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Abstract  
 

In this work, we have proposed a proton-detected three-dimensional (3D) 15N-1H dipolar 

coupling (DIP)/1H chemical shift anisotropy (CSA)/1H chemical shift (CS) correlation 

experiment to measure the relative orientation between the 15N-1H dipolar coupling and 

the 1H CSA tensors under fast magic angle spinning (MAS) solid-state NMR. In the 3D 

correlation experiment, the 15N-1H dipolar coupling and 1H CSA tensors are recoupled 

using our recently developed windowless C-symmetry-based -ROCSA (recoupling 

of chemical shift anisotropy) DIPSHIFT and -ROCSA pulse-based methods, 

respectively. The 2D 15N-1H DIP/1H CSA powder lineshapes extracted using the 

proposed 3D correlation method are shown to be sensitive to the sign and asymmetry of 

the 1H CSA tensor, a feature that allows the determination of the relative orientation 

between the two correlating tensors with improved accuracy. The experimental method 

developed in this study is demonstrated on a powdered U-15N L-Histidine.HCl.H2O 

sample.   
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Introduction 

Nuclear spin interactions characterized by nuclear magnetic resonance (NMR) 

spectroscopy carry a wealth of information in terms of electronic/molecular environment, 

internuclear distances, relative orientations, etc., for chemical, materials, and biological 

systems at an atomic level [1]. In particular, knowledge about the relative orientation 

between the nuclear spin interactions is essential for structural characterization [2–8]. 

Unlike solution samples, restricted mobility of molecules in solids results in un-averaged 

orientation-dependent/anisotropic nuclear spin interactions like chemical shift anisotropy 

(CSA), dipolar and quadrupolar couplings. Consequently, solid-state NMR (ssNMR) 

spectra of powdered solids, in general, are broad/featureless, and magic angle spinning 

(MAS) [9,10] in combination with the radio-frequency (rf) pulses [1,11–13] is employed 

to achieve averaging in spatial and spin spaces, respectively. Subsequently, a better site 

resolution and improved sensitivity of a ssNMR spectrum are accomplished but only at 

the cost of structural constraints. To regain information on these constraints, a host of 

recoupling experiments are designed and developed to recouple anisotropic interactions 

of choice under MAS [14–24]. In the past, the design of the 1H CSA and 15N-1H dipolar 

coupling recoupling-based experimental methods at fast MAS rates has enjoyed 

considerable popularity [25–36]. While the 1H CSA plays an important role in providing 

structural information in terms of electrostatic, inter/intramolecular hydrogen bonding, 

and π-electrons interactions [37–40], heteronuclear dipolar couplings (X-1H) are used for 

distance measurements. Particularly, nitrogen-connected protons (NH) in chemical and 

biological solids provide structural stability through hydrogen bonding interactions and 

are sensitive to the local electronic environment and dynamics. Nevertheless, the 

measurement of the 1H CSA has majorly been challenging due to the small 1H chemical 

shift distribution and homogeneously broadened lineshapes emerging from the presence 

of strong 1H-1H homonuclear dipolar interactions [41]. However, the advent of fast MAS 

probe technology that provides enhanced resolution and sensitivity in proton-based 

measurements has now enabled the determination of the 1H CSA with ease  [42–46]. 

Unlike slow MAS studies, the role of fast MAS is to average out homonuclear dipolar 

interactions to an extent that the 1H CSA can be measured in the absence of 1H-1H 

homonuclear decoupling required during the data acquisition. In the past, we presented a 
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γ-encoded R-symmetry-based 2D 1H CSA/1H CS recoupling method at fast MAS, which 

is less sensitive to the presence of rf field inhomogeneity and resulted in a good CSA 

recoupling efficiency [43,44] but only at the cost of sign of the CSA due to elimination of 

the |m| = 1 spatial component of the 1H CSA tensor. Indeed, a simultaneous recoupling of 

the |m| = 1 and |m| = 2 spatial components of the CSA tensor is essential for the 

determination of the sign of the CSA. Recently, a windowless C-symmetry-based 

recoupling of CSA (ROCSA) sequence [42,47] was proposed enabling the determination 

of magnitude, sign and asymmetry parameter (η) of the 1H CSA with suppression of 1H-

1H homonuclear dipolar interactions in the first-order average Hamiltonian [42]. Later, 

the windowless ROCSA sequence was integrated with the DIPSHIFT pulse-based 

method for the measurement of NH distances in biological solids wherein recoupling of 

the 15N-1H dipolar couplings was accomplished and one-bond (short) NH distances were 

reported [48]. The windowless ROCSA-based DIPSHIFT method was shown to be 

immune to the 1H CSA under 15N evolution and to the 1H-1H homonuclear dipolar 

interactions up to the first-order average Hamiltonian. While information about the 1H 

CSA (magnitude, sign and asymmetry) and NH dipolar coupling strengths is essential for 

the structural characterization of solids, particularly knowledge about the relative 

orientation [49–58] between the NH dipolar coupling vector and the principal axis system 

(PAS) of the 1H (15N) CSA tensor provides better insights for structural refinement and 

validation. In this report, we have integrated the above two methods and developed a 

proton-detected 3D 15N-1H dipolar coupling/1H CSA/1H CS (15N-1H DIP/1H CSA/1H CS) 

correlation experiment to measure the relative orientation between 15N-1H dipolar 

coupling and 1H CSA tensors at a fast MAS rate of 69.832 kHz. The feasibility of our 

proposed method is demonstrated on a powdered U-15N labeled L-Histidine.HCl.H2O 

sample.  

