J. Phys. Chem. R008,112,2177-2181 2177

ARTICLES

EPR Line Shifts and Line Shape Changes Due to Spin Exchange of Nitroxide-Free Radicals
in Liquids 4. Test of a Method to Measure Re-Encounter Rates in Liquids Employing:°N
and “N Nitroxide Spin Probes

Barney L Bales,* Michelle Meyer, Steve Smith, and Miroslav Peric

Department of Physics and Astronomy and The Center for Supramolecular Studies, California Stetsityni
at Northridge, Northridge, California 91330

Receied: Naowember 9, 2007; In Final Form: December 16, 2007

EPR line shifts due to spin exchange of perdeuterated 2,2,6,6-tetramethyl-4-oxopiperidinehoxPMT)

in aqueous solutions and the same probe isotopically substitutedWitfi>N—PDT) were measured from

293 to 338 and 287 to 353 K, respectively. Nonlinear least-squares fits of the EPR spectra yielded the resonance
fields of the nitrogen hyperfine lines to high precision from which the shifts were deduced. The shifts are
described by two terms: one linear and the other quadratic in the electron spin-exchange fregeerioy,
quadratic term is due to spin exchange that occurs when two spin probes diffuse together and collide. A
linear term is predicted for spin exchanges that occur upon re-encounter of the same two probes while they
occupy the same “cage” before diffusing apart. The quadratic term has no adjustable parameters, while the
linear term has one: the mean time between re-encountgisThe theory is cast in terms of the spin-
exchange-induced line broadening that can be measured from each spectrum independently of the line shifts,
thereby removing the explicit dependencewgfon the temperature and the spin-probe concentration. In this
form, theoretically, the value of the linear term is about a factor of 2 largefffor PDT than for'“N—PDT

for all temperatures; howeverge must be the same. Experimentally, we find that both of these expectations
are fulfilled, providing strong support that the linear term is indeed due to re-encounter collisions. Values of
7re derived from*“N—PDT and!>N—PDT are of the same order of magnitude and show the same trend with
temperature as a hydrodynamic estimate based on the StBkestein equation.

Introduction all of the work involved line width studies, even those studies
suffered from the lack of a proven method to separate the effects
of spin exchange and dipolar broadening effects and often the
lack of high precision methods to evaluabg. An important
%Ievelopmer’?twas the demonstration that spin exchange also

“induces “dispersion” that can be measured accurately to yield
values ofwe with a precision rivaling the values obtained from
line broadening.

This is a continuation of a series of papers dedicated to
extracting as much information as possible from electron
paramagnetic resonance (EPR) spectra of nitroxides undergoin
spin exchange in liquids. The series was motivated by two facts
First, due to the availability of modern magnetic field sweeps
offering superb linearity and personal computers with which

nonlinear least-squares fitting could be effected, very high | 1 of thi 02 h d that th dicti f
precision could be obtained in measuring the parameters " Part 1 of this series,we showed that the predictions o

describing the spectra. Second, it was discovered that the ratheFEe theo?es ?umma_rlzed in theFmonograpT qccuratel¥ desci‘rlbed
complex spectra resulting from spin exchange could be describedtN€ results of experiments on Fremy's salt in water for values

with simple analytical expressions valid to very high spin- of wdyho < O'_14 where/o is the hyperfine spac_ing ir_1 the
exchange frequencie,. absence of spin exchange apds the gyromagnetic ratio of

Spin exchange produces (1) line broadening and (2) shifting the electron. However, In part 2 we fouhd 5|gn|f|9ant
of the lines toward the center of the spectra at low to discrepancy between the line sh|ft_s as observed experl_mentally
intermediate values ofve, followed by (3) merging and and thie6 accepted _theory, confirming the observations of
narrowing of the spectra at very high values. A monogtaph others?=6 The experimental results could be represented as a

published in English in 1980 summarized these well-known sum (.)f shifps quadratic i, as predicted, plus an additional
properties and theoretical and experimental progress up untilShlft Imear. |n.a)e.. ) o )
that time. Although all three of these spectral manifestations ~Uncertainties inve arise due to uncertainties in both the spin-
had been studied, the latter two had been critically assessed?robe concentrations and the temperature. Fortunately, both of

very little, mostly with limited precision. Thus, in 1980 almost ~ these uncertainties may be largely eliminated by writing the
theory in terms of the spin-exchange-induced broaderiBag,

