated by the correction for the gradient; example of such a simulation is given in Figure 1b in whigh
however, since the temperature is irrelevant to the conclusions= 15.8285 Gwe/y = 5.19615 G, ammH;p(o)MI =0.123 G;
of this paper, no effort was made to improve the accuracy. i.e.,wedyAo = 0.3283. The example in Figure 1 is an extreme
EPR spectra were measured with a Bruker 300 ESP X-bandcase, with a value obed/yAo Well above the largest value of
spectrometer interfaced with Bruker's computer. Spectra were we,/yAq &~ 0.11 encountered in this study. Figures 1c and 1d
acquired every 5 min using a sweep time of 21 s; microwave are plots of the least-squares fit of the two terms comprising eq
power, 5 mW; time constant, 5 ms; sweep width, 50 G; 11 inwhich the values of doubly integrated intensitigs, were
modulation amplitude 0.1 G. This modulation amplitude allowed to vary independently as fit parameters. The fit is
broadened the Gaussian component as exp%?dh@rdAHSp = essentially perfect; i.e., Figure 1b is indistinguishable from the
0.051+ 0.004 G. The overall Gaussian line width of 0.0%#8 sum of spectra in Figures 1c and 1d. A fit constraining the
0.008 G was corrected using the methods of ref 22; however, values ofly, to be equal to one another, yields a curve barely
the corrections turned out to be negligible except at low distinguishable from Figure 1b (not shown). A fit using only
concentrations. The spectra were acquired automatically, retun-a Lorentzian absorption (not shown) is poor; nevertheless, the
ing automatically before each sweep, and stored on the hardresults of such a fit are interesting as is discussed below. Table
disk using a simple macro within the 300 ESP software supplied 1 shows the comparison between the true valuesgfand

Results
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TABLE 2: Limit Value of medyAo Yielding <2% Error in

We?
fiteq 11 a
direct (M) (M) fit Lorentzian

parameter measurement constant varied absorption

|Vdisp/Vpp| 0.29 0.21

AandPo 0.21 >0.41

AcbdAo 0.21 0.37

Bw,O 0.17 >0.41 >0.41 0.31

aSame input values as Table "1For Ang(MQ = 1.0 G, limit 10G

value of wedyAo = 0.30 G. _—>

those deduced by various fitting models and by direct measure-
ment. The parameter from whiehey is derived is indicated in
Table 1. Even at a rather large value wf/yA, = 0.3283, X 10
straightforward measurements @g,s and B(M,) from the
spectrum yield reasonable resuli®ex is in error by only 5%
when deduced fromMgpsand is in error by 8.8% when deduced
from the average broadening. Likewise, fitting with a Lorent-
Zian absorption only yields surprisingly good results considering
that the fit itself is poor:weyx is determined to within 1.5% from
Aops @and to within 2.5% from the average broadenifBy,[]
These facts are of practical importance because fitting yields
better values oPypsandB(M)) than direct measurement by an
order of magnitude or more depending upon the signal-to-noise.
These results show that the expression for line shifts due to
Molin et al.? involving as they do both shifts due to spin
exchange directly and shifts due to line-shape distortions
indirectly, are in agreement with theory. Jones’ treatment is

Figure 2. (a) EPR spectrum of PADS at 67C at a nominal
concentration of 34 mM together with the fit of eq 17. (b) Ten times

. . . . . L _
also in agreement with eq 26 in the limit afH, (O)w, = 0. the difference in the best fit and the spectrum. (c) Best fit of a Lorentzian
Turning to the predictions of eqs 20 and 25, Table 1 shows absorption to thévl, = —1 line and (d) the best fit of eq 17 to tié,
that values ofwex deduced fromVyisd(M)/Vp(M) are within = +1 line with the residuals.

3.5% and fromAqpd A are within 2.1% of the true values when
Im, are constrained to be the same. When deduced from the

average broadeningsex is in error by an insignificant-0.3% spectrum appears to slope down and to the right. The entire
employing the same constraint. . . line width of the center line is only 1.79 G, which means that
Finally, Table 1 shows that allowinig, to vary in the fit of the ratio of the line width to the hyperfine coupling constant is
eq 11 or 17 to the theoretical spectrum yields some potentially 0136, well below of the limit of 0.3 established by Plachy and
interesting results at higher spin exchange frequencies. Thekivelsort® in which overlap of Lorentzian lines becomes a
value of wex deduced fromAapdAg is within 0.4% of its true  proplem. Thus the non-Lorentzian nature of the spectrum is
value and the average broadening reprodugg®xactly. The ot due to overlap; it is due to the admixture of spin exchange
best-fit intensities of the outer lines are about 11% smaller than dispersion discussed in connection with Figure 1. In Figure 2,
the central line leading to values Whisg(Mi)/Vpo(M) that are  the |east-squares fit of eq 11 to the experimental spectrum is
larger than eq 20 by 5.7%. A simple modification to e§20  piotted over the experimental spectrum and is distinguishable

