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Abstract

The '°F nuclear spin-lattice relaxation rate constants were measured as a function of magnetic field strength for 1,12-diami-
nododecane labeled at one end with a nitroxide radical and at the other with a trifluoromethyl group. The magnetic relaxation
dispersion profile (MRD) reports the spectral density function appropriate to the end-to-end correlation function for the doubly
labeled molecule. After extrapolation to zero concentration to eliminate the intermolecular relaxation contribution to relaxation, the
resulting intramolecular MRD profile was compared with several model approaches. The rotational model for the spectral density
functions as included in the Solomon-Bloembergen—Morgan equations does not describe the data well. The earlier model of Freed
for nuclear spin relaxation induced by a freely diffusing paramagnetic co-solute is not rigorous for this case because the paramagnet
is tethered to the observed nuclear spin and only a restricted space in the immediate vicinity of the nuclear spin is accessible for
pseudo-translational diffusion of one end of the molecule with respect to the other. A generalization of the Torrey model for
magnetic relaxation by translational diffusion developed by Nevzorov and Freed, which includes the effect of restrictions imposed by
the finite length of the chain, describes the experiment within experimental errors. A simple modification of the Hwang—Freed model
that does not specifically include the dynamical effects of the finite tether also provides a good approximation to the data when the

tether chain is sufficiently long.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Nuclear spin-lattice relaxation rate constants are
proportional to the Fourier transform of the autocor-
relation function characterizing the fluctuations that
modulate magnetic interactions at the position of the
observed nuclear spin, usually caused by rotational and
translational diffusion [1]. The effects of local internal
motion may become important in large molecules, and,
depending on the degree of segmental freedom sensed at
the site of an observed nuclear spin, the effective corre-
lation time may or may not simply reflect the global
rotational reorientation of the molecule [2-11]. In the
case of large globular molecules such as proteins, side
chain motion may provide a complex spectral density
function that contains the consequences of both the high
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frequency local motions as well as the overall rotational
reorientation of the macromolecule. In this case, the
major effect of the high frequency motion is that at
smaller values of the Larmor frequency, the spin-lattice
relaxation rate is scaled by a factor directly related to a
generalized order parameter [3]. Although more detailed
analysis is possible [12-14], the details of the high fre-
quency motion are not available from measurements
based only on nuclear spins at generally accessible
magnetic field strengths.

In the case where a nuclear spin is relaxed by dipolar
coupling to an electron spin, the relaxation equation
contains terms that involve both the nuclear and the
electron Larmor frequency. Because the electron Lar-
mor frequency is larger than the nuclear Larmor fre-
quency by the ratio of the magnetogyric ratios,
(ye/7u = 658), the nuclear spin relaxation may probe
spectral density functions at frequencies in the range of
hundreds of GHz or time scales of order 1 ps. Therefore,
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nuclear magnetic relaxation dispersion (MRD) mea-
surements in paramagnetic molecules provide an excel-
lent approach to studying both inter and intramolecular
reorientation in small as well as large molecules [15-20].
In the present study, the strategy was to label the ends
of an alkane chain with a unique nuclear spin and the
other end of the molecule with a stable electron mag-
netic moment. The use of a nitroxide spin-label provides
the molecule with a dipole-dipole coupling between the
observed fluorine nucleus and the electron spin, which
has a spin-lattice relaxation time that is long compared
with the translational or rotational correlation times of
the molecule. Because the electron spin relaxation times
are long compared to intra and intermolecular correla-
tion times, the MRD profiles provide a map of the
spectral density functions that monitor the end-to-end
correlation in the molecule. For the '2C molecule, this
reorientation may involve rotational motions of all or
part of the molecule as well as fluctuations in the end-to-
end separation of the two spin labels in the molecule.
Fluorescence spectroscopy may report end-to-end
correlations based on quenching by energy transfer be-
tween chromophores situated at the ends of a molecule
like the one studied here [21-27]. A fundamental dif-
ference is that the fluorescence lifetime may contribute
and interfere with to the effective correlation sampling
window in the range of tens of nanoseconds; however,
the nuclear spin relaxation rate constants represent long
time measurements that sample the effects of the mo-
lecular dynamics over the time of the relaxation period,
which is the order of tens to hundreds of ms. These two
approaches are, therefore, different but complementary.

2. Experimental

Trifluoroaminododecanamide-tempo was prepared
by reacting 12-aminododecanoic acid (1.0 g 95% purity,
Aldrich Chemical, Milwaukee, WI) with trifluoroacetic
anhydride (0.98, Aldrich, g 99% purity) in 50mL
methylene chloride. The product crystallized as solvent
was removed by rotary evaporation and the solution
stored at 0°C for 12h after which water was added to
crystallize additional product with a total yield of 83%.
The product (0.2 g) was reacted with 0.11 g of 4-amino-
tempo and a 5-fold excess of 1,3-diisopropylcarbodii-
mide in 10 mL methylene chloride. After stirring for 4 h,
the solution was evaporated under vacuum to yield a
red-orange oil. The product was dissolved in a 60:40
mixture of hexanes and acetone, and passed down a G-
25 silica gel column. The first orange band was collected
and lyophilized for 24 h to a red-orange oil in 28% yield.
An aliquot of the sample was used to confirm two ex-
changeable amide peaks in the '"H NMR spectrum.

