distributed to the rest of the sample which
increases 8d and P, for the rest of the SDLs,
providing the basic mechanism for the cas-
cade which finally moves out from the cen-
ter of the sample as a well-defined front of
helixing SDLs. The shape of the tail of the
relaxation is determined by the drop ellip-
tical shape, with slower relaxations when
the range of p determining the drop bound-
ary varies over a larger range. Although the
precise value of 8d/dt at any point in the
step depends on the exact size and shape of
the LC sample, the qualitative features ex-
hibited are relatively constant.

To model the multiple layer events
shown in Fig. 1C, we assumed that some
fraction (~10%) of the SDLs undergo mul-
tiple nucleations, an assumption which also
tends to improve the qualitative correspon-
dence of the single-step simulations to the
experimental data. When one smectic A
layer has been removed from nearly the
entire sample, the dilation in the center,
due to the multiply nucleated SDLs, is
slightly greater than what it was initially,
and the process quickly begins again. The
multiply nucleated SDLs will not ordinarily
undergo a second instability because the
dilation in this area was already relieved by
more than one layer, greatly reducing the
nucleation probability. Thus, because of the
lower average force and therefore dilation
at the time of each second helical instabil-
ity, this second step is significantly slower.

We have studied phase slippage events
in the layering order parameter ¢(r) of a
smectic A in a thin spherical wedge. At
temperatures well below the nematic—smec-
tic A phase transition, a screw dislocation—
mediated process appears at stresses below
the threshold for unpinning of the edge
dislocations present in the wedge geometry.
The data indicate a threshold depending
principally on net order parameter phase
change (not strain or stress). In the spher-
ical wedge, a weak residual dependence on
stress produces an instability of screw dislo-
cation helixing beginning in the cell center,
where the stress is highest, and proceeding
with an avalanche-like front to the thicker
part of the wedge.
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Imaging with Intermolecular Multiple-Quantum
Coherences in Solution
Nuclear Magnetic Resonance

Wolfgang Richter, Sanghyuk Lee, Warren S. Warren,*
Qiuhong He

A magnetic resonance imaging technique based on intermolecular multiple-quantum
coherences in solution (the correlated spectroscopy revamped by asymmetric z gradient
echo detection or CRAZED experiment) is described here. Correlations between spins in
different molecules were detected by magnetic-field gradient pulses. In order for a cor-
relation to yield an observable signal, the separation between the two spins must be within
a narrow band that depends on the area of the gradient pulses. The separation can be
tuned from less than 10 micrometers to more than 1 millimeter, a convenient range for

many applications.

A variety of nuclear magnetic resonance
(NMR) methods have proven useful for
extracting structural information. For ex-
ample, the nuclear Overhauser effect
(NOE) (1).can be used to determine if two
spins are within approximately 5 A and is
crucial for the determination of macromo-
lecular structure. On a much larger scale
(millimeters), the internal structure of a
sample can be conveniently mapped by
magnetic resonance imaging (MRI) (2, 3).
The spatial resolution in MRI arises from
gradient pulses, which cause spins to
evolve at different frequencies in different
sample positions; increasing the gradient
strength improves the spatial resolution.
However, the most important resolution
limitation in three-dimensional imaging is
not the strength of the gradient pulse.
Improving spatial resolution by a factor of
2 decreases the number of spins in each
voxel by a factor of 8, and eventually
sensitivity considerations dominate. Thus,
in practice, imaging with 10-wm resolu-
tion is quite challenging.

Here, we show direct experimental evi-
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dence of the spatial selectivity of the
CRAZED experiment with a set of phan-
toms. This experiment (Fig. 1) is a conven-
tional correlated spectroscopy (COSY) ex-
periment, modified with an n-quantum gra-
dient filter at the second pulse. Our results
verify the theoretical model presented by
Warren and co-workers (4, 5), which pre-
dicted that it should be possible to observe
cross peaks between separated samples, but
only if the separation is smaller than the
pitch of the magnetization helix generated
by the gradient pulses. Thus, changing the
gradient pulse strength couples or decouples
the separated samples. We also discuss the
possible application of this approach as an
imaging technique.

