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The proton hyperfine coupling constants in a series of n-alkyl
chains with a doxyl group attached at various points from the
end of the chain have been measured by NMR and EPR spec-
troscopies. The hyperfine structure shows no further change
when the attachment point is four or more carbon-carbon bonds
from the end of the chain. The high resolution afforded by 500
MHz NMR reveals small magnetic inequivalencies in the chain
methylene hyperfine coupling constants located at the same dis-
tance from the attachment point. Protons in the same chain
methylene group are shown to have different hyperfine coupling
constants while protons on different chain methylene groups,
symmetrically placed with respect to attachment point, are the
same, in every case except one. EPR spectra simulated from
hyperfine coupling constants derived from NMR are in excellent
agreement with experiment. Inhomogeneous EPR line broad-
ening is found to be in excellent agreement with a previously
derived universal hyperfine pattern (B. L. Bales, in “Biological
Magnetic Resonance” (L. J. Berliner and J. Reuben, Eds.), Vol.
8, p. 77, Plenum, New York, 1989), so no new correction pro-
cedures are necessary. Strategies for selectively deuterating n-
alkyl spin probes are developed and compared with some results
taken from the literature. Deuterating the chain methylene
groups two to three carbon—carbon bonds from the attachment
point is necessary for the maximum gain in resolution and sen-
SitiVity. © 1993 Academic Press, Inc.

INTRODUCTION

Hyperfine interactions are prominent in nitroxide free
radicals ( /). The hyperfine structures of many of these rad-
icals important in EPR spin probe studies have been estab-
lished by NMR (2-8) and confirmed or corrected (9, 10)
by EPR. Much of this structure is unresolved in most EPR
experiments, but plays an important role because it inho-
mogeneously broadens the resonance lines. Detailed knowl-
edge of the structure is often not necessary to correct for
inhomogeneous broadening, but it sometimes is (/7); ad-
ditionally, rational approaches to selective deuteration to re-
duce the inhomogeneous broadening require detailed
knowledge. A recent review (/) summarizes the known hy-
perfine structures and details methods to correct the effect
of that structure on various parameters in spin probe re-
search. One of the most important classes of spin probes,

doxyl-labeled n-alkyl chains, was conspicuously absent in
that review. Ironically, these probes are among those that
most require correction because they yield EPR spectra that
remain unresolved even under conditions in which the in-
trinsic linewidth comprises as little as 15% of the observed
Iinewidth. The purpose of the present work is to determine
the hyperfine structure from the NMR and EPR spectra of
a series of doxyl-labeled n-alkyl chains. In the literature, the
structures of doxylpropane and doxylcyclohexane have been
deduced from NMR (7, 12) and doxylcyclododecane has
been studied by ENDOR (/3). Our aim in commencing this
work was to measure the hyperfine coupling constants large
enough to materially affect the EPR correction procedures,
but the 500 MHz NMR spectra were so stunningly resolved
and revealed some interesting magnetically inequivalencies
that we have made an effort to interpret the data compre-
hensively.

Figure 1 gives the structures of the spin probes studied,
the labeling conventions used, and the structure and names
of other spin probes discussed in this paper. Ring methyl,
ring methylene, and terminal chain methyl protons are de-
noted by (CH;)r, (CH;)g, and (CH;), respectively. Re-
solved NMR lines are observed due to hyperfine coupling
between the unpaired electron and protons on chain meth-
ylene groups as far as three carbon-carbon bonds away from
the attachment point of the doxyl group. We number the
methylene groups according to their distance from the at-
tachment point and use primes to denote the methylene
groups toward the shorter end of the molecule. In principle,
for a given stereoisomer, all four protons on methylene
groups i and /', i = 1-3, are inequivalent magnetically; thus
we label the two protons on a given methylene group differ-
ently. For example, H;, and Hg, distinguish the two protons
on methylene group 1 by the subscripts L and S, which refer
to protons having the “larger” and “smaller” hyperfine cou-
pling, respectively. For the /N 14 series, we find below that
the end-to-end inequivalence is unresolved in every case ex-
cept one. We use the designation “equivalent” to mean that
the NMR resonances are not resolved; thus Hy, is equivalent
to Hy;- and Hg; is equivalent to Hg,-, i = 1-3 and i’ = 1'-
3, in every case except one. We refer to methylene or ter-
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(a-g) Nitroxide spin probes studied in this work. Notations for the terminal methyl, ring methyl, and ring methylene group are indicated in

{a)~(c). Chain methylene groups are numbered sequentially from the doxyl attachment point employing primes to indicate those groups residing in the
shorter chain. Spin probes from the literature and their trivial names are displayed in (h)-(k). Proton hyperfine coupling constants, in gauss. from the

literature are indicated in (m) and (n).

minal methyl protons farther than 3 bonds from the attach-
ment point as being “far.”” There are 6 far methy! protons
for N = 5-7, 3 far methyl protons for N = 2-4, and none
for 16DSA. The number of far methylene protons varies as
follows: 10 for N = 5-7; 12 for 4N14; 14 for 3N14; 16 for
2N14; and 22 for 16DSA.

THEORY

NMR

NMR spectra of free radicals can give the magnitude and
sign of the hyperfine coupling constants from paramagnetic

shifts under conditions of fast electron spin exchange
(2, 4, 5. 8). The coupling constant with the jth proton may
be computed from the paramagnetic shifts by

aj = —AH;/[(ve/¥n)(8BH/4KT)), il

where the paramagnetic shift AH; is the shift in resonance
field of the proton due to hyperfine interaction of the proton
with the unpaired electron. The other symbols are standard
(2.4, 5, 8). The shift AH; is taken to be the difference in
resonance fields of a proton in the nitroxide free radical and
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the corresponding amine. Equation [1], with a; in gauss,
may be rewritten at 500 MHz as

a; = 450 X 10’5T(45palra ~ Odia)» [2]
where 0, and 84, are the frequency shifts (ppm) in the

nitroxide and the corresponding amine, respectively. All fre-
quency shifts in this paper are given relative to TMS.

EPR

If the hyperfine structure due to the protons is unresolved,
EPR spectra of nitroxide spin probes reorienting in the fast-
motion regime are the envelopes of overlapping lines of in-
trinsic width, AH,, in most cases adequately assumed to
be the same for all the lines (/). The complexity of the hy-
perfine structure varies from simple 13-line patterns of bi-
nomial relative intensity for TEMPONE to very complicated
patterns of more than 2000 lines for TEMPOL ( /), and yet
almost all of the envelopes produced by these patterns are
quite accurately represented by a Gaussian-Lorentzian con-
volution, the so-called Voigt lineshape. The only known ex-
ceptions are those patterns in which the hyperfine coupling
to a single proton is much larger than the hyperfine couplings
to all of the other protons (/7). The square of the Gaussian
linewidth is given by (/)

(AHS)? = o N(a), 3]
where g, is the hyperfine coupling constant of the jth set of
N, equivalent protons and « is a factor, near unity, that, in
theory, takes into account the difference in binomial patterns
and Gaussian envelopes. In practice, « is adjusted to optimize
the precision of the Dobryakov-Lebedev relation between
AHS and AHY, (14),

(Ang)2+Ang .

