Piotr Paluch 
  
Ēriks Kupče 
  
Julien Trébosc 
  
Olivier Lafon 
  
Jean-Paul Amoureux 
email: jean-paul.amoureux@univ-lille.fr
  
Hadamard acquisition of 13 C-13 C 2D correlation NMR spectra

Keywords: solid-state NMR, selective excitation, Hadamard encoding, 2D spectra, 13 C-13 C HOMCOR

We show that a multi-selective excitation with Hadamard encoding is a powerful tool for 2D acquisition of 13 C-13 C homo-nuclear correlations. This method is not designed to improve the sensitivity, but rather to reduce the experiment time, provided there is sufficient sensitivity. Therefore, it allows fast acquisition of such 2D spectra in labeled molecules. The technique has been demonstrated using a U-13 C-15 N histidine hydrochloride monohydrate sample allowing each point of the build-up curves of the 13 C-13 C cross-peaks to be recorded within 4 min 35 s, which is very difficult with conventional methods. Using the U-13 C-15 N f-MLF sample we have demonstrated that the method can be applied to molecules with fourteen 13 C resonances with a minimum frequency separation of 240 Hz.

I.

Introduction

Most modern NMR (Nuclear Magnetic Resonance) multi-dimensional experiments are based on the recording of an ensemble of free induction decay (FID) signals that are excited by a sequence of hard non-selective radio-frequency (rf) pulses. The frequency spectra are then obtained by applying a Fourier Transform (FT) along all dimensions. However, this type of signal acquisition requires accumulating numerous FIDs, especially in the case of well crystallized solid compounds producing narrow resonances that are spread over large frequency ranges. For example, this is the case when one of the indirect dimensions encodes the 13 C isotope. Indeed, on one hand the step in this indirect dimension, ∆t1, which is usually constant, must be small enough to observe the large frequency range, ∆0,max (∆t1 < 1/∆0,max), and on the other hand the maximum evolution time along the indirect dimension must be long enough to achieve a sufficient resolution to distinguish between close resonances separated by ∆0,min (t1,max  1/∆0,min). Globally, this type of acquisition requires numerous steps in the indirect dimensions, and hence very long accumulation times. In the case of big molecules, such as proteins, the main way to decrease the acquisition time is to use non-linear sampling of the indirect dimensions, which allows gaining approximately a factor of two in time for each indirect dimension. [START_REF] Sibisi | Maximum entropy signal processing in practical NMR spectroscopy[END_REF][START_REF] Kazimierczuk | Non-uniform sampling: post-Fourier era of NMR data collection and processing: Non-uniform sampling[END_REF][START_REF] Barna | Conventional and exponential sampling for 2D NMR experiments with application to a 2D NMR spectrum of a protein[END_REF] However, for small molecules with a limited number of resonances (i.e. sparse spectra), another type of multi-dimensional acquisition can be used. In this case, the broadband excitation of all species in the indirect dimensions is replaced with multiple-selective excitations combined with some sort of frequency encoding, e.g. Hadamard or phase encoding [START_REF] Kupče | Fast multi-dimensional Hadamard spectroscopy[END_REF][START_REF] Kupče | Multisite correlation spectroscopy with soft pulses. A new phase-encoding scheme[END_REF]. Obviously, this approach requires prior knowledge of the resonance frequencies along the indirect dimensions After this selective frequency excitation and acquisition of the individual spectra, the full multi-dimensional spectrum may then be re-constructed by using this ensemble of spectra and the prior knowledge of the resonance frequencies and line-shapes along the indirect dimensions. [START_REF] Kupče | Hadamard NMR spectroscopy[END_REF]. Up to now this selective methodology has been mainly applied to 2D experiments in liquids. [START_REF] Kupče | Fast multi-dimensional Hadamard spectroscopy[END_REF][START_REF] Kupče | Multisite correlation spectroscopy with soft pulses. A new phase-encoding scheme[END_REF][START_REF] Kupče | Hadamard NMR spectroscopy[END_REF][START_REF] Kupče | Two-dimensional Hadamard spectroscopy[END_REF]. It has been demonstrated that in the case of sensitive experiments performed on small molecules presenting a limited number of resonances, m, this selective excitation technique allows recording fast 2D spectra because of the much smaller number of 1D FIDs to be acquired: m instead of 2t1,max/∆t1 = 2∆0,max/∆0,min with conventional 2D methods. The factor of 2 comes from the sign-discrimination required with the FT methods. This problem does not occur with selective excitation experiments because of the prior knowledge of the resonance frequencies. An additional gain in S/N ratio of up to m is obtained by replacing the m sequential individual single-selective pulses (SSP) with n multi-selective pulses (MSP, n ≥ m). Most of the time, the two types of selective pulse sequences (SSP and MSP) are related through an encoding Hadamard square matrix of size n (called Hn hereafter), consisting of 0 and 1 (or 1) coefficients. The FIDs corresponding to all SSP can afterwards be retrieved from those recorded with MSP with the same Hn matrix. The optimum size n of the Hn matrix is the multiple of 4 which is just larger than the number m of resonances. It must be noted that with respect to the conventional broad-band excitation, the gain in S/N per unit of time afforded by the use of SSP is limited to 2, due to sign-discrimination. Therefore, the gain in time provided by the use of much less t1 steps is mainly useful in the case of sensitive experiments. In this 'sampling limited' case, it allows obtaining new information with an acceptable S/N that is hardly accessible with the conventional methods due to too long acquisition times, e.g. those related to build-up curves. In the case of 'sensitivity limited' experiments, numerous accumulations are always required, independently of the number of t1 steps used, and this type of information is hardly accessible anyway. The 2D acquisition with Hadamard encoding has been previously used to record at moderate magic-angle spinning (MAS) speeds (R = 15-19 kHz) either single-quantum to singlequantum (SQ-SQ) DARR 13 C HOMCOR (Homo-nuclear Correlation) or 1 H 13 C CPMAS HETCOR (Hetero-nuclear Correlation) spectra of U-13 C amino-acids. [START_REF] Ashida | Hadamard NMR spectroscopy in solids[END_REF] It has also been used more recently to record 13 C- 15 N HETCOR spectra of U-13 C-15 N f-MLF at R = 13 kHz [START_REF] Kupče | Recording 13C-15N HMQC 2D sparse spectra in solids in 30 s[END_REF] or to measure 13 C-13 C scalar couplings. [START_REF] Kakita | Solid-state Hadamard NMR spectroscopy: Simultaneous measurements of multiple selective homonuclear scalar couplings[END_REF] In this communication, we show how this Hadamard encoded acquisition can also be used to record 13 C-13 C 2D HOMCOR spectra at the much higher spinning speed of R = 62.5 kHz.

