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The work in part 1 of this series]( Phys. Chem. B1997 101, 8707) is extended experimentally and
theoretically to include inhomogeneously broadened nitroxide spectra and high spin exchange frequencies.
The nitroxide spin probe 16-doxylstearic acid methyl ester, which is severely inhomogeneously broadened
by unresolved hyperfine structure in the absence of spin exchange, is studied under conditions in which the
spin probe undergoes spin exchange varying from slow exchange to high exchange leading to collapse of the
three*N hyperfine lines into a single line. Over the entire spin exchange frequency range, theoretically
predicted spectra are described essentially perfectly by the sum of three absorption and two “dispersion”
lines of Lorentzian shape. The dispersion components are of opposite signs for the outer lines and zero for
the inner. The intensities and the line widths of the outer absorption lines are different from the center line.
Theoretically, adding unresolved hyperfine structure which inhomogeneously broadens the lines, has no effect
on the line widths or intensities of the absorption lines, the intensity of the dispersion lines, or the line shifts.
Comparing theory with experiment shows that the line widths, intensities, and line shapes are in excellent
accord, whereas the line shifts are not; experimental lines move toward one another faster than predicted by
theory.

Introduction might not work because the presence of even two spin probes
in a compartment could lead to high exchange.

For this study, we have selected the nitroxide spin probe 16-
doxylstearic acid methyl ester (16DSE) for two reasons. First,
we have founti® this spin probe to be convenient for micelle
research, combining the useful properties of being quite
hydrophobic, thus partitioning strongly to the micelle pseudophase,
and yet displaying EPR spectra in the fast motion regime
0yielding narrow EPR lines. Second, it is a spin probe severely
inhomogeneously broadened by a hyperfine structure that is
known in detail from NMR studie$.In this work, we do not
pursue the interesting question of the probability of spin

In part 11 we derived an expression for the EPR spectrum
of a nitroxide free radical undergoing spin exchange in the slow
exchange limit following the perturbation theory developed by
Molin et al2 and showed that, in the slow exchange limit,
experimentally observed line shapes from the nitroxide spin
probe peroxylamine disulfonate (PADS) were in accord with
the perturbation theory. PADS is the simplest of all nitroxide
probes because there are no interacting protons leading t
inhomogeneous broadening of the lines. Here, we extend the
investigation to a spin probe severely broadened inhomoge-

neously by unresolved proton hyperfine structure and extend . -
y Dy P yp exchange upon bimolecular collisiéiferhaps some conforma-

the range of spin exchange frequencies. The extension to o T . e
inhomogeneously broadened spectra is important because virtu:“?rt's of 1ﬁ.D.SE WO.U|dI 'nmb't splnke?rﬁ:ha(\jngtelldulnn%.the {'fe“”.‘e
ally all nitroxide spin probes belong to this class. Inhomoge- ot the collision pair. 1n '.S work, the detalls ieading 1o spin
neous broadening is conveniently expressed as the Gaussials?XChamge are unimportant; we vary the spin exchange frequency

component of a VVoigt line shageerdeuteration of spin probes by varying the temperature or the concentration of the spin probe

can reduce this Gaussian comporighowever, for many spin and find identical results.

probes, especially those that tend to be used in biological studies, We find th_at the line shapes_ predicted by perturbation theory
it is still not negligible® The extension to high spin exchange ¢2n b€ applied to analyze spin exchange broadened spectra to

frequencies could be important for both theoretical and practical as high a spin exchange as one wishes. We also find that the

reasons. Theoretically, at high spin exchange frequencies, thegenerally accepted theory is in agreement with experiment in

accepted theory of spin exchange may be tested and the extenfVery detail except one: the shift of the hyperfine lines is not

to which the perturbation theory is applicable may be probed. properly predicted_for spectra inhomogeneously broadened by
Practically, there may be experimental cases in which high spin unresolved hyperfine structure.

exchange is unavoidable in compartmentalized liquids such as, , S€€ part 1and the references therein for a discussion of
micelles or in biological systems. In these cases, reducing theNiStory of spin exchange and the motivations behind studying

spin probe concentration to reduce the spin exchange frequencyghsey%g‘?g?r:nv?lﬂﬁ; ﬁﬁi%ﬁ?ﬁ%ggﬂ:};ﬁe‘%ﬁg is; ?r?g(:);ﬂg?erc?b\?vlg

which is a strategy that can be employed in normal solutions, < h : B -
briefly reiterate the important new findings. Spin exchange