0 o
AH, AH Y,

(4]
where AH}, is the linewidth of the envelope. Equation [4]
is valid for first-derivative spectra; this paper deals only with
such spectra. The degree of inhomogenecous broadening is
given quantitatively by the value of the Voigt parameter,

[5]

All of the correction procedures were formulated (/) in
terms of X and were found to be universal up to X ~ 2 with
precision sufficient for most work; that is, all spin labels are
corrected with the same equations. For spin labels in which
the hyperfine structure is unknown, and AH§, is therefore
unavailable from Eq. [3], a procedure was developed to es-
timate X from measurements of a lineshape parameter, y,

found by measuring the intensity of the EPR spectrum in
the wings of the lines. The parameter ¢ is related to X by the
empirical equation (/)

. ~0.7624y2 + 0.4091y — 0.0527
universal Y2 —0.2591¢ + 0.0075

(61

The subscript universal refers to a fictitious hyperfine pat-
tern designed to remain unresolved at large values of X and
has been used heretofore (/) to correct EPR of the doxyl-
labeled alkyl chains. The universal pattern was found to be
more accurate than the Voigt-shape in the correction pro-
cedures (7). A value of @'/? = 1.07 was used to derive Eq.
[6] (/). Our intention was to replace Eq. {6] with an em-
pirical equation derived from the present work, but Eq. [6]
has proved to be quite precise, so we have decided to leave
it intact.

MATERIALS AND METHODS

NMR

NMR spectra were measured at 500 MHz at the CalTech
NMR regional facility, sponsored by the NSF (Grant CHE
84-40137). Impurity peaks of CD,HOD, § 3.3, and C,DsH,
6 7.15, relative to TMS served as internal standards in most
cases. Some samples containing TMS were run as checks.
The d4;, were measured in the corresponding amines in CgDy
as follows: for J = 3-7in C4Dg and J = 7 in CD,0D, (CH> )z,
6 3.50; (CHj3)g, 6 1.08; (CH3)r, 6 0.86; (CH,),, & 1.46;
(CHz)z, o 124, and (CH2)3, 61.24. For J=2in C(,D(,, the
diamagnetic shifts were the same except for (CH,)g, 6 3.45.
For 16DSA in CCl3D, the diamagnetic shifts were the same
except for (CH;)gr, 6 1.22. The errors quoted in Table 4
include the errors involved in neglecting the solvent and
temperature dependence of 4, and in most cases are minor
compared with uncertainties in 6,,,,. 16DSA was purchased
from Molecular Probes and used as received; 1.7 M solutions
of JN14 and 16DSA were prepared in deuterated solvents
obtained from Aldrich and used as received. Thin-bore NMR
tubes were used to conserve material. NMR samples were
not degassed. The temperature was calibrated using the
known variation of methanol resonances and controlled with
a Bruker variable-temperature apparatus.

EPR

EPR spectra were obtained on a Bruker spectrometer op-
erating at 9.55 GHz. The temperature was controlied to 298
+ 0.1°C by passing thermostated odorless kerosene through
a homemade double-walled quartz Dewar inside the micro-
wave cavity. The spectrometer was controlled, and spectra
were digitized and stored on floppy disks, by an IBM 9000
workstation. The spectra were transferred to a PC clone and
analyzed using a nonlinear least-squares fitting procedure,
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written in the language C, similar to that recently described
(15). The procedure takes advantage of the fact that the
Voigt shape is approximated to excellent precision by a sum
of Gaussian and Lorentzian functions given by Eq. {13] of
Ref. (1).

EPR samples, 6 X 10™* M, were prepared by dissolving
the free radical in 99+% spectrophotometric-grade toluene
which was used as received. The solutions were degassed by
bubbling dry nitrogen gas for a few minutes and were sealed
into 50 ul disposable pipettes which were placed into the
thermostated dewar for measurement. Small amounts of
dissolved oxygen do not affect the Gaussian linewidth (/).

Synthesis

Tetradecanones.  Each of the six isomeric straight-chain
tetradecanones was prepared by formation of the organo-
cadmium reagent (16, 17) from the n-alkyl bromide corre-
sponding to the longer end of the molecule for subsequent
reaction with the acid chloride corresponding to the shorter
end (see Scheme 1). These ketones were distilled at reduced
pressure with considerable difficulty ( vigorous frothing); the
boiling ranges proved to be quite wide. Foreruns were rejected
and substantial residues remained. Boiling points were gen-
erally approximately 150°C/15 mm. Infrared and mass
spectral data are presented in Table 1.

The acid chlorides were prepared by reaction of the ap-
propriate carboxylic acid with thionyl chioride. Undecyl
bromide was prepared by a modified Hunsdiecker reaction
( 18) beginning with lauric acid.

As a typical example, magnesium (2.43 g, 0.10 mol) was
suspended in anhydrous diethyl ether (40 ml) and 1-bro-

TABLE 1
Infrared and Mass Spectral Data

Compound

IR (cm™)®

Mass spectrum (m/z)

2-Tetradecanone® (2-TDO) 1721

3350vw, 1370, 1160w,
1047

3-Tetradecanone® (3-TDO) 1721

3350vw, 1192, 1053

283 (M*, w), 282, 268, 114 (base)

283 (M*, w), 282, 254, 128 (base)

4-Tetradecanone ¢ (4-TDO) 1718 212 (M™), 169, 43 (base)
3350vw, 1190, 1055 283 (M*, w), 282, 240 (base)
5-Tetradecanone? (5-TDQO) [719 212 (M*), 155, 57 (base), 43

3350vw, 1185, 1050

283 (M*, w), 282, 254, 226 (base)

6-Tetradecanone? (6-TDO) 1722 212 (MY), 141, 57, 43 (base)
3350vw, 1200w, 1160, 283 (M*, w), 282, 212, 170 (base)
1045
7-Tetradecanone® (7-TDO) 1720 212 (M™), 127, 57, 43 (base)
3360vw, 1190, 1160w, 283 (M*, w), 282, 198 (base)
1055

Note. m-Tetradecanones and 4',4'-dimethyloxazolidine derivatives of m-tetradecanones (m-TDO).

2 Film.

% Available from Lachat Chemicals, Inc., Chicago Heights, Illinois.
¢ Available from Calbiochem, Los Angeles, California.

4 From Ref. (30).

¢ Semicarbazone mp 34-36°C (aq. alcohol).