II. 13 C-13 C HOMCOR sequences

We have chosen implementing the Hadamard encoding/decoding with multi-selective pulses (MSP) and three different 13 C HOMCOR sequences with SQ-SQ observation, usable at ultrafast MAS: RFDR,[11-13] CP 3 ,[14-19] and DQF-BR2 2 1 (double-quantum-filtered BR2 2 1 ). [START_REF] Hu | Double-quantum NMR spectroscopy of 31P species submitted to very large CSAs[END_REF][START_REF] Edén | Improved double-quantum NMR correlation spectroscopy of dipolarcoupled quadrupolar spins[END_REF][START_REF] Schnell | Dipolar recoupling in fast-MAS solid-state NMR spectroscopy[END_REF] The sequences are shown in Fig. 1 and for each of them the part corresponding to the 1 H channel is only shown once at the top as it is the same for the conventional and the Hadamard versions. It must be noted that the CP 3 sequence (Figs. 1e,f) can only be used with protonated samples, whereas the two other schemes can always be used, with or without the initial CPMAS signal enhancement and the 1 H decoupling. In theory, for each 13 C resonance one may optimize the pulse selectivity according to its closest 13 C resonance. However, this would lead to different selective pulse lengths, and hence to different signal attenuations during the selective pulses for the various resonances. Moreover, even in this setup, the total duration of the encoding waveform would still be defined by the longest encoding element. Therefore, we see such an approach as hardly practical and we have used a common selective pulse length, sp, corresponding to the most selective component. For each single-selective pulse (SSP), we have used a Gaussian lineshape, truncated at 10 % to limit the losses occurring during these long excitations. The multiselective pulses (MSP) have been generated by the Bruker WaveMaker software, which also allows calculating the multi-excitation profiles of the rf-pulse-shapes. 

