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Abstract.

We analyze the performances and the optimization of 'H-{/} HMQC experiments using basic and
interleaved DANTE schemes for the indirect detection of nuclei / = 1/2 or 1 exhibiting wide lines
dominated by chemical shift anisotropy (CSA) or quadrupole interaction, respectively. These
sequences are first described using average Hamiltonian theory. Then, we analyze using numerical
simulations (i) the optimal lengths of the DANTE pulse and DANTE train, (ii) the robustness of these
experiments to offset, and (iii) the optimal choice of the defocusing and refocusing times for both 'H-
{I} J- and D-HMQC sequences for '*Pt (I = 1/2) and '*N (I = 1) nuclei subject to large CSA and
quadrupole interaction, respectively. These simulations are compared to 'H-{"N} D-HMQC
experiments on y-glycine and L-histidine.HCI at By = 18.8 T and MAS frequency of 62.5 kHz. The
present study shows that (i) the optimal defocusing and refocusing times do not depend on the chosen
DANTE scheme, (ii) the DANTE trains must be applied with the highest rf-field compatible with the
probe specifications and the stability of the sample, (iii) the excitation bandwidth along the indirect
dimension of HMQC sequence using DANTE trains is inversely proportional to their length, (iv)
interleaved DANTE trains increase the excitation bandwidth of these sequences, and (v) dephasing
under residual 'H-"H and 'H- dipolar couplings, as well as '*N second-order quadrupole interaction,
during the length of the DANTE scheme attenuate the transfer efficiency.
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I. Introduction

In the last decades, the advancement of Magic-Angle Spinning (MAS) [1-4] with presently rotation
frequencies up to 150 kHz, magnetic fields up to 35.2 T [5-7], and Dynamic Nuclear Polarization
(DNP) at fields up to 21.1 T [8—11], has enabled a considerable improvement in the resolution and/or
sensitivity of solid-state NMR spectroscopy. Furthermore, the sensitivity of this technique can be
further enhanced by the transfer of polarization from abundant nuclei with high gyromagnetic ratio,
such as 'H, to dilute isotopes with lower ratio, such as ">C or "N, using pulse sequences such as Cross-
Polarization under MAS (CPMAS) [12]. The resolution of NMR spectra can be improved by the
suppression of dipolar couplings with protons using homo- [13] or hetero-nuclear [14] dipolar
decoupling schemes. In the case of half-integer spin quadrupolar nuclei, the sensitivity can be
increased by irradiating the satellite transitions [15], whereas the resolution can be improved by



removing the second-order quadrupole broadening using MQMAS or STMAS (Multiple-Quantum or
Satellite Transition MAS) [16,17].

In spite of these advances, the detection of broad powder patterns ranging from hundreds of kHz to
tens of MHz in breadth is still challenging [18,19]. Such wide spectra can arise from three distinct
anisotropic NMR interactions, including (i) the chemical shift anisotropy (CSA), notably for heavy
spin-1/2 nuclei [20], (ii) the quadrupole interaction for nuclei with spin values larger than ' either
integer (e.g. "*N and "B [21-23]) or half-integer, and (iii) the shift resulting from the hyperfine
interaction with localized or delocalized electrons in insulating or conductive solids, respectively [24—
26].

The difficulties for the detection of wide one-dimensional (1D) spectra include (i) the need to
excite a broad spectral width, which can exceed the excitation bandwidth of the radio-frequency (rf)
pulses and the detection bandwidth of the probe, (ii) the short decay time of the Free Induction Decay
(FID), which is inversely proportional to the line width and often shorter than the pulse dead time, and
(iii) the low signal-to-noise (S/N) ratio since the total integrated intensity of the signal is spread over a
broad spectral width. Various techniques have been introduced for the direct detection of wide 1D
spectra. The excitation and inversion of wide NMR signals have been achieved using either adiabatic
pulses [27-31] or DANTE (Delays Alternating with Nutation for Tailored Excitation) trains of short
rotor-synchronized pulses [31-34]. Under MAS, adiabatic inversion can be achieved using SHAPs
(Short High-powered Adiabatic-Pulses) [28] or S’APs pulses (Single Sideband-Selective Adiabatic-
Pulses) [29,31]. When the breadth of the powder pattern exceeds the excitation bandwidth of the
pulses or the detection bandwidth of the probe, the spectrum can be acquired piecewise using the
VOCS method (Variable Offset Cumulative Spectrum) [35], which consists in acquiring sub-spectra
with different frequency offsets and co-adding them to produce the overall broad powder pattern. The
use of VOCS is facilitated by employing NMR probes equipped with automatic tuning/matching
robots [36]. Frequency stepping under MAS has also been demonstrated [37,38]. The issue of rapidly
decaying FIDs can be circumvented by the use of the spin-echo sequence or its CPMG variant (Carr-
Purcell Meiboom-Gill), which is applicable to spin-1/2 [20] and half-integer spin quadrupolar nuclei
[39]. The CPMG sequence improves the sensitivity by the acquisition of a train of echoes in every
scan, and its excitation bandwidth can be increased using adiabatic pulses, such as WURST
(Wideband Uniform-Rate Smooth-Truncation) [27]. Under static conditions, additional sensitivity
gains can be achieved using the BRAIN-CP sequence (BRoadband Adiabatic InversioN Cross-
Polarization), which efficiently transfers the 'H polarization to spin-1/2 and quadrupolar nuclei
exhibiting wide spectra [40,41]. Moreover, the sensitivity of BRAIN-CP experiments can be further
enhanced using DNP, which initially transfers the polarization of unpaired electrons to surrounding
protons [42—44]. Finally, it has been shown that the resolution of wide 1D spectra can be improved by
the acquisition of MATPASS (Magic-Angle Turning and Phase Alternating Sideband Separation) 2D
spectra, which allow separating the overlapping sideband patterns and display along the indirect
dimension only the isotropic resonances [45—47]. For "N isotope, the resolution can be dramatically
improved by the observation of '*N double-quantum (2Q) coherences, which are only broadened by
the second-order quadrupole interaction, whereas the single-quantum (1Q) coherences are broadened
by both first- and second-order ones. However, the direct detection of "*N 2Q coherences is usually
less sensitive than that of 1Q ones. '*N 2Q coherences can also be directly detected using overtone
spectroscopy, which excites and acquires '*N signal at twice its Larmor frequency. Such approach has
first been demonstrated for static samples [48,49] and more recently under MAS [50,51]. Its
sensitivity can be improved by '"H — '*N polarization transfer [52,53] and DNP [53].

