
1 

 

Improving confidence in crystal structure solutions using NMR crystallography: the case of -1 

piroxicam  2 

 3 

Andrew S. Tattona, Helen Bladeb, Steven P. Brownc, Paul Hodgkinsond, Leslie P. Hughesb, Sten Nilsson Lille, 4 
and Jonathan R. Yatesa  5 

a Department of Materials, University of Oxford, Oxford, OX1 3PH, UK 6 

E-mail: Andrew.Tatton@materials.ox.ac.uk, Jonathan.Yates@materials.ox.ac.uk 7 

b Pharmaceutical Development, AstraZeneca, Macclesfield, SK10 2NA, UK 8 

E-mail: Les.Hughes2@astrazeneca.com 9 

 c Department of Physics, University of Warwick, Coventry, CV4 7AL, UK 10 

E-mail: S.P.Brown@warwick.ac.uk 11 

d Department of Chemistry, Durham University, Durham, DH1 3LE, UK 12 

E-mail: Paul.Hodgkinson@durham.ac.uk 13 

e Early Product Development, Pharmaceutical Sciences, IMED Biotech Unit, AstraZeneca Gothenburg, Mölndal, SE-431 83, Sweden 14 

 15 

Abstract 16 

NMR crystallographic techniques are used to validate a structure of -piroxicam determined from powder 17 

X-ray diffraction (PXRD) with a relatively poor R-factor. Geometry optimisation of PXRD- and single-18 

crystal XRD- derived structures results in convergence to the same energy of the structures, with minimal 19 

atomic displacements, and good agreement of gauge-included projector augmented wave (GIPAW) 20 

calculated and experimentally determined NMR 1H, 13C and 15N chemical shifts and 14N quadrupolar 21 

parameters. Calculations on isolated molecules combined with 2D magic-angle spinning (MAS) 1H double-22 

quantum (DQ) and 14N-1H NMR experiments confirm the 3D packing arrangement of -piroxicam. NMR 23 

crystallography is shown to be an effective means of validating crystal structures that might otherwise be 24 

considered sceptically on the basis of diffraction data alone. 25 

Introduction 26 

A comprehensive understanding of the different crystal structures adopted by an active pharmaceutical 27 

ingredient (API) is critical throughout the development process of a new medicine for both characterisation 28 
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and regulatory purposes. A detailed knowledge of the specific crystal structures facilitates an improved 1 

understanding of the polymorph landscape, reliable property predictions, both physical and chemical, and 2 

the ability to perform better solid-state risk assessments.1 In a pharmaceutical context, a solid-state risk 3 

assessment is performed to aid in selection of the final commercial solid form and manufacturing control 4 

required.  5 

Structural elucidation of a material using single crystal X-ray diffraction (SCXRD) is typically the preferred 6 

structure solution technique, but growth of a single crystal of sufficient size and quality for SCXRD is often 7 

not possible, and alternative methods must be considered. PXRD remains a more challenging, although 8 

increasingly feasible,2 pathway for obtaining a structure solution relative to SCXRD. For example, light 9 

elements, such as hydrogen, have a low electron density and therefore interact only weakly with X-ray 10 

radiation. This is a limitation where accurate determination of a hydrogen position is crucial, for example 11 

when distinguishing between a pharmaceutical salt or co-crystal.  12 

A structural model from a diffraction study is accompanied by a discrepancy value, which quantifies the fit 13 

of the proposed structural model to experimental data. Although a number of  discrepancy values have been 14 

presented and discussed,3-5 the mostly widely used is the conventional R-factor,6 which describes agreement 15 

between the amplitude of structure factors determined from the proposed structural model and 16 

corresponding experimental X-ray diffraction data.  The R-factor is an important indicator of the confidence 17 

of a crystal structure model, but it is important to note that a low R-factor does not always correspond to a 18 

good crystal structure description.7 There is no single source of a high R-factor, rather a multitude of 19 

potential uncertainties exist. These can include high-temperature acquisition, a small number of sampling 20 

angles, low quality data (weak intensity, poor resolution) and somewhat paradoxically, higher quality data 21 

(increased intensity and/or resolution) that may amplify the influence of any systematic errors.5 In the case 22 

where a structural model is solved with a high R-factor, or a degree of uncertainty in the structural model 23 

exists, then a methodology that complements the diffraction data to increase confidence in the structural 24 

model is highly desirable.  25 
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In recent years, NMR crystallography,8-14 which utilises a combination of solid-state NMR experimental 1 

data and calculated NMR parameters, has emerged as a powerful tool for structural refinement and 2 

elucidation of various materials, such as pharmaceutical salts,15-16 co-crystals,17-20 and hydrates.16, 21-22 3 

Furthermore, the wide range of NMR-active nuclei potentially included within a NMR crystallography 4 

study increases the range of systems that can be studied. The accuracy of a proposed model can be gauged 5 

from a comparison between chemical shift values,23-24 and for spin >½ nuclei, the quadrupolar interaction 6 

can also be determined, using experiment and calculation.25-27 Insight into intermolecular packing 7 

configurations can be provided by 2D correlation experiments, where an observed correlation between 8 

atoms is due to through-space or through-bond couplings. Experimentally observed interactions between 9 

atoms in neighbouring molecules can then be compared to the expected intermolecular configuration from 10 

a geometry-optimised structural model.28 NMR crystallography has also been used extensively to probe 11 

intermolecular interactions that determine the 3D packing arrangement, such as hydrogen bonding and 12 

aromatic dispersive forces.29-31 Quantitative analysis of intermolecular interactions has been demonstrated 13 