II.1. RFDR

In Fig. 1a-d, we show the RFDR (Radio-Frequency-Driven Recoupling) [START_REF] Shen | Broadband finite-pulse radiofrequency-driven recoupling (fp-RFDR) with (XY8)41 super-cycling for homo-nuclear correlations in very high magnetic fields at fast and ultra-fast MAS frequencies[END_REF][START_REF] Zhang | Phase cycling schemes for finite-pulse-RFDR MAS solid state NMR experiments[END_REF][START_REF] Paluch | Analysis of local molecular motions of aromatic sidechains in proteins by 2D and 3D fast MAS NMR spectroscopy and quantum mechanical calculations[END_REF] pulse sequences used in this article; either with conventional acquisition (Fig. 1a) or with Hadamard encoding (Fig. 1b-d). In Fig. 1a, after the 1 H 13 C CPMAS initial transfer, the 13 C magnetization is transverse and can evolve during t1. Then, this magnetization must be stored along z because RFDR is a zero-quantum recoupling. This scheme consists of rotorsynchronized -pulses, and at ultra-fast MAS the (XY8)4 1 super-cycling has been shown to be optimized for 13 C-13 C interactions. [START_REF] Shen | Broadband finite-pulse radiofrequency-driven recoupling (fp-RFDR) with (XY8)41 super-cycling for homo-nuclear correlations in very high magnetic fields at fast and ultra-fast MAS frequencies[END_REF] There are several ways of introducing a selective excitation with RFDR, which implies replacing the t1 delay and the following /2 storing hard-pulse (HP) on the 13 C channel. The simplest one employs a /2-MSP (Fig. 1b), and the second involves a /2-HP positioned either before (Fig. 1c) or after (Fig. 1d) the -MSP. In Fig. 2 we show the six rows of histidine hydrochloride monohydrate, recorded with the three versions of 2D H8-RFDR sequences. One observes that the two most efficient methods use a -MSP for either inversion or refocusing purposes (Fig. 1c andd), respectively. Sequences using a /2-MSP are less efficient than those using a -MSP because their selective pulse length is twice longer for the same selectivity, here sp = 3.6 and 1.8 ms respectively for 500 Hz bandwidth, which leads to larger losses. By comparing in detail the spectra shown in Fig. 2, one notices that the selective inversion is on average slightly more efficient than the refocusing. Therefore, in the following we have chosen to use only selective inversion -MSP, as shown in Fig. 1c,f,h.

II.2. CP 3

This HOMCOR sequence uses three CPMAS 1 H- 13 C transfers (Fig. 1e), and hence is called CP 3 or CHHC when describing the transfer of magnetization. [START_REF] Mulder | Spin diffusion with 13 C selection and detection for the characterization of morphology in labeled polymer blends with MAS NMR[END_REF][START_REF] Lange | Structural Constraints from Proton-Mediated Rare-Spin Correlation Spectroscopy in Rotating Solids[END_REF][START_REF] De Boer | 2D 13C-13C MAS NMR correlation spectroscopy with mixing by true 1H spin diffusion reveals long-range intermolecular distance restraints in ultra-high magnetic field[END_REF][START_REF] Aluas | CHHC and 1H-1H magnetization exchange: Analysis by experimental solid-state NMR and 11spin density-matrix simulations[END_REF][START_REF] Kobayashi | Measuring long-range 13 C-13 C correlations on a surface under natural abundance using Dynamic Nuclear Polarization-Enhanced Solid-State Nuclear Magnetic Resonance[END_REF][START_REF] Wilhelm | 2D CP/MAS 13C isotropic chemical shift correlation established by 1H spin diffusion[END_REF] After the initial CP1 transfer, the total 13 C magnetization evolves in the xy plane during t1. A second CP2 step transfers the t1 modulated magnetization back to the protons. The 1 H magnetization is then stored along the B0 magnetic field by a /2-pulse. The distribution of 1 H longitudinal magnetization is then allowed to equilibrate during a spin diffusion mixing period, τmix. With another /2-pulse, the 1 H polarization is restored in the xy plane and a final CP3 step is applied for high-resolution 13 C detection. It is important to note that the 1 H transverse magnetization that is not transferred through the 13 C channel during t1 must be perfectly purged before the CP2 step. Therefore, just after CP1 the residual transverse spin-lock 1 H magnetization is sent back to the z-axis with the 2 nd 1 H /2-HP. However, due to rf-inhomogeneity this pulse is not perfect, and the transverse 1 H magnetization remaining after the 2 nd /2-HP must be cancelled by cycling the phase of the initial 1 H /2-HP, relative to the phase of the 1 H spin-lock pulse of CP2. So, generally the efficient polarization transfers between 1 H nuclei can be combined with the superior spectral resolution of 13 C nuclei in a 2D HOMCOR correlation spectroscopy experiment. The conventional CP 3 sequence is shown in Fig. 1e, and the selective version in Fig. 1f.

