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We propose a dipolar HMQC Hadamard-encoded (D-HMQC-H n ) experiment for fast 2D correlations of abundant nuclei in solids. The main limitation of the Hadamard methods resides in the length of the encoding pulses, which results from a compromise between the selectivity and the sensitivity due to losses. For this reason, these methods should mainly be used with sparse spectra, and they profit from the increased separation of the resonances at high magnetic fields. In the case of the D-HMQC-H n experiments, we give a simple rule that allows directly setting the optimum length of the selective pulses, versus the minimum separation of the resonances in the indirect dimension. The demonstration has been performed on a fully 13 C, 15 N labelled f-MLF sample, and it allowed recording the build-up curves of the 13 C-15 N cross-peaks within 10 min. However, the method could also be used in the case of less sensitive samples, but with more accumulations.

I.

Introduction

Presently, nearly all the two-dimensional (2D) spectra observed in Nuclear Magnetic Resonance (NMR) are recorded with the same principle: the acquisition during a time, t 2 , of a series of signals (free induction decays or FIDs) for numerous evolution times, t 1 , during which the spin system is subject to a selected interaction. After a 2D Fourier Transform (FT), the frequency (F1, F2) 2D spectrum is then observed and analyzed. Most of the time, the step for the evolution time, t 1 , is kept constant. Along F1, the resolution and the spectral width, SW1, are then the inverse of the maximum evolution time, t 1,max , and of t 1 , respectively. As a result, when the resonances are narrow and when they span over a large frequency range, the number of required t 1 steps, m = t 1,max / t 1 , is large, and hence also the experimental time, T exp . Provided the sensitivity is sufficient to observe the signals of interest in a few scans, the situation is commonly described as sampling limited. For example, this is the case when 13 C spectra of well crystallized compounds are recorded under magic angle spinning (MAS) to enhance the resolution, especially at high magnetic fields because of the proportionality between the frequency range and the field. One way to decrease T exp is to use non-linear sampling of the evolution time, and on average the typical gain in time with respect to the linear t 1 sampling is of ca. 2. [START_REF] Sibisi | Maximum entropy signal processing in practical NMR spectroscopy[END_REF] In the case of homo-nuclear correlation (HOMCOR) spectra, the m value can be decreased, and hence also T exp , by using along F1 the prior knowledge provided by the directly detected signal along F2; this is known as the Covariance scheme. [START_REF] Zhang | Spectral deconvolution of chemical mixtures by Covariance NMR[END_REF] This method has been used in solid-state NMR with either linear or non-linear sampling. [START_REF] Hu | Solid-state NMR covariance of homonuclear correlation spectra[END_REF] The prior knowledge is also used in the Hadamard spectroscopy to dramatically reduce T exp in sparse spectra. In this case the time saving is achieved by excluding empty spectral regions that contain no useful information. Indeed, when dealing with sparse spectra, two particular ways can be used to reduce T exp . Both methods use selective excitations of the N species indirectly detected along F1, and hence they both require a previous acquisition of the 1D spectrum of this nucleus to know its resonance frequencies. In the first method, each of the N resonances is excited selectively, and the corresponding N FIDs are recorded separately. In the second method, n FIDs are observed, each related to a multi-selective simultaneous excitation of the N resonances encoded according to a Hadamard matrix, [H n ], [START_REF] Kup E | Frequency-domain Hadamard spectroscopy[END_REF] where the size of this matrix, n, is either a power of 2 or a multiple of 4 larger than or equal to N. After a Hadamard decoding processing, the N individual FIDs can be retrieved and used to reconstruct the 2D spectrum of interest. It can be shown that using the Hadamard encoding-decoding process, instead of N consecutive single excitations, allows gaining a factor of up to n for T exp to achieve the same signal-to-noise ratio (S/N). In both cases, the 2D spectrum of interest can be reconstructed from the individual traces. As a result, the 2D spectrum is obtained with only n steps, instead of m = t 1,max / t 1 in case of the conventional way. Unlike the Fourier matrix, the Hadamard matrix is real rather than complex, which considerably simplifies the Hadamard transform. More importantly, it reduces the number of Hadamard encoding steps by a factor of two. For the same reason, it improves the S/N of the experiment by a factor 2 as compared to that obtained with a classical FT of a similar selective frequency encoding experiment. 4c,d The main limitation of these two methods is to obtain a selective excitation for each resonance. Indeed, when two resonances are separated by , their selective excitation requires a pulse of minimum duration in the order of 1/ . Therefore, when on a spectrum the minimum separation between two close resonances, min , is very small, the selective excitation of each of these two resonances requires very long pulse lengths, in the order of sel 1/ min . These long excitations may lead to a large signal decrease due to losses occurring during sel , particularly in solids where the T 2 values are often in the ms range. One way to increase the S/N may appear to be reducing the length of the Hadamard encoding pulses. However, when doing this the two closest resonances are not separately excited, and their signals are weighted mixtures of the responses of the two species. This is still more difficult with two partly overlapping resonances, and in this case only a common response of the two sites can be observed.

