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Abstract. The acquisition of solid-state NMR spectra of “heavy” spin | = 1/2 nuclei, such as
1199, 195pt, 199Hg or 2°7Pb can often prove challenging due to the presence of large chemical
shift anisotropy (CSA), which can cause significant broadening of spectral lines. However,
previous publications have shown that well-resolved spectra can be obtained via inverse 1H
detection using HMQC experiments in combination with fast magic angle spinning. In this
work, the efficiencies of different 12°Pt excitation schemes are analyzed using SIMPSON
numerical simulations and experiments performed on cis- and transplatin samples. These
schemes include: hard pulses (HP), selective long pulses (SLP) and rotor-synchronized DANTE
trains of pulses. The results show that for spectra of species with very large CSA, HP is little
efficient, but that both DANTE and SLP provide efficient excitation profiles over a wide range
of CSA values. In particular, it is revealed that the SLP scheme is highly robust to offset, pulse
amplitude and length, and is simple to set up. These factors make SLP ideally suited to
widespread use by “non-experts” for carrying out analyses of materials containing “heavy”
spin | = 1/2 nuclei that are subject to very large CSAs. Finally, the existence of an
“intermediate” excitation regime, with an rf-field strength in between those of HP and SLP,
which is effective for large CSA, is demonstrated. It must be noted that in some samples,
multiple sites may exist with very different CSAs. This is the case for 19°Pt species with either
square-planar or octahedral structures, with large or small CSA, respectively. These two types
of CSAs can only be excited simultaneously with DANTE trains, which scale up the effective rf-
field. Another way to obtain all the information is to perform two different experiments: one
with SLP and the second with HP to excite the sites with moderate/large and small/moderate
CSAs, respectively. These two complementary experiments, recorded with two different
spinning speeds, can also be used to discriminate the center-band resonances from the
spinning sidebands.
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l. Introduction

Approximately one quarter of all NMR active nuclei have a spin quantum number equal
to 1/2. Generally, such nuclei are easier to detect than those with spin value larger than 1/2.
This is because spin-1/2 nuclei have no electric quadrupole moment, and hence are not
subject to quadrupole interactions, which generally lead to significant line broadening in the
liquid and solid states. As a result, all NMR active spin-1/2 nuclei are observable in the liquid
state via direct detection for high abundance and high gyromagnetic ratio nuclei or via inverse
detection in other cases. However, in the case of solid samples, dipolar coupling and chemical
shift anisotropy (CSA) interactions are not cancelled out due to the absence of overall isotropic
molecular motions. Homo-nuclear dipolar interactions are the main problem for the NMR
observation of 'H (and sometimes 1°F) in the solid state since they can cause significant line
broadening. Two methods can be used to overcome this type of broadening: homo-nuclear
decoupling [1,2] and ultrafast magic angle spinning (uf-MAS).[3] Recently, uf-MAS has become
very popular due to commercial MAS probes that are able to spin at rotation rates in excess
of vg # 110 kHz. One of the most important areas where 'H detection is extremely useful are
the inversely-detected H-{13C} or H-{°N} 2D correlations applied to unlabeled small
molecules or labelled biological samples. Several impressive results have been presented in
both fields by Pruski,[4,5,6] Nishiyama,[6,7,8,9] Pintacuda,[10,11,12] and others.[3,13,14]
Such experiments are usually based on transfers with either double dipolar cross-
polarization,[4,6-10] or with J-scalar couplings via the R-INEPT (Refocused Insensitive Nuclei
Enhanced by Polarization Transfer) experiment.[5] As a result, presently most spin-1/2 nuclei
can be considered to be relatively easy to detect in solid-state NMR, without any labelling.
These “easy” nuclei (i) are subject to small or moderate CSA, which can easily be cancelled by
conventional MAS or uf-MAS, (ii) are not subject to any paramagnetic interaction, and (iii)
have a relatively small chemical shift range. On the other hand, less common but still very
important spin-1/2 nuclei possess both extremely large CSA and chemical shift ranges (in
ppm). These nuclei are typically transition metals and heavy nuclei (e.g. 11Sn, 19°Pt, 1%°Hg,
207pp).[15] It must be noted that some of them have small gyromagnetic ratios (e.g. °’Fe, 1°Rh,
107,109Ag 183W), which reduce their CSA and isotropic chemical shift ranges when expressed in
frequency (in Hz). One example of a “difficult” heavy nucleus is 1°°Pt, for which the CSA and
chemical shift ranges can be as large as 13,000 ppm,[16] which strongly complicate the
detection of this nucleus. Even the highest available MAS frequencies, presently in the range
of vg ~ 120 kHz, cannot average out such large CSA values. Moreover, due to the limited rf-
field of commercial probes, short hard pulses (HP) are unable to effectively excite the whole
range of chemical shifts and CSAs. Several methods have been proposed in the literature to
overcome the problem of excitation and detection of very broad spectra. They use a single
(WURST-CPMG)[17] or two channels (BRAIN-CP) excitation,[18] which can be combined with
DNP,[19] or methods involving VOCS (Variable Offset Cumulative Spectra)[20] or CP transfers
combined with CPMG (Carr-Purcell-Meiboom-Gill).[21] A comprehensive review of these
methods has recently been published by Schurko.[22] Such methods work very well in the
case of static samples or under moderate spinning speeds, but they are ineffective in the case
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of uf-MAS, which limits their usefulness with respect to 'H inverse detection sequences.
Recently, Rossini et al. proposed two H-{1?°Pt} D-HMQC (Dipolar-based Heteronuclear
Multiple-Quantum Correlation) inverse detection MAS methods for wide-line spectra. In the
first method, (i) the two ©t/2-pulses on the 1?°Pt channel of the conventional HMQC sequence
are replaced with two short HPs with a small flip angle to broaden the 17°Pt excitation, albeit
with a decrease in the S/N ratio, and (ii) the full 1Pt CSA MAS line-shape can be observed by
desynchronizing the evolution time, t;.[23] The second method, called “aMAT-D-HMQC”,
allows for the observation of only the MAS center-band of each species at its true chemical
shift, free from any ‘folding’ effects that may occur with the conventional rotor-synchronized
methods.[24] It should be noted that the D-HMQC technique is currently the most popular
method for 'H detected correlation experiments involving N (spin | = 1), where similar
problems of extremely broad line-shapes exist. A variety of applications of such H-{14N}
methods have been presented by Brown,[25] Nishiyama,[7,8,26] and others.[27] Our solid-
state NMR group has very recently carried out detailed analyses of H-{**N} D-HMQC 2D
schemes,[28,29] but these results cannot be directly extrapolated to H-{1?°Pt}, or to any spin-
1/2 heavy nucleus, due to the different natures of the quadrupole and CSA interactions. Only
few articles have been published on the analysis of the D-HMQC technique applied to spin-
1/2 nuclei with large CSA.[23,24,30] Therefore, it seemed judicious to conduct a detailed
analysis of the behavior of H-{X} D-HMQC experiments involving spin-1/2 nuclei subject to
large CSAs versus the different possible excitation schemes. In this article, an extended
theoretical study of H-{1°Pt} D-HMQC experiments is presented, and is supported by
experimental data obtained for the cis- and transplatin model compounds.