For proton-containing samples, an alternative to the direct detection of / isotope exhibiting wide
spectra is their indirect detection via protons at high MAS frequencies using either / — 'H or 'H —
— 'H polarization transfers. These methods are advantageous in terms of resolution since (i) the



synchronization of the indirect evolution period, #;, with the rotor period, Tr = 1/wg, refocuses the
anisotropic NMR interactions with spatial rank / = 2, such as the CSA or the first-order quadrupole
interaction, and causes the spinning sidebands to coincide with one of them along the indirect
dimension, F,, (i) overlapping I signals can potentially be resolved in these 2D I-'H spectra, provided
they correlate to distinct 'H isotropic chemical shifts, and (iii) MAS partially averages anisotropic
NMR interactions with spatial rank / > 2, including the second-order quadrupole interaction and the
terms with orders higher than 2 in the average Hamiltonian of multiple dipolar couplings with protons
[54]. High MAS frequencies are advantageous for these experiments since they average out the 'H-'"H
dipolar couplings and hence improve the resolution and the sensitivity of these proton-detected
experiments [55,56]. The proton detection of wide spectra has first been demonstrated through the
indirect detection of 1Q and 2Q coherences of "N isotope in solids using the HMQC scheme
(Heteronuclear Multiple-Quantum Correlation) [57]. These experiments are denoted 'H-{'*N'®} and
'H-{"*"N*?} HMQC hereafter. The "H-"*N coherence transfer has first been demonstrated through a
combination of 'H-"*N J-coupling and second-order quadrupolar-dipolar cross-terms, also known as
residual dipolar splitting, using the conventional J-mediated HMQC (J-HMQC) scheme [57].
Nevertheless, faster and hence more efficient transfers are usually achieved through the larger 'H-'*N
dipolar interactions, which are reintroduced by the application of heteronuclear dipolar recoupling
schemes, such as the symmetry-based SR4? [58], on the 'H channel during the defocusing and
refocusing delays of the dipolar-mediated HMQC (D-HMQC) sequence [59,60]. The HSQC sequence
(Heteronuclear Single-Quantum Correlation) has also been employed for the indirect detection of '*N
nuclei via protons, but it is less sensitive than HMQC [61-63]. Similarly to "N direct detection, the
indirect dimension of 'H-{'*N*?} HMQC spectra may exhibit a higher resolution than that of 'H-
{""N'®} [57,60,64—67]. However, the former experiments are less sensitive than the latter ones
[60,66,67]. Proton-detected HMQC experiments have also been employed recently to detect the
overtone signal of another integer-spin quadrupole isotope, '°B with 7 =3 [68].

More recently, it has been demonstrated that proton-detected D-HMQC MAS experiments are
more sensitive than WURST-CPMG ones for the detection of wide spectra [69]. The highest
sensitivity is achieved using rotor-synchronized #; periods since all spinning sidebands then coincide
along the F; dimension. Nevertheless, the full wide MAS spectra can be indirectly detected via protons
using # increments smaller than the inverse of the width of the static powder pattern, even if the
sensitivity is decreased by about the number of spinning sidebands along the indirect dimension [69].
When the range of isotropic chemical shifts exceeds the MAS frequency, the resonances along the
rotor-synchronized indirect dimension are folded back at frequencies which can differ from the
isotropic chemical shifts. Such issue can be circumvented either by incorporating the Magic-Angle
Turning (MAT) scheme in the ¢, period [70], or by recording two spectra with different spinning
speeds.

The indirect detection via protons of central and satellite transitions (CT and ST) of half-integer
spin quadrupolar nuclei exhibiting wide signals has also been recently reported using D-HMQC and
D-RINEPT techniques (Dipolar-mediated Refocused Insensitive Nuclei Enhanced by Polarization
Transfer) [71,72].

We focus here on the excitation and the reconversion at both ends of the # period in HMQC
experiments under MAS of 1Q and 2Q coherences of nuclei exhibiting wide spectra. As mentioned
above, such excitation and reconversion are difficult since the width of the powder pattern often
greatly exceeds the rf-field delivered by the usual NMR probes, notably for nuclei with low
gyromagnetic ratios. Nevertheless, several methods have been proposed in recent years to circumvent
this issue.

First, in the case of wide spectra, high-power short pulses can achieve broadband excitation of 1Q
coherences of either spin-1/2 [66,69,70], N [66,73,74] or STs of half-integer spin quadrupolar nuclei



[71]. However, these short hard pulses often tilt the longitudinal magnetization by a small angle,
which results in decreased sensitivity.

Second, it has been shown that long rf-pulses can achieve efficient excitation and reconversion of
"N 1Q coherences in 'H-{'*N} HMQC experiments [75], and we have recently demonstrated that
these selective long pulses (SLP) achieve broadband excitation of wide spectra by frequency-selective
excitation of a single spinning sideband [66].

Third, DANTE schemes, including interleaved ones with several pulses per rotor period, have also
been employed to excite and reconvert '“N 1Q coherences in 'H-{'*N} D-HMQC experiments
[33,66,76].

Fourth, in the case of '“N isotope, according to theory and spin dynamics simulations, 2Q
coherences can be excited either (i) from the quadrupolar order, Q,, by applying either short hard-
pulses [66,77], DANTE trains [33,66] or a SLP [66,75], or (ii) from the z-magnetization by applying
either SLP [66,78—82] or the XiX (x inverse-x) scheme [30] at the '*N Larmor frequency, or overtone
pulses at twice the '*N Larmor frequency [51,52,67]. Experimentally, 2D "H-{"*N*¥} HMQC spectra
have been acquired using long pulses at once [57,60,67] or twice the '“N Larmor frequency [64,65,67].
In the latter case, the robustness to offset could be improved by using WURST or composite pulses
[64,67,83,84].

Building on our study of direct excitation using DANTE schemes [34], we analyze here the
performances and the optimization of 'H-{/} HMQC experiments using basic and interleaved DANTE
trains for the indirect detection of nuclei with 7/ = 1/2 or 1 exhibiting wide lines dominated by CSA or
quadrupole interaction, respectively. These sequences are first described using average Hamiltonian
theory. Then, we analyze using numerical simulations (i) the optimal lengths of the DANTE pulse and
DANTE train, (ii) the robustness of these experiments to offset, and (iii) the optimal choice of the
defocusing and refocusing times for both 'H-{/} J- and D-HMQC sequences for '*Pt (I = 1/2) and "*N
({ = 1) nuclei subject to large CSA and quadrupole interaction, respectively. These simulations are
compared to 'H-{"*N} D-HMQC experiments on y-glycine and L-histidine.HCI at B, = 18.8 T and
MAS frequency of vg = 62.5 kHz.

I1. Description of the sequences and theory
II-1. The DANTE schemes

We consider hereafter the rotor-synchronized DANTE sequences, also denoted D, which consist
of a train of pulses of rf-amplitude, v;, and length, 1,, having identical phases. A D¥ train lasts K rotor
periods and N equally spaced pulses are applied during each rotor period, Ty = 1/vg. We refer to DX
schemes with N =1 and N > 2 as basic and interleaved DANTE sequences, respectively [33,34,76].