HYPERFINE OF DOXYL-LABELED CHAINS 41

mooctane (19.3 g, 0.10 mol) in anhydrous ether (125 ml)
was added dropwise with mechanical stirring. The mixture
was then heated at reflux until nearly all the magnesium had
reacted. The flask was then chilled in ice and powdered, an-
hydrous cadmium chloride (9.51 g, 0.52 mol) was added at
once with stirring. The ice bath was removed, the mixture
was stirred for a half-hour, and the solvent was removed by
distillation. Anhydrous benzene (125 ml) was added, fol-
lowed by a solution of caproyl chloride (10.2 g, 0.076 mol)
in benzene (40 ml) over about 10 minutes with rapid me-
chanical stirring. The mixture was heated at reflux for one
hour and then cooled in ice. Water (50 ml) was added slowly,
followed by a large excess of 0.1 A/ H,SO, to form two distinct
layers. The benzene layer was separated, washed with sat.
aq. NaHCOj; and water, and dried over Na,SO,. Solvent was
removed at reduced pressure to leave 13.6 g of light yellow
oil which was distilled (with considerable difficulty because
of frothing). A fraction boiling at about 160-173°C/45 mm
was collected to provide 6-tetradecanone as a colorless oil
(8.5g).

4',4"-Dimethyloxazolidine derivatives of m-tetradecanones
(m-TDQO). The tetradecanones were converted to the 4’ 4'-
dimethyloxazolidine derivatives (#-TDO) by the method of
Keana ef al. (19). The products were not purified at this
stage, but oxidized directly to the N-oxyl compounds.

As a typical example, a mixture of 6-tetradecanone (6.0
g, 0.027 mol), 2-amino-2-methyl-I-propanol (28 ml, 0.27
mol), p-toluenesulfonic acid monohydrate (about 100 mg),
and toluene (200 ml) was heated at reflux for six days using
a Dean-Stark apparatus for water removal. The solution was
washed with sat. aq. NaHCO; (2X 100 ml) and with water
(3X 100 ml) and dried over Na,SQ,. Solvent was removed
at reduced pressure to leave the 4',4'-dimethyloxazolidine
derivative of 6-tetradecanone (6-TDQ) as a colorless oil

(7.3 g).

N-Oxyl-4',4'-dimethyloxazolidine derivatives of m-tetra-
decanones (m-TDNQ). The oxazolidines were oxidized
with m-chloroperbenzoic acid to yield the N-oxyl derivatives
(17, 19), which were isolated in about 30-40% yield by
chromatography on silica gel. These yellow—orange oils could
be subjected to Kugelrohr distillation at 120-125°C /0.2 mm.
The infrared, mass spectral, and combustion analyses of these
compounds are presented in Table 2.

As a typical example, the 4’ 4'-dimethyloxazolidine deriv-
ative of 6-tetradecanone (4.00 g, 0.0141 mol) was dissolved
in anhydrous diethy] ether (75 ml) and cooled in ice. A
solution of m-chloroperbenzoic acid ( Aldrich Chemical Co.,
85%, 2.94 g, 0.0145 mol) in anhydrous ether (50 ml) was
added dropwise, with stirring, over 1 hour. The reaction
mixture was kept in ice for an additional 3-4 hours and then
allowed to stir at room temperature for 45 hours. The so-
lution was washed with sat. aq. NaHCO; (4 X 50 ml) and
dried over Na,SOj,. Solvent was removed at reduced pressure
to leave a yellow oil (4.02 g). A 2.0 g sample of this material
was chromatographed over about 40 g of Act.IIl silica gel.
A 1:9 mixture of CH,Cl;:petroleum ether (30-60°C) eluted
0.62 g of the N-oxyl-4',4'-dimethyloxazolidine derivative of
6-tetradecanone (6-TDNO) as a yellow-orange oil. For
combustion analysis, a sample of this oil was chromato-
graphed on a thick-layer silica plate with 2:3 CH,Cl,:petro-
leum ether, followed by double Kugelrohr distillation at
120°C/0.2 mm.

RESULTS

NMR

Figure 2 shows the NMR spectrum of 7N14 in C(Dy at
296 K. The peaks due to TMS and C¢DsH (8 7.15) are noted.
Four broad peaks, which are barely discernible at this receiver
gain, especially one at é of —24.81, are more easily observed
in Fig. 3, which is displayed at a higher amplification. The

TABLE 2
Analysis of N-Oxyl-4',4-dimethyloxazolidine Derivatives of m-Tetradecanones

m Combustion? IR (cm™) Mass spectrum (m/:z)

2 C,72.70; H, 12.04: N, 4.63 1242w, 1042 298 (M*), 242, 213 (base)
298.2739 (M*),? 213.2216°

3 C,72.73; H, 11.99: N, 4.67 1252, 1238w, 1048 298 (M*), 242, 213 (base)
298.2748 (M*),? 213.2209¢

4 C,72.60; H, 12.16; N, 4.64 1253, 1240w, 1048 298 (M*), 242, 213 (base)

5 C,72.62;, H, 12.14; N, 4.46 1255, 1240w, 1044 298 (M"), 242, 214, 213 (base)

6 C,72.51, H, 12.26; N, 4.74 1250, 1240w, 1046 298 (M*), 242, 213 (base)

7 C,72.70; H, 12.07; N, 4.81 1255, 1238w, 1049 298 (M™), 242, 214, 213 (base)

* Combustion analyses performed by P. Borda, Department of Chemistry, University of British Columbia. Cald for C;sH3,NO,: C, 72.43; H, 12.16: N,

4.69.
¢ High resolution, Cald for C gH3NO,: 298.2746.
¢ High resolution. Cald for C,H,,0: 213.2219.
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TABLE 3
Integrated Intensities of NMR Lines®

uilss Hy HisHpp Hys H“‘H—-s

*«. Shorter End

doxyl attachment

(CHs)s Hy, + Hyp Hg, + Hgyr Hg; + Hsy + Hy + Hyiy Hg + Hgy + Hy; + Hyy (CHi)r
2N14 6.0/6 0.7 £ 0.3/1 1.2 £0.3/1 1.5/2 3.2/3
3N14 5.5/6 1.6/2 2.0/2 1.7/2 2.0/2 2.8/3
4N14 6.3/6 2.0/2 2.0/2 4.3/4 2.4/2 29/3
SN14 6.0/6 1.7/2 1.9/2 4.0/4 4.1/4
6N14 5.9/6 1.9/2 2072 4.2/4 4.6/4
IN14 6.2/6 2.0/2 2.0/2 4.2/4 5.3/4
16DSA 6.1/6 1.6/2 2.0/2 2972 3.3/3

2 Except for those explicitly noted, the errors are estimated at 5% for (CHs)g and Hyy,, H,g; 10% for the (CH;)y, and 15% for the others. Theoretically
expected intensities based upon the assignments in the text are given by the denominators.