There are two different ways of recording an HMQC 2D spectrum. Indeed, the sampling along
the indirect dimension can be either rotor-synchronized or not. In the first case, all sidebands
are folded back into the indirect spectral width limited to vi. This largely enhances the signal
to noise (S/N) ratio, but only one sideband is observed for each species. In the second case,
which can either be the constant-time or the aMAT HMQC versions [23,24], a very large
spectral width is required. This decreases the S/N, but it provides either the full sideband MAS
patterns or only the center-band resonances, respectively. In the following, we mainly focus
on an analysis of the results obtained with rotor-synchronized sequences, which are by far the
most used methods. However, to help the readers to better understand how the three
excitation schemes work, at the end of the article we show in Fig.14 the results of several 2D
spectra with an unsynchronized indirect dimension.

uf-MAS is required (i) to directly observe high-resolution *H spectra, (ii) to limit the number of
195pt spinning sidebands, and (iii) to maximize the indirect spectral width of rotor-
synchronized experiments. Therefore, all simulations and experiments of this article, except
in Fig.13, were performed with vg = 62.5 kHz (Tz = 16 ps).

l. 1D simulations of rotor-synchronized D-HMQC methods

I1.1. General considerations
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In the simulations, the CSA is always defined in kHz, which avoids any reference to the
magnetic field. One isolated 'H-17Pt spin-pair with a dipolar interaction of Dyy.195pt = -2 kHz
was used throughout the simulations. In Figs.2-9, the H-Pt inter-nuclear vector was always
fixed along the main axis of the 17>Pt CSA tensor. In the following, the efficiency of the 1H-
{195Pt} D-HMQC method, Eff, is always normalized with respect to that of the same sequence
using SR4% recoupling, with perfect Dirac m/2 and 7 pulses on the two channels, and without
any CSA and offset on 'H and 17°Pt. The CSA is defined with the span (Q = 344 - 833) of the static
spectrum with an axially symmetric tensor (n = 0). D-HMQC sequences can be divided into
two groups according to the location of the dipolar recoupling scheme: either on the S
(observed) or on the | (indirect) channel; in this case 1H and 1?°Pt, respectively. To be efficient,
the recoupling sequence must be applied on the nucleus subject to the smallest anisotropic
interaction, here 'H, and so in this work we used the sequence shown in Fig.1a. It should be
mentioned that when the two nuclei are subject to large anisotropic interactions, e.g. !B and
207pp, it is possible to use an adiabatic recoupling scheme on the | channel.[31] Concerning the
H channel, one of the most widely used dipolar recoupling schemes is SR4%, which is a super-
cycled version of the symmetry-based R4% sequence. SR47 offers several advantages: (i) it has
a large dipolar scaling factor (x = 0.25),[32] (ii) its Hamiltonian commutes among different
spin-pairs, thus avoiding the problem of dipolar truncation, and hence allowing the
observation of long inter-nuclear distances, (iii) it partially suppresses the H-H interactions,
limiting signal losses during the mixing times, and (iv) it is robust with respect to offset, CSA,
pulse imperfections and rf-inhomogeneity.[33,34] It must be noted that very recently, two
new recoupling sequences, SR47 (Il) and R123 (Il) have been proposed for H-{X} D-HMQC
experiments at uf-MAS. These two sequences replace the basic n-pulses with 90 4590459045
composite m-pulses to decrease the effects of 'H-'H interactions.[35] As a result, these
sequences quench the spin diffusion and hence long-lived recoupled coherence lifetimes can
be obtained, which facilitate the detection of cross-peaks related to small dipolar interactions.
Other schemes such as SFAM (Simultaneous Frequency and Amplitude Modulations),[34,36]
can be used when the S nucleus is not *H.

In this article, we have used the SR47 recoupling with basic m-pulses because the H-195Pt
dipolar interaction is generally not small (2 kHz here). The SR47 scheme is rotor-synchronized,
which means that the duration of each refocusing part must be a multiple of the rotor period,
Tr. Moreover, SR47 is not y-encoded, which means that the beginning of the excitation and
refocusing periods must be rotor-synchronized. Globally, this means that the beginnings and
ends of the two recoupling blocks must be rotor synchronized. In the simulations, the ™H 7t/2
and 7 pulses were defined to be perfect Dirac pulses, and the rf-field of the SR47 recoupling
was fixed at its theoretical optimum value of 2vj.

The results shown in Figs.2-5,8 with single-pulse excitation were obtained with the sequence
shown in Fig.1a by fixing t; = 32 us. This delay is required because (i) the length of each of the
two pulses on PPt channel was increased up to 2Ty = 32 us, (ii) t; is defined between the
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middles of these two pulses, and (iii) rotor-synchronized experiments were analyzed. Those
with D¥ excitation shown in Fig.6-8 used t; = kT to take into account the DANTE length of kTg.
Concerning the two excitation blocks on the | = %Pt channel, t, is designated as the length of
each individual pulse, and v is its rf-amplitude.

a) b)
tp
S='H
SR47 SRaZ v
T InLinLI T )
2:2 212
- - kT, )

Fig.1. (a) Rotor-synchronized D-HMQC sequence with recoupling on the S = 'H observed channel. (b) Schematic
outline of the D¥ DANTE excitation scheme.

The HMQC scheme was originally proposed for liquid samples and was composed of four
pulses: a m/2 and a m-pulse on the S channel and two ©/2-pulses on the | channel bracketing
the evolution period, t;. In the case of *H-{1°Pt} HMQC simulations concerning solid samples,
the two S pulses can be replaced with two perfect Dirac pulses because the H CSA and
chemical shift ranges are quite limited. This is the contrary with respect to the large CSA
interaction on the 1°Pt channel. Therefore, each of the two n/2 pulses on | can be replaced
with one excitation that could be provided with either a hard-pulse (HP), a selective long-pulse
(SLP), a DANTE train of pulses (D), a composite pulse, or an amplitude or phase-modulated
excitation. In this work, our analysis is focused on the behavior of the first three excitation
schemes. In the simulations the carrier frequency was fixed at the 1?°Pt isotropic chemical
shift, except in Figs.5 and 7 where the robustness to offset has been analyzed. It must be noted
that the name of ‘selective long pulse’ may appear slightly misleading because, as we will see
below, this pulse is robust towards offsets. This is contrary to the way selective long pulses
are used in liquids. However, in Figs.9 and 14 we demonstrate that in MAS, and contrary to
HP and D'{ pulses that excite numerous sidebands, SLP only excites the sideband that coincides
with the carrier frequency. As a result, SLP can hence be considered as selective when only
observing the sideband combs.