*To whom correspondence should be addressed. E-mail: barney. fréguencies of high precision may be found in three ways: line
bales@csun.edu. Fax: (818) 677-3234. broadening, line shifts, and the intensities of two spin-exchange
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induced dispersion lines. Thus, compared with the traditional  Previously, the line shapes for PADS were accurately
method of studying spin exchange from line broadening alone, Lorentzian, so a straightforward measurement was required to
significantly more information is available. Paftghowed that evaluateBy,. For the nitroxide probe considered here, 16-
all three of these sources of information gave spin exchange doxylstearic acid methyl ester (16DSE) the line width is
frequencies that were in agreement with each other and with dominated by unresolved hyperfine structure in the absence of
theory for PADS which exhibit$*N hyperfine structure only.  spin exchange. Thus, for this work, we are required to separate
Part I showed that the perturbation theory yielded rather the spin relaxation induced component of the line width
accurate results to spin exchange frequencies much higher thar{fLorentzian) from the component produced by unresolved
those contemplated in the perturbation theory. Here, we show hyperfine structure (Gaussian) for low values ®f. This

that line broadening and dispersion intensities yield accurate separation is achieved by fitting the lines to an approximate
spin exchange frequencies as predicted by theory to quite highVoigt shape which is now a routine procedéfghus presenting
spin exchange frequencies. The results from line shifts could no problems.

also yield accurate spin exchange frequencies; however, because Experimentallywe may be controlled by exploiting the fact
these are somewhat different than those predicted by thethatwe is proportional to the concentration, thus

accepted theory, they would have to be on an empirical basis
for the moment. w, = K[16DSE] (6)

Theory where [16DSE] is the molar concentration of 16DSE and the
factor K depends on the temperature, viscosity, charge of the
nitroxide, ionic strengtf,and perhaps steric fact8rd he value

of we may also be varied by changing the temperature, and

The generally accepted expresgiddescribing the line shape
is given by the real part of eq 1

SH) therefore the viscosity of the solution. Often, the Stekes
GH)=——F"— Q) Einstein relation holds
e,

1- 75("') K = constans T/n @)
whereH is the magnetic fieldpe is the spin exchange frequency, ~WhereT is the absolute temperature, apt the shear viscosity;
y is the gyromagnetic ratio of the electron, ag¢H) is given however, this is not necessary to reach the conclusions of this
by work.

Previously, we showed that the perturbation thédryfirst-
Pj derivative field-swept form, yielded a spectrum that could be
SH)=Z 2) written in terms of the peak-to-peak heights of the absorption

. _ -1 -1
I(H=H)+y "o+ (T, )] componentVy(M)), and the maximum amplitude¥gisM)),

(positive forM, = +1 and negative foM; = —1) of the spin-

In eq 2,i = v/—1 and the sum is ovgr which denotes the jth éexchange dispersion component as follows

resonance line in the spectrum which appears at resonance fiel
H;, with degeneracyp;, and is characterized by sptspin — ' A '
relaxation time Ty);. The peak-to-peak first-derivative Lorent- Y(H e ; [VerMp) L' (H) + Vaiap (M) Dy (H)]
zian line width of the jth line awe = 0 is given by AH (8)
0) = 2/~/§yT2j. Each line in the sum of eq 2 is assumed to be
of Lorentzian shape. We call eq 1 the “rigorous theory”.
Molin et al? applied second-order perturbation theory to eq
1 in the slow exchange limit whekee/y was small compared
with the hyperfine spacings. In parttlye applied their theory -8¢&,,
to the case of a nitroxide spin probe having hyperfine spacing L'y, (H) = :
in the absence of spin exchange. See part 1 for details. :
Briefly, for nitroxide free radicals tumbling rapidly, producing
motionally narrowed EPR spectra in the absence of unresolved|n eq 8, the spin-exchanged induced dispersion of unit maximum
hyperfine structure, the resonance lines have the Lorentzianamplitude is given by
shape, which are broadened by spin exchange by

In eq 8,H denotes the value of the magnetic field which is
swept and_"y,(H) is the Lorentzian first-derivative absorption
of unit peak-to-peak height given by

[3+ &7 ©)

