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four-membered transition state similar to that proposed®’ to
account for bimolecular proton exchange in ketimines, It is also
possible that some exchange might occur as the result of au-
toprotolysis of 1. This seems unlikely to be important from the
fact that the exchange is about equally fast in ethanol as in 50%
ethanol.
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Abstract: An attempt is made to characterize the motion of a methylene group analogue in a fatty acid micelle using line shapes
from a spin coupled !3C NMR spectrum. The analogue used is the fluorinated methylene of 6,6-difluorosodium myristate
which under conditions of proton decoupling can be viewed as an AX; spin system with carbon-13 being the A spin. Expres-
sions for line shapes in an AX; spin system in a non-extreme-narrowing limit are derived. It is observed that differences in
widths of outer and inner lines of the !3C multiplet are simply related to the cross-correlation spectral density for the two car-
bon-fluorine dipolar interactions. The observed sign and magnitude of the cross-correlation density is compared to predictions
based on models having isotropic, anisotropic, or restricted internal motions.

Introduction

Motional processes can in principle be characterized at
a molecular level through the measurement of longitudinal and
transverse relaxation phenomena in magnetic resonance. These
measurements sample spectral density functions associated
with temporal fluctuations in the interactions responsible for
relaxation. The discrete frequencies which are sampled depend
in part on the magnetic field strength chosen for the experi-
ment.

In simple cases, such as two isolated spins at fixed internu-
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clear distance undergoing isotropic reorientation by a Brow-
nian process, a single sampling such as a 77 measurement is
often sufficient to characterize the time scale of motion. In
more complex cases, for example, reorientation of a methylene
of a hydrocarbon chain in the semiordered array of a micelle
or biological membrane, analysis is less straightforward. In
these instances the assumption of isolated spin groupings may
be invalid, and an adequate rotational model could require full
consideration of both restricted and anisotropic molecular
motion. Complete characterization of time parameters for such
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motional models requires the sampling of spectral density
functions at several frequencies and requires the proper
treatment of multispin correlated motions.

The proper treatment of correlated motions of three or more
interacting spins is particularly important as both autocorre-
lation and cross-correlation spectral density functions must
be included. For a pair of dipolar interaction vectors in a car-
bon-13 containing methylene group the cross-correlation
function depends upon the HCH angle and in essence describes
the degree to which the motion of one internuclear vector
correlates with the other during motional reorientations. The
motion of two spatially coupled vectors requires the time de-
scription of at least three positional angles, whereas the ori-
entation of a single vector needed to specify the autocorrelation
function may be characterized by the time dependence of only
two positional angles. Thus, if cross-correlation spectral den-
sities can be independently determined, it might be anticipated
that they would provide a more stringent test of an assumed
motional model than autocorrelation densities alone.

A carbon-13 containing methylene group of a hydrocarbon
chain, assuming that it is sufficiently isolated from adjacent
groups and chains, will approach an AX; system. A complete
treatment of spin-lattice or longitudinal relaxation for an AX,
system has recently appeared? and has been employed in the
analysis of small molecule motion in both solution? and lig-
uid-crystal environments.* Expressions which include cross-
correlation for spin-spin or transverse relaxation in the extreme
narrowing limit for AX, systems have also appeared.>:6
Measurement of transverse relaxation for small molecules is
difficult, however, so few applications of the theory have been
attempted.

Presented here is a refinement of the theory for transverse
relaxation in AX; systems for application to longer time scale
motions (1/wg <« 7c < b/ #p) as well as an application to the
analysis of motional properties of a methylene group analogue
in the semiordered array of a fatty acid micelle. Measurement
of transverse relaxation in these aggregated systems is in fact
straightforward since the parameters can be extracted directly
from line widths of a single spectrum. The measurements are
doubly valuable because they are likely to display primary
sensitivity to slow motions which are often minor contributions
to longitudinal relaxation.

In the interest of spectral simplicity and resolution we will
actually study the 13C spectrum of a CF; group near the middle
of a fatty acid chain. It is assumed that under conditions of
proton decoupling the group can be treated as a simple AX,
system and that the motion of the CF; group is representative
of the motional features of a methylene at a corresponding
position in a nonfluorinated fatty acid chain.

Theory

The energy level diagram showing eigenfunctions and
numbering of states for an AX;, system is given in Figure 1. We
will be interested primarily in the “A” or carbon-13 portion
of the spectrum consisting of a 1:2:1 triplet with the high to low
field lines associated with transitions 2-1, 6-3 plus 5-4, and
8-7, respectively.