from comparison between calculated chemical shift values obtained from a full crystal calculation relative 14 

to chemical shifts of an isolated molecule.32  15 

To demonstrate that NMR crystallography can act as a complementary methodology for diffraction studies 16 

to increase the confidence in a structural model, we present an NMR crystallography study for different 17 

structural models of piroxicam, with emphasis upon a structural model solved from PXRD with a high R-18 

factor. Piroxicam (IUPAC name: 4-hydroxy-2-methyl-N-(2-pyridinyl)-2H-1,2-benzothiazine-3-19 

carboxamide-1,1-dioxide) is a non-steroidal, analgesic, anti-inflammatory drug.33 Piroxicam does exhibit 20 

polymorphism, although only -piroxicam, which is also referred to as form I by Sheth et al.,34 is discussed 21 

within this article. Recently, Shi et al.35 deposited a -piroxicam structure in the CSD solved from SCXRD 22 

(CSD reference code: BIYSEH13), with an associated R-factor of 2.4%. Previously -piroxicam has been 23 

solved from PXRD (CSD reference code: BIYSEH03) with a reported R-factor of 19%.36 These particular 24 

values may imply that the former model is a significantly more accurate structure solution than the latter, 25 
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and is explored in this work. Note that the cause of the high R-factor for BIYSEH03 is not discussed by 1 

Sheth et al.36  2 

These two structures provide an ideal case study owing to their different R-factors and respective 3 

methodologies used to solve the structure. Initially, the structural models (BIYSEH03 and BIYSEH13) are 4 

geometry optimised by applying Density Functional Theory (DFT) using the CASTEP code.37 Using the 5 

geometry-optimised structures, NMR parameters are calculated using the GIPAW (gauge-including 6 

projector augmented wave) method.38-39 1D and 2D magic-angle spinning (MAS) solid-state NMR 7 

experiments are performed to determine 1H, 13C and 15N chemical shifts for comparison to calculated NMR 8 

chemical parameters derived from the geometry optimised structural model. Additionally interatomic 9 

distances from the geometry-optimised structural model are linked to experimental data from 2D MAS 10 

NMR correlation experiments.  11 

Experimental and calculation details 12 

-piroxicam was purchased from Sigma Aldrich and was used as supplied. PXRD confirmed that correct 13 

form I was supplied (see supporting information, Fig. S1). 13C ramped cross-polarisation magic-angle 14 

spinning (CPMAS)40 and 2D 13C-1H CP Heteronuclear Correlation (HETCOR)41 solid-state NMR 15 

experiments were performed using a Bruker Avance III HD spectrometer operating at a 1H Larmor 16 

frequency of 399.9 MHz using a Bruker 4 mm double resonance probe at spinning frequencies of 12.5 kHz 17 

and 10 kHz, respectively. For 1H-13C cross-polarisation, SPINAL-6442-43 1H decoupling was applied during 18 

acquisition at a nutation frequency of 100 kHz for 35 ms. The 1H 90° pulse duration was 2.5 s, and 13C 19 

magnetisation was created using a CP ramp of magnitude 90% to 100% for a duration of 2 ms. A recycle 20 

delay of 10 s was used, and a total of 1024 transients were co-added. During 13C-1H 2D HETCOR 21 

experiments, SPINAL-64 1H decoupling was applied during t2 at a nutation frequency of 100 kHz for a 22 

duration of 20 ms, and 1H homonuclear decoupling during t1 was achieved using the Frequency Switched 23 

Lee-Goldburg (FSLG)44 method at a nutation frequency of 100 kHz. A total of 38 t1 FIDs were recorded at 24 

increments of 75.53 s using the States-TPPI method for sign discrimination in the indirect dimension.  A 25 
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recycle delay of 5 s was used, and 320 transients were co-added for each slice. 1H-13C magnetisation transfer 1 

was achieved using a magnitude 50% to 100% ramp applied on the proton channel. 13C chemical shifts are 2 

referenced to TMS at 0 ppm, using the CH2 peak in adamantane at 38.5 ppm as a secondary reference.45 3 

1H experiments were performed using a Bruker Avance III HD spectrometer operating at a 1H Larmor 4 

frequency of 399.9 MHz using a Bruker 1.3 mm double resonance probe. Single pulse experiments were 5 

performed using a spinning frequency of 65 kHz, 8 co-added transients and a recycle delay of 30 s. 1H DQ-6 

SQ Back-to-Back (BABA)46-47 rotor synchronised (in F1) spectra were obtained using a spinning frequency 7 

of 60 kHz, 16 co-added transients per each t1 slice and a recycle delay of 30 s. 1H chemical shifts are 8 

referenced to TMS at 0 ppm, using the CH2 peak in adamantane at 1.8 ppm as a secondary reference.48  9 

15N cross-polarisation experiments were performed using a Bruker Avance II spectrometer operating at a 10 

1H Larmor frequency of 500.5 MHz and a Bruker 4 mm double resonance probe at a spinning frequency of 11 

10 kHz. SPINAL-64 1H decoupling was applied during acquisition at a nutation frequency of 100 kHz for 12 

40 ms. The 1H 90° pulse duration was 2.5 s, and 15N magnetisation was created using a CP ramp of 13 

magnitude 50% to 100% for a duration of 5 ms. A total of 7168 co-added transients were acquired using a 14 

recycle delay of 10 s.  15N chemical shifts are referenced to liquid nitromethane at 0 ppm,49 using the NH3
+ 15 

peak in glycine at −346.9 ppm as a secondary reference. To convert to the chemical shift scale frequently 16 

used in protein NMR, where the alternative IUPAC reference (see Appendix 1 of Ref. 50) is liquid ammonia 17 

at 50 °C, it is necessary to add 379.5 ppm to the given values.51 18 

 19 

14N-1H Heteronuclear Multiple Quantum (HMQC) experiments52 were performed using a Bruker Avance 20 

