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Abstract

Two-dimensional Fourier-transform ESR spectra from a complex fluid characterized by very short free induction decay times
are reported. They provide enhanced resolution to dynamic molecular structure compared to conventional cw-ESR spectra which
are inhomogeneously broadened by the macroscopic disorder. A general theoretical analysis based on the stochastic Liouville
equation permits us to accurately determine the microscopic ordering and motional dynamic rates by non-linear least-squares

fitting to experiment.

1. Introduction

ESR has played an important role in the study of
the structure and dynamics of complex fluids such as
liquid crystals and lipid model membranes due to its
high sensitivity and favorable time scale [1]. High-
quality studies of such fluids have been performed by
cw-ESR using well-aligned samples to yield good
spectral resolution to both the microscopic ordering
and dynamics [ 1-4]. For other complex fluids such
as viscous liquids, microemulsions, and micellar so-
lutions, as well as membrane vesicles, macroscopi-
cally aligned samples are not conveniently available.
Instead one must study macroscopically disordered
‘dispersion’ samples, which may readily be prepared.
Nevertheless, ESR has played a useful role in the elu-
cidation of complex fluids despite the limited reso-
lution obtained from such dispersion samples [5-10].
These fluids may typically be characterized as having
a microscopic structure but randomness or inhomo-
geneity on a macroscopic level. Thus, for example,
the ESR spectrum from membrane vesicles may be

approximated as the superposition of spectra from
microscopically well-ordered fragments that are ran-
domly oriented [7,10]. We refer to such cases as
MOMD (i.e. microscopically ordered but macros-
copically disordered) ESR spectra. It is difficult to
discern this inhomogeneous MOMD-broadening ef-
fect from the homogeneous line broadening (result-
ing mainly from the rotational modulation of hyper-
fine (hf) and g-tensors) and other inhomogeneous
broadening (e.g. from proton super-hyperfine (shf)
interactions) in cw-ESR spectra, and it results in sig-
nificantly reduced spectral resolution.

Pulsed ESR methods afford greater sensitivity to
spin-relaxation, hence to the molecular dynamics
[1,11-13]. Electron spin-echo (ESE) methods have
previously been utilized to study viscous fluids in the
very slow motional regime [14] as well as oriented
lipid membranes [15]. This has included magnetic
field-swept 2D-ESE displays of both the homogene-
ous linewidths [14,15] and the magnetization trans-
fer rates [ 16] across the spectrum, as well as stepped-
field spin-echo ELDOR (electron—¢lectron double
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resonance) in near rigid-limit fluids [17-19].

Modern two-dimensional Fourier-transform (2D-
FT) ESR methods have opened up a range of new
possibilities { 12,13]. These include the study of sim-
ple fluids [20] and macroscopically oriented liquid
crystals [21] by direct observation of the free induc-
tion decay (FID) in two-pulse COSY-ESR and three-
pulse 2D-ELDOR, as well as viscous fluids near the
rigid limit by collection of the echo decay using two-
and three-pulse sequences [22]. These past studies
have illustrated the great potential of 2D-FT-ESR to
the study of dynamic molecular structure.

Complex fluids are, in general, characterized by
short FID decay times, 7%, due partly to the inho-
mogeneities of MOMD, as well as slower motions. In
particular, slow motional spectra, as they approach
the rigid limit, become even more inhomogeneous
with very short T'% as previously shown [22]. Thus,
in general, complex fluids provide a challenge for
these modern ESR techniques.

Because of improvements in instrumental capabil-
ities, viz. shortened spectrometer deadtimes, en-
hanced signal-to-noise resulting from very rapid sig-
nal averaging of successive pulse sequences, and
improved data processing and filtering, it is now pos-
sible for us to obtain high-quality 2D-FT-ESR spec-
tra from direct observation of the FIDs even with

3 as short as 20-30 ns. This has opened up the pos-
sibility of applying these powerful methods in the
study of complex fluids.