 

Pulse sequence  

The proton-detected 3D 15N-1H DIP/1H CSA/1H CS pulse sequence developed in the 

present study for the measurement of the relative orientation between 15N-1H DIP and 1H 

CSA tensors is shown in Figure 1. The 1H transverse magnetization is first created with 

the application of an initial 90° pulse on the 1H channel. A ramped amplitude modulated 



 5 

cross-polarization (RAMP-CP) step is used to transfer the 1H magnetization to 15N [59]. 

Following the first CP step, the ROCSA DIPSHIFT block is implemented to measure 

15N-1H dipolar couplings. The 15N transverse magnetization evolves for constant echo 

duration, T. In order to refocus the 15N isotropic chemical shifts, a 180° pulse is inserted 

in the middle of the duration T. The 15N-1H dipolar couplings are expressed during the 

incremental t1 duration through the application of a rotor-synchronized windowless C-

symmetry-based [60] ROCSA pulse sequence [42] on 

the 1H channel, henceforth referred to as the windowless -ROCSA-DIPSHIFT for 

recoupling of NH dipolar coupling. The scaling factor for the windowless ROCSA pulse 

sequence is 0.246 [42]. A low-power heteronuclear continuous-wave (CW) decoupling 

on the 1H channel is applied for a duration T-t1 following the windowless -ROCSA. 

The role of the constant time procedure is to eliminate the signal modulations due to the 

15N CSA, 15N-15N dipolar and J-coupling interactions during the 15N-1H DIP recoupling 

duration. Moreover, simultaneously recoupled 1H CSA during the windowless ROCSA 

duration does not interfere with the 15N-1H dipolar couplings under the 15N evolution in 

the first-order average Hamiltonian [11,61], a feature that is essential for getting 

undistorted NH DIP powder lineshapes. The above observation under the 15N evolution is 

due to the presence of a commuting set of recoupled 1H CSA (Iz) and 15N-1H DIP (IzSz) 

operators in the first-order average Hamiltonian. The 15N magnetization is stored along 

the z-direction by the application of a 90° pulse after the constant time duration T. The 

unwanted transverse 1H magnetization is suppressed by the application of phase-

alternated (xyxy) purge pulses that serves as an alternative to the HORROR irradiation on 

the 1H channel. The advantage of being at a long-duration irradiation with an application 

of weaker 1H rf amplitude is to avoid any sample heating and/or  hardware failure. A 90° 

pulse on the 15N channel restores the 15N transverse magnetization for the second 15N-1H 

RAMP-CP transfer step. The 1H magnetization is allowed to evolve in the presence of the 

recoupled 1H CSA by implementing the windowless -ROCSA during the incremental 

t2 duration. A 180° pulse on the 15N channel is applied in the middle of the 1H CSA 

recoupling duration to decouple the 15N-1H heteronuclear couplings which are also 

reintroduced by the windowless -ROCSA. The 1H transverse magnetization is 
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restored to the z-direction for a short duration tz (z-filter) for getting rid of any residual 

transversal 1H magnetization, and to ensure symmetry coherence selection pathway in the 

t2 dimension for the quadrature detection. Finally, a 90° read pulse is applied on the 

proton channel under the 15N-1H WALTZ decoupling, which is applied on the 15N 

channel during the acquisition duration, t3. Rotor-synchronization was activated after the 

application of the initial 1H 90° pulse to avoid the loss of phase coherence between the 

rotor and applied recoupling blocks. 

 

Experimental 

All the NMR data were collected on a JEOL spectrometer (Model: JNM-ECZ600R, 

JEOL RESONANCE Inc., Japan) operating at 1H and 15N Larmor frequencies of 599.672 

and 60.764 MHz, respectively. Approximately 1.0 mg (0.8 μL) of powdered U-15N L-

Histidine.HCl.H2O (U-15N L-His.HCl.H2O) was packed into a 1.0 mm zirconia rotor. 

Sample spinning was carried out at a fast MAS rate (νr) of 69.832 kHz in a 1.0 mm 

double-resonance (HX) fast MAS probe (JEOL RESONANCE Inc., Japan) at an ambient 

temperature. A recycle delay of 7 s was used in the proton-detected 3D 15N-1H DIP/1H 

CSA/1H CS correlation experiment. The 90° pulse lengths were calibrated to 0.84 and 

1.94 μs for 1H and 15N, respectively. In order to avoid sample heating due to strong rf 

fields, double-quantum (DQ) Hartmann-Hahn CP matching conditions [62] (~19 kHz and 

48 kHz on the 1H and 15N channels, respectively) under MAS were used for all the 

RAMP-CP steps. While a longer contact time of 2 ms during the first CP step was used to 

maximize the 1H to 15N CP magnetization transfer efficiency, a shorter contact time of 