III spectrometer operating at a 1H Larmor frequency of 700.1 MHz using a Bruker 1.3 mm triple resonance 21 

probe, operating in double resonance mode, at a spinning frequency of 60 kHz. Rotary resonance recoupling 22 

(R3) with a n=2 resonance condition53 with an x −x phase inversion54-55 of individual blocks lengths of 23 

duration 16.7 s was implemented. A total of 16 and 32 co-added transients were acquired for shorter and 24 

longer recoupling time experiments, respectively, and a recycle delay of 32 s was used. States-TPPI was 25 
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used to provide sign discrimination, and a total of 52 t1 FIDs were recorded at increments of 16.7 s. 14N 1 

shifts are referenced to liquid nitromethane at 0 ppm, using the NH4 peak in a saturated aqueous solution 2 

of NH4Cl at −352.9 ppm as a secondary reference (see Table 2 of Ref. 49).  3 

First-principle calculations were performed using CASTEP37 version 17.0.8 in the Materials Studio 4 

platform. All calculations employed the Perdew-Burke-Ernzerhorf (PBE)56 functional with the Tkatchenko 5 

and Scheffler (TS) dispersion scheme,57 and on-the-fly generated ultrasoft pseudopotentials (OTFG). For 6 

all geometry optimisation calculations, a plane-wave cut-off energy of 600 eV was used with a Monkhurst-7 

Pack grid with a minimum k-point sampling space of 0.05 Å−1, which corresponds to a k-point grid with 8 

dimensions (3, 1, 1). Crystal structures of BIYSEH03 and BIYSEH13 were downloaded from the 9 

Cambridge Structural Database. Note that the lattice parameters stated for BIYSEH03 in Table 1 of Ref. 10 

36 differ slightly from those of the deposited structure. All 144 atoms in the unit cell (Z = 4, Z = 1) were 11 

allowed to relax, unless otherwise stated, and calculations were performed with unit cell parameters fixed, 12 

unless otherwise stated. Distances and angles presented are for geometry-optimised structures.  The space 13 

group P21/c was preserved during all relaxations. NMR shielding values were calculated using the 14 

GIPAW38-39 method for the geometry optimised structures, with a plane-wave cut-off energy of 700 eV, 15 

and the same k-point grid and pseudopotentials as for the relaxations. Visualisation of GIPAW NMR results 16 

was performed using MagresView.58  17 

Results and Discussion 18 

Effect of geometry optimisation on different -piroxicam structure solutions 19 

The chemical structure of -piroxicam is shown with numbering in Fig. 1a. Different numbering schemes 20 

for piroxicam are found in the literature.35, 59-61 The carbon atom labels in Fig. 1a agree with those used in 21 

Sheth et al.59  The hydrogen atoms take the number of their respective through-bond heteroatom (methyl 22 

protons are labelled H10a, H10b, and H10c).  23 
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 1 

Figure 1. (a) Chemical structure of -piroxicam. (b) View along crystallographic axis b showing the stacking 2 

arrangement in the BIYSEH03 structure.  3 

Both the -piroxicam structures studied are modelled in the monoclinic space group P21/c, one molecule 4 

per asymmetric unit cell (Z = 1) and four molecules in the conventional unit cell (Z = 4). Inspection of both 5 

-piroxicam structural models indicate a short distance between N17 and O19 that suggests a putative 6 

intermolecular N17-H17…O19 hydrogen bond, which may direct the formation of dimers along the 7 

crystallographic axis b, as suggested in previous studies.34, 61-62 Intramolecular hydrogen bonding has also 8 

been indicated between N17-H17…N1834 and O21-H21…O22.60-61  9 

Visualisations of the structural models, before and after geometry optimisation (unit cell parameters fixed, 10 

all atoms optimised), are presented in Fig. 2a and Fig. 2b, respectively. After geometry optimisation, there 11 

is a lengthening of heteronuclear X-H bond lengths for both structural models, and, for BIYSEH03 only, a 12 

slight rotation of the pyridine ring and a change in direction of the NH bond. The displacement in atomic 13 
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position of each proton and carbon due to geometry optimisation is presented in the supporting information 1 

(Tables S1-S3).  2 

In Fig. 2c, an additional BIYSEH03 structural overlay is included, shown in green, obtained from a 3 

geometry optimisation where only hydrogen positions were allowed to relax. It is evident that allowing 4 

only hydrogen positions to relax prohibits the rotation of the pyridine ring, since the carbon atoms are fixed. 5 

Furthermore, the direction of the N17-H17 bond angle is now located at an intermediate point between the 6 

original, non-geometry-optimised structure, and the all-atom geometry-optimised structure. This indicates 7 

that the structure solution from PXRD did not locate N17 at its lowest energy position, and as can be seen 8 

in Table S2, the largest distance between hydrogen positions between fully and partially (hydrogen only) 9 

geometry optimised structures is for H17.  10 

 11 

Figure 2. Ball and stick representations before (blue) and after (red) geometry optimisation, of (a) BIYSEH03 and (b) 12 
BIYSEH13. Unit cell parameters were fixed during geometry optimisation. (c) Overlay of BIYSEH03 before 13 
geometry optimisation (blue), geometry optimisation of proton positions only (green) and full-atom geometry-14 
optimisation (red). 15 