center portion of the spectrum in Fig. 2 consists of three hyperfine interaction with the unpaired electron of less than
relatively narrow peaks at 6 0.94, 5 1.35, and 6 1.40. The 1 mG. The peak & 1.35 is assigned to the far methylene pro-
peak at 6 0.94, due to the terminal methyl protons, is only tons. This shift from é 1.24 for these protons in the corre-
slightly shifted from the resonance position in the amine, § sponding amine yields hyperfine couplings of less than 1
0.86; therefore, according to Eq. [2], these protons have a mG. The § 1.40 resonance is assigned to the ring methylene
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FIG. 2. NMR spectrum of 1.7 M TN14 in CsD; at 500 MHz and 296 K. Shifts relative to TMS in ppm are indicated. Note the sharp lines due to
CsDsH and TMS. The central part of the specirum consists of a sharp line at 6 0.94 assigned to far methyl proton resonance and a pair of lines at & 1.35
and & 1.43 assigned to ring and far methylene protons, respectively. The doublet at 6 4.64 and 6 3.64 appears near these same frequencies for all JN14,
J =2-7, and 16DSA. Four broad lines, barely visible is this spectrum, are labeled by shift and assignment.
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NMR spectra of 1.7 M N4 in C¢D at 500 MHz at (a) 296 K, (b) 323 K, and (c) 353 K at higher amplification than in Fig. 2 showing

broad lines. Shifts relative to TMS in ppm are indicated. The lines shift and narrow at higher temperatures. The line assigned to chain methylene protons
at positions 2, 2, unresolved at 296 K, becomes resolved at higher temperatures, é |11.60 and & 9.74. The horizontal arrow near the (CH;)g resonance
indicates the uncertainty in line position that would correspond to a +10 mG error in the hyperfine coupling constants.

protons, (CH,)r. Three peaks near these same resonance
frequencies are observed in all six members of the series
JN14 although they are not resolved at 296 K in all cases.
Accurate integration of the overlapping central lines is not
possible, but the relative heights of the peaks assigned to
(CH;)r and far methylene protons are consistent with these
assignments in those cases in which they are resolved. For
example, see Fig. 4a. If the assignments of (CH,)g and the
far methylene protons were interchanged, an error of less
than 1.0 mG would be introduced into the calculation of
the hyperfine coupling constants.

We now turn to the assignment of the broader peaks.
Paramagnetic shifts have been rigorously assigned in the case
of doxylcyclohexane (Fig. 1m) (6, 7), by utilizing isotopic
and chemical substitution. Using doxylcyclohexane as a
guide, the peak at & of —12.76 in Fig. 2 is assigned to the
ring methyl protons, (CH;)g. The relative intensities of the
lines were determined by integration, in the normal way for

relatively narrow lines and by two other approaches for
broader lines as follows: (i) the full width at half-height was
multiplied by the height and (ii) the profile of the line was
cut from paper and weighed several times, both with and
without an effort to follow the sloping baseline. Averaging
the results of these approaches yields uncertainties of about
5% for (CH;)g and the line shortly to be assigned to the
overlapping resonances of Hg, and Hg,.. The more repro-
ducible of these two intensities was set equal to 6.0 or 2.0,
respectively, in Table 3, where the relative intensities are
presented. The intensity of the (CH;); was reproducible to
about 10%, and the others, except for 2N 14, are uncertain
by about 15%.

The pair of peaks at 6 4.64 and & 3.64 in Fig. 2 appears
in the NMR spectra of all /N14 and 16DSA at almost pre-
cisely the same frequencies. The integrated intensity of these
two peaks is near 4 for 7N14, 6N14, and 5N14 and drops
to near 2 for 4N 14 and 3N14. This is the pattern expected
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FIG. 4. NMR spectra of 1.7 M 4N14 in C¢D; at 500 MHz at 353 K at low (a) and higher (b) gain. The terminal methyl proton resonance appears
at 5 5.05. The rest of the lines are very similar to those in Figs. 2 and 3, including, the pair at § 11.75 and § 9.50, except this latter line shows some
asymmetry, perhaps signaling the onset of end-to-end inequivalence in the 2, 2 posi ions.

for the protons on methylene carbons 3 and 3’ and is thus
assigned. It is immediately evident that the small inequiva-
lency between the & 4.64 and 6 3.64 resonances is not due
to an inequivalency between positions 3 and 3’ because this
difference persists for 4N14 and 3N14, which do not have
3' positions. It is also immediately evident that the spin den-
sity distribution of the unpaired electron three carbons re-
moved from the doxyl attachment point is insensitive to the
position of the attachment even if it is near the end of the
chain.

The line at & 11.77 in Fig. 2 has a relative intensity near
4 for JN14, J = 4-7, and drops to near 2 for J = 2-3. This
resonance is assigned to the protons on the 2 and 2’ meth-
ylene carbons using the same reasoning as that in the previous
paragraph. The peak at § of —24.8 is assigned to protons at
positions 1, 1" based on the fact that the hyperfine couplings
at the comparable positions in doxylcyclohexane are large
and negative. These resonances integrate to only near 2, fall-
ing to near | or less for 2N 14, showing that only two of the
four protons on methylene carbons 1, 1’ resonate at this

frequency. EPR spectra are also inconsistent with four large
hyperfine coupling constants. The remaining peak at § of
—5.12 is assigned to the other two 1, |’ protons. The hyperfine
coupling constants computed from Eq. [2] are given in Table
4. Conceivably, the assignment of 1, 1’ protons and the ring
methylene protons could be interchanged, but we favor the
present assignment for two reasons: first, the coupling con-
stan: observed here for (CH,)g, =~ —0.03 G, compares better
with the result in doxylpropane, ~0.05 G, and doxylcyclo-
hexane, —0.06 G, than it would if the assignments were
switched, —0.115 G. Second, the temperature and solvent
dependence of the Hy, and Hg; coupling constants, as as-
signed, are well correlated. The temperature variations of
(CH,)r and (CH;)g coupling constants are both small with
the proposed assignment. For the purpose of correcting EPR
spectra, the difference is immaterial.

