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Abstract 

 A series of HCl salts of active pharmaceutical ingredients (APIs) have been characterized 

via 35Cl solid-state NMR (SSNMR) spectroscopy and first-principles plane-wave density 

functional theory (DFT) calculations of 35Cl NMR interaction tensors.  35Cl NMR spectra have 

been acquired at both standard (9.4 T) and high (21.1 T) magnetic field strengths, on stationary 

samples and under conditions of magic-angle spinning (MAS).  The 35Cl electric field gradient 

(EFG) and chemical shift (CS) tensor parameters are readily extracted from analytical 

simulations of these spectra.  These parameters are distinct for each sample, indicating that these 

spectra can be used as fingerprints for identifying unique solid phases.  It is possible to correlate 

the 35Cl EFG parameters (the quadrupolar coupling constant, CQ, and the asymmetry parameter, 

ηQ) to the hydrogen-bonding environments of each chlorine anion, and several simple trends are 

observed.  35Cl EFG tensors obtained from plane-wave DFT calculations are found to be in good 

agreement with experiment, and unique structural insights are gained by considering the 

predicted EFG tensor orientations and the signs of the quadrupolar coupling constants.  35Cl 

SSNMR can be easily applied for the differentiation of polymorphs of HCl APIs, since the 

spectra are sensitive to even the subtlest changes in the chlorine anion environments.  We discuss 

the application of this combination of techniques as both standalone and complementary NMR 

crystallography methodologies for structural characterization and potential high-throughput 

screening of polymorphs of HCl APIs. 
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Introduction 

 Most pharmaceuticals (ca. 80%) are manufactured, shipped, stored, dispensed and 

ingested as solids,1 and approximately 80% of known active pharmaceutical ingredients (APIs) 

exhibit polymorphism2 or pseudopolymorphism.3-7  A chemical substance is said to be 

polymorphic when it is able to crystallize in more than one form or arrangement, or 

pseudopolymorphic when it can crystallize in one or more forms as a solvate or hydrate.  The 

identification and differentiation of polymorphs are of great importance in the pharmaceutical 

industry owing to the unique properties that each pharmaceutical polymorph possesses,8-11 such 

as biological activity,12 solubility,13, 14 stability15, 16 and bioavailability.15-17  In addition, 

pharmaceutical polymorphs are subject to intellectual property and patenting rights.8   Hence, the 

accurate and rapid analysis of the solid-state structures of APIs is imperative. 

 The methods most commonly used for the characterization of solid APIs and their 

polymorphs are single-crystal and powder X-ray diffraction (XRD).8, 18  In many cases, it can be 

difficult or even impossible to isolate single crystals of sufficient quality for scXRD experiments.  

Although pXRD is useful for distinguishing polymorphs, there are limitations to the amount of 

information that can be procured from powder XRD patterns.19, 20  In addition, if the solid API is 

amorphous in nature (i.e., absence of long range molecular/atomic order) it is not feasible to use 

XRD techniques for detailed structural characterization. 

 One- and two-dimensional solution-state NMR experiments allow for the structural 

elucidation of APIs and detection of impurities in the solution phase, but obviously play no role 

in the structural characterization of their solid forms.21-23  Solid-state NMR (SSNMR) 

spectroscopy is an excellent tool for the characterization of complex APIs and their associated 

polymorphs, and is often used in a complementary fashion with XRD methods.24-30  SSNMR can 
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provide a great amount of detail on the local chemical structure, detecting differences in bond 

lengths and angles, local site geometries and other inter- and intramolecular interactions.  

SSNMR is also capable of characterizing amorphous compounds, and in turn, is able to 

differentiate polymorphs with disordered solid-state structures (or even mixtures of crystalline 

and amorphous substances).25 

 13C SSNMR experiments are the most commonly used for the structural characterization 

of pharmaceuticals, as well as for the determination of dynamical behavior and the analysis of 

amorphous phases.1, 26, 31-38 Multinuclear SSNMR studies of nuclides such as 1H, 2H, 15N, 31P, 19F 

and 23Na have also played an important role in the structural elucidation of many common 

pharmaceuticals, as well as for the detection of polymorphism when 13C NMR spectra are 

ambiguous.39-46 Two-dimensional homo- and heteronuclear correlation SSNMR experiments 

have also been applied to the structural characterization of pharmaceuticals for the purpose of 

determining the chemical bonding and molecular conformations.47-51   

 Since HCl APIs comprise ca. 50% of solid pharmaceuticals,52, 53 35Cl SSNMR is a logical 

choice for the analysis for their characterization.  We previously demonstrated that 35Cl SSNMR 

spectroscopy is a powerful technique for the study of pharmaceuticals and their polymorphs, as 

either a complementary tool to pXRD and 13C SSNMR spectroscopy, or as an independent 

source of structural data.54  35Cl SSNMR can provide information on the number of chlorine 

sites, as well as identifying sites in amorphous/disordered samples or even impurity phases; this 

is particularly useful in cases where the 13C SSNMR spectra or pXRD data are unable to clearly 

differentiate polymorphs. 

 Chlorine has two NMR active isotopes, 35Cl and 37Cl.  They are both half-integer nuclear 

spin (I = 3/2), quadrupolar nuclei (Q(35Cl) = −0.082 × 10−28 m2 and Q(37Cl) = −0.065 × 10−28 
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m2).55, 56  Despite their high natural abundances (75.53% and 24.47% for 35Cl and 37Cl, 

respectively) they are considered to be unreceptive nuclei due to their low gyromagnetic ratios.  

SSNMR of 35Cl is preferred, due to its higher receptivity, which largely arises from its higher 

natural abundance.  The 35Cl quadrupolar parameters are highly sensitive to local structural 

changes, which, in turn, are reflected in their SSNMR spectra.  Careful acquisition of 35Cl 

central-transition (CT, +½ ↔ −½) powder patterns allows for accurate elucidation of the 35Cl 

electric field gradient (EFG) parameters: the quadrupolar coupling constant, CQ, and the 

asymmetry parameter, ηQ.  In addition, it is sometimes possible to obtain the chemical shift (CS) 

tensor parameters: the isotropic shift, δiso, the span, Ω, and skew, κ, as well as the Euler angles 

(α, β, γ) that describe the relative orientations of the CS and EFG tensors,57 which can also be 

correlated to structure (explicit definitions of these parameters are provided in Table 1).  Bryce 

and co-workers have also demonstrated the usefulness of 35Cl SSNMR for studying solid-state 

structures of other organic systems containing chlorine anions (i.e., HCl salts of amino acids).58-

60  In addition, they have demonstrated the ability of 35Cl SSNMR to differentiate 

pseudopolymorphs of alkaline earth metal chlorides.61  We refer the reader to the articles by 

Bryce et al. that discuss the many applications of 35Cl SSNMR.62-65  

 Due to recent advances in computational software and associated hardware, density 

functional theory (DFT) calculations of NMR interaction tensors are of increasing interest, 

aiding experimental NMR methods in structural elucidation and spectral assignment.  Recently, 

plane-wave DFT methods capable of treating extended structures of periodic solids have been 

developed and widely deployed, such as the CASTEP66-69 program which utilizes the gauge-

including projector augmented wave algorithm (GIPAW).66  Theoretical NMR interaction 
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tensors derived from calculations on periodic solids are of particular value for the study of solid 

polymorphs.   

 Herein, we describe the extension of our research to a variety of HCl APIs.  Using magic-

angle spinning (MAS) NMR, static wideline NMR and pXRD, in conjunction with plane-wave 

DFT calculations, we present a comprehensive structural characterization of seventeen different 

HCl APIs (Scheme 1).  We establish that 35Cl SSNMR spectroscopy can rapidly and accurately 

probe chlorine anion environments in APIs, and explore the use of plane-wave DFT calculations 

as an alternative to more traditional molecular-orbital calculations conducted in previous studies.  

The majority of this work is focused on systems for which crystal structures are known, in order 

to identify relationships between the 35Cl EFG tensor parameters and the local Cl− environments 

for common structural motifs, via plane-wave DFT calculations.  Our new data, in combination 

with data from our previous work,54 and data on HCl salts of amino acids from Wasylishen and 

Bryce,58-60 is used to validate these relationships, and initiate a database of 35Cl quadrupolar 

parameters that can be used for structural identification and differentiation.  We then demonstrate 

the application of these methods to two systems with structural polymorphs.  Finally, we propose 

these methodologies as a potential means for investigation of the many classes of APIs, via new 

NMR crystallography methods, and especially as a fingerprinting tool during drug processing 

and manufacture, which would be of great value for quality and assurance in the pharmaceutical 

industry.  
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Experimental   

 Samples.  Samples of Adip, Bufl, Dicy, Trig, Rani, Dibu, Scop, Mexi, Brom, Alpr, Isop, 

Aceb, Aman, Proc, Isox, Dopa and Amin were purchased from Sigma Aldrich and used without 

further purification (full names and molecular formulae are given in Scheme 1).  Details of the 

generation of polymorphs MexiI, MexiII and IsoxI are given in the Supporting Information.  

 Solid-State NMR at 9.4 T.  
35Cl and 13C SSNMR experiments were performed on a 

Varian Infinity Plus NMR spectrometer with an Oxford 9.4 T (ν0(
1H) = 399.73 MHz) wide bore 

magnet with ν0(
35Cl) = 39.26 MHz and ν0(

13C) = 100.52 MHz.  For 35Cl SSNMR experiments, 

all samples were packed into 5 mm outer diameter (o.d.) glass tubes and a Varian/Chemagnetics 

5 mm HXY MAS probe was used for all experiments.  35Cl chemical shifts were referenced with 

respect to NaCl (s) (δiso = 0.00 ppm).60, 64 For 13C SSNMR experiments, all samples were packed 

into 4 mm o.d. zirconia rotors and a Varian/Chemagnetics 4 mm HX MAS probe was used for all 

experiments.  13C chemical shifts were referenced to tetramethylsilane (δiso = 0.00 ppm), using 

the high-frequency peak of adamantane as a secondary reference (δiso = 38.57 ppm). 

 35Cl NMR experiments were conducted using a Hahn-echo pulse sequence with a pulse 

delay of 0.5 s, and a central-transition selective π/2 pulse width between 1.00 and 7.00 µs (ν1 

between 18 and 125 kHz).  A proton-decoupling field of ca. 50 kHz was used in all experiments.  

