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ABSTRACT: The self-diffusion coeflicient, D, provides important chemical and physical
information about a molecular species and its environment, and D can be routinely
measured under equilibrium conditions using nuclear magnetic resonance (NMR).
Differences in diffusion coefficients can also be exploited in NMR to suppress signals from
fast diffusing species relative to slow diffusing species. To date, no method for selectively
suppressing signals only from species with a particular diffusion coefficient has been
presented. In this work, diffusion selective pulses are developed that selectively suppress the
magnetization only from species for which D = D, This is accomplished by interleaving
NMR relaxation selective pulses between pulsed field gradients, where the effective
transverse relaxation of the magnetization is related to D. Experimental demonstrations of
diffusion selective pulses on water and water/acetone/dimethyl sulfoxide samples and on a
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magnetic resonance imaging phantom are presented.

easuring the apparent diffusion coeflicient of a

molecular species, D, can provide a lot of important
chemical and physical information, such as its molecular size,
its interactions with solvent and/or between other molecular
species, its local environment, etc. It has long been appreciated
that nuclear magnetic resonance (NMR) can be made sensitive
to the effects of molecular diffusion by the application of
pulsed field gradients (PFGs). Typically in NMR, D is
determined by measuring the attenuation of the magnetization
under PFGs in a Stejskal—Tanner experiment." For a collection
of molecular species, diffusion-ordered spectroscopy or DOSY
can be used to correlate self-diffusion coeflicients to chemical
shifts.> As such, DOSY and its related variants have been
invaluable tools in NMR mixture analysis,% molecular binding
and screenlng, chemical exchange, and a variety of other
applications. Diffusion—diffusion correlation experiments®
have also been used to study exchange and aggregation.

Besides providing valuable physical and chemical informa-
tion, differences in diffusion coeflicients can also be exploited
in NMR spectral editing. Diffusion-based spectral editing
techniques have been used for solvent suppression,” in
addition to being used to highlight signals undergoing
restricted diffusion.”” Essentially all of these diffusion-based
spectral editing methods act like a “low-pass” filter, where
signals from fast diffusing species for which D > D% are
exponentially suppressed in an NMR spectrum relative to the
signals from slow diffusion species for which D <« D%
However, this leads to the question of whether instead of a
“low-pass” filter, a diffusion-based “notch filter” can be created
that can selectively suppress the magnetization only from
species for which D = D%,

In this Letter, we demonstrate that by combining PFGs with
small flip-angle, radiofrequency (RF) pulses, a diffusion
selective pulse that will suppress the magnetization only for
those species for which D = D% can be generated. Such pulses
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could find applications for diffusion-based spectral editing in
NMR and in magnetic resonance imaging (MRI). Diffusion
selective pulses work by taking advantage of the fact that
diffusion in the presence of magnetic field gradients results in
an effective transverse or T, relaxation of the magnetization
that is related to D.' As such, relaxation selective pulses'' ~"*
that suppress the magnetization for those spins with a
particular set of T, and longitudinal (T;) relaxation times
can be interwoven between PFG blocks to selectively suppress
the magnetization from species for which T, = T5% and hence
D,

Consider the magnetization from a collection of Ny, I = —
spins with gyromagnetic ratio y in the presence of a large, static
magnetic field oriented along the 2-direction, BO = Byz. In this
case, the thermal equlhbrlum magnetlzatlon at temperature T

along BO, M = M, z,

cq where

is aligned
= hyN;, tanh( ) represents the magnitude of the

total equilibrium magnetization, @, = yB, is the Larmor
frequency, and kg is the Boltzmann constant. When the
magnetization is perturbed from equilibrium, for example,
because of the application of an RF pulse, the time evolution of
the total magnetization, M(t) = My(£)& + My(t)y + M, ()3, is
governed by the Bloch equations:
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where M, (t) = Mx(t) + iM(t), ﬁRF(wM(t)) #(t)) is the
superoperator ~ representing an RF pulse of amplitude wgg(t)
and phase ¢(t), and
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represents the intrinsic Liouvillian superoperator in the
absence of RF irradiation, where @ is the I spin resonance
frequency in the rotating frame, and (T;)™" and (T,)™" are the
intrinsic longitudinal and transverse magnetization relaxation
rates, respectively, for the magnetization to evolve back to M.
The formal solution to eq 1 is given by

M, M,

MZ(t) A Mz(o)

M(6) = Ro((@gp)y, t, 0) M,(0)

M) M_(0) ®

where Ro((@gg)y £, 0) = Fredo 4 (Zo(T T ) + (et (1))

is time evolution propagator with T being the Dyson time-
ordering operator.

The dynamics of the magnetization in eq 1 can be sensitized
to molecular diffusion by the application of PFGs. Consider
the sequence shown in Figure 1A, which is composed of two
gradient recalled echoes (GREs) that form a GRE block. When
taking into account the effects of molecular diffusion during
the sequence in Figure 1A, the net effect is for M(t) to evolve
for a time 7, = 2(A + § + 2t,) into

Mi(t + Tc) = e@[_[# * iwoff]Tc]Mi(t)

2

My(t+17) = M + (My(t) = Meq) exp[—%]

(4)

In eq 4, T5% is the effective transverse relaxation time during
the GRE block, which is given by

1 1 2Dy(rgf,8)* (A - £,6)
- = +
) 7,
D, (A~ £,9)
7 (5)
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Figure 1. Sensitizing the magnetization dynamics to the self-diffusion
coefficient using PFGs. (A) Basic gradient-recalled echo (GRE) block
to “sensitize” the transverse magnetization to molecular diffusion,
where g and § are the maximum gradient strength and length of an
individual pulsed field gradient (PFG), respectively, where 7, = 2(A +
5 + 2ty). (B) Spin echo experiment to measure T5'" under a series of
GRE blocks. (C) Experimental data (black asterisks) and the
corresponding fit (red solid curve) to eq 4 for M,(Nz.) in a 1:1
(v/v) H,0/D,0 solution with Tg}fio = 97.83 + 0.67 ms, which was

close to T%{izo = 94 ms calculated using eq 5 with A = 6 ms, § = S ms,
ty = 400 ps, g = 12.81 G/cm, and the experimentally measured Dy,

and T, y,o values listed in Table 1.

where D; (square centimeters per second) is the self-diffusion
coefficient, g (gauss per centimeter) and & (seconds) are the
maximum strength and length of the PFG, respectively, A
(seconds) is the diffusion delay, and f; and f, are dimensionless
parameters that depend on the PFG’s shape'® (for example,

£ = % and f, = i for sine-shaped PFGs, which were used in

this work). The last approximation in eq $ is valid only under
conditions when the transverse relaxation is completely
dominated by diffusion during the GRE block, which can be
a good approximation for large enough values of g and 4.