For a DX train with the first pulse applied at ¢ = 0, the rf-amplitude for 0 <z < KTy is equal to:

w; if 0<St<Tt, mod(%R)

w1 (t) = T T T
: R R R

0 if 7, mod(w) <ts- mod(w

where ®; = 21v; and mod denotes the modulo operation. This rf-amplitude function can be expanded

as a Fourier series [31]

e
)

wy(t) = Z:{S—oo Crexp [i(nN(‘URLL + é/n)] (2)
where wg = 2mvg and the amplitude C,, and phase £ of the rf-spikelets are given by

w, n=0
o o
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where @; = ®Nt,/Ty is the average rf-amplitude over the DANTE scheme. Egs. 2 and 3 show that the
DANTE scheme excitation profile in the frequency domain consists of a comb of rf-spikelets, all
separated from the carrier frequency by a multiple of Nvg, with amplitude decreasing with » according
to a sinc function.

The full width, FW, of a static powder pattern is equal to voO.uiso(3 + Mcsa)/2 for a spin-1/2 nucleus
subject to CSA and 3Cy/2 for a spin-1 isotope subject to quadrupole interaction [34]; where vo, Saniso,
Nesa and Cyp values denote the Larmor frequency, the reduced CSA, the CSA asymmetry parameter
and the quadrupolar coupling constant, respectively. A uniform excitation of such powder pattern can
be achieved when 1, K 1/(nFW).

During an on-resonance DANTE irradiation of a spin-1/2 nucleus subject to CSA, if ®; < og the
first-order average Hamiltonian in the jolting frame is given by [31]

H= ZZS—ooAnN CnRz(é’n - ¢nN)IxRZ(_é’n + d)nN) (5)
where A,y and ¢, denote the amplitude and the phase of the sideband of order nN in the spectrum of
a crystallite excited by an ideal n/2-pulse, and R, (‘') is the operator representing the rotation of the
spin through angle W about the z-axis.

During an on-resonance DANTE irradiation of a spin-1 nucleus subject to quadrupole interaction,
if @, <« oy the first-order average Hamiltonian in the jolting frame is [30]

+0o0
A=VZ ) A GREMO(G, = ) IS OREY (=4, + Bun)
n=-—oo
+A-an CaR P (& + S )L TVRE TV (=4, — bonn) ©)
where A,y and ¢,y denote the amplitude and the phase of the spinning sideband of order #n/N for the
transition +1 <> 0 of a crystallite. As the transitions +1 <> 0 and 0 <> —1 are symmetrical with respect

to the center-band, the spinning sideband of order -nN for the transition 0 <> —1 coincides with that of

order nN for the transition +1 <> 0 and has an amplitude A_,,y and phase -¢_,,5. I,EH’O) and I,EO’_I) are

the single-transition operators along x axis associated with the transitions +1 <> 0 and 0 <> -1,
respectively [79]. The rotation operators RS’” () with {r,s} = {+1,0} or {0,—1} are defined as
R (W) = exp (—iw1™) (7)

where [ Z(r's) is the single-transition operator along z axis associated with the transitions 7 <> s.

In the case of the broadband (1, < 1/(nF'W)) and basic (N = 1) DANTE scheme, it can be shown that
[31]

H=al, @®)
for both spins / = 1/2 and 1. This equation shows that the density matrix then evolves as during a
simple rf-pulse with an rf-field strength @, . In the absence of losses, the magnetization of the / nucleus
along the z-axis is transformed into magnetization along the y-axis as

Dy .
I, = I,cos(8) — I,,sin(6) 9)
with 6 = @, KTr = 0,Kt,. Hence, after a D{( train, in the absence of losses the transverse magnetization

is maximal when 6 = 7/2, i.e.
K=——o". (10)

- 4v,Tp

Similarly, , is converted back to I, by the application of D¥ train

Df
I, = I, cos(8) + I,sin(H) . (11)



Furthermore, for spin-1 nuclei, the Df train transforms Q, into 2Q coherences along x-axis, D,, and
1Q coherences along y-axis antiphase with respect to the quadrupole interaction, Ky, for which the
transitions +1 <> 0 and 0 <> -1 have opposite phases [77]

pk _
0, RN 0, 3cos(:9)+1 +D, 3cos(:9) 3 —%Kysin(ze) (12)
and the D, and K operators evolve into
Dk _
Dx _1) Dx 3+c045(29) + Qz cos(i@) 1 —%Kysin(ze) (13)

K
Ky 25 K, cos(26) + 2 (Q, + Dy)sin(26)

(14)

Egs. 9 to 14 do not take into account the coherent and incoherent losses occurring during the DX train.
Such losses decrease inversely to the length of the DX train, i.e. with small K value and fast MAS
frequency. The incoherent losses are mainly related to dynamics, whereas the coherent ones include
the signal decay produced by the second-order quadrupole interaction during the DX train. Such
effects are investigated below using numerical simulations of the spin dynamics.

For N> 2, Eq.8 is not valid since only the spinning sidebands with an order multiple of N are excited.

Consequently, the evolution during interleaved DANTE schemes differs from that described with Egs.
9 to 14.

I1-2. J- or D-HMQC schemes

Figs.1a and b show the 'H-{/} J- and D-HMQC sequences, respectively, using rectangular pulses
on the 7 channel, while Figs.1c and d display the 'H-{/} J-HMQC sequence, in which the rectangular
pulses bracketing the #, period are replaced by DX and DX trains, respectively [33,66,76]. Here the t,
period was rotor-synchronized in order to eliminate the broadening due to CSA or first-order
quadrupole interaction along the F; dimension.

I1I-2-1. Dipolar recoupling

The D-HMQC sequence differs from the J-HMQC one by the application of a heteronuclear
dipolar recoupling scheme during the defocusing and refocusing delays, T. The SR4% recoupling was
employed here [58]. This sequence, during which the protons are irradiated at v, = 2vg, reintroduces
the space component |m| =1 of the "H CSA and heteronuclear dipolar couplings with 'H, whereas it
suppresses the 'H-"H dipolar couplings, the 'H isotropic chemical shifts and the heteronuclear J-
couplings with protons.

The SR4% scheme achieves zero-quantum heteronuclear dipolar recoupling and the contribution of
the /-S dipolar coupling to the first-order average Hamiltonian is equal to [58,85]:

Hys = 20p,51,S, (15)
The magnitude of the recoupled /-S coupling in Eq.15 is given by
wp,s = %b,ssinz(ﬁfgs)cos@q)). (16)
with

Q= Vféls + ap, — wgt® (17)



In Eqs.16 and 17, bys denotes the dipolar coupling constant in rad.s”, the Euler angles
{o, BRAS, y,?}‘{s}, relate the internuclear /-S direction to the MAS rotor-fixed frame, and ¢° refers to the
starting time of the symmetry-based scheme.

