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Abstract 

The determination of structure of hydrochloride salts of active pharmaceutical ingredients (HCl 

APIs) utilizing 35Cl solid-state NMR studies has been of considerable interest in the recent past. 

Until now these studies relied on the 35Cl direct observation method which has its own 

limitations in terms of the sensitivity and resolution due to the quadrupolar nature and low 

gyromagnetic ratio of 35Cl. In this contribution we successfully demonstrate the measurement of 

2D 35Cl/1H correlation experiment by using the proton detection-based (indirect observation of 

35Cl via 1H) approach at fast magic angle sample spinning (MAS: 70 kHz). The main advantages 

of this approach over direct observation method are highlighted in the present study. We have 

employed heteronuclear magnetization transfer through the recoupling of 35Cl-1H heteronuclear 

dipolar interactions. The applicability of the 35Cl indirect detection method is first demonstrated 

on hydrochloride salts of amino acids, L-Tyrosine.HCl and L-Histidine.HCl.H2O following 

which the 2D 35Cl/1H correlations are obtained for HCl APIs, Procainamide HCl (Proc) and 

Aminoguanidine HCl (Amin). On the basis of separation between the central transition (CT) and 

satellite transition (ST) peaks and the shape/width of CT powder pattern, it is also shown that the 

quadrupolar parameters which are useful for the elucidation of molecular structure can be 

determined. Moreover, the 35Cl/1H correlations provide the precise determination of 1H chemical 

shifts of nearby 35Cl nuclei.  
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Introduction 

Hydrochloride salts of active pharmaceutical ingredients (HCl APIs) are known to be present in 

almost 50% of solid pharmaceuticals available in the market. The role of HCl in such compounds 

is to increase/control stability, solubility, bioactivity and bioavailability. These compounds 

exhibit interesting structural features such as polymorphism and pseudo polymorphism, and each 

polymorph has unique properties towards biochemical activities.1-4 Subsequently, their structural 

characterization is always of important consequence in the pharmaceutical industries. In general, 

single crystal or powder X-ray diffraction (XRD) techniques are used for structural studies of 

these systems.5 However, there are always certain limitations associated with these techniques 

such as difficulty in getting good quality single crystals, and complexity associated with the 

interpretation of powder XRD data to get detailed information about the polymorphs.6,7 

Furthermore, powder XRD method requires single component sample with a very high purity 

and as a result it fails when implemented on samples comprising several components. This limits 

its application in the pharmaceutical industry. Additionally, XRD method has an inherent 

limitation towards the structural characterization of amorphous solids. As an alternative to XRD, 

solid-state NMR is recognized as one of the most valuable techniques to get atomic-level insights 

into the structure and dynamics of pharmaceutical compounds. Since HCl APIs are present in 

almost 50% of the solid pharmaceuticals sold in the market, 35Cl (I = 3/2, quadrupolar moment 

(Q) = 0.082 x 10-28 m2, and natural abundance: 75.53%) becomes an obvious nucleus of choice 

for structural characterization using solid-state NMR.8,9  Although 35Cl nuclei have high natural 

abundance, their solid-state NMR studies have always been challenging due to low gyromagnetic 

ratio (γ) and the ringing effect from the probe that dominates the spectrum in the presence of 

large quadrupolar interactions resulting from a quick decay of FID. Fortunately, NMR-allowed 
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central transition (CT: -1/2 ↔ +1/2) in the case of half integer nuclei are devoid of any first-

order broadening. Nevertheless, powder lineshapes suffer strongly from the second-order 

quadrupolar broadening ranging from few kHz to several MHz. Although magic angle spinning 

(MAS) partially reduces the CT line width by getting rid of the second-rank spatial interaction 

terms from the second-order interaction Hamiltonian, the fourth-rank spatial interactions still 

remain partially unaveraged. On the basis of spatial and/or spin manipulations, techniques like 

DOuble Rotation (DOR),10,11 Dynamic Angle Spinning (DAS)12 and Multi-Quantum MAS 

(MQMAS)13 are known to be effective for the removal of second-order quadrupolar broadening. 