33— &7
e D'y, (H) = ——— (10)
= M ,
<B> 3\/5 (3) I [3 + EMIZ]Z
where the broadening<B> is the average value of the In eqgs 9 and 10"y, is defined by
broadening of the three lineBy,, defined to be
L L g 2 "~ o (11)
B,, = AH_, (w)uy — AH;,(0 4 Y N
M, pp( Q'Vh pp( )MI ( ) | AH:;p(wex)Ml
That is . '
whereH(wexw, is the resonance field of the Mne under the
1 influence of spin exchange. To simplify the presentation, we
<B>= 3 By +BytBy (®) use the term “dispersion” to mean the spin-exchanged induced
dispersion terms in eq 8.
The subscripM, = +1, 0, and—1 labels the hyperfine lines at The perturbation theoretical prediction of the ratio of the

low-, central- and high-fields, respectively. dispersion and absorption heights was shbtenbe
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M =+1 0 -1
VeisgMDVp(M) = M, —==— (12) i
3V3 yA,
which may be written in terms ofB> using eq 3 as follows
<B> a
Vdisp(MI)/Vpp(Ml) =M — (13) v
A | 2A -

Note that eq 13 supposes that the broaderi®y is due to

spin exchange and not some other concentration-dependent
broadening. Note that the fact; on the right-hand side of

eq 13 is due to the fact th&is(M)) is positive forM; = + 1

and negative foM, = — 1.

There are two shifts of hyperfine lines that entered the
perturbation theory. The first, directly due to spin exchange,
shifts the resonance frequencies of the outer two lines toward
the center, resulting in a hyperfine spacing as follows

Agps= %{ H(wex)—l _H(wex)Jrl} (14)

which, according to the perturbation thebig given by

Pass= Ao — ﬁo(wex/y)z (15)

|
<
N
The subscripabsrefers to the absorption lines. In addition to abs

the shift leading to the spaciryps €q 14, there is also a shift  Figure 1. EPR spectrum of a nitroxide radical undergoing spin
due to the overlap of the dispersion lines pushing the outer linesexchange at frequeneye./y Ao = 0.295 33 calculated from the rigorous
further toward the center. This results in a hyperfine spacing, theory, eq 1 (a). Three absorption lines (b) and two dispersion lines

Agns defined as one-half the difference in the fields where the (c) in eq 8 adjusted in intensity and line width to least-squares fit the

. . . . . rigorous theory. The sum of the five lines in (b) and (c) is exactly
low- and high-field lines cross the baseline. The subsaiyst equal to (a) if the width and intensity of the center line are allowed to

refers to the observed spacifgusis directly measurable from e different than the outer lines in the least-squares fitting. The
the EPR spectrumAaps must be found by fitting of eq 8 to the  characteristic “sloping” of a spin exchanged broadened spectrum down
experimental spectrum. See part 1 for the perturbation theoryand to the right in (a) is due to overlap of the two dispersion lines of
prediction forAqs For data in the slow exchange limfgps is opposite sign in (c). The parameters in eqs 13 and 14 are defined.
a more useful parameter because it is about a factor of 3 more . . .
sensitive to spin exchanyehan Asps however, it is less '_chese two criteria, the fits get pr(_)gresswely worse<dss> /Ao
fundamentally related to the theory thag, Fur'Eher as the increases. If we relax both, the fits are excellent for all values
S 1 - . . .
spin exchange frequency increaskss becomes undefined (see of <B>/A including those at h.|gh \{alues Wh'Ch !ead to the
Figures 4 and 5). Therefore, in the remainder of this paper, we collapse of the three hyperfine lines into a single line. In other
deal exclusively withAg, ' "7 words, the rigorous theory may be represented by eq 8 defined
S L

The shift in eq 15 may be written in terms of the broadening Y the parametetg(M), VaisMi), H(@edm, andAH (wexw.-

by employing eq 3

]
Y

Materials and Methods

—q_9(=B>)? 16DSE and reagent grade ethanol were purchased from Sigma
and used as received. A mother solution of 16DSE of concen-
tration 51.74+ 1.5 mM was prepared by weight in ethanol using

The spectrum in Figure 1a is computed from eq 1 for a value the known density of ethanol. The mother solution was
of <B>/Ao = 0.2273. The fO"OWing two traces show the best deoxygenated by bubb|ing2|\gas for one minute through a 50-
fit of the computed spectrum to three absorption, Figure 1b, 4| disposable pipet. This is double the recommended time for
and two dispersion lines, Figure 1c, of Lorentzian shape, eq 8. deoxygenation as presented by Jost and Griffith.sample of
The quantities that appear in eqs 13 and 14 are defined in Figurethe mother solution was immediately sealed into this same,

1. flushed pipet. The remaining solution was weighed and more
The doubly integrated intensity of each absorption lifg, ethanol was added. This procedure was repeated resulting in
may be calculated from the followifigvalid for Lorentzian line  the concentrations given in Table 1. Intermediate weighings
shapes controlled the amount of solvent lost to evaporation. The
concentrations are estimated to be accurate to about 3% and
Ve M,) = V3l /7 [AH (e ] (17)  the relative concentrations accurate to about one-half this value.