modest broadening, the distortion of the spectrum due to spin
exchange is visually evident from the manner in which the

employing a quadratic term ime.yAo leads to values ofyex only by its lack of noise. This is an example in which the entire
that are essentially perfect up é@./yAo = 0.41 the highest  spectrum was fit, allowing eadky, to vary independently. The
value considered here. excellent fit is illustrated in Figure 2b which is the difference
For this study, it makes no practical difference whethgr in the experimental spectrum and the fit multiplied by 10.
is allowed to vary or not since at the largest valuavgf/yAo Figure 2d shows better detail of the fit to the one of the lines
= 0.14 the difference in the two methods is negligible. Inthis (M, = — 1) as well as the residuals. Figure 2c shows the least-

work, the lines are well separated even at the highest spinsquares fit to theV, = +1 line using the Lorentzian shape
exchange frequency studied, and thus we were able to fit oneshowing that the Lorentzian is a rather poor description of the
line at a time using a fit window as befoté.The advantage of  line shape even at this modest spin exchange broadening.
this procedure is that error estimates are available from the Nevertheless, the Lorentzian fit does have the inherent advan-
deviations from line to line. In every case, fitting the entire tages of spectral fitting and does provide surprisingly good
spectrum yielded results equal to the results from fitting each values of the line position (needed to calculagy and the
line separately to within the uncertainties quoted below. In broadening. Fits of eq 11 to experimental spectra such as Figure
Table 2 , wegive the upper limit of the value abe,/yAo below la yield values ofVgisy/Vpp, the line widths, and\ss as was
which eqgs 1, 20, 25, and 26 yield less than a 2% error in the discussed in connection with Figure 1.
determination ofvex. Table 2 shows thategs 1, 20, 25,and 26 The doubly integrated intensity of an unsaturated EPR
are accurate even at rather high valuesvgfyAo. spectrum is proportional to the concentration of the radicals if
Figure 2a shows a spectrum of PADS shortly after the all experimental parameters are held constant. In this experi-
beginning of the experiment which had a nominal concentration ment, the doubly integrated intensity was taken to be the value
of 34 mM. The lines are broadened by 1.53 G above their of Iy, in the best fits of eq 11 to the spectra. This yields three
limiting line widths at low concentrations. Even at this rather values per spectrum, in arbitrary units, which were averaged.
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Eigure 3. Natural logarithm of the molar concentration of PADS versus Figure 4. Spin exchange broadening of PADS averaged over the three
time. lines versus the molar concentration of PAOS= 67 °C. The error

The standard deviation of this average was less than 1% in a”bars, small compared with the symbols, are the standard deviations in
the results from the three lines. The solid line is a linear least-squares

cases. In expgr!men’gs with stable fr_ee radicals, we have foundﬁt constrained to the origin with coefficient of correlatior= 0.999 96.
that spectral fitting yields reproducible values of the doubly

integrated intensity to within 0-21% depending upon the 012 T T T T T T
signal-to-noise ratio if the sample is not disturbed. Removing N
and replacing the sample with care about doubles these -
uncertainties. In short, relative values of the intensity, which 0.08 3
are of interest here, can be reproduced very well. Taking the __ I
extrapolation of the doubly integrated intensity back to zero >& 0.06 F
time and dividing by the nominal concentration of the sample \,%'
yields the constant of proportionality between the intensity and »° 0.04 |

0.1

M WIS WA S WIS S I

the concentration. Figure 3 shows the decay of the signal as a
function of time at 67+ 1 °C. The early portion of the decay 0.02
shows approximate first-order kinetics, decaying more rapidly 0
later; however, since the decay mechanism is immaterial to our P
purposes, no further investigation was made. o2 bt e L L L
At low concentrations, it became possible to measure the 0 0.02 0.04 006 0.08 0.1 0.12
Gaussian line width of 0.07& 0.008 G, 0.05H 0.004 G of B>/ A
0

which was induced by modulation broadening. The Lorentzian

ref 22: the correction of the overall line width amounting to diSPersion component to the amplitude of the absorption component
0.02 G. With this correction, the linear extrapolation to zero ‘o > the ratio of the average broadening divided by the hyperfine
: : ' p coupling constant. Data derived separately fromNhe= —1 line (O)