According to the prevailing theory (I,
6), the CRAZED pulse sequence cannot
generate any observable magnetization; the
first pulse could merely produce single-quan-
tum coherences, I, which would be
dephased by the gradient filter unlessn = 1.
However, application of this pulse sequence
(with n = 2, for example) to a concentrated
sample led to observable double-quantum
transitions in the indirectly detected dimen-
sion (F,) and single-quantum transitions in
the directly detected dimension (F,). The
conclusion was that double-quantum, two-
spin coherences must be present after the
first pulse in order to evolve in time t;, and




that they were transformed into single-
quantum, single-spin coherences afterward.

We found it necessary to make two mod-
ifications to the conventional density ma-
trix description of solution NMR in order to
understand these results (5). First, the as-
sumption that all dipolar couplings between
spins can be ignored (7) had to be modified.
The dipole-dipole coupling between spms i
and j is proportional to (3cosze — 1)/r,] ,
where 0, is the angle between the internu-
clear vector and the applied magnetic field
and r; is the internuclear distance. For
small values of ry, 6; takes all possible
values owing to diffusion and the dipolar
coupling is averaged away. However, this
averaging cannot occur for spins separated
by more than the distance molecules dif-
fuse on an NMR time scale (~10- wm for
small molecules). The retained individual
couplings are very small, but the total
number of spins is very large. If the spatial
distribution is made nonuniform (by gra-
dient pulses or even by edge effects), di-
polar effects can reappear; the magnitude
of this dipolar field is approximately
YoM, (where 7y is the gyromagnetic ratio,
W is the vacuum permeability; and M, is
the equilibrium magnetization), which for

(w2), (w2),

| gle

Fig. 1. The CRAZED pulse sequence for n = 2.
The area of the second gradient pulse is always
twice that of the first one; in our experiment, the
two gradient pulses have equal duration but differ-
ent amplitudes. /, and /,, are the observable mag-
netization in the x and y directions, respectively.

<I><I>

Fig. 2. CRAZED spectra for
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water at room temperature in a 600-MHz
spectrometer is ~14 rad - s~ L.

One way to handle this effect is to
modify the Bloch equations by a mean
field approximation [the “dipolar demag-
netizing field” By(r) (8-13)], which re-
places individual spins with the local av-
erage magnetization; at least for two-pulse
sequences, this approach gives results that
agree with experimental values. However,
the modified Bloch equations generate
nonlinear equations of motion (thus, the
conventional propagator-based picture of
spin evolution fails completely), and in
any event a density matrix picture is more
appropriate for molecules with internal
structure. The exact density matrix at
thermal equilibrium

N
eq & eXP(_Bﬁ wo 211;) (1)

where B =1/kT, k is the Boltzmann con-
stant, # is Planck’s constant, and oy is the
nuclear resonance frequency, is generally
expanded in a Taylor series up to the term
linear in the Hamiltonian only [the “high-
temperature (HT) approximation”]

N
pur « (1 — B o, lei) (2)

Most experiments can be described properly
in this limit, but a straightforward analysis
reveals that this approximation is extremely
dangerous. For example, if the Taylor ex-
pansion truly neglected only small terms,
the normalization constants for p,, and pyr
would be expected to be quite similar. In-
stead, for a sample with 10?2 spins in a
600-MHz spectrometer, the normalization
constants differ by a factor of e =5 * 1°, In
addition, the most populated states in p,,

are those with nearly the equilibrium mag-

a sample consisting of nest-
ed cylinders. In the outside h
cylinder are benzene (B) (Fog 4 b
= 2620 Hz), acetone (A) (Fon g
= 493 Hz), and deuterated . ]
acetone. In the inside cylin- 4.0
ders is water (W) (Fow = .
1358 Hz). Cross peaks in F,
are expected at the negative
of the sum of the F, frequen-
cies: Fiarn = —986 Hz; ]

= —5240 Hz

F, (kHz)
%
o
]

1(B+B)

A

s omlipusses
R e e s e e
F; (kH2)

Fiwsw) = —2716 Hz ]
Fia+gy = —3113 Hz ]
Fig+w) = —3978 Hz; and

1a+wy = —1851 Hz. (A) 1
Strong’gradient, short helix ]
pitch: only cross peaks for 0.0
molecules within one tube 3.0
are visible. (B) Weak gradi-

ent, long helix pitch: all possible cross peaks are visible.
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netization, which under these conditions
has 10'® more spins aligned parallel to the
field; the most populated states in py;r have
nearly the same number of spins up and
down. Thus, whenever the bulk magnetiza-
tion matters, the HT approximation is ex-
pected to be inadequate.

