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Shape dependent sign inversion
of *H NOESY cross peaks

ABSTRACT: Predicting and controlling the properties of
amphiphile aggregate mixtures require understanding the
arrangements and dynamics of the constituent molecules. To
explore these topics, we study molecular arrangements and
dynamics in alkyl ethoxylate nonionic surfactant micelles by
combining NMR relaxation measurements with large-scale @ umner > JO
atomistic molecular dynamics simulations. We calculate param- meer e
eters that determine relaxation rates directly from simulated

trajectories, without introducing specific functional forms to Intramolecular \
describe the dynamics. NMR relaxation rates, which depend on S et log('v‘;:n IR
relative motions of interacting atom pairs, are influenced by wide - :

distributions of dynamic time scales. We find that relative motions of neighboring atom pairs are rapid and liquidlike but are
subject to structural constraints imposed by micelle morphology. Relative motions of distant atom pairs are slower than nearby
atom pairs because changes in distances and angles are smaller when the moving atoms are further apart. Large numbers of
atom pairs undergoing these slow relative motions contribute to predominantly negative cross-relaxation rates. For spherical
micelles, but not for cylindrical micelles, cross-relaxation rates are positive only for surfactant tail atoms connected to the
hydrophilic headgroup. This effect is related to the lower packing density of these atoms at the hydrophilic—hydrophobic
boundary in spherical vs cylindrical arrangements, with correspondingly rapid and less constrained motion of atoms at the
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Intermolecular a

boundary.

B INTRODUCTION

Surfactant and amphiphile aggregates control or influence the
properties of many materials relevant to biology, medicine,
industry, technology, and more.'™> Specific examples of
commercial application areas include consumer cleaning
products, oil recovery," and drug delivery.”® Commercial
mixture properties that depend on amphiphile aggregate
structure and dynamics include viscosity,”° foaming,11 and
the ability to suspend and deliver solubilized materials like
flavors, fragrances,">™"® and drugs.'® Amphiphile aggregate-
based materials are often empirically designed to create and
exploit these properties.”” However, small uncontrolled
changes in composition or conditions can lead to large,
unpredictable, and consequential property changes.'” ™"’
Deeper understanding and better control of these properties
can be gained by pursuing a detailed study of the arrangements
and dynamics of molecules within the aggregates. Molecular
dynamics (MD) simulations”*”*’ and nuclear magnetic
resonance (NMR) relaxation measurements™*>’ provide
information of this nature, and these techniques are especially
valuable when used together.”*™>’ Combining experiments and
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simulations, bridged by theory, makes it possible to develop a
detailed description of aggregate structure and dynamics and to
refine our ability to interpret experimental results in related
aggregate systems. Of the techniques available for studying
aggregate dynamics, NMR is uniquely capable of measuring a
vast range of molecular dynamics time scales ranging over 9
orders of magnitude.”””’ NMR relaxation phenomena are
particularly informative for exploring dynamics time scales
ranging from picoseconds to microseconds.””****

Numerous literature reports describe the structure and
dynamics of aggregate structures utilizing MD simulations,
NMR relaxation, or a combination of the two. These reports
address structured biomacromolecules including proteins,
nucleic acids, and complex carbohydrates and a variety of
other materials including bulk liquids and amphiphile
aggregates.22’25’27’34_44 In some limiting situations, simple
analytical expressions can be used to simplify the interpretation
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Figure 1. Molecular structure of (a) Cj,Eg and (b) C,E, surfactants. Alkyl chain carbon atom numbering and ethoxy chain groups are indicated.
Carbon atoms are designated with blue, oxygen atoms with red, and hydrogen atoms with white.

of simulations or to directly describe the dynamics. For
example, great simplification arises when interatomic distances
are approximately constant and different atoms are spectro-
scopically resolvable. This is often the case for isotropically
tumbling organic molecules and for biomacromolecules.’” In
other cases, interatomic distances do not remain constant, and
different atoms are not resolvable. This situation arises
especially in systems consisting of bulk liquids or polymers.
Such systems are often analyzed following Torrey® by using
propagators to bridge molecular distribution functions with
molecular dynamics to accommodate large networks of
coupled, diffusing spins.***”

Our aim in this work is to understand the structural and
dynamic origins of NMR relaxation phenomena observed in
nonionic surfactant micelles. We pursue this using a
combination of experimental, computational, and theoretical
approaches. Nonionic surfactants are widely used and versatile
in applications and make excellent model systems for
experiment and theory.”®™>' While the study of nonionic
micelle structure and dynamics has a long history, dynamic
aspects of the aggregates are still insufficiently under-
stood.”**7°° For example, experimental measurements
shown in this work of cross-relaxation in these micelles using
two-dimensional 'H-'"H Nuclear Overhauser Effect Spectros-
copY (NOESY) give mostly negative cross-relaxation rates,
which typically accompany slow molecular motions. However,
alkyl chain protons adjacent to the ethoxy headgroup exhibit
positive cross-relaxation rate constants in some of these
systems, indicative of rapid molecular motions. Notably, these
protons are located at the boundary between hydrophobic and
hydrophilic regions of spherical micelles, where we might
expect atoms to be especially sterically constrained and
dynamically encumbered by the structure of the micelle.”””>*

To obtain microscopic-level understanding of phenomena
revealed by these NMR experiments, we perform extensive
atomistic MD simulations that sample a total of ~2.7 us. We
then analyze the results in the context of the NMR relaxation
theory. Rather than relying on analytical models or their
underlying assumptions, we consult MD trajectories directly to
obtain insights into the relaxation behavior. To inform
interpretation of NMR relaxation phenomena, simulations
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must adequately sample dynamics over a correspondingly large
range of time scales. Doing so suggests an explanation of the
observed relaxation behavior. This enables a deeper under-
standing of structure and dynamics in amphiphile aggregates
and improves our ability to gain information from these
techniques.