Equally important has been our development of a
rigorous theory for the analysis of 2D-FT-ESR spec-
tra. ¢cw-ESR spectra in both the fast and slow mo-
tional regimes have for many years been analyzed in
the context of a rigorous theory based on the stochas-
tic Liouville equation (SLE) [23-25]. In recent years
non-linear least-squares fitting (NLLS) to experi-
ment has been performed utilizing spectral simula-
tions based on the SLE [4,10]. Such methods have
proved extremely useful for extracting both dynamic
and structural (i.e. ordering) information from rea-
sonably well-resolved cw-ESR spectra. We have now
extended the SLE approach to a full and rigorous the-
ory for 2D-FT-ESR that is equivalent in its descrip-
tion of molecular dynamics and ordering to the cw-
ESR theory. It is necessarily much more sophisti-
cated in dealing with the spin dynamics as required
by these experiments. Improved methods have also

enabled us to perform NLLS fitting of sets of 2D-FT-
ESR spectra to theory to obtain ordering and dy-
namic information in an efficient and reliable fashion.

The availability of the second dimension in 2D-FT-
ESR simultaneously provides the homogeneous line-
widths, the spin-relaxation processes, and details of
the sources of the inhomogeneous broadening. In the
Letter, we demonstrate how our latest 2D-FT-ESR
techniques enable one to elucidate the details of or-
dering and dynamics in macroscopically disordered
complex fluids in a spin-label study of a lipid vesicle
system.

2. Experimental

1-palmitoyl-2-oleoyl-sn-glycero-phosphatidylcho-
line (POPC) and the spin probe, 1-palmitoyl-2-(12-
doxyl stearoyl) phosphatidylcholine (12PC) were
purchased from Avanti Polar Lipids Inc., Birming-
ham, LA, and were used without further purification.

After a 1 mM solution in chloroform of a mixture
of 12PC (1 mol%) with POPC was prepared, it was
evaporated to about } of its original volume and then
transferred to a sample tube (2.5 mm outer diame-
ter, 2.2 mm inner diameter). The remaining chloro-
form was evaporated by desiccating on the vacuum
line for about 12 h. Sufficient water was added to the
sample tube to provide a slight excess over that re-
quired to saturate the vesicles. The sample was then
degassed by several freeze~pump-thaw cycles to a fi-
nal pressure of about 10—* Torr and sealed.

The 2D-FT-ESR spectrometer is described else-
where [13,20]. The pulse widths were 5 ns for n/2
pulses. The 2D-ELDOR sequence is shown in an in-
sert to Fig. 1. The evolution period, ¢,, was stepped
in 128 steps of 3 ns step size with an initial ¢, value
of 50 ns. The FID was collected as a function of ¢, for
a total of 256 complex points with a step size of 1 ns
(obtained by interleaving {26]) with an initial ¢,
value of 67 ns. At each ¢, value, the signal was aver-
aged 600 times for each of the 32 phase cycle steps
for 2D-ELDOR. (This is twice the steps reported
previously [27].) Ata 10 kHz repetition rate, a com-
plete 2D-ELDOR experiment took about 20 min. The
experiments were repeated for a series of mixing
times, Ty, at several temperatures. The signals were
doubly Fourier transformed and utilized for magni-
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Fig. 1. Time domain 2D-ELDOR spectra for 12PC/POPC vesi-
cles with mixing time of T, =87 ns at 55°C: (a) S, signal, (b)
S.. signal. Note the difference in scale in (a) and (b). The pulse
sequence is shown in insert above.

tude spectra. No filtering or other processing was
needed.

3. Theory

In this section, we briefly summarize the strategy
for simulating and fitting 2D-ESR spectra. A more
complete description will be given elsewhere [28].

The stochastic Liouville equation (SLE) that gov-
erns the evolution of the spin density matrix p(£2, ¢)
can be written as

a%X('Q’ H)=—[A>(2)+I'(2)1x(2, 1)

=—_2L(Q)x(2,¢t), (1)

where the modified density matrix x(2, ¢)=p(£,
t) —po(L2) defines the deviation from the equilib-
rium density matrix p,(£2), #> is the commutator
superoperator of the spin Hamiltonian, and I'(L2) is
the time-independent relaxation operator arising from
the motional processes [23-25]. Here the Euler an-
gles, £, specify the orientation of the molecule. Then
the formal solution of Eq. (1) can be written as

x(Q, t+1t)=exp(—Lt)x (£, &) . 2)

Thus the evolution of the density matrix is fully de-
scribed by the eigenmodes of the stochastic Liouville
superoperator ¢, which are obtained by diagonaliz-
ing a matrix representation of %.