In two previous works, [START_REF] Ashida | Hadamard NMR spectroscopy in solids[END_REF] we have demonstrated in solids on 13 C labeled amino-acids the validity of multi-selective Hadamard excitations in the cases of 13 C-13 C correlations based either on throughbond 5b or through-space 5a recouplings, and of 13 C-1 H CPMAS hetero-nuclear correlations (HETCORs). 5a

In this communication, we would like to extend the Hadamard scheme to the case of 13 C-15 N D-HMQC (Dipolar Hetero-nuclear Multiple-Quantum Correlation) indirect detection 2D method. Indeed, it has been shown that this through-space HETCOR method is very simple and very robust in the case of high abundance nuclei. [START_REF] Gan | 13C/14N heteronuclear multiple-quantum correlation with rotary resonance and REDOR dipolar recoupling[END_REF] As a test sample, we have chosen the fully 13 C and 15 N labeled f-MLF tri-peptide, N-formyl-Met-Leu-Phe. The molecule and the 1D CPMAS 13 C and 15 N spectra are shown in Fig. 1, together with the 13 C and 15 N assignments and their isotropic chemical shifts given in Table 1. [START_REF] Mao | Directly and indirectly detected through-bond hetero-nuclear correlation solidstate NMR spectroscopy under fast MAS[END_REF] The three 15 N resonances are well separated, whereas the 13 C spectrum is more crowded due to the presence of 19 different resonances. It must be noted that in Fig. 1c, most of the 13 C resonances are broadened by the 1c because it is not labelled in our sample. Because of 1 J13C-13C couplings, L 1 and L overlap in Fig. 1c, whereas they are discernible with unlabeled samples. [START_REF] Mao | Directly and indirectly detected through-bond hetero-nuclear correlation solidstate NMR spectroscopy under fast MAS[END_REF] Ar carbons (F , F and F ) are broadened by 180° flips of the phenyl ring and hence they cannot be cleanly separated. At B0 = 14.1 T ( 0,13C = 150.9 & 0,15N = 60.8 MHz), R = 13 kHz corresponds to 86 ppm. Therefore, the three small resonances at ca. 88 ppm are spinning sidebands of the three C peaks at ca. 174 ppm, whereas those at ca. 218 ppm are sidebands related to Ar carbons at ca. 132 ppm. The 13 C shifts are referenced with respect to TMS, and the 15 N ones to ammonia.

II. Pulse sequence

The D-HMQC sequence has been derived from the scalar J-HMQC scheme used with liquid samples, 8 by introducing two symmetrical dipolar recoupling parts. [START_REF] Gan | 13C/14N heteronuclear multiple-quantum correlation with rotary resonance and REDOR dipolar recoupling[END_REF] As a result, instead of the through-bond correlations achieved in liquids, the D-HMQC sequence allows performing throughspace analyses in solids. Most of the time, dipolar interactions are much larger than scalar couplings, and therefore, D-HMQC allows using much shorter recoupling times than J-HMQC, which decreases the large losses encountered in solids.