The NMR spectrum of 7N14 in C¢Dg at higher amplifi-
cation is given in Fig. 3a at 296 K. The four broad lines are
shown in Fig. 3b at 323 K and Fig. 3c at 353 K. All of the
lings are seen to narrow with increasing temperature, due to
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TABLE 4
Hyperfine Coupling Constants (mG) Derived from NMR Paramagnetic Shifts®
Probe T (CHy)r Next three 3.3
Solvent (1 K) (CH;)r (1 mG) (CH3)r columns L 2,2 {1 mG)
2N14 296 —157(5) -29 —53(3) H, — 113 (3)° 687
Hg —137(8)* 467
CeDy 323 —161 (3) -32 —65 (2) H —360 (14)* 124 (3)° 68¢
Hs -1n72)* 504
353 —~168 (2) -32 -73(2) H, —365(7)" 135 (3)¢ 667
Hs —104 (5)* 122 (8)° 559
3NI4 296 —185(2) -30 238(2) H, —351(4), —327(3) 140 (+3, —6)°¢ 439
Hs —89(2) 30
CoDy 323 —187 (2) -33 240 (2) H, —-342(3). 316 (3) 154 (3)° 434
Hg —80(2) 134 (3)° 334
353 ~190(2) -34 246 (2) H, —341 (3), —312 (4 166 (2)° 43¢
Hg -70 138 (2)° 334
4AN14 296 —184(2) -30 72(1) H; ~351 (-3, +5) 142 (2) 444
Hs ~86 (2) 127 (4) 324
CeDe 323 —187 (2) -32 69 (1) Hy ~339 (-3, +5) 154 (2) 444
Hs -78(2) 126 (4) 324
353 —190 (2) —-34 67 (1) H, —333(-3, +4) 166 (2) 457
Hs =70 (2) 131 (4) 344
5N14 296 —184(2) -30 H, —348 (4) 140 (+3, =5)c¢ 45
Hs —-85(2) 32
CeDy 323 ~186 (2) -33 H, —343(4) 152 (2) 45
Hs =77 (2) 134 (4) 33
333 ~190 (2) -33 Hy -339(3) 165 (2) 45
Hs -70(2) 136 (3) 35
6N14 296 ~186 (2) -29 H; —350(3) 140 (+3, —5)¢ 45
Hs —~86(2) 31
CeDs 323 187 (2) -32 Hy —344 (3) 153 (2) 44
Hs -78 (2) 134 (4) 32
353 —-191(2) -33 H, —-339(3) 165 (2) 45
Hs -70{2) 137 (2) 34
IN14 296 ~185(2) -29 H, —350(3) 140 (+3, —5)°¢ 45
Hs —85(2) 32
CeDs 323 —185(2) -32 H, —338(3) 154 (2) 44
Hg —-75(2) 134 (4) 33
353 —184 (2) ~33 H, -322(3) 165 (2) 43
Hs —63(2) 135 (2) 33
IN14 297 -175(2) -30 H, —-359 (3) 140 (+3, —5)<¢ 48
Hs -103(2) 35
CD;0D 323 —-176 (2) -32 H, —~349 (3) 153 (2) 48
Hs —94.(2) 134 (4) 36
16DSA 307 —171(2) -30 237 (2) H, =309 (9) 138 (6)° 47¢
Hg -87(2) 118 (8)° 334
CCLD 323 —174 (2) -32 239 (2) Hy, ~340 (7), —307 (5) 148 (5)¢ 467
Hs —81(2) 109 (7)¢ 344

9In all cases except 3IN14 and 16DSA, values quoted for positions 1, 2, and 3 are equal to those for positions 1’, 2’, and 3’ for probes in which these
latter positions exist. For 3N14 and [6DSA, the double entry under (CH,), refers to 1 and 1'. Hyperfine couplings to tnequivalent protons on the same
methylene group, labeled H, and Hg, are given on two lines where applicable. Uncertainties, in milligauss, are quoted at the top of the column or in
parentheses and are computed as the square root of the sum of the squares of the error from uncertainty in temperature (+0.4-0.7%) and the estimated
uncertainty in locating the position of the NMR line. In most cases, except for 2N14 and 16DSA, the temperature uncertainty dominates the uncertainty.
» The 1’ position does not exist.
¢ The 2’ position does not exist.
4The 3' position does not exist.
¢ Resonances due to H; ;, Hg,;, Hy,. and Hs, are unresolved at this temperature.
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FIG. 5. NMR spectra of 1.7 M 3N14 in CeDq at 500 MHz at (a) 296 K, (b) 323 K, and (c) 353 K. The terminal methyl proton resonance now
appears at 3 18.75. The rest of the lines are very similar to those in Figs. 2-4 excep' that the line at § of —23.1 at 296 K (a) splits into two at 6 of —18.2
and § of —20.0 at 353 K. In 3N14, these lines correspond to the large coupling to the 1, 1° methylene protons showing the only resolved end-to-end
inequivalence in hyperfine coupling constants in this study. Comparison of the two lines at é 11.7 and & 9.93 with Fig. 3¢ shows that they have nearly
identical resonance frequencies but are one-half the relative intensity of those in 3N14. This shows that the inequivalency in these two lines cannot be

end-to-end since 3N14 does not possess a 2’ position.

increased spin exchange brought on by increased transla-
tional motion at higher T/», where » is the shear viscosity
of the solution. In addition, the formerly single line at é
11.77 observed at 296 K splits into two (5 11.60, 6 9.74) at
353 K. Thus, in addition to the previously noted inequiva-
lencies 1, 1’ and 3, 3’, an inequivalency is revealed for po-
sitions 2, 2’ at higher temperatures. The horizontal arrow
near the (CHi ) peak indicates the extent of shift uncertainty
that corresponds to £10 mG in the calculation of the hy-
perfine coupling constants.

NMR spectra of 6N14 and 5N 14 are very similar to Figs.
2 and 3 and are not shown. For complete NMR spectra, see
Ref. (21). The relative height of the far terminal methyl
NMR falls and that of the far methylene protons increases

as the doxyl position is moved toward one end, as is expected.
Figure 4a shows the NMR spectrum of 4N 14 at 353 K, with
a prominent resonance due to (CHj )y at 6 5.05, and Fig. 4b
shows the same spectrum at higher gain. Figure 5a gives the
broad lines in the spectrum of 3N14 at 296 K in which the
(CH; )y resonance now appears at 6 18.75. The variation of
the broad features is displayed at higher temperatures in Figs.
5b and 5c. At 353 K, a doublet is observed at & 11.7 and
9.93, almost identical to the doublet observed in 7N14 (Fig.
2). but is one-half the relative integrated intensity. Since
3N 14 does not have a methylene group 2’, this means that
the observed inequivalency corresponds to protons on the
same methylene group at position 2. Therefore, it is con-
cluded that each of the two protons residing at all three
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FIG. 6. NMR spectrum of 1.7 M 2N14 in C;Ds at 500 MHz at 323 K. The terminal methyl proton resonance appears at  of —3.59. The lines are
not as well resolved in this spectrum as in the other spin probes; there seems to be a broad, underlying spectrum. The resonance at 6 of —23.3 is barely

observable and the shoulder near é of —15.5 might be a resonance.

