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ABSTRACT 

Constant-time (CT) dipolar heteronuclear multiple quantum coherence (D-HMQC) has 

previously been demonstrated as a method for proton detection of high-resolution wideline NMR 

spectra of spin-1/2 nuclei with large chemical shift anisotropy (CSA). However, 1H transverse 

relaxation and t1-noise often reduce the sensitivity of D-HMQC experiments, preventing the 

theoretical gains in sensitivity provided by 1H detection from being realized. Here we demonstrate 

a series of improved pulse sequences for 1H detection of spin-1/2 nuclei under fast MAS, with 

195Pt SSNMR experiments on cisplatin as an example. First, a new t1-incrementation protocol for 

D-HMQC dubbed Arbitrary Indirect Dwell (AID) is demonstrated. AID allows the use of arbitrary, 

rotor asynchronous t1-increments, but removes the constant time period from CT D-HMQC, 

resulting in improved sensitivity by reducing transverse relaxation losses. Next, we show that short 

high-power adiabatic pulses (SHAPs), which efficiently invert broad MAS sideband manifolds, 

can be effectively incorporated into 1H detected symmetry-based resonance echo double resonance 

(S-REDOR) and t1-noise eliminated D-HMQC experiments. The S-REDOR experiments with 

SHAPs provide approximately double the dipolar dephasing, as compared to experiments with 

rectangular inversion pulses. We lastly show that sensitivity and resolution can be further enhanced 

with the use of swept excitation pulses as well as adiabatic magic angle turning. 
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Introduction 

The solid-state NMR spectra of many elements are often severely broadened by chemical 

shift anisotropy (CSA) or the second-order quadrupolar interaction.1-3 Heavy spin-1/2 nuclei such 

as 119Sn, 195Pt, 199Hg, 207Pb, etc. often possess large CSA on the order of thousands of parts per 

million (ppm), leading to solid-state NMR spectra that are often hundreds of kHz broad. For 

example, square planar Pt complexes are known to possess 195Pt CSA in excess of 7000 ppm, 

leading to 195Pt static and magic angle spinning (MAS) spectra which often exceed 500 kHz in 

breadth, even at moderate magnetic fields.4-6 Conventional one-pulse, or spin-echo techniques are 

often impractical to obtain wideline solid-state NMR spectra because the available rf fields are 

often insufficient to uniformly excite broad solid-state NMR powder patterns. One solution to this 

problem is to use the variable offset cumulative spectroscopy (VOCS) approach to obtain solid-

state NMR spectra in a piecewise manner.7 Microcoil NMR probes8 and frequency-swept pulse 

sequences have shown to improve excitation bandwidths of 1D spectra.9 Schurko and co-workers 

have developed Wideband Uniform Rate Smooth Truncation (WURST)10-11 - Carr-Purcell 

Meiboom-Gill (CPMG)12 or WCPMG that exploits WURST pulses for broadband excitation, and 

provides a sensitivity gain by detection of an echo train that decays with the refocused 

homogeneous transverse relaxation time constant (T2’), in comparison to the decay of a single echo 

due to inhomogeneous transverse relaxation time constant (T2*).13 Broadband adiabatic inversion 

cross polarization (BRAIN-CP) further enhances sensitivity by polarization transfer from nearby 

high-g spins such as 1H;14 adiabatic inversion sequences have also been used to measure 
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longitudinal relaxation constants (T1).15 BRAIN-CP WCPMG sequences can be implemented into 

the VOCS procedures to accelerate acquisition times and reduce the number of sub-spectra 

required. Dynamic nuclear polarization (DNP) has further improved the sensitivity of BRAIN-CP-

WCPMG NMR experiments with heavy spin-1/2 nuclei16-17 and enabled the characterization of 

low-concentration surface Pt sites in heterogenous catalysts.18 MAS based experiments have also 

been used to improve the resolution of overlapping sideband manifolds, for instance by 

experiments such as magic-angle-turning (MAT)19-20 or PASS-PIETA.21 Recently, Altenhof et al. 

demonstrated the use of MAS CPMG experiments for the acquisition wideline spectra.22 

Fast MAS (MAS with frequencies > 30 kHz) is a powerful approach to improve the 

sensitivity and resolution of SSNMR spectra.23-25 Notably, Lange, Nishiyama and coworkers have 

used fast MAS frequencies of 75 kHz to improve 119Sn SSNMR sensitivity by focusing the 

intensity of 119Sn CSA patterns into fewer sidebands.26 Fast MAS has been combined with indirect 

detection to obtain SSNMR spectra of spin-1/2 nuclei such as 13C, 15N, and 29Si using double cross 

polarization (CP) schemes.27-32 However, CP schemes often fail when studying quadrupolar nuclei 

or spin-1/2 nuclei with large CSA. The indirect detection of half-integer and the spin-1 quadrupolar 

nucleus 14N has been facilitated by the dipolar heteronuclear multiple quantum coherence (D-

HMQC) pulse sequences.33-37 We have previously shown that fast MAS constant-time (CT) D-

HMQC can enable the 1H detection of wideline 195Pt spectra.38 CT D-HMQC was combined with 

adiabatic MAT39 to yield high-resolution techniques for the determination of isotropic shifts of 

overlapping wideline spectra.40 Amoureux and coworkers have investigated various pulse schemes 

for the excitation of 195Pt signals in D-HMQC sequences; notably, they showed that rotor-

synchronized D-HMQC experiments are valuable for the fast determination of isotropic shifts by 

the acquisition of 2D spectra at two different MAS frequencies.41-42  
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We recently reported modified pulse sequences to reduce t1-noise in 2D 1H detected D-

HMQC spectra with half-integer quadrupolar nuclei and spin-1/2 nuclei, dubbed t1-noise 

eliminated (TONE) D-HMQC.43-44 The combination of fast MAS 1H{195Pt} TONE D-HMQC and 

static DNP enhanced 1H→195Pt BRAIN-CP-WCPMG was then used to characterize a Pt-based 

organometallic and single-site silica-supported compound.44 Short high-power adiabatic pulses 

(SHAPs)39, 45 have been previously incorporated into aMAT D-HMQC,40 TONE D-HMQC and S-

REDOR (symmetry-based resonance echo double resonance) experiments44 on samples with 195Pt 

CSA (span) of greater than 8000 ppm, however the efficiency of inversion was not systematically 

investigated. We note that Carvalho and Pell have recently provided an in-depth investigation of 

the inversion of large CSA sideband manifolds with SHAPs and sideband selective WURST 

pulses.46  

Here, we demonstrate a series of modified fast MAS 1H detected pulse sequences for spin-

1/2 nuclei with large CSA, using 195Pt SSNMR experiments on cisplatin as an example. First, a 

new t1-incrementation protocol for CT D-HMQC, dubbed Arbitrary Indirect Dwell (AID), is 

shown to provide improved sensitivity for indirect detection of wideline SSNMR spectra. Next, 

we investigate in detail the efficiency of SHAPs to invert a broad 195Pt CSA pattern. We then 

demonstrate the increased inversion efficiency of SHAPs in comparison to rectangular high-power 

pulses, in 1H detected S-REDOR experiments. Modified 1H{195Pt} D-HMQC and aMAT D-

HMQC pulse sequences incorporating the TONE schemes for t1-noise elimination are also shown. 