II.3. DQF-𝐁𝐑𝟐 𝟐 𝟏

The main disadvantage of the two previous SQ-SQ experiments is the fact that the signal contributions on the diagonal have no physical meaning, because they are the sum of the autocorrelation signals and of those arising from spins which do not take part in transfer processes. The second contributions are usually much larger than the first ones, especially for short mixing times. Practically, this means that spatial proximities are impossible to analyze between carbons that are of the same species but in different molecules and difficult with species with close resonance frequencies. These limitations can be overcome by using DQ-SQ experiments, in which the DQ-correlated states are detected along the indirect dimension (e.g. Fig. 1g). [START_REF] Hu | Double-quantum NMR spectroscopy of 31P species submitted to very large CSAs[END_REF][START_REF] Edén | Improved double-quantum NMR correlation spectroscopy of dipolarcoupled quadrupolar spins[END_REF][START_REF] Schnell | Dipolar recoupling in fast-MAS solid-state NMR spectroscopy[END_REF] Unfortunately, it is difficult to perform a selective excitation in such DQ-SQ experiments. Indeed, each excitation should be double-selective to only excite one pair of spins, not a single spin as with previous SQ-SQ experiments. Moreover, the number of such double-selective excitations should be (n-1)/2 higher than with SQ-SQ experiments: n(n-1)/2 instead of n. Therefore, we have chosen using a compromise between pure SQ-SQ and DQ-SQ experiments, and used a SQ-SQ one with DQ-filtering. The filter ensures that all signals observed in the 2D spectrum arise from spins that have passed through a DQ coherence in the course of the recoupling procedure. In this way, signal contributions from spins which have not at all been involved in transfer processes are removed from the diagonal of the spectrum. However, the auto-correlation signal located on the diagonal is superimposed with signal contributions from other correlations. We have used the BR2 2 1 recoupling (Fig. 1h), but it must be mentioned that other such sequences have been proposed, such as the Sp ones (p = 2-4). [START_REF] Teymoori | Low-power broadband homonuclear dipolar recoupling without decoupling: Double-quantum 13C NMR correlations at very fast magic-angle spinning[END_REF][START_REF] Teymoori | Low-power broadband homonuclear dipolar recoupling in MAS NMR by two-fold symmetry pulse schemes for magnetization transfers and double-quantum excitation[END_REF] It should be noted that the BR2 2 1 recoupling scheme can also be applied to halfinteger spin quadrupolar nuclei. [START_REF] Wang | Double-quantum homonuclear NMR correlation spectroscopy of quadrupolar nuclei subjected to magic-angle spinning and high magnetic field[END_REF][START_REF] Yu | Insights into the dealumination of zeolite HY revealed by sensitivity-enhanced 27Al DQ-MAS NMR spectroscopy at high field[END_REF] Fig. 2. Rows from the 2D RFDR spectra of U-13 C labeled histidine hydrochloride monohydrate recorded with the 3 different MSP used with H8-RFDR and a selective excitation bandwidth of BWFWHM = 500 Hz, which corresponds to a pulse length of sp = 1.8, 1.8 and 3.6 ms for: 180° inversion (Fig. 1c), 180° refocusing (Fig. 1d) and 90° excitation (Fig. 1b), respectively. B0 = 18.8 T, R = 62.5 kHz, mix = 8 ms, NS = 64, RD = 2 s, and Texp = 18 min 25 s for each 2D.