When observing protons, the SR4 2 1 recoupling scheme is often used because: (i) it eliminates the 1 H-1 H interactions, at least to the first-order, which limits the signal losses during rec , (ii) it is amplitude-modulated and hence robust to rf-field inhomogeneities, (iii) it is unaffected by dipolar truncation, hence allowing the observation of distant nuclei, and (iv) it requires a low rf-field ( 1 = 2 R ). [START_REF] Brinkmann | Proton-selective 17 O-1 H distance measurements in fast magicangle-spinning solid-state NMR spectroscopy for the determination of hydrogen bond lengths[END_REF] However, when the homo-nuclear dipolar interactions of the two involved nuclei are much smaller than R , they are mostly canceled by MAS. Then one of the most efficient dipolar recoupling scheme is SFAM (Simultaneous Frequency and Amplitude Modulations), 10 because it is very robust with respect to offset and its dipolar scaling factor is 2 larger than that of SR4 [START_REF] Zhang | Spectral deconvolution of chemical mixtures by Covariance NMR[END_REF] 1 , hence decreasing the losses. The hetero-nuclear dipolar interaction has two time-dependent terms under MAS: one with R frequency and the other with 2 R . Therefore, SFAM recoupling is composed of two modulations, one for the amplitude, 1 (t), and the other for the change of frequency with respect to the carrier one, 0 (t):

1 (t) = 1,max sin(2 R t) and 0 (t) = 0,max cos(2 R t) (1)
We have recently made a detailed analysis of the SFAM efficiency versus the two maximum modulations, 1,max and 0,max . 10b We have analyzed the trajectories of the spin magnetization starting from B 0 during the basic element of SFAM irradiation, which lasts T R . This analysis has shown that SFAM is only efficient when its basic element is cyclic, which means that the spin magnetization comes back to its initial orientation along B 0 every T R . Practically, largest SFAM efficiencies are hence observed when rf-parameters are under certain regimes:

( 1,max / R , 0,max / R ) (1.5, 0.5), (2.5, 3.5) and (2n + 1, 2n + 1) (n 2)

(2) We have used SFAM for the dipolar recoupling between 13 C and 15 N in this communication, and after an initial train of saturation pulses, the experiments always started with a ramped CPMAS transfer from 1 H to increase the S/N.

The conventional pulse sequence with 13 C detection, called 13 C-{ 15 N} D-HMQC, is shown in Fig. 2a. All /2 and -pulses are hard-pulses to excite simultaneously the two whole spectral widths. A 1 H and 13 C decouplings were applied to enhance the 15 N resolution and to decrease the losses. To avoid spinning sidebands along F1 and thus to increase the S/N, the t 1 step is often a multiple of the rotor period, T R .

The multi-selective version with [H n ] Hadamard encoding, called 13 C-{ 15 N} D-HMQC-H n in the following, is shown in Fig. 2b. It is derived from Fig. 2a by fixing t 1 = 0, and by replacing the two /2 15 N pulses with a multi-selective -pulse on/off irradiation. We have tried several types of selectivepulses, and the best results with the shortest pulse lengths, and hence with the smallest losses, were always observed with a simple Gaussian line-shape, truncated at 10% to minimize its length. The encoding in this type of Hadamard spectroscopy is line-selective and more sophisticated pulses (e.g. BURP series) that are band-selective are not needed and would be significantly longer, hence leading to larger losses. The efficiency of the selective -pulses, depends on the relaxation during the selective pulses as described in section III, but it was always very good, and higher than 90% in our experiments. The length of the selective excitation, sel , is on the order of several ms, and hence much longer than the hard -pulse on the observed channel. Therefore, to minimize the losses, we have introduced during sel a 13 C decoupling. The 13 C -pulse in the middle of the [H n ] encoding pulse serves as a refocusing pulse providing phase sensitive spectra. The pulse program is given in the SI.