Quantitative descriptions of magnetic relaxation in a system
such as this are most frequently approached using Redfield-
Bloch theory.”2 Following this approach the time evolution
of a parameter of interest such as the transverse magnetization,
My, in a frame rotating at the resonance frequency of a par-
ticular line can be expressed as follows:

d
@ (AMON@) = £ Roarwrta|Myn]a”) (1)

Here, «, &/, &”, o’ denote the various states depicted in Figure
1, and the R,,w o are elements of the complete relaxation
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Figure 1. Energy level diagram for an AX; system.

matrix. Assuming that the three lines of the triplet are well
resolved, eq 1 reduces to the following expression for the outer
line:

d
a(llMx(t)|2> = R (1| Mx(1)|2) ()
and to the following expressions for the symmetric and an-

tisymmetric combinations of the component magnetizations
of the central line.

dM. () _d
TR ((3|Mx(1)|6) + (4| Mi(2)|5))
1
=3 (R3636 + 2R3645 + Rasas)M +(1)
1
+ 3 (Rag3s — Rasas)M (1) (3)
¢ _
& dt(<3|Mx(t)|6) (4| M(1)|5))

(R3g36 — Rasas)M (1)

N | —

1
+ 3 (Ra636 — 2R36a5 + Rusas)M_(1) (4)

Only the symmetric combination can be observed in the ex-
periments presented here, but the antisymmetric combination
can be observed in spin tickling experiments or experiments
conducted in anisotropic environments such as those used re-
cently by Courtieu et al.4

Evaluation of the five Redfield relaxation terms appearing
in eq 2-4 depends on an assumed relaxation mechanism. For
dipolar interactions contributions from various pairs of inter-
acting spins, i, k/, can be expressed as follows:

ijki
RUX oo

= X 1 2T waa) | T ) (™| T3(kD) o)

m.n

— daa % Iiwarg) (| TS (i) BY(B| T(kD) | &)

= Ooar” % I warg) (e TR B)B| T3kD ")+ (5)

The time-dependent dipolar interaction #p(t) has been ex-
panded in spherical tensor notation.2 The 74" are the com-
ponents of the second-order spin tensor with n or m running
from —2 to 2. The J}j(waq~) are the second-order spherical
harmonic spectral densities at frequency way = (Eor — Eo) /A
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Figure 2. 67.9-MHz spectrum of an aqueous micellar dispersion of 6,6-
difluorosodium myristate at 44 °C.

The elements in eq 2-4 have been evaluated assuming an iso-
tropic distribution of AX vectors with respect to the external
field to give the following results:

- 1
Ry = TJAxlel(O) - EJAxlAX|(‘-'-’A - wx)
= Jaxiax (wa) = Jax,ax, (0x) — 2Jax,ax,(wa + wx)
4

Ixiaax:(0) — Ixaaxs(wa) = Ix xx, x2(wx)

= 2Jx,3x,%,x,(2wx)  (6)

3

Rig3s = — gJAX|AX1(0) - gJAX|AX1(U-’A = wx)

= Jaxiax,(@a) = Jax,ax,(wx) — 2Jax,ax,(wa + wx)
1
+ ng.Asz(O) - gJX|AAX2(‘-'-’A — wH) T Ix;aax,(wa)

- JX|AAX2(‘-'-’X) - 2JX1AAX2(wA + wX) - 2JX1X2X|X2("’JX)

(7)
2 1
Rasas = — gJAxle.(O) - gJAX|AX1(U-’A - wx)
= Jaxiaxi(@a) = Jax,ax,(wx) — 2Jax;ax,(wa + wx)

1
3
+ Jx aax,(wx) T 2Ix,aax(wa + wx)  (8)

2
+ = JX|AAX2(0) +

3 Ixaax(@y — wx) + Ixaax,(wa)

2 2
R3s4s = Rys3¢ = — 3 Jax,ax,(0) + ng.AAXZ(O) 9)

All J™7 have been expressed in terms of J% dropping the 00
superscript.