In cases where NMR powder patterns are too broad to be uniformly excited with a single, 

rectangular, high power pulse, spectra were acquired by stepping the transmitter frequency 

across the entire CT powder pattern in even increments, Fourier transforming the FID from each 

experiment, and co-adding the individual sub-spectra to produce the final powder pattern.70, 71 

13C NMR spectra were acquired using the variable-amplitude cross-polarization (VACP/MAS) 

technique.72  1H → 13C VACP/MAS experiments were performed on all samples and the TPPM73 
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decoupling sequence was employed with a proton decoupling rf power of ca. 63 kHz.  These 

experiments utilized a π/2(1H) pulse width of 2.4 µs (which corresponds to a rf of 104 kHz), a 

contact time between 1.0 and 5.0 ms, a pulse delay between 1.0 and 2.0 s, a spectral width of 50 

kHz, and νrot of 9.5 and 13 kHz.  Full experimental details can be found in the Supporting 

Information (Tables S1 – S3, S10).  

 Solid-State NMR at 21.1 T.  High-field NMR experiments were performed on an ultra-

wide bore 900 MHz (21.1 T) superconducting NMR magnet at the NHMFL in Tallahassee, 

Florida, for which ν0(
35Cl) = 88.13 MHz.  For static 35Cl NMR experiments, samples were 

packed in rectangular glass containers (7.5 × 5 × 11 mm) and spectra were acquired using a low-

E rectangular-flat coil HX probe.74  MAS experiments, and some of the static NMR experiments, 

were performed on a on a home-built HX 3.2 mm probe. 

 35Cl MAS and static NMR experiments were conducted using a Hahn-echo pulse 

sequence with optimized recycle delays between 1.0 and 3.0 s, central-transition selective π/2 

pulse widths of 1.5 to 2.5 µs (which correspond to ν1 = 83.3 and 50 kHz, respectively).  MAS 

NMR experiments employed spinning speed (νrot) ranging from 20.0 to 22.5 kHz.  Additional 

experimental details are given in Tables S4-S9. 

 Spectral Simulations. Analytical simulations of 35Cl SSNMR spectra were performed 

using the WSolids software package.75  Numerical simulations of spinning sideband manifolds in 

35Cl MAS NMR spectra were generated using SIMPSON,76 using 10 gamma angles and powder 

averaging over 4180 crystal orientations calculated using the Zaremba-Conroy-Wolfsberg 

(ZCW) method.  The uncertainties in EFG and CS tensor parameters were estimated using 

bidirectional variation of parameters and comparison of experimental and simulated spectra. 
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 Powder XRD.  The purity and crystal structures of all samples were confirmed using 

powder XRD.  Patterns were collected using a D8 DISCOVER X-ray diffractometer equipped 

with an Oxford Cryosystems 700 Cryostream Plus Cooler.  A Cu-Kα (λ = 1.54056 Å) radiation 

source with a Bruker AXS HI-STAR area detector running under the General Area Detector 

Diffraction Systems (GADDS) were used.  Powder XRD patterns were simulated with the 

PowderCell software package.77   

 Theoretical Calculations.  First principles calculations of 35Cl EFG and nuclear 

magnetic shielding (NMS) tensor parameters were conducted on the Shared Hierarchical 

Academic Research Computing Network (SHARCNET).78  Euler angles were calculated using 

the EFGShield software program.79  All calculations were performed on coordinates derived 

from reported crystal structures80-92 using the CASTEP66-69 code in the Materials Studio 5.0 

software suite which utilizes the gauge-including projector augmented wave algorithm 

(GIPAW)66 for NMR calculations.  Calculations utilized the generalized gradient approximation 

(GGA), revised Perdew, Burke and Ernzerhof (rPBE) functional with on-the-fly 

pseudopotentials, a k-point spacing of 0.08 Å, and a plane wave basis set cut-off energy of 500 

eV.93  Due to the general unreliability of hydrogen atom positions determined from X-ray 

diffraction, all such positions were geometry optimized within the CASTEP software package 

prior to calculation of the NMR parameters.66-69  Full geometry optimizations, in which all atom 

positions in the unit cell were allowed to vary, were also completed for each structure, with the 

exception of Dibu.  Calculations of NMR tensor data for the Dibu structure were not completed 

due to its large unit cell size and associated computational limitations.  During each geometry 

optimization only the atomic positions were allowed to vary, the lattice parameters were fixed at 

all times. 
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Results and Discussion 

 First, a general overview of the plane-wave DFT calculations of 35Cl NMR tensor 

parameters is given.  Second, 35Cl SSNMR spectra of HCl pharmaceuticals are presented, along 

with detailed discussion of the EFG and CS tensor parameters obtained from analytical 

simulations of the 35Cl SSNMR spectra, and theoretically obtained 35Cl EFG tensor orientations.  

In this section, the compounds are organized by the number of short H···Cl contacts, which we 

arbitrarily define as contacts having an H···Cl distance of less than 2.6 Å.  This assignment is 

based on “back-of-the-envelope” EFG point charge calculations that suggest that the 35Cl EFG 

tensor properties (i.e., parameters and tensor orientation) can be significantly affected by 

hydrogen atoms located ca. 2.6 Å or less from the 35Cl nuclei.  This upper cutoff of 2.6 Å is 

consistent with a range of H···Cl hydrogen bonds encountered in organic systems containing 

chlorine anions, as described by Desiraju and Steiner.94  Finally, the application of 35Cl SSNMR 

for the differentiation of pharmaceutical polymorphs for two different APIs is discussed.  

 All experimental and calculated 35Cl EFG and CS tensor parameters, including the Euler 

angles that describe the relative orientations of these tensors, are listed in Tables 1 and 2.  All 

HCl APIs are listed in Tables 3, 4 and 5 with their corresponding NMR parameters, CQ, ηQ and 

δiso, and the type(s) and length(s) of each hydrogen-bond contact.  We note that experimentally 

determined hydrogen positions are either approximated or unknown for all of these systems: 

hydrogen atom positions derived from XRD data are unreliable and there are no neutron 

structures available for these APIs.  Hence, hydrogen positions approximated from refined 

crystal structures were geometry optimized utilizing CASTEP, and resulting structures were 

utilized for subsequent calculations of NMR tensor parameters.  Accurate determinations of the 

EFG and CS tensor parameters were achieved by acquisition and simulation of static 35Cl powder 
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patterns at both 21.1 T and 9.4 T.  Data from previous 35Cl SSNMR studies of similar HCl 

compounds are also included for comparison.  

 Plane-Wave DFT Calculations.  Previous computational work on model clusters of HCl 

APIs demonstrated that restricted Hartree-Fock (RHF) molecular orbital (MO) calculations of 

35Cl EFG tensors are in relatively good agreement with corresponding experimental NMR data.59  

Conventional MO calculations, unlike their GIPAW/plane-wave counterparts, do not take into 

account the three-dimensional periodicity inherent in the crystal lattice of a solid.  In order to 

emulate an extended array of atoms, a cluster approximation is used where the central Cl atom is 

chosen, a large cluster is constructed, and large functional “terminating” groups that are distant 

from the central Cl atom are replaced with hydrogen atoms or methyl groups.  The accuracy of 

the calculation is dependent on the size of the cluster, and how well this cluster acts as an 

approximation of the extended periodic structure.  The latter point is a very subjective one to 

judge, due to the large number of variables involved in such calculations that influence their 

agreement with experimentally obtained data (i.e., accurate hydrogen atom positions, long-range 

electrostatic interactions, appropriate positioning and identity of terminating groups, buildup of 

excess positive/negative charges, etc.).  Furthermore, calculations on large clusters can be very 

computationally demanding, even with the use of locally dense basis sets.  Hence, for this work, 

we opted to focus on plane-wave DFT computational methods, which exploit the periodicity of 

solids, and enable effects like long-range electrostatic interactions to be better taken into account.  

 In this study, plane-wave calculations of NMR interaction tensors were performed on 

model systems for all of the APIs, with the exception of Dibu (see the Experimental section for 

details).  In all cases, initial molecular coordinates of the heavy (non-hydrogen) atoms were 

obtained from single-crystal X-ray structures.80, 82-86, 88, 90-92  As mentioned in the experimental 
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section of this paper, we have conducted extensive calculations of 35Cl EFG tensors on two types 

of model systems (in most cases) for purposes of comparison: (i) optimization of hydrogen 

positions: fixed XRD coordinates were used for the heavy atoms and the hydrogen positions 

were geometry optimized and (ii) full geometry optimization: starting from the known X-ray 

structure, all atom positions in the unit cell were geometry optimized.  A test set of calculations 

reveal that the values of CQ for the hydrogen-optimized models are generally in good agreement 

with experiment, but better agreement is observed for the fully optimized models (Figure S1); 

hence, we restrict the remainder of our discussion to the latter. 

 The 35Cl EFG tensor parameters associated with the fully geometry optimized model 

structures are included for comparison with experimental data in Tables 1 and 2.  The agreement 

between experimental and theoretical absolute values of CQ is good, with an R2 value of 0.9118 

(Figure 1a).  However, the calculated values of CQ are consistently larger than their 

corresponding experimental values, which is not unusual for such comparisons (this is reflected 

in the calculated slope in Figure 1a, which is less than 1.0).  Interestingly, Bryce et al. reported 

that MO calculations utilizing hybrid DFT methods consistently overestimated the magnitude of 

CQ, while those using RHF method resulted in underestimations.60  The experimental and 

theoretical values of ηQ for the same set of systems are in poorer agreement by comparison (R2 = 

0.630, Figure S1c); however, this improves somewhat if Amin, the clear outlier in terms of ηQ 

values, is excluded (R2 = 0.6995, Figure 1b).  It is possible that the generally better agreement 

between experimental and theoretical values of CQ, and poorer agreement for concomitant values 

of ηQ, stem from the fact that the former relies only upon the accurate calculation of a single 

component of the EFG tensor (V33), while the latter depends upon the accurate calculation of the 

relative values of all three components (V11, V22, V33). 

Page 12 of 64CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 
 
 

13

 There are two main factors that may play important roles in differentiating the 

experimentally measured and theoretically determined quadrupolar parameters.  First, it is very 

clear that accurate knowledge of proton positions is crucial for the accurate determination of the 

EFG tensor parameters.  If even one of the closely positioned hydrogen atoms is out of place, 

this can have a severe impact on the values of CQ and ηQ, as well as the EFG tensor orientations.  

