L

Table 2. Selected bond distances and angles
from the refinement at 293 K. Numbers in paren-
theses represent standard deviations.

Distance Bond Size

Bond A) angle (deg)
Zri-0O1  2.042(4) 0O1-Zr1-01 91.44(21)
Zri-02  2.108(4) O1-Zr1-02  89.57(13)
O1-zZr1-02  87.58(12)
02-Zr1-02  91.44(22)

W1-01  1.798(8) O1-W1-01 116.1(1)

W1-04  1.709(7) O1-W1-04 101.6(2)

W2-02  1.782(8) 02-W2-02 109.7(2)

W2-03 1.733(8) 02-W2-03 109.3(2)
W1-03  2.386(9) Zr-O1-W1  154.29(22)
Zr-02-W2  171.81(26)

bond angles due to transverse vibrations.
This flexibility is shown by lattice energy
calculations on model compounds in
which the thermal contraction is modeled
as being caused by a coupled three-dimen-
sional rotation of the rigid polyhedra that
make up the lattice network (13). Over a
volume range corresponding to that ob-
served up to the phase transition, essen-
tially no change in the overall lattice en-
ergy is observed; any increases in the non-
bonded anion-anion and cation-cation re-
pulsions due to the contraction are offset
by an increase in the W1-O3 attraction.

This result suggests the possibility of
low-energy phonon modes in the lattice
corresponding to these coupled rotations.
Such modes will, by definition, exhibit neg-
ative Gruneisen parameters, vy; (14), and
their population will lead to a negative con-
tribution to the overall coefficient of ther-
mal expansion (15-17). Similar arguments
have been applied to rationalize the thermal
contraction over narrow temperature ranges
in other materials (12). The large tempera-
ture range of negative thermal expansion in
this material suggests that the framework
structure of this material is such that the
overall effective Gruneisen parameter, 7
(14) (which will include contributions from
all active modes, both the low-energy trans-
verse modes that tend to contract the lattice
and the higher energy longitudinal modes
that tend to expand the lattice), remains
negative at all temperatures.

The anisotropic thermal vibrations pres-
ent in ZrW,0Oq4 and HfW,Og, which cause
negative thermal expansion, are presumably
present in many other materials, but they are
overwhelmed by the more familiar forces
that cause positive thermal expansion. Neg-
ative thermal expansion cannot be expected
in a material unless the distances between
bonded atoms increase very little with in-
creasing temperature. Such small changes
with temperature occur only in oxides of
cations with relatively high formal charge
and low coordination number (18), which
lead to a highly covalent bond. The vibration
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of O will only produce a significant contribu-
tion to negative thermal expansion when it
has a coordination number of 2. The metal-
oxygen network must also be close to charge-
neutral. Charged networks contain intersti-
tial ions, and the ionic bonds between these
interstitial ions and the network will have
significant positive thermal expansion (I8).
A prerequisite for negative thermal expan-
sion is thus a highly covalent, charge-neutral
network with O in twofold coordination.
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Homogeneous NMR Spectra in
Inhomogeneous Fields

Sujatha Vathyam, Sanghyuk Lee, Warren S. Warren*

Researchers interested in high-resolution nuclear magnetic resonance (NMR) spectros-
copy have long sought higher magnetic fields to enhance resolution and simplify spectra.
Magnets with substantially larger fields than those available in the best commercial
spectrometers are available, but the inhomogeneity is unacceptable for high-resolution
spectra. A detection method (termed HOMOGENIZED) is presented that removes inho-
mogeneity while retaining chemical shift differences and J couplings. With existing in-
homogeneous magnets, this method could nearly double the largest resonance frequency
available for high-resolution NMR. The HOMOGENIZED sequence is based on obser-
vations of intermolecular zero-quantum coherences between a solute molecule and
solvent molecules that are micrometers away; as long as the field is homogeneous over
this short distance, sharp resonances are recovered without echoes. Experimental dem-
onstrations and a detailed density matrix theory to explain the effect are presented.