All of the samples in Table 1 were run at three tempera-
In the slow exchange limit, the perturbation theory predicts that tures: 25.7-14, and 6.4°C. Samples A, D, and K were run
the broadening is the same for all three lines and that the doublyfrom —25°C to 76°C. This is a large amount of data; too much
integrated intensities of the three lines are equal to one anotherto effectively present in figures. Therefore, we have selected
independent ofwey. If we constrain the fits of the spectra for presentation data for all samples run at 6.4 and 26.@nd
computed from the rigorous theory, eq 1, to eq 8 employing data for sample A as a function of temperature. All data above
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Figure 2. Experimental spectrum of 51.7 mM 16DSE in EtOHTat 0 10 20 30 40 50 60
= 25.7°C (a). Absorption (b) and dispersion lines (c) in eq 8, least- [16DSE], mM

squares fit to the experimental spectrum. Careful inspection of (c) shows Figure 3. Example of the determination of the Lorentzian line width

a small dispersion line due to instrumental dispersion, which is by fitting to a Voigt shape without dispersion, open circles, and the
subtracted from the outer two lines to correct the valuegsgf(+1). Lorentzian shape, with both absorption and dispersion, eq 8, closed
The difference in the experimental spectrum and the fit multiplied by i cles. The concentration of 16DSE is variedrat 6.4 °C in EtOH.

10 is shown in (d). This spectrum is broadenedt§> = 5.746+ At low spi : ; : .

. . S pin exchange frequencies, the Lorentzian shape in eq 8 yields
0.001 G and the lines are shifted Bys/Ao = 0.9254+ 0.0001, where jnaccyrate results and at high spin exchange frequencies, the neglect
the uncertainties are the standard deviations in five measurements. ¢ ina overlap in a Voigt leads to poor fits. In all cases, there is an

intermediate range of spin exchange frequencies, at overall line widths
—14°C are within experimental error of those presented. There between 1.8 and 2.5 G, where the two approaches agree; in this case
is no evidence for self-association of 16DSE at any temperatureat 20.5 and 28.9 mM. Each symbol is actually 5 points from 5 separate
even at the highest concentration. Such association would beSPectra illustrating the reproducibility of the measurements.

easily detected as a broad single liAdhe doubly integrated  fjrs¢ set corresponded to a nitroxide with no inhomogeneous

intensity was accurately proportional to the spin probe intensity, broadening; i.e., three hyperfine lines separated Agy—
another indication that self-association did not occur. We note AS/ZH(O)O between theM, = +1 and O lines andA, -+

that even if self-association were to occur and to go undetected, ,2 B

this would not affect the results because such association Would':;}(/ 2:3(305)3 dbiit\r/:/srerrr:altizg\éhf;mqi :ndaéi /X:Z?dzj ALeSaLrlgS
effectively reduce the spin probe concentration, the value of b L pef 0

which is not needed in this work independent of the chosen values/f most of the present
Ath | laced ab ) h i f . calculations employed, = 14.8000 G. The small second-order
thermocouple was placed above the sample In configuration gpiens a2/214(0), had a negligible effect on the results. The

. > .
Cr:(jieFrln?llZthielsgfrnreli tg‘rf;e;fa%rr??sogsi?r;;?ee dtfomtf):fctglrﬁatesecond set corresponded to a nitroxide with inhomogeneous
g ’ P P broadening designed to mat(zkHSp = 0.854 G as follows:

to + 1 °C. Neither the concentration nor the temperature is a 7 N o !
critical parameter in this work because both are removed as g?(r:glaaifv?(ian:g:mi}étylhz%?zl?iflIgszc\i/vrgisg I|3t7|;1106a dquu;nttct)et
parameters in eqs 13 and 16' For this reason, concentratlon%yperﬁne interaction witm = 4 equivalent protons. Thus the
were not corrected for density changes with temperature. . 1 15 i Th JUEAHC | ted
EPR spectra were measured with a Bruker 300 ESP X-band?rlér:qst;]neigllo\?vriﬁggver ines. The valuetl,, 1S compute

spectrometer interfaced with Bruker’s computer. Spectra were
acquired using a sweep time of 21 s; microwave power, 5 mW; AHS = Van 18
time constant, 5 ms; sweep width, 60 G; modulation amplitude pp & (18)
0.23 G. This modulation amplitude broadens the Gaussianhereo = 1.282 is appropriate ta = 4{see Table 2 of ref

component of the line width by 0.009 G. After correcting for 13}. We refer to these two sets of calculations as the

this broadening? AH;, = 0.854 0.005 G at 23.4Cingood  homogeneous and inhomogeneous theoretical spectra. In the
agreement with previous NMR and EPR determinatfotiae figures, the homogeneous case is shown with a solid line,
Gaussian line width is slightly temperature dependent. For yhereas the inhomogeneous case is indicated with small, filled
example,AHSp = 0.872+ 0.001 atT = 6.4°C andAH,?p = circles. The use of a simplified hyperfine pattern to study