Expansion of the density matrix beyond
the linear term yields the observed two-spin
and multispin correlations. They are usually
not detected in COSY experiments because
there is no mechanism that transforms them
into observable (single-quantum) magnetiza-
tion. In the CRAZED experiment, however,
the gradient pulses create a magnetically
anisotropic environment and the long-range
dipolar interactions generate observable
magnetization. The strength of the correla-
tion signal depends on the distance between
the two spins and on the pitch of the helix
that the gradient pulses generate (5). War-
ren et al. (5) showed the signal arising at spin
1 by the action of spin 2 to be

CRAZEDsignal 3 5
COSY diagonal peak ~ 327 74 (n=m)

X (3cos’® — 1) cos[YGT(z; — z)]  (3)

where 7, is the dipolar demagnetizing time,
0 is the angle between the internuclear
vector and the z axis, T'is the gradient pulse
length, and the gradient G is oriented along
the z direction here. The total signal is the
sum of this function over all spin pairs,
which, for a macroscopic sample, can be
replaced by an integral. The pitch of the
magnetization (single-quantum) helix is
2m/2yGT = w/yGT because the intensity
of the second gradient pulse is 2G.

For a hypothetical sample where each
spin is at the center of a sphere with a radius
that is large as compared to the helix pitch,
the bulk of the signal comes from spins sep-
arated by about one helix pitch (5). This
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suggested that the magnitude of the cross
peaks could be used for imaging. Here, we
integrated Eq. 3 for a variety of different
sample geometries and for various gradient
strengths (Table 1). The fourth column of
Table 1 shows the effects of a cylindrical
sample; the height of the cylinder is cho-
sen to be 15 mm, and its radius 2.1 mm—a
“typical “5 mm” (outside diameter) NMR
tube. The duration of the (sine-bell-
shaped) gradient pulses is 1 ms, and the
maximum strength of the first gradient
pulse is varied from 1.49 X 1072 to0 1.18 X
107! T m™1 The last row in Table 1
corresponds to an infinitely large gradient
(which makes the sample infinitely large
in units of helix pitch), for which the
integral can be solved analytically. The
strength of the double-quantum signal in-
creases monotonically with the gradient
strength to converge at a value of —8/3
for an infinitely large sample. This limit-
ing value is the same as for the spherical
sample considered by Warren et al. (5).
The sample shape is of no consequence if
the sample is infinitely large.

Equation 3 was also numerically inte-
grated for cross peaks between two nested
cylindrical samples. The dimensions of the
outer tube were the same as before, and the
inner tube had an outer diameter of 1 mm
and a wall thickness of 0.1 mm, and it
touched the wall of the outer tube. The
results are also given in Table 1. In this
case, the signal intensity decreases with in-

Table 1. Calculated signal intensities.

creasing gradient strength; in fact, there is
virtually no signal if the helix pitch is less
than several times the wall thickness. This
is expected; as noted eatlier, the bulk of the
signal comes from a distance of approxi-
mately one helix pitch.

We performed a series of double-quan-
tum CRAZED experiments with varying
gradient amplitudes on a GE 9.4 T Omega
CSI NMR spectrometer with shielded gra-
dients. The sample was a regular 5-mm
NMR tube containing a mixture of equal

~volumes of benzene, acetone, and deuter-

ated acetone. Inside the tube were three
capillary tubes containing water; these
tubes touched the wall of the outer tube and
each other. The sample dimensions and
gradient strengths were the same as in the
calculation above.

Two of the spectra are graphed in Fig. 2.
Figure 2A shows the spectrum for G, =
1.18 X 107! T m~L. The helix pitch is
w/yGT = 0.156 mm, with G = G___ X 2/w
for the sine-bell-shaped gradient. All three
homomolecular double-quantum peaks are
visible, as well as a heteromolecular double-
quantum peak between benzene and ace-
tone. There are no cross peaks between the
tubes (between water and either acetone or
benzene). Figure 2B shows the spectrum for
G =149 X 1072 T m™1, with a helix pitch
of 1.24 mm. Unlike Fig. 2A, Fig. 2B shows
additional cross peaks between water and
benzene and water and acetone. Also visible
are single-quantum peaks, caused by imper-