However, poor sensitivity of low γ nuclei has always been a challenge to overcome using these 

methods. Although the spectral resolution and sensitivity have been major limitations of solid-

state NMR technique, recent advancements in the NMR probe design, which allow magic angle 

spinning (MAS) up to 120 kHz in combination with the proton detection-based methods, have 

contributed significantly in overcoming these limitations.14,15 Specifically, proton detection-

based methods for heteronuclear and homonuclear correlations at fast MAS are routinely 

employed for the indirect observation of quadrupolar nuclei such as 14N (I = 1).16-24 Encouraged 

with the success of proton-detected experiments involving 14N, we demonstrate the indirect 

observation of 35Cl in HCl APIs (Procainamide HCl and Aminoguanidine HCl) utilizing the 

standard D-HMQC pulse sequence at 70 kHz MAS. Subsequently, this method allows us to 

determine 35Cl quadrupolar/isotropicshift parameters as well as 1H chemical shifts which are 

quite useful for the molecular structure elucidation. The many advantages of using the proton 

detection-based method for the study of such systems at fast MAS include 1) improved 

sensitivity, 2) improved resolution due to the addition of the 1H dimension, 3) well-correlated 

35Cl/1H resonances, 4) removal of probe ringing issues, 5) requirement of a small sample 
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volume, 6) distinction between through bond (J) and space (D) couplings, 7) observation of weak 

ST if 35Cl is irradiated using a hard pulse with rotor-synchronized acquisition, and 8) short 

repetition time provided 1H T1 relaxation time is shorter than 35Cl T1. 

Experimental 

Solid-state NMR measurements were carried out either using 700 MHz (JNM-ECA700II, JEOL 

RESONANCE Inc.) or 600 MHz (JNM-ECZ600R, JEOL RESONANCE Inc.) NMR 

spectrometers equipped with 1.0 mm triple resonance and double resonance ultrafast MAS 

probes (JEOL RESONANCE Inc.), respectively. Approximately, 1.0 mg each of L-

Tyrosine.HCl, L-Histidine.HCl.H2O, Procainamide HCl (Proc) and Aminoguanidine HCl (Amin) 

were packed separately into 1.0 mm zirconia rotors and all the experiments were performed at 70 

kHz MAS. The pulse sequence implemented to record the 2D 35Cl/1H chemical shift correlations 

is shown in the Supporting Information (Figure S1). 16 dummy scans were applied prior to the 

start of all the 2D measurements, and the recycle delays were set to 2s, 8s, 120s and 2s for L-

Tyrosine.HCl, L-Histidine.HCl.H2O, Amin and Proc, respectively. The proton 90° pulse 

durations were set to 1.3 and 1.0 µs at 700 and 600 MHz spectrometers, respectively.  To 

maximize the 35Cl-1H magnetization transfer efficiency in the 2D 35Cl/1H correlation 

experiments 35Cl pulse duration, and both excitation and reconversion periods were optimized 

carefully. The 35Cl pulse durations were set at 13.5, 13.5, and 8 µs with ~10 kHz (at 700 MHz), 

14 and 24 kHz (at 600 MHz) RF field strengths (measured using NH4Cl) for L-Tyrosine.HCl, 

Amin and Proc, respectively, while SR4 recoupling of duration 0.171 ms was used during the 

excitation and reconversion periods. The 35Cl pulse duration of 1.35 µs was used in the case of 

2D and 1D experiments carried out with hard pulse irradiation on 35Cl for L-Tyrosine.HCl and L-

Histidine.HCl.H2O. For the 2D data collection, 32, 32, 16 and 32 increments were set in the t1 
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dimension and 640 (for soft pulse 35Cl irradiation) and 768 (for hard pulse 35Cl irradiation), 448, 

32 and 1792 scans were collected every t1 increment for L-Tyrosine.HCl, L-Histidine.HCl.H2O, 

Amin and Proc, respectively. To achieve pure absorption peaks States-TPPI method was applied 

in the t1 dimension. 35Cl isotropic shifts were referenced with respect to 35Cl peak (0 ppm) of 

solid NH4Cl. All NMR data were processed using Delta NMR software (JEOL RESONANCE 

Inc.). The 1H 1D projections corresponding to all the 2D 35Cl/1H correlation spectra were 

obtained by the partial projection of the displayed 2D spectral regions. 