methylene positions 1, 2, and 3 show inequivalent hyperfine
couplings to the unpatred electron. For the lines discussed
so far, 1t is also concluded that end-to-end inequivalencies,
that is, any inequivalency between positions 1 vs 1, 2 vs 2/,
and 3 vs 3', is smaller than the NMR linewidths. Consider
now more carefully the split resonance pair at § 11.7 and é
9.50 observed in 4N14 at 353 K (Fig. 4b). Although this
pair is very similar to the same pair in all of the other free
radicals discussed so far, including 3N 14, there is an obvious
asymmetry in the line at é 9.50 giving the impression that
there is an onset of a very small inequivalence between po-
stitions 2 and 2’ for the protons with the smaller coupling.
We find it remarkable that these two positions would be so
similar given that 2’ is adjacent to the terminal methyl and
2 is attached to a long alkyl chain; however, this is exactly
the same result as that observed for the 3 and 3’ positions.
Finally, consider the pair of lines located at 6 of —18.2 and
6 of —20.0 at 353 K in the NMR spectrum of 3N14 (Fig.
5¢). This pair, unsplit in all of the other radicals studied,
shows the only unequivocal inequivalence between meth-
ylene groups symmetrically located about the attachment
point of the doxyl ring. The other two protons, Hg, and Hg,-,
with resonance peak at § of —2.93, do not show any inequiv-

alence; however, the hyperfine coupling is quite small for
this pair. The NMR spectrum of 16DSA in CCL3D is very
similar to that of 3N 14 in C¢Ds as is expected; however, the
lines are not as narrow, perhaps because the mobility of the
former is less than that of the latter, leading to less spin
exchange narrowing,

Figure 6 shows the disappointing NMR spectrum of 2N'14
at 323 K. A number of the lines are easy to identify, being
in positions similar to those for other /N 14, but there seems
to be a broad underlying spectrum. The resonance at § of
—23.3 is barely visible; however, it is remembered that this
line ought to have one-half the intensity of the same line in
the other free radicals since there is no 1’ position. Obviously
the integration of such lines is subject to large error; nev-
ertheless the expected drop in relative intensity of the two
lines assigned to Hy , and Hg, compared with the other JN14
is clear. In fact, the intensity of the H; , resonance seems too
small (Table 3). The shoulder near § of —15.5 might be a
resonance.

Table 4 summarizes the hyperfine structure of the JN14
series in CgDjg at three temperatures, of 7N14 in CD;0D at
two temperatures, and of 16DSA in CCl;D at two temper-
atures. The final three columns give the couplings to chain
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methylene protons and are labeled by the position of the
methylene group. Since there is no difference end-to-end,
except for 3N14 and 16DSA, 1 and ', 2 and 2', and 3 and
3’ are given in the same column. The double entries in the
column I, |’ for 3N{14 and 16DSA correspond to the small
end-to-end inequivalencies observed for those free radicals.
The sixth column refers to the final free columns, denoting
the smaller and larger hyperfine coupling constants observed
on each chain methylene group.

EPR

EPR spectra of JN14, J = 2-7 in toluene, recorded at 298
K gave typical three-line spectra narrowed due to the rapidly
rotating spin probes. Figure 7 shows the central line of 3N 14
together with the simulation of the spectrum predicted by
the parameters in Table 4. The algorithm of Oehler and Jan-
zen (22) implemented on a 386 clone was used for the sim-
ulations. The only adjustable parameter used in simulating
the spectrum was the intrinsic linewidth, AHL,. All other
EPR spectra may be equally well simulated, including those
due to 2N14. It is not possible to fit the experimental spectra
for J = 3-7 with a hypothesis of four large hyperfine cou-
plings due to 1, 1’ methylene protons; AHS, would be larger
than AH gp. However, for 2N14, a hypothesis of two large
couplings to position 1 methylene protons can yield a suc-
cessful simulation.

By simulating the EPR spectra predicted by the hyperfine
constants in Table 4 and varying the intrinsic linewidth,
AHY,, the lineshape parameter, y, was obtained as described
before (/). The Gaussian linewidth was calculated from the
hyperfine coupling constants using Eq. [3], and Eq. [5] gave
the values of X. The resulting curves of ¢ vs X for JN14, J
= 3-7, and 16DSA are represented by the one curve in Fig.
8 since the separate curves for each spin probe at different
temperatures are not perceptibly different on the scale of
Fig. 8. Also plotted in Fig. 8 is Eq. [6] demonstrating that
it describes the behavior of these doxyl-labeled n-alkyl chains
very well. The plot of ¥ vs X for 2N 14, using the parameters
of Table 4, is not in agreement with Eq. [6]. This plot is not
presented, since the NMR spectra for this spin probe seem
to indicate the presence of unassigned lines that would add
to the Gaussian character of the EPR lines.

As is expected (1, 15), a Gaussian/Lorentzian sum ap-
proximation of the Voigt function also yields an excellent
fit to the experimental data. Rapid, automated determination
of AHY, and AHS, (15) is possible for EPR spectra of spin
probes such as these that are well approximated by the Voigt
shape by taking advantage of the fact that a sum of a Gaussian
and a Lorentzian approximates the Voigt with excellent pre-
cision ( 1). The advantage is that two functions are optimized
rather than computing numerous lines. From the mixing
parameter of the Gaussian and Lorentzian functions, V¥ is

compuled from Eq. [17] of Ref. (1) and X is given by Eq.
[6]. Ecuations [5] and [6] yield AHL, and AHS, from X
and measured AH ;. The results of this fitting procedure are
given i1 Table 5 together with results calculated from the
NMR data in Table 4. Both the EPR determination of
AHS;, asing Eq. [6] and the NMR determination, using Eq.
[3] depend on the parameter a'/?, which has been taken to
be 1.07 (7). The accuracy of AH, is limited by the uncer-
tainty in « /2, about 5%, but the relative precision is much
better than that for either EPR or NMR measurements. The
standard deviations in the mean values of AHS, from EPR
measurements are given in Table § with the number of trials
indicated in parentheses. The accuracy of AHS, from the
NMR measurements is dominated by the accuracy of the
resonance frequencies since the temperature dependences of
the hyperfine coupling constants in Eq. [3] almost cancel,
yieldirg values of AH§, that are almost temperature inde-
pendent. The solvent dependence is also small, although EPR
would be a better way to study this dependence (8}, because
the pclarity of a 1.7 M solution is probably different than
the polarity of the solvent.

If we combine the NMR results at all temperatures and
all JN14, J = 4-7, AHS, = 0.793 + 0.008 G for the 14
meastrements while the mean value of the EPR measure-
ments is 0.800 £ 0.010 G. The Gaussian linewidths for these
same spin probes in a different solvent were estimated pre-
viously using the four-point method (23) and compare well
with the present results. A small decrease in AHS, with in-
creasing temperature was previously interpreted (23) to be
due to the onset of collapse in hyperfine structure brought
on by spin exchange. Since AHS, is almost constant with
temperature ( Table 5), this work seems to support the earlier
interpretation.

It 1s no surprise that the spectra due to JN14, J = 3-7,
may be well simulated by a Voigt shape because the patterns
fulfill the criteria for good Gaussian profiles discussed at
length before ( /), but the successful simulation of 2N14 is
troutlesome since the hyperfine pattern for 2N14 involves
one large coupling constant.