Second, it is quite possible that motional dynamics may play a role in averaging (or 

reducing/augmenting) some/all of the components of the EFG tensors, as discussed by Dracinsky 

and Hodgkinson, who examined the averaging of anisotropic chemical shift parameters via a 

combination of MD and DFT calculations.95  In the cases of HCl salts of APIs and amino acids, 

such averaging effects are unlikely to arise from the motion of the chlorine anions themselves, 

but rather, from the motions of the local hydrogen atoms and their associated moieties. 

 It is worth noting that calculations of 35Cl EFG tensors for multiple candidate structures, 

perhaps determined through simulated annealing methods, genetic algorithm methods, and the 

like,96 would likely reveal improved matches between experimental and theoretical data, making 

this data useful for ab initio crystal structure determination.  As mentioned above, it is the 

positions of the closest bound hydrogen atoms that are the most crucial determinants of the 

nature of the 35Cl EFG tensors.  For example, Emsley, Day and co-workers have utilized 

experimentally measured 1H chemical shifts, crystal prediction methods and DFT chemical shift 

calculations to predict crystal structures of several small APIs;51 we anticipate that it will be 

possible to utilize EFG tensors in a similar fashion.  

 Unfortunately, the theoretical chlorine nuclear magnetic shielding (NMS) tensor 

parameters exhibit poor correlation with experimentally determined CS tensors, (see Figure S2), 

suggesting that plane-wave methods are inadequate for these systems.  We have recently shown54 
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that whereas some useful correlations are found between the 35Cl EFG tensor parameters and the 

local chlorine anion structural environments, no similar trends have been found for the chlorine 

CS or NMS tensor parameters.  Nonetheless, the unique sets of CS tensor parameters are very 

useful for spectral fingerprinting of the APIs.  Therefore, for the remainder of this work, 

discussion of the results of these calculations focuses mainly upon the theoretically derived 35Cl 

EFG parameters and tensor orientations. 

 Systems with one short H···Cl contact: Adiphenine HCl (Adip), Buflomedil HCl 

(Bufl), Dicyclomine HCl (Dicy) and Trigonelline HCl (Trig).  The crystal structures of Adip, 

Bufl, Dicy and Trig have a single chlorine site in their respective asymmetric units, each of 

which is involved in one H···Cl contact of less than 2.6 Å (in fact, all single contacts are less than 

2.03 Å, Table 3).  The 35Cl SSNMR spectra (Figure 2) are indicative of single chlorine sites, 

consistent with the crystal structures.  Analytical simulations of the spectra, acquired at both 9.4 

and 21.1 T, reveal 35Cl EFG and CS tensor parameters that are similar to those of tetracaine HCl 

(Tetr) which also has a single Cl− site (Table 3).54  The only exception is the ηQ value for Dicy: 

for systems with one short H···Cl contact, ηQ is typically close to zero (Table 3); however, in the 

case of Dicy, ηQ has an intermediate value of 0.45, indicating a non-axially symmetric 35Cl EFG 

tensor.  Of these four systems, Dicy is the only system where V11 and V22 are oriented in 

directions close to the directions of H···Cl contacts of ca. 2.6 Å, which may account for the 

intermediate ηQ (in all other cases, V11 and V22 are not positioned near any short contacts).  

 We previously showed that for a small set of four one-contact HCl APIs, the absolute 

magnitude of CQ increases with decreasing H···Cl contact distance (Table 3).54  With the 

addition of more samples to this dataset, it is apparent that there is not a clear relationship 

between CQ and H···Cl distance (Figure S3).  The magnitudes of CQ for Dicy and Bufl are equal, 
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within experimental error, owing to the fact that they each have one H···Cl close contact from the 

same type of moiety (R3NH+) and very similar H···Cl contact distances (as best as we can tell 

from the X-ray structures, Table 3).  It must be noted that one-contact systems typically have the 

largest absolute magnitudes of CQ, as in the cases of trigonelline HCl (CQ = 7.50 MHz) and 

aspartic acid HCl (CQ = 7.1 MHz),97 both of which have a single short H···Cl contact involving a 

carboxylic acid moiety.   

 The theoretical 35Cl EFG tensor orientations for one-contact HCl API's reveal that in each 

case, V33, the largest component of the EFG tensor, is directed along, or near, the shortest H···Cl 

close contact, as shown in Figure 3.  The sign of CQ is predicted to be negative for each of these 

systems (N.B., (i) in each case, the sign of V33 is predicted to be positive, and CQ = V33eQ/h is 

negative, since Q is negative; and (ii) the sign of CQ cannot be determined from NMR spectra of 

central transition patterns).  Finally, the Euler angle β is predicted to be close to zero for all of 

these systems, indicating that the largest component of the EFG tensor, V33, is almost coincident 

with the largest (most shielded) component of the NMS tensor, σ33, in each case. 

 Systems with two short H···Cl contacts: Ranitidine HCl (Rani), Dibucaine HCl 

(Dibu site 1), Scopolamine HCl (Scop), Mexiletine HCl site 1 (Mexi site 1) and Bromhexine 

HCl (Brom).  The crystal structures of both Rani and Scop have single chlorine sites, each 

involved in two close H···Cl contacts (Table 3).  The crystal structures of Mexi and Dibu have 

two chlorine sites; for now, we discuss the two chlorine sites with two short contacts: Mexi site 1 

and Dibu site 1. Mexi site 2 has four contacts and is discussed later.  Dibu site 2, which is 

coordinated by a water molecule (i.e., a hydrate), is not discussed in the current work; hydrates 

and solvates will be the subject of a future study.   
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 The 35Cl SSNMR spectra of the first four compounds are shown in Figure 4.  The values 

of CQ for Rani, Dibu site 1 and Scop are generally smaller than those of the one-contact systems, 

and the values of ηQ are near unity (Table 1).  Interestingly, the CQ associated with Scop is much 

lower than the other systems involving two hydrogen contacts, and its δiso (0 ppm) is the lowest 

chemical shift of all of the HCl APIs studied to date; it is unique in this set in not having a single 

H···Cl near or less than ca. 2.0 Å.  The CQ value for site 1 is larger than that of Rani and Scop, 

and the value of ηQ is further from unity.  The higher value of CQ for Mexi site 1 likely results 

from the presence of an extremely short (< 2.0 Å) H···Cl contact absent in Rani, Scop, and 

perhaps for Dibu site 1 (we cannot comment definitively for Dibu, since plane-wave DFT 

geometry optimizations and associated EFG tensor calculations failed for this system).    

 In general, for the two-contact APIs discussed so far, the theoretical 35Cl EFG tensors are 

oriented such that V33 is approximately perpendicular to the plane of the two closest H···Cl 

contacts (see Figure 5 for the case of Scop and Rani; Mexi site 1, which has a intermediate value 

of ηQ, has a similar tensor orientation, and is discussed in the polymorphs section below).  

Interestingly, the signs of CQ are predicted to be positive for all of these systems (i.e., V33 values 

are negative).  In comparing the one- and two-contact systems, we make the preliminary 

observation that if V33 is aligned along or near the direction of the shortest contact, the sign of CQ 

is negative (V33 positive), and if V33 is aligned approximately perpendicular to this direction, the 

sign of CQ is positive (V33 negative).  In other words, the EFGs are positive in the direction of the 

bonds, and negative in the directions perpendicular to the bonds. 

 Brom represents an interesting case that combines features of one- and two-contact 

systems.  For Brom, the absolute value of CQ is larger than expected for systems with two short 

H···Cl contacts.  Additionally, the ηQ is close to zero, indicating an EFG tensor with almost axial 
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symmetry, further distinguishing itself from other two-contact systems (Table 3, Figure 6).  

These data suggest that the 35Cl EFG tensor orientation is distinct in comparison to the other so-

called two-contact systems, and should likely be similar to that of the one-contact systems.  

Indeed, 35Cl EFG tensor calculations on Brom indicate that V33 is oriented near to the direction of 

the closest hydrogen contact (∠(V33-Cl-H) = 16.14°), and V22 is approximately perpendicular to 

the plane formed by the two close contacts (Figure 7).  The sign of CQ is negative, which is 

consistent with the orientation of V33 near the direction of the shortest H···Cl contact; in fact, 

under our classification system based on arbitrary shortest contact distances, Brom would be 

better assigned to the group of the one-contact systems based on the similarity of their respective 

EFG tensor parameters.  In this case, the positive V33 component simply has a larger absolute 

magnitude than the negative V22.  Hence, for all of the one- and two-contact systems, regardless 

of our arbitrary classifications based on numbers of contacts < 2.6 Å, values of V33 are positive 

along the directions of the shortest contacts and negative in perpendicular directions, with the 

relative absolute magnitudes and orientations of V22
 and V33 determined by contact distances of 

the nearest hydrogen atoms.  In the case of Brom, the orientation of V33 and increase in the 

absolute magnitude of CQ result from the presence of a single, very short contact (i.e., typically 

ca. 2.0 Å or less).  This is consistent with our previous observations within a series of four HCl 

APIs.54 

 Systems with three short H···Cl contacts: Alprenolol HCl (Alpr), Isoprenaline HCl 

(Isop), Acebutolol HCl (Aceb), Amantadine HCl (Aman) and Procainamide HCl (Proc).  

The chloride anions in Alpr, Isop, Aceb, Aman and Proc are involved in three short hydrogen 

contacts (Table 4).  We focus our discussion on the first four systems for now.  The 35Cl 

SSNMR spectra reveal central transition powder patterns corresponding to single chlorine sites 
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in each case (Figure 8).  The chlorine anions in Alpr, Isop and Aceb are involved in three 

hydrogen contacts involving both NH and OH groups (Table 4), and all have similar values of 

CQ and moderate to high values of ηQ.  Notably, both Alpr and Isop have a single H···Cl contact 

distance of ca. 2.05 Å and another of ca. 2.10 to 2.15 Å, perhaps account for their CQ values 

which are slightly larger than that of Aceb.  In addition, their shortest H···Cl contacts involve 

different functional groups.  Aman has a markedly lower value of CQ by comparison; however, 

in Aman, the H···Cl contacts involve RNH3
+ moieties exclusively.  The CQ for Aman is 

comparable to that of Lcme (2.37 MHz), which also only has three short hydrogen contacts 

involving nitrogen-containing groups.58  Therefore, it appears that the absolute value of CQ is 

generally smaller if there are no short hydrogen contacts involving oxygen-containing moieties 

(similar trends are observed for two-contact systems).  