The norm of H SI)S depends on ¢ phase and hence, yféls angle. Therefore, the SR4% scheme is non-

v-encoded and the beginning of the two SR42 schemes in D-HMQC sequence must be separated by an
integer number of rotor periods. The recoupled Hamiltonian of Eq.15 is not dipolar truncated as it
commutes among different /-S spin pairs, hence allowing to observe long I-S distances. Furthermore,
the 'H CSA term recoupled by the SR4? scheme is proportional to 7, and thus commutes with the 'H-S
dipolar interaction of Eq.15.

I1-2-2. 'H-{"*Pt} HMQC

In 'H-{""Pt} HMQC experiments, the first 7/2-pulse applied to protons with phase y creates 'H x-
magnetization. This magnetization evolves during t under J or dipolar "H-/ coupling into:
Sxcos(wypsT) + 28, I,sin(wyp,T) (18)
where the frequency wyp; is equal either to m/yp, for JJHMQC sequence or to wp s given by Eq.16 for
D-HMQC one. 28/, is the y-magnetization of proton, in antiphase with respect to the coupling with
13pt nucleus. The first rectangular pulse on '*’Pt channel with phase y and tilt angle 0 (Figs.1a and b),
or the first DX train with the same phase and producing the same tilt angle (Fig.1c), converts it into
heteronuclear MQ coherences (2S,/,) with a coefficient sin(0) (Eq.9). These coherences evolve under
the '*°Pt isotropic chemical shift during the ¢, time. The n-pulse applied on 'H channel in the middle of
the ¢, period refocuses the evolution of the 'H 1Q coherences under isotropic chemical shift during the
7 and ¢, delays as well as its evolution under 'H-'""Pt J- or dipolar couplings. At the end of f,, the
second rectangular pulse or DX train converts back the MQ coherences into anti-phase 'H
magnetization, again with a coefficient sin(6) (Eq.11) and these coherences evolve during the
refocusing T period into observable transverse 'H magnetization. The signal of this NMR experiment
is proportional to
S(x) o sin®(6)(sin? (wyp; 7)) (19)
where the angular bracket (...} denotes the powder average over all 'H-'"’Pt inter-nuclear vectors. The
(sin?(wyp,T)) term is given by
- sin?(m/yp,7) for ] — HMQC
o) =l n, () () o i
where J.4(x) denotes the Bessel functions of the first kind and +1/4-order. Eqgs.19 and 20 show that t
and 6 can be chosen independently for / = 1/2. The maximal S(t) intensity is obtained for 6 = 90°. In
the absence of losses, the shorter T value producing maximal S(t) intensity is t = 1/(2Jyp) and
1.5/|bys| for J- and D-HMQC schemes, respectively (Figs.2a and b). Eq.20 indicates that D-HMQC
sequence is ca. 50% less efficient than J~-HMQC one.

(20)

I1-2-3. '"H-{"*N} HMQC

For 'H-{"*N} HMQC experiment, the 'H x-magnetization created by the first pulse evolves during
the defocusing period into [77]

Sx (1+2cos;2a)HNr)) n SxQz (cos(Zw:N‘r)—l) + Sylzsin(ZwHNT) (21)
where the frequency wyy is equal either to m/yy for JJHMQC sequence or to wp s given by Eq.16 for
D-HMQC one. S,0, is the x-magnetization of proton, leading to a triplet with intensities 1:-2:1 for the
coupling with '*N nucleus, and S,1, is the y-magnetization of proton, leading to a triplet with intensities
1:0:-1. The first rectangular pulse or D€ train converts the S,Q, operator into S,K, one with coefficient



3sin(26)/2 and SiDy one with coefficient (3cos(20) — 3)/2 (Eq.12) and the Sy/, operator into Sy/,
with coefficient sin(6) (Eq.9). 5K, and S,/, operators involve “N'? coherences, whereas S,D, operator
involves '*N*? ones. The coherences evolve under isotropic shift during the ¢, time. These terms are
converted back into observable transverse 'H magnetization by the second rectangular pulse or DX
train and the evolution during the refocusing period. When both £1Q "N coherences are selected
during the 7, period, the signal of the "H-{"*N'?} HMQC experiment is proportional to

S(1) x %sin2 (B)(sin?QwyyT)) + %sin2 (28){sin*(wyNT)) (22)
where
, sin?(2nJyyt) for ] — HMQC
in“(2 = 5 T T 23
' om | _ap ) 00 e *
and
(Sin4(wHNT)> =
sin*(mJyyt) for ] — HMQC
A IsT IsT A IsT IST 24
oo, ) () 5, (), (05) o migc O

For 'H-{"*N'?} J-HMQC experiment, the maximal signal intensity is 33% less than that of 'H-{'*’Pt}
J-HMQC (compare Fig.2a and c) and is achieved for J,»t and 6 verifying

(9;_:())2 + gyt —2)* =1 (25)

This equation corresponds to the red dashed ellipse shown in Fig.2¢. The smaller 6 value verifying this
equation is 45° for T = 1/(2Jyy), which selects the SxQ, operator at the end of the defocusing delay. The
shorter T value verifying Eq.25 is 1/(4Jy) for 8 = 90°, which then selects the S,/, operator. The 33%
loss in intensity for "H-{'"*N'?} with respect to 'H-{'**Pt} J-HMQC experiment stems from the fact
that the central component of the triplet for a proton coupled to '*N nucleus, which corresponds to the
operators S,—SxQ, and S,—S,0,, does not evolve under the 'H-"*N coupling and hence, cannot be
transferred to the '“N nucleus.

As seen in Fig.2d, in the case of 'H-{'*N'®} D-HMQC experiment the maximal transfer efficiency is
ca. 0.5 and the smallest 8 value and the shortest t delay yielding such maximal transfer efficiency are
ca. 54° and 1.5/|bys|, respectively.

When both +2Q '*N coherences are selected during the #; period, the signal of 'H-{"*N*?} HMQC
experiment is proportional to

S() « =sin*(0)(sin* (wun7)) . (26)
The maximal transfer efficiency of 'H-{'*N*?} J-HMQC experiment (ca. 0.67) is identical to that of
'"H-{"*N"'?} one, but such optimal transfer is achieved for 6 = 90° and t = 1/(2J;y) (Fig.2e). For 'H-

{"“N*?} D-HMQC experiment, the maximal transfer efficiency only reaches 0.4 and is observed for 0
=90° and ca. 1.5/|byg|.