Results and Discussion  

It is well known that the magnetization transfer in the J-HMQC experiment for solids is achieved 

through bond/scalar coupling (J) along with residual dipolar splitting (RDS) resulting from the 

second-order cross-terms between the quadrupolar and dipolar interactions unlike solution NMR 

method.16-21 Consequently, this sequence works best for the samples wherein there is a direct 

bond between the proton and the heteronucleus. However, J-HMQC spectra might suffer from a 

huge loss in the sensitivity due to 1H transverse relaxation (T2’), if performed in the systems such 

as the ones used in the present study with the lack of such chemical bonds as the mode of the 

magnetization transfer now is mostly through RDS. In an alternate approach known as the D-

HMQC experiment,22-24 sensitivity enhancement in the 35Cl dimension can be obtained from the 

enhanced magnetization transfer via recoupled large 35Cl-1H heteronuclear dipolar interactions 

instead of small J-coupling and RDS and elongated T2’ by decoupled 1H-1H dipolar interactions. 

Herein, both excitation and reconversion durations are reduced as a consequence signal decay 

due to T2’ component is minimized. Moreover, the dwell time of the indirect dimension in the D-

HMQC experiment should be synchronized with respect to the sample spinning. The role of fast 

MAS in such experiments is to 1) provide a wider spectral width required to observe nuclei with 
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large second-order quadrupolar couplings, 2) increase 1H T2’ relaxation times due to better 

suppression of 1H-1H homonuclear dipolar interactions such that data can be collected without 

the need of 1H-1H homonuclear decoupling during the t2 acquisition, and 3) improve efficiency 

of heteronuclear decoupling during the t1 evolution.  

To test the applicability of proton-detected D-HMQC sequence to get 35Cl/1H correlations in HCl 

APIs, Amin and Proc, first we carried out the 2D 35Cl/1H correlation experiment on L-

Tyrosine.HCl and L-Histidine.HCl.H2O. These were selected as test samples because of their 

small molecular size, shorter 1H longitudinal relaxation time (T1), longer 1H transverse relaxation 

time (T2’), and relatively smaller 35Cl quadrupolar coupling. The proton-detected 35Cl/1H 

correlation spectrum of L-Tyrosine.HCl collected at 700 MHz spectrometer under 70 kHz MAS 

using a soft pulse irradiation on 35Cl is shown in Figure 1B. The 35Cl shift observed from this 

experiment was cross validated from the 1D spectrum collected through the direct observation of 

35Cl using a single hard pulse experiment. The observed 35Cl experimental along with the 

simulated powder lineshapes of L-Tyrosine.HCl are shown in Figure 1A. As seen from Figure 

1A the experimental spectrum fits extremely well with the simulated powder lineshape. 

Additionally, the calculated quadrupolar parameters for L-Tyrosine.HCl (Qcc = 2.3 MHz and η 

= 0.7), where η is the asymmetry parameter, are found to be in an excellent agreement with the 

values reported in the literature.25 The number of 35Cl/1H cross-peaks observed from the proton-

detected 2D HMQC experiment (Figure 1B) correlates well with the three short 35Cl---1H 

contacts (H2-Cl: 2.078 Å, (H1/H5/H9)-Cl: 2.378/2.471/2.505 Å and H3-Cl 2.66 Å) seen from 

the crystal structure of L-Tyrosine.HCl (Refer to Figure S2 of the Supporting Information).26,27 