concentration gave the followingAH(0)1 = 0.232- 0.002 and from theM, = +1 line @) after having subtracted the amplitude
G, AH:;p(O)O = 0.2344+ 0.002 G,AH";p(O),l = 0.2364 0.002 ratio measured from thil, = O line to correct for normal dispersion
G, and Ap = 13.186 + 0.002 G, the uncertainties being
computed from the least-squares fitting in the usual ¥ay. of |Vuisy/Vppl that ought to be equal to one another according to
The line broadenings were computed from eq 2. The eq 20 and should be numerically equal to the broadening divided
broadening vs [PADS] is shown in Figure 4. The error bars by Ao according to eq 21. Figure 5 shows a plot of the two
on the broadening (a minor fraction of the size of the symbols) values of |Vaisy/Vppl @s a function ofB/Aq,. Except near the
are the standard deviations derived from the values computedorigin, where all of the measurements become uncertain, the
from the three lines. The absolute value of the concentration two values of Vs Vpol are very nearly equal, and their excellent
is uncertain by about 12%; however, as discussed above thecorrelation with B/A; is evident. The two lines (nearly
relative values are precise to less than 1%. The solid line is a coincident) are linear least-squares fits constrained to the origin
linear least-squares fit constrained to pass through the origin ofhaving slopes 1.0 0.02 and 0.997+ 0.02, respectively.
coefficient of correlatiorr = 0.999 96. Figure 4 provides a  Figure 5 not only establishes the experimental validity of the
strong incentive to use spectral fitting methods: even for a rather formulation of spin exchange due to Molin et‘ddut also shows
small maximum broadening of about 1.4 G, extreme linear that|Vaisy/Vppl is a quite reasonable parameter to measure. The
precision is obtained between theory of eqs 1 and 3 and intriguing feature offVaisy/Vppl is that it does not depend on a
experiment. Note that the maximum broadening in Figure 4 measurement at any other concentration. One does not need a
corresponding tavedyAo = 0.11 is well below the values at sample at low concentration in order to estimate the spin
which the inner versus the outer lines would show different exchange frequency.
broadenings and is in fact low enough to be measured by any The parameteAandAo is plotted vsB/Ay in Figure 6. The
means including direct measurement (Table 2). solid line is a plot of eq 25 employing no adjustable parameters,
Allowing the parameters to vary independently for each line demonstrating that this aspect of the Molin et Hieory is also
affords an opportunity to correct for normal dispersion. The supported by experiment. Figure 6 shows an extremely small
amplitude of the dispersion for thd, = 0 line is subtracted effect; the error bars suppose an uncertaintpjrof 0.002 G
from those for the other two lines, leaving the contribution due and inAapsof 0.004 G. The entire graph represents a shift of
to spin exchange. This yields two independent measurementsonly 0.046 G, requires fitting spectra to eq 11, and clearly is
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Figure 6. Variation of Ass Vs line broadening. Values @fass not Figure 8. Spin exchange frequency versus the molar concentration of

directly measurable from the spectra are found from least-squares fit paps as measured from line broadenii®@) @nd from dispersion
of the spectra to eq 17. The error bars are computed using an uncertaintyapsorption amplitude ratios<). What appears to be a single solid line
in the value 0fA; = 0.002 G and iMabs= 0.004 G. The solid lineis g actually two linear least-squares fits to the two sources of information
a plot of eq 25 withwe calculated from eq 1; i.e., the curve has no  iy4t are indistinguishable yieldingex = (9.568+ 0.013) x 10° s

adjustable parameters. M~1 (r = 0.999 96) from line broadening ang, = (9.585+ 0.068)
x 108 st M~ (r = 0.998 95) from dispersicrabsorption amplitude
1.002 ] ratios.
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Figure 7. Variation of Agps Vs line broadening. Values éps directly

measurable from the spectra were found from a least-squares fit of the [PADS], mM

spectra to a Gaussiaib.orentzian sum approximation to a Voigt shape. 4,6 9 - Spin exchange frequency versus the molar concentration of
Fits to Lorentzian lines or direct measurement gave the same resultsPADS as measured froMudAo(O) and from AwdA, (@). The solid

within experimental error. The error bars are computed using an ;i\ 5 i ) ; A
e . e is a linear least-squares fit to the data derived fAgpdAo yieldin
uncertainty in the value o = 0.002 G and infws = 0.002 G. The "= g 15" ")) P ot Mt (r = 0.0967). and th Phoyieding

solid line is a plot of eq 26 withve calculated from eq 1; i.e., the i . - - _
: s a fit to the data derived fromqapdAo Yielding wex = (9.34 £+ 0.26)
curve has no adjustable parameters. x 1P 51 M1 (r = 0.9817).

