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NMR scattering experiments are widely used to explore RF I I I I I | l
structure at them scale in samples with boundaries to molecular () . ¢ . ‘ . ¢
diffusion}! such as biological samples, food, geologic sediments, Gradieg'—i 4 i_‘l A J'_T 4 l
and industrial materials. Typical questions include the distribution
of pore sizes, the interconnections, the surface to volume ratio, Ey x X x X
and the 3-D geometry of individual pores. Here, for the first time, B X X y Y

multiple scattering by NMR is demonstrated. In particular, these Figure 1. (a) Single event NMR scattering experiment: the pulsed
experiments can quantify the eccentricities and symmetries of gradient stimulated echo (PGSTE) experiment. (b) Double event NMR
confining cavities, even with no bulk order in the sample. The scattering experiments with scattering vectors parallel or perpendicular.
experimental setup, method, and theory are introduced, along with
measurements on yeast cells that have varied cell eccentricitieswinds the spin magnetization into a spatial heliX eThe spins
The difference between NMR imaging and scattering measure- now move according to a conditional displacement probability
ments lies in the information carried by the phase of the nuclear P(r|r', t), the probability that the particle starting at position
spin magnetization. In imaging, the phase labels the position of will be atr’ at timet. The spatial magnetization grating is blurred
each spin, while in scattering, the phase labels the displacementy the random motions of the spins and the scattering measure-
of the spin over a short interval (milliseconds to seconds). In ment is the phase/amplitude of the residual grating. This residual
imaging, a Fourier transform of the signal returns the location of grating is made observable by an inverse magnetic field gradient
each spin (an image), while in scattering, a Fourier analysis returnspulse —VB,, which unwinds the magnetization grating and
the distribution of spin displacements but has no information about changes the phase labeling to spatial displacements rather than
the absolute location of any spin. positions. The total average phase cha@§# —[]is proportional
The simplest NMR scattering experiment, the pulsed gradient to the NMR signal induced in a homogeneous RF coil, yielding
spin echo (PGSE) method, was introduced by Stejskal to study the net signal integrated over the whole sample
molecular diffusior® It was pointed out that the analysis of
diffusion data could be performed in Fourier space, yet the g(q A) = E(0,A) @4 0=
scattering analogy was not stressed until comparisons with : ,
incoherent thermal neutron scattering were nfadi@ere have f\, p()P(r|r', AT ¥ (2)
been proposals to extend the NMR diffusion measurement to
multiple event$:” Here we report the first description of an actual wherep(r) is the normalized local spin density function aa@,
experiment and its results. A) is the signal whermg = 0.
Neutron and X-ray scattering focus on single scattering events  If the molecules are fully bounded within each pore, then the
since the scattering vectors cannot be controlled. In NMR sample can be expressed as
scattering, the scattering vector is determined by the direction,
amplitude, and duration of magnetic gradient pulses and hence p(r) = Z’?i(r) (3)
is controlled. This makes NMR multiple scattering little more |
difficult than NMR single scattering. The advantage offered by
NMR multiple scattering is that, when the angle between the whereyn’s are the shape function of the pores. Cory and Garroway
scattering vectors is changed from parallel to perpendicular, the showed that, ad — «, the scattering signal is the autocorrelation
experiment probes the 2-D cross-sectional area of the sample. of the projection of the sample structure along the gradient
A scattering measurement depends on spin evolution in a direction, with a correlation length equal to the pore diaméter.
magnetic field gradient{,B,, whereu = X, y, 2) so as to spatially The physical significance of the autocorrelation is that the spins

label the spin’s phase by its location in the gradient field were free to sample all locations within a pore.
In this fully bounded and-function gradient pulse limi@(r|r’,
phase= yVB,rt (1) t) can be approximated by the shape functipfn’) of the i'th

pore confining the molecule. The signal is then,
This linear phase ramp corresponds to a spin magnetization helix
with a wave numberg = yVB,. all pores ) ,
In the PGSE experiment, shown in Figure 1, the gradient pulse E(g, ») = Z f i (r)ere) o 4)
I
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o ' ' - T gradient fields of up to 1250 G/cm. The samples were normal
round yeast cells and radiation treated yeast cells whose DNA
o° had lost its ability to duplicate. When the treated cells fail to
At - . divide, they became pronouncedly prolate. The eccentricities of
o the prolate cells were controlled by the culture times. Light
o microscope pictures of the cells are shown in the Supporting
Information. The two groups of prolate cells have ratios of the
minor to major axes of approximatel and/,0. The cells were
placed in 1-mm diameter capillary tubes and mildly centrifuged
for 1 min.