Finally, the use of swept pulses to improve the excitation efficiency of 195Pt in D-HMQC 

experiments is explored. 
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Figure 1. (A) Constant-time (CT) and (B) Arbitrary Indirect Dwell (AID) D-HMQC pulse sequences. 2D 
1H{195Pt} D-HMQC spectra acquired with (C) CT and (D) AID techniques. (E) Comparison of 195Pt traces 
from 2D spectra shown in (C) and (D). Sensitivity of the 195Pt traces in (E) is calculated based on the signal-
to-noise ratio of the most intense sideband at –4153 ppm. 2D spectra shown in (C) and (D) are plotted with 
the same contour floor level. Spectra were acquired with a 1 s recycle delay, 16 scans, an indirect spectral 
width of 1 MHz and 2048 t1 increments. The CT D-HMQC spectrum shown in (C) was obtained with C = 
52. States-TPPI was used for quadrature in t1.  

 

Results and Discussion 

Arbitrary Indirect Dwell HMQC. Conventional D-HMQC experiments are performed with 

rotor-synchronized incrementation of the indirect dimension evolution time (t1) because when non-

γ-encoded recoupling is used to reintroduce the heteronuclear dipolar interactions the rotor must 

have the same, or inverted, phase at the beginning of the second recoupling block that it did at the 

beginning of the first block.47 In addition, rotor-synchronized incrementation also ensures that the 

1H refocusing pulse falls in between rotor cycles or at half of a rotor cycle; incrementation of t1 in 

finer steps will result in appearance of additional spinning sidebands in the indirect dimension that 

arise from modulation of 1H CSA and dipolar interactions.48 Consequently, the indirect dimension 
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spectral width (F1) of conventional D-HMQC spectra is usually limited to the MAS frequency, 

preventing the acquisition of wideline MAS solid-state NMR spectra.  

The CT D-HMQC pulse sequence incorporates a constant-time, rotor-synchronized spin 

echo period (C×tr) on the 1H channel, with the even integer C chosen so that C×tr is greater than 

the maximum indirect dimension evolution time (t1,max, Figure 1A).38 CT D-HMQC allows 

arbitrary t1 evolution times and spectral widths, and has permitted the acquisition of complete 195Pt 

sideband manifolds spanning ca. 1 MHz in frequency.38 However, CT D-HMQC experiments are 

disadvantaged by a significant loss in sensitivity that occurs for all increments of the 2D 

experiment because of 1H transverse relaxation during the constant-time period.49 Furthermore, 

the t1-noise increases with longer 1H echo durations due to accumulated rotor synchronization 

errors. Fast MAS frequencies improve sensitivity by increasing 1H T2’, however, even at the fastest 

accessible MAS frequencies, 1H T2’ are often on the order of 1 ms in protonated, rigid solids.24 

Here, the sensitivity of the CT D-HMQC experiments are increased by using a non-uniform 

incrementation of the 1H spin echo delay. The proposed experiment is dubbed Arbitrary Indirect 

Dwell (AID) D-HMQC, and the pulse sequence is shown in Figure 1B. AID D-HMQC combines 

the advantages of the incremented and CT D-HMQC pulse sequences, i.e., it incorporates an 

incremented 1H echo delay while permitting arbitrary, rotor-asynchronous t1-increments. The 

pulse program code of AID D-HMQC is modified to increment the even integer D so that the 1H 

echo delay (D×tr) is always greater than t1, in contrast to a conventional D-HMQC sequence where 

the 1H echo delay is increased by the t1-increment or in CT D-HMQC where the echo delay is 

fixed. Notably an analogous modification was proposed by Lu et al.,50 however, here we provide 

a more detailed investigation of the sensitivity gains and line shape effects with the AID scheme. 
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Consider a hypothetical AID D-HMQC experiment with an MAS frequency of 50 kHz (20 

µs rotor period), the q pulses on the X channel are Dirac pulses, and Dt1 = 1 µs corresponding to a 

1 MHz F1 spectral width. First, the 1H echo duration is fixed to 40 µs (D = 2), which will allow up 

to 39 t1-increments (78 t1-increments if hyper-complex acquisition is used) to be obtained while 

always fulfilling the condition D×tr > t1. At the 40th increment t1 = 40 µs, D is incremented to 4 to 

satisfy the condition D×tr > t1 while allowing further t1 incrementation up to 79 µs. D is 

incremented in this fashion until all the t1 points have been acquired. A video illustrating the 

differences in t1-incrementation between CT and AID D-HMQC is provide as Supporting 

Information. In practice, implementing the AID protocol into D-HMQC pulse sequences is simple 

and straightforward; only a few lines of additional code are required to calculate the echo delay as 

the t1-evolution time is incremented (see Bruker pulse programs provided as Supporting 

Information).  

Figure 1C and 1D show 2D 1H{195Pt} conventional D-HMQC and AID D-HMQC spectra 

of cisplatin obtained with similar acquisition parameters (nrot = 50 kHz, t1,max = 1024 µs and 1 MHz 

F1 spectral width). The indirect dimension acquisition time necessitates a 1H echo period of 52 

rotor cycles (C = 52, C×tr = 1040 µs) with CT D-HMQC, resulting in a 2D spectrum with lower 

signal-to-noise ratio (SNR, Figure 1C). However, AID D-HMQC allows the acquisition of the 

same 2D spectrum with enhanced SNR (Figure 1D). The 195Pt slices extracted from the 2D spectra 

are compared in Figure 1E, where the sensitivity (S), defined as the SNR per square root of unit 

time, is provided. CT D-HMQC provides a low SNR 195Pt sideband manifold with S = 0.8 min–1/2 

whereas AID D-HMQC shows a higher SNR manifold with S = 2.1 min–1/2. AID D-HMQC thus 

provided a factor 2.6 (2.1 min–1/2/0.8 min–1/2) improvement in sensitivity, corresponding to 7-fold 

savings in experimental time. 1H{195Pt} 2D spectra acquired with a shorter total evolution time 
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(t1,max = 288 µs) display sensitivities of 2.7 min–1/2 and 3.5 min–1/2 for CT D-HMQC and AID D-

HMQC, respectively (Figure S1). In this case the resulting gain in sensitivity with AID D-HMQC 

is reduced to 1.3 due to reduced 1H T2 relaxation losses during the shorter echo duration. Note that 

the enhanced sensitivity obtained in D-HMQC experiments with the reduced value of t1,max comes 

at the cost of a slight loss in 195Pt resolution. Nevertheless, AID D-HMQC will always provide a 

sensitivity comparable to or higher than CT D-HMQC. The only trade-off of using AID (or a 

conventional D-HMQC experiment), is that transverse relaxation of the 1H spin will be encoded 

on the indirect dimension signal, resulting in reduced resolution in the indirect dimension.49 The 

trade-off between sensitivity and resolution is observed in many constant-time solid-state NMR 

experiments.51-56 

To demonstrate that AID D-HMQC is applicable for the indirect detection of a wide range 

of nuclei, we have performed 1H{35Cl} population transfer (PT) TONE D-HMQC-3 experiments 

with L-histidine⋅HCl⋅H2O. The addition of the AID t1-incrementation protocol did not introduce 