11.2. Simulation results with two single pulses

In this section, the behavior of the !H-{">Pt} D-HMQC sequence featuring two
rectangular single pulses (SP) on the 7Pt channel is analyzed. The pulse length is changed in
the range of t, = 0-32 ps. The results are displayed as series of two-dimensional (2D) maps
that plot the efficiency with color scales.

I.2.a Efficiency versus (t, & v 4)
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We have first examined the on-resonance efficiency versus the pulse length and
amplitude (t,, v4), for 8 span values of Q =0, 300, 600, 900, 1200, 1500, 2250 and 3000 kHz.
These simulations expand upon previous work performed with Q = 1000 kHz [29,30].

In the absence of CSA, the maximum intensity is obtained for flip angles 6 = 2nv,t, =

(2n+1)1/2 (90, 270, 450°, etc.) (Fig.2a). This is the hard pulse (HP) behavior typically observed
for spin-1/2 nuclei when the CSA is much lower than vg and v;. Indeed, in this case the signal
is proportional to sin?(0), as expected from the two S <> | transfers.
When non-zero values of CSA are considered, the excitation behavior is more complicated.
With small to moderate CSA (i.e., Q < 600 kHz) (Fig.2b,c), it is only possible to obtain a
maximum intensity for 6 ~ /2, regardless of the pulse duration or amplitude. However, it
should be noted that this area is not uniform, as it is with Q = 0, and it becomes less intense
when vy is low. With moderate to large CSA (2 > 900 kHz), only very short HPs with high rf-
field, corresponding to 6 =~ /2, are very effective and provide close to the maximum efficiency
of Eff ~ 1. However, it is important to note that the required rf-field increases substantially at
higher CSA values; for example, with Q > 1200 kHz, v; > 200 kHz is required in order to
maintain such efficiency. It can also be observed that it is possible to achieve an effective
excitation (Eff ~ 0.5-0.6) with a much lower rf-field and longer pulse duration. This selective
long pulse (SLP) excitation starts being efficient for Q > 600 kHz.

The HP scheme is based on the assumption of a simultaneous excitation of all crystallites,
which is why the maximum possible rf-field strength must be used. In contrast, the SLP scheme
is based on the rotor-driven sequential excitation of the crystallites, which occurs when the
time-dependent CSA interaction becomes small as a result of sample rotation. This principle
leads to the use of SLP with a moderate rf-field (v, < vg) and an extended duration of ca. Tg <
tp < 2Tg. It must be noted that this regime corresponds to a broad region in the (t,, v4) map,
unlike the HP regime, which is quite narrow-banded. This broadness means that this condition
is very robust with respect to rf-field miss-calibration and inhomogeneity, and that the
experimental setup is relatively straightforward. From simulations at vg = 62.5 kHz, the
optimal rf-field was found to be ca. 2vg/3 = 42 kHz and the optimal pulse duration ca. 1.5T =
24 us, although a slight increase is observed along with increasing CSA. These optimal
parameters are marked by a cross in Fig.2. Recent works have shown that the SLP scheme is
also very efficient for 'H-{1*N} experiments.[28,37]

There is another broad region where the excitation is also effective when Q > 600 kHz.
In this situation, t, < Tr and v, is in between that of the HP and SLP regimes. This intermediate
regime, with Eff ~ 0.5, is clearly observed in Fig.2f with Q2 = 1500 kHz for parameters of t, ~ 5
us and vq = 100 kHz, which correspond to 6 ~ .
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Fig.2. Simulated on-resonance efficiency of *H-{1*>Pt} D-HMQC experiments versus the pulse duration (t,) and
amplitude (v,) for eight different Q values indicated above each sub-figure. The contour levels were drawn in
intensity increments of 0.2, and the corresponding color scale is shown on the right. Theoretical optimal values
for SLP (v4 = 2vg/3 and t,= 1.5T) are marked by a cross.

11.2.b Efficiency versus (v, & Q)

To further analyze the behavior of H-{1°Pt} D-HMQC experiments, simulations were
performed with four representative pulse durations selected according to previous
simulations (t, = 1.25, 2.5, 5 and 24 ps), versus the rf-field strength and CSA. The results are
displayed in Fig.3.

As expected, and in agreement with previous results, the most intense signal is always
observed with two /2 HPs, but this efficiency strongly decreases when the CSA increases,
especially when a low v4 value is used. This behavior may be rationalized by considering that
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the excitation bandwidth of a n/2 pulse is inversely proportional to t,. It follows therefore,
that if the CSA pattern exceeds the excitation bandwidth, the signal intensity outside of this
window is lost. The HP excitation is most effective for Q2 < 300, 600, 1200 kHz with t, = 5, 2.5,
1.25 ps, or v, =50, 100, 200 kHz, respectively. It can also be seen that the intermediate regime
with 0 ~ 180° pulses is effective for Q2 > 900 kHz with v4 = 100 kHz and t, = 5 ps. This regime is
less visible for t,= 2.5 ps, but still exists with Q > 2000 kHz. The efficiency of the SLP regime is
observable in Fig.3d, where an effective excitation (Eff ~ 0.5-0.6) is observed across a broad
rf-range, centered around v, ~ 2vR/3. It is important to note that this region broadens along
the v, axis when the CSA increases. This means that for large CSAs: (i) the full rotor sample is
excited, hence increasing the S/N, and (ii) almost no experimental optimization is needed,
making the scheme very simple to set up. Another benefit of this regime is that it requires a
relatively low rf-field, and hence problems related to sample heating or probe detuning are

unlikely to be encountered.
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Fig.3. Simulated on-resonance efficiency of *H-{}**Pt} D-HMQC experiments versus (v, & Q) for four typical t,

pulse durations, as indicated of the subfigures. In (d), the condition v, = 2vg/3 = 42 kHz is indicated by a black
vertical line.

I.2.c Efficiency versus (t, & Q)

Practically, the choice of experimental parameters for H-{1?°Pt} D-HMQC experiments
may be limited by the rf-capability of the probe. Accordingly, simulations of the efficiency
were performed versus t, and Q with four selected rf-fields (v, =200, 100, 50 and 42 kHz), and
the results are shown in Fig.4.

For the highest rf-field, v4 = 200 kHz (close to the safety limit of most 1.3 mm MAS
probes), a high-efficiency region is visible at t,= 1.25 ps, which corresponds to the HP regime
of /2 pulses (Fig.4a). There is no significant change in efficiency up to Q2 < 1000 kHz. However,
the sharpness of the matching profile must be noted. This means that (i) a large part of the

8
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full-rotor sample will be inefficient due to rf-inhomogeneity, and (ii) that probe detuning due
to increased temperature resulting from the use of this high rf-power can lead to a strong
efficiency decrease and a corresponding increase in t;-noise.