YF spin-lattice relaxation rates were measured using
a spectrometer constructed in this laboratory and

described previously. The spectrometer utilizes a 7T
magnet Magnex (Oxford, UK) separated by an iron
shield from a GMW (San Carlos, CA) 4-in. electro-
magnet. Samples are polarized in the 7T magnet,
pneumatically moved to the satellite field where spins
are permitted to relax for a variable time after which the
sample is pneumatically moved back to the 7T magnet
where it is sampled using conventional high resolution
NMR techniques. Because the equilibrium magnetiza-
tion in the satellite field is significantly less than that in
the polarization-detection field of 7 T, generally no ini-
tial rf pulse is employed prior to the sample movement.
Typically 16 transients were averaged for each spectrum,
and 28 relaxation recovery times were employed at each
magnetic field strength to define the spin-lattice relaxa-
tion rate constant.

3. Results

The '"F MRD profile for the doubly spin labeled C-
12 diamide is shown in Fig. 1 for concentrations from 10
to 30 mM in acetone as the solvent. The signal-to-noise
ratio does not increase significantly with increasing
concentration because the intermolecular contribution
to the relaxation rate increases which decreases the de-
tectable signal because of the constant sample transit
times. Relaxation during the sample transit from one
magnet to the other is rapid in the low field regions of
the sample transit, which is a limitation of sample
shuttle relaxometry. The total observed relaxation rates
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Fig. 1. F nuclear spin-lattice relaxation rate constants for a terminal
trifluoromethyl group in a C;; molecule labeled at the other terminus
with a nitroxide radical as a function of the magnetic field strength
represented as the fluorine radial Larmor frequency. Data were taken
at ambient laboratory temperature in a shuttle instrument employing
two magnets previously described [37]. The observed solute concen-
trations were: (O) 10mM, () 20mM, (A) 25mM, (¢) 30mM in
acetone.
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are a sum of inter- and intramolecular electron—nuclear
dipolar contributions. The intramolecular contribution
at each field strength was deduced by extrapolating the
paramagnetic contribution to the relaxation rate to zero
solute concentration. Because errors are significant in
this experiment at the current level of technology, we
utilized a 3-point smoothing process where individual
relaxation rates in the dispersion profile were recon-
structed using a 25% weight of the n—1 and n+1
points and 50% weight of the nth point. When tested
against simulated data with simulated intra- and inter-
molecular correlation times of 20 and 40 ps, respectively,
this procedure provided insignificant distortion of the
MRD profile. The resulting MRD profile extrapolated
to zero solute concentration is shown in Fig. 2.

The shape of the relaxation profile at infinite dilution
is compared with three models shown in Fig. 2. The
magnetic field dependence of the spin-lattice relaxation
rate predicted by the standard Solomon-Bloembergen—
Morgan (SBM) relaxation equations, which assume a
rotational correlation of the dipolar coupling, is shown
as the dashed line assuming an intermoment distance of
10.8 A and an effective correlation time of 16 ps. In spite
of the scatter in the extrapolated data points, the SBM
model represents a poor approach to the data, which are
expected because of the significant internal segmental
motion between the chain ends.
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Fig. 2. The magnetic field dependence of the !°F spin-lattice relaxation
rate constant is shown as a function of magnetic field strength in the
limit of infinite dilution. The solid curve was calculated using the
Nevzorov—Freed model with a relative translational diffusion constant
of 9.5x10°m?s~' and a distance of closest approach of
3.08 x 1071 m. The dashed line was computed using the Solomon,
Bloembergen, Morgan equations for paramagnetic relaxation with a
correlation time of 16ps, and an intermoment separation of
10.77 x 10~'"m. The dash-dot line was computed using the Hwang—
Freed model and the same parameters as in the Nevzorov-Freed
calculation.