B METHODS

Experimental. Samples contained nonionic alkyl ethoxylate
surfactants of type C.E;, where i denotes the number of carbon
atoms in the alkyl chain and j is the number of ethoxy units.
Octaethylene glycol monododecyl ether (C,,Eg), hexaethylene glycol
monododecyl ether (Cy,Ey), tetraethylene glycol monododecyl ether
(C1,E,), and deuterium oxide (D,0) were purchased from Sigma-
Aldrich and used without further purification. The surfactants were
combined with pure D,O and allowed to equilibrate for 24 h at room
temperature before data acquisition. One series of samples was
created to probe micelle shapes from spherical to increasingly long
wormlike structures. For this series, samples were prepared having
relative (molar) amounts of C,,Eg and C},E, of 1:0, 3:1, 2:1, and 1:1.
The total surfactant concentration in these samples was 80 mM in
every case. Another sample was prepared to study relaxation rates
across a thermally driven transition from a hexagonal phase to a
micellar phase. This sample contained C,E4 at 50% wt/wt in D,O.

All 'H relaxation measurements were performed with vendor-
supplied pulse sequences using a Bruker Avance III 600 MHz
instrument, while "*C relaxation measurements were performed using
a Bruker Avance 700 MHz instrument. The two-dimensional 'H-'H
Nuclear Overhauser Effect SpectroscopY (NOESY) technique was
used to measure cross-relaxation using the pulse sequence
noesygpphpp. The mixing time was 400 ms, and the data were
acquired with 4096 points in F2, 1024 points in F1, and using a
relaxation delay of 10 s. One-dimensional 'H spectra were collected
with the zg pulse sequence using 16 scans and an interscan relaxation
delay of 20 s. 'H T, and "*C T, data were acquired using the tlir and
tlirpg pulse sequences, respectively, using 16 time increments and an
interscan relaxation delay of 55 s. 'H T, measurements were
performed using the cpmg pulse sequence with an interscan relaxation
delay of 55 s. Unless otherwise specified, all experiments were
performed at 25 °C. To monitor the thermally driven phase transition,
NOESY spectra were acquired at 25, 35, 40, and 45 °C as described
above.

Molecular Dynamics Simulations. We perform all-atom
simulations of a spherical micelle comprising pure C;,Ez and of a
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cylindrical micelle comprising a 1:1 mixture of C,Eg and C},E,. As
the reported range of aggregation numbers for C,Eg at 25 °C range
from 80 to 120, "°* we choose an aggregation number of 99. The
resulting micelles have an average radius of 29.5 A. Aggregation
numbers of extended wormlike micelles of the type CE; are reported
to be 21000,10’54 which would require atomistic simulations that are
computationally too demanding. Therefore, we study cylindrical
micelles with lower aggregation numbers that reproduce an aggregate
with a contour length larger than the 150—200 A persistence length of
CiE; nonionic micelles.*> To this end, we consider cylindrical micelles
comprising 400 C,E; and 400 C,E, molecules, which have an
average contour length ~320 A and a cross-sectional radius ~24 A.
Models of aggregate structures are obtained using the Packmol®
software package. For spherical micelles, we arrange 99 of the linear
molecules of C,,Eg, shown in Figure 1, in an initial spherical shape
using a distance tolerance of 2.0 A. These structures are then solvated
using 36783 TIP3P water molecules in a rhombic dodecahedron box
with dimensions 120 A X 120 A X 120 A, corresponding to a total of
119 754 atoms. The cylindrical micelle comprises 400 C,,E¢ and 400
C,,E, molecules each, shown in Figure 1. These are then arranged in
a cylindrical shape with a tolerance of 2.0 A. To facilitate faster
solvation and equilibration, this structure is first minimized using the
conjugate gradient method for S00 steps. Next, the minimized
structure is solvated using 173 866 TIP3P water molecules in an
orthorhombic box with dimensions 130 A X 130 A X 350 A,
corresponding to a total of 586 398 atoms.

MD simulations are performed using the molecular modeling
program NAMD version 2.12°° and the CHARMM36 force field.*>°
Interactions involving surfactant molecules are modeled using the
standard CHARMM36 parameters including the ethers parameter set,
and interactions involving water molecules are modeled using the
TIP3P parameter set. The force field and water model used here were
shown to vyield accurate size and shape properties of mi-
celles.”***~7! Periodic boundary conditions are applied, and
electrostatic interactions are treated using particle mesh Ewald”
with a grid spacing of 1 A. The integration algorithm uses the velocity
Verlet method with an integration time step of 2 fs. Nonbonded
interactions are truncated using a switching function between 10 and
12 A. All covalent bond lengths involving hydrogen are held constant
using the SHAKE algorithm”® with a tolerance of 1.0 X 10~* A. The
pressure and temperature are controlled with a Nosé—Hoover
Langevin piston using a reference pressure of 1 bar and damping
coefficient of 2 ps™". Simulations are performed at T = 300 K.

For both spherical and cylindrical systems, the initial solvated
Packmol model structures are energy minimized using the conjugate
gradient method for 5000 steps. Next, equilibration simulations at T =
300 K are performed for 10 ns with the spherical micelles and for 50
ns with the cylindrical micelles. Equilibration is attained when stable
radius of gyration (Rg) and eccentricity (¢) values are reached. The
eccentricity is defined as e = 1 — IL;,/L,,, where I, and L, are the
smallest and the average principal moment of inertia, respectively.”*
We find that e ~ 0.10 + 0.04 for spherical micelles and e ~ 0.85 +
0.01 for cylindrical micelles. These values are consistent with spherical
and cylindrical shapes, respectively, considering the limiting cases of a
perfect sphere (e = 0) and of an infinitely long rod (e = 1). The
equilibrium value of R, for spherical micelles is ~23.7 + 0.1 A and for
cylindrical micelles it is ~85.0 + 1.6 A. The configurations obtained
after these equilibration simulations were used as initial configurations
of production runs. One additional configuration was obtained for
each of the micelle types by extending the equilibration simulations
for 20 ns. Representative structures are shown in Figure 2a,b with
water omitted for clarity. Two production trajectories are performed
for each micelle for 680 ns and are sampled at 10 ps intervals to
capture frequencies up to 100 times faster than the Larmor frequency
at 14.1 T (600 MHz). As MD simulations have a finite duration of
680 ns, they provide no information on dynamic processes with
longer time scales.