In the high-field limit, and in the absence of the
microwave pulse, the stochastic Liouville matrix is of
block-diagonal form in terms of the coherence order
of the electron spin p* [13,24,25,29]. For a spin sys-
tem with a single electron, the possible values p* are
+1 corresponding to the two counter-rotating x-y
components of spin magnetization and p*=0 for the
z component of magnetization, and the correspond-
ing stochastic Liouville submatrices may be denoted
as %, and %, respectively. These three matrices may
be separately diagonalized by respective complex or-
thogonal transformations as [13,24,29]

OY40,=4,, O§%0c=4o,
0513-10-1=A—1- (3)

Here the O and A matrices are the eigenvectors and
the eigenvalues for each subspace with the p* values
specified as a subscript. The detailed expressions for
the %, the properties of the O; and the A;, and the
matrix diagonalization procedures will be given else-
where [28].

The effect of the pulse can also be described by Eq.
(1). Assuming short and intense pulse we can ignore
the contributions of the spin Hamiltonian and the re-
laxation superoperators during the pulse. The result-
ing pulse propagator superoperator P shows a char-
acteristic dependence on the phase of the pulse as
(pi|P|p5) cexp[—i(pi —p3)@], which provides
the basis for the selection of the coherence pathway
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by phase cycling [27,30]. (In this notation |p$) rep-
resents the vector in Liouville space for that portion
of the density matrix spanning the subspace corre-
sponding to p.) We abbreviate the effect of the pulse
propagator associated with a particular coherence
pathway as P,;. ,3), Where p§ and p3 are the coher-
ence orders after and before the pulse, respectively.
Any 2D-ESR signal may be expressed in terms of
the eigenvalues and eigenvectors of %, and of the
pulse propagator. Specifically, the FID signal, whose
coherence pathway is p*=0— — 1 can be written as

STPoc(w_; |O_  exp(—=A_1t;)0% |v_,>, (4)

where | v+, =P(+1.0yPo, Is the density matrix right
after the first n/2 pulse. Similarly, the two-pulse
COSY .. signals defined by Gamliel and Freed [27]
have coherence pathways p*=0-F 1 - —1 and they
can be written as

ST oc (w_1|0_ exp(—A_1,)0% P(_1. z1)
XOzyexp(—Az14)0% vz ) . (5)

(The SECSY spectrum [27] is obtained from the
COSY S._ signal by replacing ¢, with #,41¢,.) The
ELDOR S.. signals with coherence pathway
p’=0-F 10— ~1 are given by

Ss&DORCI<V_1IO_1 exp(—A_ltz)Ot:]P(_l._o)Oo

Xexp(—Ag T )OFP 05101
Xexp(—Az 1 H)0% | v,) . (6)

Note that the SSP5Y signals are formally identical to
the SELPOR signals for zero mixing time (i.e. T, =0).

The diffusion superoperator I'(2) is described in
detail in several places [24,25,31]. For a complex
fluid with microscopic structure, we represent the
reorientational motion by a rotational diffusion ten-
sor R, by the elementary step size, and an orienting
potential. In the present study we restricted our anal-
ysis to parallel and perpendicular components, R, and
R, and to Brownian (i.e. infinitesimal) jumps. The
orienting potential U(Q) refers to the molecular ori-
entation relative to its preferred alignment (i.e. the
local director). It is expanded in terms of the gener-
alized spherical harmonics [25,31]. We used the re-
stricted sum,

UQ)= _kBTL_224 [€20 260(R2)

+e:(285(2)+ 25_,(2)1, (7)
where £ represents the Euler angles describing the
orientation of the principal axes of the ordering ten-
sor (taken to be coincident with those of the diffu-
sion tensor [25,31]) with respect to the director axis.
The order parameter S=(D3,(2) ) is a measure of
the extent of the ordering along the local director.

Another relevant set of Euler angles is @ represent-
ing the tilt of the principal axes for the magnetic ten-
sor relative to the principal axes of the diffusion ten-
sor. For simplicity we let @= (0, ¢, 0).