0.3 ms was used in the second CP step for the 15N to 1H magnetization transfer to select 

directly bonded NH proton resonances. The absence of 1H-1H spin diffusion during the 

second CP contact time of 0.3 ms was confirmed by the absence of any long-range or 

remote 15N/1H isotropic chemical shift correlations in the proton-detected 2D 15N CS/1H 

CS correlation experiment (Refer to Figure S10 in the Supporting Information). To 

decouple heteronuclear (15N-1H) dipolar interactions, a WALTZ decoupling of strength ~ 

9.4 kHz during the duration T-t1 on the 1H channel and a WALTZ decoupling with a 

strength of ~ 7 kHz during the 1H acquisition period (t3, max = 8.192 ms) on the 15N 

channel were applied. The constant spin echo-time duration T was set as per the 
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expression: T = 2τr × ((t1 increments × 3) + 1); here, τr is the rotor period [48]. Prior to the 

90° read pulse, a z-filter (tz) with a duration of 1 ms was implemented to remove any 

residual transversal 1H magnetization. Phase-alternated purge pulses were applied for 200 

ms with the 1H rf field amplitude of 9.4 kHz. As demonstrated previously [63] the 

15N/15N spin diffusion process during this duration is expected to be negligible due to 

weaker 15N-15N homonuclear dipolar coupling. The 15N-1H heteronuclear dipolar 

couplings (using windowless -ROCSA-DIPSHIFT) and the 1H CSA (using 

windowless -ROCSA) were recoupled during 16 t1 and 16 t2 incremental evolution 

periods, respectively. Recoupled signals were obtained at every 6τr with a rf field strength 

of 4νrN/n = 279.3 kHz. For each t1 and t2 time point increment, 16 scans were collected 

(total experimental time: 15.9 hours). The States-TPPI method in the 1H CSA dimension 

was applied to obtain the phase-sensitive recoupled signal, while only magnitude was 

observed in the DIPSHIFT dimension. Delta NMR software (JEOL RESONANCE Inc.) 

was used to process all the NMR experimental data. The 15N-1H DIP and 1H CSA 

recoupling dimensions were processed using zero filling with twelve times the data size 

before the Fourier transform (FT). SIMPSON software [64,65] was used to simulate the 

recoupled 15N-1H DIP and 1H CSA powder lineshapes using REPULSION-678 (α, β) 

crystallite orientations and 60 γ-angles [66]. The 2D 15N-1H DIP/1H CSA powder spectra 

were simulated using REPULSION-168 (α, β) crystallite orientations and 60 γ-angles. 

The principal components of 1H chemical shift tensors are represented as δxx, δyy and δzz 

and are described using the Haeberlen convention [1]. The expressions δiso = 

(δxx+δyy+δzz)/3, δani = δzz - δiso, and η = (δyy - δxx)/δani, represent the isotropic chemical 

shift, CSA and asymmetry parameters, respectively.  

 

Results and Discussion 

The experimental method developed in this work involves a correlation between 15N-1H 

DIP and 1H CSA interactions to obtain one of the essential structural constraints, namely, 

the relative orientation between the two tensors. For demonstrating the concept and 

highlighting the benefits of the proposed windowless C33

1 -ROCSA-based approach over 

existing γ-encoded R-symmetry-based sequences, we first carried out a careful 
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investigation of a series of 2D 15N-1H DIP/1H CSA powder lineshapes generated with a 

variation of 1H CSA and 15N-1H DIP parameters using the SIMPSON software. As the 

recoupled time domain signals obtained from the γ-encoded R-symmetry-based 

sequences are amplitude modulated, no information is rendered on the sign of the 1H 

CSA. The real Fourier transform of the amplitude-modulated signal leads to a mirror-

symmetric 1H CSA powder pattern. In such a scenario, the available spectral area 

resulting from the 2D powder pattern for numerical data fitting is reduced by a factor of 

four in contrast to half using the proposed windowless ROCSA-based approach for the 

15N-1H DIP (axially symmetric pseudo Pake-doublet powder pattern) and 1H CSA 

correlation. This aspect is demonstrated through numerical simulations carried out with a 

variation of the 15N-1H DIP principal axis system (PAS) angles (αd, βd, γd) while keeping 

the 1H CSA PAS angles (αCSA, βCSA, γCSA) fixed to zero.  In this representation, βd and γd 

correspond to the angles between the z-component of the CSA tensor (δzz) and the dipolar 

vector, and the x-component of the CSA tensor (δxx) and the projection of the dipolar 

vector onto the xy-plane of the CSA tensor, respectively. In other words, the two-angle 

set (βd and γd) represents the polar and azimuthal angles of the dipolar-coupling vector in 

the PAS of CSA as shown in Figure 2. Since βd is the angle with respect to the δzz 

component of the 1H chemical shift tensor, any variation in this angle is expected to alter 

the shape of the 2D 15N-1H DIP/1H CSA powder spectrum significantly. As depicted in 