 In general, for these three-contact APIs, the theoretical 35Cl EFG tensors are oriented 

such that V33 is not directed along or near the directions of the shortest contacts.  In all cases, the 

signs of CQ are predicted to be positive (i.e., V33 values are negative), consistent with 

observations made for the one- and two-contact systems above.  The V11 and V22 components are 

sometimes oriented near short contacts, and sometimes between the directions of these contacts, 

never adopting orientations that could be said to be universal for all of these systems (see Figure 

9).  In the absence of one short contact, there are many longer-range EFGs that become 

noteworthy and influence the 35Cl EFG tensors. 

 Simulations of the 35Cl SSNMR spectra of Proc reveal a value of CQ equal to 4.25 MHz 

(Figure 10, Table 2).  The three short H···Cl contacts involve only nitrogen-containing moieties, 

as in the cases of Lcme and Aman; however, the absolute value of CQ of the former is much 

larger than those of the latter.  The closest H···Cl contact in Proc is shorter than those of Lcme 
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and Aman, which may account for the larger absolute value of CQ and undoubtedly influences 

the EFG tensor orientation.  The calculated 35Cl EFG tensor orientation for Proc features V33 

directed toward the shortest NH···Cl contact (∠(V33-Cl-H ) = 14.83°), V11 oriented towards the 

longest contact, and V22 nearly perpendicular to the approximate plane formed by the three H···Cl 

contacts (Figure 11).  The sign of CQ is predicted to be negative (i.e., V33 is positive), consistent 

with the presence of very short contacts (ca. 2.0 Å or less).  As in the case of Brom, it seems that 

Proc is better classified as having a single short contact that dominates the nature and orientation 

of the 35Cl EFG tensor.   

 Again, as in the case of the previously described systems, principal components of the 

EFG tensor that are large and positive are directed near the directions of short contacts, and those 

that are negative are directed perpendicular to the directions of these contacts.  Hence, the EFG 

tensors are not dramatically varying in orientation from system to system; rather, the relative 

magnitudes of the largest positive and negative principal components are alternating as V33 and 

V22, depending upon the relative distances of the shortest contacts.  This data for all of the three-

contact systems that have been studied with 35Cl SSNMR implicates the contact distance (in 

particular, the presence of one very short contact) as one of the most important factors 

influencing the EFG tensor parameters and orientation, along with the nature of the surrounding 

moieties.    

 Systems with four or more short H···Cl contacts: Isoxsuprine HCl (Isox), Mexiletine 

HCl site 2 (Mexi site 2), Dopamine HCl (Dopa) and Aminoguanidine HCl (Amin).  The 

structures of Isox and Mexi site 2 have four close H···Cl contacts, whereas Dopa and Amin have 

five and six H···Cl contacts, respectively (Table 5).  There is a unique powder pattern in each of 

the 35Cl SSNMR spectra corresponding to the single chlorine sites of Isox, Dopa and Amin 
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(Figure 12).  The spectrum for Mexi, which features two unique patterns, is shown in Figure 4.  

For Isox, the CQ is relatively large (5.50 MHz), likely owing to the mixture of OH and NH 

hydrogen bonding moieties, as discussed previously.  Conversely, Mexi site 2 has a lower value 

of CQ, due to the H···Cl contacts involving only nitrogen-containing moieties.  The tensor 

orientations for Isox and Mexi are discussed in the polymorph section of this work (vide infra). 

 The quadrupolar parameters of Dopa are similar to those of three-contact systems like 

Alpr and Isop, and the four-contact Treo,97 all of which have multiple OH and NH contacts.  In 

addition, the shortest H···Cl contact for all of these systems is near 2.00 Å, presumably 

accounting for the large absolute magnitudes of CQ in each case.  The largest component of the 

EFG tensor, V33, is directed toward the shortest H···Cl contact ((∠(V33-Cl-HO) = 15.67°), similar 

to many of the HCl APIs with one very short H···Cl contact and larger magnitudes of CQ.54  V22 

is directed toward a different short hydrogen contact, and V11 bisects the angle formed by two of 

the five short hydrogen contacts, as shown in Figure 13(a).   

 Of all of the APIs studied via 35Cl SSNMR, Amin has the greatest number of short H···Cl 

contacts with distances of less than 2.6 Å, as well as the lowest measured value of CQ to date (the 

second smallest is that of Lcme, CQ = 2.37 MHz, which has three RNH3
+···Cl contacts).58  The 

short H···Cl contacts in Amin only involve nitrogen-containing moieties, and not surprisingly, 

the low magnitude of CQ is similar to those for other systems that have multiple H···Cl close 

contacts involving only NH containing moieties, such as Lcme,58 Aman and Mexi site 2.  There 

are six short H···Cl contacts in Amin; however, unlike Dopa, there is no short contact with a 

distance less than 2.2 Å.  Accordingly, calculations predict that V33 is not directed near a short 

H···Cl contact, but rather, points into areas where there are no nearby hydrogen atoms (Figure 
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13(b)), with V11 and V22 approximately bisecting two H···Cl close contacts.  In addition, V33 is 

negative, meaning that the value of CQ is positive, as expected.  

 A summary of correlations of chlorine environments and 
35

Cl EFG tensor 

parameters.  Considering the systems discussed above, there are several trends in the 35Cl EFG 

tensor parameters that can be correlated to the structure of the local chlorine environment. 

 1. For chlorine anions with a single H···Cl contact less than 2.6 Å or multiple H···Cl 

contacts where one of the contacts is very short (ca. 2.0 Å or less), V33 is directed along or near 

the direction of the shortest contact.  Also, the “horns” of the central transition pattern are 

normally well separated, which is indicative of values of ηQ close to zero, which signifies that the 

35Cl EFG tensors have near-axial symmetry (cluster and plane wave calculations are in 

agreement with this conclusion).  The only exception to this is Dicy, which has V11 and V22 

oriented near the directions of H···Cl contacts slightly longer than 2.6 Å.  In addition, the 

calculated value of CQ is invariably negative (i.e., positive V33), and the Euler angle β is close to 

zero.  There does not seem to be a simple correlation between the H···Cl distance and the 

absolute magnitude of CQ, indicating that charges on the individual atoms involved in these 

contacts, and perhaps additional longer range interactions, must also make significant 

contributions to the 35Cl EFGs (Figure S3). 

 2. In systems where the chlorine anion has two close hydrogen contacts less than 2.6 Å, 

the value of CQ is generally lower than those observed for one-contact systems, and ηQ is 

typically high, approaching unity.  The value of CQ appears to be highly dependent on the 

geometric arrangement of the hydrogen donor moieties.  In particular, the absolute magnitude of 

CQ is found to be the largest in systems where one or both of the two contacts is/are very short 

(ca. 2.00 Å).  The EFG tensor orientation is relatively consistent among all of these systems, with 
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one of V22 or V33 oriented near the shortest contact, and the other approximately perpendicular to 

the H-Cl-H plane.  In cases where there is a single very short contact distance (ca. 2.0 Å or less), 

V33 is oriented near or along the direction of the shortest contact, akin to the one-contact systems. 

 3. For three H···Cl contact systems, the lowest magnitudes of CQ are found in systems 

with H···Cl contacts involving only nitrogen-containing moieties.  Higher magnitudes of CQ 

occur in systems with mixed OH and NH moieties and/or at least one short H···Cl distance less 

than 2.0 Å.  This latter characteristic is shared in common with the two-contact systems.  There 

is no “typical” orientation to be found, as for the one- and two-contact systems, since in the 

absence of a single short contact, the 35Cl EFG tensor is influenced by a variety of EFGs with 

their origins in multiple directions. 

 4. For systems with four or more contacts, similar relationships as those described for 

three-contact systems are observed. 

 5. The sign of CQ, which cannot be determined from direct observation of SSNMR 

spectra of quadrupolar nuclei, but can be obtained via theoretical calculations from EFG tensor 

parameters, is clearly related to two distinct possibilities for 35Cl EFG tensor orientations.  

Regardless of the number of short H···Cl contacts (i.e., less than 2.6 Å), if there is a single 

distinct short contact distance of ca. 2.0 Å or less, the principal component that is oriented 

along/near the direction of this contact is positive.  For example, in Proc, Brom and Dopa, V33 is 

oriented near the direction of the shortest contact, and for all of these systems, the CQ is predicted 

to be negative (i.e., V33 is positive and V22 is negative, with the latter not oriented near a short 

contact).  However, in Alpr, Isop and Scop, V33 is directed perpendicular to the direction of the 

shortest contact, and the CQ is predicted to be positive (i.e., V33 is negative, meaning the V22, 

which is positive, is nearest to the shortest contact).  CQ is unvaryingly predicted to be positive 
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for systems with no short contacts and/or exclusively having NH moieties involved in close 

contacts less than 2.6 Å. 

 6. Finally, for all of the APIs, there are no obvious trends that correlate the CS tensor 

parameters to the local structures of the chlorine anion environments.  However, we strongly 

emphasize that accurate determination of the CS tensor parameters is crucial for the 

differentiation and fingerprinting of different HCl species, and proves to be extremely important 

for polymorph recognition (vide infra). 

 Application to polymorphism in HCl pharmaceuticals.
  In this section, we examine 

the application of 35Cl SSNMR for the identification, differentiation and fingerprinting of 

structural polymorphs.  We examine two sets of systems from the series of APIs discussed 

above, Isox and Mexi.  The complete listing of experimental and theoretical 35Cl SSNMR 

parameters is given in Table 6.  It is noted that crystal structures are available for most of these 

systems and their polymorphs.  Hence, newly discovered polymorphs are not being identified 

herein; rather, we are trying to determine what information is available from the 35Cl SSNMR 

spectra and the concomitant DFT calculations, and how this information can be used either 

independently or in concert with data from other characterization methods, including 13C 

SSNMR spectroscopy and X-ray diffraction experiments. 

 Isoxsuprine HCl (Isox). The crystal structure of Isox has one chlorine atom in the 

asymmetric unit that is involved in four short hydrogen contacts (two Cl···HO and two Cl···HN, 

Table 7).  The 35Cl SSNMR spectra of Isox are shown in Figure 14(a).  The CQ is relatively 

large (5.50 MHz) for a system with four H···Cl close contacts, likely owing to the mixture of OH 

and NH hydrogen bond donors, as discussed previously.  IsoxI is a polymorph of Isox which is 

generated by recrystallization from methanol (see Supporting Information for experimental 
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details).86  IsoxI has two distinct chlorine sites, both involved in four short H···Cl contacts from 

NH- and OH-type moieties (Table 7).  The static 35Cl SSNMR spectrum (9.4 T) of IsoxI clearly 

reveals two overlapping chlorine powder patterns (Figure 14(b)).  Site 1 has a broader central 

transition pattern, a larger CQ, a slightly higher ηQ, and a smaller span in comparison to site 2.  