II1. Numerical simulations
III-1. Simulation parameters

All numerical simulations of spin dynamics were calculated using SIMPSON software [86]. The
powder averages were calculated using 615 {oyr, Sur} pairs and 4 .z angles in order to relate the
molecular frame to the rotor one. The {ar, Sur} pairs were selected according to the REPULSION
algorithm [87], whereas the four y,; angles were equal to 0, 90, 180 and 270°.

The simulations have been performed for an isolated / nucleus and an isolated 'H-I spin pair, in which
the  nucleus was either a "’Pt nucleus subject to CSA or a "*N one subject to quadrupole interaction.



For '”Pt, 8,iso = 3880 ppm and ncsa = 0, which correspond to FW ~ 1 MHz at By = 18.8 T (Vo 105p =
172 MHz). For the '*N nucleus, Cq = 1.18 MHz and nq = 0.5, which correspond approximately to the
quadrupolar parameters of a-glycine [88]. The FI¥ of "N signal is equal to 1.5C,=1.77 MHz.

We used the same couplings of Jiy; = |bys//(21) = 125 Hz for 'H-{I} J- and D-HMQC experiments.

The simulations for 7 = Pt were carried out only at By = 18.8 T, whereas those for / = N, were done
at 4.7 and 18.8 T in order to investigate the effect of the second-order quadrupole interaction, which is
inversely proportional to the B, field and hence, four-fold smaller at 18.8 than at 4.7 T. For all
simulations, we employed vy = 62.5 kHz since fast MAS frequencies improve the resolution and the
sensitivity of the 'H-{/} HMQC experiments by averaging out the 'H-'H dipolar interactions.
Furthermore, fast MAS frequencies reduce the length of DANTE trains and hence, limit the losses
during those schemes. We simulated the projection of the density matrix onto the /, operator, which
corresponds to the total integrated intensity of the spectrum, after the excitation of longitudinal
magnetization of isolated '**Pt or '“N nuclei by DK train (Figs.S4 and S5). We also simulated the
signal of 'H-{I} J- or D-HMQC experiments with 7 = "Pt, *N'? and "“N*? for isolated 'H-'*’Pt and
'"H-"N spin-pairs. The 7/2 and 7 pulses which are applied to the "H channel and do not belong to the
recoupling sequence, were simulated as perfect Dirac pulses. On the / channel, we applied either two
perfect Dirac pulses with a tilt angle 0, two rectangular n/2-pulses (Fig.S1) or two DX or DX trains
with a weak rf-field of v; = 30 kHz, except in Fig.S6 for which v; = 70 kHz was used. In D-HMQC
experiments, the 'H-/ dipolar couplings were reintroduced during the T delays by applying the SR42
scheme with v; = 2vg = 125 kHz. The efficiency was normalized with respect to the maximum 'H
signal produced by 'H-{I} J-HMQC experiment with two perfect Dirac m/2-pulses on / channel and
selecting the 1Q coherences during the #, period. The rf-pulses were applied on resonance, except in
Figs.3 and S3C, where the carrier frequency of the I channel was varied in order to test the robustness
to offset. For '*N nucleus, on-resonance irradiation means that the '*N carrier frequency is fixed at the
sum of the isotropic chemical shift and the quadrupolar-induced shift (QIS). Additional details about
the simulations are given in the figure captions.

I11-2. Simulations of "H-{"**Pt} HMQC experiments
III-2-1. Choice of T delay.

Fig.S1 shows the simulated signal of "H-{'**Pt} J- and D-HMQC experiments using DX or DX trains
on the '**Pt channel as function of t delay. These simulations show that the optimal t values are
independent of the employed DANTE scheme, and notably of the t, and N values, and are equal to
1/(2Jypy) = 4 ms for JJHMQC and 1.50/|bis| = 12 ms for D-HMQC. Furthermore, the maximal intensity
of 'H-{"”’Pt} D-HMQC is about 30% lower than that of J;JHMQC. Such results agree with Figs.2a and
b and hence, Egs.19 and 20.

II1-2-2. Choice of the K value.

Fig.S2 shows that, provided the individual pulses of D¥ trains are short enough (1, < 1 us) to excite
the FW of Pt spectrum, the signal of 'H-{'**Pt} J- and D-HMQC experiments depends on the 6 =
360v,Kt, angle as sinz(e) and the maximum signal is obtained for 8,, ~ 90° for K, value given by
Eq.10. These simulations agree with Figs.2a and b and Eq.19. For 1, > 1 ps, the entire '%pt spectrum
is not uniformly excited. As consequence, the maximum signal decreases and 0, is larger than 90°
(Figs.S2Af and S2Bf) since for large n value, C, < w; (Eq.3), and hence K values larger than that
given by Eq.10 are required to excite the spinning sidebands with large offset.
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Similar simulations were carried out for 'H-{'*’Pt} J- and D-HMQC experiments using DX trains on /
channel and the results are shown in Fig.S3A and B. These simulations indicate that the maximal
transfer efficiency is then about 30% lower than that achieved using DX trains, and that this maximal
signal is achieved for longer 6, angles which increase from 108 to 130° when 1, increases from 0.2 to
1.0 ps. These simulations are consistent with the fact that Eqs.8 and 9 do not hold for DX trains. We
can also notice that the 6, values are identical for 'H-{""Pt} J and D-HMQC experiments and also
for the direct excitation of '"’Pt 1D spectra (Fig.S4). Indeed, the nutation curves, i.e. the signal
intensity versus 0 angle, for HMQC experiments are the square of those for direct excitation.

II1-2-3. Robustness to offset.

Fig.3 displays the signal of 'H-{'*’Pt} J-HMQC experiments using D;° and D trains as function of
the '”’Pt offset and it shows that such signal is the square of the excitation profile of those DANTE
schemes when applied for the direct excitation of '"Pt nuclei. Hence, the Full Widths at Half
Maximum of each rf Spikelet (FWHMs5) and of the Envelope of these spikelets (FWHM}) are equal to
[34]

FWHM = ;—‘T): and FWHMj, = 1T—‘f 27)
The first equation shows that the width of each rf spikelet increases with MAS frequencies and for
shorter K values. Therefore, D] trains exhibit a higher robustness to offset than D{° ones, as seen in
Fig.S3Cd. Other simulations [not shown] also indicate (i) that the robustness to '*’Pt offset of 'H-
{"”°Pt} D-HMQC experiments is similar to that of the JJHMQC ones using the same trains on the '*°Pt
channel, and (ii) that the transfer efficiency of 'H-{'*’Pt} D-HMQC experiments using DANTE
schemes with t, <2 us does not depend on the relative orientation between the chemical shift tensor
and the H-Pt inter-nuclear vector.