For decades, spectroscopists studying high-
resolution NMR have sought ever higher
magnetic fields, largely because the spectral
width (dominated by chemical shifts) is
linearly proportional to the field strength
and the intrinsic (homogeneous) linewidth
depends only weakly on field strength.
Hence, higher fields imply better resolu-
tion, as long as inhomogeneous broadening
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from magnetic field nonuniformity can be
neglected. Extremely good homogeneity
(on the order of 1 part in 10°) is needed and
has traditionally been achieved by sample
spinning and by adjusting a large number of
shim coils (additional coils used to homog-
enize the field). As a result, commercial
high-resolution spectrometers today operate
at fields up to ~18 T (750-MHz proton
resonance frequency), higher by about a
factor of 25 than in the pioneering NMR
experiments half a century ago.

Magnets with substantially higher fields




can be built, but such magnets have not
been used for high-resolution applications.
Materials limitations force compromises in
superconducting magnet design at fields
much greater than the current values, and
these compromises strongly affect the ulti-
mate achievable homogeneity. It is consid-
ered unlikely that superconducting magnets
with fields greater than 23 T are even pos-
sible until new materials become available
(I). Resistive magnets that use a modified
Bitter design can operate with higher fields
(2), but the homogeneity is much poorer
than high-resolution standards. A typical
illustration is provided by the 27-T magnet
at the National High Magnetic Field Lab-
oratory (NHMFL) (1), which has a homo-
geneity of 100 parts per million per milli-
meter (ppm/mm) and drifts about 5 ppm/
min. In more recent work at NHMFL (3)
with a 24.6-T magnet, the inhomogeneity
has been reduced to ~1 ppm/mm; magnets
under construction are expected to reduce
the inhomogeneity to 1 ppm over a 1-cm?
volume and to reduce the drift to a compa-
rable amount during data acquisition (I).
Unfortunately, this development still im-
plies an inhomogeneous linewidth tens or
hundreds of times greater than the homo-
geneous width in solution, eliminating any
resolution advantage.

Inhomogeneous broadening can be re-
moved by a variety of techniques, but none
is completely satisfactory for high-resolu-
tion NMR. The spin echo sequence
(90—7—180—7) (4) or multiple-pulse se-
quences such as the Carr-Purcell sequence
[90 —(7—180,—27—180,—7),] (5) remove
inhomogeneous broadening, but they also
completely remove chemical shifts and J
couplings if 7 is much shorter than the
reciprocal of the coupling constants. When
7 gets longer, these sequences produce a
grossly distorted spectrum. More recently, it
has been shown that intramolecular zero-
quantum (ZQ) coherences (which connect
states with the same number of spins up, for
example, aafy and Baa) are insensitive to
magnetic field inhomogeneity (6). Unfor-
tunately, ZQ coherences cannot be ob-
served in a normal single-pulse free induc-
tion decay, and the ZQ spectrum is much
more difficult to interpret than the normal
spectrum. For example, isolated spins (sin-
glets) do not give ZQ coherences, and cal-
culating the intensity of ZQ coherences
from coupled spins requires a full density
matrix simulation of the pulse sequence.

However, intermolecular ZQ) coher-
ences—flipping up one solute spin while
simultaneously flipping down a nearby sol-
vent spin—would give a very simple spec-
trum. As long as the magnetic field is ho-
mogeneous over the distance between the
two spins, this ZQ spectrum would be just
the conventional single-quantum spectrum

of the solute, shifted by the chemical shift
of the solvent. Thus, chemical shift differ-
ences and coupling information for the sol-
ute could be retained, yet inhomogeneous
broadening would be eliminated; field drift
would be almost completely canceled as
well. Unfortunately, in conventional NMR
theory, preparation of ZQ coherences ex-
plicitly requires a coupling between the two
spins. Because the spins are on two different
molecules, only the dipole-dipole interac-
tion would provide such a coupling, and
this interaction is normally assumed to be
averaged away by diffusion. Even if such a
state could be prepared, detection of the
coherence also requires a coupling. Thus,
observing such an intermolecular ZQQ spec-
trum would certainly appear to require he-
roic means.