0.896+ 0.011 aff = —13.9°C. The sweep width was measured inhomogeneous broadening is justified by the fact that once a
by Bruker's NMR Gaussmeter operating in the 1 mG resolution hyperfine multliplet becomes unresolved, the details of the
mode and was averaged over the entire experiment. hyperfine pattern are unimportantat = 03 and by the fact,

Two sets of calculations of eq 1 were carried out on a personal shown below, that inhomogeneous broadening has no affect on
computer using the equations from the Appendix of ref 1. The the results from eq 1 to very high values wf.
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Figure 4. Experimental spectrum of 51.7 mM 16DSE in EtOHTat x 10
= 50 °C, (). Absorption (b) and dispersion lines (c) in eq 8, least- g re 5. Experimental spectrum of 51.7 mM 16DSE in EtOHTat
squares flt_ to the exper_lmental spectrum. The difference multiplied by —"7¢ °C, (a). Absorption (b) and dispersion lines (c) in eq 8, least-
10 (d). This spectrum is broaden_ed k> = 8.111+ 0.003G and squares fit to the experimental spectrum. The difference multiplied by
the lines are shifted byAwdAo = 0.8603 £ 0.0003 where the 10 (q). The severe overlap of the three absorption lines in (b) produces
uncertainties are the standard deviations in five measurements. what appears to be a single line with shoulders. This spectrum is
) ) broadened by<B> = 10.89+ 0.071 G and the lines are shifted by

Results and Discussion AadAo = 0.761 & 0.002, where the uncertainties are the standard

Figure 2a shows an experimental spectrum of 51.7 mM deviations in five measurements.

16DSE undergoing spin exchange in EtOHTat 25.7 °C. TABLE 1: 16DSE Concentrations
The spectrum in Figure 2a shows a pronounced “sloping” down
and to the right characteristic of spectra under the influence of

sample [16DSE], mM sample [16DSE], mM

spin exchange. The fits to eq 8 are shown in Figure 2b and 2c. A 51.7 G 7.17
The residuals, amplified by a factor of 10, are shown in Figure (Eé %'é '|_| g'gg
2d demonstrating that the fits are excellent indeed. The fits were D 20.5 J 0.754
carried out allowing the broadening to vary with using as E 14.8 K 0.0905
fit parameters the amplitud&gisg (M), Vpe(M)), the line positions F 11.45

of the absorption lined(weyw,, and the Lorentzian line widths,
AHFL,p(we)MI. From values ofH(wegwm,, Vvalues of Ay are o _ )
computed from eq 14. Plotting these values A versus Fitting the experimental spectra to eq 8, which supposes
[16DSE] at each temperature yields the intercéypt, Often, Lorentzian line shapes, gives excellent results for valudsgh
normal dispersion is observed in spectra obtained using lossyenough to broaden the lines by approximatBly= 2 G and
samples. This leads to a contribution\Mgss(M;) that is of the above. For spin exchange frequencies lower that this, the values
same sign for all three lines which appears as a non zero valueof B are in error because the experimental line shapes are not
of VisM) for the central lineM, = 0. Careful inspection of well reproduced by the Lorentzian shape. Thus, for low spin
the central part of Figure 2c shows an example of a minor exchange frequencies the spectra were also least-squares fit to
contribution due to normal dispersion. Typical instrumental a Voigt shapé:? Values OfAH,';p(we)M. derived from fits to the
dispersion varied from 0 to 3%. Instrumental dispersion was Voigt shape but neglecting the dispersion term were found to
corrected by subtracting Vgisg(O) AHFL)p(we)o/AHFL,p(we) +1}2 be within experimental error of those fit with Voigt shapes for
from Vgis(+1) andVais(—1). The scaling factor proportional ~ both the absorption and dispersion terms. This result may seem
to the line width squared takes into account that line heights surprising at first; however, because the absorption and disper-
scale as the line width squared. Correction with or without the Sion terms are orthogonal, the dispersion term does not affect
scaling were within experimental error of one another. An the value OfAHl[_,p(we)M| significantly. This is a convenient
excellent test of the validity of this correction procedure is result because the program LOWFIT that we have used for years
afforded by comparingVaiss(+1)| with |Vgis(—1)|, the values may be used to evaluate the broadening up to a value of the
of which ought to equal. Lorentzian line WidthAH";p(we)M, = 2.5 G. Above this value,