Moreover, a longer range 35Cl/1H correlation peak (H6-Cl: 3.874 Å) with a very weak intensity is 

also seen in the 2D 35Cl/1H correlation spectrum. It is to be noted that 35Cl /1H correlation spectra 
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should be recorded with short and longer recoupling times for a clear distinction between short 

and longer range 35Cl /1H proximities, respectively, as previously demonstrated by Brown et.al 

through 14N-1H correlations in supramolecular and pharmaceutical systems.28-30 Spectral slices at 

1H chemical shifts of 10, 7.7 and 4.5 ppm (parallel to the 35Cl dimension) of the proton-detected 

2D 35Cl/1H correlation spectrum (Figure 1C) show slightly dissimilar quadrupolar lineshapes. 

Since the asymmetric unit cell of L-Tyrosine.HCl has a single 35Cl site,27 therefore in principle it 

should result in identical 35Cl quadrupolar lineshapes at the three 1H resonances. The fact that we 

observe dissimilar lineshapes should be attributed to the imperfect 35Cl/1H magnetization transfer 

(all crystallites are not excited/transferred uniformly) that more likely depends on the relative 

orientation between 35Cl-1H dipolar and 35Cl quadrupolar tensors.19,31  

Furthermore, the 1H 1D spectral slice (Figure 2) at the 35Cl peak position (parallel to the 1H 

chemical shift dimension) of the 2D 35Cl/1H correlation spectrum can also be utilized to assign 

exact proton resonances that are correlated to 35Cl. As seen from the 1D 1H MAS (Figure 2) 

spectrum of L-Tyrosine.HCl, two Cβ proton resonances (H3/H4) cannot be distinguished due to 

severe overlap. On the basis of its crystal structure,26,27 35Cl is found to be in a close proximity 

(2.66 Å) with only one of the Cβ protons (H3) whereas other proton (H4) is located at a longer 

distance (3.107 Å). Consequently, the 1D spectral slice from the 2D HMQC spectrum (HMQC 

filtered 1H spectrum) results in the signal originating from H3 and not H4 (Figure 2).  Similarly, 

NH resonances (H1/H5/H9) can be distinguished with respect to aromatic proton H7 (5.76 Å) 

resonance from the 1D HMQC filtered spectrum. More interestingly, the 1D spectral slice from 

the 2D HMQC spectrum (Figure 2) results in a weak peak for the carboxyl group proton (H6) 

even if it is located at a much longer distance (3.874 Å) from 35Cl in comparison to those protons 

that are not observed in the HMQC filtered 1H spectrum. Since this proton is involved in the 
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protonation of the carboxyl group, therefore it should be regarded as a labile proton with a 

shorter 35Cl/1H distance.   

As discussed above, the proton-detected 2D 35Cl/1H D-HMQC correlation experiment with a soft 

pulse irradiation of 35Cl is only capable of providing qualitative information about the 

quadrupolar interaction due to poor sensitivity and resolution. The limited resolution of the 35Cl 

peaks in 35Cl/1H HMQC spectrum is due to the signal decay resulting from 1H T2 relaxation and 

residual 1H-35Cl dipolar interactions in the t1 dimension. While both of which are improved at 

faster MAS rate, resolution enhancement still remains a challenge in the 35Cl/1H HMQC 

experiments. However, the use of a hard pulse irradiation of 35Cl with rotor-synchronized 

acquisition in the 2D D-HMQC experiment can provide quantitative information about the 

quadrupolar interaction. As seen from Figure 3, the 2D D-HMQC spectrum collected using a 

hard pulse (1.35 µs) irradiation of 35Cl resulted in very strong ST peaks along with the CT peaks. 