Site 2 and the lone Cl− site in Isox, which have similar four-contact environments, also share 

very similar quadrupolar parameters.  This could lead one to surmise that the IsoxI sample is 

simply a mixture of two different crystalline samples (i.e., in the absence of single crystal XRD 

data).  However, there are two pieces of evidence that prove that this is not the case: (i) the CS 

tensor parameters are very different, with the former having much larger span and distinctly 

lower isotropic chemical shift, and (ii) the pXRD patterns for each sample are completely 

distinct (Figure S4).  This highlights, especially in light of the CS tensor data, how 35Cl SSNMR 

can be utilized to differentiate and fingerprint polymorphs, either as a standalone or 

complementary technique.   

 The calculated 35Cl EFG and NMS tensor parameters, obtained after full geometry 

optimization of the structures, are given in Table 6 for Isox and IsoxI sites 1 and 2.  In Isox, V33 

is oriented such that it is approximately perpendicular to the pseudo-plane formed by the four 

close H···Cl contacts, whereas V11 and V22 are directed near two of the four close hydrogen 

contacts ((∠(V11-Cl-H) = 6.66°, ∠(V22-Cl-H) = 15.80°)), as depicted in Figure 15(a).  For IsoxI 

site 1, V33 is approximately perpendicular to the plane formed by the four close hydrogen 

contacts, and V22 and V11 approximately bisect two of the four short hydrogen contacts, as shown 

in Figure 15(b).  IsoxI site 2 has a similar EFG tensor orientation to that of Isox (Figure 15(c)).    

The 1H → 13C VACP/MAS NMR spectra of Isox and IsoxI (Figure S5) display clear differences 

in the aromatic region of the spectrum, allowing for the accurate fingerprinting of these 
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polymorphs, provided that identical experimental conditions are met (i.e., contact times, recycle 

delays, etc.).32, 98-100  Although the pXRD patterns (Figure S4) and the 1H → 13C VACP SSNMR 

spectra (Figure S5) are distinct for those of Isox and IsoxI, they offer little information (the latter 

in particular) regarding the differences in molecular-level structure between the polymorphs.  In 

particular, it is not trivial to determine the number of crystallographically distinct chlorine sites 

from these data sets, together or independently; knowledge of this number can of course aid in 

the assignment/determination of the space group, and perhaps even in the eventual structural 

determination via Rietveld methods. 

 Mexiletine HCl.  Of the six known polymorphs of Mexi, there is currently only one 

known crystal structure.101  Comparison of the simulated pXRD pattern for this crystal structure 

to the pattern measured in our laboratory reveals that the crystal structure corresponds to that 

reported by Sivy et al. (Figure S6).91  The crystal structure of Mexi has two chlorine sites: site 1 

has two NH···Cl contacts, while site 2 has four NH···Cl contacts (Table 7).  35Cl SSNMR spectra 

of Mexi (Figure 16(a)) reveal two distinct powder patterns corresponding to the 

crystallographically distinct chlorine sites.  The pattern with the larger CQ is readily assigned to 

site 1, since the NH···Cl contacts are very short in comparison to those of site 2 (this assignment 

is borne out by calculations, vide infra).  Site 1 also has a lower isotropic chemical shift and 

distinct skew in comparison to site 2. 

 We have generated two polymorphs of Mexiletine HCl: MexiI and MexiII (see 

Supporting Information for experimental details).  There are currently no known crystal 

structures for these two polymorphs; however, pXRD patterns of these samples are distinct from 

each other and that of Mexi (Figure S6). 
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 The 35Cl SSNMR spectra of MexiI are shown in Figure 16(b) (see Figure S7 for 

expanded views), and are strikingly different from those of Mexi (notably, in their breadths).  

The 35Cl MAS NMR spectrum at 21.1 T (Figure 16(b)) does not display any spinning sidebands, 

due to a combination of a small CQ and a small Ω.  Further inspection of the spectrum reveals an 

increased intensity in the low frequency horn and a decreased intensity in the high frequency 

horn, as well as a characteristic ‘tail’ occurring to low frequency, which may indicate some 

degree of long-range disorder.  The low value of CQ (1.99 MHz) for MexiI gives rise to a number 

of insights: (i) there is no short contact distance of ca. 2.0 Å or less; (ii) there are likely not any 

oxygen-containing moieties involved in hydrogen bonding, since low values of CQ measured in 

such systems are associated with three or more short contacts involving only NH···Cl interactions 

(e.g., Aman, Lcme and Amin).   

 The 35Cl static powder pattern of MexiI at 21.1 T (Figure 16(b)) is relatively featureless, 

and clearly does not display any of the usual features associated with a central transition powder 

pattern of a half-integer spin quadrupolar nucleus.  However, the same pattern at 9.4 T is 

dominated by the second-order quadrupolar interaction, displaying clearly recognizable features.  

The magnitudes of CQ and Ω are small and comparable (when assessed in Hz), with the 

quadrupolar interaction dominating the low field spectrum, and the chlorine CSA dominating the 

high field spectrum (since the breadth of the central transition pattern scales as the reciprocal of 

the field strength for the former, and is proportional to the field strength for the latter).  We note 

that one can observe some of the effects of CSA in the 9.4 T spectrum, manifested as a splitting 

of one of the discontinuities (Figure S7). 

 The broad and featureless 35Cl SSNMR pattern of MexiII (9.4 T) is even more surprising, 

bearing no resemblance to a conventional second-order quadrupolar powder pattern (Figure 17).  
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Hence, accurate determination of its 35Cl NMR parameters via analytical simulation is not 

possible.  The pattern appears to be indicative of a chlorine site of high spherical symmetry and 

negligible quadrupolar interaction; there may also be some degree of local disorder at this site.  

The pXRD pattern of MexiII (Figure S6(c)) has very sharp peaks indicative of long-range 

ordering (crystallinity), indicating that the sample cannot be completely amorphous; however, 

this data does not reveal if the chlorine anion is possibly contained within a separate amorphous 

phase.  Given this possibility, it is probably prudent to simply classify MexiII as a separate solid 

form of Mexi.  Further structural characterization of this polymorph, and the potential 

investigation of chlorine anion dynamics, was subverted by the thermodynamic instability of the 

polymorph (it reverted back to Mexi after only 6 hours).  In particular, 35Cl SSNMR spectra 

could not be acquired offsite at 21.1 T at the National High Magnetic Field Laboratory in 

Tallahassee, FL.  We intend to commit future time and experiments to preparing the samples on 

site so that experiments can be conducted within the appropriate time frame – a full multi-field, 

VT study is beyond the scope of the current manuscript.  

 The calculated chlorine EFG and NMS tensor parameters, obtained after full geometry 

optimization of the structure, are given in Table 6 for Mexi.  For site 1, V33 is approximately 

perpendicular to the plane formed by the two close hydrogen contacts and V22 is directed near a 

short H···Cl contact (V11 is not), perhaps accounting for the moderate value of ηQ (Figure 18(a)).  

For Mexi site 2, V11 approximately bisects two of the four H···Cl contacts and V22 is directed 

towards one of the close H contacts (Figure 18(b)).   As there are currently no crystal structures 

available for MexiI and MexiII, it is not possible at this time to calculate their EFG and NMS 

tensor parameters.  Techniques capable of predicting new phases and structures have been 

developed, which may show promise in predicting unknown crystal structures for HCl 
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pharmaceutical polymorphs; for example, the ab initio Random Structure Searching (AIRSS) 

algorithm may prove very useful in the future,51, 102-104 along with numerous other methods 

designed for predicting solid-state structures from first principles.96, 105, 106
 

 As for Isox, the pXRD patterns and 35Cl SSNMR spectra clearly differentiate the 

polymorphic forms of Mexi.  The 13C SSNMR spectra are very similar (Figure S8), perhaps 

providing just enough information to fingerprint the individual polymorphs.  However, limited 

insight into specific structural differences is available from these spectra.  The 35Cl EFG tensor 

parameters provide insight into both the number and nature of the Cl− environments, as well as 

local hydrogen bonding interactions.  This data, in conjunction with the information obtained 

using other methods, should prove useful in refinement of crystal structures, as well as rapid and 

precise fingerprinting and differentiation of polymorphs. 
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Conclusions 

 HCl APIs have been studied via 35Cl SSNMR spectroscopy at 9.4 T and 21.1 T.  Some 

general relationships between the quadrupolar parameters and the nature of H···Cl bonding have 

been established.  In the case of systems with one contact with an H···Cl distance less than 2.6 Å, 

the nature of the 35Cl EFG tensor is largely dependent on this contact.  The absolute magnitude 

of CQ is highly dependent upon the distance of the shortest contact, and values of ηQ are 

generally found to be close to zero (i.e., 35Cl EFG tensors have near-axial symmetry).  This 

implies that V33 must be directed along or near the direction of the shortest H···Cl contact.  For 

systems with two contacts, the absolute magnitude of CQ is generally lower than those of the 

one-contact systems, and the values of ηQ are closer to unity, indicating that the 35Cl EFG tensor 

is not axially symmetric, and V33 is not oriented near the shortest contacts.  For systems with 

three or more contacts, the values of ηQ range from moderate to near unity.  In addition, the 

absolute magnitude of CQ is larger for systems with a mix of NH and OH hydrogen bonding 

moieties, and smaller for systems having only nitrogen-containing hydrogen bonding moieties.  

Finally, regardless of the number of short contacts, if there is a single short H···Cl contact of ca. 

2.0 Å or less, the absolute magnitude of CQ is large and the value of ηQ is closer to zero, meaning 

that such short contacts almost completely determine the nature of the 35Cl EFG tensors. 

Values of CQ garnered from plane-wave DFT calculations are generally in good agreement with 

experimentally determined parameters; the best agreement is found for model systems in which 

all of the atoms (heavy atoms as well as hydrogen atoms) have been geometry optimized.  

However, poorer correlation is consistently observed between calculated and experimental 

values of ηQ, as well as the 35Cl NMS tensor parameters.  This may be due to a number of 

factors, including incorrectly optimized hydrogen positions (which have enormous impact on the 
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35Cl EFG tensor parameters, in particular), and perhaps limitations in the chlorine atom 

pseudopotentials. 

 Calculations also reveal that the 35Cl EFG tensor orientations and the signs of CQ are 

highly dependent on the number and nature of the short contacts.  For systems with a single short 

H···Cl contact of less than 2.6 Å, or multiple contact systems with a single short contact of ca. 