distortions in the second-order quadrupolar lineshape and resulted in improved sensitivity as 

compared to a constant-time experiment (Figure S2). As expected, AID t1-incremented and 

conventional t1-incremented D-HMQC spectra are equivalent when a rotor-synchronized t1-

increment is used. (Figure S3). Therefore, we anticipate that AID D-HMQC will also find utility 

for the indirect detection of any nucleus that requires indirect dimension spectral widths that 

exceed the MAS frequency. AID D-HMQC may be particularly beneficial for experiments under 

slower MAS conditions where the indirect spectral width is limited with conventional D-HMQC. 
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Figure 2. (A-C, left) Simulated damped cosine functions to model the t1-incrementation and sensitivity 
losses due to homogeneous 1H transverse relaxation (T2’) for CT D-HMQC (green, dashed line) and AID 
D-HMQC (purple, solid line). The inhomogeneous transverse relaxation time constant (T2*) of the indirect 
detected spin was fixed at 0.3 ms. The ratio of T2’/T2* was (A) 4, (B) 1 and (C) 0.33. Spectra obtained from 
Fourier transformation of the corresponding cosine functions are shown for (center) CT D-HMQC and 
(right) AID D-HMQC. The peak intensities of the frequency spectra are normalized with respect to AID D-
HMQC in case 1 (purple trace on top-right). 

  
 To confirm that AID D-HMQC does not result in any spectral artifacts, we have performed 

simulations that model the effects of the t1-incrementation used in CT and AID D-HMQC 

experiments (Figure 2). Cosine functions taking into account homogenous relaxation of the 1H 

spins (T2’) and inhomogeneous relaxation of the indirectly detected spins (T2*) were used to 

calculate real time domain signals for CT D-HMQC and AID D-HMQC, respectively (Figure 2, 

left column): 
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  (Equation 1, CT D-HMQC) 

 (Equation 2, AID D-HMQC) 

In the above equations, the frequency offset (2pW) was fixed to 20000 rad s–1 (W = 3183 Hz) and 

T2* was fixed at 0.3 ms. The time domain intensities (Sreal(t1)) were then calculated by 

incrementing t1 from 0 to 1 ms in steps of 2 µs, corresponding to an indirect spectral width of 500 

kHz. For CT D-HMQC the value of the constant C was set to 50 to give a total echo duration of 1 

ms, equal to the maximum t1 time. For AID D-HMQC, D is equal to 2, 4, 6, …, 50 and is stepped 

to fulfill the condition D×tr > t1, as described above. The 1H T2’ was set to 1.2, 0.3 and 0.1 ms in 

cases 1, 2 and 3, respectively, with the first and middle values being representative of typical fast 

MAS experiments on fully protonated solids. The imaginary FID had zero amplitude for all time 

points. The resulting complex FIDs were then Fourier transformed to obtain the frequency domain 

spectra (Figure 2, middle and right columns), which is a doublet with a splitting of 6366 Hz. 

In case 1 where T2’/ T2* is set to 4, there is a factor 1.8 gain in signal intensity with AID 

(peak intensity, I = 100.0 with AID and I = 54.1 with CT) as indicated in the Fourier transformed 

peaks (Figure 2A). In cases 2 and 3, as the ratio T2’/ T2* decreases to 1 and 0.33, respectively, AID 

provides significantly higher peak intensities than the CT scheme by factors 13.8 (60.7/4.4) and 

4616 (27.7/0.006), respectively (Figure 2B and 2C). Therefore, the sensitivity gain with AID 

increases as the 1H T2’ decreases and/or when the indirect dimension acquisition time increases. 

However, for shorter values of 1H T2’, step function artefacts become visible in the FIDs. The steps 

are particularly apparent in case 3 (Figure 2C, left). As a consequence, distortions which are 

separated by the inverse of the period of the steps (1/40 µs = 25 kHz, in this case) appear in the 

( ) ( ) 1
1 1

2 2

cos 2 exp exp
' *
r

real
C tS t t
T T
tp

æ ö æ ö
= W ´ - ´ -ç ÷ ç ÷

è ø è ø

( ) ( ) 1 1
1 1

2 2

( )cos 2 exp exp
' *
r

real
D t tS t t
T T
tp

æ ö æ ö
= W ´ - ´ -ç ÷ ç ÷

è ø è ø



 12 

baseline of the frequency domain spectrum. The insets in the frequency spectra shown in Figure 2 

compare portions of the baseline with both CT and AID schemes. The CT scheme does not 

introduce any baseline distortions. However, the magnitude of the baseline distortions with AID 

is small (ca. 3 % of the main signal in case 3) and will likely be obscured by thermal noise and t1-

noise, both of which are absent in the simulations shown in Figure 2. Note that these distortions 

are similar to those obtained when using the FIREMAT experiment, which also leads to a stepped 

decay signal.57 

In summary, the experiments and simulations demonstrate that AID D-HMQC provides 

better sensitivity than CT D-HMQC. Therefore, we recommend that AID D-HMQC be used when 

rotor-asynchronous indirect dimension spectral widths (F1) and Dt1 are required. Finally, we note 

that if Dt1 = 2×tr then AID D-HMQC and conventional, rotor-synchronized D-HMQC experiments 

are identical. Therefore, the pulse sequence for AID D-HMQC can also be used for rotor-

synchronized experiments. 
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Figure 3. (A) Plot showing the SIMPSON simulated inversion efficiency as a function of rf field for 
tanh/tan SHAPs with different durations and sweep widths. The sweep width of the SHAPs were either 5 
MHz (for 40, 20, 12 and 5 µs duration) or 3 MHz (for 3 µs duration). A 1.8 µs rectangular pulse is also 
included for comparison. (B) SHAP S-REDOR pulse sequence. (C) Plot showing SIMPSON simulations 
and experimental 1H{195Pt} SHAP S-REDOR (20 µs SHAP at 275 kHz rf) and conventional S-REDOR 
(1.8 µs p pulse on the X channel) curves with cisplatin. Experimental S-REDOR curves were obtained by 
acquiring control (S0) and dephased (S) datasets in an interleaved fashion, and plotting the normalized 
difference signal (S0-S)/S0 as a function of recoupling duration. Error bars are derived from the SNR of the 
S0 and S spectra and do not account for MAS instability. Experiments were performed with a 6 s recycle 
delay and 16 scans. Simulations used the rep320 crystal file with (A) 17 or (C) 33 gamma angles. The MAS 
frequency was 50 kHz and the 195Pt CSA parameters were set to model the 195Pt site in cisplatin (W = 8975 
ppm, k = –0.96) in all simulations. The SHAP pulse was applied near the 2nd positive sideband, which 
approximately corresponds to the median frequency of the MAS powder pattern.  
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SHAPs for inversion of high-CSA 195Pt sites. A number of solid-state NMR experiments 

require efficient inversion of spins. For example, the S-REDOR pulse sequence is a recoupled 

heteronuclear spin echo experiment, in which simultaneous high-power rectangular p pulses are 

applied on the 1H and X channels and the dephasing of the 1H signal due to the evolution of 

heteronuclear dipolar couplings is observed.58 However, rectangular pulses will offer limited 

efficiencies for the inversion of wideline solid-state NMR spectra. Recently, Nishiyama and 

Goldbourt have demonstrated the use of phase-modulated schemes to efficiently saturate broad 

quadrupolar patterns in RESPDOR pulse sequences.59 But, inversion can double the dephasing as 

compared to a saturation pulse for spin-1/2 nuclei. We have previously incorporated SHAPs to 

invert 195Pt patterns in aMAT D-HMQC40 and TONE D-HMQC schemes,44 however, the inversion 

efficiency was not systematically investigated. 

