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Abstract

Atomically resolved crystal structures not only suffer from the inherent uncertainty in accurately 

locating H atoms but also are incapable of fully revealing the underlying forces enabling the 

formation of final structures. Therefore, the development and application of novel techniques to 

illuminate intermolecular forces in crystalline solids are highly relevant to understand the role of 

hydrogen atoms in structure adoption. Novel developments in 1H NMR MAS methodology can 

now achieve robust measurements of 1H chemical shift anisotropy (CSA) tensors which are highly 

sensitive to electrostatics. Herein, we use 1H CSA tensors, measured by MAS experiments and 

characterized using DFT calculations, to reveal the structure-driving factors between the two 

polymorphic forms of acetaminophen (aka Tylenol or paracetamol) including differences in 

hydrogen bonding and the role of aromatic interactions. We demonstrate how the 1H CSAs can 

provide additional insights into the static picture provided by diffraction to elucidate rigid 

molecules.
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Hydrogen atoms often mediate (de)stabilizing interactions, which drive structure, function, 

and dynamics in numerous chemical systems. While X-ray diffraction is an excellent source 

of information for systems of periodic structure, it fails to accurately locate hydrogen atoms, 

leaving important structural determinants, such as the hydrogen bond, poorly defined. Solid-

state NMR spectroscopy is suitable for structural and dynamic insights in this regard; 

however, 1H NMR spectra in the solid state have historically exhibited insufficient resolution 

due to severe spectral broadening caused by strong homogeneous 1H–1H dipolar 

interactions. Recent developments in magic angle spinning (MAS) technology have 

dramatically improved the situation, achieving spinning frequencies (>100 kHz) that can 

provide atomic resolution even for the most rigid systems.1 Recent advances in 

methodology1 and applications2–7 have demonstrated the power of proton-detected 

techniques. Of notable interest for structural studies are techniques used to measure the 1H 

chemical shift anisotropy (CSA) tensor as a means to detect the magnetic tensorial 

contributions arising from the local electronic structure.8–11 These experiments quantify the 

CSA, ζ = δzz − δiso, and the asymmetry parameter η = (δxx‒δyy)/ζ; where δiso is the 

isotropic chemical shift and δii are the principal components of the CSA tensor ranked 

according to |δzz – δiso| ≥ |δxx – δiso| ≥ |δyy – δiso. Qualitatively, the CSA is then the 

magnetic tensorial value which deviates most from the isotropically averaged frequency 

(δiso), and η gives a sense for the shape of the full CSA tensor based on the other 

components. The CSA is of general interest for structural elucidation as it provides an 

orientation-dependent metric connecting 1H nuclei and their electronic landscape, which are 

typically detected independent of one another by neutron and X-ray diffraction. As such, the 
1H CSA has the potential to resolve ambiguities from X-ray crystallography—an approach 

that was successfully demonstrated for the structural refinement of hydrogen bonded atomic 

positions in L-ascorbic acid.6 Due to the relative infancy of robust methods to detect the 1H 

CSA, limited experimental data has been measured to establish trends regarding different 

structural constraints. The influence of strong hydrogen bonding was explored in earlier 

work through computation and limited experimental results,12–17 which have been 
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confirmed by recent measurements.18 Nevertheless, many open questions remain 

unaddressed regarding its sensitivity to weak hydrogen bonds, e.g., CH⋯O bonding, and 

other electrostatic forces such as π–π interactions, which also participate in structure 

formation. To explore such questions, determining the 1H CSAs for structurally distinct 

arrangements of the same molecule (i.e., polymorphic crystals) could establish trends 

without confounding influences from differences in covalent bonding. This approach is 

adopted herein by employing 2D CSA/CS correlation experiments under 90 kHz MAS to 

probe structural differences for two polymorphic forms of the drug acetaminophen (ACM) 

(Table 1).

The orthorhombic and monoclinic forms of acetaminophen are stable under ambient 

conditions. The structural differences (see Figure 1) between the two polymorphs make 

acetaminophen a good model to study polymorphism. In addition, acetaminophen contains 

chemically diverse functional groups, including a hydroxyl, amine, aromatic, and methyl 

group that exert varying intermolecular effects. Thermodynamically, the two polymorphs 

have an enantiotropic predicted transition point at −165 °C by DSC, above which the 

monoclinic form is favored due to a larger entropic contribution.19 While the 

thermodynamically stable monoclinic is easily isolated through evaporation of many 

solvents, pure crystallization of the metastable orthorhombic polymorph is more difficult. 

Many researchers have focused on finding ways to increase the scale of this polymorphic 

form through the use of different cooling strategies and by introducing functionalized 

surfaces or additives to the system.20–24 In the course of this study, we discovered a novel 

technique for consistently producing pure orthorhombic ACM from water at 0 °C, alluding 

to an Ostwald’s rule of stages scenario (see Supporting Information (SI) for details on 

crystal growth).