I11-3. Simulations of "H-{"*N} HMQC experiments
III-3-1. Signal decay produced by second-order quadrupole interaction.

The nutation curves of '*N y-magnetization excited by a DX train are shown in Fig.S5. When only the
first-order quadrupole interaction (Hg,) is included in the simulations and t, < 0.4 us, which permits to
excite the full powder pattern, the signal depends on 6 as sin(0) (Fig.S5a), in agreement with Eq.9. The
signal decreases for larger 1, values due to limited excitation, but the sin(0) behavior remains. In the
presence of second-order quadrupole interaction, Hq,, the signal deviates from sin(6) for long K
values, i.e. large 0 angles for short 1, values (Figs.S5b and c¢). The magnitude of Hy Hamiltonian is
inversely proportional to By, and hence a larger decay is observed at 4.7 than at 18.8 T. As a result, at
4.7 T the maximum signal is significantly lower than at 18.8 T and the optimal 1, values result from a
compromise between broadband excitation of the powder pattern and limited attenuation of the signal
by Hq, dephasing.

I1-3-2. "H-{"*N'®} J- or D-HMQC with D¥ train.

Fig.4 displays the transfer efficiency of 'H-{"*N'®} J-HMQC experiments as function of t; and 0
parameters. When two Dirac pulses are applied on '*N channel and only Hg, is taken into account
(Fig.4a), the dependence of the maximum efficiency with t; and 0 parameters is similar to that
predicted by Eqgs.22-24 and displayed in Fig.2c. In particular, the maximum transfer efficiency
corresponds to the ellipse described by Eq.25. In agreement with the simulations for the direct
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excitation of an isolated "*N nucleus (Fig.S5), the substitution of Dirac pulses by DX trains with T, =
0.6 ps leads to a reduction in the transfer efficiency of 'H-{"*N'®} J-HMQC experiment (Fig.4b-d)
since these pulses are not short enough to excite the full powder pattern. Hy, further reduces the
transfer efficiency for large K values, i.e. large 0 angles (Figs.4c and d). Such attenuation increases
with the Hq, term, notably at lower B, field (Fig.4d). These simulations indicate that the conditions 6
~ 45° and 1y ~ 1/(2Jyn) limit the signal attenuation by H, and lead to higher transfer efficiency for the
'H-{"*N'? J.JHMQC sequence using DX trains.

Similarly in Fig.5, the transfer efficiency of "H-{"*N'?} D-HMQC experiments is plotted versus tp and
0 parameters. In the case of Dirac pulses (Fig.5a), the variation of transfer efficiency with tp and 6 is
similar to that predicted by Eqs.22-24 and displayed in Fig.2d. The maximal transfer efficiency is 30%
lower than that of 'H-{"*N'?} J-HMQC experiments and is obtained for t = 1.5/125 ~ 12 ms and 0 ~
54 and 126°. As for 'H-{"*N'®} J-HMQC experiments, the substitution of Dirac pulses by DX trains
with 7, = 0.6 ps decreases the efficiency (Fig.5b-d) since these pulses do not achieve uniform
excitation of the powder pattern. Hy, attenuates the signal for large 0 values, notably at low B, field
(Fig.5¢,d), and at 4.7 T only the maximum at 8 ~ 54° is detected, whereas that at § ~ 126° is not. The
comparison of Figs.5¢ and S6a shows that a higher efficiency is achieved using D¥ trains made of
shorter pulses (t, = 0.25 ps) with higher rf field (v; = 70 kHz), since pulses shorter than 0.4 ps are
required to excite the whole '*N powder pattern (Fig.S5). However, the use of shorter pulses requires
that of higher rf-field in order to keep constant the length of DANTE train and hence, to limit the
losses produced by He,. The simulations shown in Fig.S9 show that the efficiency of "H-{'*N'?} D-
HMQC experiments does not depend on the relative orientation of the H-N inter-nuclear vector with
respect to the efg tensor for T values shorter than the optimal ones.

I1-3-3. "H-{"*N*?} J- or D-HMQC with D¥ train.

The simulated dependences of 'H-{'*N*?} J- or D-HMQC signals with DX trains as function of t and
0 parameters are displayed in Figs.6 and S7, respectively. When Dirac pulses are applied to the N
channel, these dependences match well those predicted by Eq.26 and Figs.2e and 2f. The maximal
transfer efficiencies of 'H-{"*N*?} J- or D-HMQC experiments are achieved for 6 = 90° and © =
1/(2%125) = 4 and 1.5/125 =~ 12 ms, respectively. The efficiency of D-HMQC sequence is then 60%
lower than the J-mediated version in that case.

As mentioned above for 'H-{'*N'®} HMQC experiments, the use of DX trains with T, = 0.6 ps also
reduces the transfer efficiency of "H-{"*N*?} J- or D-HMQC experiments (Fig.6b-d and S7b-d) due to
restricted excitation bandwidth. The transfer efficiency is also further reduced with the Hg, dephasing,
and such attenuation is especially large at 4.7 T. As for 'H-{'"*N'?} D-HMQC experiments, shorter
pulses increase the excitation bandwidth of DX trains, and hence, also result in higher transfer
efficiency for 'H-{"*N*?} D-HMQC experiments (Fig.S6b).

Fig.S8 displays the transfer efficiency of 'H-{'*N'???} J-HMQC experiments, during which both 1Q
and 2Q coherences are selected during the ¢, period. The transfer efficiency of this sequence is the sum
of those of "H-{"*N'?} and 'H-{"*N*?} variants.

11-3-4. 'H-{"*N} J- or D-HMQC with DX train.

Figs.7 and S10-S12 show the variation of the transfer efficiency of 'H-{'*N'?} and "H-{"*N*?} J- or D-
HMOQC sequences using DX trains as function of T and 6 parameters. Those plots are globally similar
to those simulated for HMQC experiments using DX trains (Figs.4-6 and S6). A first difference is the
lower transfer efficiency in the case of DXtrains. For instance, at 18.8 T the transfer efficiency with
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DX trains is about 30-40% lower than with DX ones. Furthermore, the maximum transfer efficiencies
are reached for 0 angles slightly larger for DX schemes than for DX ones. For example, for 'H-{'*N*?}
J- or D-HMQC sequences at 18.8 T, the maximal transfer efficiency is achieved for 6 ~ 120°. Such
value agrees with that found for "H-{'*°Pt} J-HMQC sequences using DXschemes. Nevertheless, the
simulations shown in Figs.7 and S10-S12 indicate that DX trains are less affected than Dfones by Hq,
dephasing, owing to their shorter length, i.e. shorter K values. As for DX trains, DX trains made of
shorter pulses with higher rf-field achieve more uniform excitation of the '*N powder pattern and
hence, increase the efficiency of 'H-{'*N} HMQC sequences (Fig.S6b).