For a moderate rf-field of v4 = 100 kHz, all previously described effects are visible in Fig.4b.
Indeed, (i) for Q < 600 kHz, the most effective pulses are the nt/2-HPs, (ii) for larger CSAs, this
HP excitation is ineffective, but the intermediate regime with t, = 5 ps is efficient for 750 <
Q <1500 kHz, and (iii) the regime corresponding to SLPs is observable for 10 < t, < 20 us and
Q > 750 kHz. In Fig.4d with v, = 42 kHz ~ 2vg/3, the two first HPs and intermediate regimes
disappear, whereas the SLP one is more clearly observable with QQ > 600 kHz. This excitation
scheme is efficient up to at least QQ = 3 MHz, and very robust with respect to the pulse length
(t, ~ 15-30 ps) and rf-field, as can be seen by comparing Fig.4c and d. This means that most of
the full rotor sample can be excited with this SLP regime, and that the experiment is very
simple to set up. The only drawback of SLPs is that some modulations of efficiency are clearly
visible in Fig.4c,d as a function of CSA.
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Fig.4. Simulated on-resonance efficiency of *H-{1?>Pt} D-HMQC experiment versus t, and CSA for four typical **>Pt
rf values as indicated in the subfigures. In (c) and (d) a vertical line at t, = 24 s indicates the recommended pulse
length.

11.2.d Efficiency versus (offset & Q)

Another important parameter is the robustness to offset, especially for nuclei such as
195pt, for which the chemical shift ranges can be as large as 13,000 ppm.[16,19] Fig.5 shows
the efficiency calculated versus offset and Q for either two HPs with rf-fields of v, = 100 and
200 kHz or two SLPs with v, = 42 kHz. With two HPs, the robustness to both CSA and offset is
proportional to v4, but it decreases inversely with respect to the CSA (Fig.5a,b). The opposite
is true for SLPs, where robustness to offset increases concomitantly with CSA (Fig.5c). The
modulations of efficiency versus CSA that were observed in Fig.4c,d are also clearly seen in
Fig.5c.
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Fig.5. Simulated efficiency of H-{1?°Pt} D-HMQC experiments versus 1?>Pt offset and span of the CSA for 3 typical
rf-pulse durations and amplitudes (t, (us), v4 (kHz)) = (1.25, 200) (a), (2.5, 100 (b), (24, 42) (c). (a,b) The maximum
signal is observed along an oblique line due to the axial symmetry of the CSA tensor.

11.3. Simulation results with two DANTE trains

It was previously mentioned that in the case of the D-HMQC sequence, the two
rectangular n/2-pulses on the | (1°>Pt) channel can be replaced by two composite, amplitude
or phase-modulated shaped pulses. In this work the effects of DANTE excitations were
analyzed. This excitation scheme was developed by Freeman et. al in the mid-1970s for
selective excitation in solution state NMR spectroscopy.[38,39,40] However, in solid-state
MAS NMR, DANTE pulses are actually used to increase the effective rf-field. The simplest
version of this scheme consists of a train of k rotor-synchronized pulses, each with same
duration of t,, and separated by an interval of Tg, resulting in a total DANTE train duration of
kTr and a total flip-angle of 6 = 2mv4kt, (Fig.1b). The usual notation for such pulses is DX. An
interleaved DANTE sequence, referred to as D, has also been proposed, which consists of N
interleaved basic DX trains with N equally spaced pulses per rotor period.[41] In the present
work however, only basic DX trains were used.

The excitation profile of each D¥ train is a comb of rf-spikelets, spaced by multiples of vg from
the carrier frequency. In the case of the HMQC scheme with two DX trains, the widths of each
rf-Spikelet, Spwum and of their Envelope, Epwum are respectively equal to:[29]

SrwHM & 11/(kTR) and Erwnm =~ 11/tp (1)

It has been shown that with such D¥ trains it is possible to efficiently excite very broad line-
shapes, and that to a first approximation the effective rf-field is scaled up by the factor k with
respect to v4.[41,42,43] DX trains have been mainly used for the direct excitation of 1°F
nuclei,[41-43] and for H-{¥*N} D-HMQC.[28]

A detailed analysis of the indirect detection of 1*N using DANTE has very recently been
provided.[28] However, this spin-1 nucleus is subject to the quadrupole interaction (Hq).
Dephasing resulting from the first-order part of this interaction (Hqs) must be minimized by
utilizing a very stable spinning speed and ensuring that the magic angle is well adjusted, the
so-called “STMAS requirements”. The second-order part (Hq,) introduces an attenuation of
the signal during the D¥ length of kTz. However, spin-1/2 nuclei, such as 15Pt, are not subject

10
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to quadrupole interactions. Therefore, the effects related to the use of DANTE trains in *H-{X}
D-HMQC experiments are different when X is a spin-1/2 (1°Pt) or a spin-1 (1*N) nucleus. As a
result, in this work simulations were performed with D]f excitation in a similar manner to those
previously described for simple rectangular pulses. The pulse length referred to in the next
section is the total one, t; = kt,, instead of only t, when dealing with single pulses.

11.3.a Efficiency versus (ti: & v1)

Fig.6 shows a series of 2D maps that plot the on-resonance efficiency of D} trains versus
tior and v4. The results observed with D¥ trains are shown in Fig.S1 of the Supplementary
Information. As expected, a ca. four times smaller rf-field is required for D} with respect to
single pulse in order to efficiently excite the total spectral line-shape (compare Figs. 2 and 6).
With v, = 100 kHz a very large CSA span value of 2 = 3 MHz can even be excited with tio; = 2.5
us (Fig.6h), whereas this value of v is ineffective when Q > 600 kHz when a single HP is used
(Fig.2h: t, = 2.5 ps).
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Fig.6. Simulated efficiency of *H-{1?°Pt} D-HMQC experiments with D1 excitation versus the rf-field strength and
the total pulse duration (t,; = 4t,), for eight CSA values, as indicated. On each sub-figure, the black curve
represents the behavior for two m/2-HPs.