For the outer lines of the triplet, the magnetization decays
with a single time constant R;;1; which can be associated with
a single 1/T,. The lines should be Lorentzian with full width
at half-height equal to =7~ 1R,;>. Relaxation of magnetiza-
tion for the central line will usually be more complex. The
symmetric and antisymmetric combinations M 4 and M _are
coupled by the term (R3636 — Ras4s) giving a non-Lorentzian
peak shape for M, which cannot be characterized by a single
1/T,. It is observed, however, that (R3s36 — R4s45) contains
no zero frequency spectral density contributions, so that if
spectral densities at zero frequency are much greater than at
other frequencies (i.e., wa — wx, wa, wx, wa + wx, and 2wx),
both lines will exhibit Lorentzian behavior. In this slow motion
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limit one obtains for the outer line:

d
11 (1M0]12)

= (= $Jaxax O = $x,axl0)) (1M0[2) (10)

and for the central line symmetric combination:

d
M0 = (- gJAxle.(O) + nglAsz(O)) M(r)
(11)

The central line antisymmetric combination contains no zero
frequency contributions. It is clear that, although both lines
in this limit should be single Lorentzian, widths could differ
greatly. The difference in width between central and outer
components is simply (—8/73)Jx,aax,(0) and gives a measure
of the cross-correlation spectral density at zero frequency. This
observation is significant for the study of large molecules or
aggregated systems, such as membranes and_micelles, since
one often operates in a region where J(0) > J(w) as evidenced
by the fact that T, < T.

Experimental Section

6,6-Difluorosodium myristate in micellar dispersion proves to be
a suitable subject for the study of a pseudo-AX, group in a hydro-
carbon chain environment. The gem-difluoro fatty acid has been
synthesized previously using MoFg and experimental details of that
synthesis have been published.® Our synthesis followed the published
procedure except that the keto acid precursor was synthesized using
the method of Cason and Prout® with octyl bromide and the mono-
methyl ester of adipic acid (purchased from Aldrich) as starting
materials. Isolation of the difluoro acid from the fluorination reaction
mixture was accomplished by saponification of the fatty ester followed
by crystallization of a crude mixture of keto and fluoro acids from
acetonitrile. This in turn was followed by chromatographic separation
on silicic acid using petroleum ether-ether-acetic acid (80:20:1).

5,5,7,7-Tetradeuterio-6,6 difluoromyristic acid was also synthe-
sized. It was deuterated (>80%) at the positions vicinal to the fluorines
by refluxing the methyl keto ester precursor for 4 hin 2 M NaOD, and
reesterifying the deuterated keto acid by reflux for 5 h in a 20-fold
excess of methanol-d; (99% from Aldrich) containing a slight molar
excess of boron trifluoride etherate. Loss of some deuteriums when
deuterated methanol was not used in the esterification indicated that
it would be possible to deuterate directly with the BF; reagent elimi-
nating the NaOD step.

Micellar samples were prepared by dissolving the gem-difluoro
acids in D,O containing 1 molar equiv of NaOH and being ~2 mM
in EDTA. Final concentrations were 1.7 m except where noted. At
this concentration the sample undergoes a transition froma gel to a
micellar phase at approximately 35 °C. Samples were transferred to
10-mm NMR tubes and examined at temperatures above this
point.

Carbon-13 spectra of the samples were obtained at two field
strengths. A Bruker HX270 spectrometer operating at 63 kG provided
the higher field. Noise decoupling of protons during acquisition was
employed in the case of the nondeuterated acid. The field was locked
to the D,O deuterium resonance and spectra were acquired with an
8-s repetition rate. For the study of line shapes of the CF; triplet the
frequency domain was reduced to 2000 Hz with an 8K data set to
maximize digital resolution. Use of quadrature detection with a
500-Hz low pass active filter minimized spectral foldover. Approxi-
mately 1500 transients were accumulated.

Low-field spectra were obtained using a Varian XL100. Conditions
for acquisition were similar except that continuous single frequency
decoupling was employed. Experiments at the higher field indicated
that the precise decoupling mode did not influence line widths within
the precision required here. Temperatures could be reproduced with
a precision of £3 °C on the two spectrometers.

Results

A 67.9-MHz 13C spectrum of 6,6-difluorosodium myristate
in micellar dispersion is presented in Figure 2. The multiplet
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Figure 3. CF; triplet of 6,6-difluorosodium myristate at 67.9 MHz and
44 °C under conditions of proton noise decoupling.

near 125 ppm coming from the CF; group at midchain is well
separated from the spectral region of the other methylenes.
Under conditions of proton decoupling the }3CF, resonance
lines appear as a triplet with a 241-Hz C-F coupling. We will
assume that this triplet behaves as the A part of an AX; sys-
tem.