2.0 Å or less, V33 is always predicted to be oriented near or along the direction of the shortest 

contact, and to have a positive sign (meaning that CQ is negative).  For other multiple contact 

systems, V33 is normally predicted to be oriented perpendicular to planes of two or three atoms 

involved in the shortest H···Cl contacts, and to have a negative sign (CQ is positive).  Hence, 

positive and negative EFGs are consistently associated with EFG tensor orientations in which V33 

is oriented approximately along or perpendicular to the shortest H···Cl contact, respectively. 

 We have also demonstrated that 35Cl SSNMR is an excellent spectroscopic technique for 

the differentiation of HCl pharmaceutical polymorphs: multiple sites are easily identified, and 

each polymorph has a unique spectral “fingerprint” that is associated with eight unique 

parameters.  In order to obtain an accurate EFG and CS tensor parameters, it is strongly 

recommended that spectra be acquired at two distinct magnetic field strengths.  Very high fields 

like 18.8 or 21.1 T are not necessary for routine investigations, but very useful for the potential 

examination of low concentrations of APIs in dosage forms.  35Cl SSNMR spectra can be 

acquired rapidly with respect to standard 13C SSNMR spectra acquired under CP/MAS 

conditions, and provide unambiguous differentiation of samples.  Differentiation of HCl 

polymorphs that are non-crystalline or amorphous, or contained within samples with no longer-

range order, is feasible using 35Cl SSNMR, a clear advantage over pXRD methods.  In particular, 

investigation of dosage forms (i.e., pills, capsules, tablets) is particularly attractive, since both 
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pXRD patterns and 13C SSNMR spectra generally have interfering signals from the excipient 

matrices (e.g., cellulose and other binders). 

 We believe this work establishes 35Cl SSNMR as both a standalone and complementary 

technique for the identification, differentiation and fingerprinting of polymorphs of HCl 

pharmaceuticals.  This work also initiates the construction of a database of 35Cl SSNMR data for 

HCl pharmaceuticals, which may find use with new computational routines applied in the 

emerging field of NMR crystallography.  Currently, chemical shift data (e.g., 13C, 1H) are being 

applied for structural refinement; we see no reason that 35Cl NMR data cannot also play a major 

role in this field.  Finally, given the rapidity with which the NMR spectra can be acquired, we 

believe that the methods outlined may find general use in the pharmaceutical industry as a 

method of characterizing HCl APIs and screening their associated polymorphs.   
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Figure Captions 

 
Scheme 1. Schematic representations of (a) adiphenine HCl (Adip), (b) buflomedil HCl (Bufl), 
(c) dicyclomine HCl (Dicy), (d) trigonelline HCl (Trig), (e) ranitidine HCl (Rani), (f) dibucaine 
HCl (Dibu), (g) scopolamine HCl (Scop), (h) mexiletine HCl (Mexi), (i) bromhexine HCl 
(Brom), (j) alprenolol HCl (Alpr), (k) isoprenaline HCl (Isop), (l) acebutolol HCl (Aceb), (m) 
amantadine HCl (Aman), (n) procainamide HCl (Proc), (o) isoxsuprine HCl (Isox), (p) dopamine 
HCl (Dopa) and (q) aminoguanidine HCl (Amin). 
 
Figure 1. Correlations between experimental and calculated values of (a) CQ and (b) ηQ. All 
calculations were completed using CASTEP after geometry optimization of the all of the atomic 
positions. The solid line is the line of best fit for the plotted points and the dashed line represents 
perfect correlation. 
 
Figure 2. 35Cl SSNMR spectra of (a) Adip, (b) Bufl, (c) Dicy and (d) Trig. Experimental spectra 
are shown in black, and corresponding analytical simulations are shown in red. Spinning 
sidebands are denoted by asterisks (*). 
 
Figure 3. 35Cl EFG tensor orientation of (a) Adip, (b) Bufl, (c) Dicy and (d) Trig. The short (< 
2.6 Å) chlorine-hydrogen contacts are shown in red, and longer contacts are marked with dashed 
lines. Hydrogen atoms greater than 3.0 Å from the chlorine anion have been deleted for clarity.  
In each case, two components of the EFG tensor are oriented in the plane of the paper, with the 
remaining component perpendicular to the page.  This formalism is used for all pictures of the 
EFG tensors herein. 
 
Figure 4. 35Cl SSNMR spectra of (a) Rani, (b) Dibu, (c) Scop and (d) Mexi. Experimental 
spectra are shown in black, and corresponding analytical simulations are shown in red. Spinning 
sidebands are denoted by *. 
 
Figure 5. 35Cl EFG tensor orientation of (a) Scop and (b) Rani. V33 is oriented approximately 
perpendicular to the plane formed by the Cl atom and its two shortest H contacts (i.e., the 
H…C…H plane). 
 
Figure 6. 35Cl SSNMR spectra of Brom. Experimental spectra shown in black, corresponding 
analytical simulations are shown in red. Spinning sidebands are denoted by *. 
 
Figure 7. 35Cl EFG tensor orientation of Brom.  V33 is oriented near to the direction of the closest 
hydrogen contact (∠(V33-Cl-H) = 16.14°). 
 
Figure 8.  35Cl SSNMR spectra of (a) Alpr , (b) Isop, (c) Aceb and (d) Aman. Experimental 
spectra are shown in black, and corresponding analytical simulations are shown in red. Spinning 
sidebands are denoted by *. 
 
Figure 9.  35Cl EFG tensor orientation of (a) Alpr, (b) Isop, (c) Aceb and (d) Aman.  V11 and V22 
are oriented near the directions of the two shortest contacts.  Unlike the cases of the one- and 
two-contact systems, there does not seem to be a universally occurring tensor orientation (see 
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text for details on other systems). 
 
Figure 10.  35Cl SSNMR spectra of Proc.  Experimental spectra shown in black, corresponding 
analytical simulations are shown in red. Spinning sidebands are denoted by *. 
 
Figure 11.  35Cl EFG tensor orientation of Proc.  V33 (which is negative, as in the one contact 
systems) is directed toward the shortest NH···Cl contact ((∠(V33-Cl-H ) = 14.83°). 
 
Figure 12.  35Cl SSNMR spectra of (a) Isox, (b) Dopa and (c) Amin.  Experimental spectra are 
shown in black, and corresponding analytical simulations are shown in red. Spinning sidebands 
are denoted by *. 
 
Figure 13.  35Cl EFG tensor orientations of (a) Dopa and (b) Amin.  For Dopa, V33 is directed 
toward the shortest H···Cl contact ((∠(V33-Cl-HO) = 15.67°).  Dopa has a large magnitude of CQ, 
and V33 is calculated as positive (i.e., negative CQ), just like in the one-contact systems.  For 
Amin, V33 is not directed near a short H···Cl contact, but rather, points into areas where there are 
no nearby hydrogen atoms.  There are no short contacts less than 2.2 Å, there are no oxygen-
containing moieties making hydrogen bonding contact, and accordingly, V33 is calculated as 
negative (i.e., positive CQ). 
 
Figure 14.  35Cl SSNMR spectra of (a) Isox and (b) IsoxI. Experimental spectra shown in black, 
and corresponding analytical simulations are shown in red. Spinning sidebands are denoted by *. 
 
Figure 15. 35Cl EFG tensor orientations of (a) Isox, (b) IsoxI site 1, and (c) IsoxI site 2.  See text 
for a detailed discussion. 
 
Figure 16.  35Cl SSNMR spectra of (a) Mexi and (b) MexiI.  Experimental spectra are shown in 
black, and corresponding analytical simulations are shown in red. 
 
Figure 17. 35Cl static SSNMR spectrum of MexiII acquired at 9.4 T. 
 
Figure 18.  35Cl EFG tensor orientations of (a) Mexi site 1 and (b) Mexi site 2. 
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Table 1.  Experimental and theoretical 35Cl EFG and CS tensor parameters for HCl pharmaceuticals with one and two close H···Cl 
contacts. 
  CQ (MHz) a ηQ 

b δiso (ppm) c Ω (ppm) d κ e α (°) f β (°) f γ (°) f 
Adip Exp. 5.94(6) 0.18(3) 128(5) 155(20) 0.60(20) 10(10) 13(2) 35(15) 
 Calc. −7.34 0.14 103 160 0.84 170 13 336 
Bufl Exp. 5.67(13) 0.18(6) 75(10) 125(30) −0.60(20) 5(5) 8(4) 45(10) 
 Calc. −7.68 0.16 39 122 −0.15 177 13 137 
Dicy Exp. 5.80(5) 0.45(1) 52(4) 100(10) 0.00(20) 90(2) 10(1) 40(4) 
 Calc.  −7.62 0.40 98 140 −0.15 301 18 127 
Trig Exp. 7.50(12) 0.05(3) 70(10) 120(30) 0.80(20) 30(20) 12(5) 50(15) 
 Calc. −9.61 0.16 84 194 0.42 345 8 314 
Rani Exp. 4.70(10) 0.92(3) 75(5) 70(15) 0.30(30) 55(10) 95(10) 10(10) 
 Calc. 5.71 0.81 55 71 −0.17 90 94 90 
Mexi site 1 Exp. 5.45(10) 0.40(8) 90(5) 80(20) −0.80(20) 40(30) 100(20) 0(20) 
 Calc. 7.23 0.29 77 109 −0.81 26 78 10 
Dibu Site 1 Exp. 4.65(20) 0.86(7) 105(15) 100(20) −0.26(60) 70(15) 80(50) 90(10) 
 Calc. g ---- ---- ---- ---- ---- ---- ---- ---- 
Scop Exp. 3.82(3) 0.99(1) 0(4) 50(4) −1.00(30) 90(9) 0(10) 0(6) 
 Calc. 5.90 0.93 28 81 −0.30 215 65 159 
Brom Exp. 5.80(3) 0.04(1) 85(5) 90(10) 0.00(10) 0(20) 0(2) 0(23) 
 Calc. −7.63 0.26 116 126 0.14 136 11 296 
The electric field gradient (EFG) tensor is described by three principal components such that |V33| ≥ |V22| ≥ |V11|.  

a 
CQ = eQV33/h.  The sign of CQ cannot be 

determined from direct observation of the NMR spectrum of a quadrupolar nucleus, but is provided by theoretical methods; b ηQ = (V11 – V22)/V33.  The chemical 
shift (CS) tensor is described by three principal components such that δ11 ≥ δ22 ≥ δ33. 