All spectra were recorded five times, one after another. LOWFIT does not work well because it does not account for
Representative results are presented graphically in Figures 3line overlap from othet*N hyperfine components. Fortunately,
and 710 plotting all five points to demonstrate the reproduc- the validity of fits from LOWFIT and eq 8 overlap in the range
ibility of the data. 2.0-2.5 G. This is illustrated in Figure 3, where the Lorentzian

@ Estimated accuracy: 3%, relative uncertainty: 1.5%.
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Figure 6. Sum of three overlapping Lorentzian absorption lines from g6 7. Broadening of the lines of 16DSE in EtOH varying [L6DSE]
Figure 5b (a). The three Lorentzian lines plotted separately (b). The 41°g 4°C, for all three lines, (diamonds); varying [L6DSE] at %5
vertical dashed lines fall at the positions of the lines in the absence of |, (right isosceles triangles); center-, (squares): and high-fiela (left

spin exchange, spaced b2 The inward shift of the outer lines by igosceles trian e ;
= - - . . gles) lines; varying the temperature for 51.7 mM 16DSE,
AandAo = 0.761+ 0.002 and their loss of intensity to the center line low-, (right right triangles): center-, (circles): and high-field (left

are pronounced. right triangles) lines. The solid lines are derived from the rigorous
theory, eq 1, whereas the dashed line is the average of the solid
line width derived from fitting to a Voigt shape without lines. The dashed line is also the prediction of the perturbation theory.
dispersion, open circles, and fitting to eq 8, closed circles is The abscissa is the value eB>/A, for the experimental points and
shown for a run in which the concentration of 16DSE is varied 4w/3v/3Ayy for the theoretical. The theoretical curves have no
atT = 6.4 °C. Figure 3 is typical of all the temperatures and, adjustable parameters.
in all cases, there is an intermediate range of spin exchange
frequencies giving overall line widths in the range from 1.8 to ~ Figures 4 and 5 show spectra taken at progressively higher
2.5 G, where the two approaches agree. In Figure 3, representingpin exchange frequencies together with the fits to eq 8 and the
only one of the three hyperfine lines at one temperature, only residuals displayed with a factor of 10 amplification. Clearly,
two points lie in the range from 1.8 to 2.5 G; however, consider in spectra such as those in Figures 4 anédgs is not defined
all three lines in all of the data collected, there were 150 such since the outer lines do not cross the baseline. The least-squares
points. Below 1.8 G, the line width is determined from the fit fitting procedure relies on initial guesses at the parameters in
to a Voigt; above 2.5 G from the fit to eq 8, and between, the eq 82 For spectra such as those in Figures 2 and 4, these initial
average from the two methods. The average difference in theguesses may be found from preliminary peak-picking rou-
two methods in the range 1.8 to 2.5 G is taken to be the tines; however, in spectra such as those in Figure 5 such guesses
uncertainty in the line width. The straight line is a linear least- must be input by the user. The higher the valuegfthe more
squares fit to the open circles alone, but is seen to pass accuratelgritical become the values of the initial guesses. With experience,
through the closed circles at higher spin exchange frequenciesthe user learns to use initial guesses guided by the fits to a
The intercepts of such fits yield values qﬁH;p(o)Ml; for spectrum at a slightly lower value of.. These remarks apply
exampIeAHFL)p(O) = 0.22 G in Figure 3. Recalling thmHSp is both to experimental spectra and theoretical spectra generated
0.87 G at 6.4C, the inhomogeneous broadening dominates the from eq 1.
line width, being a factor of about four larger than the intrinsic Figure 5b is indeed due to three overlapping Lorentzian lines
line width. Values ofBy, are then computed from eq 4 and although it appears to be a single line with shoulders. Figure
their average values for a given spectrum from eq 5. 6a is the same as Figure 5b, whereas Figure 6b displays the
The validity of the dual approach to measm;ei;p(we)M, three lines separately; i.e., the three lines in Figure 6b add up
employing a Voigt line shape at low values ®f and eq 8 at to Figure 5b. The dashed lines in Figure 6 are placed at the
high values ofve was tested with inhomogeneously broadened position of the outside lines in the absence of spin exchange;
spectra generated from eq 1. Curves similar to Figure 2 arei.e., at a separation ofA3. Figure 6 dramatically illustrates the
produced with an overlap region where the results of the two fact that the magnetization is transferred from the outer lines to
approaches coincide. Computird3> from these simulations  the central line as spin exchange proceeds. The inward shift of
verified the prediction of eq 3. Including a dispersion term in the outer lines ig\;,dAo = 0.761+ 0.002 where the uncertainty
the Voigt fits at loww, did not improve the results. is the standard deviation in the measurement of five spectra.