. -1 Signal ~for a Signal between two
((13 6‘2*2 Hlfcl;'z (éGI (Gmm >)< single cylinder, nested cylinders per
Txm-Y (Fr)nm) o/ ;)‘ax per unit volume unit outer volume
(z gradient) (z gradient)
1.49 1.24 2.54 0.025 —-0.172
1.98 0.932 3.37 —1.09 —0M147
2.97 0.621 5.06 —2.79 —0.103
5.95 0.311 10.1 —5.22 —0.038
11.8 0.156 20.1 —6.65 —0.008
[ 0 [ —8.38 0
Fig. 3. Calculated and 7 . . P 0.2
experimental  double- > f + ] o
quantum (DQ) cross- ‘@ 6 * N )
peak intensities as func- @ " 3
tions of helix pitch. £ -5F x M 015 3
g 0 g
S 4; + Water-water DQ, calc| . . 8
& -3 2 Water-water DQ, exp. X l-0.1 %
« F ]
E f [XAcetone-water DQ, calc, " ¢ 2
5 | |mAcetone-water DQ, exp. 1 %
E -1F +t e 4005 2
IR X 1 2
1t X —— o <
0.1 0.3 1.0
Helix pitch (mm)
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fect suppression; as there are only a few turns
of the magnetization helix across the whole
sample, averaging of the magnetization is
incomplete.

Figure 3 graphs the experimental and cal-
culated double-quantum peak intensities.
All values are normalized to the most in-
tense water double-quantum peak. As pre-
dicted, varying the gradient strength selects.
a minimum interaction distance (the water
double-quantum peak vanishes when the he-
lix pitch is large compared to the dimensions
of the capillary tube) as well as a maximum
interaction distance (for short helix pitches,
there is no signal across the glass wall).

The direction of the interaction can be
selected as well. Numerical simulations for
concentric tubes show that the intensity of
the double-quantum peaks between different
molecules within the same sample tube fol-
lows the characteristic dependence on the
angle between the magnetic field and the
gradient [A = (3cos’® — 1)/2] and that the
magic-angle gradient quenches the intermo-
lecular double-quantum correlations (5).
However, the cross peaks between the
tubes vanish for an x gradient, not for a
magic-angle gradient. Experiments with
an x gradient confirm the numerical sim-
ulations. This shows that. the cross-peak
intensity is a sensitive-function of the spin
distribution.

Increasing the gradient strength increas-
es ‘the resolution of the experiment, until
molecular diffusion effectively blurs out the
magnetization anisotropy the gradient puls-
es create. This suggests a practical resolu-
tion limit of a few micrometers for a small
molecule such as water. Aside from that,
increasing resolution does not decrease sen-
sitivity because the signal comes from the
entire sample and depends only on the local
magnetization density at the two spots. Al-
though decreasing the distance of the inter-
action decreases the interacting volume,
the interaction strength rises by the same
factor because it is based on dipolar cou-
plings.

The CRAZED experiment might be a
very useful probe for large-scale molecular
interactions or material structure. It com-
plements the study of diffusion or flow by
pulsed gradient spin echoes (PGSEs) (14,
15). In the PGSE method, the echo inten-
sity is measured in k space (where k is
proportional to the area of the gradient
pulse). Fourier transform of the signal into
real space yields a displacement distribution
function; in our case, we can measure dif-
fusion or flow of coherences involving sep-
arated spins. Similarly, the distance infor-
mation obtained in the CRAZED experi-
ment can yield a Patterson-type spatial
spin-pair correlation function. For example,
the concentration of water around a protein
as a function of distance can be determined



by this method; this method should be sen-
sitive to cell structure, providing an alter-
native to conventional MRI (which uses
relaxation-weighted spin density). Experi-
ments of this type can be performed with
any NMR spectrometer if variable linear
magnetic-field gradients are available. Al-
though a large spin concentration is re-
quired to generate the dipolar demagnetiz-
ing field, this condition is always fulfilled in
aqueous solution.
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Neutron Reflection Study of Bovine -Casein
Adsorbed on OTS Self-Assembled Monolayers

Giovanna Fragneto, Robert K. Thomas, Adrian R. Rennie,*
Jeffrey Penfold

Specular neutron reflection has been used to determine the structure and composition
of bovine B-casein adsorbed on a solid surface from an aqueous phosphate-buffered
solution at pH 7. The protein was adsorbed on a hydrophobic monolayer self-assembled
from deuterated octadecyltrichlorosilane solution on a silicon (111) surface. A two-layer
structure formed consisting of one dense layer of thickness 23 *= 1 angstroms and a
surface coverage of 1.9 milligrams per square meter adjacent to the surface and an
external layer protruding into the solution of thickness 35 + 1 angstroms and 12 percent
protein volume fraction. The structure of the (3-casein) layer is explained in terms of the

charge distribution in the protein.