IV. Experimental demonstration for 'H-{"*N} D-HMQC sequence
IV-1. Samples and experimental conditions

All solid-state NMR experiments were performed on an 800 MHz (18.8 T) Bruker BioSpin narrow-
bore magnet equipped with an Avance-III console. 1D 'H-{'"*N'?} and 'H-{"*N*?} D-HMQC spectra
of L-histidine. HC] monohydrate (Hist) and 1D "H-{"*N'?} D-HMQC ones of y-glycine were acquired
with 1.3 mm double-resonance HX MAS probe. The samples were spun at vg = 62.5 kHz.

The 'H-{'""N} D-HMQC sequences were employed since they are more sensitive than the JJHMQC
variants for solids. These experiments were acquired using the sequences depicted in Fig.1c and d
with DX or DX trains, respectively. The SR4? recoupling with v; = 2vg = 125 kHz was applied on 'H
channel during the tp delays to reintroduce the '“N-'H dipolar couplings. The rf-field of the 'H n/2 and
7 pulses was 200 kHz. To acquire D-HMQC 1D spectra, the ¢, delay was fixed to its minimum rotor-
synchronized value equal either to 27y for rectangular pulses or KTy for D trains. The 2D 'H-{"*N}
D-HMQC spectrum of y-glycine exhibits a single cross-peak between ammonium 'H and "*N nuclei,
whereas those of Hist exhibit four cross-peaks: (i) one between pros 'H and "N nuclei, close to the
side chain in the imidazole ring, denoted 'H" and "*N™ according to IUPAC, (ii) one between tele 'H
and "N nuclei, far from the side chain in the imidazole ring, denoted 'H" and "*N" according to
IUPAC, (iii) one between ammonium 'H and '*N nuclei (NH;"), and (iv) one between aliphatic
protons, denoted H* and H?, and NH;" nucleus [89]. Fig.8 displays the integrated intensity of "H* 1D
signal of Hist, corresponding to the "H™-'*N" cross-peak, whereas Figs.9 and 10 display the integrated
intensity of 'H 1D signal of y-glycine. The "N Cq and 1 parameters in y-glycine are equal to 1.18
MHz and 0.53, respectively [88], whereas those of '*N™ nucleus in Hist are 1.29 MHz and 0.94 [64].
The "N carrier frequency was on-resonance with '*N" resonance of Hist in Fig.8 and '*NH; one of y-
glycine in Fig.9. In Fig.10, the '*N carrier frequency was varied. The 1D spectra were acquired using a
recycle delay, trp = 5 s, and NS = 128 scans. The other experimental parameters are indicated in the
figure captions.

IV-2. Experimental results and discussion

Fig.8 displays the integrated intensity of 'H" signal in 1D 'H-{"*N'®} and 'H-{"*N*?} D-HMQC
spectra of Hist as function of tp and the total on-resonance tilt angle, 6 = 360kNv,t,, when DX trains
with N =1 or 2 and v, = 75 kHz are applied on the '*N channel. The maximum signal is observed
around a recoupling time of tp ~ 150-200 us, which is comparable to the theoretical one 1.5/|big| ~ 200
us with |bsl/(2m) ~ 7.3 kHz between 'H" and '*N" nuclei. Experimentally, we observe a rapid
attenuation of the signal for long tp values, whereas such attenuation is not observed for simulations
with an isolated 'H-"*N spin-pair (compare Figs.8 with S6). Such decrease stems from the rapid decay
of the 'H 1Q coherences produced by the residual "H-'H dipolar interactions during the SR4% scheme,
which only suppresses these interactions in the first-order average Hamiltonian, but not in the higher-
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order terms. These experimental results also confirm that (i) 'H-{'*N*?} D-HMQC experiments are
less efficient than the 'H-{'*N'?} ones and (ii) DXtrains provides a 10-15% gain in signal intensity
with respect to DX ones for '*N nucleus with Co ~ 1.3 MHz.

Fig.9 shows the on-resonance integrated intensity of ammonium protons in 1D 'H-{"*N'?®} D-HMQC
spectra of y-glycine, when using DX trains with v, = 32 or 75 kHz. Given the small dephasing under
Hq, for '“NH;" site in y-glycine at 18.8 T, the achieved experimental intensities are similar for both rf-
fields since the decrease of rf-strength can be compensated by an increase of the DANTE length (KTy)
with little additional intensity losses. Nevertheless, the rise of the DANTE length results in an
increased sensitivity to offset (vide supra). In the case of larger Hq, dephasing, for a sample exhibiting
bigger Cy, value or experiments at lower magnetic fields, sending a higher rf-field is advantageous in
terms of sensitivity since it allows the use of shorter DANTE trains.

Previous experimental results have been obtained for on-resonance irradiation of the investigated '*N
nuclei. Fig.10 shows the integrated intensity of ammonium protons in 'H-{"*N'®} D-HMQC 1D
spectra of y-glycine versus '*N offset, when using DX or DX trains with v, = 32 or 75 kHz. For the
sake of comparison, the integrated intensity for the variant using selective long pulses (SLP) [66] with
v, = 32 kHz instead of DANTE trains is also displayed. For both DX or DX trains, the K values were
optimized to maximize the on-resonance intensity. For DX trains, the optimal K values were equal to
12 and 6 for v; = 32 or 75 kHz, respectively. These values corresponds to 6 angles of about 90°, in
agreement with Fig.9. For DX trains, the optimal K values were equal to 9 and 4 for v, = 32 or 75 kHz,
respectively. These values corresponds to 0 angles of about 125°, in agreement with Fig.8b.

On resonance, the most efficient DANTE schemes are those using v; = 75 kHz. These increased
efficiencies are related to their shorter trains: DF versus Dj and D? versus Di?, which limit the
dephasing under Hyy, as well as under the residual 'H-'H and 'H-'*N dipolar interactions. For v, = 75
kHz, Dy efficiency is about 15% lower than that of D¢. For v, = 32 kHz, D{? and Dj trains exhibit the
same on-resonance efficiencies since for such long trains, the dephasings are non-negligible, and they
are smaller for the shorter Dj train than for Di?one. Therefore, for D3 train the smaller signal
attenuation compensates the smaller efficiency.

In agreement with Eq.27, the FWHM; measured from Fig.10 are inversely proportional to the K value.
For example, it is equal to 18 kHz for Dy, a value which is 2.25 times larger than FWHMs = 8 kHz of
D3, in agreement with the ratio of the K values. These FWHMj values correspond to 311 and 138 ppm
at 18.8 T, respectively.

The broadest excitation bandwidth is achieved using two selective long pulses. Indeed, its width is of
FWHM ~ 35 kHz, which corresponds to 820 ppm. However, this excitation (i) is slightly less efficient
on-resonance that the D? and Dy trains with v, = 75 kHz, but (ii) it requires less rf field and only little
experimental optimization.