In this case, the evolution over a GRE block described in eq
4 is equivalent to a system undergoing regular “free evolution”
under £, in eq 2 but with T, replaced by T5% in eq 5, ie,

.ZGRE = .ZO(TI, Ty f @,)- To demonstrate that the decay rate
of the transverse magnetization under GRE blocks is indeed
given by (T5*)™' from eq S, the effective 'H transverse
relaxation of a 1:1 (v/v) H,0/D,O sample under GRE blocks
with g = 12.81 G/cm, 6 = 5 ms, A = 6 ms, and t4 = 400 ps was
measured using the spin echo sequence shown in Figure 1B,
where a 7-pulse was used to partially refocus sample field
inhomogeneity (for example, because of imperfect magnetic
shimming) prior to acquisition. Fitting the decay of the
transverse magnetization to eq 4 gave an observed transverse
relaxation time under the GRE blocks, Tg}ffzo, of 97.83 + 0.67
ms as shown in Figure 1C, which was close to the theoretical
T5% value of 94 ms calculated using eq 5.
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As suggested by eq 5 and Figure 1C, differences in Dy, and
hence differences in T5™, could be exploited to selectively
suppress signals using relaxation selective pulses. Relaxation
selective pulses are RF pulses that selectively suppress the
magnetization for species with relaxation times given by T, =
T and T, = T5%. Relaxation selective pulses typically work by
both inverting the initial equilibrium magnetization, M.y and
attenuating it by an amount related to both T, and T;. Once
inverted, the magnetization undergoes T, relaxation back to
M., with the magnetization being nulled at the end of a
relaxation selective pulse of length T, for those species for
which T, = T} and T, = T5®. Typically species for which T, <
T3¢ exhibit greater magnetization attenuation compared to
spins for which T, = T5% prior to the inversion recovery period
and thus end up with z-magnetization oriented along the +z-
direction, whereas species for which T, > T5% typically
experience less magnetization attenuation prior to the
inversion recovery period and thus end up with z-magnet-
ization oriented along the —2-direction. The diffusion selective
pulses used in this work utilize a combination of T, and
effective T, relaxation to suppress signals based upon D;. It
should be noted that most relaxation selective pulses use low-
power RF strengths that make them sensitive to B,
inhomogeneity and RF transmitter offsets (more details of
the mechanisms of relaxation selective pulses are given in the
Supporting Information).

Before going on to discuss how to generate diffusion
selective pulses from relaxation selective pulses, we should
consider the case in which T relaxation can be safely ignored,
i.e, T, > T,. This situation can in principle be achieved due to
diffusion under PFGs as long as sufficiently strong gradient
strengths are used (technical limitations on gradient strengths
and the time it takes to switch such strong gradients on and oft
while minimizing eddy currents may make it challenging to
completely ignore T, relaxation in diffusion selective pulses).
However, the mechanism behind T, relaxation selective
pulses'"'? is slightly different'* than that of the relaxation
selective pulses described above. In this case, the overall
magnetization of spins for which T, # T5¢ is attenuated under
the T,-selective pulse, while those spins for which T, > T5¢
have their magnetization inverted to point along the —2z-
direction. For T, = T3, the T,-selective pulses simply rotate
Meq by © = % into the x—y plane while exponentially

attenuating the magnetization. The theoretical attenuation of
the total magnetization after application of a T),-selective pulse

as a function of T), M) , is given by12
a
M(T)| _ |G- 1
Mg T+ T,° ‘
D, - pSel
b+ b o

where the approximation in the last line of eq 6 is valid only
when T5% is mainly determined by Dy in eq 5. A plot of
(")

versus To is given in Figure 2C (solid black curve).

eq

Any relaxation selective pulse that selectively suppresses the

magnetization for spins with
Eff. 1 Sel

T, = T, (D) =

T

WM will therefore act, by
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Figure 2. Basic scheme for implementing a diffusion selective pulse
and an experimental demonstration of a diffusion selective pulse in a
1:1 (v/v) H,0/D,0 sample. (A) A series of N. GRE blocks from
Figure 1A with an RF pulse of fixed amplitude vgg placed in the
middle of each GRE block with phase ¢, and flip angle 6, = 27vyzt;
for k = 1 to k = N. The resulting z-magnetization/transverse
magnetization after application of the diffusion selective pulse can be
measured with or without application of a g pulse prior to signal

acquisition. (B) Pulse lengths, 0 < t; < 100 ys and phases, ¢y, for k =
1to k=N, =78 pulses used to generate a diffusion selective pulse that
suppresses the magnetization from spins with T5% ~ 94 ms. (C)
Experimental profiles of the longitudinal (red asterisks) and transverse
magnetization (green asterisks) after application of the diffusion
selective pulse in panel B to a 1:1 (v/v) H,0/D,0 sample as a
function of Tgf{'lzo (calculated using eq S). The corresponding

magnetization profiles (solid red and green curves) calculated using
eq 1 are shown along with (solid black curve) the theoretical
magnetization profile for a T,-selective pulse in eq 6. A minimum in
IM(T,)! occurred near T3 = 97 ms. In the GRE blocks, A = 6 ms, 6§ =
5 ms, tq = 400 ps, 7. = 23.6 ms, and T, = N7, = 1.8408 s, and g was
linearly varied from 0.298 to 29.8 G/cm.

default, as a diffusion selective pulse that also suppresses the
magnetization for those species for which D; = D*®. However,
because T]iflf‘ in eq S is the effective transverse relaxation time
over a GRE block, RF pulses must be applied in such a way
that, when averaged over a GRE block, they generate an
evolution of the magnetization that is equivalent to the
evolution generated by applying a relaxation selective pulse to
a system with a Liouvillian given by .ZGRE. This can be
accomplished as follows.