DISCUSSION

The hyperfine structure of doxyi-labeled n-alkyl chains is
complex, but varies with attachment point in a very simple
way. The coupling constants of (CH,)g and (CHj;)x are al-
mos! identical in J = 3-7 and are somewhat larger than the
corresponding couplings in 2N3 and doxylcyclohexane, in-
dicated in Fig. 1. The methylene couplings are equivalent
end-to-end and depend essentially only on their distance
from the attachment point, even for spin probes with at-
tachment points near the end. Figure 9 shows a map of the
coupling constants in JN14 at 353 K. The dots mark the
attachment point and the doxyl is omitted for clarity. The
dashed line at the attachment point gives the coupling con-
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FIG. 7. EPR spectrum of the center line of 3N14 in toluene at 298 K. The circles show the simulation of the pattern predicted by the hyperfine
coupling constants in Table 4 using AH}, = 0.18 G. The overall linewidth of the spectral line is AHS, = 0.94 G, so ignoring the inhomogeneous broadening

would lead to an error in the intrinsic width of more than 400%.

stant to (CH;)g. As the doxyl is moved to one end, the map
remains very stable, even as (CH;); couplings begin to ap-
pear. The impression from Fig. 9 is that {(CH;); enjoy the

o} - .1 ~ Y ~

0.0 0.1 0.2
A4

FIG. 8. Voigt parameter X = AHS,/AHY, vs the lineshape parameter,
¥. The spectrum in Fig. 7 is at X = 4.8, a value well above that at which
almost all other spin probes show resolved proton hyperfine structure. The
dashed line is a plot of Eq. [6].

0.3

spin density that was reserved for chain methylene protons
in members of the series labeled toward the center. The cou-
pling constants 1o protons attached to carbons adjacent to
the attachment point are negative, and couplings to more
distant groups are positive, even if these groups are (CH; )+
(N = 2-4). The negative coupling to (CH; )y is expected for
2N 14 since it was found for 2N3 (Fig. 1n)and since (CH;3)y
is similar to the ring methyl group for 2N 14. Note that the
measurements yielding equivalent coupling constants in 2N3
(7) were made at 100 MHz; higher NMR frequencies un-
cover the inequivalence between (CH;)r and (CH;)y (12).

Forming the alkyl chain into a cyclic structure, (Figs. 1
and 1m) induces changes in the hyperfine couplings. The
structure of doxylcyclohexane has been rigorously deter-
mined (7) and a number of hyperfine splittings in doxyl-
cyclododecane have been identified by EPR and ENDOR
(13). Protons adjacent to the attachment point in doxylcy-
clohexane ( Fig. 1 m) are negative and show an inequivalence
between the two on the same methylene, and the couplings
on methylenes two bonds away are positive and again ine-
quivalent. At room temperature or below, doxylcyclodode-
cane (Fig. 11), shows a large (1.7-2.2 G) splitting to a single
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TABLE 5
Gaussian Linewidths Derived from NMR and EPR

Spin AHG, (G)

probe Solvent T (K) NMR* AHS, (G) EPR®

IN14 CeDs 296 0.603 0.716 = 0.022 (6)
323 0.628
353 0.647

3N14 CeDs 296 0.873 0.845 + 0.004 (4)
323 0.869
353 0.879

4N14 CeDs 296 0.799 0.790 + 0.007 (3)
323 0.794
353 0.799

5N14 CeDs 296 0.792 0.795 + 0.017 (3)
323 0.791
353 0.800

6N14 CeDs 206 0.799 0.814 £ 0.029 (3)
323 0.794
353 0.801

IN14 CsDs 296 0.799 0.803 + 0.014 (7)
323 0.784
353 0.771

IN14 CD,0D 297 0.794
323 0.786

{6DSA CCLD 307 0.839
323 0.821

4 Uncertainty, estimated from the uncertainty in locating the resonance
frequencies, £6 mG, N = 3-7; +8 mG, 2N14; £7 mG, 16DSA. Note that
uncertainty due to temperature uncertainty is quite small due to the canceling
of the temperature dependence of the hyperfine constants in Eq. [3], so these
uncertainties are less than the square root of the sum of the squares in Table
2.

b Derived from least-squares fit of Gaussian/Lorentzian sum functions to
the experimental spectra. Mean values and standard deviations from results
in the number of measurements given in the parentheses. 7 = 298 K.

proton on the methylene adjacent to the attachment point.
This splitting disappears at high temperatures and shows a
small increase with solvent polarity and a small decrease
with rising temperature in analogy with the H; ; protons in
the n-alkyl chains studied here. At high temperatures, the
EPR could be simulated ( /3) with six coupling constants of
0.2 G which might correspond to (CHj)g. Seven distinct
hyperfine coupling constants were measured with ENDOR,
so doxylcyclododecane is complicated.

For the commonly used spin probes that are derivatives
of stearic acid, these results are relevant as follows:
16DSA < 3N14; 12DSA < 7N14. 17DSA has been syn-
thesized (24), which would correspond to 2N14. Other
stearic acid and ester probes would presumably have hyper-
fine structures similar to those of 5N14, 6N14, and 7N14
since these structures do not change with position. The only
worry would be the influence of the carboxyl group if the

doxyl group were attached too near that terminal group. EPR
measurzments yielded AHS, = 0.780 + 0.012 G for 5DSA
in CH3OH at 274 K ({), which is the same, within experi-
mental error, as the values in Table 5 for 7N14 in CD;OD.
This shows that the sum of the squares of the hyperfine cou-

/\/\/\/\)K"/\,/I
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FIG. 9. Map of hyperfine coupling constants, magnitude and sign, in
the series JN14 vs doxy} attachment position. The dotted line shows the
hyperfine coupling constant to the ring methyl protons. The maps of the
lonzer end of the chain are almost identical, even when the attachment
point approaches the end of the spin probe. Selective deuteration to reduce
the inhomogeneous broadening of the EPR spectra ought to extend to two
carbons removed from the attachment site which includes the terminal
methyl group in 3N14 < 16DSA.
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TABLE 6
Effect of Selective Deuteration of Doxyl-Labeled n-Alkyl Chains

aAHY,

AHG, AHY AHY, AHY

V:D/ Vpp

Theory 0.185

Theory 0.185

Theory 0.185

Theory 0.24]

Experiment?

Theory 0.24

Experiment®

0.870 0.218 0.97 0.33 5.3

0.87 0.97 0.1 1.7

0.87 0.82 0.97 0.97 1.1

0.92
1.00

0.35 38
0.38 3.7%

0.790 0.201

0.36 0.92

1.0 0.67

0.50 25
1.34

0.79

Note. Linewidths are in gauss.

¢ Reference (28), 12DSA in water.

> The reported (28) factor of 5.5 divided by 1.5.
¢ Reference (29).

4 The reported (29) factor 2.5 divided by 1.5.

pling constants (Eq. [3]) is the same for 7N14 and SDSA.
Therefore, it seems quite safe to use 7N14 parameters for
all stearic acid and ester probes from 15DSA to SDSA.