The ESR spectra from macroscopically disordered
fluids can be treated by the MOMD model when there
is microscopic ordering. The MOMD spectra are ob-
tained as the superposition of spectra from each mic-
roscopically ordered domain, with its local director
axis randomly distributed on the unit sphere, i.e.

SMOMD _ I S+ sin ¥d¥, (8)

where ¥ is the angle of the tilt of the local director
from the magnetic field direction.

The inhomogeneous broadening arising from the
proton shfs can be approximated by a Gaussian dis-
tribution, which modifies the unbroadened signal ac-
cording to [27-30,32]

ST =Scs exp[—2m24%(1, £4,)7] , (9)

where 4 is the width of the distribution in frequency
units.

The ability to selectively choose the coherence
pathway is a particular advantage of 2D spectros-
copy. Suitable linear combinations of the dual quad-
rature signal results in the S, . signals [27]. The prin-
cipal difference in the two signals is a cancellation of
inhomogeneous broadening in the S, _ signal. The two
eigenvalue sets 4, and 4_, involved during ¢, and ¢,
in the S._ signal (cf. Eqs. (5) and (6)) are complex
conjugates of each other when the nuclear Zeeman
term is neglected (i.e. A_; =A% and also O_,; =0?%)
[24,29,32]. This implies the electron spins rotate with
opposite sense during #, and t,, leading to the forma-
tion of an echo at ¢, =t, where the effect of the inho-
mogeneous broadening is canceled. (In the presence
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of the nuclear Zeeman term, nuclear modulation may
be observed in the 2D signal [26,27].)

4. Results and discussion
4.1. Inhomogeneous broadening and MOMD

In the absence of significant inhomogeneous
broadening the S.. and S._ signals are equivalent
[13,20]. However the ESR spectra for spin-bearing
molecules in complex fluids typically exhibit consid-
erable inhomogeneity. First of all the molecular ro-
tational motion is often in the slow motional regime.
Secondly, the MOMD effect leads to inhomogeneity.
Finally, proton shfs is present. The inhomogeneous
broadening causes the S, and S,_ signals to be dif-
ferent, since the S._ signal has the echo-like refocus-
ing property whereas the S, signal does not. As ro-
tational motion slows down further and/or the
microscopic ordering increases, the inhomogeneous
broadening becomes much larger than the homoge-
neous linewidth. The S., signal decays below the
noise level within the spectrometer deadtime and only
the S._ signal may be collected. When the decay is
rapid enough the FID signal will be lost even for S _
in a short time, and only the echo centered about
t,=t, will be observed. This is usually the case near
the rigid limit.

In our study of 12PC/POPC over the temperature
range from 50 to 80°C, rotational rates are already
into the slow motional regime, and the near-end-chain
label exhibits a small amount of ordering. Thus the
S.+ and S._ signals are appreciably different, but the
S.+ signal can still be observed. In Fig. 1 we show
typical 2D-ELDOR S, and S._ FID signals in the
time domain. The cancellation of the inhomoge-
neous broadening along the ¢, =1, axis is clearly shown
in the S._ signal as indicated by the longer persist-
ence of the signal along this axis. The S, signal does
not show any refocusing and decays monotonically.
The S, signal is much weaker than the S._ signal,
since a significant portion of the former is lost due
the T% decay during the spectrometer deadtimes in
t, and £,.

In Fig. 2 we show a set of 2D-ELDOR spectra, both
S.+ and S,_ for different mixing times 7,,, obtained
at 70°C. The diagonal peaks (i.e. the auto-peaks) in
the S,_ signal are seen to be sharper than the corre-

sponding auto-peaks in the S, signal due to suppres-
sion of the inhomogeneous broadening in the former.
The cross-peaks in the S,_ signal have lower height
relative to their auto-peaks (due to their relatively
larger widths) than is the case for the S, signal. This
is because the S,_ cross-peaks have less suppression
of inhomogeneous broadening than the auto-peaks
(as explained below ), whereas neither auto- nor cross-
peaks in the S, signal have any suppression of in-
homogeneous broadening.