A spectrum collected at 67.9 MHz and 44 °C using a narrow
spectral window to focus on the CF; group is shown in Figure
3. Itis clear that, although the three peaks show the expected
1:2:1 area ratio, there is a dramatic variation in line widths. The
widths measured at half-height are 16 and 5 Hz, respectively,
for the outer and central components. Magnet inhomogeneity
may contribute slightly to the non-Lorentzian baseline around
the central peak, but, since widths of homogeneity limited
peaks are normally much less than 1 Hz, measurements at
half-height can be taken as indicative of the properties of the
sample. The widths of both outer and inner lines are very
temperature dependent, changing to 8 and 6 Hz at 70 °C. A
spectrum measured at 25 MHz and 44 °C shows a phenome-
non similar to the 44 °C high-field spectrum with a small field
dependence to the line widths. The inner and outer lines
measure 24 and 6 Hz, respectively.

Spin-lattice relaxation of the spectrum at 25 MHz was also
examined using a 2.0 m sample at 47 °C. Although no single
exponential time constant can describe relaxation for all lines,
relaxation of the sum of intensities can be characterized by a
time constant of 1.2 s. It is clear that 7, « T}.

It is difficult to assess the possible influence of noise de-
coupling of protons during acquisition; however, the question
can be approached experimentally by replacing vicinal protons
with deuteriums. This does not eliminate all observable proton
coupling to the carbon of the CF, group since two- and three-
bond coupling constants are of nearly equal magnitude. With
only three-bond coupling observable, however, even proton
coupled lines in the CF; triplet are narrow enough to show a
difference between outer and inner components (Figure 4).
Replacement of vicinal protons with deuteriums also reduces
non-C-F dipolar interactions to a point where they should not
be of concern. The qualitative similarities between deuterated
and nondeuterated samples lend confidence to our treatment
of the CF; group as an AX; spin system.

Discussion

The difference in transverse relaxation for outer and central
lines of the triplet presented in the previous section can be in-
terpreted in terms of contributions from various parts of the
spectral density functions. This is most easily done if we are
in the slow motion limit where J(0) terms dominate. That we
are near this limit in the 44 °C data is suggested by the fact
that transverse relaxation is much faster than longitudinal
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Figure 4. CF; triplet of 5,5,7,7-tetradeuterio-6,6 difluorosodium myristate
at 67.9 MHz and 44 °C without proton decoupling.

relaxation and also by the small frequency dependence of line
widths in going from 67.9 to 25 MHz.

The frequency dependence observed near the slow-motion
limit can in principle be used to estimate a correlation time for
molecular reorientation, 7¢, by including the next most im-
portant spectral density function contributions, J(wa), in eq
10 and 11. For the outer line the expression becomes

d 4 4
5(1|Mx(t)|2> == EJAX|AX|(0) —ng.Asz(O)

= Jaxiax,(wa) = Ixanxy(wa) { (1M (1)]2) (12)

If we assume the time decay of all the correlation functions to
be exponential and to have the same time constant, we estimate
7. to be 5 X 1079 s. Contributions of J(w) at higher frequency
neglected in this analysis make contributions of less than 5%
in the high-field case and less than 20% in the lower field
case.

The correlation time obtained, if associated with rotation
of a rigid spherical micelle according to the Stokes formula,
would be that of a micelle with radius 17 A. This is reasonable
in light of figures for maximum minor axis radius of a micelle
formed from a 14-carbon chain estimated on the basis of a
formula given by Tanford.!® Such a small micelle, however,
should not give line widths as large as those observed here if
rapid internal chain motions exist. A 7. on the order of 107
would be required. It is possible that the correlation time cal-
culated on the basis of eq 12 is an underestimate because of the
large temperature coefficient of observed line widths and the
difficulty in reproducing thermal conditions on two different
spectrometers. It is also probable that the micelles are non-
spherical in shape at the fatty acid concentrations studied here.
The estimate of a relatively long correlation time can, however,
be used to support application of eq 10 and 11 in further
analyses.