Table 1. Selected output parameters from all atom geometry optimisations for BIYSEH03 and BIYSEH13, with and 16 
without relaxation of unit cell parameters. 17 

Structure  

code 

Unit cell 

parameters 

RMSD 

displacement a / Å 

           Lattice parameters  Volume 

  H C a / Å b / Å c / Å  / ° c V / Å3 
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BIYSEH03 

 

Fixed 0.036 0.015 7.16  15.18 13.99 97.4 1504.5 

BIYSEH03 

 

Relaxed b 0.033 0.016 7.07  15.41  13.75  95.3 1492.4 

BIYSEH13 

 

Fixed b 0.010 0.005 7.03  14.98 13.89 96.4 1453.5 

BIYSEH13 

 

Relaxed 0.009 0.006 7.05   15.31 13.84 95.7 1486.7 

a Displacement relative to non-geometry optimised structural model, determined as an average of the displacement in atomic co-1 
ordinates of the respective nuclei within 1 molecule. b Starting unit cell parameters were the same as those for the respective 2 
geometry optimisation with fixed unit cell parameters. c Symmetry group P21/c was preserved, therefore  =  = 90° was maintained.  3 

As shown in Table 1, it is evident that there is a significantly larger shift in atomic positions, reflected in 4 

the RMSD values, after a geometry optimisation for the crystal structure derived from PXRD. This structure 5 

was solved using DASH,63 which by default does not include the hydrogen atoms in the structure factor 6 

calculation, and hydrogen atoms are simply added at standard distances.36 For the structure solution of 7 

BIYSEH13 determined from SCXRD, the electron density difference map has been used to assign the 8 

hydrogen positions.35  9 

Allowing the unit cell parameters to relax during geometry optimisation does not have a significant effect 10 

upon the atomic positions relative to the geometry-optimised structure with unit cell parameters fixed, 11 

although unit cell parameters and cell volume differ when relaxation of the unit cell parameters is permitted. 12 

After unit cell varying optimisation, the energies are the same (less than 0.1 kJ/ mol difference), whereas, 13 

with unit cells fixed, one energy is 4.8 kJ / mol lower in energy. Predicted PXRD patterns for the original 14 

structural models and subsequent geometry-optimised structures included in Table 1 can be found in the 15 

supporting information (Fig. S2). Unsurprisingly, there is a larger difference between predicted powder 16 

patterns of BIYSEH03, before and after geometry optimisation, relative to BIYSEH13. After a full atom 17 

geometry optimisation, the RMSD value between atomic positions relative to the SCXRD structure solution 18 

is 0.19 Å when considered over 15 molecules, which is the default molecular cluster size when comparing 19 

crystal packing when using Mercury.  20 

 21 

Conversion to an alternate polymorphic form is unlikely as geometry optimisation is always a refinement 22 

to a local energy minimum, and therefore will only occur if the starting structure is closer to another form. 23 
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In the case of -piroxicam, no significant change is noted between final structures determined using a 1 

geometry optimisation with unit cell parameters allowed to relax, and full atom relaxation, relative to fixed 2 

unit cell parameters and protons only allowed to relax during geometry optimisation.  3 

 4 

The convergence of the two structures indicates that BIYSEH03, which owing to a high R-factor would 5 

normally be treated with a degree of caution in a solid-state risk assessment, is a reasonably sound structural 6 

model. Unit cell parameters are slightly different between the two structures, which will account for some 7 

of this difference. An overlay of the respective unit cells is included in the Supporting Information (Fig. 8 

S3). Note, that these are after a full atom geometry optimisation, with fixed unit cell parameters.  Without 9 

access to the original diffraction datasets any possible reduction in R-factor from the optimised structure of 10 

BIYSEH03 is not determinable.  11 

Comparison between experimental and GIPAW calculated NMR chemical shift values 12 

 13 
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Figure 3. (a) A 13C CPMAS spectrum of -piroxicam obtained at 9.4 T and a MAS frequency of 12.5 kHz. Stick 1 
spectra representing 13C chemical shift GIPAW NMR values calculated for the (b) BIYSEH03 and (c) BIYSEH13 2 

geometry-optimised structures. To convert to a scale comparable to TMS = 0 ppm, iso = −(σiso – σref), where σref = 3 

170.4 ppm (b) and 170.2 ppm (c). σref was calculated from averaging the (13C)expt and σiso values.   4 

Particularly if the only structure solution available for a solid-state risk assessment is from PXRD with a 5 

high R-factor, then it remains desirable to verify a structure solution with a methodology that is not 6 

diffraction based, ideally with a direct link to experiment, NMR crystallography can provide this additional 7 

confidence. Furthermore, the RMSD displacement range of the carbon atoms falls below the 0.25 Å limit 8 

suggested by van de Streek et al. as an incorrect structure or revealing of interesting structural features,64 9 

and therefore there is an incentive to investigate if NMR crystallography is sensitive to any finer structural 10 

differences.   11 

Figure 3 compares (a) 13C experimental isotropic chemical shift values, determined from a 13C CPMAS 12 

experiment, and (b, c) chemical shift values determined from a GIPAW NMR calculation for BIYSEH03 13 

and BIYSEH13, respectively, after geometry optimisation of all atomic positions and fixed unit cell 14 

parameters. Experimental assignment was assisted by performing a 13C non-quaternary suppression 15 

experiment (see Supporting information, Fig. S4), and is in agreement with previous 13C solid-state NMR 16 

studies of piroxicam.65-67 Previous studies indicate that the associated error in the 13C chemical shift for a 17 