A Dbetter approach is to recognize that the time de-
pendence of the radial vector connecting the two spins
dominates the magnetic fluctuations at the fluorine site.
The fluctuations in this radial vector will may be ap-
proximated by translational diffusion wherein this ra-
dial vector is constrained in its length by the length of
the fully extended molecule so that the electron spin
can never get infinitely far away from the nuclear spin.
Although theoretical approaches by Hwang and Freed
[28] and Ayant et al. [29] have provided closed form
solutions to the intermolecular relaxation induced by
the relative translation of spins coupled by the dipole—
dipole interaction, the present situation is somewhat
different because the space explored by the relative
motion of the two coupled spins is constrained at both
short and long distances. Recently, Nevzorov and
Freed [6,7] have considered specifically the problem of
spin—dipole—dipole coupling modulated by translational
diffusion constrained by a tether. Related problems
have been considered in the context of chemically in-
duced dynamic polarization experiments [30-32]. This
approach is based on expanding the density matrix in
symmetry adapted basis set of eigenoperators following
Banwell and Primas [33], and considering the coupled
equations of motion for the coefficients of the eigen-
operator expansion. This strategy permits one to follow
multiple coherence pathways as well as relaxation. The
stochastic Liouville equation is solved for constrained
translational diffusion [6] using methods closely related
to those of Hwang and Freed [28]. The solid line
shown in Fig. 2 was computed using a numerical so-
lution of this model with a distance of closest approach
of 3.08 x 107'm and a relative diffusion constant of
9.5 x 1079m?s 1,

Fig. 2 also shows a line computed using the theory of
Hwang and Freed where the effect of the tether was
approximated by using a relative spin concentration
based on the spherical molecular volume described by
taking as the radius the maximum value of the in-
termoment radial vector in the fully extended configu-
ration. In order to better approximate the experimental
results, we needed to divide this concentration by an
arbitrary factor of 1.2. This factor corresponds to only a
6% increase in the effective radius of the volume ex-
plored by the ends of the molecule compared with that
estimated from the molecular modeling program Spar-
tan. This modified Hwang-Freed model differs from the
Nevzorov-Freed model in that it neglects the dynamical
effects of the outer bound or the tether. The near
agreement for larger values of the maximum value of the
intermoment radial vector shows that this dynamical
effect becomes small for increasing tether lengths as
expected. Although sufficient to show that a diffusion
model is clearly superior to the SBM model, the data do
not provide a rigorous test of, or distinction between,
the details of the translational models.
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Fig. 3. Calculation of the paramagnetic contribution to nuclear spin-
lattice relaxation rate constants using the Hwang-Freed (dash-dot),
and Nevzorov—Freed (solid) models for three choices of the maximum
end-to-end distance: 24.5 A, (bottom), 18.2A (middle), and 12.8A
(top).

Fig. 3 shows a comparison of the two translational
theories for several choices of the maximum end-to-end
length. In all cases, the same values of the translational
diffusion constant and the distance of closest approach
were used, and the volume explored by the spin-label,
which defines the effective concentration of paramag-
netic center in the Hwang-Freed model, was taken as 1/
1.2 times the spherical volume with the radius given by
the maximum separation of the observed fluorine and
the nitroxide oxygen as determined by the all trans
configuration of the hydrocarbon chain as noted above.
The agreement in the range of the inflection is excellent
and most data could not distinguish between the two
models. The Hwang-Freed model yields a larger value
of the low-field limiting relaxation rate constant as ex-
pected because the integration that leads to the spectral
density includes contributions between the tether length
and infinity. However, for the ratio of the maximum
end-to-end length divided by the distance of closest
approach greater than approximately 5, the analytical
solution provided by the Hwang—Freed model provides
a remarkably accurate characterization of the spin-
lattice relaxation.

Two parameters determine the relaxation dispersion
amplitude and inflection point, the distance of closest
approach and the relative translational diffusion con-
stant. The distance of closest approach is approximately
what is expected based on the sum of van der Waals
radii and is similar to values obtained in other studies
[15,34]. The relative translational diffusion constant is
largely determined by the inflection point of the relax-
ation dispersion, which yields an apparent translational
diffusion constant of 7 x 107'm?s~!. This value

appears to be larger than expected. The translational
diffusion constants for acetic acid, benzoic acid, nitro-
benzene and tetrachloromethane in acetone range from
2.62t0 3.77 x 1071m?s~! [35]. The present experiments
report the relative translational diffusion constant,
which is the sum of the diffusion constants that char-
acterize the motion of each dipole moment in the in-
teracting pair. Thus, the relative translational diffusion
constant derived from the present experiments should be
approximately a factor of 2 larger than the self-diffusion
constants for these simpler solutes, which it is. Of
course, the parameter derived from the present experi-
ment has the units of a translational diffusion constant,
but does not characterize bulk transport in the medium.
The possibility that local translational rearrangements
may be more rapid than bulk transport measurements
would imply has been noted based on simulations [36].

In summary, the relaxation dispersion measurements
on an end-labeled hydrocarbon provide a test of relax-
ation theories for small molecules in liquids. The use of
the paramagnetic contribution to the nuclear spin re-
laxation provides a direct probe of the correlation
functions in the range from microseconds to picosec-
onds, and we find that for a freely jointed hydrocarbon
chain in acetone, the Nevzorov-Freed models provide a
good description of the relaxation profile. Comparison
of this model for relative diffusion of spins on a tether
with a simpler modified model that does not include the
dynamical effects of the tether in detail shows that for
lengths in excess of approximately five times the distance
of closest approach of the spins, the Hwang-Freed
model provides an excellent and simple description of
the data.
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