III. Results

The experiments were performed at B 0 = 14.1 T with an AV-III-HD Bruker NMR spectrometer, equipped with a HCN Bruker MAS probe with a 1.9 mm rotor spinning at R = 13 kHz. The multiselective Hadamard encoded excitation was generated with the Wave-Maker (wvm) module available within the Topspin software. The same pulse length, sel , was used for all resonances, and its value was chosen to selectively excite the two closest ones. The amplitude of this multi-selective excitation was then fine-tuned directly on the spectra by maximizing the signal. It must be mentioned that Hadamard experiments require very linear rf-amplifiers in the low rf-regime to allow the simultaneous optimization of the selective -pulses for all resonances and all elements of the [H n ] Hadamard encoding matrix. All spectra were recorded with the same recycling delay, RD = 5 sec, and the number of scans, NS, was from 1 to 4, and is indicated in the captions.

The SFAM recoupling was obtained with amplitude and frequency maximum modulations of 1,max = 22 and 0,max = 15 kHz, respectively. The rf-field for the -pulse on the detected channel was of 67 and 43 kHz for 13 C and 15 N detection, respectively. The CPMAS Hartmann-Hahn initial transfer ( cp = 2 ms) was obtained with 1 H linearly ramped from 50 to 100 kHz with 13 C rf-amplitude set at 67 kHz. The 1 H decoupling was set to 100 kHz and the decoupling schemes were CW during the mixing period and SWF-TPPM during the acquisition and t 1 periods.

The 13 C-{ 15 N} D-HMQC and D-HMQC-H 4 2D spectra are shown in Fig. 3a andb, respectively. The conventional spectrum (left) was acquired in 22 minutes, but at least 1 hour would have been required to achieve an adequate resolution along F1. In comparison, the Hadamard spectrum, shown on the right, required only 30 sec. During the 15 N selective pulses, a hard 13 C -pulse removes the J CN couplings between the observed carbon and the nitrogen atoms that are not affected by the selective pulses, while J CN couplings are preserved for nitrogen atoms that are selectively inverted. However, this little affects the reconstruction of the Hadamard spectra because the J CN couplings are much smaller than the observed 15 N linewidths in solids. The 15 N-{ 13 C} D-HMQC and D-HMQC-H 8 2D spectra are shown in Fig. 4a andb, respectively. Because of the previous knowledge of the C-N proximities, 7 six 13 C encoding frequencies were selected: M , F , L the lower 15 N Larmor frequency, 15 N-{ 13 C} experiments are less sensitive than the 13 C-{ 15 N} ones. Nevertheless, 15 N-{ 13 C} experiments can be useful if 13 C resonances are better resolved than 15 N ones. In the case of f-MLF, the 13 C spectrum is more crowded than its 15 N counterpart. Therefore, it was important to keep sel of 15 N-{ 13 C} experiments as short as possible, not only for sensitivity reasons, but also to avoid multiple-quantum effects and 1 J 13C-13C evolution that occurs for pulse durations comparable to or larger than ca. 0.5/ 1 J 13C -13C , i.e. ca. 10 ms. [START_REF] Nuzillard | A new form of correlation spectroscopy[END_REF] The conventional spectrum (Fig. 3a) was acquired in 44 minutes, whereas its H 8 Hadamard version (Fig. 3b) required only 165 sec. In the four 2D spectra of Fig. 3 and4, the same five expected cross-peaks were observed: M -M N , F -F N , L -L N -L N -F N . The excited spectral ranges were calculated with the Wave-Maker module, and with sel = 3 and 4.5 ms they are equal to FWHM 6.5 and 1.7 ppm in Fig. 3b and4b, respectively. This means that all 15 N and 13 C narrow resonances observed in Fig. 1b andc were fully excited. Simultaneously, these spectral ranges were selective enough to only excite one resonance at a time, even the C quat which are the closest resonances in this sample (Fig. 1c). Moreover, it must be noted that even if the smallest C quat -C quat separation is of 1.2 ppm ( -), to a nitrogen, and hence the closest separation to be taken into account is of 3 ppm ( -) (Table.1). For C resonances, the separations are equal to 2.3 (M -F ) or 2.5 ppm (L -F ). Furthermore, a perfect selectiveness is not crucial as long as only the positive signal is taken into account (see below). It must be mentioned that the selective encoding approach has the flexibility to extract the information from a sub-system in a crowded spectrum. This is demonstrated in Fig. 5 were we have isolated the 15 N-{ 13 C} D-HMQC-H 4 response for the C region. Moreover, because the selected spin system had a smaller size than the total system, the size of the Hadamard matrix was decreased from 8 to 4, and hence T exp was reduced by a factor of 2 with respect to Fig. 4b. As pointed out earlier, the main of the Hadamard encoding experiments resides in the selective excitation of each indirectly detected resonance. We have analyzed this limitation in solids in more detail by recording four 2D 13 C-{ 15 N} D-HMQC-H 4 spectra for various sel values. The corresponding slices observed for F N at 15N 108 ppm, are shown in Fig. 6. As anticipated, the optimum length for the excitation is a compromise in between the selectiveness of the excitation and the loss of signal intensity. For the optimum excitation length, sel,opt 3 ms, the signal is maximum, and as expected only two cross-peaks are visible in this slice: F N -F and F N -When the duration of the selective pulse is decreased to 1.5 ms, it also excites the L N species and hence two new cross peaks become visible: L N -L and L N --resonance irradiation, the effective rffield is larger than on-resonance, and for this reason these peaks appear with a negative amplitude. M positive cross-peaks are not changed with respect to experiment with sel = 3 ms. This means that the selective pulse length does not require an accurate optimization if only positive signals are taken into account. With respect to the minimum peak separation along 15 N of 8 ppm (116 -108), which means ca. 500 Hz at 14.1 T, the useful range for HMQC-H n experiments can thus be expressed as: sel,opt * min 0.75-1.5