GIPAW NMR calculation using the PBE functional is approximately 2 ppm, i.e., approximately 1% of the 18 

chemical shift range.12 Broad agreement is noted between all sites (complete chemical shift tables can be 19 

found in the Supporting information, Tables S5-S6) except for C10, as indicated by the red dashed line 20 

included in Fig. 3. The RMSD values between experiment and calculated 13C chemical shifts are 1.7 ppm 21 

(BIYSEH03) and 1.6 ppm (BIYSEH13), however if C10 is discounted the 13C RMSD value is 1.3 ppm for 22 

both models.  23 

The discrepancy in C10 chemical shifts is most likely a consequence of the referencing system used for 24 

GIPAW NMR calculation. The challenges in overcoming such a referencing discrepancy are discussed in 25 

the supporting information. Additionally, the influence of nuclear delocalisation in methyl proton positions, 26 

and their subsequent effect upon the 13C chemical shift,68 may account for this discrepancy between 27 
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experiment and calculation. An alternative approach for the referencing system is to calculate an averaged 1 

value of ref for a series of well assigned materials,69-70 or for a single well defined reference compound,71-2 

72 and apply this value to all further calculations. This approach was not chosen herein as -piroxicam is a 3 

highly aromatic compound, and therefore as discussed by Webber et al.,73 13C ref values are likely to be 4 

skewed by the absence of peaks in the lower ppm 13C region. 5 

As shown in Fig. 2c, a geometry optimisation of BIYSEH03 with only hydrogen positions allowed to relax 6 

prevents rotation of the pyridine ring as compared to the case of a full atom geometry optimisation. However, 7 

the effect upon 13C GIPAW calculated chemical shieldings is less clear. The 13C magnetic shieldings (σiso) 8 

for BIYSEH03 structures (proton only relaxation versus all atom relaxation) differ by an average of 2.7 9 

ppm. This also influences, however, the determined value of σref, which is used to convert magnetic 10 

shieldings to a scale comparable to experimental chemical shift values. Consequently, the calculated iso 11 

values are converted to values that closely match geometry-optimisation conditions. By comparison, the 12 

average difference between 13C σiso values for the BIYSEH13 geometry-optimised structures is 0.7 ppm. 13 

This observation is unsurprising, given that the atomic coordinates of BIYSEH13 move less after geometry 14 

optimisation.  15 
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 1 

Figure 4. (a) A 1H one pulse spectrum obtained for -piroxicam at 9.4 T and a MAS frequency of 65 kHz. (b, c) Stick 2 
spectra representing 1H chemical shift GIPAW NMR values calculated for the (b) BIYSEH03 and (c) BIYSEH13 3 

geometry-optimised crystal structures. To convert to a scale comparable to TMS = 0 ppm, iso = −(σiso – σref), where 4 

σref = 30.7 ppm for both structures. σref was calculated from averaging the (1H)expt and σiso values. (d) A 13C-1H 5 

HETCOR (r = 10 kHz, B0 = 9.4 T) spectrum obtained for -piroxicam using a cross-polarization contact time of 200 6 

s and FSLG homonuclear decoupling in F1. (e) Chemical structure of -piroxicam with intramolecular O21-7 

H21…O22 hydrogen bonding motif highlighted.     8 

As protons often directly participate in the intermolecular packing arrangement, for example via hydrogen 9 

bonding or aromatic dispersive forces, any inaccuracies in the structural model will be clearly seen as 10 

discrepancies between experimental and calculated GIPAW NMR 1H chemical shift values. Figure 4, parts 11 

(a–c), show a comparison between a single-pulse 1H spectrum obtained using fast MAS and stick spectra 12 

corresponding to calculated GIPAW NMR chemical shifts of BIYSEH03 and BIYSEH13, respectively. 13 

Owing to the presence of strong homonuclear dipolar couplings, 1H solid-state NMR spectra usually yield 14 

broad peaks that prevent individual identification of each individual 1H chemical shift. Modest 15 

improvement in resolution can be achieved by applying fast MAS; here a MAS rotation frequency of 65 16 

kHz was applied and consequently spectral regions (methyl, aromatic, carboxylic acid), although not 17 

individual peaks, are distinguishable. The peaks at approximately 12 and 3 ppm correspond to the 18 

carboxylic acid proton and the methyl protons, respectively. However, owing to the large number of 19 
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aromatic protons present in piroxicam, it is not possible to individually assign aromatic protons in the region 1 

between 5 and 10 ppm using the 1D MAS NMR spectrum.  2 

Individual proton chemical shifts can be identified indirectly using 2D NMR experiments, where the 3 

introduction of an indirect dimension allows for improved spectral separation of protons via the 4 

heteronucleus. In this case the higher resolution in the 13C dimension is used to indirectly probe proton 5 

environments using a 13C-1H HETCOR experiment,41 which is typically performed at more modest spinning 6 

rates so as not to inhibit  magnetisation transfer between 13C and 1H nuclei. Improvement of the resolution 7 

in the proton dimension can be achieved by application of homonuclear 1H dipolar decoupling (FSLG) 8 

during t1. Fig. 4d presents a 13C-1H HETCOR spectrum obtained using a short contact time of 200 s. The 9 

short contact time means that predominantly only C-H pairs in close-proximity (i.e., through-bond CH 10 

pairs) are observed, and thus the 13C and 1H resonances can be directly assigned. The tilt observed in the 11 

cross-peaks is attributed to Anisotropic Bulk Magnetic Susceptibility (ABMS) broadening.74-75 Table S7 12 

and Table S8 shows a full comparison between experimental 1H isotropic chemical shifts, derived using the 13 