The primary structural constraint in both forms is the hydrogen bond network composed of 

the hydroxyl group, which serves simultaneously as a donor and acceptor forming 

OH⋯O═C and NH⋯OH hydrogen bonds. For the orthorhombic form, this network lies in 

plane with the aromatic groups, forming stacked sheets, whereas in the monoclinic structure, 

it forms a two-dimensional ribbon causing buckled planes between the aromatic groups. 

Despite the different geometries, both IR and Raman spectroscopy, common techniques for 

bonding assessment, resulted in nearly identical spectra (see SI Figures S1 and S2). The 1H 

solid-state NMR spectra (Figures 2 and 3), on the other hand, are remarkably sensitive to the 

polymorphic changes. Given that the bond lengths, bond angles, and torsion angles are 

approximately the same for an individual molecule in each polymorph, we attribute the bulk 

of the chemical shift differences to intermolecular effects, the interpretation of which is 

discussed below.

A critical feature of the 2D radiofrequency pulse sequence employed is that it 

simultaneously recouples the CSA and the through-space heteronuclear dipolar couplings, 

encoding in the indirect dimension a line shape that contains both contributions. To achieve 

CSA-only line shapes, heteronuclear decoupling must be applied to all other abundant nuclei 

in the sample, which is required for 14N nuclei in ACM. Due to the very large magnitude of 

the 14N quadrupolar interaction, 14N decoupling can be difficult to accomplish 

experimentally. However, it was recently shown that, under conditions of fast spinning and 
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moderately high RF field strengths, the 14N decoupling becomes quite efficient.8 A 

comparison of the 2D spectra acquired with (Figure 3a) and without (Figure 3b) 14N 

decoupling, however, can be utilized for spectral assignment and qualitative structural 

assessment. For the second-most downfield peak in both forms, the indirect dimension 

clearly marks the NH resonance with the appearance of satellite peaks in the undecoupled 

spectrum. In addition, the CSA values for all other protons in the orthorhombic form are 

perturbed under heteronuclear dipolar evolution, while the values in the monoclinic, except 

the NH and OH peaks, are virtually unaffected. The apparent stronger 14N–1H dipolar 

couplings in the orthorhombic form, particularly in the aromatic region, are direct evidence 

of its denser and/or more rigid structure. Indeed, simulations including the heteronuclear 
14N–1H dipolar couplings based on static distances in the crystal structures for the nearest 
14N neighbor of each proton demonstrate that the line-shapes should be similarly influenced 

for both polymorphs in the aromatic region (see SI Figures S6 and S7). This implies that the 

monoclinic must undergo increased molecular/librational motion on the NMR time scale to 

reduce the 14N–1H dipolar couplings. A measure of the CSA with and without 14N 

decoupling provides a qualitative indication of the dynamic features (or structural disorder) 

between the two forms, showing that the monoclinic undergoes increased dynamics. While 

molecular motion also averages the CSA, thereby narrowing the line shape in the observed 

CSA spectra, without precise, a priori knowledge of the geometry of the electrostatic field 

causing the CSA, comparing the extent of motional averaging between the two polymorphs 

is difficult from the CSA alone.

The 1H CSA is known to be quite sensitive to hydrogen bonding as the nuclear and 

electronic coordinates become distorted in hydrogen bond formation,26 resulting in a less 

shielded nucleus, larger isotropic CS values, and an increase in the magnitude of the CSA.
12–15 Typically the CSA in strong hydrogen bonds is negative by the convention reported 

here.27–29 Unfortunately, due to the γ-encoded symmetry-based recoupling scheme used, 

only the magnitude, not the sign, of the CSA could be measured. As such, we performed 

DFT calculations to support the experimental results (see computational details and Figure 

S4 in the SI). Between the two forms, the hydrogen bond donor/acceptor distances in the 

primary hydrogen bond network are only slightly shorter for the monoclinic. For 

NH⋯Ohydroxyl, the heavy atom distances are 2.97 and 2.93 Å for the orthorhombic and 

monoclinic, respectively, while the OH⋯O donor/acceptor distances are 2.73 Å (ortho) and 

2.66 Å (mono). The hydroxyl protons have very similar isotropic CS values, which is 

consistent with the IR data, despite the 0.13 Å closer donor-acceptor distance. The CSA, 

however, is 0.9 ppm larger for the monoclinic OH, suggesting a slightly stronger bond 

strength. The DFT calculations confirm that the CSA for the two positions is due to 

hydrogen bonding as they are both negative (see Tables S1 and S2 in SI). The result 

demonstrates that the 1H CSA is capable of measuring minute hydrogen bonding 

differences. More substantial differences in hydrogen bonding are found for the aromatic H 

atoms. The aromatic protons are well-resolved between the two forms with the largest CSA 

and most deshielded isotropic chemical shift corresponding to position b in both 

polymorphs. This is closest to the intramolecular carbonyl (Caro⋯OC═O distances of 2.28 Å 

in ortho, and 2.31 Å for mono) and within the limits for CH⋯O hydrogen bonding.30 

Monoclinic ACM has an additional intermolecular contact (2.89 Å) to a carbonyl oxygen 
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which could explain its 0.8 ppm downfield CS and 0.7 ppm larger CSA. In addition, the sign 

of the computed CSA is negative for the monoclinic and positive for the orthorhombic, 

supporting a stronger hydrogen bond argument in the monoclinic (see Table S1 in the SI). A 

similar effect is found for position e where both forms have Caro⋯OC═O distances at 2.85 Å 

(ortho) and 2.92 Å (mono), but in the orthorhombic a nitrogen is also nearby at 2.86 Å, 

likely contributing to its downfield shift (both resonances have negative computed CSA 

values). For both the b and e aromatic positions, the CS and CSA indicate that a proton in 

one form but not the other is involved in a ternary bond complex, which causes the 

differences in the NMR parameters.