This observation is a good contrast to the 35Cl direct observation method that results in a much 

weaker ST even with a hard pulse excitation. A hard pulse excites a wider range of 35Cl 

frequencies which also includes ST frequencies resulting in a numerous spinning sideband 

manifold and hence weaker ST intensities from the direct observation 35Cl.  On the other hand, 

the indirect observation with rotor-synchronized acquisition allows us to fold these spinning 

sidebands onto the ST peak that results in a remarkable improvement in its sensitivity. 

Subsequently, the proton detection-based methods can also be utilized to observe ST with 

comparable signal intensity to CT if a quadrupolar nucleus is irradiated with a hard pulse, which 

in principle should lead to more accurate determination of quadrupolar parameters. To further 

validate this viewpoint, we carried out numerical simulations a) by varying Qcc with fixed η 

(Figure 4A) and b) by varying η with fixed Qcc (Figure 4B) using a single hard pulse 35Cl 
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excitation and rotor-synchronized acquisition. It is clearly evident from Figure 4A that with the 

increase in Qcc for a fixed η (= 0.7), the separation between ST and CT peaks increases. This 

peak separation is very sensitive to a small change in the Qcc. Similarly, with the increase in η 

for a fixed Qcc (2.5 MHz), again the ST and CT peak separation increases (Figure 4B). 

Subsequently, on the basis of the observed ST and CT peak separation and CT powder lineshape, 

determination of quadrupolar parameters (Qcc and η) with improved accuracy is possible by 

fitting the experimental 35Cl powder lineshape inclusive of both CT and ST obtained from the 

indirect observation of 35Cl with a hard pulse irradiation and rotor-synchronized acquisition in 

the 2D D-HMQC experiment.  It is important to mention here that in cases where it is difficult to 

measure the 35Cl 1D spectrum from the direct observation and, consequently, determine the exact 

position of its shift, the proton-detected 2D correlation experiment with a soft pulse irradiation of 

35Cl that only excites CT frequency becomes mandatory to clearly distinguish CT and ST peaks 

obtained using a hard pulse irradiation of 35Cl. Finally, the spectral slices taken parallel to the 

35Cl shift dimension at 1H chemical shifts of 10, 7.7 and 4.5 ppm of the proton-detected 35Cl/1H 

2D D-HMQC correlation spectrum obtained using a hard pulse irradiation of 35Cl are simulated 

to extract quadrupolar parameters (Figure 5). On the basis of the ST and CT peak separation and 

CT lineshape fitting the extracted quadrupolar parameters associated with 35Cl in contact with 

different protons are listed in Figure 5 caption. As expected for the single 35Cl site, the 

quadrupolar parameters obtained from the lineshape fitting result in almost similar values. As 

discussed above, a slight variation in the 35Cl lineshapes can be ascribed to the non-uniform 

35Cl/1H magnetization transfer that depends on the relative orientation of dipolar and the 

quadrupolar tensors. It is worthwhile to point out that exact powder lineshape of 35Cl CT spectra 

obtained from the 1D slices of the 35Cl/1H 2D correlation spectrum could not be matched 
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precisely with the simulated lineshape and can in principle lead to minor discrepancies in the 

values of quadrupolar parameters reported in the present study. To achieve a perfect powder 

lineshape we believe that the proton-detected 2D D-HMQC spectrum should be collected with a 

larger number of points in the indirect dimension that requires a long experimental time. 

Moreover, the 35Cl/1H 2D correlation experiment performed at faster MAS (> 70 kHz) should 

also further improve the resolution and sensitivity of powder lineshape. 