To test the efficiency of tanh/tan SHAPs for inversion, we have performed SIMPSON60-62 

numerical simulations. In the simulations Iz was set as the initial operator, a SHAP was applied 

and then Iz was set as the detect operator. Figure 3A shows the variation of the Iz with rf field for 

SHAPs of different duration (40, 20, 12, 5 and 3 µs) and a 1.8 µs rectangular pulse. The span (W) 

and skew (k) of the 195Pt chemical shift tensor were set to 8975 ppm and –0.96, respectively to 

model the broad CSA pattern of cisplatin.38 The inversion is represented by the decrease in signal 

intensity from 1 to –1. From the plot, it is evident that the extent of signal inversion at a given rf 

field improves as the duration of the SHAP is increased from 3 to 20 µs, with no additional 

improvement observed above 20 µs. Using a 20 µs SHAP, the inversion efficiency is ca. 87% at 

an rf field of 275 kHz, which is close to the rf field strength achievable on our 1.3 mm probe with 

160.0 W input power on the 195Pt channel. The inversion efficiency is predicted to be about 90% 

at 300 kHz rf and gradually improves further when the rf is increased to 500 kHz, which is not 
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practically feasible with most NMR probes. These values are in good agreement with the 52% 

aMAT coherence transfer efficiency (as compared to a D-HMQC experiment) we were able to 

achieve when applying six 20 µs 275 kHz SHAP pulses, corresponding to an inversion efficiency 

of (52%)1/6 = 90%.40 

We then tested the efficiency of SHAPs for inversion using 1H{195Pt} S-REDOR 

experiments and simulations on cisplatin. Figure 3B shows the SHAP S-REDOR pulse sequence 

in which the standard high-power rectangular p pulse is replaced by a SHAP on the X channel. 

The dephasing difference signal (1–S/S0) is plotted as a function of the total recoupling duration 

(Figure 3C). Since 195Pt has a low natural abundance of 33.38%, a maximum 1–S/S0 value of only 

0.338 is expected in the case of an isolated spin pair. In the experimental S-REDOR curves, at the 

same recoupling duration of 2.08 ms the SHAP leads to nearly twice the dephasing in comparison 

to the rectangular pulse (1–S/S0 is 0.45 and 0.25 for SHAP and rectangular pulse, respectively). 

The dephasing is greater than the theoretical maximum due to additional dipolar couplings to the 

distant 195Pt spins of the neighboring molecules in the lattice, which also cause the steady increase 

of the S-REDOR intensity at longer recoupling durations. We have previously observed this effect 

in a molecular Pt-based organometallic compound.44 Furthermore, the dynamics of the NH3 groups 

in cisplatin partially averages the Pt-H dipolar couplings which leads to a slower build-up of the 

S-REDOR curves.  

To simulate these S-REDOR curves using SIMPSON, we first calculated the 1H-195Pt 

dipolar couplings between 1H and the nearest 195Pt neighbors based on the previously reported 

crystal structure of alpha-cisplatin.63 To account for the dynamics, the dominant dipolar coupling 

of 1510 Hz (corresponding to a 2.59 Å distance) was averaged based on the H-Pt-N bond angle of 

22°, which results in a scaling of the dipolar coupling by a factor 0.79 (0.5 × [3𝑐𝑜𝑠+22° − 1]).64 
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Dynamical averaging was ignored when calculating the dipolar couplings to the distant 195Pt spins 

in the lattice. Next, the probability of encountering a 195Pt spin m at a given distance from a 1H 

spin (denoted as pm) based on the natural abundance of 195Pt was calculated with equation 3: 

pm = 1 – 0.662n    (3) 

where n is the number of Pt atoms at that distance. The probability of a 195Pt spin to be the nearest 

to cause dephasing (denoted as Pm) was then calculated with equation 4: 

𝑃2 = (1 − ∑ 𝑃6) × 𝑝229:
6;:  (4) 

P1 was set to 0.338 for first 195Pt spin (m = 1) at the nearest possible distance of 2.59 Å. The values 

of pm and Pm are summarized in Table S1. Two-spin 1H-195Pt SIMPSON simulations were 

performed to predict the dephasing induced by S-REDOR pulse sequences using a 20 µs SHAP 

with 270 kHz rf field or a 1.8 µs rectangular p-pulse with 278 kHz rf field, for each 1H-195Pt dipolar 

coupling within 1 nm extracted from the crystal structure for α-cisplatin.63 Finally, all the simulated 

curves were summed by weighting each curve by their respective probabilities (Pm). The resulting 

simulated S-REDOR curves show remarkable agreement with the experiments especially at short 

recoupling times (Figure 3C). Notably the increased dephasing obtained with SHAPs was both 

predicted by simulations and experimentally verified, demonstrating that the use of SHAP 

inversion pulses in S-REDOR permits more precise inter-nuclear distance measurements. 
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Figure 4. (A) AID D-HMQC, (C) AID TONE D-HMQC-2, (E) TONE D-HMQC-4 and (G) AID TONE 
D-HMQC-5 pulse sequences and (B, D, F, H) the corresponding 2D 1H{195Pt} D-HMQC spectra of 
cisplatin. The sensitivity of the 195Pt dimension was measured on the positive projection using the most 
intense sideband and is indicated above each 2D spectrum. Spectra were acquired with a 1 s recycle delay, 
(B) 16 scans or (D, F, H) 20 scans, an indirect spectral width of 1.25 MHz and 704 t1 increments. The States 
scheme was used for quadrature in t1.  
 
 

TONE D-HMQC. t1-noise primarily arises in D-HMQC experiments because of random 

MAS frequency fluctuations that cause the amplitude of NMR signals to vary from scan to scan.43-

44 t1-noise results in lower sensitivity and impedes spectral interpretation. Recently, we introduced 
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the TONE D-HMQC family of pulse sequences that reduce t1-noise by refocusing 1H CSA across 

each recoupling block to improve robustness to MAS frequency fluctuations, and use flip-back or 

trim pulses to decrease the intensity of uncorrelated 1H magnetization.43-44 TONE D-HMQC 

requires the application of inversion pulses to the indirectly detected spin. Here, SHAPs are 

incorporated into TONE D-HMQC pulse sequences to provide efficient inversion of the indirectly 

detected spin. The accompanying reductions in t1-noise and gains in sensitivity achieved with 

TONE D-HMQC are experimentally investigated for 195Pt solid-state NMR. 