III.

Tests on U- 13 C histidine hydrochloride monohydrate.

The experiments have been recorded at 18.8 T with a spinning speed of R = 62.5 kHz ( = 1.3 mm). Full details of experiments setup have been provided in ESI. The 13 C shifts are referenced with respect to TMS. The main use of Hadamard 13 C- 13 C HOMCOR 2D spectra is to record fast the build-up curves of labeled samples. To test this possibility, we have first recorded a large series of 2D spectra on U- 13 C histidine hydrochloride monohydrate. This compound contains 6 different carbon species, and hence we have used an H8 Hadamard encoding matrix. In the following, the peak intensities are normalized with respect to the highest signal in the series of spectra.

III.1. Optimization of the selective pulse-length

The first parameter to optimize is the length, sp, of the selective pulses. Indeed, this pulse must be long enough to selectively excite only one resonance at a time, but not too long because of the relaxation losses occurring during this pulse. It must be reminded that the excitation bandwidth is inverse proportional to the pulse-length, BWFWHM = A/sp, with A = 0.9 or 1.8 in the case of 10% truncated Gaussian line-shapes for  or /2 pulses, respectively. An easy such optimization of the pulse-length is obtained by (i) fixing the mixing time to a very small value to theoretically only observe SQ-SQ diagonal peaks, and (ii) recording a 1D spectrum with selective excitation of one of the two carbons that are with the minimum frequency separation. In Fig. 3, we show six such 1D H8-RFDR spectra for the C of histidine hydrochloride. Due to the decrease of the pulse-length and the associated losses, the autocorrelation peak amplitude increases with the bandwidth up to BWFWHM = 500 Hz. One or two negative cross-peak are observed with BWFWHM = 750, 1000 or 1500 Hz, respectively, which means that one or two very close resonances are also partially excited. In the following, we have chosen BWFWHM = 500 Hz. It must be noted that when they are excited, the closest resonances always appear with negative sign because of the off-resonance irradiation.

Therefore, in the case of very large losses, which may occur with slow spinning speeds, for which using the shortest as possible selective pulse length is recommended, one way to gain in S/N ratio is to use a BWFWHM value slightly larger that optimum, and to only take into account the cross-peaks with positive amplitudes. For example, at slow spinning speed using BWFWHM = 1500 Hz should allow to decrease the pulse length to p = 600 s. 

III.2. Build-up curves

We have then recorded a series of 2D SQ-SQ spectra, as the three ones shown in Fig. S1, for the three different HOMCOR schemes, versus the mixing time up to mix = 13 ms. For such a labeled compound, each Hadamard 2D spectrum was acquired in only 4 min 35 sec. In Fig. 4 we show the build-up curves corresponding to C (Fig. 4a-c) or C2 (Fig. 4d-f) carbon atoms. These build-up curves present different evolutions, which specify their use.

* For RFDR and CP 3 experiments (Figs. 4a,b,d,e), the amplitudes of the diagonal peaks are largely predominant for small mixing times. However, the analysis of these diagonal peaks is useless because a large part of their intensities has no physical meaning and is not related to inter-nuclear distances. Only the cross-peak build-up curves can thus be used for structural analyzes. This limitation impedes the use of SQ-SQ experiments for species with close or equal resonance frequencies. This constraint is emphasized by the use of selective excitations which can hardly select very close resonances.