Figure 3, a definite change in the shape of the simulated 2D 15N-1H DIP/1H CSA powder 

lineshapes is observed with a variation in the βd angles for a fixed 1H CSA parameters 

and the 15N (S)-1H (I) DIP constant (  = 9.6 kHz), both 

from the proposed windowless C33

1 -ROCSA and γ-encoded 7

818 (270 90 )R   -symmetry-

based correlation methods. However, the availability of a larger spectral area originating 

from the sign discrimination of the 1H CSA from the ROCSA-based method in the 2D 

15N-1H DIP/1H CSA powder lineshapes (Figure 3 (A1)-(A5): δani = 15.8 ppm, ƞ = 0.5; 

Figure 3 (B1)-(B5): δani = -15.8 ppm, ƞ = 0.5) is clearly visible unlike the mirror-

symmetric (sign insensitive) 1H CSA lineshapes from the γ-encoded R-symmetry-based 

pulse sequence (Figure 3 (C1)-(C5): δani = +/-15.8 ppm, ƞ = 0.5). This feature is 

beneficial for the determination of the relative orientation between the two correlating 

tensors with improved accuracy. Moreover, a noticeable change in the shape of the 2D 
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15N-1H DIP/1H CSA powder lineshapes is also observed with respect to the γd angle 

variation in the windowless ROCSA-based approach unlike in the γ-encoded R-

symmetry-based sequence (Figure 4). This feature again is unique to our proposed 

method for the determination of the relative orientation between the correlating tensors. It 

is noteworthy that the shape of the 2D 15N-1H DIP/1H CSA powder lineshapes is 

independent of γd angle for βd values less than 30°.  As expected, the 2D 15N-1H 

DIP/1H CSA powder pattern remains mostly invariant with the variation in αd DIP PAS 

angles (data not shown) due to an axially symmetric DIP tensor. Notably, the 2D 15N-1H 

DIP/1H CSA powder pattern repeats itself with a minor deviation for the βd and 180°− 

βd or γd and 180°− γd pairs from the proposed method (Figures 7-8, and Figures S5, 

S6 and S8 in the supporting information). If (0°, β d, γ d) represents the relative 

orientation between the 15N-1H DIP and 1H CSA tensors then so as (0°, 180° − βd, γd), 

(0°, βd, 180°− γd) and (0°, 180° − βd, 180° − γd). Previously, the windowless 

ROCSA-based method was shown to be more sensitive towards the variation of the 

asymmetry (η) of the 1H CSA in comparison to the γ-encoded R-symmetry-based 

methods [42]. Therefore, the shape of the 2D 15N-1H DIP/1H CSA powder pattern from 

the windowless ROCSA-based method is expected to change considerably with the 

variation of η. This aspect is highlighted through the numerical simulations from the two 

methods wherein the 15N-1H DIP/1H CSA powder lineshapes are generated with a 

variation of the η at a fixed βd angle (30°), and a constant magnitude of 1H CSA (15.8 

ppm) and the 15N-1H DIP constant (9.6 kHz) (Figure 5). It is evident that the shape of the 

2D 15N-1H DIP/1H CSA powder lineshape is more sensitive towards a variation in the 

asymmetry of the 1H CSA from the windowless ROCSA-based method as compared to 

the γ-encoded R-symmetry -based method. The 1D projections on the 1H CSA dimension 

(Figure S1 of the supporting information) of the simulated 2D 15N-1H DIP/1H CSA 

spectra with the ƞ variation from the two methods shown in Figure 5 can also be used to 

bring more clarity on this aspect. It should be noted that the absence of mirror symmetry 

in the CSA powder lineshape using the windowless ROCSA-based approach will be 

highly advantageous for the CSA/CSA correlation experiments [50] as it means that a full 
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2D spectral area/powder lineshape will be available for numerical data fitting, hence 

leading to a unique determination of the relative orientation.                                                    

Using the pulse sequence shown in Figure 1, the 3D 15N-1H DIP/1H CSA/1H CS 

correlation experiment was conducted. For the determination of the 15N-1H dipolar 

coupling strengths and 1H CSA (sign and magnitude, and ), the 2D planes of 15N-1H 

DIP/1H CS and 1H CSA/1H CS, respectively, were extracted from the 3D correlation 

spectrum of U-15N L-His.HCl.H2O (Figure S2 of the supporting information). The 

dipolar coupling strengths obtained from the best-fitted 15N-1H dipolar powder lineshape 

are 9.5 kHz and 10.1 kHz, with an error in the range of ca. ± 0.5 kHz for the N(1)H and 

N(2)H groups present in the imidazole ring of U-15N L-His.HCl.H2O, respectively 

(Figure S3 of the supporting information). The 15N-1H dipolar couplings are converted to 

NH distances as 1.09 Å and 1.06 Å for N(1)H and N(2)H groups, respectively, and are in 

good agreement with the results reported in the literature [48,67–69]. Best-fitted 1H CSA 

powder lineshapes resulted in δani = -15.3 ± 1.0 ppm, η = 0.35 ± 0.1 and δani = -7.8 ± 