Calculating NMR Relaxation Rates from Simulations.
Synopsis of the Relaxation Theory. The relaxation theory used in
this work has been summarized in standard references.”>~”* In short,

Figure 2. Equilibrated micelle structures: (a) C,,Eg spherical micelle
and (b) 1:1 molar ratio C;,Es/C,E, cylindrical micelle. The alkyl
core is shown in yellow, the methylene units of the ethoxy headgroups
are shown in cyan, and the oxygen atoms are shown in red. Water
molecules are omitted for clarity.

according to the Bloembergen, Purcell, and Pound (BPP)
perturbation theory, nuclear spin relaxation rates are functions of
spin state transition probabilities.”” These transition probabilities are,
in turn, proportional to the intensities of fluctuations in interactions
that occur at frequencies that match differences between the energy
levels of spin systems. Spectral density functions J(@) quantify these
intensities and are determined by the Fourier transformation of
correlation functions G(7) that characterize the time dependence of
the interactions underlying the relaxation. Relaxation processes
studied in this work are dominated by fluctuations in the magnetic
dipole—dipole coupling among pairs of nuclei. Given reliable
trajectories, the main task in relating MD simulations to NMR
relaxation phenomena is therefore to calculate correlation functions
for the dipole—dipole interactions from the trajectories.

Because of the algebraic form of the dipole—dipole interaction,
magnetic dipole—dipole correlation functions can be expressed in
terms of second-rank spherical harmonics and the internuclear
distances as

> G,

G(T) =
_y K< (15000, $0)* 01t + ), 40+ ) >
m=-2 r (t) r (t + 1.)

(1)
where r(t) is the distance between the two interacting nuclei,
Y5'(0(t),¢(t)) are the spherical harmonics, and 6(t) and ¢(t) are the
polar and azimuthal angles in the laboratory frame with the applied
magnetic field defining the polar axis. Kjg contains physical constants
related to the magnetic properties of the insensitive (I) and sensitive

2
(S) interacting spins, K;g = (%hyﬂ’s) , where p, is the vacuum

permittivity, 7 is the Planck constant divided by 2z, and y is the
gyromagnetic ratio.

Inspection of eq I indicates that correlation functions calculated
from MD simulation trajectories depend on changes in orientation,
reflected in spherical harmonic terms of all orders m, and on changes
in the distances between nuclei. For cases where internuclear
distances are approximately constant, for example, *C relaxation,
which is dominated by directly attached hydrogen atoms, analysis can
be simplified by separating the distance and angle variables. For cases
where the internuclear distances vary, for example, when the
interacting nuclei reside on different molecules, such simplifications
are not valid since it is necessary to accommodate the distance
fluctuations and potential correlations between distance and angle
fluctuations.*®"” We note that the correlation function G(7) may be
expressed in a compact form by using the second-order Legendre
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polynomial, P,, to represent the angular part via the addition
theorem™*” P, (cos ) = (47/5) X (Y3/(0(1), (1)) *Y3(6(t +
7), ¢(t + 7)), where y, ,,. is the angle of the internuclear vector at t
and t + 7.

Because correlation functions are even and real, Fourier trans-
formation is equivalent to real-valued cosine transformation of the
correlation function to generate the spectral density function

J(@) =2 fo " G, (r)cos(wr)dr )

Given the spectral density functions, the relaxation rates due to
proton—proton dipolar coupling are given by

= ]l(a)H) + 4']2(2wH)

|-

)

= 2(0) + Zh@a) + 20

~H|"‘

@
o = 6,(20y) — J,(0) s)

Here, T, is the longitudinal relaxation time, T, is the transverse
relaxation time, and o is the cross-relaxation rate. @y is the Larmor
frequency of protons for the magnetic field used in the experiment,
600 MHz in this work.
The expression for *C T due to carbon—proton dipolar coupling
is
1 N

== _UO(CUH - o) + 3]1(wc) + 6]2((UH + @c))

L 4 (6)

where N is the number of protons attached to the carbon atom, and
the Larmor frequency of carbon is w¢. *C relaxation measurements
are performed on a 16.4 T instrument, so @¢ is 176 MHz and @y is
700 MHz.

Treatment of Rigid-Body vs Internal Motion Contributions.
Properties of globular proteins and amphiphile aggregate systems may
be examined by highlighting contributions of rigid-body (overall) and
internal dynamics on different time scales.***>*>***! In the context of
protein relaxation analysis, Ollila et al.*’ developed a sophisticated
analysis of anisotropic diffusion to obtain an effective correlation time
for rigid-body rotational diffusion, which provides the dominant
contribution to correlation functions. Néry et al.*® utilized the two-
step®” and three-step models to describe experimental *C relaxation
in spherical and nonspherical micelles. A satisfactory account of the
data was achieved by assuming that the rotational tumbling of the
micelle and lateral surfactant diffusion together account for the long
correlation times in the model. Interestingly, they conclude that the
lateral diffusion of the amphiphiles dominates the long correlation
times in both spherical and nonspherical micelles. Bogusz et al.*’
identify complex liquidlike motions of individual amphiphiles within a
nonionic micelle that are not readily separable and that render a rigid
sphere model inadequate. For nonionic amphiphilic bilayers, Ferreira
et al.*® used separation of rigid-body and internal dynamics
contributions to the correlation function along with a novel
experimental scheme to disentangle rigid-body and internal motion
time scales. Klauda et al®' analyzed the relative contribution of
motions of individual lipid molecules within a lipid bilayer. Overall,
for aggregates such as globular proteins that have restricted internal
motions, rigid-body rotational and translational motions often
dominate the correlation functions. By contrast, surfactant and lipid
aggregates have internal diffusive motions of the amphiphiles that may
lead to more rapid decay of correlation functions.””**®"

Our perspective is to work as directly as possible with the
correlation functions that emerge from direct analysis of the simulated
trajectories. We do not attempt to separate rigid-body motions from
internal motions, and we do not attempt to separately analyze
fluctuations in distances and angles. To that end, we calculate
correlation functions for all orders of the spherical harmonics and for
all distances, and we average these to obtain effective correlation
functions for use in eqs 3—S5. This approach leads to spectral density

functions having less noise, makes no significant difference in
calculated relaxation parameters compared with the more rigorous
treatment, and facilitates analysis and discussion.