* Corresponding author. E-mail: barney.bales@csun.edu. Webpage: that may be measured independently of the line shifts. The shifts
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M =-112 M =+12 due to an imbalanced microwave bridge as discussed below.
1 . . . .
l AO As weincreases, the lines broaden, the spin-exchange induced

1
. dispersion increases, and the two lines spacef@at we = 0,
a J / shift toward the center of the spectrum.
_—
10G

The broadening is defined by
B = AH () — AH/0) 1)
b where AH rElg(cue) is the peak-to-peak Lorentzian line width in

the first-derivative presentation of the spectrum. A similar
expression applies to three-line spectra; however, the broadening

¢ is slightly different for the central and outer lines. In general,
V (12) the total broadening is a sum of contributions from spin
w A exchange and dipolar interactiofs = Be + Buipolar™> FOr
d - conditions in which dipolar broadening may be neglected, the
) — spin-exchange frequency may be calculated from broadening
e dip - x 10 as follows:
h 1 ! 1 B | A ]
Figure 1. Experimental EPR spectra &N—PDT in water at 310 K __2 % )
at (a) 0.038 mM and (b) 37.6 mM. Least-squares fit to (c) absorption e 214+1 V\/é

and (d) dispersion lines. Ten times the difference in the experimental

spectrum (b) and the sum of the theoretical lines in (c) and (d). wherel = 1/2 and 1 are the nuclear spins f6N and 4N

respectively. For*N, the value ofB. averaged over the three
lines must be usedl.

A value of we may be obtained from the amplitude of the
exchange dispersioNgiss™, as follows:

Ve
1— o.7o{isp

Vpp

tions between nitroxides that diffuse together, collide once, and

diffuse apart? However, it is well known that bimolecular

collisions in liquids are not that simple. The concept of a “cage”

within which two molecules re-encounter a number of times

before finally diffusing apart evolvédiue to the work of Noyés ex

and otherg:10 We iﬁ ‘ Visp
In part 31t we proposed that the additional linear shift was yA, 4 1V,

due to re-encounter spin exchanges. The effect of re-encounter

collisions was not treated in the monograjblut was revisited whereVy, is the peak-to-peak height of the absorption compo-

by Salikhow? who showed that re-encounters would lead to nent. Equation 3 is valid for botkN and '>N. The leading

linear shifts (in addition to the normal quadratic shifts) provided term in eq 3 is predicted by perturbation thelotand second

that the spin exchange was strong, that is, that spin exchangecorrectd! wdyAq to within 0.5% forwdyAs < 0.43, well beyond

effectively occurs upon collision. the range of values in this work. [The correction term was
The proposal was reasonable because the values of the meanbtained by fitting spectra computed from the rigorous theory,

times between re-encountergg, deduced from experimental eq 1 of ref 3.]

line shifts were comparable to hydrodynamic estimé&tdzart The dispersion component of a line is made up of a sum of

3 also treatett five-line spectra due to a nitrone, where there spin-exchange-induced dispersion, amplitudﬁ‘sp, and dis-

are two differing shifts. The relative magnitudes of the two shifts persion due to an imbalance in the microwave bridg -3;

were consistent with Salikhov’s thedfwithout any adjustable _

parameters, providing further support for the proposal; however, Viisk MV, (M) = V'd“izyvpp(Ml) + vgf‘sp(Ml)/vpp(Ml) 4

the difference between the shifts was small. The théddy

predicted a substantial difference in the additional linear shifts The value of V'(;“;:) is independent of M, while

that would be observed i#N and *“N nitroxide spin probe VELAM)NppM) = =V 5 (—M)/Vp(—My).2 For the central

providing the motivation for this quk. nge, we study perdeu- |ine of 14N, Vgixsp(O)Npp(O) = 0, thusVeis(0)Vpi(0) = V:;jni::/\/pp

terated 2,2,6,6-tetramethyl-4-oxopiperidine-1-0XN—PDT) giving a direct measure of ™. Therefore

and the same probe isotopically substituted With(**N—PDT) disp '

in water. Although the means now exist to separate spin \,ex (M. (M) =

exchange and dipolar interactions, we work at high temperatures 4P+ 17" "PPLT "

to avoid the problem altogether, reserving for a future paper a VaisdMD/VpM) = Vs 0)V,(0) N (5)

detailed study of the separation procedure.