 

Figure 1. One-dimensional 35Cl experimental (green) spectrum collected using a hard pulse 

(1.35 µs) excitation and 10,000 scans (total experimental time = 5.6 hours), and simulated 

lineshape (brown) of L-Tyrosine.HCl (A), a representative 2D 35Cl/1H D-HMQC spectrum 

measured using a soft pulse irradiation on 35Cl (total experimental time = 22.8 hours) (B) and 

spectral slices at 10 (brown), 7.7 (blue) and 4.5 (magenta) ppm parallel to the 35Cl shift 

dimension and overlaid with the 1D 35Cl spectrum in green (C). All NMR spectra were collected 

on 700 MHz spectrometer at 70 kHz MAS. Circled cross-peaks with weaker intensities in (B) are 

the STs.  
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Figure 2. Molecular structure and the 1D 1H MAS spectrum (green) collected using a spin-echo 

pulse sequence at 70 kHz MAS, and the 1D spectral slice (brown) at the 35Cl peak position from 

the 2D D-HMQC spectrum of L-Tyrosine.HCl. The proton resonances that are not correlated to 

35Cl do not appear in the 1D spectral slice or the HMQC filtered spectrum.  
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Figure 3: A representative 2D 35Cl/1H D-HMQC spectrum of L-Tyrosine.HCl using a hard pulse 

(1.35 µs) irradiation on 35Cl (total experimental time = 27.3 hours). Cross-peaks that are circled 

represent the STs. 
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Figure 4. Simulated 35Cl 1D quadrupolar lineshapes obtained using a single hard pulse (1.6 µs 

and RF field = 10 kHz) irradiation by (A) varying Qcc with a fixed η (0.7), and (B) varying η 

with a fixed Qcc (2.5 MHz). All the 1D simulations were performed under 70 kHz MAS at 700 

MHz 1H Larmor frequency with 4180 (α , β ) orientations for powder averaging. For the sake of 

simplicity 35Cl chemical shift parameters were set to zero in all the simulations. 

 

Figure 5. Simulated experimental lineshapes extracted parallel to the indirect frequency 

dimension at 1H chemical shifts of 10 (A), 7.7 (B) and 4.5 (C) ppm of the proton-detected 

35Cl/1H 2D D-HMQC correlation spectrum of L-Tyrosine.HCl obtained using a hard pulse 

irradiation of 35Cl. The 35Cl quadrupolar parameters (Qcc, η) obtained from lineshape fitting of 

three 35Cl---1H contacts at H2 (10 ppm), H1/H5/H9 (7.7 ppm) and H3 (4.5 ppm) resonances are 
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(2.2 MHz, 0.9), (2.3 MHz, 0.7) and (2.3 MHz, 0.7), respectively. All other simulation details are 

listed in Figure 4 caption. The peak positions (isotropic second-order quadrupolar shift) of 

simulated lineshapes were adjusted to match the experimental shift (sum total of isotropic 

chemical shift and isotropic second-order quadrupolar shift). 

To further cross validate the above findings we carried out the proton-detected 35C/1H 2D D-

HMQC-based correlation experiment with a hard pulse irradiation of 35Cl and rotor-synchronized 

acquisition on L-Histidine.HCl.H2O (Figure 6A). The resulting 35Cl/1H 2D correlation spectrum 

with strong ST cross-peaks is shown in Figure 6C. Again, the 35Cl shift observed from this 

experiment was verified from the 1D spectrum collected through the direct observation of 35Cl 

using a single pulse experiment. One-dimensional 35Cl experimental and simulated powder 

lineshapes of L-Histidine.HCl.H2O are shown in Figure 6B. The calculated 35Cl quadrupolar 

parameters for this sample from the 1D experiment are: Qcc = 1.8 MHz and η = 0.66 which 

agrees well with our previous observation with the same sample at 1020 MHz/ 24 T magnet 

(unpublished work).32 From the 2D 35Cl/1H correlation spectrum shown in Figure 6C, six 

correlated (short and longer range) 35Cl/1H resonances are seen. The spectral slices taken parallel 

to the 35Cl dimension at 1H chemical shifts of NHb, 1, NH3
+, H2O resonances of L-

Histidine.HCl.H2O were simulated to extract quadrupolar parameters. On the basis of the ST and 