The inhomogeneous broadening due to the MOMD
effect is of particular interest. The local director tilt
angle, ¥is different for each local domain. The local
g-values and hf splittings vary with ¥ resulting in a
distribution of resonance frequencies {7,10]. Since
the weighting of each orientation is proportional to
sin ¥ (cf. Eq. (8)), components with ¥~90° are
more important than components with ¥~ 0° in the
overall superposition, and this leads to an asymmetry
of the peaks. The MOMD features become more
prominent as the ordering increases, emphasizing the
differences between each local domain, but as the ro-
tational rate decreases, sltow motional effects can also
cause related asymmetric inhomogeneities in cw-ESR.

Unlike simple Gaussian inhomogeneous broaden-
ing, the broadening due to MOMD is different for
each hfline. For an N nitroxide spin label, the outer
peaks are affected by both the g- and hf-tensors,
whereas the resonance frequency of the central peak
is determined only by the g-tensor. At 9 GHz ESR
frequency the hf splitting shows more orientational
variation. Therefore the two outer peaks are spread
over a wide range, whereas the central peak remains
fairly sharp. The combined effects of MOMD and of
the homogeneous widths do lead to the m;= —1 line
being much broader than the other two as is well
known [10,21]. Thus, given the finite spectrometer
deadtime, only the m;=0 and m,;=+1 auto-peaks
have substantial amplitudes. The cross-peak pattern
in a 2D-ELDOR experiment is also different from
that of simple Gaussian inhomogeneous broadening.
The cross-peaks develop as a result of modulation of
the hf tensor by the rotational motions, which in-
duces nuclear spin flips [12,13,21]. (An additional
cause of cross-peak development is Heisenberg spin
exchange, but we found it to be unimportant for the
experiments reported here.) These cross-peaks de-
velop for each local domain with its specific director
tilt angle. Therefore the cross-peak shape reflects the
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Fig. 2. The experimental 2D-ELDOR spectra as a function of mixing time at 70°C. Both the S, signal (left) and the S._ signal (right)
are shown to the same scale for each temperature. (a) Ty =87 ns, (b) Tp=150 ns, (¢) Tp,=300 ns, (d) T,,=400 ns.

weighting and the resonance frequencies for each tilt
angle as well as the orientation-dependent nuclear
spin flips for slow motions, and this leads to a skewed
asymmetric ellipsoidal shape. Note, in particular, that
the echo-like cancellation for each cross-peak in the
S, signal is incomplete because the MOMD broad-
ening is different during the ¢, and ¢, evolution and
detection periods; i.e. cross-peaks arise because spins
belong to different hf lines during these periods. This
allows further discrimination of the MOMD contri-
bution. The extra broadening of the cross-peaks rel-
ative to the auto-peaks in the S._ signal was noted
above.
The asymmetries associated with the MOMD
model only have a small effect on the 2D-ELDOR in
12PC/POPC spectra from vesicle samples because of

the low ordering. Other spin labels can show more
prominent effects [33]. The main point is that the
shapes of the 2D-ELDOR auto- and cross-peaks are

sensitive indicators of the degree of microscopic
ordering,.

4.2. Analysis of spectra

Considering the complexities involved in the spec-
tra, the best method of analyzing the experimental
spectra is by NLLS fitting. The simulation program
is coupled with a NLLS fitting program using an im-
proved Levenberg—Marquardt algorithm [28]. It is
important to note that we simultaneously fit multiple
2D spectra (both S, and S,_ spectra for 2D-EL-
DOR experiments with a series of mixing times) to
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obtain the optimum parameters. This approach is
very efficient since all those 2D spectra at each tem-
perature can be simulated using the same eigenvalues
and eigenvectors (cf. Eqs. (5) and (6)). This also
provides additional accuracy compared to a cw-ESR
simulation where only one spectrum is available.
The g- and hf-tensors were obtained from the cw-
ESR spectra in the rigid limit, and are g,=2.0092,
=2.0059, g,=2.0021 and a,=a,=4.9 G, a,=34.2
G. MOMD spectra were s1mulated using 15 values of
¥, which proved to be sufficient. The minimum basis
set necessary to represent the stochastic Liouville
matrices was obtained according to a pruning scheme
analogous to the minimum truncation scheme in cw
spectral simulation [24,25]. The dimensions of 4,
and 4, were 75 and 132 at 50°C. All the experimen-