* For DQF-BR2 2 1 experiments, all build-up curves start from zero, because they all are related to dipolar transfers. However, only those of the cross-peaks are directly related to internuclear distances. Indeed, the build-up curves of diagonal peaks (e.g. C) are related to auto (C-C) and hetero (C-C and C-CO) correlations. Nevertheless, the auto-correlation build-up curves can be retrieved qualitatively by subtracting the hetero-correlation signals to the diagonal one. Moreover, it must be noted that the cross-peaks of nearby resonances, which are close to the diagonal, are easier to detect than with the two other methods because the diagonal peaks are much smaller, especially for small mixing times. However, the limitation related to the selective excitation of species with close resonance frequencies remains. * For RFDR and CP 3 experiments, the contact between the various carbons can be obtained through the 13 C-13 C (RFDR) or 1 H-1 H (CP 3 ) spin-diffusion process. Because the homonuclear dipolar interactions are ca. 16 times smaller with 13 C than with 1 H, the build-up curve variations are faster with CP 3 than with RFDR (compare Fig. 4a andb). For example, in Fig. 4b,e they mainly occur up to mix  500 s for CP 3 , and afterwards only plateaus are observed for the cross-peaks so that a slow decrease is observed for the diagonal peaks. * One observes that the amplitudes of some CP 3 cross-peaks are not zero with mix = 0 (e.g. C-C in Fig. 4b). This signal is related to the 1 H-1 H spin-diffusion occurring during the three CPMAS transfers. * The DQF-BR2 2 1 evolution is faster than that with RFDR.

* As a result, the analysis of the build-up curves of these three 13 C- 13 C sequences can be limited to e.g. mix  3-4 ms.

We have tried to verify the build-up curves observed with Hadamard MSP excitation with those obtained in a conventional way. We have used the DQF-BR2 2 1 recoupling and tried to record the 2D spectra corresponding to the 24 mixing times used in Figs. 4c andf in the limited total time of 24 hrs. However, to respect this time limitation we had to largely limit the indirect evolution time, hence leading to a large broadening of the resonances, which limited the number of cross-peaks that could be resolved. We show in Fig. 4c the results that could be exploited for C. The other mixing times lead to too small and too broad resonances to be used. It was not possible to obtain any build-up curve for C2 due to limited resolution. Actually, a roughly 10 times longer evolution time would have been required to obtain a usable resolution, thus leading to ca. 10 hours for each mixing time (Fig. S2). Nevertheless, these conventional results shown in Fig. 4c demonstrate the correctness of the build-up curves obtained with Hadamard MSP excitation in a much smaller experiment time: 4 min 35 s instead of several hours. As a conclusion, the CP 3 scheme should be used to analyze mostly the proximities of CH, CH2 or CH3 moieties, with the high-resolution of carbons, which is advantageous at moderate MAS speeds. The two other methods, RFDR and DQF-BR2 2 1 , directly analyze the 13 C-13 C proximities. RFDR is approximately twice more efficient than BR2 2 1 , but it does not allow analyzing auto-correlations and distances between nuclei with very close resonance frequencies; especially with selective excitation. 

IV. Tests on U-13 C/ 15 N f-MLF

As a second test sample, we have chosen a bigger molecule, the labelled f-MLF tri-peptide, N-formyl-Met-Leu-Phe (U-13 C-15 N f-MLF). The molecule and the 1D CPMAS 13 C spectrum are shown in Fig. 5. The sample contains 19 different 13 C species and their isotropic chemical shifts, measured with an unlabeled sample, are given in Table .S1. [START_REF] Mao | Directly and indirectly detected through-bond heteronuclear correlation solidstate NMR spectroscopy under fast MAS[END_REF][START_REF] Althaus | Indirectly detected heteronuclear correlation solid-state NMR spectroscopy of naturally abundant 15N nuclei[END_REF] It must be noted that in Fig. 5b, most of the 13 C resonances are broadened by the 1 J13C-13C couplings in this quasifully labeled sample, and e.g. L 1 and L  resonances overlap, whereas they are discernible with unlabeled samples. Moreover, the F myl formyl carbon is not observed because it is not labelled in our sample. Finally, aromatic carbons (F  and F  ) are broadened by 180° flips of the phenyl ring and hence they cannot be cleanly separated at room temperature, and furthermore, they overlap with the F  resonance. As a result, only 14 resonances are well resolved in Fig. 5b, and hence we have used an H16 Hadamard encoding matrix for the multiselective excitation. 