Figure 4 shows pulse sequences for AID D-HMQC and TONE D-HMQC-2, -4, and -5 with 

the corresponding 2D 1H{195Pt} spectra of cisplatin. The 1H{195Pt} AID D-HMQC spectrum had 

a low 195Pt sensitivity of 0.8 min–1/2 (Figure 4B). Note that the AID D-HMQC spectrum shown in 

Figure 4B was obtained several months after that shown in Figure 1D and 1E. The AID D-HMQC 

spectrum in Figure 1D gave a higher 195Pt sensitivity of 2.1 min–1/2. When the spectra shown in 

Figure 4 were obtained, the MAS frequency was less stable, resulting in more t1-noise and reduced 

sensitivity (Figure S4). Figure 4C shows the modified TONE D-HMQC-2 pulse sequence which 

also incorporates the AID t1-incrementation scheme. The 2D 1H{195Pt} TONE D-HMQC-2 

spectrum shows a 195Pt sensitivity of 6.3 min–1/2, providing a factor 8 gain in sensitivity in 

comparison to AID D-HMQC (6.3 min–1/2/0.8 min–1/2). TONE D-HMQC-1 shows a slightly lower 

195Pt sensitivity of 4.6 min–1/2 (Figure S5); this is expected because the TONE D-HMQC-2 

sequence includes a perfect echo symmetry that improves the refocusing of 1H-1H homonuclear 

dipolar couplings and the added π/2 pulse helps to eliminate uncorrelated 1H NMR signals.43 

Figure 4E shows the TONE D-HMQC-4 scheme that enhances the sensitivity of CT experiment 

by lengthening the 1H T2’. This is achieved by applying Lee-Goldburg (LG) pulses65 to spin-lock 

the anti-phase/multiple quantum magnetization. Relaxation occurs during the LG spin-lock pulses 
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due to rotating frame relaxation and residual 1H spin diffusion;66 this phenomenon is highly sample 

dependent. In case of cisplatin, TONE D-HMQC-4 shows sensitivity of 5.9 min–1/2 which is only 

slightly lower in comparison to AID TONE D-HMQC-2 (Figure 4F). In principle, the sensitivity 

of TONE D-HMQC-4 can be further improved by incorporating the AID scheme for t1-

incrementation; however, this would result in a shorter LG spin-lock duration (a few rotor cycles) 

in the first few t1 increments that is insufficient to suppress t1-noise. To overcome this problem, 

the AID TONE D-HMQC-5 sequence includes an additional constant duration LG spin-lock pulse 

to saturate uncorrelated signals and reduce t1-noise (Figure 4G). The corresponding 2D spectrum 

shown in Figure 4H showed a similar sensitivity (5.7 min-1/2) as TONE D-HMQC-4 suggesting 

that the performance of the two sequences is similar in case of cisplatin. However, AID TONE D-

HMQC-5 will likely provide improved sensitivity in samples where relaxation losses under LG 

spin-lock pulses is an issue.  

Finally, the extent of t1-noise was directly quantified by measuring the ratio of the noise 

levels in the two dimensions (t1-noise/thermal-noise ≈ SNR1H/SNR195Pt, Table S2). AID D-HMQC 

showed a high amount of t1-noise, 6.2 higher than the thermal noise (Figure 4B), whereas, AID 

TONE D-HMQC-2 and -5 have equal noise levels in both dimensions, indicating complete 

suppression of t1-noise. This observation is consistent with the 8-fold higher 195Pt sensitivity 

obtained with the TONE sequences.  

In summary, we have shown that over an order of magnitude gain in sensitivity can be 

obtained by eliminating constant-time intervals and t1-noise in D-HMQC sequences for the indirect 

detection of 195Pt spins. AID TONE D-HMQC-2 is straightforward in terms of experimental setup 

and is therefore suggested as the method of choice, followed by AID TONE D-HMQC-5. 
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Figure 5. (A) CT aMAT D-HMQC, (C) AID aMAT D-HMQC, (E) AID aMAT TONE D-HMQC-2 and 
(G) AID aMAT TONE D-HMQC-5 pulse sequences and (B, D, F, H) the corresponding 2D 1H{195Pt} D-
HMQC spectra of cisplatin. The sensitivity of the 195Pt dimension was measured on the positive projection 
and is indicated above each 2D spectrum. Residual spinning sidebands (at integer multiples of ±0.5nr) are 
observed beside the most intense isotropic signal due to the relatively long duration of the SHAP pulses 
(see reference [40]). Smallll amounts of impurities are also present (diso = –2353 ppm). Spectra were acquired 
with a 1 s recycle delay, (B) 42 scans or (D, F, H) 98 scans, an indirect spectral width of 1.25 MHz and 246 
t1 increments. The States scheme was used for quadrature in t1. 
 

 Combining TONE D-HMQC and Adiabatic MAT. The TONE scheme can also be applied 

to aMAT D-HMQC sequences that yield isotropic NMR spectra in the indirect dimension.40 As 
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previously demonstrated, samples that have multiple 195Pt sites will particularly benefit from 

aMAT techniques, and the refocusing of spinning sidebands into the centerband additionally 

improves sensitivity.40 Figure 5A shows the 1H{195Pt} CT aMAT D-HMQC pulse sequence40 and 

the corresponding 2D NMR spectrum of cisplatin. Clearly, t1-noise is present in the standard 

aMAT D-HMQC and the 195Pt sensitivity is 1.5 min–1/2 (Figure 5B). Analogous to what was noted 

above, the AID scheme provides a significant boost in sensitivity and shows a 195Pt sensitivity of 

6.6 min-1/2 (Figure 5C and 5D). Simulations predict that the introduction of the AID scheme into 

aMAT D-HMQC creates artefacts with lower intensity than the residual spinning sidebands 

(Figure S6 and S7). The application of aMAT TONE D-HMQC-2 and -5 sequences further 

improves the sensitivity to 10.3 and 10.7 min–1/2, respectively by reducing t1-noise. As a result, the 

overall sensitivity is improved by a factor 7 (10.7 min–1/2/ 1.5 min-1/2) using aMAT TONE D-

HMQC-5, in comparison to the standard CT aMAT D-HMQC. Notably, we were able to utilize 

this improved sensitivity to acquire a 2D 1H{195Pt} aMAT D-HMQC spectrum in only 6 minutes 

and observe the 195Pt isotropic signal of cisplatin (Figure S8).  

Alternatively, the various TONE schemes may also be implemented into the CT aMAT D-

HMQC sequence (Figure S9). The CT aMAT TONE D-HMQC-2 sequence shows a 195Pt 

sensitivity of 7.7 min-1/2 (Figure S9F) whereas the CT aMAT TONE D-HMQC-4 shows a marked 

sensitivity improvement to 9.1 min–1/2, likely due to lengthening of 1H coherence lifetimes under 

the LG pulses during the constant 1H echo period. The relative performance of the AID and CT 

aMAT TONE D-HMQC schemes is sample-dependent but the AID schemes will likely provide 

similar or greater sensitivities. We note that the isotropic shifts can also be readily obtained by 

acquiring rotor-synchronized 2D TONE D-HMQC-2 spectra at two different MAS frequencies,41-

42, 44 but this approach may be challenging with samples containing several sites, or767 sites with 
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distributions of isotropic chemical shifts. For instance, our previously-studied Pt/UiO-66-NH2 

metal-organic framework featured two sites with isotropic 195Pt linewidths at half-height of 25 kHz 

at 9.4 T.40 In summary, AID TONE D-HMQC-2 provides the highest sensitivity to indirectly detect 