Calculation of Spectral Density Functions without Fitting to an
Analytic Expression. Correlation functions calculated from MD
trajectories are typically noisy and unsuited for direct conversion to
spectral density functions. They are therefore traditionally fit to a
functional form, usually a sum of exponential functions, to generate a
parametrized algebraic expression. The resulting correlation function
is then subjected to symbolic Fourier transformation to generate the
spectral density function. In this work, for analysis of cross-relaxation,
we do not need to assume a functional form for the correlation
function because of the extensive averaging achieved using the long
simulations. Instead, we calculate the spectral density function by
Fourier transformation of the correlation functions obtained directly
from the simulations.

The critical advantage of this approach is that it does not depend
on any assumptions or model of the dynamics. A disadvantage is that
the lowest frequency available in the resulting spectral density
function is limited by the duration of the simulation since our
correlation functions do not always fully decay within that time.
Without a functional form, we have no basis for extrapolation. Low-
frequency motions are especially important for predicting cross-
relaxation rates, which are strongly influenced by the (near) zero-
frequency spectral density. Our approach allows calculation of a lower
limit on this low-frequency spectral density, but it does not provide a
basis for extrapolation beyond that limit. We are therefore not able to
make numerical estimates of cross-relaxation rates, but based on the
lower limits, we are able to draw qualitative conclusions.

Correlation Functions Involving Multiple Unresolvable Coupling
Partners. Equations 1 and 2 apply to individual spin pairs, whereas
micelles have numerous spectroscopically indistinguishable nuclei at
many different distances that contribute in an additive manner to the
measured relaxation rates. Even though the effect of dipole—dipole
coupling falls off rapidly with distance (as r~°), there are many spins at
long distances whose cumulative effects are significant.*® For example,
consider a smooth isotropic distribution whose closest internuclear
distance is r,,,. Integrating over all space gives (r®) = (47/3)ry3,
which is longer range in distance by a power of three. Distributions in
amphiphile aggregates are not smooth, isotropic, or infinite, but this
shows that distant spins can be important and will play an important
role in the discussion below.

To account for the long-range contributions in micelles,
interactions must be added and averaged appropriately,®® so we use
the following procedure. We consider groups of spins that, within a
group, may be spectroscopically unresolvable. Considering a single
reference spin of group /, we make a list of all spins of another group k
that, at some point along the simulated trajectory, appears within the
cutoff distance of 10 A of the type-l spin. For every k spin so
identified, the correlation function with the reference spin of type [ is
computed using eq 1, including contributions from time steps when
the distance exceeds the cutoff distance. We then sum all correlation
functions generated by this list, separating intramolecular and
intermolecular correlations. We repeat this process for a definite
number of spins and then average these correlation functions to
generate an average correlation function for L,k spin pairs. We find that
averaging the results of this procedure over 99 spins of group I gives a
reasonable compromise of computation time and adequate sampling.

Defining Dynamic Time Scales Using Spectral Density Functions
Involving a Single Exponential Correlation Function. Though we
calculate spectral density functions directly from MD trajectories,
insights into expected behavior, and some common vocabulary, come
from consideration of simple models. In particular, the conventional
distinction between fast and slow motions arises from the single
exponential case. We use this terminology throughout. The model
assumes that the rotational correlation function decays monoexpo-
nentially

-

(7)
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and that the rotational correlation time 7, characterizing this function
is the same as the tumbling time of the relaxing molecule or aggregate.
In this case, the spectral density function is given by

%

fo) = T (3)

(We use lower-case symbols for correlation and spectral density
functions to indicate that we drop physical and numeric factors to
simplify notation.)

When 7 is short so that w7, <1, the process is deemed fast, and
the spectral density is proportional to 7.. When 7, is long so that w7,
>>1, the process is deemed slow, and the spectral density function is
proportional to (@’z.)™". In the following, we use the terms fast and
slow in relation to time scales relative to the spectrometer frequency.

Small-Angle Neutron Scattering (SANS) Methods. Samples
prepared for small-angle neutron scattering (SANS) contained 4 mM
C;,Eg or a mixture of 2 mM Cj,Eg and 2 mM C,E, in D,O.
Additional samples were prepared to ensure that the sample was
sufficiently dilute to neglect interactions between particles. All SANS
measurements were performed on the NGB 10 m beamline at the
NIST Center for Neutron Research. Three configurations using S or
12 A neutrons were used to access a q range from 0.004 to 0.6 Al
which resolves structures from 10 to 1500 A. The scattering curves
were corrected for background and reduced to absolute scale using
the standard NIST reduction IGOR macros.**

B RESULTS AND DISCUSSION

Micelle Shape and Size. To interpret the relaxation
behavior and to properly perform the MD simulations, it is
necessary to describe the micelle morphology. We characterize
the simulated and measured systems using small-angle neutron
scattering as described above. As shown in Figure 3, for the
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Figure 3. Shape determination of C},Eg and 1:1 C},E4/C,E, micelles
via small-angle neutron scattering. The pure C,,E; micelle data (here
designated as pure, denoted in purple circles) fits to a sphere model
with a radius of 24.5 + 0.2 A. The mixed 1:1 molar ratio C,,E/C,E,
micelle (here designated as mixed, denoted in green shaded
diamonds) fits to a cylinder model with a radius of 21.4 + 03 A
and length of 518 + 3 A. Fits are shown in black. (See text for details
of the fitting procedure.) Standard errors larger than the size of the
circles are indicated through error bars.

pure C,,Eg sample, we observe a transition from a Porod slope,
I x q_4, at high g values to a Guinier plateau, I qo, at low g,
which is consistent with a spherical form factor. For the mixed
surfactant sample, there is an additional intermediate Guinier
region where I ~ q_l, which is a characteristic scattering
feature of an extended linear or cylindrical morphology. To
further characterize the morphology of the micelles, the
scattering data were fit using form factor models for spherical

and cylindrical objects®”*° using SASView,”” and the radius

and length (for the cylindrical micelles) were determined, as
reported in the caption to Figure 3.