not a prqmising practical method to measure spin exchange_ ( ggg 95) from the dispersion amplitude, respectively.

freq_uenues. ) Clearly, both parameters give spin exchange frequencies in
Figure 7 shows the more straightforward paraméigyAo agreement with one another and linear with concentration. The

plotted vsB/Ao. The solid line is a plot of eq 26 employing N0 g;rpyising result is that measurement &, yields results

adjustable parameters. The data for Figure 7 were optalned fromcompetitive in precision with the broadening without the

a least-squares fit of the spectra to a Lorentzi@aussian sum 5 yiguity as to its origin. Figure 9 gives results derived from

function used as an approximate Voigt line shape as discussedyg two shifts, the solid symbols derived fraka,sand the open

previously?* however, direct measurements or fits to Lorentzian circles from Aops The error bars through the solid circles

functions yield values that are indistinguishable from those in gpresent the uncertainties derived from the error bars in Figure

Figure 7 over this range of broadening. _ 6, and the uncertainties in the open circles are about the size of
According to egs 1, 20, 25, and 26, spin exchange frequenciesihe symbols. The solid and dashed lines are linear least-squares

may be calculated from line broadening, line shifts, and the s tq wex derived fromAgpsandAapsyielding wex(Aopy = (9.42

amplitude of the dispersion component. The results of these | 0.12) x 108 s I M~ (r = 0.9967) antvex(Aas) = (9.34+

calculations are presented versus [PADS] in Figures 8 and 9-0.26) x 108 s M~1 (r = 0.982), respectively.

Figure 8 gives the results using broadening and the amplitude

of the dispersion component. What appears to be a single SOlidDiscussion

line in Figure 8 is actually two linear least-squares fits to the

two sources of information that are indistinguishable yielding ~ Using the theory of Molin et aFf,we have derived an

wex(B) = (9.568+ 0.013)x 108 s~ M~1 (r = 0.999 96) from analytical expression, eq 11 or 17, for the EPR line shape of a

broadening ande(Vaisp) = (9.585+ 0.068)x 108 s 1M~ (r nitroxide free radical undergoing spin exchange. This expres-
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sion applies to spectra motionally narrowed by rotational motion, acids and phospholipids are some of the most widely used
and although derived for the slow exchange limitx << y Ay, probes, and these are nitroxides whose line width is dominated
it was found to yield precise values afyx up to rather large by inhomogeneous broadening due to unresolved hyperfine
values ofwedyAo. For example, ifly, is constrained to be  structure?? The same is true of 3-carboxyproxl. Further
independent o, thenwe is precise to within 2% up to values  work will be needed to extend the type of line-shape measure-
of wedyAo = 0.21Aan9, 0.29W4isp), and 0.41(Bw,) when the ments described here to these types of nitroxides.
parameter used to determimey is indicated in the parentheses. The study of complex liquids is another example in which
By allowing Iy, to vary with M, and modifying eq 26} the line widths do not provide a straightforward source of
essentially perfect results are obtained up to the limit consideredinformation. In complex liquids, for example micelles, nitrox-
here,wedyAo = 0.41, with every indication that this limit may ides are distributed statistically among compartments, and the
be extended even higher. The expression is simple: a sum ofresulting spectrum is the superposition of spectra due to
a Lorentzian absorption and dispersion whose relative magni- compartments, containing one, two, three, etc., nitroxides.
tudes are a linear function ofey. In these complex liquids, the line width is no longer linear with
The significance of the validity of the new analytic expression the concentration. In many cases the line width is fairly
is 2-fold: (1) an analytic expression is now available that may insensitive to the spin exchange frequency; in fact, in some
be used to perform nonlinear least-squares fits of experimentalrealistic cases, the observed line width is expectetdetrease
spectra allowing rather noisy spectra to be analyzed accurately with increasing spin exchange frequency. The reason for this
This is of particular importance in applications in which a odd behavior is that singly occupied compartments, which are
limited amount of sample is available and/or the concentration not affected by spin exchange, can dominate the spectra and
of the nitroxide free radical is kept low. Even in experiments therefore the line widths.
of high signal-to-noise ratios, the automated processing of data Finally, both dipolar and spin exchange interactions broaden
afforded by spectral fitting is a tremendous time saver. (2) A the lines linearly with the radical concentration. To derive
new, independent method to deriwey is now available from information on the translational diffusion of the radicals, the
the measurements &fys, This parameter may be measured effect of these two interactions must be separated. In the past,
with precision comparable to that of the line broadening and is the temperature dependence of the concentration broadening was
not dependent upon measurements at any other concentrationstudied® relying upon a StokesEinstein model (eq 4) to