tally measured parameters such as magnetic field,
spectrometer deadtimes and mixing times, were used
in the simulation.
Initial NLLS simulation showed that only R, , R,
€20, €22, 9, and 4 were significant. The fits were most
sensitive to R | , €20, ¢, and 4 and less so to R; and ¢;,,
and we found that ¢~ 34° and N=R, /R, ~32 for all
the temperatures. After mixing ¢ and N, the opti-
mum values of the other parameters for the five tem-
peratures are summarized in Table 1. In Fig. 3 we
show the NLLS fits to the 70°C results of Fig. 2. One
observes that the agreement between experiment and
simulation is very good. The fits at the other temper-
atures are of comparable quality.
The rotational diffusion rate R, decreases with
temperature as expected and yields a typical activa-
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Table 1

Optimum motional and ordering parameters for the 12PC/POPC system at several temperatures obtained by NLLS fitting *
T(°C) R, X1077 (s71) Ryx107% (s71) 45 (G) €20 €2 N
80 8.70 2.75 0.34 0.96 -0.40 0.203
70 6.07 1.92 0.37 0.97 -0.37 0.205
60 4.88 1.54 0.40 0.98 —0.44 0.204
55 4.55 1.44 0.41 0.98 —-0.41 0.205
50 414 1.31 0.40 1.01 -0.49 0.210

* N=R,/R, =32;¢=34°.
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Fig. 3. The simulated 2D-ELDOR spectra corresponding to Fig. 2. The parameters in Table 1 were used. (a) T,=87 ns, (b) Tx=150

ns, (¢) Tn=300ns, (d) T,,=400 ns.

tion energy of 5.5 kcal mol~"! [4]. The order param-
eter S remains nearly constant with temperature over
this range. It is a little larger than the values obtained
from a study of aligned 16PC/POPC samples by cw-

ESR [4] as expected, since the position of the nitrox-
ide moiety in 16PC is closer to the end of the lipid
chain. The value of tilt angle of the nitroxide mag-
netic tensor relative to the hydrocarbon chain diffu-
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sion axis of ¢=234° corresponds to values found for
10PC and 5PC in a cw-ESR study of dispersions [10],
which however could not resolve out both ordering
and diffusion parameters.

Although we collected FIDs in our 2D-ELDOR ex-
periments, the S._ signal can still be used to extract
the homogeneous widths, because of the cancellation
of the inhomogeneous broadening along ¢, =1, for the
auto-peaks. The S,_ data with #,> ¢, are subjected to
the axis transformation t,—f,+1, (i.e. the same
transformation used to obtain a SECSY spectrum
from a COSY spectrum (cf. Eq. (5)). A subsequent
double FT yields the homogeneous lineshapes along

fi. We have performed this transformation and ob-

tained the apparent homogeneous linewidths across
the spectrum as a function of mixing time, 7. True
homogeneous widths must be independent of 7.
However, as shown in Table 2 for 80°C, these widths
(from a linear-predictive analysis [13]) are ob-
served to increase with T,,. We find this extra broad-
ening is reduced as the temperature decreases.

An analogous effect was reported in a 2D-ELDOR
single crystal study [26]. We suspect this is due, in
the present case, to a slow change in orientation of
the local director due either to director fluctuations
or to the translation of the 12PC in the vesicle. These
are well-known relaxation processes in NMR [34],
but are too slow in the ESR time domain [1-3] to be

405
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Table 2
Variation of apparent inverse linewidths (i.e. 75) with mixing
time for each hf auto-peak at 80°C

Mixing T, (ns)
time (ns)
my=-1 my=0 my=+1
87 55 91 90
150 52 84 87
250 49 81 83
450 47 71 78
750 44 67 71

significant for cw-ESR. Our observation could imply
that 2D-ELDOR allows for their direct observation
in real time.

In conclusion, we have shown how 2D-ELDOR
enables the accurate determination of ordering and
dynamics in a complex fluid, and the high degree of
spectral resolution enables even subtle effects to be
distinguished.
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