Given that 7. is sufficiently long, at least at the high field
strength, to make eq 10 and 11 valid we should be able to de-
termine both Jcper and Jrecr. Although there is no unique
way of going from these density functions to a model for mo-
lecular motion, we can, nevertheless, use measurements of
these functions to dismiss or retain reasonable proposals for
motion. For example, expressions for both autocorrelation and
cross-correlation spectral density functions have been derived
for rigid rotating ellipsoids.2 In the spherical limit one finds
that Jrccr = —0.34J crcr. Since the functions are of opposite
sign, one would predict that the outer lines of the triplet would
be narrower than the inner lines. This is clearly not the case for
our CF, group and an isotropic rigid rotor can be dismissed as
an appropriate model. Our observed relative line widths can
be reproduced if Jrccr = 0.52J cpcr. Outer lines would then
be slightly more than a factor of 3 wider than central lines. One
case in which this occurs is for a rotationally diffusing ellipsoid,
long axis perpendicular to the CF bond, with an axial ratio of
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approximately 10:1. A model in which the micelle itself is the
ellipsoid can be dismissed as physically unreasonable as the
chain axis is certainly parallel to the minor axis in any non-
spherical micelle.

Models which include restricted internal motions as well as
overall anisotropic or isotropic motions are more appropriate
for description of hydrocarbon chain motion. Such models have
been proposed by Petersen and Chan!! and by Gent and
Prestegard.!2 In the latter model rapid internal bond isomer-
izations characterized by correlation time 7p are allowed to
rapidly reorient CH or CF vectors through all angles about the
average chain axis, but only through angles within £A of a
perpendicular to the chain axis, where A is approximately 60°.
Superposition of slower isotropic chain axis reorientation
characterized by correlation time 7. allows sampling of all
vector orientations in times short compared to &/ #p. Auto-
correlation and cross-correlation spectral density functions for
this model are given as follows:

3 yhvih?

J =
CFCF 10 rCF6

1 D
1 —= 4A>______
< 4'COS

1
+ = cos* A < (13)
(e
Tc
3 yZyin? € e cos?
J = .- 1c <1_ 2 = 4 = 27 )
FCCF 10 repd 6 cos 2+6cos 3 4 A
1 1
5% ™D + cost A Te (14)

e e
D T
where ¢ is the FCF angle, v and v are the magnetogyric ratios
of carbon and fluorine, respectively, (r1p) ™! = (7p) ™! + (7)1,
and rcris the internuclear distance. The expressions are de-
rived under the additional assumption that the two CF vectors
make equal and opposite departures from the chain axis per-
pendicular, but this assumption only affects coefficients of
terms containing an e dependence.

Under conditions where 7p « 7cand A # 90 both expres-
sions for J(0) converge to the following:

24232
Jerer(0) = Jreer(0) = = Y o nr (1)
40 rc F6

Thus, this motionally restricted model predicts that the outer
lines of an AX; triplet should be much broader than the central
line with the central line becoming infinitely narrow under the
assumptions used here. Central lines are, of course, never in-
finitely narrow and can, in fact, broaden to the point of being

Journal of the American Chemical Society [/ 100:15 [ July 19, 1978

one-third the width of an outer line via mechanisms perfectly
consistent with the restricted internal motion model. First,
spectral density contributions at nonzero frequency will always
add to the width of the central line. Second, spin-spin relaxa-
tional contributions other than C-F dipolar interactions may
be present. And third, . and rp may not satisfy the assumption
that 7p « 1. Thus, the restricted motion model produces a
reasonable qualitative description of CF, reorientation in the
semiordered hydrocarbon array of a fatty acid micelle.

A quantitative evaluation of 7, and 7p from multiplet line
widths can be pursued on the basis of eq 10, 11, 13, and 14, if
one assumes that central line width arises because 7p is not
sufficiently small compared to .. It is necessary to choose a
value for the restriction angle A. If 60°, as suggested for a chain
undergoing 3-coupled isomerizations, is used, 7. must be 6 X
10~7sand 7p 6 X 10™%s. Because of other possible contribu-
tions to the central line width, rp should be regarded as an
upper limit; 6 X 10~9 s is, in fact, long for the observed spin-
lattice relaxation time,

Complete description of chain motion can obviously be ap-
proached only by accurately determining both transverse and
longitudinal relaxation times. It is, however, significant that
in many cases a qualitative statement about the existence of
anisotropic or restricted motion can be made on the basis of
a single spectral observation. In this case the CF, group clearly
exhibits restricted or highly anisotropic internal motion. Large
molecule systems or systems with high degrees of aggregation
where transverse relaxation is reflected in line widths are
precisely those where determination of longitudinal relaxation
of methylene carbons is difficult because of the long time pe-
riods required for sequential spectral accumulations. We,
therefore, expect transverse relaxation analysis of AX; systems
to open many applications in the determination of the structure
of macromolecules.
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