Cross-Relaxation, Longitudinal Relaxation, and
Transverse Relaxation in Spherical and Cylindrical
Micelles. In this section, we present relaxation data acquired
to explore motions that occur in C;E; micelles. The different
relaxation processes in eqs 3—6 are sensitive to different
aspects of structure and dynamics. They are controlled by
dynamics at different frequencies and by the identities of atoms
that contribute to the processes.

Cross-relaxation rates, as measured via the two-dimensional
NOESY method, are especially informative because they can
be ascribed to specific pairs of resolvable groups of atoms,
making interpretation easier.”® Cross-relaxation rates are also
valuable because they exhibit qualitative differences, being
either negative or positive, depending on differences in spectral
densities at frequencies of zero and 2w, (eq S), thereby
reporting on a wide range of dynamic time scales. Comparing
longitudinal (T;) and transverse (T,) 'H relaxation times is
also valuable though they have nonspecific contributions from
all pairs of interacting 'H atoms. According to eqs 3 and 4,
when motions are fast, the two relaxation times are equal.
When large zero-frequency spectral density components are
present, T, becomes shorter than T,. "*C T, relaxation times
(eq 6) are informative because they depend exclusively on
local motions. At the low natural abundance of the '*C isotope,
only the covalently bonded hydrogen nuclei contribute
measurably to relaxation. Slow motions are relatively irrelevant
to *C T, relaxation when rapid motions are also present.

Figure 4 shows a contour plot of a key region of the two-
dimensional NOESY spectrum (see full NOESY spectra in the
Supporting Information Figures S1 and S2). It exhibits several
of the features explored in this work. To a first approximation,
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Figure 4. Region of the "H-"H NOESY spectrum of 80 mM C,Eg in
D,0 at 25 °C showing cross-peaks between ethoxy chain protons, C1
protons, C2 protons, alkyl chain protons, and terminal methyl C12
protons (for carbon numbering convention, refer to Figure 1).
Chemical shifts relevant to the cross-peaks are identified in the one-
dimensional 'H spectra displayed along the axes of the figure. Pairs of
nuclei involved in cross-relaxation appear as peaks in a NOESY
spectrum. Negative and positive signals are distinguished using blue
and red contour lines, respectively. The negative sign of cross-peaks
indicates that slow motions dominate the cross-relaxation process,
while the positive 1—2 cross-peak indicates that rapid motions
dominate the cross-relaxation process.
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signals in NOESY spectra are proportional to signed cross-
relaxation rates (eq S) and to the populations of the coupled
spin groups. Negative and positive signals are shown in blue
and red, respectively.

For the spherical C},Eg micelles, all but one of the cross-
relaxation rates are negative. The important exception is the
peak due to interactions between hydrogen atoms on carbon
atoms 1 and 2. According to eq 5, negative or positive cross-
relaxation rates correspond to slow and fast modulations,
respectively, of the dipole—dipole interactions leading to cross-
relaxation. In the case of spherical micelles, cross-relaxation
between atoms at positions 1 and 2 is dominated by fast
motions, whereas for the cylindrical micelles, the cross-
relaxation is dominated by slow motions.

Table 1 shows experimental 'H T, and 'H T, values for
several signals. In all cases, T values are longer than T, values.

Table 1. '"H T, and T, Values Calculated from Experiment”

spherical spherical cylindrical cylindrical
proton T, (ms) T, (ms) T, (ms) T, (ms)
El 625 237 603 89
Cl1 632 96 617 27
C2 598 71 603 20
C3—-Cl11 718 142 711 32
C12 1390 249 1110 119

“Proton designation follows the five resolvable 'H peaks and is
denoted by the heavy atom to which it is attached, starting at the
carbon on the ethoxy unit directly adjacent to the alkyl chain (E1).
Protons on C1 and C2 are distinguishable, while protons on the main
alkyl chain from carbon 3 to carbon 11 are contained in a single broad
peak. The terminal methyl protons are resolvable and denoted CI2.
Relaxation rates for 80 mM C,Eg (spherical) micelles and 80 mM
total surfactant 1:1 molar ratio of C;,E¢/C,E, (cylindrical) micelles
were determined on a Bruker 600 MHz (14.1 T) magnet utilizing the
tlir and cpmg pulse sequences. Samples were solvated in D,O.
Experimental samples were analyzed at 298 K. Experimental error is
less than 10%.

This shows that the correlation functions throughout have
slowly decaying components, leading to significant zero-
frequency spectral densities. This contrasts with results for
small unconstrained molecules without slowly decaying
components, where T, and T, are typically equal. Starting
with position 2 in the hydrophobic tails, the relaxation times
become longer toward the CHj; chain terminus, suggesting that
motions become faster along the chain in this dimension.
Relaxation times at position 1 are longer than at position 2,
indicating faster motions at the hydrophobic—hydrophilic
interface of the aggregates. T, values for spherical and
cylindrical micelles are nearly identical for corresponding
positions. This indicates that spectral densities at @ and 2@ are
very similar in the two cases. On the other hand, T, values in
spherical micelles are systematically longer than in cylindrical
micelles at the same positions. This indicates that zero-
frequency spectral densities (and therefore slower motions) are
relatively more prevalent in cylindrical vs spherical micelles.
Unlike the cross-relaxation data, however, there is no
qualitative difference between T, and T, values for atoms
near the surfactant headgroups in spherical vs cylindrical
micelles. "H T, and T, values for a particular nucleus depend
on a sum of contributions from all nuclei that interact with that
nucleus. Cross-relaxation, on the other hand, depends only on
interactions between specific pairs of nuclei. In addition,

because the signs of contributions from fast and slow motions
are different, the cross-relaxation rate can differ qualitatively
depending on the dominant time scale of specific internuclear
interactions. Because of this lack of specificity provided by 'H
T, and T, values, and the fact that differences between T, and
T, for the two micelle types do not help explain the cross-
relaxation rate sign change results, we do not focus on
calculating '"H T, and T, values via simulations in this work.