The mechanism of adsorption of proteins
at interfaces and the structure and homoge-
neity of the adsorbed layer are important
prerequisites for a full understanding of the
role of proteins in the stabilization of foams
and emulsions and provide essential infor-
mation for research in protein chromatog-
raphy (1), biomedical materials (2), and
cellular adhesion (3). There are therefore a
large number of studies involving protein
adsorption at both solid-liquid interfaces,
such as on coélloidal particles (4-7), on
metal sutfaces (8, 9), on silica surfaces (10,
11), and on polymer surfaces (12), and at
air-liquid interfaces (13-15). The adsorp-
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tion is so sensitive to the nature of the
substrate that is it difficult to construct
theoretical models, and it is therefore desir-
able to work with well-defined interfaces.

We have used neutron reflectivity (16) to
determine the structure of the milk protein
-casein adsorbed on a chemically modified
hydrephobic silicon surface. A hydrophobic
self-assembled monolayer (SAM), formed
on the silicon surface from octadecyltrichlo-
rosilane (OTS) solution, was first character-
ized and then studied with a monolayer of
protein. A hydrophobic surface was chosen
because the conformation of proteins is, in
most cases, determined by hydrophobic in-
teractions in the nonpolar residues of the
peptide chains. '

The molecule B-casein is a single-chain
protein with a known sequence of 209 res-
idues (17) and a molecular mass of ~24,000
daltons. It has a 21-residue amino terminal
sequence that contains one-third of the
charged residues that the molecule has at
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pH 7. The remainder of the polypeptide
side chains are mostly nonpolar and hydro-
phobic, and so the molecule is amphiphilic
and surface-active. Sedimentation field-
flow fractionation and dynamic light scat-
tering of B-casein adsorbed on colloidal
polystyrene latices (5, 6) indicate that this
protein is a flexible molecule with a highly
hydrophobic “tail,” which may be the site -
of adsorption to nonpolar surfaces, and a
hydrophilic portion that penetrates deeply
into the aqueous environment. Prime and
Whitesides have studied the adsorption of
various proteins on SAMs of w-functional-
ized long-chain alkanethiolates on gold (9)
and found that they are excellent model
systems for studying the interactions of pro-
teins with organic surfaces.

We used the specular reflectivity of neu-
trons, which has recently proved to be a
successful technique for studies of solid-
liquid interfaces (18), to obtain valuable
complimentary information on B-casein ad-
sorption at a hydrophobic silicon surface.
The experimental details have been given
elsewhere (19). The technique has been
used for the characterization of monolayers
formed from OTS on silicon blocks (20)
and offers several advantages over tradition-
al methods. In a neutron reflection experi-
ment, the specular refléction R is measured
as a function of the wave vector transfer k
perpendicular to the reflecting surface,
where k = (47/\)sin 0 (0 is the glancing
angle of incidence and \ is the wavelength
of the incident neutron beam). The relation
of R to the scattering length density across
an interface, p(z), is given by

16w

2
| pGo) |* (1)

where p(k) is the one-dimensional Fourier
transform of p(z), that is

R(k)= Py

p(k)= J' exp(—ikz)p(z)dz (2)

(p is a function of the distance z perpendic-
ular to the interface).

In a typical analysis, the measured data
are compared with a reflectivity profile cal-
culated according to the optical matrix
method (21) for different model density
profiles. A model consists of a series of
layers, each with a scattering length density
p and thickness t. An additional parameter
o, the interfacial roughness between any
two consecutive layers, may also be includ-
ed in the matrix calculation. By variation of
p and t for each layer, the calculated profile
may be compared with the measured profile
until the optimum fit to the data is found.
Although any one profile may not provide a
unique solution, one can obtain an unam-
biguous model of the interface by using
different isotopic contrasts.
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