2

®3)

which provides two independent values \Bfi (M)/Vp(M),
Theory M, = £ 1, from which values ofvd/y may be computed using

The theory has been presented in detail for threeihe eq 3. For™N, it is straightforward to show from eq 4 that

nitroxide spin probesand for five-line nitrone spin probés. 1

Nothing new enters into the theory for the two-line spectra VSixs’JV:;pZE[Vdisp(_llz)Npp(_llz)_

pertinent to'>N—PDT; in fact, several simplifications result. 15
Thus, we summarize the essentials and refer the reader to earlier Vaisd F1/2)Np(+1/2)] °N (6)
work for further detail and discussiér:1! For two, three, or ) ) )
five lines, each line is accurately represented by the sum of anWhere the reduced peak-to-peak absorption heigtf, is
absorption line and a line having the form of a dispersion. The 9iven by

amplitude of the dispersion componeévis, is defined in Figure N

1d. Part of the dispersion line is due to spin excharge part Vop = vap(+1/2)vpp(_ 1/2)/[\/pp(+1/2) + Vpp(_llz)] @)
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For 1N—PDT, only one independent value Wfj/V;, is
available for use in eq 3. For both probes, we eliminate the
parameterwe Using eq 2.

The shift of the lines toward the center of the spectrum as a
function of we is conveniently written in terms oBe as

Pas_y e o

( )

wherel’ = 9/32 for “N—PDT and 3/2 fo'>SN—PDT without

B
©)

any adjustable parameters. For Fremy’s salt, eq 8 accurately

describes the experimental results with= 0 without any
adjustable parametetszor other nitroxides and a nitrone =
037611 The premise of this work is that nonzero valuescof
are due to spin exchanges that occur in re-encounter collisions.
Applying Salikhov's? results to nitroxides, we showed that

Yie = %3 (1+ V2 yA trel2 (9a)
e =§3vyAésrRE/2 (9b)

for 14N and 15N nitroxide spin probes, respectively, where the
superscript oy indicates the isotope. Note that from the known
magnitude of the ratio of the two nuclear magnetic dipole
moments

AS° = 1.403A" (10)

in the same solvent at the same temperature.

Experimental Section

UN—PDT (lot number A559P2, perdeuterated 2,2,6,6-tet-
ramethyl-4-oxopiperidine-1-oxyl, 97 atom % D) attl—PDT
(lot number A91BP2, 99 atom % D, 99 atom %iN) were
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Figure 2. EPR line shifts offSN—PDT (open circles) anéf'N—PDT
(filled circles) as a function of the normalized broadening. Values of
B. were measured from broadening of the low-field lines; other values
may be obtained from other lines and from spin-exchange induced
dispersion yielding two other similar curves f&iN—PDT and four
others for“N—PDT. Results from individual spectra illustrate the
reproducibility.
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ously2311 The Gaussian components, due to unresolved hy-
perfine couplings and the effect of field modulation, yielded
line widths as follows:AH Sp =0.133+ 0.005 G and 0.11&
0.007 G for 15’N—PDT and “N—PDT, respectively. After
correcting for field modulatio®} unresolved hyperfine structure
contributed 0.064 and 0.088 G tH Sp for the two probes,
respectively.

Results

Spectra offSN—PDT in water at 310 K are shown in Figure
1l atalow (3.8x 1075 M, Figure 1a) and a higher concentration

purchased from CDN Isotopes and used as received. Stock(0.0376 M, Figure 1b). The spectrum in Figure 1b shows

solutions of*“N—PDT and'>N—PDT of concentrations 19.9
and 5.96 mM, respectively, were prepared in MilliQ water by
weight and diluted. Another run withN—PDT beginning with

a 113 mM mother solution was carried out to explore very high
values ofwe. Only low (<8 mM) concentrations were employed

in the present work where the linear and quadratic terms are

considerable spin exchange exhibiting broadening and shifting
of the lines toward the center of the spectrum as well as a
characteristic “sloping” down and to the right. Only data in the

range 0.038 to 5.96 mM are utilized in the present paper; the
higher concentration was utilized to prepare Figure 1 to better
show the effects of spin exchange. The minor lines flanking

comparable, except to prepare Figures 1 and 2. The accuracythe main lines in Figure 1a with a splitting of 5.980.01 G

of the concentrations is estimated tohe3% and the relative
concentrations: 1%. The temperature, accuratedtdl K, was

are due to!3C in natural abundance. Figure 1c shows the
absorption components, and Figure 1d shows the dispersion

measured with a thermocouple placed just above the activecomponents of the least-squares fit. Figure le is 10 times the
portion of the microwave cavity. During each spectrum, the difference in the fits and the experiment, showing that the fits
temperature was stable #00.1 K. EPR spectra were acquired are excellent. Small correlations evident in the residuals (Figure
with a Bruker 300 ESP X-band spectrometer interfaced with 1e) are due td3C because no provision to fit those lines is
Bruker’s computer. Three spectra, taken one after the other, wereincluded in the present version of the software. The parameters
acquired for each sample at each temperature. A sweep time ofV,, andVyisp are defined in Figure 1 as well &g in Figure 1a