11.3.b Efficiency versus (offset & Q)
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Analysis of the efficiency of H-{1°Pt} D-HMQC versus 1?°Pt offset and CSA was carried
out for D} excitation in a similar way to that which was described in section 11.2.d. We have
simulated two different cases with (v,(kHz), t,(ns)) = (200, 310) or (100, 620), and the results
are shown for eight span values in Fig.7a and b, respectively. In this case, due to the expected
narrow width of each rf-spikelet (Eq.1: Srpwunm), for each given CSA a series of 1D excitation
profiles were calculated with a very small frequency increment of 1 kHz, instead of full 2D
maps. As expected, the overall envelope excitation profiles are extremely broad and for Q=0
they reveal that it is in fact possible to uniformly (i.e., 90% of the maximum spikelet intensity)
excite signals in the range of ca. +1.1 MHz with D} and ti = 4t, = 1.25 ps, in agreement with
Erwnm = 3.75 MHz (Eqg.1). This broad envelope excitation profile means that DANTE trains are
well-suited to measure very large CSA values. The only limitation of these trains is the need
for a limited difference of chemical shifts of the various species, modulo . Indeed, according
to Eq.1 the rf-spikelets are narrow, Spwum = 18 kHz, and they are spaced every vg = 62.5 kHz
(see the zooms in Fig.7c,d). As example, this means that two species with isotropic chemical
shift frequencies separated by Av. = 58.2 kHz, see Section V, can be well excited
simultaneously because | VR- Avc5| = 4.3 kHz, which is much smaller than Sgym. This also means
that for an unknown sample, a 1D optimization of the 7Pt carrier frequency is required.

a) oy = 125 s b) toy = 2.5 s

1200 kHz

2250 kHz
MMWWWWWMW M.MWMMWIWWIM&

3000 kHz
MNWWWMWWWWWWWWW
| ARSI | ¢ A I S S A (B

3000 2000 1000 0 -1000 -2000 -3000 3000 2000 1000 o -1000 -2000 -3000
offset [kHz] offset [kHz]
C) =125 ps O=0kHz d) toy = 1.25 ps Q= 900 kHz
150 150
uﬁset [kHz] aﬂse| [kHz]

Fig.7. Simulated envelope efficiency of H-{**>Pt} D-HMQC experiments with D% excitation with (v1 (kHZ), tiot (us))
= (200, 1.25) (a) or (100, 2.5) (b), versus 5Pt offset for 8 CSA span values ranging from Q = 0-3000 kHz. (c,d)
Expansions showing the individual rf-spikelets, which are CSA and rf independent (Eq.1).

11.4. Analysis of the rotor-synchronized methods versus the magnetic field
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After the previous detailed information maps presented in Sections 11.2 and 3, it is desirable
to present in this Section the same results, but in a simpler way, which should allow the reader
to make an easy choice of the excitation scheme to be used according to the magnetic field
and MAS probe. For this purpose, we show in Fig.8 the on-resonance build-up curves
calculated with either SP (a-d) or D} (e-h) excitation schemes, with five CSA spans: Q = 0, 600,
900, 1500, 3000 kHz and four rf-fields: v, = 200, 150, 100, 50/42 kHz. For the weaker rf-field,
42 kHz was used for SP to stay consistent with previous simulations, but due to the broadness
of the SLP region the results are similar with v, = 42 and 50 kHz (Fig.4c,d).

12 . .
0 2 2 4 6 Btplus]
A4 a) v, = 200 kHz b) v;= 150 kHz 0=00kHz

600 kHz ———
900 kHz ——
1500 kHz
B 3000 kHz
)
\ /
\ / \ |

4 6tples] [0

08
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02F

0 1 1 1 1 1 L i n 4 1 L 1 L 1 1
0 50 100 150 200 250 300 350 400 450 O 50 100 150 200 250 300 350 400 450
61l or]

Fig.8. Simulated on-resonance build-up curves calculated with either SP (a-d) or D? (e-h) excitation schemes, with
five CSA spans: Q = 0, 600, 900, 1500, 3000 kHz, and four rf-fields: v, = 200, 150, 100, 50/42 kHz, as indicated on
the Figures. There are some slightly negative values (not shown) for Q = 600 and 900 kHz in (a,b) and 3000 kHz
in (g,h). The horizontal scale is shown versus the total flip angle 8 = 2nv4t, (a-d) or 8mv,t, (e-h). On top of each
sub-figure we show the total pulse length of each excitation scheme: t, (a-d) or 4t, (e-h).

The HP excitation is efficient if the rf-field is sufficient (e.g. v4 = 150 kHz) and the CSA is small
or moderate (Q < 900 kHz) (Fig.8a,b), which means for By < 14.1 T in the case of 1°Pt in

13
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cisplatin. One limitation of the HP is its sensitivity to rf-field inhomogeneity, which means that
not all of the full rotor may provide a maximal signal.

The intermediate regime is useful in the case of moderate rf-field and CSAs, as observable in
Fig.8c for the purple and dark-blue curves, with Q2 = 1500 and 900 kHz, respectively.

The SLP excitation is efficient in two cases: either with low-y nuclei (e.g. 5’Fe, 1°°Rh, 107:199Ag,
183W) for which probes can only deliver low/moderate rf-fields, or with very high-magnetic
fields where the CSA is very large (Fig.8d). As example, the ¥°Pt span of cisplatin is equal to
ca.1.5,2.25and 2.8 MHz at 18.8, 28.2 and 35.2 T, respectively. A 1D optimization of the carrier
frequency is recommended (Fig.12a,b).

The DANTE excitation allows for extension of the range of the hard-pulse excitation by
delivering a very high effective rf-field. This means that on-resonance, it can excite a very large
range of CSAs, from low to large (Fig.8e-h). Its main limitation is the fact that the carrier
frequency must be optimized to excite all different species simultaneously (Fig.12c,d).

1. Simulations of constant-time D-HMQC 2D spectra

The previous H-{1?°Pt} D-HMQC 1D simulations shown in Figs.2-8 describe the total H signal
observed with rotor-synchronized 2D experiments. However, they do not describe the
detailed behavior of this signal with respect to the 12°Pt CSA spinning sidebands. To analyze
this point, several 2D spectra were simulated with the constant-time D-HMQC version
described by Rossini et al.[23] In Fig.9 we show the 17°Pt projections observed when applying
on the 5Pt channel either two: (a) Dirac 7/2-pulses; (b) Df trains or (c) HPs with v, = 200 kHz;
or (d) SLPs with v, = 42 kHz. The effective rf-field of Df trains is so high (800 kHz) that there is
no noticeable difference in between spectra shown in Fig.9a and b. This is not the case with
HPs, as shown in Fig.9c, where sidebands are more and more attenuated when their offset
increases. Contrary to the previous cases, with SLP only the sideband on-resonance with the
carrier frequency, with two minor lateral bands, are excited, as shown in Fig.9d. However, the
intensity of the on-resonance sideband is much larger than those observed in Fig.9a-c.
Moreover, it is important to note that the amplitude of this resonance is quasi-independent
on the carrier frequency as long as it matches one of the spinning sidebands (Fig.9d).

It must be noted that in spite of the fact the CSA is ca. 750 times larger than the dipolar
interaction (Q ~ 1.5 MHz and Dyy.195pt ~ -2 kHz), the sideband pattern largely depends on the
relative interaction between the two interactions (Fig.S2).