Consider a relaxation selective pulse with amplitude and
phase given by @*(t) and ¢*!(t) for 0 < t < T, that is
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Table 1. Experimentally Determined Spectral Parameters at a Field Strength of 400 MHz

sample species & (ppm) D (X107 cm?® s) T, (s) T, (s)
Figures 1 and 2, 1:1 (v/v) H,0/D,0 H,0 4.7 19.99 + 0.40 7.44 £+ 0.06 1.01 + 0.03
Figure 3, 1:1:1:3 (v/v/v/v) DMSO/acetone/H,0/D,0 H,0 4.7 1149 + 0.16 421 + 0.11 2.37 + 0.06
DMSO 2.72 6.16 + 0.08 3.35 + 0.08 3.22 + 0.0
acetone 223 7.43 + 0.01 5.53 £ 043 547 + 0.13
Figure 4, outer tube, 1:1 (v/v) H,0/D,0, [Gd*"] = 88 uM H,0 47 21.01 + 0.01 0.59 + 0.04 038 + 0.01
Figure 4, inner tube, 1:1 (v/v) H,O/DMSO-d,, pH 4.56 H,0 4.7 7.52 + 0.34 1.20 + 0.01 0.71 + 0.02
(A) (B) Standard NMR Spectrum
TC
((ﬁ()dJk I eﬂk)‘bk % DMSO
'H ‘H »f water
acetone
G
N N
= Ne= [7] 57 45 32 19 07
+ + ppm
(C) water
| I water
T [ v 7 1 (x 2.5)
acetone (x 3.6) acetone
pmso|  (x1.8) DMSO |
57 45 32 19 0.7 57 45 32 19 07 57 45 32 19 07
ppm ppm ppm

Figure 3. Using diffusion selective pulses to suppress signals based upon the self-diffusion coefficients in a 1:1:1:3 (v/v/v/v) DMSO/acetone/
H,0/D,0 solution. (A) Application of a diffusion selective pulse with a z-pulse placed roughly in the middle ([z], = ceiling of z). In all
experiments, g = 44.7 G/cm, 6 = 3 ms, A = 4 ms, ty = 400 us, 7. = 15.6 ms, and the RF transmitter was placed at the average frequency offset
(Suansmitter = 3-22 ppm). (C) Corresponding spectra from the resulting transverse (green) and Z-magnetization (red) after application of diffusion
selective pulses designed to suppress the water (left), acetone (middle), or DMSO (right) resonances. Scaling factors relative to the regular NMR
spectrum in panel B are shown. Details of the diffusion selective pulses and spectral integrals are given in the Supporting Information.

designed to suppress the magnetization of spins for which T35
= T5%(D{*!). Furthermore, suppose that the relaxation pulse
can be approximated by N, rectangular pulses, each of length
7., for which T, # Nz, and with the phase and amplitude of
the kth pulse for k = 1 to k = N, given by @i and wi,
respectively. Such a relaxation selective pulse can be converted
into a diffusion selective pulse using the pulse sequence in
Figure 2A, which consists of N. GRE blocks with an RF pulse
of fixed amplitude vy applied in the middle of the GRE block.
The phase and flip angle of the kth RF pulse of length 0 < #;, <
2t in Figure 2A are given by ¢ and 6, = 27avpet, = 0},
respectively, for k = 1 to k = N Due to the RF pulse, the
evolution during the kth GRE block for k = 1 to k = N can be

described by an average Liouvillian'” given by

— ~ ~ t
r k Sel
Ligre ® Logg + HRF(:ZHURF’ ¢keJ

C

7 y Sel Sel
= ‘LGRE + HRF(a)k y ¢k ) (7)

Equation 7 is valid'® as long as wt, < g and lo7] < %
The overall propagator for the N. GRE blocks in Figure 2
can therefore be written as

N,
~ DSP R 3 TJ-Z:, (@ 5]
R(T) » T [ e tontul@t
k=1

o Telo? 4t LouetBe(@™ (1), 0% ()]
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where the superscript DSP stands for diffusion selective pulse.
Equation 8 represents the total propagator for the application
of a relaxation selective pulse of length T, and with amplitude
@*(t) and phase ¢*(t) applied to a system with a Liouvillian

given by .ZGRE. The diffusion selectivity of the sequence in
Figure 2A comes from the diffusion dependence of T5% in eq 5.

A demonstration of a diffusion selective pulse applied to a
1:1 (v/v) H,0/D,0 sample is given in Figure 2. In Figure 2B,
the pulse lengths, 0 < t, < 100 us, and phases, ¢, for k=1 to k
= N_ = 78 that were used in Figure 2A to generate a frequency-
swept hyperbolic secant'’-based relaxation selective pulse for
which T5¢ = 94 ms and T, = N.7. = 1.8408s are shown. While
frequency-swept hyperbolic secant pulses are relatively robust
to RF inhomogeneity, the diffusion selective pulse in Figure
2B, and as implemented in Figure 2A, was very sensitive to By
inhomogeneity and RF transmitter offset.