The Va”dity of eq 24 expressing the re|ati0nship between Separate the two interactions. This approach often worked with
wex and the observed line shifts was shown theoretically and simple liquids because the shear viscosity could be determined
experimentally. This taken together with Jones’ observations from other experiments; however, Berner and Kivel8avere
that the modified Bloch equations also yield excellent agreement Pessimistic about the usefulness of spin exchange line broaden-
between values obey derived from line broadening and line  INg in higher viscosity media such as biological membranes.
shifts demonstrates that the modified Bloch equations and moreBY studying the amplitude of the spin exchange induced
rigorous theories are in agreement on this point. The analytic dispersion and the line shifts, one may may be able to focus
expression, eq 24, offers obvious advantages to the transcen2nly upon the spin exchange contribution. Experiments will
dental equation given by Jorf¢hat must be solved numerically. heed to be performed in viscous liquids to verify that spin
In addition, a nonzero line width in the absence of spin exchange €xchange and dipolar interactions may be separated.
may be included. The results presented here apply to nitroxides with inhomo-

Fitting of theoretical and experimental spectra to eq 11 or 9eneous line broadening that may be neglected. If this is not
17 allowed a determination ofsps and confirmation of the  the case, the effect of unresolved hyperfine structure will need
validity of eq 25 for the first time. to be included, i.e., itvex ~ yAer WhereAer is the effective
hyperfine coupling that produces the unresolved structure. This
will become important if rather small values ety are to be

tudied. It appears that with minor modifications one may study
he other extreme whemney is large, perhaps rather near to the
intermediate spin exchange casg ~ yAo.

Line broadening is found to be accurately (2% level) predicted
by eq 1 up tawedyAo = 0.17 when the broadening is directly
measured from the spectrum, provided the average broadenin
is used. Spectral fitting, either allowing, to vary or not, yields
broadenings accurately given by eq 1 upagdyAo = 0.41,
the highest value studied. Interestingly, spectral fitting using
the Lorentzian line shape which is clearly incorrect, yields

accurate broadenings upde,/yAo = 0.31. There is no reason An analytical expression for the line shape of a nitroxide free
to fit to a Lorentzian rather than the correct expression, eq 11 radical undergoing spin exchange in the slow exchange limit
or 17; however, fitting software is already available in many was derived which is the sum of first-derivative Lorentzian
labs, and if this software is used, accurate values of the apsorption and dispersion lines centered at the same resonance
broadening may be obtained up to the limit given in Table 2. field. The validity of the line shape in every detail was
Further, Agps is found directly from a fit to a Lorentzian or a  getermined by comparison with the theory of Cutriand
Voigt, which is not directly available from a fit to eq 11 or 17.  experimentally verified. The relative amplitudes of the absorp-
The preponderance of information from spin exchange tion and dispersion components is a linear function of the spin
experiments has been derived from line broadening because itexchange frequency for slow spin exchange. This ratio may
is a simple measurement. There are cases in which line be measured with good precision using nonlinear least-squares
broadening is not straightforward to analyze, however, and otherfitting of the spectra yielding an independent value of the spin
sources of information become useful. For example, at low exchange frequency competitive in precision with values derived
spin exchange frequencies, i.e., those of the most interest infrom line broadening and not dependent upon measurements at
which only modest concentrations of nitroxides may be tolerated low concentration. The resonance fields of the outer lines shift
(for example, biological systems) broadening is not a sensitive toward the center of the spectrum as the square of the spin
function of concentration for nitroxide spin probes with exchange frequency (eq 23) and the observed positions of the
significant unresolved hyperfine structure. See Figures 3 and Lorentzian absorptiondispersion admixtures shift further, also
4 of ref 35. In biological applications, the doxyl-labeled fatty as a quadratic function of the spin exchange frequency (eq 24).

Conclusions



8716 J. Phys. Chem. B, Vol. 101, No. 43, 1997 Bales and Peric

The observed shift also involves the unbroadened Lorentzian SH), = ZP,(H — H)AL(H)?

line width (eq 24). Both shifts may be used to measure the ! v

spin exchange frequency; however, only the observed shift yields SH), = Zp Q.(H — H)[L (H)]2
5 7% L=

values that are of precision comparable with broadening and
dispersion-amplitude techniques. )
All of the sums extend over all of the lines of the spectrum.
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