CT peak separation and CT lineshape fitting (Figure 6D), the extracted quadrupolar parameters 

are listed in Figure 6 caption. As seen in the case of L-Tyrosine.HCl, the 35Cl quadrupolar 

parameters for L-Histidine.HCl.H2O extracted at four 1H chemical shifts are in close agreement 

with each other. However, these values are slightly different than that simulated from a directly 

observed 1D 35Cl spectrum.  
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Figure 6. Molecular structure (A), the 1D 35Cl experimental (green) spectrum collected using a 

hard pulse (1.35 µs) excitation, and 4291 scans and 5 s recycle delay (total experimental time = 

5.96 hours) along with simulated lineshape (brown), a representative 2D 35Cl/1H D-HMQC 

spectrum measured using a hard pulse irradiation of 35Cl (total experimental time = 63.7 hours) 

(C),  simulated experimental lineshapes extracted parallel to the indirect frequency dimension at 

1H chemical shifts of NHb, 1, NH3
+, H2O resonances of the proton-detected 35Cl/1H 2D D-

HMQC correlation spectrum (D) of L-Histidine.HCl.H2O. The 35Cl quadrupolar parameters (Qcc, 

η) obtained from lineshape fitting of cross-peaks at NHb, 1, NH3
+ and H2O 1H resonances are 

(1.95 MHz, 0.45), (1.95 MHz, 0.45) , (1.95 MHz, 0.35), and (2.0 MHz, 0.45) respectively. All 

other simulation details are listed in Figure 4 caption. 

Once the applicability of the proton-detected 35Cl/1H 2D D-HMQC-based correlation 

measurement was established on L-Tyrosine.HCl and L-Histidine.HCl.H2O, we carried out 

measurements on HCl salts of pharmaceutical ingredients, Amin and Proc (molecular structures 

are shown in Figure S3 of the Supporting Information), to get insights into their structures in 

terms of chemical shift correlation (short and longer range) to protons and quadrupolar 
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parameters. One-dimensional 35Cl spectra recorded at 600 MHz using a soft single pulse 

excitation under fast MAS (70 kHz) are demonstrated in Figure 7 A and B for Amin and Proc, 

respectively. The 35Cl 1D spectrum of Amin results in a reasonably good powder lineshape that 

fits well with the numerical simulation. The extracted 35Cl quadrupolar parameters for Amin, 

Qcc = 2.0 MHz and η = 0.76, are in a good agreement with the reported values.1 Unlike Amin, a 

featureless 35Cl 1D spectrum that suffers from huge distortions due to the probe ringing is 

observed for Proc which makes it impossible to extract any structural information. This 

observation should be attributed to the presence of a relatively large 35Cl Qcc for this sample1 

that results in a poor sensitivity due to a quick decay of FID. Consequently, the ringing effect 

from the probe dominates the powder pattern. Similar phenomena was also observed by using 

3.2 mm MAS probe at 600 MHz (data not shown). Next, we carried out the proton-detected 

35Cl/1H 2D D-HMQC correlation measurement on these samples and 35Cl/1H cross-peaks 

observed in Amin and Proc are  shown in Figure 7C and D, respectively. This observation is 

quite important especially for Proc in view of the fact that the 35Cl 1D spectrum failed to offer 

any information about its structure. Furthermore, three different 35Cl---1H contacts are clearly 

observed from the 35Cl/1H 2D spectrum of Amin, a feature that is not possible to observe from 

the direct observation of 35Cl. Similarly, one strong and few weak 35Cl/1H cross correlations 

observed in the case of Proc clearly highlights the importance of such measurement in order to 

understand the short and longer range 35Cl---1H contacts. Additionally, the exact 1H resonances 

that correlate with 35Cl can easily be assigned from the D-HMQC filtered 1D spectral slices 

shown in Figure 8A and B for Amin and Proc, respectively. More importantly, the improved 

resolution in the direct dimension unlike the 1D single pulse 1H spectrum of Amin is the added 

benefit of carrying out such measurements for its structural studies. Low sensitivity of the D-
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HMQC filtered 1D 1H spectra (Figure 8) extracted from the 2D 35Cl/1H correlation spectra of 

Amin and Proc should be attributed to the presence of weak dipolar couplings between 1H and 

35Cl, larger quadrupolar couplings, short 1H T2 and/or small amount of 35Cl in these samples. 