195Pt spinning sideband manifolds, whereas AID aMAT TONE D-HMQC-5 provides the best 

sensitivity to obtain purely isotropic 195Pt NMR spectra. We would also like to note that the 

described modifications to aMAT D-HMQC can also be performed with MAT D-HMQC,40 as the 

relative sensitivity of the aMAT or MAT D-HMQC methods will likely vary with the quality factor 

of the probe. 
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Figure 6. (A) Plot showing the SIMPSON simulated variation of 1H{195Pt} D-HMQC signal intensity with 
rf field for different 195Pt excitation pulses (0.6 µs rectangular pulse, and 5, 3, 1.5 and 1 µs tanh/tan pulses). 
The sweep widths of the tanh/tan pulses were either 5 MHz (for 5 µs pulse) or 3 MHz (for 3, 1.5 and 1 µs 
pulses). Simulations used 195Pt W = 8975 ppm and k = –0.96 to model cisplatin. (B) Comparison of (black 
traces) 195Pt positive projections from 2D 1H{195Pt} AID TONE D-HMQC-2 spectra acquired with a (top) 
0.6 µs rectangular pulse and a (bottom) 1.5 µs tanh/tan pulse. The relative signal intensities of a few 
sidebands are indicated. Analytical simulations with diso = –1834 ppm, W = 8975 ppm and k = –0.96 are 
shown in green. (C) Plot showing the SIMPSON simulated variation of D-HMQC signal intensity with 1.5 
µs tanh/tan excitation and different rf fields for the indicated 195Pt W values (k = –1 in all cases). Simulations 
used the rep168 crystal file with 17 gamma angles. 
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Swept-Excitation Pulses. Finally, we explore the possibility of using swept pulses for the 

broadband excitation of 195Pt signals in D-HMQC experiments instead of the standard short-

duration, high-power rectangular pulses. Swept pulses at low rf powers may enable more 

widespread application of D-HMQC sequences given that  rectangular excitation pulses require 

high rf fields (ca. 275 kHz was used here).38 Figure 6A shows SIMPSON simulations of the 

1H{195Pt} D-HMQC signal intensity using a 0.6 µs rectangular pulse (similar to D-HMQC 

experiments shown above) and tanh/tan pulses of durations 5, 3, 1.5 and 1 µs, as a function of the 

rf field. Simulations were performed with a 195Pt span (W) and skew (k) of 8975 ppm and –0.96, 

respectively, to model cisplatin. The 0.6 µs rectangular pulse, previously shown to provide an 

optimal excitation, displays a simulated maximum D-HMQC signal of 0.21 at 360 kHz rf (i.e., the 

simulations indicate an efficiency of 21% for D-HMQC with a 1H-195Pt spin pair), however, at a 

more practical rf field of 280 kHz, the HMQC signal is reduced to 0.18 (Figure 6A). The excitation 

efficiency of tanh/tan pulses is improved upon reduction of the pulse duration to ≤ 3 µs. Below an 

rf field strength of 300 kHz, only the 1.5 µs tanh/tan pulse is found to provide a good HMQC 

efficiency with the simulated maximum signal at 250 kHz rf being –0.23. A comparison of the 

predicted  absolute D-HMQC signal with the 1.5 µs tanh/tan pulse and 0.6 us rectangular pulse 

shows an overall gain in efficiency by a factor 1.3 (0.23/0.18), suggesting that tanh/tan pulses may 

provide signal enhancements over standard rectangular pulses for excitation. 

 Figure 6B shows the 195Pt projection from 2D 1H{195Pt} AID TONE D-HMQC-2 

experiments obtained with a 0.6 µs rectangular pulse (Figure 4D) and 1.5 µs tanh/tan pulse. 

Notably, the 1D 1H{195Pt} signals (first slice of 2D spectra) were opposite in phase as predicted 

by the simulations (Figure 6A). In the 195Pt spectrum obtained with the tanh/tan pulse, the sideband 

signal intensities are markedly higher across the 195Pt pattern, with gains in sideband intensities by 
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factors between 1.02 and 1.82. The benefit of using swept pulses for excitation is clear when the 

experimental sideband manifold is compared with analytical simulations. As shown in Figure 6B, 

the analytical simulation (green trace) based on expected 195Pt CS tensor parameters, fits more 

closely to the experimental spectrum obtained with the 1.5 µs tanh/tan pulse in comparison to the 

0.6 µs rectangular pulse. Particularly, the relative intensities of the sidebands near 2000 and –4000 

ppm are more accurately reproduced. These results clearly suggest that swept pulses may provide 

signal enhancements in addition to providing a more accurate 195Pt sideband manifold that rivals 

direct detection experiments. 

 One caveat with the use of full sweeps for excitation is the strong dependence of the 

excitation efficiency on the 195Pt CSA. Figure 6C compares SIMPSON simulations of the 

1H{195Pt} D-HMQC signal using a 1.5 µs tanh/tan and different 195Pt W values. In all cases, the 

195Pt transmitter was placed approximately at the center of the sideband manifold for uniform 

excitation, similar to the experiments. For all W values, the D-HMQC efficiency is high above 450 

kHz rf. However, within a more practically accessible rf field range of 0 to 300 kHz, the D-HMQC 

signal intensity reduces dramatically upon increasing W from 0 to 6000 ppm. A relatively high D-

HMQC signal intensity (> 0.3) is retained until W = 3000 ppm at rf fields near 180-200 kHz, 

whereas when W = 7500 ppm the highest efficiency is obtained with an rf field of ca. 280 kHz. As 

cisplatin has a 195Pt W = 8975 ppm, a reasonable excitation efficiency of –0.23 was retained at ca. 

250 kHz rf. Figure S10 compares the dependence of different excitation pulses with CSA. These 

simulations suggest that optimal excitation conditions for different CSA can likely be fine-tuned 

by varying the pulse duration between 1 and 3 µs, however, such an endeavor is outside the scope 

of this work.  
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In summary, swept excitation pulses may provide improved excitation and more accurate 

reproduction of 195Pt sideband manifolds in comparison D-HMQC experiments with rectangular 

pulses. But, optimal SHAP conditions (pulse duration, rf field and sweep width) vary depending 

on the CSA of the indirectly detected spin. This problem can easily be addressed by quickly 

experimentally testing various excitation pulse conditions with 1D D-HMQC experiments to 

identify which work best for a given sample. The best performing excitation pulse can then be 

used for the more time consuming 2D experiments. 

 

Conclusions 

 We have shown that the sensitivity of indirect detection experiments with heavy spin-1/2 

nuclei such as 195Pt can be enhanced with improved D-HMQC and S-REDOR pulse sequences. 