We present a method (Fig. 1) that de-
tects such intermolecular ZQ) coherences in
solution, thus giving high-resolution spectra
in extremely inhomogeneous magnetic
fields without removing chemical shifts and
J couplings. We call this detection method
the HOMOGENIZED (HOMOGeneity
ENhancement by Intermolecular ZEro-
quantum Detection) sequence. The effects
of the HOMOGENIZED sequence (the
portion in the box in Fig. 1A) after single-
pulse excitation are demonstrated in Figs. 2
to 4. A sample of 5% methyl ethyl ketone
(MEK) in acetone was chosen. The con-
ventional 'H spectrum of this sample is
shown in Fig. 2A; the sample was then
deshimmed to produce a linewidth of ~85

Hz (Fig. 2B). The sequence in Fig. 1A was

A

90y

4 At

B

90y 45y

I 4 b

C

90y 90y

Fig. 1. (A) The HOMOGENIZED sequence, which
can be used to observe intermolecular ZQ coher-
ences in liquids. (B) A modified version of the
CRAZED sequence (C), which acts as a gradient
filter, enabling observation of ZQ coherences only.
The HOMOGENIZED sequence improves on the
sequence in (B) by compensating for radiation
damping and large inhomogeneities (see text).
SCIENCE
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applied to the deshimmed sample, resulting
in the ZQ spectrum shown in Fig. 3A at a
relatively high contour level. The ZQQ peaks
in the F, dimension are narrow and well
resolved, at frequencies v, ... — Vmex
(corresponding to solute-solvent ZQ coher-
ences) and at F; = 0 Hz (corresponding to
solvent-solvent ZQ) coherences). The mul-
tiplicity of the peaks is retained in F|, as
seen in an expanded view of the ZQ cross
peak (vlgelone VMEK ruplel) which is a
triplet (Fig. 4), and in the ZQ cross peak
(Vocetone — VMEK quarter)» Which is a quartet.
The linewidth of each of the peaks in the
ZQ triplet at (F; = 660 Hz, F, = —560 Hz)
is around 4.5 Hz along F, w1th a resolution
of 1 Hz (Fig. 4). The one-dimensional (1D)
'H spectrum can be obtained from this two-
dimensional (2D) ZQ spectrum by adding
the chemical shift of the solvent peak to all
of the cross peaks.

The HOMOGENIZED  detection
method is related to recent experiments
that use gradient echoes to detect inter-
molecular multiple-quantum coherences
in samples with at least one concentrated
component (such as proteins in water)
(7-12). For example, the CRAZED se-
quence, which is a correlated spectroscopy
(COSY) sequence modified to include an
N-quantum coherence transfer echo
around the second radio-frequency (rf)
pulse (Fig. 1C), gives strong peaks in the
indirectly detected dimension that have

A

L

1000 800 600 400 200 O -200 -400 -600 -800 -1000
Frequency (Hz)

1000 800 600 400 200 O -200 -400 -600 -800 -1000

Frequency (Hz)

Fig. 2. (A) A shimmed 600-MHz proton spectrum
of a solution of 5% MEK in acetone. (B) A
deshimmed spectrum of the same sample, giving
a broad peak with a linewidth of ~85 Hz.
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all of the experimental properties of N-
quantum coherences between indepen-
dent molecules (7). In principle, simply
leaving out the second gradient pulse se-
lects for ZQ coherences. However, the
CRAZED sequence gives only a very weak
ZQQ signal. For simplicity here we first
ignore intramolecular couplings, relax-
ation processes, and radiation damping
and restrict ourselves to z-gradients. The
full Hamiltonian for N spins in the pres-
ence of a gradient G in the s direction is
then

N
% = A2 [Aw; + (YGs)lly
i=1
N N

+hY, ED,,(.’»LJ L) (1)

=
_ o ﬁ 1—3cos’6;
P 4m 4
if r; > 75; D; = O otherwise (2)