1.0 ppm, η  = 0.9 ± 0.1) for N(1)H and N(2)H groups of U-15N L-His.HCl.H2O, 

respectively, (Figure S4 of the supporting information), and corroborates well with the 

literature values [45]. Due to the associated larger 1H CSA asymmetry parameter for 

N(2)H group, the determination of sign from the numerical simulation was difficult. We 

have considered negative sign as per the results from density functional theory (DFT)-

based quantum chemical calculations. Quantum chemical calculation details can be found 

in the supporting information. For the determination of the relative orientation between 

the 15N-1H DIP and the 1H CSA tensors associated with the imidazole ring NH groups of 

U-15N L-His.HCl.H2O, the 2D 15N-1H DIP/1H CSA planes were extracted from the 3D 

15N-1H DIP/1H CSA/1H CS correlation spectrum at the isotropic 1H chemical shifts of the 

N(1)H (Figure 6 A1) and N(2)H (Figure 6 A2) groups. Numerical simulations were 

carried out to get the best fit of the 2D 15N-1H DIP/1H CSA powder spectra. With a prior 

knowledge of the 15N-1H dipolar coupling strength and 1H CSA parameters (magnitude, 

sign and asymmetry parameter) extracted from their respective 2D planes of the 3D 15N-

1H DIP/1H CSA/1H CS correlation data, the 2D 15N-1H DIP/1H CSA powder spectra from 

the experiment were fitted by varying the 15N-1H DIP principal axis system (PAS) angles 

(βd and γd) while keeping the 1H CSA PAS angles (αCSA, βCSA, γCSA) fixed to zero. The 
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right panel of Figure 6 depicts the best-fitted 2D 15N-1H DIP/1H CSA powder spectra of 

imidazole N(1)H (Figure 6 B1) and N(2)H (Figure 6 B2) groups in U-15N L-

His.HCl.H2O with relative orientations (0°, 6°/174°, 0°) and (0°, 8°/172°, 0°) with respect 

to the 1H CSA tensors, respectively, within an error limit of ± 5°. The above values were 

obtained after a series of numerical simulations carried out with a variation of the 15N-1H 

DIP PAS angles (βd and γd). Firstly numerical simulations were carried out with a 

variation of βd from 0° to 180° in the step size of 10° using the 15N-1H DIP constant (9.5 

kHz) and 1H CSA parameters (δani = -15.3 ppm, η = 0.35) corresponding to the N(1)H 

group of U-15N L-His.HCl.H2O (Figure 7). As expected and also discussed above 

through numerical simulations, the 2D powder lineshapes change significantly with every 

10°-20° change in the βd angle from the proposed method. However the simulated 2D 

powder lineshapes for angles 0° ≤ βd ≤ 20° for N(1)H group resemble more closely with 

the experimental 2D powder lineshapes. In order to further refine the 2D 15N-1H DIP/1H 

CSA spectral fitting, we carried out numerical simulations with a finer step size of βd (= 

1°) for angles 0° ≤ βd ≤ 20° for N(1)H group (Figure S7 of the supporting information). 

A careful inspection of the 2D 15N-1H DIP/1H CSA spectral features with βd = 6°/174° ± 

5° resembled close to the experimental powder pattern. A similar exercise was repeated 

to get the best-fitted 2D 15N-1H DIP/1H CSA powder spectrum for the N(2)H group of U-

15N L-His.HCl.H2O and the βd between the 15N-1H DIP and 1H CSA was found to be 

8°/172° ± 5° (see Figures S8 and S9 of the supporting information). Since βd is found 

to be less than 15° for both NH groups, any variation in the γd angles has negligible 

effect on the 2D 15N-1H DIP/1H CSA powder lineshapes (Figure 8). The experimental β

d values obtained are found to be in a good agreement with the density functional theory 

(DFT)-based quantum chemical calculations (6.4° and 12° for the N(1)H and N(2)H, 

respectively). The error bar reported in this work is based on our conclusion from the 

manual powder lineshape fitting in the absence of any software-based iterative lineshape-

fitting tool.  All numerical simulations were carried out in a model two-spin framework; 

minor contributions from the long-range/remote 15N-1H dipolar couplings to the 

experimental 2D 15N-1H DIP/1H CSA powder spectra cannot be ruled out. Moreover, 

different orientation selections during the CP and CSA recoupling steps may also 

contribute to the error in the relative orientation values. Continuous-wave CP for 
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polarization transfer during the second CP in the simulation program in contrast to the 

ramp-CP step used in the experiment may also contribute to error in the reported relative 

orientation values. Though manual-fitting procedure may be adopted for the 

determination of the relative orientation between the tensors in systems with a fewer 

correlating sites, development of an auto-fitting program tool for extracting the best-fit 

relative orientation values will be essential for systems having a large number of 

correlating sites with reduced human effort and errors [64,65,70].    

 

Conclusions 

In summary, we have designed a proton-detected 3D 15N-1H DIP/1H CSA/1H CS 

correlation experiment under fast MAS to determine the relative orientation between the 

15N-1H DIP and 1H CSA tensors of the nitrogen-bound imidazole group protons of 

powdered U-15N L-His.HCl.H2O sample. In the proposed pulse sequence, we have 

integrated the windowless C-symmetry-based -ROCSA-DIPSHIFT and -

ROCSA methods for the reintroduction of the 15N-1H DIP and 1H CSA, respectively. 