The attenuation of the magnetization under the diffusion
selective pulse in Figure 2B versus T5" is shown in Figure 2C.
In this case, different values of TE" were generated by linearly
varying the PFG gradient strength from g = 0.298 G/cm
(corresponding to TE® = 995 ms as calculated from eq 5) to g
=29.8 G/cm (corresponding to T5* = 19 ms). For each g, and
hence for each TEF, both the total transverse (green) and the
total 2-magnetization (red) after application of a diffusion
selective pulse were measured by integrating the resulting
spectrum about the water resonance over a +3 Hz range. In
Figure 2C, the experimentally measured integrals (normalized
by the integral from a regular spectrum) are represented by an
asterisk while the solid red and green curves represent the
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theoretical predictions based on numerically integrating eq 1
for the pulse sequence shown in Figure 2A. The theoretical
attenuation curve for a purely T,-selective pulse for which T5
= 94 ms, calculated using eq 6, is also shown (solid black
curve). As shown in Figure 2C, the total magnetization was
suppressed at T%fﬁzo ~ 97 ms with observed transverse and z-

magnetization of IM,l ~ 3.1 X 107*M,, and IM,| ~ 3.5 X
10_3Meq, respectively. Note that for Tg‘fi-[ > 97 ms, the z-
magnetization was inverted as expected (data not shown).

Diftusion selective pulses were also developed to selectively
suppress signals in a 1:1:1:3 (v/v/v/v) DMSO/acetone/H,0/
D,O sample (spectral parameters are listed in Table 1 with the
regular NMR spectrum given in Figure 3B). In these
experiments, GRE blocks using g = 44.7 G/cm, 6 = 3 ms, A
= 4 ms, t; = 400 ps, and 7, = 15.6 ms were used, which gave
Tifo = 37.1 ms, Thnpone = 58.3 ms,
and Tg,%Mso = 71.2 ms under these conditions. In this case,
diffusion selective pulses were optimized using a modified
version of the GRAPE algorithm®’ applied to the sequence in
Figure 3A where a z-pulse was placed in the approximate
middle of the diffusion selective pulse to help refocus chemical
shifts before signal acquisition (details of the optimization, the
corresponding diffusion selective pulses, and integrals of the
spectra in Figure 3C after application of the diffusion selective
pulses can be found in the Supporting Information). In each
case, a soliton T)-selective pulse'' for suppressing the relevant
T5® was used as initial input into the optimization algorithm.

In Figure 3C, the resulting spectra from the remaining
transverse (green) and Z-magnetization (red) after application
of diffusion selective pulses that were designed to selectively
suppress signals from H,O (Figure 3C, left), acetone (Figure
3C, middle), and DMSO (Figure 3C, right) are shown. In
Figure 3C, the diffusion selective pulses suppressed signals
with the corresponding T5% = T5¢! while inverting the signals
for those species for which T5% > T,

Finally, diffusion selective pulses were applied on a sample of
water in two different, spatially separated chemical environ-
ments with distinct diffusion coefficients. The sample consisted
of a 5 mm NMR tube with a 2 mm coaxial insert with an 88
uM Gd*, 1:1 (v/v) H,0/D,0 solution in the “outer
compartment” and a 1:1 (v/v) H,0/DMSO-d; solution at
pH 4.56 in the “inner compartment” (see the inset in Figure
4A). Although the two solutions were spatially separated, the

effective TET values of

. . . T .
chemical shifts and ratios of ?‘ in the two compartments were
2

similar enough that the regular sample spectrum in Figure 4A
consisted of a single resonance with Av, ,, = 12 Hz. However,
the self-diffusion coeflicient in the “outer compartment” was a
factor of ~3 larger than that found in the “inner compartment”
(Table 1). In Figure 4B, a proton density image from a 1 mm
slice shows the signals from the two compartments. Using
GRE blocks with g=23.92 G/cm, 7. = 1845 ms, 0 =3 ms, A =
S.11 ms, and t3 = 500 us, the effective transverse relaxation
times were Tiﬁ,ﬁuter = 69.35 ms and T‘Eﬁi‘mer = 158.6 ms in the
outer and inner tubes, respectively, which agreed well with the
theoretical values of T];“ff‘mer = 65.0 ms and Tgfifmer = 1584 ms
calculated from eq 5. Under these conditions, images were
taken after application of diffusion selective pulses designed to
selectively suppress signals in either the outer compartment
(Figure 4D; T, = 313.65 ms) or the inner compartment
(Figure 4C; T, = 793.35 ms). As demonstrated in Figure 4,
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Figure 4. Application of diffusion selective pulses to spatially suppress
signals based upon differences in self-diffusion coefficients. (A) A §
mm NMR tube with a 2 mm coaxial insert was used (see the inset)
with an 88 uM Gd*" solution in a 1:1 (v/v) H,0/D,O solution in the
outer compartment and a pH 4.56, 1:1 (v/v) H,0/DMSO-d4
solution in the inner compartment. The spectrum consisted of a
relatively broad beak with a line width (Av,,) of 12 Hz. (B) FLASH
image representing a 1 mm slice in the x—y plane of the sample that
clearly shows the two sample regions (inner and outer tubes), which
have nearly the same proton density in both regions. Using GRE
blocks with g = 23.92 G/cm, 7. = 18.45 ms, 6 = 3 ms, A = 5.11 ms,
and t; = 500 ps, diffusion selective pulses were designed to suppress
signals in the inner compartment (panel C; TE}j{‘mer = 158.6 ms) or the
outer compartment (panel D; ng'ute, = 69.35 ms). The same slice as
in panel B was acquired after application of a diffusion selective pulse
designed to suppress either the (C) slow diffusing species (inner
compartment) or the (D) fast diffusing species (outer compartment).

diffusion selective pulses can be used to spatially differentiate
signals based upon self-diffusion coeflicients.