It must be reminded that when recording rotor-synchronized 2D experiments, all these
sidebands are folded back onto the one which is situated within the restricted spectral width
of +vr/2 about the carrier frequency.
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Fig.9. Simulated %>Pt projection of constant-time (2nTz = 672 ps) [23] *H-{***Pt} D-HMQC 2D spectra with on-
resonance PPt irradiation at 0 ppm with By = 18.8 T, Dyyy.195pt = -2 kHz and Q = 1.47 MHz. (a) Dirac n/2-pulses; (b)
D‘f trains or (c) HPs with v, = 200 kHz and t = t;,; = 1.25 us; and (d) SLP with v; = 42 kHz and t = 24 ps. In (d), the
projections observed with SLP excitation at +6v are also shown. In spite of the fact that the sideband situated
at 6vgin (a,is much smaller than that at -6v, the two SLP signals are nearly identical. The position of the carrier
frequency is indicated with a small triangle.

V. Experimental 1D analysis of rotor-synchronized experiments

The simulations described above provide insights into the feasibility of *H-{1*°Pt} D-
HMQC experiments, and they allow for detailed analyses of effects that are not easily
accessible experimentally, such as those related to CSA. However, they do not take into
account (i) transverse relaxation phenomena which may severely decrease the signal when
the indirect excitation durations are long (e.g. SLP or DX), and (ii) experimental parameters
such as rf-field inhomogeneity, pulse amplitude and phase transients, probe quality factors,
etc. In order to facilitate a full and comprehensive analysis, a series of rotor-synchronized 1D
experiments with t; = 32, 64 or 128 ps for SP, D% or D§, respectively, were performed at 18.8
T with vg = 62.5 kHz, on the well-characterized cisplatin pharmaceutical compound which
presents a single 1%°Pt species. Unfortunately, the same experiments could not be performed
at lower magnetic fields because we do not have ultra-fast MAS probes at these fields.
Cisplatin has been one of the first platinum based drugs to be widely used in chemotherapy.
It has recently been characterized in detail by solid-state 1?>Pt NMR by Schurko et al. [44] and
Rossini.[23,24] According to data provided by Rossini et al. and recorded at 9.4 T with vg =50
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kHz [23], T1 14 ~ 12 s and the chemical shift tensor parameters of the 1°Pt species are: &;5, = -
1834 ppm with respect to K,PtClg in D,O, and Q = 8561 (811 = 3816, d,, = -4573, 833 = -4745)
ppm, which corresponds to Q2 = 1.47 MHz at B, = 18.8 T. It must be noted that the present
experimental value of d;, = -1828 ppm is slightly different because the spinning speed was
higher, vg = 62.5 kHz, and hence also the temperature of the sample.

IV.1. Efficiency versus (ti: & v1)

The first part of the discussion focusses on the on-resonance build-up curves obtained for
experiments performed with single pulses (SP) or D¥ DANTE trains (Fig.10). On each figure, a
dashed red line indicates the maximum intensity observed in (e), and also the relative

maximum value.
a) SP v, = 200 kHz d) D' v,= 200 kHz

max=0.75

w

b) SP v,= 100 kHz

max=0.85

L T

¢) SLP v,=41.7 kHz

max=0.93

(I) 5 1‘0 1I5 2ID 2|5 30‘[p3] (I,‘r 5 1Io 1I5 zlo 2I5 30‘[“5]
Fig.10. Experimental cisplatin *H-{**>Pt} rotor-synchronized D-HMQC on-resonance 1D 'H signal with tgp = 13 s
and NS = 16, versus the pulse length on *%>Pt: t,, (SP) or ty: = kt,, (D), with v, = 200 (a,d,f), 100 (b,e), 42 kHz (c).

With v, = 200 kHz (Fig.10a), the first two maxima of the 'H signal correspond to HPs with 0 =
n/2 or 3n/2 with t, ~ 1.25 and 3.7 pus, respectively, and the second maximum is smaller than
the first one, as shown in Figs.4a and 8a. In this case, no other efficient excitation regime is
observed. With v, = 100 kHz (Fig.10b), no HP excitation is observed, and the first maximum,
which is observed for t, ~ 5-6 s, corresponds to the intermediate regime, whereas the second
one with t, » 20-25 ps is the beginning of the broad SLP excitation profile. This description is
in good agreement with the simulations shown in Figs.4b and 8b. When v, =42 kHz = 2vz/3,
only the SLP excitation regime is visible at t, ~ 20-22 ps, which is close to 1.5Tg, in agreement
with Fig.4c and 8d. Despite the relatively low rf-field used, it can be seen that SLP is the most
efficient regime with SP excitation.

With DANTE excitation (Fig.10d-f), the SLP and intermediate regimes are inefficient, and only
the HP regime is visible, as shown in Fig.8e-h. With D% trains and v, = 100 or 200 kHz, it leads
to the two maxima observed at ti,; ~ 2.5 and 7 or 1.25 and 3.7 ps, respectively. As shown in
the simulations presented above (Figs.7g,h and 8e-h), with D} pulses for each rf-value the
second maximum is less efficient than the first one (Fig.10d,e). With D$ pulse and v, = 200 kHz,
the intensity of the maximum signal observed with ti,: ~ 1.25 ps is decreased with respect to

16



945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003

that observed for Df train (compare Fig.10d and f). This decrease is likely to be related to two
effects. The first effect corresponds to the losses that occur during 8Ty, instead of only 4Ty for
D% pulses. The second one is related to the increased amount of transients. Indeed, with
respect to Df, there are twice as many pulses and the importance of such transients increases
with such short pulses of t, = t;,+/8 ~ 155 ns. This transient-related attenuation is much smaller
for the second maximum due to the fact that the t, value is ca. 3 times longer. These transient-
related effects are certainly also the reason why the 1t maximum observed in (d) is smaller
than in (e). Globally, the amplitude of the maximum efficiency observed with D and v, = 100
kHz is similar to that observed with SLP, but with a ca. 2.5 times larger rf-field strength
(compare Fig.10c and e).