Figure Sa,b shows that the sign and intensity of the C1-C2
cross-peak can be systematically manipulated by changing the
composition or conditions, and consequently the shape, of
Cy,E; surfactant aggregates. Figure S shows that by adjusting
the composition of the micelles to cause a shape transition
from wormlike to spherical, the 1—2 cross-peak changes sign
from negative to positive. Figure S shows that for a thermally
driven phase transition from a hexagonal to micellar phase, the
1-2 cross-peak also changes sign from negative to positive.*’

Table 2 shows measured and simulated *C T, relaxation
rates for selected resolvable signals in spherical and wormlike
aggregates, indicating very good agreement between the
experimental results and those calculated from simulation.
While the TIP3P water model is known to predict lower water
viscosities, this has only a weak effect in calculations involving
surfactant tail carbons in micelles.”” As water penetration to
the micelle core is low and the contribution of the internal
relaxation dynamics of individual spins dominates over the
rigid-body rotation for solutes with high internal mobility (e.g.,
micelles or lipid bilayers),””*>* correlation times of surfactant
tails primarily reflect the accuracy of the hydrocarbon
parametrization rather than the water model.’”** As discussed
in the Methods, section, slow motion micellar '*C T, NMR
relaxation dynamics are dominated by internal diffusive
motions,” which are relatively insensitive to aggregate shape.
This leads to a reduction of the effect of the viscosity of the
water model on surfactant tail relaxation values in micelles. In
either case, both experimental and simulated relaxation times
increase (relaxation rates decrease) systematically along the
alkyl chain, a trend that normally indicates that the mobility
increases.

According to these data, in both the spherical and cylindrical
micelles, the least mobile atoms reside at the boundary
between hydrophobic and hydrophilic regions of the
aggregates. Assuming a single correlation time, and in light
of eq 6, we find correlation times ranging from ~7 X 107'* s
for position 1 to ~1 X 107'* s for position 12. These
correlation times are liquidlike, in the sense that relaxation
measurements on neat liquid hydrocarbons of comparable size
give correlation times of similar magnitudes. The simulated
relaxation times in Table 2 will be discussed below.

Morphology-Dependent Molecular Packing and Dy-
namics Underlie the Behavior of Cross-Relaxation Rates
in Micelles. The emphasis on the analysis of simulated MD in
this report is to address several key features of these
experimental results. Cross-relaxation rates ¢ are predom-
inately negative. This suggests, via eq 5, that slow motions
usually dominate cross-relaxation. Cross-relaxation involving
positions 1 and 2 indicates fast motions at the hydrophobic—
hydrophilic boundary for spherical micelles, and slow motions
otherwise. "H T, and T, results also support the importance of
slow motions, though somewhat less specifically than the
NOESY results. '*C T, results suggest, via eq 6, that internal
micelle motions occur on fast liquidlike time scales, but they
are the slowest near the hydrophobic—hydrophilic boundary
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Figure S. Illustration of the relation between micelle morphology and NOESY cross-peak signs. (a): NOESY cross-peaks among ethoxy chain
protons, protons at positions 1 and 2, and unresolvable protons within the alkyl chains as a function of composition at 25 °C. Compositions shown
are molar ratios of (i) 1:1, (ii) 2:1, (iii) 3:1, and (iv) 1:0 C},E¢/C,E,. Total surfactant concentration is 80 mM in D,0. (b) NOESY cross-peaks
among ethoxy chain protons, protons at positions 1 and 2, and unresolvable protons within the alkyl chains as a function of temperature for 50%
wt/wt C,E¢ in D,0. (i) is at 25 °C, (ii) is at 35 °C, (iii) is at 40 °C, and (iv) is at 45 °C.

Table 2. *C T, Values Calculated from Experiment and
Simulation”

spherical spherical cylindrical cylindrical
T, (s) T, (s) T, (s) T, (s)
carbon  experiment simulation experiment simulation
Cl1 0.65 0.60 0.67 0.55
c2 0.74 0.64 0.76 0.61
C3 0.72 0.74 0.77 0.73
C11 1.74 1.64 191 1.98
C12 2.85 2.47 2.88 2.56

“Relaxation rates for 80 mM C,Eg (spherical) micelles and 80 mM
total surfactant 1:1 molar ratio of C,,Eg/C,E, (cylindrical) micelles
were determined on a Bruker 700 MHz (16.4 T) magnet utilizing the
inversion-recovery method at 298 K in a D,0O solvent. Simulations
were performed at 300 K. See text for details of calculations.
Experimental and simulation errors are less than 10%.

region of the aggregates. These relaxation results cannot all be
explained using a simple dynamic model, such as that given in
eqs 7 and 8, so a detailed exploration of dynamics in light of
these experimental results is performed.

Dynamic Analysis of the C1—-C2 Interaction. Figure 6
shows the normalized correlation functions for modulations of
the dipole—dipole interactions between hydrogen atoms at
positions 1 and 2. These were calculated from the MD
simulations as described above. Intramolecular interaction
dynamics appear very similar in the cylindrical and spherical
micelles, and in both cases the correlation functions decay
quickly. Correlation functions for intermolecular interactions
have slow components in both cases, but behave differently in
spherical compared with cylindrical micelles. Specifically, the
intermolecular correlation function decays more slowly in the
cylindrical vs the spherical case.

The relative contributions of intermolecular vs
molecular interactions to the total interaction are controlled
by the initial values of the correlation functions, G(0),,., and

intra-
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Figure 6. Normalized correlation functions G(7)/G(0) for dipole—
dipole interactions between protons located on carbons 1 and 2.
Spherical micelles are shown in red, and cylindrical micelles are shown
in blue. Main figure: correlation functions for intermolecular
interactions. Inset: correlation functions for intramolecular inter-
actions. Note the difference in the x-axis scale, which emphasizes that
intermolecular interactions decay relatively slowly compared with
intramolecular interactions. In addition, intermolecular interactions
decay much more slowly for cylindrical vs spherical micelles,
consistent with differences in spectral density functions suggested
by cross-relaxation rates.

G(0);per respectively. This follows from the properties of
autocorrelation functions where G(0) is the mean-square
amplitude of the correlated function.”””® Intramolecular
G(0);yra values were nearly identical in both micelle systems,
while intermolecular G(0),,,., values were found to be an order
of magnitude lower. The plots of the correlation functions
show that the motions must be described using a wide range of
time scales. In the absence of an analytical formula that
describes these correlation functions, we cannot parametrize
the results to obtain analytical expressions for the spectral
density functions. However, using long simulations and
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extensive averaging, it is possible to calculate spectral density
functions by direct Fourier transformation of the correlation
functions as described above.