V. Conclusions

We have analyzed the performances and the optimization of 'H-{I} HMQC experiments using
basic and interleaved DANTE trains to manipulate / nuclei exhibiting wide spectra. We have
considered the two cases of 7/ = 1/2 nucleus, *°Pt, subject to CSA, and / = 1 one, "N, subject to
quadrupole interaction. We have investigated using spin dynamics simulations both J- and D-HMQC
experiments, even if experimentally the through-space variant exhibits usually higher efficiency owing
to the larger magnitude of dipolar with respect to J couplings. For "*N nuclei, the indirect detection of
1Q coherences is more efficient than that of 2Q ones, even if the 2Q spectrum may exhibit higher
resolution since these coherences are not broadened by first-order quadrupole interaction.
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The present study indicates that the optimal defocusing and refocusing times in D-HMQC
experiments do not depend on the employed DANTE trains and are about 1.5 time the inverse of the
'H-I dipolar coupling constant when using the SR4? recoupling. For experiments using DX trains, the
optimal tilt angle is 90° for '*’Pt and '*N*©, and theoretically about 54° (and 126°) for '*N'°. DXtrains
require larger tilt angles.

Furthermore, the length of the DANTE trains determines the robustness to offset of the rf-spikelets.
Hence, short DANTE trains, including the interleaved ones, benefit from higher robustness to offset.
Nevertheless, HMQC experiments using DANTE trains are less robust than those using selective long
pulses, at least for moderate quadrupole interactions.

Short DANTE trains also benefit from improved efficiency since they limit the signal decays under
'"H-"H and 'H-I residual dipolar couplings as well as second-order quadrupole attenuation for 7 = "*N.
The length of DANTE trains can be shortened by the use of high MAS frequency and large rf-field,
since the length of the individual pulses composing the DANTE train is determined by the width of the
static powder pattern. Therefore, the highest rf-field, compatible with the probe specifications, must be
employed for the DANTE trains. Similarly, high static magnetic field is advantageous to decrease the
signal decay under the second-order quadrupole interaction. Interleaved DANTE trains are shorter
than the basic ones and hence, are less affected by signal decays. However, such schemes remain less
efficient for spin 7= 1/2 and "*N ones with C¢ < 1.3 MHz. Additional simulations and experiments are
required to compare the performances of various excitation schemes for "N nuclei subject to large
quadrupole interactions.
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Fig.1. '"H-{I} (a,c,d) J- and (b) D-HMQC sequences using for the excitation and the reconversion of
the I-spin coherences: (a,b) square pulses, (c) DX or (d) DX trains. (c,d) J-schemes can be transformed
into D ones by introducing a dipolar recoupling during t delays.

Fig.2. Transfer efficiency of 'H-{} (a,c,e) J- and (b,d,f) D-HMQC sequences using Dirac pulses or
DX trains for I = (a,b) '°Pt, (c,d) "*N'? and (e,f) ""N*? calculated without any loss using Eqs. 19-20,
22-24 and 26, respectively. The maximal transfer efficiency is 1 (a) and 0.67 (e) for {6, Jt} = {90°,
0.5}, 0.67 along the dashed red line representing Eq.25 in (c), 0.5 for {8, |bis|t} = {90°,1.5} in (b), 0.5
for {54° or 126°,1.5} in (d), and 0.4 for {90°, 1.5} in (f).

Fig.3. Simulated 'H-{'**Pt} J-HMQC signal using Di° or D] trains on '*’Pt channel versus '*°Pt offset
with 1, = 0.8 ps, 1, = 1/(2J) and 0 ~ 90° for D{° (Fig.S2Ad) or 120° for D] trains (Fig.S3Ad). All
curves have been scaled to the same on-resonance intensity to facilitate the comparison of their
excitation bandwidths. The square of the integrated intensity of 1D spectra excited by D1° or DJ trains
versus offset is also displayed and it coincides with the intensity versus offset for 2D experiments.
Fig.4. Simulated "H-{'"*N'?} J-HMQC transfer efficiency versus 1, and 6 when one applies on '*N
channel: (a) two Dirac pulses with only Hqy, (b-d) two DX trains with t,= 0.6 ps and K = 6/(360v,1,)
with (b) only Hq, or (c,d) Hq, + Hg, at (¢) 18.8 or (d) 4.7 T.
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Fig.5. Simulated 'H-{"*N'?®} D-HMQC transfer efficiency versus t, and © when one applies on "N
channel: (a) two Dirac pulses with only Hg,, (b-d) two Df trains with t,= 0.6 ps and K = 0/(360v,1,)
with (b) only Hq, or (c,d) Hq, + Hg, at (¢) 18.8 or (d) 4.7 T.

Fig.6. Simulated 'H-{'"*N*?} J-HMQC transfer efficiency versus t; and & when one applies on "N
channel: (a) two Dirac pulses with only Hg,, (b-d) two Df trains with t,= 0.6 ps and K = 0/(360v,1,)
with (b) only Hq, or (c,d) Hq, + Hg, at (c) 18.8 or (d) 4.7 T.

Fig.7. Simulated "H-{'"*N'?®} J-HMQC transfer efficiency versus 1, and 6 when one applies on '*N
channel: (a) two Dirac pulses with only Hqy, (b-d) two DX trains with t,= 0.6 ps and K = 6/(720v;1,)
with (b) only Hq, or (c,d) Hq, + Hg, at (¢) 18.8 or (d) 4.7 T.

Fig.8. Experimental integrated intensity of H" signal of (a,b) 'H-{"*N'®} and (c,d) 'H-{""N*¥} D-
HMQC spectra of Hist, versus tp and 6. In (a) and (c), two DK trains are applied on '*N channel,
whereas in (b) and (d), they are replaced by two DX trains.

Fig.9. Experimental integrated intensity of ammonium 'H signal in 1D 'H-{'"*N'?} D-HMQC spectra
of y-glycine at 18.8 T and vg= 62.5 kHz, versus tp and 0. Two DX trains are applied on '*N channel
with v; = (a) 32 or (b) 75 kHz.

Fig.10. Integrated intensity of ammonium 'H signal in 1D "H-{'*N'?®} D-HMQC spectra of y-glycine
at 18.8 T, vg= 62.5 kHz and 1tp = 160 ps, versus N offset. "N nuclei were manipulated using two
DANTE trains with t,= 0.6 ps and v, = 32 (D{2 (+) or D3 (x)) or 75 (D¢ (*) orD3 (7)) kHz or two
selective long-pulses (SLP: ==) with v, = 32 kHz and t,= 24 ps. The curves are only guidelines for the
eyes between experimental data points.
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