In summary, we have presented a new method for selectively
suppressing signals in an NMR experiment based upon the
self-diffusion coeflicient, D. This was accomplished by
exploiting the fact that PFGs can sensitize the effective
transverse magnetization relaxation time to D as given in eq 5.
As a result, diffusion selective pulses can be constructed by
incorporating T),-selective pulses into a series of PFG blocks.
Experimental demonstrations in both water and DMSO/
acetone/water samples were presented that illustrated the
capabilities of diffusion selective pulses to selectively suppress
signals based upon D for both spectroscopic and imaging
applications. Diffusion selective pulses provide a new
experimental control for editing and acquiring NMR spectra.
In addition, diffusion selective pulses may find use in
multidimensional diffusion experiments,”’ in suppressing
background signals from immobile fats in MRI, and in
quantifying distributions of diffusion coefficients in multi-
component samples to name just a few potential applications.
Finally, the performance of the diffusion selective pulses
presented in this work can be significantly improved by
developing better optimization algorithms that could make the
pulses more robust to chemical shifts, spin—spin couplings, etc.
In addition, both PFG and RF shapes could be simultaneously
optimized to generate diffusion selective pulses that are robust
to RF and B, inhomogeneity while minimizing the attenuation
of magnetization for species for which D # D%
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B EXPERIMENTAL SECTION

Acetone (99.5% pure), dimethyl sulfoxide (DMSO, 99.5%
pure), and gadolinium(III) chloride hexahydrate (99.999%
pure) were purchased from Sigma-Aldrich. Hydrochloric acid
(HCl, 6 N) was purchased from VWR International, and D,0
(D, 99.9%) and DMSO-d; (D, 99.9%) were purchased from
Cambridge Isotope Laboratories, Inc. All experiments were
carried out on a 400 MHz Bruker AVANCE III HD
spectrometer with a Micro5 microimaging probe equipped
with XYZ gradients and only a 'H channel. The self-diffusion
coefficients were measured using pulsed gradient stimulated
echo (PGSTE) experiments, and the longitudinal and
transverse relaxation times were determined using inversion
recovery”” and CPMG”*>** (with a z-pulse spacing of 200 ms)
experiments, respectively.

All diffusion selective pulses were implemented using sine-
shaped PFGs. For applications of the sequences in Figures 2A
and 4A, the directions of the PFGs in different GRE blocks
were randomized within an experiment to minimize the
contributions of stimulated echoes and eddy currents so that
acquisition of the free induction decay (FID) could begin at
approximately at the end of the last GRE block. If only a Z-
gradient was available, randomizing between +Z PFGs within
an experiment was also found to reduce the contributions of
stimulated echoes to the FID. All spectra were acquired using a
dwell time of At = 250 us, Ny, = 4799 complex data points,
eight scans, and a relaxation delay (d,) of either 40 s (Figures 2
and 3) or 7 s (Figure 4).

For the imaging experiments in Figure 4, a S mm NMR tube
(Wilmad LabGlass, 528-PP-7CONS) containing an 88 yM
Gd** solution in a 1:1 (v/v) H,0/D,0 mixture with a 2 mm
coaxial inert (Wilmad LabGlass, WGS-SBL) that contained a
1:1 (v/v) H,0/DMSO-dy solution with a calculated pH of
4.56 was used. Under the shimming condition of this probe,
the difference in resonance frequencies between the two
solutions was <3 Hz with the overall spectrum in Figure 4A
having a line width at half-height (Av,,,) of 12 Hz. After
application of the diffusion selective pulses (which are given in
the Supporting Information), images were acquired using a
standard FLASH™® sequence with an echo time of TE = 3.663
ms, a repetition time of TR = 7 s, one signal average, an

excitation flip angle of ® = g, a 1 mm axial slice, and a 256 X

256 image size with a field of view of 6 mm X 6 mm.
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The following supporting information is provided: first, a few details about the calculations
and superoperators introduced in the manuscript are provided. This is followed by a more in depth
discussion about the mechanism behind the relaxation selective pulses used in this work. Plots
of the diffusion selective pulses used in this work are also given, along with a table of spectral
integrals in the 1:1:1:3 H,O/DMSO/acetone/D>0O solution after application of diffusion selective
pulses. Finally, details about the optimization algorithms used in generating relaxation/diffusion

selective pulses are provided.

Additional details about theory in main paper

In Eq. (2) of the main paper, H rr(wrr(t), ¢(t)), which is the superoperator representing an RF

pulse of amplitude wrp(t) and phase ¢(t), is given by:

ﬁRF(WRF; $) = iwgr

)]

The basic building block of implementing a diffusion selective pulse consists of placing an RF
pulse in the middle of a GRE block, as shown in Fig. 2(A) in the main text. The reason for this
is that the “zeroth”-order average Liouvillian for the k" block for k = 1to k = N,, EG RE IN
Eq. (7) of the main text, is correct to second-order in terms of average Liouvillian theory! due
to the symmetry of the evolution. Furthermore, keeping only the zeroth-order average Liouvillian
in Eq. (7) of the main text and neglecting second-order and higher contributions is a reasonable
approximation as long as 0, = 2nwvgrpt;, <K 7. Furthermore, the condition lwrTe] < 3 should

also be observed in order to avoid any DANTE-like resonances? due to the inherent periodicity of

the implementation of diffusion selective pulse given in Fig. 2(A) of the main text. In principle,



breaking this periodicity could be accomplished by varying the delays between GRE blocks, for
example, although one would need to be careful that the same effective 7o was being generated

in the different GRE blocks.

Mechanism behind relaxation selective pulses

As described in the main text, the majority of relaxation selective pulses consist of two basic steps:
first, the initial equilibrium magnetization is attenuated and inverted by the relaxation selection
pulse over a time 7, — 7p from Meq to MPSP(Ty, Ty, T, — 7p), which points along the —Z-
direction. The attenuation under the diffusion selective pulse, MDSP (13,11, T, — 7p)|, depends
upon the 77 and 75 of spins and the details of the relaxation selective pulse. In the second step,
the inverted magnetization undergoes a partial inversion recovery (77 relaxation) for a time 7p =

DSP Sel Sel
TSel |, (M (15°.73)
1 — L

Meg + 1) , giving a total pulse length of T}, for the relaxation selective pulse.