The double scattering experiments on cells with different
eccentricities are shown in Figure 2. Notice that the scattering
curves of, are higher than those &, and for cells with larger
eccentricities the slope falls faster with consistent with the
calculations. The initial decay at logvis from extracellular water.
Also notice that the curves for the extra-long cells yield larger
splittings than that of medium-long cells.

02 025 To measure the average pore eccentricity from the two
scattering curves, a moment analysis is convenient. The power
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Figure 2. Double event scattering curves for medium-long yeast cells ‘aypansion of the scattering function for ellipsoids with semi-major

(upper pair) and extra-long yeast cells (lower pair). The open circles and radii of a andb, up to the fourth power are
squares correspond to scattering of parallel and perpendicular scattering ’

vectors, respectively. The solid lines are fitted to a power series with E1 (@=1+ Czqz +c q4 (8)
seven terms. For both data sets the maximum gradient strength was 600 ! 4
G/cm, the gradient pulse length was 1.0 ms, and the mixing times were _ 2 4
20 ms. Th:‘e:J time beFt)ween thg two scattering events was 48 ms. Ey(@ =1+dq +dg ©)
where

The single scattering measurement is a weighted average of
the displacement profiles along a single laboratory frame direction; c=d =— 2 (2az + lbz) (10)
therefore, if the sample consists of a simple pore shape repeated 2 2 513 3
with random orientations, the overall scattering curve reflects this 2
powder distribution. However, there is insufficient information c,— d, == (a’ — b?)? (11)
for the scattering signal to the inverted to the pore shape function. 375

Without a model based on prior knowledge, the distribution of The eccentricities follow these equations. The coefficients of the
orientation can not be separated from a distribution of sizes in moment analysis are obtained by extrapolating the fitted curves

this simple experiment. _ _ _ of the experimental data towards the origin. For the medium and
The NMR double scattering experiment is an extension of the |ong cells,c, are —5.95 and—12.2, respectively¢, — d, are 9
PGSE experiment, see Figure 1B. At tid¢ after the first and 41.3, respectively. The calculated average end-to-end sizes

scattering event, a second magnetization grating is created, eithefor the two prolate yeast cells are 2.18/2.18/13.) and 2.16/
along the same direction as the first/€ or along a perpendicular 2 16/18.88 gm). While these numbers are in reasonable agree-
direction, &, and with the same amplitude of wave number. ment with the microscopy results, it must be remembered that
The system is now allowed to diffuse for a timé&, and thus the  the spins are confined to the interior of the cells and diffusion
molecular displacements within the two diffusion time intervals - quring gradient pulses tends to reduce the measured dimehsion.

are correlated. The echo attenuation for the parafigt), and This can be compensated for in a more complicated analysis.
perpendicular case,£g), are The shape of the cells, either prolate or oblate, is determined
» by the sign of,/c,—d, which decides ifa or b is the long
E(q) = f p(N)P(r|r', A)e'q‘(r—r') % semiradius. Since, in the above analysis, the axis system is always
_ chosen to be arounio, b < a corresponds to oblate shapes.
P(r'|r", ADYP@"|r", AT ) dFrdPrd®rdr (6) The microscopic directional correlation of multiple scattering
) , events is a unique feature of NMR scattering and a potentially
EL(q) = f p(OP(r|r', A)eTT) powerful means of exploring pore shapes. In particular it permits

o the separation of pore shapes from distributions of pore orienta-
P(r'|r', AMYP(r|r", AT TP ¥ (7) tions. The spatial and temporal region of NMR scattering is
determined by the diffusion coefficient and longitudinal relaxation
Notice that these are 1-D NMR measurements of double scatteringtime. These two scattering regions are extended in NMR (seconds
events. The correlations for the parallel and perpendicular casesin temporal andkms in spatial resolution). It typically permits
reflect the restricting geometries along the two directions. By spatial measurements from 0=2 25 um.
comparing these two signals, the anisotropy of diffusion can be
directly characterized. Ack_nowledgment. The authors thank Mr. Cory Kostr_ut_) from the
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and analytic derivation of multiple scattering curves as well as
plots of E; and Ex. Supporting Information Available: Analytic derivation of multiple
The experiments were run on a Bruker AMX-600 NMR  scattering curves and plots Bf andEx (PDF). This material is available
spectrometer with a home-built microscopy probe that provides free of charge via the Internet at http://pubs.acs.org.
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