(3) When the pulse-length is decreased to 1 ms, the excitation is much too broad and the spin dynamics is completely changed. When sel = 4.5 ms, there is no off-resonance effect, but the losses during the pulse are evident. When sel > 4.5 ms, the multiple-quantum interferences and significant losses become unacceptable. To finish this analysis, we have recorded a series of 2D 13 C-{ 15 N} D-HMQC-H 4 spectra with the aim to obtain the built-up curves of the five cross-peaks versus rec . These curves, shown in Fig. 7, required recording thirteen 2D spectra, which took only ca. 10 min of experiment time. Obtaining this information with conventional 2D methods is typically quite time consuming. In this example, all the build-up curves only depend on the C-N one-bond distances, and they thus all have similar relative evolutions. The classical C-N distance of ca. 1.46 Å corresponds to d 13C-15N = 980 Hz. Therefore, when taking into account the SFAM recoupling scaling factor, the maxima of the build-up curves should be observed at rec 960 s. [START_REF] Nagashima | Independent through-space hetero-nuclear correlation between spin-1/2 and quadrupolar nuclei in solids[END_REF] However, in Fig. 7, the maxima are observed in the range of rec 700-850 s. This decrease of the optimum recoupling time is related to the losses occurring during the two recoupling periods. The differences in between the actual distances and their experimental values emphasize the fact that a correct distance determination always requires a reference experiment that allows cancelling the effects resulting from the losses. This is the case when using optimized sequences either in between two spin-1/2 nuclei with REDOR, 13a or in between one spin-1/2 and one quadrupolar nucleus with RESPDOR 13b or FM-RESPDOR. 13c

IV. Conclusions

We have demonstrated significant advantages in experimental time obtained by using Hadamardencoded 13 C-15 N D-HMQC-H n experiments. This method is not designed to improve the sensitivity, but rather to reduce the experiment time, provided there is sufficient sensitivity. The main limitation of the Hadamard methods resides in the length of the encoding pulses, which results from a compromise between the selectivity and the sensitivity due to losses. For this reason, these methods should mainly be used with sparse spectra, and they profit from the increased separation of the resonances at high magnetic fields. In the case of the D-HMQC-H n experiment, we give a simple rule that allows directly setting the optimum length of the selective pulses, versus the minimum separation of the resonances in the indirect dimension.