13C-1H HETCOR spectrum shown in Fig. 4d, and calculated GIPAW NMR chemical shift values. The 14 

RMSD difference between experiment and calculation for 1H chemical shift values are 0.6 ppm and 0.5 15 

ppm for BIYSEH03 and BIYSEH13 when all hydrogen atoms are considered. These values indicate 16 

structural agreement for both models,11, 76-78 providing further evidence that BIYSEH03, despite its high R-17 

factor, is an accurate structural model.  18 

 19 

When comparing different geometry optimisation criteria (full atom versus hydrogens only), the same 20 

general trend is noted for 1H σref values as was noted for 13C σref values: BIYSEH03 magnetic shieldings 21 

differ on average by a larger value relative to BIYSEH13 σref values, although the effect is reduced relative 22 

to 13C. The value of the pyridine 1H GIPAW calculated NMR chemical shifts determined for BIYSEH03 23 

do not significantly vary between the two geometry optimisation cases described. Relative to experimental 24 

data, the 1H GIPAW NMR shift of H17 calculated from the hydrogen-only geometry-optimised BIYSEH03 25 
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structural model differs by 0.9 ppm compared to experiment, as opposed to 0.5 ppm for a full atom geometry 1 

optimisation (see H17 values in Table S7). This appears to agree with the observation that the largest proton 2 

displacement extracted from the structural models was H17 (see Table S2).      3 

 4 

Figure 5. (a) A 15N CPMAS spectrum obtained for -piroxicam at 11.7 T and a MAS frequency of 10 kHz. (b, c) 5 

Stick spectra representing calculated 15N chemical shift GIPAW NMR values calculated for the (b) BIYSEH03 and 6 
(c) BIYSEH13 geometry optimised crystal structures. To convert to a scale comparable to liquid nitromethane at 0 7 
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ppm, iso = −(σiso – σref), where σref = −160.1 ppm (BIYSEH03) and −161.1 ppm (BIYSEH13). σref was calculated 1 

from averaging the (15N)expt and σiso values. (d, e) Extracts of the BIYSEH03 structural model showing putative N17-2 
H17…O19 interactions (d) before and (e) after geometry optimisation.     3 

Fig. 5 compares 15N experimental chemical shifts and calculated GIPAW NMR chemical shifts. As for 13C 4 

and 1H, there is good agreement between chemical shift values for both structural models. It is noted that 5 

for the case of the putative intermolecular hydrogen bond,79 N17-H17…O19, bond distances and angles 6 

changed significantly in BIYSEH03 after geometry optimisation, as is presented in Fig 5, parts (d, e). As 7 

N17 directly participates in this interaction, the absence of a significant difference between the 15N 8 

experimental chemical shifts relative to the calculated GIPAW NMR chemical shift values indicates that 9 

both structures are correct after geometry optimisation.  10 

Further insight into intermolecular packing in the structural model can be obtained from the comparison of 11 

chemical shifts calculated for the full crystal relative to those in an isolated molecule. To simulate an 12 

isolated molecule in a GIPAW calculation, a molecule is taken from the related crystal structure and placed 13 

in a vacuum supercell, i.e. a unit cell with sufficiently large lattice parameters to effectively remove any 14 

intermolecular interactions between neighbouring molecules.24, 32 Any protons participating in strong 15 

hydrogen bonding are no longer deshielded for an isolated molecule calculation, and therefore have a lower 16 

ppm value, whereas chemical shifts of protons subject to the effects of a ring current increase in the isolated 17 

molecule calculation relative to a full crystal. From inspection of Table 2, H5, H12 and H21 produce 18 

significant (magnitude greater than 1 ppm) chemical shift differences between the isolated molecule and 19 

the full crystal. H5 and H12 are aromatic protons, and therefore the change in chemical shift for an isolated 20 

molecule calculation is attributed to the absence of ring currents associated with aromatic moieties, whereby 21 

aromatic dispersive forces are responsible for driving the intermolecular arrangement, that are otherwise 22 

present in the full crystal. Interestingly, H17 does not display any significant change in proton chemical 23 

shift, showing that this does not participate in an intermolecular hydrogen bond, which is unsurprising from 24 

inspection of the non-planar extracted N17-H17…O19 bond angle. Table S4 in the supporting information 25 

describes the N17-H17…O19 arrangement for both starting structural models and their respective 26 
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geometry-optimised models. Rather, NMR crystallography demonstrates that intermolecular packing 1 

arrangement for both structural models is predominately driven by aromatic dispersive forces, as opposed 2 

to a N17-H17…O19 hydrogen bonding motif. 3 

 4 

 5 

Table 2. GIPAW NMR calculated 1H chemical shifts for a full crystal and for an isolated molecule in a vacuum for 6 