 δjj =  ≈ σiso,ref − σjj, where jj = 11, 22, 33.  σiso,ref corresponds to the reference 
nuclear shielding, 971.22 ppm for 35Cl, determined from calculations on NaCl.  c δiso = (δ11 + δ22 + δ33)/3;  d Ω = δ11 – δ33;  
e κ = 3(δ22 – δiso)/Ω.  f The Euler angles, α, β and γ, define the relative orientation of the CS and EFG tensors.  The “ZYZ” convention for rotation is used herein, 
as described by Dye et al.,57 and as implemented in the WSolids75 and EFGShield79 software packages.  Only EFG tensor parameters were calculated; CS tensor 
parameters were not obtained due to memory restrictions on the CASTEP calculations.  g Unable to obtain EFG or CS tensor parameters due to the large unit cell 
size and limited computational resources.   
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Table 2.  Experimental and theoretical 35Cl EFG and CS tensor parameters for HCl pharmaceuticals with three and four or more close 
H···Cl contacts.a 
  CQ (MHz)  ηQ  δiso (ppm)  Ω (ppm)  κ  α (°) β (°) γ (°) 
Alpr Exp. 5.25(2) 0.87(1) 60(1) 88(2) 0.00(20) 80(2) 97(2) 0(1) 
 Calc. 6.42 0.96 75 142 0.09 92 79 214 
Isop Exp. 5.30(5) 0.93(4) 73(4) 90(3) −1.00(10) 20(1) 5(1) 0(1) 
 Calc. 7.63 0.88 82 128 0.45 289 84 348 
Aceb Exp. 4.57(5) 0.50(4) 95(5) 95(10) −0.30(30) 15(5) 15(5) 60(5) 
 Calc.  −5.51 0.81 129 61 0.32 315 83 113 
Aman Exp. 2.90(4) 0.68(3) 131(5) 50(5) 0.60(20) 80(10) 80(10) 20(20) 
 Calc. 3.99 0.41 159 82 −0.35 39 79 4 
Proc Exp. 4.25(5) 0.52(2) 50(2) 60(10) 0.00(20) 72(6) 5(5) 1(1) 
 Calc. −5.17 0.85 90 127 −0.64 359 60 88 
Isox Exp. 5.50(15) 0.25(5) 120(10) 50(20) 0.50(40) 40(20) 55(15) 20(20) 
 Calc. 6.75 0.17 104 52 0.32 130 50 187 
Dopa Exp. 5.10(14) 0.74(18) 33(7) 50(14) 0.00(50) 30(3) 0(5) 0(2) 
 Calc. −7.30 0.52 83 94 0.32 328 20 105 
Mexi site 2 Exp. 3.10(10) 0.55(10) 130(5) 75(20) 0.80(20) 10(10) 5(5) 0 
 Calc. 3.03 0.86 102 74 0.75 215 65 159 
Amin Exp. 2.0(2) 0.76(4) 50(3) 55(5) 0.45(15) 40(4) 70(2) 35(10) 
 Calc. 3.37 0.38 92 84 −0.15 144 75 216 
a Definitions of EFG and CS tensor parameters are given in Table 1.   
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 Table 3.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters 
for HCl pharmaceuticals with one and two close H···Cl contacts.a 

a Definitions of EFG and CS tensor parameters are given in Table 1.  Values highlighted in grey are from 
previous work (reference numbers are next to compound names).  b Indicates the functional group 
contributing to the H···Cl short contacts (i.e., RNH3

+ signifies a positively charged ammonium type 
hydrogen contact and ROH indicates an alcohol hydrogen contact).   c  The shortest H···Cl contacts (< 2.6 Å) 
as determined via energy minimization and geometry optimization with DFT plane wave calculations (see 
the experimental section for details).  d Unable to perform a full or hydrogen-only geometry optimization 
due to the large unit cell size and limited computational resources.  
 

 
  

Compound Contact Typeb H···Cl 
Contacts (Å)c  

CQ (MHz) ηQ δiso (ppm) 

Adip R3NH+···Cl 2.037 5.94(6) 0.18(3) 128(5) 
Bufl R3NH+···Cl 1.957 5.67(13) 0.18(6) 75(10) 
Dicy  R3NH+···Cl 1.956 5.80(5) 0.45(1) 52(4) 
Trig ROOH···Cl 1.883 7.50(12) 0.05(3) 70(10) 
Tetr54 R3NH+···Cl 1.899 6.00(10) 0.27(4) 71(6) 
Rani R3NH+···Cl 2.023 4.70(10) 0.92(3) 75(5) 
 R2NH···Cl 2.185    
Dibu site 1d R3NH+···Cl 2.010 4.65(20) 0.86(7) 105(15) 
 R2NH···Cl 2.361    
Scop ROH···Cl 2.101 3.82(3) 0.99(1) 0(4) 
 R3NH+···Cl 2.111    
Mexi site 1 RNH3

+···Cl 1.996 5.45(10) 0.40(8) 90(5) 
 RNH3

+···Cl 2.058    
Brom R3NH+···Cl 2.020 5.80(3) 0.04(1) 85(5) 
 RNH2···Cl 2.278    
Lido54 R3NH+···Cl 1.995 4.67(7) 0.77(3) 100(4) 
 HOH···Cl 2.246    
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Table 4.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters 
for HCl pharmaceuticals with three close H···Cl contacts.a 

 
a Definitions of EFG and CS tensor parameters are given in Table 1.  Values highlighted in grey are from 
previous work (reference numbers are next to compound names).  b Indicates the functional group 
contributing to the H···Cl short contacts (i.e., RNH3

+ signifies a positively charged ammonium type 
hydrogen contact and ROH indicates an alcohol hydrogen contact).  c  The short H···Cl contacts (< 2.6 Å) as 
determined via energy minimization and geometry optimization with DFT plane wave calculations (see the 
experimental section for details).   
 
 

 

 
  

Compound Contact 
Typeb 

H···Cl Contacts 
(Å)c 

CQ (MHz) ηQ δiso (ppm) 

Alpr R2NH2
+···Cl 2.036 5.25(2) 0.87(1) 60(1) 

 R2NH2
+···Cl 2.159    

 ROH···Cl 2.250    
Isop ROH···Cl 2.044 5.30(5) 0.930(4) 73(4) 
 ROH···Cl 2.105    
 R2NH2

+···Cl 2.105    
Aceb  ROH···Cl 2.189 4.57(5) 0.50(4) 95(5) 
 R2NH2

+···Cl 2.459    
 R2NH2

+···Cl 2.168    
Aman RNH3

+···Cl 2.124 2.90(4) 0.68(3) 131(5) 
 RNH3

+···Cl 2.135    
 RNH3

+···Cl 2.191    
Proc R3NH+···Cl 2.008 4.25(5) 0.52(2) 50(2) 
 R2NH···Cl 2.294    
 RNH2···Cl 2.356    
Lcme57 RNH3

+···Cl 2.101 2.37(1) 0.81(3) 48.2(7) 
 RNH3

+···Cl 2.110    
 RNH3

+···Cl 2.239    
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Table 5.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters 
for HCl pharmaceuticals with four or more close H···Cl contacts.a 

 a Definitions of EFG and CS tensor parameters are given in Table 1.  Values highlighted in grey are from 
previous work (reference numbers are next to compound names).  b Indicates the functional group 
contributing to the H···Cl short contacts (i.e., RNH3

+ signifies a positively charged ammonium type 
hydrogen contact and ROH indicates an alcohol hydrogen contact).  c  The shortest H···Cl contacts (< 2.6 Å) 
as determined via energy minimization and geometry optimization with DFT plane wave calculations (see 
the experimental section for details).   
 
 
 
 
 
 
 
  

Compound Contact Type b H···Cl 
Contacts (Å) c  

CQ 
(MHz) 

ηQ δiso (ppm) 

Isox R2NH2
+···Cl 2.137 5.50(15) 0.25(5) 120(10) 

 ROH···Cl 2.139    
 ROH···Cl 2.168    
 R2NH2

+···Cl 2.383    
Mexi site 2 RNH3

+···Cl 2.123 3.10(10) 0.55(10) 130(5) 
 RNH3

+···Cl 2.138    
 RNH3

+···Cl 2.318    
 RNH3

+···Cl 2.342    
Dopa ROH···Cl 2.096 5.10(14) 0.74(18) 33(7) 
 RNH3

+···Cl 2.174    
 ROH···Cl 2.178    
 RNH3

+···Cl 2.234    
 RNH3

+···Cl 2.264    
Amin RNNH···Cl 2.208 2.0(2) 0.76(4) 50(3) 
 RNH2···Cl 2.297    
 NNH2···Cl 2.347    
 NNH2···Cl 2.381    
 RNH2

+···Cl 2.389    
 RNH2···Cl 2.562    
Treo93 ROH···Cl 1.998 5.4(1) 0.94(2) 99(10) 
 RNH3

+···Cl 2.189    
 ROH···Cl 2.202    
 RNH3

+···Cl 2.227    
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Table 6.  Experimental and theoretical 35Cl EFG and CS tensor parameters for HCl pharmaceutical polymorphs. a 

  CQ (MHz) ηQ δiso (ppm) Ω (ppm) κ α (°) β (°) γ (°) 
Isox Exp. 5.50(15) 0.25(5) 120(10) 50(20) 0.50(40) 40(20) 55(15) 20(20) 
 Calc. 6.75 0.17 104 52 0.32 50 50 173 
IsoxI site 1 Exp. 6.5(1) 0.36(2) 80(3) 120(6) −0.50(20) 50(4) 90(3) 150(5) 
 Calc. 8.60 0.34 112 46 0.62 285 65 166 
IsoxI site 2 Exp. 5.6(1) 0.33(1) 80(4) 175(20) 0.00(15) 60(5) 30(2) 90(4) 
 Calc. 7.02 0.31 102 46 0.51 282 52 205 
Mexi site 1 Exp. 5.45(10) 0.40(8) 90(5) 80(20) −0.80(20) 40(30) 100(20) 0 
 Calc. 7.23 0.29 77 109 −0.81 26 78 10 
Mexi site 2 Exp. 3.10(10) 0.55(10) 130(5) 75(20) 0.80(20) 10(10) 5(5) 0 
 Calc. 3.03 0.86 102 74 0.75 264 88 131 
MexiI b Exp. 1.99(10) 0.62(3) 55(4) 30(3) −0.30(10) 92(5) 45(3) 50(10) 
 Calc. ---- ---- ---- ---- ---- ---- ---- ---- 
MexiII b, c Exp. ---- ---- ---- ---- ---- ---- ---- ---- 
 Calc. ---- ---- ---- ---- ---- ---- ---- ---- 
a Definitions of EFG and CS tensor parameters are given in Table 1.  b No crystal structure available.  c Accurate determination of the 35Cl NMR parameters via 
analytical simulation is not possible due to the broad and featureless 35Cl powder pattern. 
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Table 7.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters for HCl pharmaceutical polymorphs.a 