+ F  + F  , L  , F  , M  , L  , M  + F  , M  , L  + L 1 , L 2 , M  .
We show the 13 It must be noted that the resolution along F1 is then ca. three times larger than that observed with a 1D CPMAS spectrum. This means that the FIDs were largely truncated along t1, and that the optimum acquisition time should have been ca. 800 min with three times more t1 points. With the H16 matrix, the experimental time was of only Texp = 34 min, and the sensitivity was multiplied by 4 as we used NS = 64 (Fig. 6b-d). With the same sensitivity as the conventional experiment, the 2D acquisition time could have been decreased to Texp = 8 min 30 s. In spite of the much shorter acquisition time, the experimental 2D spectra are fundamentally identical. So, the comparison of the two RFDR spectra implies that for the same resolution, the conventional acquisition requires 3*280/8.5  100 times more experimental time than the H16-RFDR acquisition. This large decrease of Texp allows recording the build-up curves, which may be impossible with the conventional method. The H16-CP 3 acquisition used a short mixing time of mix = 100 s to limit the 1 H-1 H spin diffusion process (Figs. 6c andS12c). However, in spite of a 100-time shorter mixing time, the RFDR and CP 3 cross-peak patterns are not very different (compare Figs. 6b andc andS12b andc). It should be also noted that in the CP 3 spectrum, cross-peaks from protonated carbons are much larger than those from quaternary ones. Finally, in Fig. 6d and S12d we show that a similar 2D spectra can be obtained with the H16-DQF-BR2 2 1 recoupling, with same acquisition time. Actually, the H16-CP 3 and H16-DQF-BR2 2

1 spectra (Figs. 6c andd) only display correlations between directly bonded carbons because they use small mix = 100 and 512 s, respectively, contrary to H16-RFDR with large mix = 10.24 ms (Fig. 6b) with all remote connections. 

V. Conclusions

In this article we have shown that a multi-selective excitation with Hadamard encoding is a powerful tool for 2D acquisition of 13 C-13 C homo-nuclear correlations. This method is not designed to improve the sensitivity, but rather to reduce the experiment time, provided there is sufficient sensitivity. Therefore, it allows fast acquisition of such 2D spectra in labeled molecules.

Nevertheless, there are several requirements that must be satisfied. First, the 1D 13 C spectra must be recorded in advance in order to obtain the prior knowledge of the resonance frequencies.

Secondly, this method mainly applies to molecules of small or moderate size which produce a limited number of resonances. Indeed, the main limitation of the Hadamard methods in solids resides in the length of the encoding pulses, which results from a compromise between the selectivity and the sensitivity due to relaxation losses. For this reason, these methods should mainly be used with sparse spectra, profiting from the increased separation of the resonances at high magnetic fields. In the case of 13 C- 13 C HOMCOR 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. It cannot be applied to proteins, contrary to the covariance method, which is another way to decrease the acquisition time of HOMCOR spectra in liquid [START_REF] Zhang | Spectral Deconvolution of Chemical Mixtures by Covariance NMR[END_REF][START_REF] Zhang | Indirect Covariance NMR Spectroscopy[END_REF][START_REF] Trbovic | Covariance NMR spectroscopy by singular value decomposition[END_REF][START_REF] Brüschweiler | Covariance nuclear magnetic resonance spectroscopy[END_REF][START_REF] Brüschweiler | Theory of covariance nuclear magnetic resonance spectroscopy[END_REF] or solid samples. [START_REF] Hu | Solid-state NMR covariance of homonuclear correlation spectra[END_REF][START_REF] Lafon | Fast and high-resolution stereochemical analysis by non-uniform sampling and covariance processing of anisotropic natural abundance 2D 2H NMR datasets[END_REF][START_REF] Li | Comparison of various sampling schemes and accumulation profiles in covariance spectroscopy with exponentially decaying 2D signals[END_REF][START_REF] Qian | The dependence of signal-to-noise ratio on number of scans in covariance spectroscopy[END_REF] Thirdly, this method better applies to the case of narrow resonances, that are fully resolved. It should not be used with broad resonances resulting from distribution of surroundings or quadrupolar nuclei. Fourth, its advantage is maximum in the case of narrow resonances that are spread over a large frequency range, because this requires numerous t1 steps with the conventional method, whereas the size of the Hadamard matrix is only related to the number of resonances. One main application of this method is that of 13 C- 13 C spectra of well crystallized samples, especially when they are recorded at very high magnetic fields. Fifth, 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 Hn Hadamard encoding matrix.