The demonstration has been performed on a fully 13 C, 15 N labelled f-MLF sample, and it allowed recording the build-up curves of the 13 C-15 N cross-peaks within 10 min, which is very difficult with conventional methods. However, the method could also be used in the case of less sensitive samples, but with more accumulations. It must be noted that Hadamard methods would also benefit from paramagnetic relaxation agents.

It must be emphasized that the D-HMQC method is a very robust experiment that works perfectly when the indirectly detected nuclei have a large abundance. When this is not the case, e.g. with 13 C or 15 N without labelling, the 2D spectra often suffer from significant t 1 -noise . This effect cannot be directly observed in the Hadamard 2D spectra, but it may affect the amplitude of the cross-peaks. In the case of two spin-1/2 nuclei, if the indirectly detected one is dilute, the conventional CP-CP method is as efficient as the conventional D-HMQC experiment, but with much less t 1 -noise. [START_REF] Ishii | Sensitivity enhancement in solid state 15 N NMR by indirect detection with highspeed magic angle spinning[END_REF] Therefore, it should be possible to use a Hadamard-encoded version of CP-CP, e.g. to indirectly detect 13 C or 15 N nuclei on small unlabeled molecules. Actually, HMQC is only one of the possible applications of Hadamard encoding-decoding, but it is an easy experiment to start with. We are presently looking into other possible applications and correlation sequences. 
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 167 f-MLF: (a) molecule, and 15 N (b) and 13 C (c) MAS spectra observed at 14.1 T with R = 13 kHz. The labelling and assignment of 13 C and 15 N resonances have been given in ref[7]. In(c), the * indicate spinning Fig.2. 13 C-{ 15 N} D-HMQC pulse sequences: (a) conventional, (b) selective Hadamard-encoded, (c) and (d) the Hadamard matrices [H 4 ] and [H 8 ] as used in this work. Fig.3. 13 C-{ 15 N} D-HMQC 2D spectra: (a) conventional with T exp = 22 min, (b) H 4 -encoded with sel = 3 ms NS = 1 and T exp = 30 sec. Data matrix 1k x 128 (45.45 x 6.4 kHz; 22.5 x 10 ms) or (1k x 4) for (a) or (b), respectively. Fig.4. 15 N-{ 13 C} D-HMQC 2D spectra: (a) conventional with T exp = 44 min, (b) H 8 -encoding of 6 peaks (3 in CO and 3 in C regions) with sel = 4.5 ms, NS = 4 and T exp = 165 sec. Data matrix 1k x 128 (21.3 x 26.0 kHz; 48 x 2.5 ms) or (1k x 8) for (a) or (b), respectively. Fig.5. 15 N-{ 13 C} D-HMQC H 4 -encoding of the three C peaks with sel = 4.5 ms, NS = 4 and T exp = 82 sec.The other experimental details are the same as in Fig.4. Traces at 15N = 108 ppm (F N ) from 13 C-{ 15 N} D-HMQC-H 4 2D spectra versus sel . They show that the best compromise between selective excitation and losses is observed at sel 3 ms, but that a shorter selective excitation can also be used down to sel 1.5 ms if only the positive signal is used. Fig.Top: build-up curves of the 13 C-{ 15 N} cross-peaks versus rec expressed in unit of rotor periods T R = 77 s ( R = 13 kHz) with NS = 2. Bottom: array of traces taken at 15N = 108 ppm. The data points for (dots), (rombs), C (triangles), Leu C (squares) and Met C (crosses) are colour coded in the electronic version of the manuscript.
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