-piroxicam (BIYSEH03 and 13), together with experimental 1H chemical shifts.  7 

    BIYSEH03   BIYSEH13  

Site (1H)expt / 

ppm 

(1H)calc / ppm 

Full crystal  

(1H)calc /ppm 

Single  

molecule a 

Difference 

/ ppm 
(1H)calc / ppm 

Full crystal  

(1H)calc / ppm 

Single  

molecule a 

Difference 

/ ppm 

H2 7.8 7.4 7.6 −0.2 7.4 7.6 −0.2 

H3 7.4 7.4 7.4   0.0 7.4 7.4   0.0 

H4 7.7 7.6 7.4   0.2 7.6 7.4   0.2 

H5 6.4 6.1 8.0 −1.9 6.1 7.9 −1.8 

H10a 3.2 3.5 3.2   0.3 3.4 3.3   0.1 

H10b 3.2 2.6 2.2   0.4 2.4 2.2   0.3 

H10c 3.2 3.6 2.8   0.8 3.8 2.8   1.0 

H12 6.4 6.3 8.5 −2.2 6.2 8.4 −2.2 

H13 6.6 6.8 7.6 −0.8 6.9 7.6 −0.7 

H14 6.8 6.4 6.8 −0.4 6.4 6.8 −0.4 

H15 8.3 8.2 8.2   0.0 8.1 8.2 −0.1 

H17 9.6 9.2 9.0   0.2 9.3 9.0   0.3 

H21 12.4 14.0 15.5 −1.5 13.6 15.3 −1.7 
a The same σref values were used as specified in Fig. 4. 

 8 

Using 2D MAS NMR to verify extracted intermolecular proximities from geometry-optimised structural 9 

models 10 

An important confirmation of the intermolecular packing arrangement of the structural models is obtained 11 

from comparison between intermolecular correlations observed in 2D MAS NMR spectra relative to 12 

extracted intermolecular distances from the geometry-optimised structural models. The 2D experiments 13 

presented here provide a more qualitative form of structural confirmation. In the following experiments, 14 

magnetisation transfer is achieved when a sufficiently strong dipolar coupling between nuclei exists, which 15 

is only the case for closer proximity spin-pairs. Consequently, cross-peaks are only observed between nuclei 16 

within a proximity of up to approximately 4 Å, although no precise distance measurements are inferred.  17 
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Further information concerning the nitrogen environments can be inferred from 14N experiments. 14N is a 1 

spin I = 1 nucleus, which is typically more experimentally challenging relative to nuclei with I = 1/2 owing 2 

to the presence of the quadrupolar interaction (see SI for further information).80-81 While experimental NMR 3 

techniques for quadrupolar nuclei are more challenging compared to spin I = ½ nuclei, the quadrupolar 4 

interaction does provide further information concerning the local electronic environment, and has been 5 

demonstrated to be a powerful probe of intermolecular hydrogen bonding.52, 82-85 Additionally, whereas 15N 6 

experiments are severely limited by a low natural abundance (0.4%), 14N has a high abundance (99.6%). In 7 

recent years 14N-1H Heteronuclear Multiple Quantum Coherence (HMQC) experiments performed at fast 8 

MAS frequencies52, 83, 86-88 have been demonstrated as a powerful probe of pharmaceuticals.81, 89 These 9 

experiments observe magnetisation upon the more sensitive proton spin, and polarisation is transferred from 10 

protons to nitrogen via through-space couplings using a heteronuclear dipolar recoupling scheme. Fast 11 

MAS is required to improve resolution in the proton dimension, and to increase the 1H coherence lifetime 12 

during the application of rf recoupling.86, 90  13 
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 1 

Figure 6. (a, b) 2D 14N-1H HMQC spectra with 1H skyline projections of -piroxicam (r = 60 kHz, B0 = 16.4 T) using 2 

n = 2 rotary resonance recoupling of 14N-1H heteronuclear dipolar couplings for (a) RCPL = 266.7 s and (b) RCPL = 3 

533.3 s. The crosses indicate the predicted centre-of-gravity of the N16 and N17 resonances determined from 4 
GIPAW NMR calculations. (c, d, e) 1H individual sub-spectra taken through the 14N resonance of corresponding colour 5 
to demonstrate which 14N-1H heteronuclear dipolar couplings are recoupled owing to close through-space proximity. 6 

(f) Stacking arrangement of -piroxicam from the geometry-optimised BIYSEH03 structural model.  7 

In Fig. 6, 14N-1H HMQC spectra recorded with different recoupling times are presented. These spectra were 8 

obtained at B0 = 16.4 T. Spectra obtained at 9.4 T can be found in the supporting information (Fig. S6). 9 

Only the N17 site, which has the smallest CQ, is visible at lower field, whereas N-H correlations between 10 

N16 and neighbouring protons are also visible at 16.4 T. Extracted distances referred to herein include 11 

hydrogen positions as hydrogen directly participates in the experimental observations shown.  12 

At short recoupling times, only the directly-bonded NH correlation is observed, see Fig. 6a. A slice of the 13 

proton dimension, taken through the isotropic shift of N17 shows a single peak corresponding to the NH 14 

proton (H17), Fig. 6c. At longer recoupling times, see Fig. 6b, longer-range N-H proximities are visible.86 15 
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A slice taken through N17 for a longer recoupling time is presented in Fig. 6d, and the intramolecular 1 

correlations are labelled accordingly in Fig. 6b. Correlations from N16 to methyl protons and a further 2 

correlation to a resonance at approximately 8.3 ppm are visible in Fig. 6e. The N16 correlation to the methyl 3 

protons must be an intermolecular correlation; inspection of the geometry optimised structural model shows 4 

the closest intramolecular N16-methyl distance is approximately 4.3 Å, whereas the shortest N16-H10 5 

intermolecular distance is 3.1 Å. In Fig. 6f, an extract from the geometry optimised BIYSEH03 structural 6 

model shows the stacking arrangement between molecules, with this methyl-N16 proximity circled.  7 