Compound Contact Type b H···Cl Contacts 
(Å) c 

CQ 
(MHz) 

ηQ δiso (ppm) 

Isox ROH···Cl 2.137 5.50(15) 0.25(5) 120(10) 
 R2NH2

+···Cl 2.139    
 ROH···Cl 2.168    
 R2NH2

+···Cl 2.383    
IsoxI site 1 R2NH2

+···Cl 2.087 6.5(1) 0.36(2) 80(3) 
 ROH···Cl 2.153    
 ROH···Cl 2.182    
 R2NH2

+···Cl 2.255    
IsoxI site 2 R2NH2

+···Cl 2.117 5.6(1) 0.33(1) 80(4) 
 ROH···Cl 2.121    
 ROH···Cl 2.191    
 R2NH2

+···Cl 2.420    
Mexi site 1 RNH3

+···Cl 1.996 5.45(10) 0.40(8) 90(5) 
 RNH3

+···Cl 2.058    
Mexi site 2 RNH3

+···Cl 2.123 3.10(10) 0.55(10) 130(5) 
 RNH3

+···Cl 2.138    
 RNH3

+···Cl 2.318    
 RNH3

+···Cl 2.342    
MexiI d ---- ---- 1.99(10) 0.62(3) 55(4) 
MexiII d, e ---- ---- ---- ---- ---- 
  a Definitions of EFG and CS tensor parameters are given in Table 1.  b Indicates the functional group contributing to the H···Cl short contacts (i.e., RNH3

+ 
signifies a positively charged ammonium type hydrogen contact and ROH indicates an alcohol hydrogen contact).  c  The shortest H···Cl contacts (< 2.6 Å) as 
determined via energy minimization and geometry optimization with DFT plane wave calculations (see the experimental section for details).  d  No crystal 
structure is available.  e Accurate determination of the 35Cl NMR parameters via analytical simulation is not possible due to the broad and featureless 35Cl powder 
pattern. 
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Scheme 1. Schematic representations of (a) adiphenine HCl (Adip), (b) buflomedil HCl 
(Bufl), (c) dicyclomine HCl (Dicy), (d) trigonelline HCl (Trig), (e) ranitidine HCl (Rani), 
(f) dibucaine HCl (Dibu), (g) scopolamine HCl (Scop), (h) mexiletine HCl (Mexi), (i) 
bromhexine HCl (Brom), (j) alprenolol HCl (Alpr), (k) isoprenaline HCl (Isop), (l) 
acebutolol HCl (Aceb), (m) amantadine HCl (Aman), (n) procainamide HCl (Proc), (o) 
isoxsuprine HCl (Isox), (p) dopamine HCl (Dopa) and (q) aminoguanidine HCl (Amin). 
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Figure 1. Correlations between experimental and calculated values of (a) CQ and (b) ηQ. 
All calculations were completed using CASTEP after geometry optimization of the all of 
the atomic positions. The solid line is the line of best fit for the plotted points and the 
dashed line represents perfect correlation. 
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MAS at 21.1 T
νrot = 22 kHz

Static at 9.4 TStatic at 21.1 T

(b)

(c)

(a)

20 0 −20 kHz−404060 50 0 −50 kHz100 100 0 −100 kHz−5050

20 0 −20 kHz−4040 0 kHz−5050 50 0 −50 kHz−100100

kHz050 −50 kHz050 −50 −10010020 0 −20 kHz−40

**

40

20 0 −20 kHz−4040 −60 −8060

*

*

*

*

*

*

*

*

(d)

kHz050 −50 −100100 −150kHz050 −50

Figure 2. 35Cl SSNMR spectra of (a) Adip, (b) Bufl, (c) Dicy and (d) Trig. Experimental 
spectra are shown in black, and corresponding analytical simulations are shown in red. 
Spinning sidebands are denoted by asterisks (*). 
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V33

V22V11┴

V33

V22

V11┴

V22

V33

V11┴

V33

V11 V22┴

(a)

(c) (d)

(b)

Figure 3. 35Cl EFG tensor orientation of (a) Adip, (b) Bufl, (c) Dicy and (d) Trig. The 
short (< 2.6 Å) chlorine-hydrogen contacts are shown in red, and longer contacts are 
marked with dashed lines. Hydrogen atoms greater than 3.0 Å from the chlorine anion 
have been deleted for clarity.  In each case, two components of the EFG tensor are 
oriented in the plane of the paper, with the remaining component perpendicular to the 
page.  This formalism is used for all pictures of the EFG tensors herein. 
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MAS at 21.1 T Static at 9.4 TStatic at 21.1 T

(b)

(c)

(a)

(d)

20 0 −20 kHz

* *

50 0 −50 kHz kHz050 −50 −100100

kHz20 0 −20 kHz50 0 −50 −100kHz050 −50

kHz50 0 −50 −100100

10 0 −10 kHz−20 50 0 −50 kHz 100 0 −100 kHz−5050

kHz20 0 −20

* *

kHz050 −50

Figure 4. 35Cl SSNMR spectra of (a) Rani, (b) Dibu, (c) Scop and (d) Mexi. 
Experimental spectra are shown in black, and corresponding analytical simulations are 
shown in red. Spinning sidebands are denoted by *. 
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(a)

V11

V22

V33┴

V33

V22

V11

┴

(b)

Figure 5. 35Cl EFG tensor orientation of (a) Scop and (b) Rani. V33 is oriented 
approximately perpendicular to the plane formed by the Cl atom and its two shortest H 
contacts (i.e., the H…C…H plane). 
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MAS at 21.1 T Static at 9.4 TStatic at 21.1 T

0 −30 kHz 50 0 −50 kHz 100 50 0 −50 −100 kHz

* *

30

Figure 6. 35Cl SSNMR spectra of Brom. Experimental spectra shown in black, 
corresponding analytical simulations are shown in red. Spinning sidebands are denoted 
by *. 
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V33

V22 V11

     

┴

Figure 7. 35Cl EFG tensor orientation of Brom.  V33 is oriented near to the direction of 
the closest hydrogen contact (∠(V33-Cl-H) = 16.14°). 
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MAS at 21.1 T Static at 9.4 TStatic at 21.1 T

50 0 −50 kHz 100 50 0 −50 −100 kHz

0 −20 kHz

* *

50 0 −50 kHz 100 50 0 −50 −100 kHz

20 0 −20 kHz

* *

(b)

(c)

(a)

(d)

40 −40

40 −4020

0 −20 kHz20

* *
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10 kHz515 50 0 −50 kHz10 0 −10 kHz20

Figure 8.  35Cl SSNMR spectra of (a) Alpr , (b) Isop, (c) Aceb and (d) Aman. 
Experimental spectra are shown in black, and corresponding analytical simulations are 
shown in red. Spinning sidebands are denoted by *. 
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V11
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(a)
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(b)

V11
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V33┴

Figure 9.  35Cl EFG tensor orientation of (a) Alpr, (b) Isop, (c) Aceb and (d) Aman.  V11 
and V22 are oriented near the directions of the two shortest contacts.  Unlike the cases of 
the one- and two-contact systems, there does not seem to be a universally occurring 
tensor orientation (see text for details on other systems). 
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MAS at 21.1 T
νrot = 22 kHz

Static at 9.4 TStatic at 21.1 T

20 0 -20 kHz

**

50 0 -50 kHz 100 50 0 -50 -100 kHz

Figure 10.  35Cl SSNMR spectra of Proc.  Experimental spectra shown in black, 
corresponding analytical simulations are shown in red. Spinning sidebands are denoted  
by *. 
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V22

V33

V11 ┴

Figure 11.  35Cl EFG tensor orientation of Proc.  V33 (which is negative, as in the one 
contact systems) is directed toward the shortest NH···Cl contact ((∠(V33-Cl-H ) = 14.83°). 
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MAS at 21.1 T Static at 9.4 TStatic at 21.1 T

(b)

(c)

(a)

kHz20 0 −20

* *

kHz50 0 −50 kHz−5050100 0 −100

50 0 −50 kHz 100 50 0 −50 −100 kHz

20 0 kHz4060 −100 kHz1020 −100 kHz1020

20 0 −20 kHz

**

−20

Figure 12.  35Cl SSNMR spectra of (a) Isox, (b) Dopa and (c) Amin.  Experimental 
spectra are shown in black, and corresponding analytical simulations are shown in red. 
Spinning sidebands are denoted by *. 
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V22 ┴

V33

V11

(a)
V22

┴V33 V11

(b)

Figure 13.  35Cl EFG tensor orientations of (a) Dopa and (b) Amin.  For Dopa, V33 is 
directed toward the shortest H···Cl contact ((∠(V33-Cl-HO) = 15.67°).  Dopa has a large 
magnitude of CQ, and V33 is calculated as positive (i.e., negative CQ), just like in the one-
contact systems.  For Amin, V33 is not directed near a short H···Cl contact, but rather, 
points into areas where there are no nearby hydrogen atoms.  There are no short contacts 
less than 2.2 Å, there are no oxygen-containing moieties making hydrogen bonding 
contact, and accordingly, V33 is calculated as negative (i.e., positive CQ). 

Page 59 of 64 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



kHz-101020 0 -2030

(a)

(b)

**

* *

kHz50 0 -50 kHz-5050100 0 -100 -150150

MAS at 21.1 T
νrot = 22 kHz

Static at 9.4 TStatic at 21.1 T

Figure 14.  35Cl SSNMR spectra of (a) Isox and (b) IsoxI. Experimental spectra shown in 
black, and corresponding analytical simulations are shown in red. Spinning sidebands are 
denoted by *. 
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Figure 15. 35Cl EFG tensor orientations of (a) Isox, (b) IsoxI site 1, and (c) IsoxI site 2.  
See text for a detailed discussion. 
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(a)

(b)

Figure 16.  35Cl SSNMR spectra of (a) Mexi and (b) MexiI.  Experimental spectra are 
shown in black, and corresponding analytical simulations are shown in red. 
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Figure 17. 35Cl static SSNMR spectrum of MexiII acquired at 9.4 T. 
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Figure 18.  35Cl EFG tensor orientations of (a) Mexi site 1 and (b) Mexi site 2.  
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