The first sum on the right in Eq. 1 reflects
the interaction with the external field and
gradient; # is Planck’s constant divided by
2@, and Aw, is the resonance offset of the
ith spin (which will also depend on posi-
tion if there is inhomogeneous broaden-
ing). The second term is the secular part of
the dipole-dipole interaction; D, is the
dipolar coupling constant, ; is the sepa-
ration between spin i and j, 6 is the angle
between the internuclear vector and the
applied magnetic field B2, v is the gyro-
magnetic ratio, and p, is the vacuum per-
meability. The dipole-dipole interaction is
usually assumed to be averaged out by
molecular diffusion in solution NMR.
However, as noted (7), only the short-
range dipolar couplings are motionally av-
eraged out; the dipolar coupling between
spins separated by much more than the

Fig. 3. (A and B) The 2D ZQ
spectrum obtained with the A

distance molecules diffuse on an NMR
time scale (r, = 10 pm) should be re-
tained. The surviving dipolar couplings
are quite small (<1078 rad s™!), but the
very large number of spins generates an
easily observable effect. The assumption of
an arbitrary distance 7, is useful for em-
phasizing the role of long-range couplings,
but in fact it has no effect on the final
result; we show elsewhere that all of the
dipolar couplings satisfy the condition
ID,T| << 1, where T is the length of time
spins i and j can coherently interact (lim-
ited either by relaxation or diffusion), and
this restriction is sufficient to calculate
the evolution analytically (11).

The observable signal can be calculated
analytically, if effects such as radiation
damping and relaxation are ignored. We
start (11) with the equilibrium density ma-
trix p, for N spin-1/2 nuclei without the
hlgh-temperature approximation

=2" N]‘[(l — §L); & = 2tanh(fiwy/2kT)

(3)

where kT is the thermal energy and I ; is the

operator for z-magnetization on spin i.

Starting from p_,, the density matrix after a
(m/2) pulse is

pe = 27V (1 - BL) (4)

which contains intermolecular ZQ opera-
tors in the {2 term and higher terms,
because

Ixilxj = [(leIx; + Iinyj) + (lxilxj - Iinyj)]

=Va [(1+i1—j + I—iI+j) + (1+i1+j - I—iI-j)] (5)
During ¢, the term I, J_; evolves at the
difference of resonance offsets, Aw, — Aw;
during the gradient pulse, this term evolves
at (Aw; + ¥Gs)) — (Aw; + ¥Gs)). At the
end of the first gradient pulse, the ZQ com-
ponent of the & term will then be

HOMOGENIZED sequence -1000

shown in Fig. 1A. The gradi-

ent pulse at the beginning of

t, was 05 ms with a 500
strength of 12 G cm~?; the
gradient pulse at the end of
t, was 1 ms with a strength
of 30Gecm~"'; Awas 40 ms. f
A marked reduction in the \
linewidths is seen in the indi- 500]
rectly detected dimension.
Intermolecular ZQ peaks are

observed between acetone 1000 ‘

F, (Hz)

F, (Hz)

\
|

(the solvent) and the triplet
and quartet of MEK, respec-
tively, at frequencies corre-
sponding to (F, = v

acetone — VMEK! F2
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1200 800

= vye)- (B) The same spectrum at a
lower contour level shows cross peaks between acetone and the quartet, at
the F, frequency of the quartet as well as at that of the triplet, due to J

400 0 -1200

F, (Hz)

-400 -800
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‘ 500

ZQ(acetone - MEK Inplatl| 500

1000

NI + 1)

i>j

X cos[(Aw; — Aw)(t; +T) + vG(s; — 5)T]}

(6)

In a CRAZED sequence, the second m/2
pulse translates some fraction of the desired
multiple-quantum coherences into single-
quantum coherences, which are then made
observable by dipolar couplings. However,
none of this ZQ coherence is made observ-
able by a w/2 pulse, because

I+i1—}' + 1-51+i = Z(IxtIJq + I)ilyj)
S (0l + Tl (7)

which is entirely zero- and double-quantum
coherences.