Figure 7 shows the resulting spectral density functions for
hydrogen atoms at positions 1 and 2, corresponding to the

120
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Figure 7. Spectral density functions from the Fourier transformation
of correlation functions for dipole—dipole interactions between
protons located on carbons 1 and 2. Main figure: normalized
correlation functions G(7)/G(0); inset: non-normalized correlation
functions G(z) multiplied by Kg. Intramolecular spectral densities for
spherical micelles are shown in red, and cylindrical micelles are shown
in blue. Intermolecular spectral densities for spherical micelles are
shown in magenta, and cylindrical micelles are shown in cyan. Our
procedure does not allow extrapolation to zero frequency, so the low-
frequency values represent lower limits on the zero-frequency spectral
densities.

NOESY cross-peak that changes sign in Figure Sab. The
correlation functions were normalized prior to Fourier
transformation. Normalization highlights differences in the
shapes of the spectral density functions. Non-normalized
spectral density functions (Figure 7 inset) account, in addition,
for the differences in G(0) magnitudes of the two interactions.
Differences in the behavior of cylindrical vs spherical micelles
are apparent from these functions, especially at low
frequencies. The spectral density for intermolecular inter-
actions is higher for cylindrical than for spherical micelles in
the low-frequency region. We cannot extrapolate these curves
to frequencies close to zero because we do not have an analytic
functional form. Nevertheless, we can conclude that the
cylindrical micelle experiences relatively slower modulation of
intermolecular 1-2 dipole—dipole interactions. For the
intramolecular interactions, the two spectral density functions
largely overlap except at a single point at the lowest frequency.
This indicates that the correlation function does not decay to
zero during the duration of the simulation. Though this
residual correlation is not visible to the eye (Figure 6), direct
averaging of the tail of the correlation function supports its
presence. It follows that the small residual correlation in the
correlation function may make an important contribution to
the low-frequency spectral density and to the negative cross-
relaxation rate observed in cylindrical but not spherical
micelles.

Dynamic Analysis of Directly Bonded 'H-'>C Interac-
tions. For C longitudinal relaxation, extraction of spectral
density functions leads to the predicted relaxation times listed
in Table 2. For this case, we do not need to extrapolate to time
scales outside the range directly sampled by the simulations, so
it is possible to calculate relaxation rates quantitatively by using
a parametrized fitting function that enables smoothing and

interpolation. Without implying a mechanistic dynamic model,
we describe the correlation functions as sums of four
exponential functions. For each exponential component, we
include a term az./(1 + w’r2) in the spectral density
functions, where g, is the intensity of component i, 7, is the
correlation time for component i, and @ refers to the
appropriate frequency or sum or difference of frequencies.
Using the resulting spectral density functions in eq 6 gives the
relaxation times listed in Table 1. Calculated relaxation times
are similar for both cylindrical and spherical cases and agree
well with the experiment. Taken together, the cross-relaxation
and carbon relaxation results indicate that the MD simulations,
interpreted without a dynamic model, are consistent with the
experiment. In particular, the quantitative agreement of
predicted and measured '*C T values gives confidence that
the MD simulations are successfully modeling important
aspects of the internal dynamics of the micelles.

Effects of Micelle Morphology on Distances and
Dynamics. Different micelle morphologies lead to different
packing constraints and corresponding differences in dynamics.
To explore the packing constraints, Figure 8 shows the
numbers of 1—1 spin pairs vs distance for spherical and
cylindrical micelles. This gives a measure of the packing
density of headgroups in the boundary region of the micelle.
The number of spins grows more slowly with spherical micelles
compared with cylindrical micelles, showing that the surface
density and the total number of coupling partners are smaller
in spherical compared with cylindrical micelles. This difference
in density is evident even within local (<4.5 A) distances,
emphasizing the additive effects of interacting spins within a
fluid. *®

One common way to characterize aggregate shape with
surfactant structure is by the packing parameter N = v/(a X I).
This relates micelle morphology to the volume v per surfactant
molecule in the aggregate, the radius [ of the aggregate core,
and the area a of the headgroup.”” For idealized shapes, this
dimensionless parameter, as a direct consequence of geometry,
increases in the progression from spherical (N = 0.33) to
cylindrical (N = 0.5) to planar (N = 1) structures. Since C,,E,
has smaller polar headgroups compared with C,Eg the
conversion from spherical to cylindrical shape likely is due to a
reduction in g, and this is likely to influence the internuclear
distances and dynamics near the hydrophobic—hydrophilic
boundary where positions 1 and 2 predominantly reside.

From this simple perspective, it might be expected that the
distance distribution among headgroup atoms should be
relatable to these geometric descriptors. However, the distance
distributions cannot be easily analyzed by assuming that the
atoms reside in a thin shell on the surface of a sphere or
cylinder because the micelles are not adequately approximated
by these shapes and because the position 1 hydrogen atoms do
not reside in a thin enough shell.

Nevertheless, it is possible to use the distance distributions
to characterize micelle morphology and packing density more
fully. Figure 8 shows a graph of the logarithm of the number of
atoms vs the logarithm of the distance. Such plots should have
a slope equal to d — 1, where d is the dimension of the object
on the scale indicated by the horizontal axis. An idealized
cylindrical shell having a uniform distribution and thickness,
for example, would have dimension 3 at distances less than the
thickness of the shell. This dimension would decrease to 2
when the distance exceeds the width of the shell but remains
less than the radius of the cylinder, and it would decrease
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Figure 8. (a) Histogram of intermolecular C1 proton counts as a
function of radius. The bin width is 0.1 A. The red curve corresponds
to the spherical micelle, and the blue curve corresponds to the
cylindrical micelle. Error bars are shown in black. Inset: close-up of
the radius region from 1.5 to 5 A. Each line corresponds to averages
taken over five separate 1.4 ns sections of trajectory for 99 surfactant
molecules. For the spherical micelle, this encompasses all surfactant
molecules within the micelle. For the cylindrical micelle, this
encompasses 99 C,E; molecules and 99 C,E, molecules separately.
(b) Histograms displayed on a log—log plot, using the same color
code as in (a), with a reference line of slope 1.25 shown in black.

further to 1 when the distance is larger than the radius but less
than the length of the cylinder. Finally, the dimension would
decrease to zero once the distance exceeds the length of the
cylinder.