41 s, time constant of 10 ms, microwave power of 5 mW; sweep and Agpsin Figure 1c. Note that, except f@%, none of these
width of 50.2 G, and modulation amplitude (MA) of 0.2 G were parameters is available from the spectrum itself (Figure 1b);
employed. We routinely set MA to near the narrowest line width one must separate the components (Figure 1c,d) by nonlinear
in a study to increase the signal-to-noise ratio of low concentra- least-squares fitting. The overlap of the dispersion components
tions samples, exploiting the fatthat MA does not contribute ~ causes the spacing between the lines in the experimental
to the Lorentzian component of the line. The magnetic field spectrum to be substantially less thag,s2 Three-line EPR
sweep width was measured with Bruker's NMR Gaussmeter spectra of!“N—PDT are similar to those already published
operating in the 1 mG resolution mode and was averaged overtogether with least-squares fits; for example, see Figure 1 of
a day’s run. At low concentrations, the line shapes were ref 3 whereVyy, Vaisp, and Aqpsare defined. The concentrations

accurately described by Gausstdrorentzian sum functions,
which are excellent approximations to the Voigt shédesast-
squares fits of the spectra were carried out as detailed previ-

of UN—PDT were limited to<7.72 mM.
To provide a sample calculation, the resulting parameters from
fitting Figure 1b and four other spectra obtained one after the
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TABLE 1: Parameters from Spectra of Figure 12 (*3N—PDT in Water at 310 K)
G L
[*N—PDT], mM M, AH>, G AH}, G B, G Viied Voo Aabs G
37.6 —=1/2 0 4,169+ 0.003 3.95# 0.004 0.28'A 0.0008 21.07H 0.002
+1/2 0 4.195+ 0.008 3.96A 0.009 —0.188+ 0.0006
0.038 =172 0.133+ 0.005 0.212+ 0.003 0 0 22.53@- 0.001
+1/2 0.133+ 0.004 0.229- 0.003 0 0

aMean values and standard deviations from five spectra.

other are given in Table 1 as mean values and standardtemperatures, we find thab/*%c varies from 1.89+ 0.20 at

deviations. At all temperatures, the parameters obtained from
the 3.8 x 1075 M sample were within experimental error of
those found by extrapolation to zero concentration, indicating
negligible spin exchange. The values'tf, and1°A, are very
slightly temperature dependent. For exaniphe, varies from
22.533 G at 290 K to 22.494 G at 350 K giving an average
over the range of temperatures in this work'®4, = 22.507

+ 0.016 G. For*“N—PDT“A; = 16.0534 0.004 G. From line
broadening in Table 1, values ofd/y = 6.854+ 0.0007 G
and 6.871+ 0.014 G are obtained from the low- and high-field
lines, respectively, using eq 2. From the value\&fid(—1/2)/
Vopo(—1/2) = Vs +1/2)Npp(+1/2))/2 = 0.237+ 0.001 we find
wdy = 6.547+ 0.0028 G from eq 3.

Figure 2 shows line shifts foi*N—PDT, filled circles, and
I5N—PDT, open circles at 338 K. The dashed lines above the

293 K to 2.02+ 0.20 at 338 K with an average value of 1.93
+ 0.11.

Values oftre computed from values of using eqs 9a and
9b are presented in Figure 4 as functionghf, wherey is the
shear viscosity. The resulting valuesmag from the two probes
are within experimental uncertainty of one another. The Stokes
Einstein predictiof? for re-encounter times is given by

_ 3ab’
TRE ™ "

(11)

whereb is the distance between spin probes at collision kand
the Boltzmann constant. Takirgto be the twice the Van der
Waals radius of 3.5 A as computed from the method of
Bondil®17eq 11 yields the solid line in Figure 4.

two respective curves are the quadratic terms in eq 8. Pointspjscussion and Conclusions

from individual spectra are plotted to illustrate the reproducibility
in the measurement AAaps The solid lines through the data
points are the least-squares fit to eq 8 with one adjustable
parameterx. The abscissa of plots like Figure 2 depends on

the method to determine the broadening. To assess the uncer

tainty in the values ok due to the uncertainty in the values of
Be, five such plots fof“N—PDT and three fot®N—PDT were
prepared, respectively, corresponding to the various independen
methods to obtairB.. These plots were fit to eq 8 to obtain
values ofx from which mean values and standard deviations
were computed.