Arbitrary Indirect Dwell (AID) D-HMQC showed a factor 1.3 to 2.6 improvement in 195Pt 

sensitivity in comparison to constant-time (CT) D-HMQC, with the gain in sensitivity dependent 

upon the maximum t1-evolution time. AID D-HMQC can be applied for the indirect detection of 

solid-state NMR spectra in general, as demonstrated with experiments on the half-integer 

quadrupolar nucleus 35Cl. Simulations demonstrate that AID t1-incrementation introduces 

negligible distortions in the indirect dimension spectrum. Numerical simulations and experiments 

showed that SHAPs can successfully invert wideline MAS 195Pt patterns, even in the presence of 

extreme CSA > 8000 ppm. The SHAP can then be incorporated into S-REDOR experiments to 

enhance dipolar dephasing and used in TONE D-HMQC sequences to reduce t1-noise. Notably, a 

20 µs SHAP with 5 MHz sweep width provided a factor two higher dephasing in comparison to a 

high-power rectangular pulse in S-REDOR experiments. The higher dephasing will result in more 

precise 1H-195Pt distance measurements under fast MAS conditions. SHAPs were also incorporated 
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in TONE D-HMQC schemes that necessitate an inversion pulse on the X channel. Notably, the 

1H{195Pt} AID TONE D-HMQC experiment showed an order of magnitude improvement in 

sensitivity in comparison to AID D-HMQC due to the elimination of t1-noise. The incorporation 

of AID and TONE into aMAT D-HMQC experiments showed a factor 7.1 improvement in 

sensitivity over standard aMAT D-HMQC due to t1-noise suppression and longer 1H coherence 

times during the constant-time echo duration. Finally, we showed that swept pulses can also 

potentially replace rectangular pulses for excitation in indirect detection D-HMQC experiments. 

The use of a 1.5 µs tanh/tan resulted in a more accurate 195Pt sideband manifold of cisplatin and 

gains in sideband signal intensities on the order 1.02-1.82.  

Using the methods proposed here, it should be possible to characterize Pt sites present in 

low-concentration on the surfaces of materials or in porous materials such as zeolites, metal 

organic frameworks and covalent organic frameworks, applicable in heterogeneous catalysis. The 

improved schemes demonstrated here with 195Pt should also find application to other moderately-

abundant, heavy spin-1/2 nuclei such as 113Cd, 119Sn, 125Te, 207Pb, etc. that often have large CSA. 

These types of experiments will also become valuable with the increasing prevalence of high-field 

NMR systems that will exacerbate broadening of SSNMR spectra by CSA. 

  

Experimental 

cis-Diamminedichloroplatinum (II) (cisplatin) and L-histidine⋅HCl⋅H2O were purchased 

and used as received from Alfa Aesar and Fluka, respectively. All solid-state NMR experiments 

were performed at a static magnetic field of 9.4 T with a Bruker Avance III HD console, Bruker 

1.3 mm HX probe and a 50 kHz MAS frequency. Spectra were processed using the Bruker TopSpin 

program. The 1H shift of adamantane (1.82 ppm) as a secondary standard to indirectly reference 
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the 1H, 195Pt and 35Cl chemical shifts to neat tetramethylsilane, using the previously established 

relative Larmor frequencies.67 In all cases, the sensitivity of the 195Pt traces were calculated based 

on the signal-to-noise ratio of the most intense sideband at –4153 ppm. Four SNR measurements 

were performed by choosing different baseline regions and averaged to decrease error in the 

calculated sensitivities. All 2D spectra comparisons are made by plotting the contours at the same 

floor level. 

The p/2 and p pulse durations for 1H were 2.5 and 5 µs, and the central transition selective 

pulse durations for 35Cl were 4.3 and 8.6 µs, respectively. The population transfer scheme68 was 

implemented in the 1H{35Cl} TONE D-HMQC-3 experiments as described previously (Figure S2 

and S3).43 38 µs WURST pulses with a delay of 2 µs between pulses were applied at an offset of 

450 kHz and an optimized 33.5 kHz rf field. All 195Pt SHAPs used tanh/tan pulse shapes that were 

generated on TopSpin. The 195Pt pulse durations and rf fields are indicated in each section of the 

manuscript. All experiments used 𝑆𝑅4:+ dipolar recoupling69 which was applied at the 2nd order R3 

condition.70 For the 1H{195Pt} D-HMQC experiments, the optimal total recoupling duration was 

either 2.16 ms (for data shown in Figure 1 and Figure S1) or 1.92 ms (for data shown in Figures 

4, 5 and 6). An optimal total recoupling duration of 2.08 ms was used in the 1H{35Cl} TONE D-

HMQC-3 experiments. Other relevant experimental details are provided in the figure captions. 

A short quadrature spike present at the transmitter frequency in the indirect dimension of 

the 2D 1H{195Pt} TONE D-HMQC spectra acquired with rectangular 195Pt excitation pulses (data 

shown in Figures 4, 5 and 6), was removed by using a qfil baseline correction mode and the setting 

the filter width to 0.02 ppm. To minimize the quadrature artifacts, 1H{195Pt} TONE D-HMQC 

experiments were performed using a COG5(1,2,1,2;0) cogwheel phase cycle71 on the 1H channel, 

resulting in a short 10-step phase cycle. The standard aMAT D-HMQC pulse sequence (Figure 
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5A) used a COG3(2,1;0) on the 1H channel and COG14(0,13,0,13,0,13,0,13;7) on the X channel, 

as described previously.40 aMAT TONE D-HMQC pulse sequences used COG7(6,1,6,1;0) and 

COG14(0,13,0,13,0,13,0,13;7) on the 1H and X channels, respectively, resulting in a 98-step phase 

cycle. Cogwheel phase cycles were calculated using CCCP++.72 

Simulations modeling CT and AID D-HMQC shown in Figure 2 were performed by 

processing the time-domain signals in ssNAKE v1.1.73 The time-domain cosine functions were 

zero-filled up to 2048 points before Fourier transformation. 195Pt analytical simulations (shown in 

Figure 6) were performed in TopSpin’s solid lineshape analysis (sola) module. 
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Figure S1. 2D 1H{195Pt} D-HMQC spectra acquired with (A) CT and (B) AID schemes. (C) Comparison 
of 195Pt traces from 2D spectra shown in (A) and (B). Sensitivity of the 195Pt traces in (C) is calculated based 
on the signal-to-noise ratio of the most intense sideband at –4153 ppm. 2D spectra are plotted with the same 
contour floor level. Spectra were acquired with a 0.9 s recycle delay, 32 scans, an indirect spectral width of 
1 MHz and 576 t1 increments. CT D-HMQC shown in (A) was obtained with C = 16, where C*tr > t1,max. 
States-TPPI was used for quadrature in t1. 
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Figure S2. 2D 1H{35Cl} population transfer (PT) TONE D-HMQC-3 spectra of L-histidine⋅HCl⋅H2O 
acquired with (A) CT and (B) AID t1-incrementation schemes, respectively. (C) Comparison of 1D 35Cl 
slices extracted from the 2D spectra at 1H chemical shifts of (red) 9 ppm and (blue) 17.2 ppm. 2D spectra 
were acquired with a 1 s recycle delay, 8 scans, an indirect spectral width of 200 kHz and 512 t1 increments. 
States-TPPI was used for quadrature in t1. A 1 ms Lee-Goldburg (LG) spin-lock pulse was applied at 150 
kHz rf. The implementation of TONE D-HMQC-3 experiments is described in detail in our previous report 
(see reference [42] in the main text). The sensitivity of the spectra is indicated in (C). 
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Figure S3. Comparison of 1D 35Cl slices extracted from 2D 1H{35Cl} PT TONE D-HMQC-3 spectra at a 
1H chemical shift of 9 ppm. The 2D spectra were obtained with a rotor-synchronized t1 incrementation using 
(green) CT, (black) standard incremented and (red) AID approaches. Experiments were performed with a 
3.9 s recycle delay, 16 scans, an indirect spectral width of 25 kHz and 64 t1 increments. States-TPPI was 
used for quadrature in t1. A 1 ms Lee-Goldburg (LG) spin-lock pulse was applied at 150 kHz rf. The data 
clearly shows that AID D-HMQC is equivalent to standard incremented D-HMQC if performed with a 
rotor-synchronized t1 incrementation. Although, CT TONE D-HMQC-3 provides the lowest sensitivity, it 
provides the best resolution. 
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Table S1. Table showing the dipolar couplings and probabilities used to simulate the 1H{195Pt} S-
REDOR curves of cisplatin shown in Figure 3C. 