PREDICTING THE ADVANTAGES OF
DEUTERATION OF n-ALKYL CHAINS

Deuterium substitution (25-27) yields gains in resolution
and sensitivity because the smaller magnetic dipole moment
of the deuteron reduces the hyperfine coupling constants
and therefore reduces AHS, (Eq. [3]). The subject, from

the point of view of inhomogeneous line broadening, was
discussed extensively previously (7). The question of proton
contamination in selectively deuterated spin probes was also
discussed previously (/); for simplicity, we assume perfect
deuteration at the selected sites. In this section, we denote
with an asterisk quantities related to a deuterated spin probe.
Knowledge of the hyperfine structure permits the calcula-
tion of AH}Z by substituting a) = Ba; in place of a;,
B = (VD/7H)V§/-3 = (.2507, where v and vy are the gyro-
magnetic ratios of the deuteron and proton, respectively.
Table 13 of Ref. (1) lists AHXS in water for most of the
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TABLE 7
Gaussian Linewidths Derived from Eqgs. [10] and [3], in Gauss
AHS, AHS

Spin probe Solvent AHS, AHY Eq. [10] Eq. [3] AHGS?
12DSA® H,0, 299 K 1.0 0.38 0.86 4.79¢ 0.26
12DSA H,O 1.0 0.44 0.81 0.79¢ 0.35
2N3 DME“ 0.75 0.71 0.18 0.71
2N3 CH,;0H 0.70 0.58 0.30 0.57
2N3 CH;CH,OH 0.69 0.41 0.46 0.38
2N3 H,0 0.47 0.3] 0.29 0.29
2N3 CLCD 0.451¢

TEMPONE DME 0.73 0.46 0.47 0.412/ 0.43
TEMPONE CH,0H 0.70 0.45 0.45 0.42
TEMPONE CH,CH,OH 0.60 0.36 0.40 0.33
TEMPONE H,0 0.43 0.33 0.22 0.215¢ 0.32
DTBN DME 0.80 0.47 0.54 0.476" 0.43
DTBN CH,0OH 0.59 0.42 0.33 0.40
DTBN CH,CH,OH 0.54 0.40 0.29 0.39
DTBN H,0 0.47 0.30 0.30 0.26# 0.28
TEMPOL DME 1.58 0.58 1.38 1.40/ 0.37
TEMPOL CH;0H t.52 0.57 1.32 0.38
TEMPOL CH,CH,OH 1.50 0.53 1.33 0.32
TEMPOL H,0 1.50 0.51 1.35 1.42# 0.29

4 From Egs. [4] and [10].
b Reference (28).

° Average of measurements JN14, N = 4-7, in C};CD and CD;0D; Table 5 this v.ork.

4 Dimethyoxyethane.

¢ From Eq. [3] using NMR data from Ref. (7).

/In CCl, from Egq. [3] using NMR and EPR data from Ref. (8).
¢ From Eq. {3] using NMR and EPR data from Ref. (8).

important classes of perfectly perdeuterated spin probes ex-
cept for doxyl spin probes. Once AH%S is predicted for a
given selective deuteration, X* may be calculated for a given
AHY,. From Xx*, all of the correction procedures of Ref. (/)
become available. Of interest in some studies is the gain in
line height, V,,,, obtained upon selective deuteration. If two
samples have the same number of spins, then the doubly
integrated first-derivative signals, A4, are equal. Equating 4
given by Eq. [18] of Ref. (1) for deuterated vs protonated
and solving for the ratio of the line heights gives

Vie/Vep = F(Ang)z/F*(AH&?)zv (71

where Fis a factor that depends on the lineshape as follows
(1)
F=(103x>+ 1.21x + 1.71)/

(X2 + 0.298x + 0.471). [8]

For doxyl-labeled n-alkyl chains, Eq. [8] is directly ap-
plicable; for other spin probes, a correction factor is given

by Eq. [35] of Ref. (1). Unfortunately, the line height does
not grow as fast upon deuteration (Eq. [ 7]) as the square of
the linewidth ratios because the factor F increases as the line
becomes more Lorentzian.

Table 6 shows some examples of predicted results of se-
lective deuteration. The results depend on the Lorentzian
linewidth; the values used correspond to those measured in
this work at 298 K in toluene. Qualitatively, it is clearly of
advantage to replace protons that have the largest hyperfine
coupling constants. The first row of Table 6 shows the quan-
titative effect of perdeuterating 16DSA «» 3N 14. The overall
linewidth is reduced by a factor of about 3 and the line height
increases by a factor of 5. '*N substitution would increase
the line height by about another factor of 1.5 (28, 29), giving
an overall increase of about 8. The second row shows that
the advantage is quickly lost if (CH; )¢ and position 2 and 3
methylene protons are not replaced. The third row shows
that it is almost a waste of effort to deuterate only the ring.
Ttre last two rows in Table 6 compare the predicted advan-
tages with some experimental data in the literature (28, 29).
Bath °N and deuterons were substituted into 5DSA and
12DSA. In the former, (CH;)g, (CH;)g, and (CH,), ;- pro-
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tons were replaced while the latter was perdeuterated. We
have made the approximation that '°N substitution increases
the line height by 1.5, which is equivalent to assuming that
AHE, is the same in the '“N and '’N spin probes. This is
only approximately correct but probably satisfactory because
factors near 1.5 were reported (28, 29) in cases involving
only >N substitution. With these caveats, we compare the
reported vs predicted linewidth reductions and height en-
hancements for 12DSA and 5DSA in Table 6. Excellent
agreement is found for the perdeuterated 12DSA. For SDSA,
both the height enhancement and the linewidth reduction
are somewhat less than the predicted values.

For perfectly perdeuterated spin labels whose only signif-
icant source of inhomogeneous broadening is unresolved
proton hyperfine structure, AH*S = BAHS,, independent
of the details of the structure (7). If only measurements of
AHY, and AHZY (no lineshape information) are available
from EPR of the spin probe and the perdeuterated spin probe
under identical conditions, then an estimate may be made
of AHS, by assuming that A}, is the same for both spin
probes. Solving Eq. [4] for AH}, for deuterated vs protonated
probes and equating yield

AHY[1 — (AHS,/AHY,)?]
= A/ [ — (AHES/AHE)]. [9]

Inserting AH2S = BAHS, and solving for AHS, yield

AHo o+ [ AHy - AHE
PP V/AHS, — B2/ AHEY

Table 7 gives some results taken from the literature, in-
cluding perdeuterated 12DSA discussed above. For 12DSA,
TEMPONE, DTBN, and TEMPOL, the agreement between
NMR results {(Eq. [3]) and the results deduced from EPR
using Eq. [10] are quite good. The results for 2N3 are not
very consistent; Eq. [10] gives AHS, = 0.30 = 0.11 G in
four solvents while AH;, = 0.451 G from NMR.

[10]
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