At the end of the relaxation selective pulse, those spins with T, = 75 and T} = T have had

their magnetization nulled, i.e., |[MPSP(T59, T3 T,)| ~ 0. Typically for spins with 75 < T3,
}MDSP(TQ, T, T, - TD)( < ’MDSP(TSGI, T84T, — TD)} and thus M5 (T, 1, T,,) ends up with
Z-magnetization oriented along the +Zz-direction after the inversion recovery period. For species
with Ty > T9¢,

’MDSP(TZ, T, T, - TD)’ > )MDSP(T;CI, T8 T, — TD)’ and thus M”57 (Ty, Ty, T,) ends up
with Z-magnetization still oriented along the —Zz-direction after the inversion recovery period. This
behavior is illustrated in Fig. 1 which shows the trajectories for magnetization under diffusion
selective pulses used in Fig. 2 and Fig. 4(C) of the main paper (the latter pulse is given in Fig.

3(A) in Supporting Information). As discussed above, the magnetization is inverted in all cases

and then undergoes T relaxation whereby those species with T, = T¢! are suppressed.
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Figure 1: Trajectories of the magnetization vectors with different values of 7, under two different
diffusion selective pulses. (A) Under the diffusion selective pulse designed to suppress the magne-
tization for species with 75¢' = 91 ms (7, = 1.8408 s) used in Fig. 2 in the main manuscript, the
trajectories of the magnetization for species with 75 = 20 ms (red curve), T5 = 91 ms = T5¢! (blue
curve), and 75 = 200 ms (black curve) are shown. In all case, the magnetization is inverted from
equilibrium, after which the magnetization undergoes inversion recovery. For T, = 20 ms < 75!
(red curve), the magnetization ends up being oriented along the +Zz-direction; for 75 = 200 ms
> T2 (black curve), the magnetization ends up being along —Zz-direction, and for T, = T5° = 91
ms (blue curve), the magnetization ends up being nulled at time 7, = 1.8408 s. (B) The trajectories
of the magnetization during the diffusion selective pulse used in Fig. 4(C) in the main paper [and
given in Fig. 3(A)] are shown for species with Ty = 69.35 ms (blue curve) and Ty = T5¢! = 158.6
ms (red curve). Similar to the trajectories in (A), the diffusion selective pulse ends up inverting
the magnetization of both species although the species with T, = 69.35 ms < 75 ends up with
magnetization along the +Z-direction (blue curve) whereas the species with T, = 75 = 158.6 ms
ends up being nulled at the end of the diffusion selective pulse.



Diffusion selective pulses used in Figs. 3 and 4 of the main text

Figures 2 and 3 give the pulse lengths, 5, and phases ¢y, for the diffusion selective pulses used
in Fig. 3 and Fig. 4 in the main text. In Fig. 2, the diffusion selective pulses were imple-
mented using the sequence in Fig. 2(A) in order to selectively suppress signals in a 1:1:1:3
v/viviv HoO/DMSO/acetone/D5O solution based upon the effective relaxation times under the
GRE blocks. The water, acetone, and DMSO resonances were suppressed using the diffusion
selective pulses given in Fig. 2(B), 2(C), and 2(D), respectively.

The integrals of the spectra in the HoO/DMSO/acetone solution [Fig. 3(C) in the main text]
from the remaining transverse and Z— magnetization after application of diffusion selective pulses
given in Fig. 2 are given in Table 1. In most cases, the resulting attenuation of magnetization after
application of the diffusion selective pulses was typically less than the theoretical predictions given
by Eq. (6) in the main text, although in some cases larger signals were observed as given in Table
1. In these cases, differences in 7} ; and/or chemical shifts can reduce the overall magnetization
attenuation of the diffusion selective pulses as predicted from Eq. (6) in the main text. In Fig. 3,
diffusion selective pulses that were used in the imaging experiments shown in Figure 4 of the main

text are present with additional details given in Fig. 3’s caption.

Application of the GRAPE method to optimize RF pulses

In many problems in NMR, we are interested in finding an RF pulse, (wRF (t)) o(1)° that minimizes a
given cost functional, @ |Qpecral, (W (£)) o1y, NREF, W2, M (Tp)} , which depends upon the spectral
parameters [{peciral € 171, T3, chemical shifts, J-couplings, etc.], RF and B, inhomogeneity, which
are represented by nrr and wy, respectively [where the dimensionless parameter 7zr represents
an RF scaling factor with ngr = 1 for a perfectly calibrated pulse, and wy represents a local

resonance offset], and the final state of the magnetization at the end of the RF pulse of length 7,
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Figure 2: Diffusion selective pulses designed to selectively suppress signals in a 1:1:1:3
H>O/DMSO/acetone/D>0O solution used in Fig. 3 of the main text. (A) The basic pulse sequence
used to implement the diffusion selective pulses, where a m-pulse was placed roughly in the middle
([z]+ = ceiling of z) of the sequence. In all experiments, g = 44.7 G/cm, 6 = 3 ms, A = 4 ms,
tqy = 400 us, 7. = 15.6 ms, and the RF transmitter was placed at the average frequency offset
Of Oyransmiter = 3.22 ppm. (B) Diffusion selective pulse (N. = 27, vgp = 1558 Hz, T}, = 421.2
ms, and 75¢' = 37 ms) designed to suppress the water resonance. (C) Diffusion selective pulse
(Ne = 42, vgr = 953 Hz, T}, = 655.2 ms, and T2se1 = 58 ms) designed to suppress the acetone res-
onance. (D) Diffusion selective pulse (N, = 57, vgr = 902 Hz, T,, = 889.2 ms, and T2Sel = 71 ms)
designed to suppress the DMSO resonance. The spectra after application of the diffusion selective
pulses were given in Fig. 3(C) of the main text with the corresponding integrals of the spectra
given in Table 1.
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Figure 3: Diffusion selective pulses designed to selectively suppress signals in an imaging phantom
used in Figure 4 of the main text. In all experiments, g = 23.92 G/cm, § = 3 ms, A = 5.11 ms,
tq = 500 us, and 7. = 18.45 ms. (B) Diffusion selective pulse (N, = 43, vgr = 1808 Hz,
T, = 793.35 ms, and 75" = 158.6 ms) designed to suppress the water resonance in a 1:1 v/v
H,O/DMSO-dg solution with pH= 4.56 (placed in 2mm coaxial insert). (C) Diffusion selective
pulse (N, = 17, vgr = 6745 Hz, T, = 313.65 ms, and 75! = 69.35 ms) designed to suppress
the water resonance in a [Gd™]=88.M solution in 1:1 v/v H,O/D,0 sample (placed in outer 5Smm
tube). Images taken after application of these diffusion selective pulses were given in Fig. 4(C)
and 4(D) of the main text.