IV.2 Efficiency versus (offset & v4)

The second factor that will be discussed is the robustness to offset. This is a very
important point in the case of nuclei with a very broad isotropic chemical shift range; e.g.,
13,000 ppm for 195Pt [16]. Fig.11 shows the 'H-{1°Pt} 1D H signal from cisplatin versus 7Pt
offset over £1 MHz, for excitation with two HPs (Fig.11a,b), two SLPs (Fig.11c) or two D‘{ trains
(Fig.11d). In the first HP cases, the offset width is equal to FWHM ~ 5v, (Fig.11a,b). In the last
D‘{ case (Fig.11d), the excitation pattern is composed of a comb of rf-spikelets, separated by
multiples of vgfrom the carrier frequency at 0 ppm. Following Eq.1, the width for the envelope
of these spikelets is Erypym ~ 1.1/t, = 1.1k/tor = 4.5kv4, and each of these spikelets has a width
of Spwum ~ vr/k. The offset profile of SLP (Fig.11c) is a compromise in between those of
Figs.11a,b and 11d. It is also composed of a comb of spikelets every vg, but each of them is
much broader than in Fig.11d, which thus provides a much higher level of robustness.
Moreover, it has already been shown that the widths of the spikelets and of their envelope
increase with v due to its proportionality to the optimum rf-value: v, ~ 2vg/3. [30]
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Fig.11. Experimental cisplatin *H-{1?°Pt} rotor-synchronized D-HMQC H signal with Tgp = 13 s and NS = 16 versus
the 195Pt offset, with various types of excitation, rf-field and pulse length (t, or t.,) as indicated on the subfigures.
The offset step is equal to vg/2 = 31.25 (a,b), 10 (c) and 8 kHz (d). It must be noted that in (b) the pulse length
does not correspond to the optimum intermediate regime (Fig.10b).

V. Experimental analysis of 1H-{1?°Pt} 2D experiments

Secondly, an attempt was made to verify the previous simulations, shown in Fig.7c,d, which
describe the behavior of the signal with respect to the 17°Pt offset. Cis- and transplatin were
used as test samples because they are well characterized [23,24,44]. The NMR parameters of
the single 7>Pt species of transplatin, observed at 9.4 T with vg = 50 kHz, are Ty 14 =17 s, 8iso =
-2181 and Q = 9100 ppm, which corresponds to Q = 1565 kHz at 18.8 T [23]. At 18.8 T and vy
= 62.5 kHz, we observed §;, = -2167 ppm and T4 14 = 13 s. This means that, when observed
with vg = 62.5 kHz, cis- and transplatin isotropic chemical shifts are separated at by Av;,, = 339
ppm = 58.2 kHz at 18.8 T. Both samples present a single amine 'H resonance at the same
position (8, = 4.25 ppm), and hence in the following only the 17°Pt projections of the 2D
spectra are shown. It must be remembered that with such large CSA, the t; noise may be
important for rotor-synchronized 2D experiments. This noise was indeed large with a recycling
delay of 1zp = 13 s, as used in Figs.10 and 11, but it decreased greatly with the much shorter
value of tgp = 1's, as very recently recommended by Perras and Pruski. [45]

V.1. Rotor-synchronized 2D experiments

Figs.12a,b show the %Pt projections of 2D rotor-synchronized H-{1"°Pt} spectra of a
mechanical mixture of cis- and transplatin recorded with SLP and 6 different carrier
frequencies every 10.3 kHz. Figs.12c,d show those of a pure sample of cisplatin recorded with
D% versus the 195Pt carrier frequency with 5 kHz step.

As expected, the signal is maximum for on-resonance irradiation, and it can be observed that
the robustness to offset is much larger with SLP compared to D, as previously shown (Fig.7
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and 11). It is important to note that the position of the 1Pt carrier frequency can easily be
optimized with 1D experiments (not shown).

a) — OkHz b) — OkHz —— -31.0kHz
— 10.3kHz — -10.3kHz
—— 20.6kHz — -20.6kHz

- -31.0kHz

] ]
-1800 1850  ppm -1800 11850  ppm 2140 -2160 ppm

-1800 -1850 ppm -1800 -1850 ppm

Fig.12. Experimental 1%°Pt projections of 'H-{1%°Pt} rotor-synchronized D-HMQC 2D spectra recorded at 18.8 T
with vg = 62.5 kHz, Trp = 1 5, 64 complex t; points, NS = 64, and T, =2.5 hrs, versus the position of the 19°Pt carrier
frequency. (a,b) SLP excitation (v4 = 42 kHz, t, = 24 ns) of a cis- and transplatin mixture with Vgt = 0, £10.33,
+20.66, -31 kHz. (c,d) DT excitation (v; = 200 kHz, ti; = 1.25 us) of cisplatin with vygset = 0, 5, £10, +15 kHz. The
carrier frequency is defined with respect to: (a,b) the middle of the two signals (-1817 ppm), (c,d) the on
resonance signal (-1828 ppm).

In Fig.12b one observes that for vyt = -31 kHz, the resonance of transplatin is shifted by vy
with respect to its position observed for the other offset values. This shift is related to the fact
the spectral width is limited to +vg/2 = £31.25 kHz with respect to the carrier frequency, and
hence all spinning sidebands related to transplatin then fold-back onto another sideband. This
means that it is impossible to determine the actual isotropic chemical shift from one rotor-
synchronized spectra (e.g. Fig.12a,b). Moreover, with one non-rotor-synchronized constant-
time D-HMQC experiment, or even with one single-pulse experiment, it is very difficult to
determine the actual chemical shift by simulating the comb of experimental sidebands, as will
be shown in Section V.2. Practically, this limitation occurs for all experiments, except with the
aMAT-D-HMQC sequence [24]. However, this sequence requires a very large indirect spectral
width and 7 pulses on the indirect channel, which lead to long experimental times. Acquiring
two 2D spectra, rotor-synchronized to minimize the experimental time, with two different
spinning speeds, may be simpler and more efficient. As already mentioned, the HP and SLP
excitations are complementary in the sense that they mainly excite small/moderate and
moderate/large CSAs, respectively, as observed for 19°Pt (IV) and (l1), respectively. Therefore,
with an unknown sample, two spectra with HP and SLP excitations, could be acquired with
two different spinning speeds to simultaneously determine the “true” chemical shifts and
efficiently excite all resonances. The determination of the “true” chemical shifts is
demonstrated in Fig.13 on the mechanical mixture of cis- and transplatin. In this case, only SLP
excitation was used because both compounds have similar large CSA values. Indeed, when
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increasing the spinning speed from vz = 62.5 to 64.1 kHz, it can be observed that the
resonances at -1828 and -2167 ppm do not move, meaning that they correspond to the
isotropic chemical shifts of cis- and transplatin, respectively, whereas the two other
resonances are shifted by 1.6 kHz, which means that they correspond to first sidebands.

= VR=62.5kHZ 6|50:_2167pp.m
vr=64.1kHz trans-platin
‘f%’\
Siso=-1828ppm
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Fig.13. Experimental 1%>Pt projection of a mixture of cis- and transplatin 'H-{**>Pt} rotor-synchronized D-HMQC
2D spectra recorded with SLP (v4 = 42 kHz, t, = 24 ps) at 18.8 T with vg = 62.5 and 64.1 kHz, 1zp = 0.8 5, 64 t;-
complex points and NS = 32, T,, = 1 hr. The 1%>Pt carrier frequency is situated in the middle of the two resonances.