The demonstration has been performed on a U-13 C- 15 N histidine hydrochloride monohydrate. sample, and it allowed recording each point of the build-up curves of the 13 C-13 C cross-peaks within 4 min 35 s, which is very difficult with conventional methods. We have also shown on U-13 C-15 N f-MLF sample that the method can be applied to molecules with 14 13 C resonances with a minimum frequency separation of 240 Hz at 18.8T. It must be noted that for some pairs of carbon atoms (e.g. M  & F  or L  & L 1 ) this difference is much smaller, but in this case each of these pairs has been consider as a single species for the selective excitation. However, it has also to be noted that in these cases the conventional acquisition could not either separate the individual species (Fig. 6a). Supplementary Information. Figures S1-S11, Table S1, and pulse programs for the three HOMCOR sequences.

VI.

Fig. 1 .

 1 Fig.1. 13 C-13 C HOMCOR sequences. (a-d) SQ-SQ RFDR with: (a) only HPs (conventional), (b) /2-MSP, (c) inverting and (d) refocusing -MSP. SQ-SQ CP 3 with: (e) only HPs (conventional), (f) inversion -MSP. (g) DQ-SQ conventional BR2 2 1

Fig. 3 .

 3 Fig.3. U-13 C histidine hydrochloride monohydrate. 1D H8-RFDR spectra recorded with mix = 16 s (negligible 13 C-13 C transfer), for C with bandwidth indicated on the spectra. NS = 16, RD = 2s, Texp = 4min 35s for each 2D.

Fig. 4 .

 4 Fig.4. U-13 C histidine hydrochloride monohydrate. Build-up curves of C (a-c) or C2 (d-f) versus mix, for H8-RFDR (a,d), H8-CP 3 (b,e) and H8-DQF-BR2 2 1 (c,f). BWFWHM = 500 Hz, NS = 16, RD = 2s, Texp = 4 min 35s for each 2D. In (c) we present as squares the intensity of C-C and C-CO cross-peaks recorded in 1hr for each point with the conventional experiment.

Fig. 5 .

 5 Fig.5.13 C,15 N-f-MLF: molecular structure, and13 C CP-MAS spectra observed at 18.8 T with R = 62.5 kHz. The labelling and assignment of13 C and15 N resonances have been given in ref[START_REF] Mao | Directly and indirectly detected through-bond heteronuclear correlation solidstate NMR spectroscopy under fast MAS[END_REF][START_REF] Althaus | Indirectly detected heteronuclear correlation solid-state NMR spectroscopy of naturally abundant 15N nuclei[END_REF]. The 14 resolved resonances used with Hadamard were: L', F', M',F  , F  + F  + F  , L  , F  , M  , L  , M  + F  , M  , L  + L 1 , L 2 , M  .

  C-13 C 2D spectra of f-MLF corresponding either to the aliphatic part or the full frequency range in Figs 6 or S12, respectively. The conventional spectra are shown in Fig.6a and S12a, whereas the Hadamard ones are in Fig.6b-d and S12b-d. The long mixing time used with RFDR (Figs.6a,b and S12a,b), mix = 10.24 ms, leads to the appearance of nearly all cross-peaks, as previously shown in Fig.4a,d. The conventional acquisition used 256 t1steps, and the experimental time was Texp = 280 min with NS = 16.

Fig. 6 .

 6 Fig.6. Aliphatic part of 13 C-13 C 2D spectra of f-MLF recorded at 18.8 T with R = 62.5 kHz, RD = 2 s. (a) Conventional-RFDR acquired with 256 t1-steps in indirect dimension, RFDR = 178 kHz, mix = 10.24 ms = 640TR, NS = 16, Texp = 280 min. (b-d) BWFWHM = 150 Hz, sp = 6 ms, NS = 64, Texp = 34 min. (b) H16-RFDR, mix = 10.24 ms; (c) H16-CP 3 , mix = 100 s, CP1 = 1500, CP2 = CP3 = 200 s; (d) H16-DQF-BR2 2 1 , mix = 512 s.
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