o
R
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The outer lines are broadened faster than the central line as Vgisp/Vpp!
is evident from Figures 2, 4, and 6. Figure 7 shows the 1P TPD
broadening of the individual lines as a function of the average =~ 3.00 T rrrrrprrrrr
line broadening for typical data. The vertical arrows correspond |
to the spectra in Figures 2, 4, and 5, respectively. Up to a value 3 g
of <B>/A; = 0.3, all data, varying the concentration or the r 1
temperature, fall on the same *4bne and the difference in 2.50 B s ]
broadening of the outer versus the inner lines is within L |
experimental error. In Figure 7, aboveB>/A; = 0.3, the r &
difference in the line widths of the central line (circles) and the 2 00 i
outer lines (right and left right triangles) becomes apparent. The )
points corresponding tdl; = +1 (right right triangles) ane-1
(left right triangles) fall accurately on top of each other on the
scale of Figure 7 demonstrating that the two outer lines are 1 5¢g
broadened equally and illustrates the level of precision that can
be obtained in the measurement of line widths. The solid lines r
are derived from the rigorous theory, eq 1, whereas the dashed ]
line is the average of the solid lines. The dashed line is alsothe 1.00 |- _
prediction of the perturbation theory. From these results, it is r
concluded that, for all values @b, €eq 3 holds provided one ~ 7
uses the average value of the broadeninB;>. The abscissa L - i
in Figure 7 is the value okB>/A, for the experimental points 0.500
and 409/3\/§A0y for the theoretical.

Figure 8a shows a plot of the two values |Wfisy/Vypl as a
function of <B>/Ao. Various combinations of temperatures and 0.00 M T N T T
concentrations are presented in Figure 8 as detailed in the figure ™~
caption. The solid line is derived from the rigorous theory, eq 0 0.1 02 03 04 05 06 0.7 0.8
1, for homogeneously broadened spectra, whereas the solid

. . . 035 L L B B B B Bt T LI B B M T T T
circles that appear to fall on top of the solid line are computed L )
from eq 1 using inhomogeneously broaden lines. The dashed I p
line is the prediction of the perturbation theory, eq 13. Figure L 1
8b is an expanded presentation of (a) at lower values of spin  0.30 - 9]
exchange frequency, where the linear correlation of the values L .
of [Vaisy Vppl With <B>/Agis evident. In Figure 8b, below values )
of BAy = 0.05, the experimental values are somewhat below .25
the theoretical prediction. This discrepancy is not due to the ! 1
use of the incorrect line shape in eq 8; the discrepancy persists - .
when Voigt shapes are substituted for both the absorption and 0.20 | % 7
dispersion terms. Thus at low values @§, the precision in '
determiningwe from |Vyisy/Vppl is Not as good for inhomoge-
neously broadened lines as it was previolfsly homogeneously - 2
broadened lines. Clearly, the experimental results are in agree- 0-15
ment with theory at high values obe, with or without
inhomogeneous broadening.

From the fit values of the absorption amplitudes and line  0.10
widths, Vee(M)) andAH;p(wex)Ml, the doubly integrated inten-
sities were calculated from eq 17. Figure 9 shows the variation

AN
1

T

T L T

T
[ B |

of the doubly integrated intensity ratibs;/lo andl +1/lo versus 0.050 ? .
<B>/Ay. The solid line and the solid circles that appear to fall r ]
on top of it were found from fits of eq 8 to spectra computed L0 ]
from eq 1 using homogeneous and inhomogeneously broadened o AL® e