Dipolar 
couplings (Hz) 

Number 
of spins 

(n) 

Probability 
(pm) 

Probability of being 
nearest (Pm) 

Rolling sum of 
probability 

1190* 1 0.338 0.338 0.338 
550 1 0.338 0.223756 0.561756 
410 1 0.338 0.148126472 0.709882 
380 1 0.338 0.098059724 0.807942 
240 1 0.338 0.064915538 0.872858 
120 1 0.338 0.042974086 0.915832 
110 1 0.338 0.028448845 0.944281 
100 1 0.338 0.018833135 0.963114 
90 1 0.338 0.012467536 0.975581 
80 1 0.338 0.008253509 0.983835 
70 3 0.709882 0.011475361 0.99531 
60 4 0.807942 0.003789083 0.999099 
50 3 0.709882 0.000639399 0.999739 
40 6 0.915832 0.000239318 0.999978 
30 7 0.944281 2.08E-05 0.999999 

*Dipolar coupling of 1510 Hz was partially averaged based on the H-Pt-N bond angle of 22°. This results 
in a scaling of the dipolar coupling by a factor 0.79 (0.5 × [3𝑐𝑜𝑠+22° − 1]). 
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Figure S4. 195Pt projections of 2D 1H{195Pt} AID D-HMQC spectra shown in (top) Figure 1D and (bottom) 
Figure 4B of the main text. The MAS frequency was less stable when the spectra shown in Figure 4 were 
acquired, which resulted in higher t1-noise and lower 195Pt sensitivities. 

 

 

 

 

 
Figure S5. (left) AID TONE D-HMQC-1 pulse sequence and (right) the corresponding 2D 1H{195Pt} D-
HMQC spectrum. The sensitivity of the 195Pt dimension was measured on the positive projection using the 
most intense sideband and is indicated above the 2D spectrum. Spectrum was acquired with a 1 s recycle 
delay, 20 scans, an indirect spectral width of 1.25 MHz and 704 t1 increments. The States scheme was used 
for quadrature in t1. 
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Table S2. Table summarizing the signal-to-noise ratios and sensitivities of the most intense rows (1H 
slice) and columns (195Pt slice) in the 2D spectra shown in Figure 4 and Figure S5. 

Experiment 

1H 195Pt 

SNR1H/SNR195Pt 
SNR1H 

Sensitivity  

(min-1/2) 
SNR195Pt 

a 
Sensitivity  

(min-1/2) 

AID D-HMQC 31 2.3 5 0.4 6.2 

AID TONE D-
HMQC-1 26 1.7 16 1.0 1.625 

AID TONE D-
HMQC-2 32 2.1 32 2.1 1.0 

AID TONE D-
HMQC-4 28 1.8 26 1.7 1.08 

AID TONE D-
HMQC-5 28 1.8 28 1.8 1.0 

aThe 195Pt SNR was measured with the most intense sideband in the manifold. 
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Figure S6. (A-C, left) Simulated damped cosine functions to model the t1-incrementation and sensitivity 
losses due to homogeneous 1H transverse relaxation (T2’) for CT aMAT D-HMQC (green, dashed line) and 
AID aMAT D-HMQC (purple, solid line). The inhomogeneous transverse relaxation time constant (T2*) of 
the indirect detected spin was fixed at 0.3 ms. The ratio of T2’/T2* was (A) 4, (B) 1 and (C) 0.33. Note that 
the aMAT sequences employ a minimum 1H echo duration of 7 rotor periods and that the number of rotor 
periods cannot be a multiple of 3 (see reference no. 40 in the main text). Spectra obtained from Fourier 
transformation of the corresponding cosine functions are shown for (center) CT aMAT D-HMQC and 
(right) AID aMAT D-HMQC. The peak intensities of the frequency spectra are normalized with respect to 
AID D-HMQC in case 1 (purple trace on top-right). 
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Figure S7. (A-C, left) Simulated damped aMAT D-HMQC FIDs to model the t1-incrementation and 
sensitivity losses due to homogeneous 1H transverse relaxation (T2’) for CT aMAT D-HMQC (green, 
dashed line) and AID aMAT D-HMQC (purple, solid line). The aMAT D-HMQC FID was simulated using 
SIMPSON using the same Tanh/Tan shape, pulse lengths and powers as the experiments. The 
inhomogeneous transverse relaxation time constant (T2*) of the indirect detected spin was fixed at 0.3 ms. 
The ratio of T2’/T2* was (A) 4, (B) 1 and (C) 0.33. Note that the aMAT sequences employ a minimum 1H 
echo duration of 7 rotor periods and that the number of rotor periods cannot be a multiple of 3 (see reference 
[40] in the main text). Spectra obtained from Fourier transformation of the corresponding aMAT D-HMQC 
FIDs are shown for (center) CT aMAT D-HMQC and (right) AID aMAT D-HMQC. Similar to the 
experiments, residual spinning sidebands (at integer multiples of ±0.5nr) are observed beside the most 
intense isotropic signal due to the relatively long duration of the SHAP pulses (see reference [40] in the 
main text). The peak intensities of the frequency spectra are normalized with respect to AID D-HMQC in 
case 1 (purple trace on top-right). 
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Figure S8. 1H{195Pt} AID aMAT TONE D-HMQC-2 spectrum of cisplatin obtained in 6 minutes. The 
spectrum was acquired with a 1 s recycle delay, 2 scans, an indirect spectral width of 1.25 MHz and 182 t1 
increments. The States scheme was used for quadrature in t1.  
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Figure S9. (A) CT aMAT D-HMQC, (C) CT aMAT TONE D-HMQC-1, (E) CT aMAT TONE D-HMQC-
2 and (G) CT aMAT TONE D-HMQC-4 pulse sequences and (B, D, F, H) the corresponding 2D 1H{195Pt} 
D-HMQC spectra of cisplatin. The sensitivity of the 195Pt dimension was measured on the positive 
projection and is indicated above each 2D spectrum. The spectrum was acquired with a 1 s recycle delay, 
98 scans, an indirect spectral width of 1.25 MHz and 392 t1 increments. The States scheme was used for 
quadrature in t1. 
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Figure S10. Plots showing the SIMPSON simulated variation of 1H{195Pt} D-HMQC signal intensity with 
rf field for different 195Pt excitation pulses (0.6 µs rectangular pulse, and 5, 3, 1.5 and 1 µs SHAPs), at 
different 195Pt W values (indicated above each plot). The 195Pt k was set to –1 in all cases. The sweep widths 
of the SHAPs were either 5 MHz (for 5 µs SHAP) or 3 MHz (for 3, 1.5 and 1 µs SHAP). Simulations used 
the rep168 crystal file with 17 gamma angles. 