Simulation of the spectral slice taken parallel to 35Cl dimension at 1H chemical shift of 10.4 ppm 

(Figure S4 in the Supporting Information) for Proc resulted in quadrupolar parameters, Qcc = 

4.45 MHz and η = 0.52. We would like to mention here that poor sensitivity of the experimental 

35Cl powder lineshape due to the presence of a huge quadrupolar coupling did not allow us to get 

the best fit from the numerical simulation. Instead, the quadrupolar parameters were 

approximately determined from the simulation on the basis of separation between the CT and ST 

peaks, and fitting the width of the CT peak.  Besides, the quadrupolar parameters from the 

35Cl/1H 2D measurement on Amin could not be determined again due to poor sensitivity of the 

35Cl powder lineshape. The requirement of a very long experimental time to accomplish ultimate 

sensitivity from the 2D correlation measurement due to a very long 1H T1 prevented us to try 

such experiments on Amin. It should be noted that the 35Cl/1H 2D correlation measurements 

have an additional benefit over the 35Cl direct observation from the view point of the 

experimental setup. As mentioned above, based on 1H T1 relaxation time, the repetition time of 

35Cl/1H measurement can be easily optimized. On the other hand, optimization of the repetition 

time of 35Cl based on its T1 relaxation time is mostly difficult to achieve from the direct 

observation method of 35Cl. In other words, it is practically difficult to get optimized 

experimental conditions for the 35Cl direct observation that should improve sensitivity unlike the 

proton detection-based approach for the indirect observation of 35Cl presented in this study. 
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Figure 7. (A) One-dimensional 35Cl experimental (green) using a soft pulse (13.5 µs) and 

simulated (brown) spectra of Amin (total experimental time = 1.7 hours (2993 scans and recycle 

delay = 2 s). (B) 1D 35Cl experimental spectrum of Proc using a soft pulse of duration 8 µs (total 

experimental time = 0.47 hours (845 scans and recycle delay = 2 s)). (C) and (D) Representative 

2D 35Cl/1H D-HMQC spectra of Amin (total experimental time = 34.1 hours) and Proc (total 

experimental time = 63.7 hours), respectively. Both 1D and 2D spectra were collected at 600 

MHz spectrometer under 70 kHz MAS.  
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Figure 8. One-dimensional 1H MAS spectra (green) collected using single pulse experiments 

under 70 kHz MAS at 600 MHz, and the 1D spectral slices (brown) taken parallel to the direct 

frequency dimension at 35Cl shifts of -40.8 ppm and -227.0 ppm from the 2D D-HMQC spectra 

of Amin (A) and Proc (B), respectively. 

Conclusion 

In summary, we have demonstrated the applicability of proton detection-based approach to 

measure the 2D 35Cl/1H correlations in HCl salts of L-Tyrosine, LHistidine.HCl.H2O and active 

pharmaceutical ingredients (APIs), Procainamide (Proc) and Aminoguanidine (Amin), utilizing a 

heteronuclear dipolar recoupling based D-HMQC experiment at fast MAS. The benefits of this 

approach, such as improved resolution and sensitivity, well-correlated 35Cl/1H peaks, and the 

absence of probe ringing issues over 35Cl direct observation method, are highlighted. Moreover, 

we have demonstrated a method for a more accurate determination of quadrupolar parameters 

which is possible only if a hard pulse irradiation on 35Cl is implemented in the 2D D-HMQC 

experiment. The quadrupolar parameters are obtained by simulating the lineshape inclusive of 
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CT and ST peaks. The separation between these peaks is shown to be extremely sensitive to both 

Qcc and η.  We believe that the present study will be a step forward in the structure 

studies/refinement of systems with half integer quadrupolar nuclei.  
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