Unlike the existing γ-encoded R-symmetry-based methods for the relative orientation 

measurements, the 2D 15N-1H DIP/1H CSA powder lineshapes extracted using the 

proposed method are sensitive to the sign of the 1H CSA and therefore, allows a larger 

spectral area for the data fitting. Moreover, the shape of the 2D 15N-1H DIP/1H CSA 

powder pattern exhibits profound dependence on the asymmetry of the 1H CSA, and DIP 

PAS angles (βd and γd) in the windowless ROCSA-based approach in comparison to the 

γ-encoded R-symmetry-based method. All such features are beneficial for the 

determination of the relative orientation between the two correlating tensors with 

improved accuracy. We believe our study can be extended to the larger chemical and 

biological systems for their structural refinement and validation.  
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Figure 1: Pulse sequence for the proton-detected 3D 15N-1H DIP/1H CSA/1H CS 

correlation experiment to get the relative orientation between 15N-1H DIP and 1H CSA 

tensors. The phase cycling scheme implemented in the pulse sequence is as follows: ϕ1 = 

{0°}, ϕ2 = {90°}, ϕ3 = {0°}, ϕ4 = {0°}, ϕ5 = {0°}, ϕ6 = {2(0°), 2(90°), 2(180°), 2(270°)}, 

ϕ7 = {90°}, ϕ8 = {270°}, ϕ9 = {0°}, ϕ10 = {0°, 180°}, ϕ11 = {0°}, ϕ12 = {0°}, ϕ13 = 
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{8(90°), 8(270°)}, ϕ14 = {16(0°), 16(120°), 16(240°)}, ϕacq = {2(0°, 180°, 180°, 0°), 

2(180°, 0°, 0°, 180°), 2(120°, 300°, 300°, 120°), 2(300°, 120°, 120°, 300°), 2(240°, 60°, 

60°, 240°), 2(60°, 240°, 240°, 60°)}, ϕ15 = {0°}. 

 

 
 

Figure 2: Depiction of the relative orientation of the 1H CSA and 15N-1H DIP tensors in 

the molecular axis system (MolAS). In this representation, the PAS of the 1H CSA tensor 

is considered coincident with the MolAS. The two angles, βd and γd represent the polar 

and azimuthal angles of the NH dipolar vector in the PAS of the 1H CSA tensor, 

respectively, and therefore, the relative orientation between 1H CSA and 15N-1H DIP 

tensors.  
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Figure 3: Simulated 2D 15N-1H DIP/1H CSA powder lineshapes obtained with a variation 

in the βd angles for constant 1H CSA parameters (δani =  ± 15.8 ppm; ƞ = 0.5) and the 15N-

1H DIP constant (9.6 kHz) from the SIMPSON software using the proposed windowless 

C33

1 -ROCSA-based [top (δani = 15.8 ppm) and middle (δani = -15.8 ppm)] panels, and the 

γ-encoded 7

818 (270 90 )R   -symmetry-based (bottom panel) correlation methods. All the 

simulations were carried out using REPULSION-168 (α, β) crystallite orientations and 60 

γ-angles with a maximum time step (0.1 μs) under a MAS rate of 62.5 kHz. Zero filling 

with twelve times the data size and a single exponential function (line broadening of 200 

Hz) were applied before the Fourier transform of the simulated time-domain signals in 

the DIP and CSA dimensions. 
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Figure 4: Simulated 2D 15N-1H DIP/1H CSA powder lineshapes obtained with a variation 

in the γd angles for a constant 1H CSA parameters (δani =  ± 15.8 ppm; ƞ = 0.5) and the 

15N-1H DIP constant (9.6 kHz) from the SIMPSON software using the proposed 

windowless C33

1 -ROCSA-based [top (δani = 15.8 ppm) and middle (δani = -15.8 ppm)] 

panels, and γ-encoded 7

818 (270 90 )R   -symmetry-based (bottom panel) correlation 

methods. The remaining simulation parameters are as given in the caption of Figure 3. 
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Figure 5: Simulated 2D 15N-1H DIP/1H CSA powder lineshapes obtained with a variation 

in the 1H CSA asymmetry parameter (η) at fixed βd = 30°, the 1H CSA (δani = 15.8 ppm) 

and the 15N-1H DIP constant (9.6 kHz) from the SIMPSON software using the proposed 

windowless C33

1 -ROCSA-based (top panel), and the γ-encoded 7

818 (270 90 )R   -

symmetry-based (bottom panel) correlation methods. The remaining simulation 

parameters are as given in the caption of Figure 3.  
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Figure 6: Experimental (blue) 2D 15N-1H DIP/1H CSA correlation spectra of U-15N L-

His.HCl.H2O [(A1): N(1)H and (A2): N(2)H)] extracted by taking a slice at respective 

NH proton isotropic chemical shifts (CS) of the 3D 15N-1H DIP/1H CSA/1H CS spectrum. 