V.2. Constant-time 2D experiments

Attempts were also made to verify the previous simulations, shown in Fig.9, which describe
the detailed behavior of the signal with respect to the 1%°Pt CSA spinning sidebands. For this
purpose, several H-{1%°Pt} 2D spectra of cisplatin were recorded with constant time
acquisition, as proposed by Rossini et al. [23] (Fig.14). Indeed, the analysis of the signal along
the 19°Pt axis may help the readers to better understand how these different sequences excite
the sideband patterns. With SLP, only the sideband on-resonance with the carrier frequency,
with two minor lateral ones, are excited, as shown in the simulations (compare Figs.9d and
14d). With HP and D‘{ (Fig.14b,c), the S/N is much lower than with SLP because the signal is
distributed among many sidebands. With HP, the external sidebands are quite attenuated, as
already shown with the simulations (Fig.9b). This is less the case with D%, which scales up by
four the effective rf-field (Fig.9c). The 2D constant-time experiments with HP and D‘{
excitations have been recorded several times each (not shown) with the same sample, same
spinning speed and same rotor, and we have observed that, due to spectrometer instabilities,
the sideband patterns were never the same for a given experiment. Therefore, considering:
(i) the line-shape distortions related to limited rf-field and spectrometer instability, and the
required knowledge of (ii) the Dq.195p¢ Value and of (iii) its relative orientation with respect to
the CSA tensor (Fig.52), determining the isotropic chemical shift by fitting the sideband comb
seems hazardous. Moreover, it must be reminded that the integrated sideband intensities,
not their amplitudes, should be taken into account when fitting the experimental data. Indeed,
due to spinning speed fluctuations, the external sidebands are more broadened, and hence
attenuated, than those close to the carrier frequency. This broadening may be important in
the case of large CSAs and poorly stabilized spinning speeds.
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Fig.14. Cisplatin MAS spectra at 18.8 T with v = 62.5 kHz. (a) 1D spectrum simulated after a Dirac single pulse.
(b-d) projections onto the 1?°Pt axis of 'H-{***Pt} D-HMQC 2D constant-time spectra (2nTg = 0.176ms [23]) with
195pt on-resonance excitation, recorded with SR4%: m = 32, Tgp = 0.8 s, NS = 64, 512 complex t, points, At; = 0.4
us (SW1 = 2.5 MHz), Tey, = 13h h. 5Pt excitation with (v4 (kHz), tp/tit (1s)) = (200, 1.25) HP (b) or D‘f (c) or (42,
24) SLP (d).

VI. Conclusions

This work has provided extended insights into possible applications of the *H-{X} D-

HMQC sequence in studies involving spin-1/2 nuclei subject to very large anisotropic
interactions, such as °Pt. The analysis was carried out at a spinning speed of vg = 62.5 kHz,
using three different excitation schemes: Hard Pulse (HP), Selective Long Pulse (SLP) or DANTE
trains. This study used SIMPSON simulations and several experiments performed at B, = 18.8
T either in 1D mode on cisplatin, to compare the efficiency of these three excitation schemes,
or with 2D spectra on cisplatin or mixtures of cis- and transplatin.
The HP excitation is efficient if the rf-field provided by the probe is sufficient (e.g. v, > 150
kHz) with small or moderate CSAs (Q2 < 1000 kHz) (Fig.8a,b). One possible limitation of HP is
its sensitivity to rf-field, which means that not all the full rotor sample may provide a large
signal.
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The SLP excitation (v4 = 2vg/3 and t, ~ 1.5Tg) is mostly efficient with high-magnetic fields
where the CSA can be very large (Fig.8d). This scheme is very robust with respect to rf-power
and pulse duration. The relatively high efficiency of SLP comes from the fact that all crystallites
in the rotor provide a signal when their CSA interaction frequency matches the excitation due
to sample rotation. This also means that this signal is always at the carrier frequency, and not
at the isotropic chemical shift.

The intermediate regime between HP and SLP, is useful in the case of moderate rf-field and
CSAs, as observable in Fig.8c.

The DANTE excitation allows extending the range of the hard-pulse excitation by delivering a
very high effective rf-field. This means that it can excite a very wide range of CSAs, from low
to large (Fig.8e-h). Its main limitation is the fact that the carrier frequency must be optimized
to excite efficiently all different species simultaneously. However, this optimization can be
done in a 1D way, and hence is not time consuming.

It must be mentioned that, except for the aMAT-HMQC method [24], in all types of HMQC
experiments dealing with very large CSA, rotor-synchronized or not, it is necessary to collect
two 2D spectra with different spinning speeds in order to discriminate the isotropic lines from
the spinning sidebands. This can be done by recording two 2D spectra with two different
spinning speeds either with two DANTE train acquisitions or by combining two complementary
spectra one with HP and the other with SLP excitations.

VIl.  Simulation and experimental methods

Solid-state NMR experiments were performed at By = 18.8 T using a standard bore
Bruker magnet with an AV-IV spectrometer console. The samples were packed into a 1.3 mm
rotor and used in a 'H/BB (°'P-1“N) CPMAS probe operating at 'H and 1%°Pt resonance
frequencies of 800.1 and 171.7 MHz, respectively. The spinning speed was controlled by a
Bruker MAS-III unit and was set to vg = 62.5 kHz (Tr = 16 us), except in Fig.13: vg = 64.1 kHz.
The MAS rate stability was estimated using an oscilloscope to be +15 Hz. For this experiment,
a high spinning speed stability is mandatory due to the large number of sidebands. The
optimization of H /2 and = pulses, as well as of SR4% recoupling, was directly done on the
samples. The 'H rf-field was set to 208 kHz for n/2 and & pulses and optimized to 162 kHz
during SR4%. The discrepancy between the experimental rf-optimum and the theoretical
values (125 kHz) for SR47 is likely to be caused by rf-field inhomogeneity and strong H-1H
dipolar interactions. The 1%°Pt rf-pulse lengths and amplitudes were calibrated indirectly using
the 127| resonance of Kl, as proposed by Rossini et al.[23]

Simulations were performed with vg = 62.5 kHz and the SIMPSON version 4.0.0c
[46,47]. Powder averaging was performed with 5291 {owvr, Owur, Mg} Euler angles that
described the orientation of the molecule in the rotor frame. The 143 {amr, Sur} pairs were
selected according to the ZCW method,[48,49,50] whereas the 37 jr angles were regularly
stepped from 0 to 360°. The spin system was one isolated *°Pt-1H spin pair with an interatomic
distance of 2.34 A, leading to a dipolar coupling value of Dy}y.195pt = -2 kHz. The two *H 7t/2 and
7 pulses were set to be perfect Dirac ones. Two examples of SIMPSON input files are provided
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in the Supporting Information. In all cases, the CSA is described using the span value Q = 64; -
833, according to the Herzfeld-Berger Convention.[51]

Supplementary Information. Figures S1 and S2, input files used for SIMPSON simulations, and
pulse programs.
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