Table 1: Observed integrals for diffusion-selective pulses [Fig. 2] applied to a 1:1:1:3 v/v/v/v
DMSO/acetone/H,O0/D-0 solution [Fig. 3 from main text]

T5 (ms)  Species AJVJLZq JJZZ ‘ J\Zq . [Eq. 6 (main text)]
[Fig. 2(B)] DMSO 3.33x107! 7.7 x 1072 3.14 x 101
371 acetone 1.23x107' 1.9 x 1073 2.22 x 1071
H>O 1.3x1072 2% 1073 0
[Fig. 2(C)] DMSO 7.0 x 1072 3x 1073 9.9 x 1072
533 acetone 6 x 1073 3x 1073 0
H>O 25x1072 1.3 x 1072 222 x 1071
[Fig. 2(D)] DMSO 6 x 1073 3x 1073 0
712 acetone 1.24 x 107! 2.1 x 1072 9.9 x 1072
' H,O 254 x 107! 8.8 x 1072 3.14 x 107!

]\7[(Tp) = My (T,)z+ Mx(1,)x + My (T,)y, which can be calculated from:

may - | M i)
MX(TP)
MY(TP)

M1 = (20" +7@ +56)") MT,) 3)
0 0 0
~ ) ) R 1 R 0 R 0
where T’ represents the Dyson-time ordering operator, z = , T = Y = ,
0 1 0
0 0 1

and M(0) =1+ ]\7[(0) =14 M,.,z. InEq. (2), Tx, Iy and I, represent spin-1/2 superoperators,



which are given by:

00 0 0
2 00 0 0
I, =
00 0 1
00 -1 0
000 0
= 000 —1
Ix =
000 0
010 0
0 0 00
= 00 10
Iy = “)
0 -1 00
0 0 00

and L (€pectrat) Tepresents the time-independent Liouvillian during the time 7,,. When (wRF (t)) ot
can be approximated by a series of [V, piecewise constant rectangular pulses as illustrated in Fig. 4,
where the amplitude, phase, and length of the k" — pulse is given by wi’", ¢, and 7y, respectively,

then M(7},) with T}, = Zszl ) can be approximated by:

M(T})

Q

N
(T H Vk(Qspectrah Wz, NIRF, wgi; w}?ﬁ? Tk)) M<O)
k=1

~ 1+ ML) =1+ (20 + 2@+ G)) M(T,) )

where Wi = wfF cos(dr), wiff, = witt sin(¢y), and

-~

1 RF | RF RFT RF T 7 =
Vie(Qspectral, Wz, NRE, WX oy Wy k> Tk) = €XD (Tk |:77RF (WXJg[X + Wyl [Y) twzlz + E(Qspectral):|>

(6)



represents the propagator during the time Zf;ll 7, <t< Z§:1 7; under the k' rectangular pulse.

For a T,— selective pulse, the cost functional ® [Qspectral, NRE,WZ, M (Tp)] should be mini-

—

mized for a (w7 (t)) . that results in |M(7,)

o(t)
|M(T,)| for those spins with Ty # T5<. One way to find such an (w®"(t)) o1 18 by using the

~ 0 for T, = T while minimally attenuating

GRAPE algorithm.? The GRAPE algorithm works as follows: defining the following propagators
fork=1tok = N:

k
~F o~
T i RF | RF
Uk =T H vj(Qspectrab Wz, NRF, WX,ja WY,]' ) Tj) (7)
j=1
2B 2
along with U; =1, and
A8 A3 RF RF
Uy, =T H V N—jr2(Qspectral, Wzs MRF WX, N j 125 WY, N—j 425 TN—j+2) (®)

j=2
fork=2tok =N, ]\7[(Tp) can be determined from Eq. (5) by:

xF_

M(T) = (2@ +3@"+7@") UyMO) ©)

~F
where we used the fact that M(7},) = U yM(0). Denoting %" = (wi, w5, -+ WL, wky)
and G = (Wi, Wi, -+ w1, i), the GRAPE algorithm finds the appropriate G

and GBF that minimize ® by updating the k™ pulse to (WEE)™" = (wB)™ — \ndwx s and
% Yy up g p X,k Xk p ,

(WQZ)HCW = (Wg,i)o}d — Astepﬂy,k for k = 1to k = N, where:

— 0d 0d 0 xB o Al o
dwxp = <(5MZZT+ 5MX$T+M T> <URFTkUNk+1HXUkM(O)>>
a2 afF__

_ P Y S v S B 2
Owrk = <<6MZZT+ <5MX$T+ MyT) (nRFT’“UN‘k“HYU’“M<O))> (10)

In Eq. (10), (- --) represents a (possible) average over parameters [e.g., 13’s, ngr, wz, etc.], and

10
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Figure 4: (A) An RF pulse, (wRF(t))¢(t)
lar pulses, where the k™" pulse has amplitude, phase, and length of w/**', ¢, and 74, respectively.
As illustrated in (A), the (wRF (t)) o) WaS approximated by N = 20 rectangular pulses. In the
GRAPE algorithm,? the individual wi*" and ¢; are optimized by iterating Eq. (10). (B) The
GRAPE algorithm can also be used to optimize the individual w/*" and ¢}, in the presence of fixed
RF pulses [(©4)p,— (Os)gs—> and (O13) 5, — pulses as illustrated in (B)] by iterating Eq. (15).
(C) For a pulse sequence consisting of N small-flip () 4, — bulses with 0r = wif't, applied in be-
tween periods of free evolution of time 7p (with 7. = 27p +t,) and fixed RF pulses, the individual
wit™ and ¢y, of the (), — pulses can be optimized by iterating Eq. (19).