Simulated 2D 15N-1H DIP/1H CSA spectra (maroon) obtained from the SIMPSON 

software are represented in the right panel [(B1): N(1)H and (B2): N(2)H)]. All the 

simulations were carried out using REPULSION-168 (α, β) crystallite orientations and 60 

γ-angles with a maximum time step (0.1 μs) under a MAS rate of 69.832 kHz. Zero filling 

with twelve times the data size along with a single exponential function (line broadening 

of 200 Hz) was applied before the Fourier transform of the simulated time-domain 

signals in the dipolar coupling and CSA dimensions. 
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Figure 7: Simulated 2D 15N-1H DIP/1H CSA powder spectra obtained from the 

SIMPSON software with a variation of dipolar PAS angle βd, and fixed αd and γd = 0°. 

All the simulations were carried out with the 15N-1H DIP constant (9.5 kHz) and 1H CSA 

parameters (δani = -15.3 ppm, η = 0.35) corresponding to the N(1)H group of U-15N L-

His.HCl.H2O. The remaining simulation parameters are as given in the caption of Figure 

6. 
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Figure 8: Simulated 2D 15N-1H DIP/1H CSA powder spectra obtained from the 

SIMPSON software with a variation of dipolar PAS angle γd, and fixed αd = 0° and βd = 

6°. The remaining simulation parameters are as given in the caption of Figure 7. 
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Figure S1: One-dimensional projections along the 1H CSA dimension of the simulated 

2D 15N-1H DIP/1H CSA spectra shown in Figure 5. The colour scheme represents the 

variation in the 1H CSA asymmetry parameter (η) for a fixed βd = 30°, 1H CSA (δani = 

15.8 ppm) and the 15N-1H dipolar coupling strength (9.6 kHz) using the proposed 

windowless C33

1 -ROCSA-based, and γ-encoded 7

818 (270 90 )R   -symmetry-based 

correlation methods.  
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Figure S2: Chemical structure and two-dimensional (2D) 15N-1H DIP/1H CS and 1H 

CSA/1H CS planes extracted from the 3D 15N-1H DIP/1H CSA/1H CS spectrum of U-15N 

L-His.HCl.H2O. The 1D traces are the projections of the 2D 15N-1H DIP/1H CS and 1H 

CSA/1H CS correlation spectra onto the 1H CS axes. 
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Figure S3: Experimental (green) 15N-1H DIP powder lineshapes extracted from the 2D 

15N-1H DIP/1H CS planes of the 3D 15N-1H DIP/1H CSA/1H CS spectrum of U-15N L-

His.HCl.H2O [(A1): N(1)H and (A2): N(2)H]. The 15N-1H DIP powder lineshapes are 

obtained by taking spectral slices parallel to the recoupled 15N-1H DIP dimension at 

respective 1H isotropic chemical shifts (CS). Best-fitted simulated 15N-1H dipolar powder 

lineshapes from the SIMPSON software are shown in brown. Simulations were carried 

out with REPULSION-678 (α, β) crystallite orientations and 60 γ-angles in a two-spin 

(15N-1H) model framework. Simulated data were processed using zero filling with eight 

times the data size and a single exponential function with a line broadening of 300 Hz 

before the application of the Fourier transform of the time domain 15N-1H DIP modulated 

signal.  
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Figure S4: Experimental (green) 1H CSA powder lineshapes extracted from the 2D 

planes 1H CSA/1H CS of the 3D 15N-1H DIP/1H CSA/1H CS spectrum of U-15N L-

His.HCl.H2O [(A1): N(1)H and (A2): N(2)H]. The 1H CSA powder lineshapes are 

obtained by taking spectral slices parallel to the recoupled 1H CSA dimension at 

respective 1H isotropic chemical shifts (CS). Best-fitted simulated 1H CSA powder 

lineshapes from the SIMPSON software are shown in brown. Simulations were carried 

out with REPULSION-678 (α, β) crystallite orientations and 60 γ-angles in a single spin 

model framework. Simulated data were processed using zero filling with eight times the 

data size and a single exponential function with line broadening of 300 Hz before the 

application of the Fourier transform of the time domain 1H CSA modulated signal. 
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Figure S5: Simulated 2D 15N-1H DIP/1H CSA powder lineshapes obtained with a 

variation in the βd angles for a constant 1H CSA parameters (δani =  ± 15.8 ppm; ƞ = 0.5) 

and the 15N-1H DIP constant (9.6 kHz) from the SIMPSON software using the proposed 

windowless C33

1 -ROCSA-based [top (δani = 15.8 ppm) and middle (δani = -15.8 ppm)] 

panels, and γ-encoded 7

818 (270 90 )R   -symmetry-based (bottom panel) correlation 

methods. All the simulations were carried out using REPULSION-168 (α, β) crystallite 

orientations and 60 γ-angles with a maximum time step (0.1 μs) under a MAS rate of 62.5 

kHz. Zero filling with twelve times the data size and a single exponential function (line 

broadening of 200 Hz) were applied before the Fourier transform of the simulated time-

domain signals in the DIP and CSA dimensions. 
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Figure S6: Simulated 2D 15N-1H DIP/1H CSA powder lineshapes obtained with a 

variation in the γd angles for a constant 1H CSA parameters (δani =  ± 15.8 ppm; ƞ = 0.5) 

and the 15N-1H DIP constant (9.6 kHz) from the SIMPSON software using the proposed 

windowless C33

1 -ROCSA-based [top (δani = 15.8 ppm) and middle (δani = -15.8 ppm)] 

panels, and γ-encoded 7

818 (270 90 )R   -symmetry-based (bottom panel) correlation 

methods. The remaining simulation parameters are as given in the caption of Figure 3. 