In fact, the time evolution to all powers
of % can be evaluated (11). Ignoring radi-
ation damping and relaxation, the signal for
an n-quantum CRAZED sequence is

M*(ti,t) =
in 1 gibwt,,—inAwt, )\ £ 11( )Jn( tzAs) (8)

Td

where M, is the equilibrium magnetization,
7, = (ymoM,) ! is the dipolar demagnetiz-
ing time (=70 ms for pure water at room
temperature in a 600-MHz spectrometer),
A, = [3(3- 92 — 1]/2, and ], is the nth-
order Bessel function. The function in Eq. 8
vanishes if n = 0. Hence, the ZQ version of
CRAZED is not directly useful.

However, replacing the second /2 pulse
with a /4 pulse (Fig. 1B) does transfer
some ZQQ coherence into single-quantum
operators:

1+,~I_j + 1—i1+j = Z(Inlx) + Iyilyi)

L) i

yityj

)

[zatripiet - MEK quartet)

———

ZQO(acetone - MEK quartet) 3

ZQ(acetone - MEK triplet)
-

-
2ZQ(quartet - MEK triplet) |

-1200

1200 ‘ 800 400 0 -400 -800
F, (Hz)

coupling between the triplet and the quartet. The 1D proton spectrum of
MEK can be obtained from this 2D spectrum, by removal of the chemical
shift due to the acetone.



We normally use gradient pulses that are
strong enough to dephase bulk magnetiza-
tion (YGTR >> 1, where R is the length of
the sample in the gradient direction) and
overwhelm inhomogeneous broadening
[(Aw; — Aw)t, < 1 and (Aw; — Aw))(t, +
T) << 1 for solvent spins separated by a
distance d such that yGTd = 7] but not so
strong that the magnetization helix is elim-
inated by diffusion (yGTry << 1). In Box 1
we use the methods detailed in (11) to
derive an essentially exact expression, in
this case for the observable part of the
density matrix, including all powers of §:

pobs — 2 (N + I/Z)NZ[I>ICOS(A(1) Cz)

i=1

Lsin(Awt)] _CZA“) (10)
wsin(Awit;)]], \/de
The signal
M*(t,t2) = Tof pyh 2 (1, + 11,) ]
(11)

reaches a maximum value when t, = 2.6 74
of 41% of the magnetization immediately
after a single 90° pulse. The signal for the
solvent-solute cross peaks follows a similar
derivation, except that only the terms D;
(Ll + Iyllw) can be omitted from the
Hamlltoman in Eq. 1; the net effect is that
the signal only grows in two-thirds as fast.

The HOMOGENIZED sequence (Fig.
1A) derives from the sequence described
above, with two important modifications.
Equation 10 shows that the density matrix
retains the full inhomogeneous broadening
during t,. The magnetization requires a time
on the order of T, to appear, and, if the
inhomogeneity is substantial, the magneti-
zation will dephase before the dipolar Ham-
iltonian can do its work. Thus, we insert a

/\

600
620
640
660
680
700
720

F, (H2)

pe—— %

ke

-480 -500 -520 -540 -560 -580 -600 -620 -640 -660
F, (H2)

Fig. 4. An expanded view of the ZQ cross peak at
(F1 = Vacetone ~ VMEK triplet? F2 = Vmex mp!e\)' Itis
very well resolved in F;, showing the triplet struc-
ture, despite starting out as an indistinguishable
wide peak in F,. Inhomogeneous broadening is
removed without removing chemical shift and J-
coupling information.

e
e
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simple spin echo (which does not remove
dipolar interactions) at the beginning of the
detection period to refocus the solvent mag-
netization.

In addition, we have ignored radiation
damping in this entire analysis. In a normal
probe with concentrated solvent, radiation
damping during t; will rotate the solvent
magnetization back toward equilibrium and
will significantly reduce the signal unless

the bulk magnetization is eliminated quick-
ly (<10 ms) after the first 90° pulse. Put-
ting the gradient pulse at the beginning of ¢,
would do this, but then diffusion during t,
would limit the achievable resolution by
wiping out the magnetization grating. Thus,
a better solution is to give an intense but
brief gradient pulse at the beginning of t;,
with the bulk of the gradient at the end of
t;. In addition, the spectra in Figs. 2 to 4~