 8 

Figure 7. (a) A 1H DQ-SQ MAS spectrum of -piroxicam recorded at r = 60 kHz and 0(1H) = 400 MHz using one 9 

rotor period of Back-to-Back dipolar recoupling. The diagonal red line at DQ = 2SQ is included as a visual aid, and 10 
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connected cross-peaks are indicated by blue horizontal dashed lines. (b) Structural extract from BIYSEH03 1 
highlighting the close proximity (2.34 Å) of H15 and H21 as a consequence of the intermolecular packing arrangement.   2 

Further details of through-space correlations that can be directly linked to the geometry optimised structural 3 

model are determinable from a 1H-1H DQ MAS experiment91-92 using BABA recoupling.46-47, 91 Performed 4 

at fast MAS to improve spectral resolution, the homonuclear dipolar coupling is selectively recoupled 5 

during the DQ excitation and reconversion periods. Consequently, correlations between close-proximity 6 

through-space protons produce a pair of peaks (connected by blue dashed lines in Fig. 7) horizontally 7 

equidistant from a diagonal line DQ = 2SQ (included as a visual aid in red). Cross peaks on the diagonal 8 

correspond to protons close enough in space to produce a through-space correlation to the same proton in 9 

a neighbouring molecule, or a neighbouring proton with the same chemical shift value, e.g. the on-diagonal 10 

peak for the methyl protons.92  11 

A clear cross peak between H21 (OH proton at 12.4 ppm) and H15 (at 8.3 ppm) is visible in Fig. 7a. As 12 

H21 and H15 are the only proton resonances at these chemical shift values then this cross-peak can be 13 

assigned with confidence. Inspection of the geometry optimised structural model (see Fig. 7b) indicates that 14 

this corresponds to an intermolecular distance of approximately 2.4 Å (the intramolecular distance between 15 

H21 and H15 is 7.7 Å). A cross-peak between H21 and a resonance at 6.4 ppm is also visible. This is 16 

potentially an intermolecular correlation to a neighbouring pyridine proton, H14, although owing to 17 

overlapping proton resonances in this spectral region this assignment is not unambiguous. A cross-peak 18 

between H17 at 9.6 ppm and methyl protons at 3.2 ppm is observed, which is consistent with the correlation 19 

between N17 are the methyl protons in the 14N-1H HMQC experiment (see Fig. 6d).  20 

Conclusions 21 

We have demonstrated that NMR crystallography can act as a valuable complementary tool to diffraction 22 

studies and associated metrics, such as the R-factor, to build confidence for two structural models solved 23 

for -piroxicam using PXRD and SCXRD, respectively. In particular the structure solution solved from 24 

PXRD, BIYSEH03, has a high R-factor and therefore any associated solid-state risk assessment performed 25 
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for this model, or a model with an equivalently high R-factor, would benefit from any methodology that 1 

increases confidence in the model, especially when the only structural model available has been solved 2 

using PXRD. 3 

We observe a convergence between the two structure solutions after geometry optimisation, which both 4 

give good agreement between calculated and experimental NMR parameters, and are therefore 5 

demonstrably more accurate structural models of -piroxicam, relative to both starting structures. The 6 

change in atomic positions after a geometry optimisation step clearly demonstrates the value in performing 7 

a geometry optimisation as a routine step in any diffraction solved structural model,64 particularly for a 8 

powder diffraction. The results herein also indicate that in most cases all atoms in organic materials should 9 

be relaxed during a geometry optimisation,93 at least for a structural model solved using PXRD data. Herein, 10 

this was demonstrated by the deviation in N17 and the pyridine ring between full-atom and hydrogen only 11 

geometry optimisation. We demonstrate that NMR crystallography is a valuable tool for the verification of 12 

different crystal structure solutions and as an additional indicator of the accuracy of a proposed structural 13 

model to be used in conjunction with the existing R-factor. 14 

Agreement between experimental chemical shifts and calculated GIPAW NMR chemical shifts determined 15 

for 13C, 1H and 15N verifies this convergence. The two structure solutions have the same GIPAW NMR 16 

chemical shift values within reasonable error, and crucially both have a broad agreement with experiment. 17 

Additional insight into the intermolecular arrangement of -piroxicam is evident from comparison between 18 

full crystal and isolated molecule calculations. These demonstrate that the intermolecular packing 19 

arrangement of both models, which we consider accurate from chemical shift comparisons detailed, is 20 

predominately via aromatic dispersive forces, as opposed to intermolecular hydrogen bonding. Furthermore, 21 

we also note that experimentally observed intermolecular correlations in 1H DQ and 14N-1H MAS NMR 22 

spectra between close-proximity spin-pairs agree with predicted short-range intermolecular proximities 23 

extracted for both structural models, which provides further evidence of the accuracy of both structural 24 

models.  25 
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Associated Content 1 

The calculated and experimental data for this study are provided as a supporting dataset from WRAP, the 2 

Warwick Research Archive Portal at http://wrap.warwick.ac.uk/***. The supporting information (PDF) 3 

contains: (i) experimental verification of -piroxicam form using PXRD, (ii) atomic displacement tables, 4 

(iii) comparison of geometry optimised structures of BIYSEH03 and BIYSEH13, (iv) a 13C CP non-5 

quaternary suppression spectrum, (v) a 13C-1H HETCOR spectrum obtained with a longer contact time, (vi) 6 

tables comparing experimental and calculated NMR parameters, and (vii) 14N-1H spectra obtained at B0 = 7 

9.4 T. Geometry optimised structural models (cif format) of BIYSEH03 and BIYSEH13 calculated with 8 

different relaxation conditions are also available to freely download.  9 
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