 34 

 

Figure S7: Simulated 2D 15N-1H DIP/1H CSA powder spectra obtained from the 

SIMPSON software with a variation of dipolar PAS angle βd (0° to 20°) with an 

increment of 1°, and fixed αd and γd = 0°. All the simulations were carried out with the 

15N-1H DIP constant (9.5 kHz) and 1H CSA parameters (δani = -15.3 ppm, η = 0.35) 

corresponding to the N(1)H group of U-15N L-His.HCl.H2O. The remaining simulation 

parameters are as given in the caption of Figure 6. 
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Figure S8: Simulated 2D 15N-1H DIP/1H CSA powder spectra obtained from the 

SIMPSON software with a variation of dipolar PAS angle βd, and fixed αd and γd = 0°. 

All the simulations were carried out with the 15N-1H DIP constant (10.1 kHz) and 1H 

CSA values (δani = -7.8 ppm, η = 0.9) corresponding to the N(2)H group in the imidazole 

ring of U-15N L-His.HCl.H2O. The remaining simulation parameters are as given in the 

caption of Figure 6. 
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Figure S9: Simulated 2D 15N-1H DIP/1H CSA powder spectra obtained from the 

SIMPSON software with a variation of dipolar PAS angle βd (0° to 20°) with an 

increment of 1°, and fixed αd and γd = 0°. All the simulations were carried out with the 

15N-1H DIP constant (10.1 kHz) and 1H CSA parameters (δani = -7.8 ppm, η = 0.9) 

corresponding to the N(2)H group of U-15N L-His.HCl.H2O. The remaining simulation 

parameters are as given in the caption of Figure 6. 
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Figure S10: Proton-detected 2D 15N CS/1H CS correlation spectrum of U-15N L-

His.HCl.H2O collected on a 600 MHz NMR spectrometer using the 1H-15N-1H double 

cross-polarization (DCP) experiment under fast MAS rate of 69.832 kHz. Contact time 

used for the second CP transfer was 0.3 ms. 
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Details of the Quantum Chemical Calculations 

Density Functional Theory (DFT) calculations on L-His.HCl.H2O (H. Fuess, et al., Acta 

Crystallogr. B33 (1977) 654–659) were performed using CASTEP module of Materials 

Studio 2019. Geometry optimization was performed before NMR parameter calculations 

using generalized gradient approximation (GGA) functional and the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional in an OTFG ultrasoft-pseudopotential 

formalism. The plane wave basis cut-off energy was set to 600 eV and geometry 

optimization tolerance levels were set to ultrafine. The chemical shift parameters were 

calculated for the optimized structure using gauge-including projector augmented-wave 

(GIPAW) method. NMR calculations were performed with plane wave basis cutoff 

energy of 700 eV and k-point spacing of 0.05 Å-1. The following conventions were used 
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Reference value used for isotropic chemical shift referencing of 1H (σref) = 30.68 ppm.  

 

 

Table S1: Comparison of experimental 1H CSA parameters with the quantum chemical 

calculated values for the N(1)H and N(2)H groups of L-His.HCl.H2O. The sign 

convention (δani = - σani) used for the 1H CSA is as per the reference J. Czernek and J. 

Brus, Molecules, 24 (2019) 1731. 

1. N(1)H 

δiso (ppm) δani (ppm) ƞ 

DFT Experimental DFT Experimental DFT Experimental 

18.6940 17.085 -17.9964 -15.3 0.2798 0.35 

 

2. N(2)H 

δiso (ppm) δani (ppm) ƞ 

DFT Experimental DFT Experimental DFT Experimental 

13.7570 12.5590 -9.7937 -7.8 0.6015 0.9 
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Proton-detected 3D 15N-1H DIP/1H CSA/1H CS pulse sequence 

 

 

  



 40 

   



 41 

   



 42 

   



 43 

   



 44 

  



 45 

  



 46 

  



 47 

SIMPSON input for the 2D 1H CSA/15N-1H dipolar coupling correlations 
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Highlights 

 

 Proton-detected 3D 15N-1H dipolar coupling/1H CSA/1H CS pulse sequence is 

developed at fast MAS 

 Relative orientation between the 15N-1H dipolar coupling and 1H CSA tensors is 

measured 

 Windowless C-symmetry based ROCSA-DIPSHIFT is integrated with ROCSA 

for the recoupling of the 15N-1H dipolar coupling and 1H CSA tensors, 

respectively 

 The 2D 15N-1H dipolar coupling/1H CSA powder pattern is sensitive to the sign 

and asymmetry of the 1H CSA, and exhibits profound dependence on the dipolar 

PAS angles 
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