At distances between about 4.5 and 15 A, which spans a
range that is larger than the methylene groups but smaller than
the average radii of the aggregates, both curves in Figure 8
inset are roughly linear and have slopes approximating 1.25,
indicating a dimension d ~ 2.25. This is indicated by the slope
of the black line included for reference. A noninteger
dimension somewhat greater than 2 is related to the thickness
of the distribution of hydrogen atoms bound to carbon 1 in
these aggregates. It is also noteworthy that the curves for
spherical and cylindrical micelles are parallel, but the
cylindrical micelle curve is displaced upward. This indicates
again that the density of type 1 hydrogen atoms is higher in the
cylindrical compared with that in the spherical micelles, even
though the dimensionality of the region is similar.

Prevalence of Negative Cross-Relaxation Signals in
NOESY Spectra. As described above and shown in Figure 4,

nearly all of the cross-relaxation rates observed in the NOESY
spectra have negative signs, indicating that the zero-frequency
spectral density components in eq S usually dominate cross-
relaxation. We investigate the origin of this by analyzing the
MD simulations. We find that the slow motions that
accompany this effect are due to large numbers of long-range
interactions and that the correlation functions for long-range
interactions decay slowly as a consequence of the relatively
long distances involved.

Figure 9 shows that even the hydrogen atoms at position 12,
which are expected to be among the most mobile atoms in the
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Figure 9. Region of the "H-"H NOESY spectrum of 80 mM C,Eg in
D,O at 25 °C showing cross-peaks between terminal methyl C12
protons, central alkyl chain protons C3—C11, and C2 protons (for
carbon numbering convention, refer to Figure 1). Chemical shifts
relevant to the cross-peaks are identified in the one-dimensional 'H
spectra displayed along the axes. Diagonal peaks and negative cross-
peaks are indicated using blue contours, and red is used for positive
contours. Note that all of the cross-peaks are negative.

micelles, exhibit net negative cross-relaxation rates with the
bulk of the alkyl chain hydrogen atoms. We expect slower
modulations of internuclear vectors for most other pairs of
atoms and correspondingly more negative cross-relaxation
rates. We therefore consider the dynamics of internuclear
vectors involving position 12 in detail as a limiting case. Figure
10 shows spectral density functions derived from the MD
simulations that involve hydrogen atoms at position 12. We
separately calculate intramolecular and intermolecular spectral
density functions because they are subject to very different
geometric constraints and therefore exhibit very different
relative motions. Because the different classes of interacting
atoms are not distinguished spectroscopically, the measured
cross-relaxation rates result from a weighted sum of the two
types of interactions.

The red and orange curves in Figure 10 characterize
modulation of the intramolecular and intermolecular vectors
joining positions 12 and 11. For the intramolecular vector, the
correlation function decays very quickly, so that the spectral
density function is liquidlike, having low intensity at low
frequencies. Hence, intramolecular interactions on adjacent
positions do not contribute to the negative sign of the cross-
relaxation rates. The intermolecular correlation function, on
the other hand, decays much more slowly. Although we cannot
extrapolate the spectral density function to near-zero frequency
because of the finite duration of the simulation, it is apparent
that the low-frequency spectral density function is large for the
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40 — in agreement with *C T, measurements, though constrained
- 03 \ by micelle morphology. Relative motions of distant atoms have
slower components because the relative changes in distances

30 and angles are smaller when the moving atoms are further
apart. The slow, long-range motions appear to be responsible

% for the predominantly negative cross-relaxation rates observed
320 in NOESY spectra. The densities of atoms from positions 1
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Figure 10. Normalized spectral density functions for intramolecular
and intermolecular dipolar interactions involving protons at position
12. For 11—12, intramolecular interactions are indicated with red, and
intermolecular interactions are indicated with orange. For 10—12,
intramolecular interactions are indicated with blue, and intermolec-
ular interactions are indicated with purple. @, denotes the Larmor
frequency. Inset: corresponding normalized correlation functions. The
large, low-frequency components are responsible for predominantly
negative cross-relaxation rates observed experimentally.

intermolecular interaction. This suggests that the intermolec-
ular interactions lead to a negative cross-relaxation rate.

The blue and purple curves in Figure 10 characterize
modulation of the intramolecular and intermolecular vectors
joining more distant positions, namely, 12 and 10. Compared
with the correlation functions for the 12—11 interaction, the
12—10 correlation functions decay even more slowly. This
leads to even larger low-frequency contributions to the spectral
density functions and therefore to more negative cross-
relaxation rates. As expected from simple geometric consid-
erations, as the distance between atoms is larger, the relative
contribution of slow motions to the correlation function
increases. When atoms are constrained to reside at long
distances, or when they are free to sample predominantly large
distances within the aggregate, they are likely to exhibit
negative cross-relaxation rates.

B SUMMARY AND CONCLUSIONS

NMR relaxation measurements and atomistic MD simulations
provide insights into the structure and dynamics of spherical
and cylindrical micelles formed by pure and mixed nonionic
alkyl ethoxylate surfactants. NMR relaxation results indicate
rich internal dynamics with motions occurring over a wide
range of time scales. °C longitudinal relaxation times imply
the presence of liquidlike local motions, while two-dimensional
cross-relaxation measurements, as indicated by predominantly
negative cross-relaxation rates, imply the simultaneous
presence of slow motions. In spherical micelles, but not in
cylindrical micelles, the cross-relaxation rate linking hydrogen
atoms in alkane positions 1 and 2, located near the
hydrophilic—hydrophobic boundary, is positive. This implies
a relative absence of slow motions in the boundary region of
spherical micelles. MD simulations are used to construct
correlation functions, spectral density functions, and positional
distribution functions that rationalize the experimental results.
These functions are calculated directly from the simulations,
without fitting to any assumed functional form. Results
indicate that relative motions of nearby atoms are liquidlike,

spherical compared with the cylindrical cases. The two effects
of morphology lead to the unusual occurrence of positive
cross-relaxation involving positions 1 and 2 for spheres.
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