lines, respectively. The dashed horizontal line is the prediction
from perturbation theory. 0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 10 shows the variation dfapdAo vs <B>/A, for <B>/A0
experimental and theoretical spectra. The solid line and the solidFigulre 8. (a) [Vuisg Vil Versus<B>/A;: 16DSE in EtOH varying
circles are theoretical values for homogeneous and inhomoge-[16psE] at 6.4°C, for both low- and high-field lines, (diamonds);
neously broadened lines, respectively. The dashed line is thevarying [L6DSE] at 25C, low-, (right isosceles triangles) and high-
perturbation prediction, eq 16. Figure 10b details results at low field (left isosceles triangles) lines; varying the temperature for 51.7
values of<B>/A, demonstrating that the experimental results MM 16DSE, low-, (right right triangles) and high-field (left right
depart from the theoretical results by a term that is linear in the tlna?ﬁ(leess)ollligeii'r;zg ;?l"i'? :::SS(;Zrdgl\f/;? (f)rr?To:)h?an%c,erosu;i(tjhﬁg;y’afg
varlable<B>_/Ao. Interestlngly_, the pertur_batlon tr_le_ory, eq 16 computed from eq 1 using inhomogeneously broadened lines. The
follows the rigorous theory with rather high precision even t0 gashed line is the prediction of the perturbation theory. (b) is an
very high values of<B>/A,. Of further interest is the fact that  expanded presentation of (a) at lower values of spin exchange frequency.
adding inhomogeneous broadening to the theoretically generatedrhe theoretical curves have no adjustable parameters.
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Figure 9. Doubly integrated intensity ratios of the outer lines to the <
central line,l-1/lo and |14/l versus<B>/A, plotted using the same L
symbols as in Figure 8 (a). The solid line and the solid circles that L <
appear to fall on top of them were found from eq 1 using homogeneous (.995
and inhomogeneously broadened lines, respectively. The dashed r d
horizontal line is the prediction from perturbation theory. The theoretical
curves have no adjustable parameters.

| RN |

spectrum in eq 1 leaves the predicted variatiorAgf{Ao Vs 0.990

<B>/A; unchanged as is evidenced by the coincidence of the r
solid circles with the solid line. It's important to recognize that i
the (_jiscrepancy in Figure _10 is not due to a failing of the theory 4 gg5 L
at high values ofwg; the discrepancy occurs at low values of -
we in the region affected the most by unresolved hyperfine r
structure. In fact, at higher values e, Figure 10 gives the i
impression that the rigorous and perturbation theories beginto g.980 ~
parallel the experimental results. r 3
There is, in principle, an effect on the values/Afsdue to i
small changes in sample polarity as 16DSE is added to EtOH. L
The magnitude of this effect can be estimated employing the 0.975
nonempirical polarity index, H, introduced by Mukerjee etal.
which is defined to be the ratio of molar concentration of OH
dipoles in a solvent or solvent mixture to that in water. Assuming
ideal mixing as a first order approximation, it is easily shown 0.970 ———tom el
that the change in H in going from zero to 52 mM 16DSE is 0 0.05 0.1 0.15 0.2 0.25
approximately 8x 1073, From previous work(eq 12 of ref 4),
it is known that this change iRl corresponds to a change in
the nitrogen hyperfine coupling constant of approximately 11 Figure 10. (a) Normalized hyperfine spacimndAo versus<B>/Aq:
mG, or a change ifAwpdAs Of about 8 x 1074 This is the varying [16DSE] at 6.4C, (_dlamonds); varying [16DSE] at 2%, _
maximum effect anticipated for the most concentrated sample (left isosceles triangles) varying temperature for 51.7 mM 16DSE, (right

. . . right triangles). The solid line and the solid circles that appear to fall
and corresponds only to about twice the size of the symbols in top of it were computed from eq 1 using homogeneous and

Figure 10 and is therefore a negligible effect. inhomogeneously broaden lines, respectively. The dashed line is the
The difference in the behavior of the line shifs,dAo Vs prediction from perturbation theory, eq 16.

<B>/Ao, for PADS, which follows theory extremely wélland

for 16DSE which does not, suggests that the unresolved Most experiments would be conducted at spin exchange

hyperfine structure is responsible for the failing of the theory frequencies well below those producing Figures 4 and 5. For

in the latter case. these experiments, the quantifg,dAo would normally be

TR |

<

<B>/A
0
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studied instead of\,pdAo, because it is more sensitive to spin  each of the lines separately. In addition to broadening and

exchangé Keeping in mind that the shifd,,dAo is due to the shifting the lines, spin exchange reduces the intensity of the

shift AapdAo plus an additional shift due the overlap of the outer lines relative to the central line and induces dispersion

dispersion lines, it is obvious thdt,,dAo is not in agreement  lines of opposite sign that become a major component of the

with theory either. For either shift, it would be a simple matter line shape at high values afe.

to fit the curves in Figure 10 thereby arriving at an empirical ~ The rigorous theory predicts every aspect of the experimen-

method to determine the spin exchange frequency from the shift.tally observed results, except for the shiftg,dAo, Figure 10.

We do not yet offer such an empirical formulation until further
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