Box 1. The density matrix methods detailed in (77) can be used to solve for the complete evolution
for the pulse sequence in Fig. 1B. Here we show the simplest case (the solvent-solvent ZQ peak)
to demonstrate how the signal grows in. Starting from Eq. 3, we find that the dipolar Hamiltonian
can be ignored until the beginning of t,, giving

/zi - /xf
p(tit, = 0) 2“[/]{1; + 3‘\( % )

X cos[Aw(t; + T) + yGTs;] — Flysin[Awft; +T) + yGTs;]}

Spatial averaging eliminates all terms that depend on absolute position (instead of relative posi-
tions such as s; — ), including all terms containing odd powers of %. The only ¥ term that
survives is
— Ya lgly cos[(Aw; — Aw)(Ity + T)Jcos[yGT(s, — s))]

For higher powers of 3 in this ““homomolecular’” case, the terms Dyly); in the dipolar Hamiltonian
(Eq. 1) contribute no signal, and only product operators with exactly one transverse operator (/ ,;or
1) are ever made into observable magnetization by dipolar couplings in t,. In general, the term
proportlonal to 2" that will become observable after (2n —1) commutatlons Wlth the D,l,/,; terms
from the Hamiltonian has the form

2n terms

e g cos[(Aw; — Aw)(t; + T)]cos[(Aw;
o Wz ) xcos[yGT(s; — s)Jcos[yGT(s; —

2nt2/7 1 N

—2°N 4————~23n i 1)|E< 1)~

—Aw )t + ] ... }
sdl ..

and gives

N

X /y,[3/2 ZD,.,-cos[(Am, —3w)(ty + T)lcos[yGT(s; — s,)]z”‘]
j=1

plus multiple-spin terms. Adding up all the observable terms in all powers of ¥ gives

N N/2

ons — - + 1/ g (_1),771 n-—
o= -2 2"‘2’”21 GRS

i=1
where
ED,,
/ =1
X cos[(Aw; — Aw)(t; + T)]cos[yGT(s; — s)]
This is simplified by substituting for the Bessel function

. X\ V2K
W = 2 kl(v . k)|< )

A = R‘tg

and noting (8, 117) that
N

z D,/'COS[(AO.),‘ -

j=1

N wohiy?
Aw)(t; + T)oosyGTs] = 1~ As

Hence

pos = —2- ) \z/w‘]1<

2l )

On including the chemical shift evolution during t,,, we get Eq. 10.
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were taken with A = 40 ms (=04 7)),
shorter than the optimal value predicted
above, to further reduce diffusion effects.
Our experimental signals are about 10% of
the full magnetization, and adjusting pulse
sequence parameters could probably im-
prove this further. Incidentally, we see some
signal even for a ZQ CRAZED, presumably
due to radiation damping; the rf pulse cre-
ated by the precessing solvent magnetiza-
tion destroys the argument in Eq. 7 that no
single-quantum operators are produced.

The quantum picture also explains why
at a very low contour level (Fig. 3B) other
peaks appear as well. For example, at F, =
VMEK riplen 2PALT from the two ZQ cross
peaks between acetone and the triplet [F| =
i(vncetnne ~ VMEek triplet)]’ we also see the
two cross peaks between acetone and the
quartet, [Fl = t(vacetone - vMEK q\mrtet)]‘
These are the traditional COSY cross peaks
due to ] coupling between the triplet and
the quartet, except that the coherence dur-
ing ¢, also involves flipping down one sol-
vent spin. The simplest way to get an inho-
mogeneity-free spectrum is to just sum over
the different F, slices, in which case these
extra peaks actually enhance the observed
signal.