, that is approximated by N, piecewise constant rectangu-

11



0P

5ir; tepresents functional derivatives of ® with respect to M; for j = X, Y, Z. In this case, the

algorithm is iterated until convergence is achieved (additional details of the implementation, such

as line searches to determine the best Ay, and time scaling, have been previously reported*).

Optimizing (w’ (1)) 5(¢) in the presence of a fixed set of RF pulses

In some instances, (wRF (t)) o(0) needs to be applied in the presence of a series of fixed, RF pulses,
e.g., applying a selective excitation pulse in the presence of homonuclear decoupling® or requir-
ing a m— pulse be applied in the middle of the sequence to refocus B, inhomogeneity, etc. In
this case, a modified version of the GRAPE algorithm can be employed. Consider determining
a (wRF (t)) 6(0) that minimizes some cost function ® in the presence of a set of fixed RF pulses.

Assume again that (wRF (t)) can be represented by /V, piecewise constant rectangular pulses,

(t)
but with up to N additional, fixed RF pulses that are interspersed within the sequence. This is
illustrated in Fig. 4(B), where N = 17, and three different, fixed RF pulses are applied: a (O4),

pulse [applied directly after the (w4 ) — pulse], a (Og)4,— pulse [applied directly after the
(wi” ) 4, — bulse], and a (©13)4,,— pulse [applied directly after the (wi¥ ) 4., — Pulse]. Defining

the following propagators for k = 1to k = N:

o F WEPUPN
URFk = H R V spectrala Wz, RF, w)}?;a W{E?, Tj)
(11)
where IA/]- is given in Eq. (6), and
= 0, Q; = =
Rj = exp | t; |NrF ? COS(¢])IX + - Sln(¢]) + WZIZ + E(QSpectral)
J 2
(12)

represents the propagator for a rectangular RF pulse pulse of length ¢; with a nominal flip angle of

©, #0.If©; =0, then t; = 0 and so fij =1 representing the fact that no RF pulse was applied.

12



Note that in Eq. (12), E(Q’Spml) need not be the same as Z<Qspectral) found in Eq. (6).
=B ~
Further define U pp; = 1, and

k
B ~ ~
_ ’\H o) 1 RF RF
k T Rij+2VN7j+2(Qspectral7wZunRFuwX,ijJrQJwY,ijJrQuTN*j+2) (13)
=2

N

fork=2tok =N, M(Tp) can be written as:

aF o
U gp,nM(0) (14)

M) = (ZET+3@ +56))
In this case, the GRAPE algorithm can be used to find the appropriate %/ and &It that minimize
® by updating the k' pulse to (wﬁf};)new = (w)}?ﬁ;)om — AsepOWx x and (wiE )new = (wiff )Old —

Ampmﬂk for k =1to k = N, where

— 0d _ 0d 0d xB = x 2\ tar o
dwxp = <((5MZZT+ 5MX$T‘|‘ (5]\/[ny) <77RFTkURF,N—k+1RkHX (Rk) URF,k;M(O))

— 0d _ 0d 0d xB 2 A 2\ taF o
50)3/7/6 = <((5MZZT+ (5MX$T+ (5]\/[ny) <77RFTkURF,N—k+1RkHY (Rk) URF,kM(0)>

(1

)
2

)

Eq. (15) can be iterated until a desired level of convergence has been achieved.

Optimizing a series of small flip-angle pulses

When implementing diffusion selective pulses, pulsed field gradient blocks were utilized to gener-
ate an effective Liouvillian over the time 7., with (6y,) s, — bulses of fixed length ¢, placed in the
middle of the pulsed field gradient blocks in order to generate a diffusion selective pulse, where

0r = wiF't,. This is illustrated in Fig. 4(C). In this case, for a given Z(Q”

tectral) that was generated

during the times 7¢, the various small-flip pulses can be optimized in order to minimize a given .

13



Let UD = exp <TDL(Q”

spectral

)) , and define the following propagators for k = 1to k = N:

N

L PO
- XX R REF
Udelay,k = THRjUDV](QSpectrabea nRFujovaj 7t )U

(16)

where IA/ is given in Eq. (6), and ﬁ is defined in Eq. (12). Note that L (Qspectral) during the small-

flip angle pulses may be different than the L(Qgpemml) during the times 7p and L(Qgpectral) during
~B ~

the fixed RF pulses. Further, define U delay,1 = 1, and

~B koo ~ o~ —~

Udelay, H RN—j+2UDVN—j+2(Qspectrala Wz, NRrr, w}@ﬁv,j+2, w{z{;\[ j+2: Up t )UD (17)

j=2
for k = 2to k = N, then M (T}, can be written as:
7 ST o T aF
M) = (ZE"+3@ +70)") Uay yMO) (18)

In this case, the GRAPE algorithm finds the appropriate % and W3 for the small-flip an-

gle pulses that minimize ® by updating the k™ pulse to (wi5)™" = (w )1?}};)01(1

(WQZ )“ew = (w?i )Old — )\stepﬂy,k fork =1tok = N, where

- )\step&u x,; and

I 0P _T 0P _T X)) ~B ~ A A ~1 s \N-1 AF -
dwxp = 5MZZ + 5MX$ + 5Myy NRFlp UdelayN k+1RkUDHX UD Ry U getay  M(0)
_ b 0P 0P . ~B ~ A A ~ ~1 s \N-1 ~F -

Eq. (19) can be iterated until some desired level of convergence has been achieved. The diffusion

selective pulses in Fig. 4 of the manuscript utilized this version of the GRAPE algorithm.
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