Figure 3 gives the resulting values af for “N—PDT,
filled circles, and'>SN—PDT, open circles. A priori, we expect
the ratio %/'% to be given by the ratio of eq 9b to eq 9a.
Forming the ratio, utilizing eq 10, yield$«/*% = 1.96 at all
temperatures. Figure 3 shows that this ratio is very nearly
obtained. Forming the ratio from Figure 3 at the five common
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Figure 3. Values ofx from *®N—PDT (open circles) anéN—PDT
(filled circles) as a function of the temperature.
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Figure 4 provides strong further support for the propBsal
thatx = 0 in eq 8 is due to spin exchange that occurs via re-
encounter collisions. Despite nearly a factor of 2 differences in
the values of'% and® at all temperatures, Figure 3, the
resulting values oftge are the same within experimental
uncertainty. Furthermore, the values are of the same order-of-

agnitude and show the same trend with temperature as the

ydrodynamic estimate employing the Stel&nstein (SE)
equation. Indeed, it is not expected that would follow the
SE exactly because the re-encounters occur after short-range
diffusion involving both hydrodynamic and microscopic interac-
tions1® Other spin probes in other solvents also show departures
from the SE; see, for example, Figure 9 of ref 11. [Note: The
slope of the SE line in that figure is a factor of 2 too large due
to an error in eq 25 of ref 11.]
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Figure 4. Re-encounter rate of PDT in water as a function of the
temperature divided by the shear viscosity as determined ffbim

PDT (open circles) and théN—PDT (filled circles). The solid line is
the Stokes Einstein prediction, eq 11.
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Although 15N spin probe leads to larger values iftre is (2) Bales, B. L.; Peric, MJ. Phys. Chem. B997, 101, 8707.
not obtained with more precision for two reasons: (1) the (3) Bales, B. L.; Peric, MJ. Phys. Chem. 2002 106, 4846.
difference in the linear and quadratic terms is less'fbrand (4) Halpem, H. J.; Peric, M.; Nguyen, T.-D.; Teicher, B. A.; Lin, Y.
(2) only one value oW g /V, and two of line broadening are  J.; Bowman, M. K.J. Magn. ResonL99Q 90, 40.
available rather than two and three values, respectivelyfor (5) Nikonov, A. M.; Nikonova, S. ISa. J. Chem. Phys1991, 7, 2408.
Therefore, the additional expense in employibg spin probes (6) Robinson, B. H.. Mailer, C.; Reese, A. \W. Magn. Resor1999

to study re-encounters in liquids is not justified. Also, in Part 2 138 210.
we showed that spectra severely broadened by unresolved 7y evine, I. N.Physical Chemistrysth ed.; McGraw-Hill: New York,
hyperfine structure may be properly analyzed to stugy thus, 1995.
deuterated spin probes are not needed to study liquids or (g) Noyes, R. M.J. Chem. Physl954 22, 1349.
Colnr:%?d)r(tﬂslﬂdv?/é pointed out that = 0 for Fremy’s salt could (9) Collins, . C.; Kimbal, G. £J. Colloid Sci.1949 425.
be due to weak spin exchange; however, it has occurred to us (10) Benesi, A. JJ. Pr_]ys' Cheml 982 86, 4926.
that it might also be due to the inhibition of re-encounters by (%1) Bales, B. L.; Peric, M.; Dragutan, J. Phys. Chem. 2003 107,
strong Coulombic repulsion while the two doubly charged )
probes are in close proximity. It could be of interest to study ~ (12) Salikhov, K. M.J. Magn. Resonl985 63, 271.
singly charged probes to look for intermediate valuesgf (13) Berner, B.; Kivelson, DJ. Phys. Cheml1979 83, 1406.
(14) Bales, B. L.; Peric, M.; Lamy-Freund, M. J. Magn. Resorl998
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