For the CRAZED sequence it is possible
to view the effects of dipolar couplings by
introducing a dipolar demagnetizing field
B, (s) and then allowing this field to give an
additional contribution M(s) X yB,(s) to
the Bloch equations (7, 10, 13). When t, =
t, = Oandn > 1 for the CRAZED sequence
in Fig. 1C, the sequence reduces to a mul-
tiple spin echo, first explored (14, 15) in
3He by Deville et al. (who introduced the
demagnetizing field framework) and recent-
ly in more conventional samples such as
pure water (16—18). However, there is no
“zeroth spin echo” (t;, = t, = n = 0),
which would correspond to the effect we
discuss here, even for long gradient pulses.
Still, a corrected version of the demagne-
tizing field approach (10) turns out to be
valid for numerical calculations and will
give the same results in solution as the
quantum picture described here (11). In
related work, Jeener et al. (19) have de-
veloped an iterative approach to solving
modified Bloch-Redfield equations to
connect the quantum and classical pic-
tures, and although only low orders of
iteration have been solved to date, it
seems quite likely that this approach will
converge to the same results as well.

The HOMOGENIZED detection se-
quence can be useful in more conventional
magnets. Samples with strong solvent peaks
(such as proteins in water) are difficult to
shim because the solvent contributes its
own dipolar demagnetizing field. This de-
magnetizing field consists of a time-inde-
pendent part (20) (arising, for example,
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from the magnetic susceptibility of the mol-
ecules; this part is generally shimmed or
spun away) and a potentially time-depen-
dent part (arising from dipolar couplings
with all other spins, which might flip during
the experiment). For a typical sample ge-
ometry (5-mm cylindrical tube with 1-cm
active region), a sample of 80% H,O in a
14-T (600 MHz) NMR spectrometer would
generate a time-dependent demagnetizing
field that shifts solute resonances by +2 to
—1 Hz, depending on position in the sam-
ple. These shifts are directly proportional to
the solvent magnetization, and if the mag-
netization moves during the NMR experi-
ment (as a result of relaxation or the pulse
sequence itself), the shifts change. This ef-
fect would also be eliminated by the HO-
MOGENIZED sequence, as would suscepti-
bility broadening in microprobes (21) or in
structured materials such as tissue (22).

A homogeneous 'H 2D spectrum of al-
most any sample can be obtained with the
HOMOGENIZED sequence, as long as at
least one component of the sample has
concentrated proton magnetization. For the
sequence in Fig. 1A the preparation period
is a single pulse, but it could just as easily be
more complex. A concentrated *C solvent
would permit a homogeneous >C spectrum
of the solute and might even permit homo-
geneous 'H spectra through the observation
of transitions that flip four ’C solvent spins
up and one 'H solute spin down (because
the ratio of vy values is very close to 4:1).
Sensitivity could be improved by putting
multiple echo pulses in t,. Finally, the sol-
vent-solvent peak at F; = 0 can be elimi-
nated, if necessary, by several different
methods; perhaps the simplest, which works
well in a protein, is to take advantage of
differences in diffusion rates with a gradient
echo just before acquisition, as in the
DRYCLEAN experiment (23). We have
recently demonstrated ~95% solvent sup-
pression on, bovine pancreatic trypsin in-
hibitor (BPTI) samples, while retaining
nearly all of the solvent-solute cross-peak
intensity (24).

Our results demonstrate that intermo-
lecular ZQ coherences can retain chemical
shift differences yet suppress inhomoge-
neous broadening and can produce spectra
with substantial and predictable intensities
for the allowed transitions. The effect can
be calculated either with modified nonlin-
ear (demagnetizing field) Bloch equations
or with a full density matrix treatment.
However, the HOMOGENIZED sequence
represents an excellent example that shows
the differences in the intuitive value and
predictive power of the two approaches.
Because the first pulse rotates the magneti-
zation into the xy plane, the dipolar demag-
netizing field during t, reduces to the form
B,(s) = wo,AM(s)/3, which has no effect
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at all on the time evolution [M(s) X
vB,(s) = 0]. Thus, in the classical picture,
nothing evolves during t, at the homoge-
neous frequency differences, and there
would be no intuitive reason to expect the
HOMOGENIZED sequence to work. Al-
though it may sound illogical to NMR
spectroscopists, the effect of the demagne-
tizing field during the t, interval is to alter
the apparent evolution frequencies during
t;; this is a consequence of the nonlineari-
ties introduced into the Bloch equations
by these additions. As we determined in
our earlier work, the combination of clas-
sical and quantum treatments gives insight
and calculational convenience and is bet-
ter than either treatment alone.
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