The aromatic protons are also influenced by ring current effects, which exert a strong 

influence on nuclear shielding. The interactions of neighboring ring currents are the source 

for the substantial CS differences at the overlapping f and c positions between the two 

polymorphs. The influence of aromatic rings on the CSA tensor depends on the orientation 

of the ring with respect to the proton: the shielding field is perpendicular, while the 

deshielding is parallel to the plane of the ring. The atypical upfield 4.7 ppm isotropic value 

of the f and c protons in the orthorhombic form suggests that the protons point toward the 

face of other rings in the shielded orientation. This is exactly what is found in the 

orthorhombic, with f and c positioned at distances of 2.70 and 2.81 Å to the centroid of 

neighboring rings. This effect leads to the largest CS difference in the system where the 

same positions in the monoclinic are 2 ppm downfield and have no close contacts, but also 

have a 0.7 ppm smaller CSA. A similar effect is found for the methyl group where, despite 

CH3 rotations, finite CSA contributions can be measured and the isotropic values between 

the two forms also differ by 0.7 ppm. For the monoclinic, the CH3 group faces a neighboring 

aromatic group with the methyl carbon being 3.8 Å from the aromatic centroid. In the 

orthorhombic, the methyl group is relatively isolated from any neighboring groups.

The NMR results show that the 1H CSA is quite sensitive to differences in the electrostatic 

fields imposed by different polymorphic arrangements, which help to illuminate the static 

picture provided by X-ray crystallography. The CSA response to hydrogen bonding, both 

weak and strong, differentiates the two polymorphs; IR spectroscopy was much less 

sensitive in this regard. In addition, the rather strong influence of ring current effects on the 

CSA provides an excellent metric for π–π interactions. In full consideration of the data, a 

justification for the previously reported free energy differences can be proposed. First, the 

NH⋯OH⋯O hydrogen bonding network is similar in strength, slightly favoring the 

monoclinic as evidenced by the CSA. In addition, CHaro⋯O/N bonding was found in both 

forms, with varying strengths, the strongest of which, based on deshielding and CSA 

magnitude, involved an intra/intermolecular ternary complex for the CHb resonance in 

monoclinic ACM. Despite the comparatively weak nature of CH⋯O hydrogen bonds, it has 

been shown that they are of structural significance in many crystal structures31 and are 

stronger when the acceptor oxygen is also involved in a stronger hydrogen bond,32,33 as is 

the case here. The CSA parameters then suggest that the overall hydrogen bond formation in 

the monoclinic is potentially a bit stronger than orthorhombic ACM. Additional 

contributions from the aromatic groups were also identified. In the orthorhombic form, the 

rings within a layer are sandwiched by two other rings on opposite ends, which is reflected 

in the substantial difference between the CSA parameters for CHf and CHc positions. This 
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could account for the stronger contribution of the 14N–1H dipolar couplings in the 

undecoupled spectra, caused by a more rigid structure. The lack of such a constraint in the 

monoclinic ACM provides it with more degrees of freedom, consistent with previous 

findings.19

In this contribution, we have demonstrated that polymorphic differences are captured by the 
1H CSA, including changes in hydrogen bond structures, aromatic π electrons constraints, 

and methyl group interactions. Interpretations for differences imposed by the polymorphic 

changes on the CSA values were provided based on the reported crystal structures. The 

results demonstrate the remarkable potential of 1H ultrafast MAS NMR to significantly 

augment crystal structures obtained by diffraction techniques through the direct measures of 

hydrogen atoms across a range of chemically distinct groups. In addition, this study has 

enabled a rationale for the stabilization of the monoclinic structure and the basis for the 

formation of the metastable orthorhombic forms of ACM.

EXPERIMENTAL SECTION

All ACM 2D CSA/CS data were acquired on a JNM-ECZ600R spectrometer (JEOL 

RESONANCE Inc., Japan) at 600 MHz 1H Larmor frequency using a JEOL RESONANCE 

Inc. 0.75 mm double-resonance MAS probe under 90 kHz ± 20 Hz MAS at room 

temperature (25 °C). Six scans were used with a recycle delay of 120 s and 32 t1 points in all 

2D experiments. Resonance assignments, supporting NMR experiments, description of DFT 

calculations and NMR simulations can be found in the SI along with details on sample 

preparation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Crystal structures illustrating packing of monoclinic (left) and orthorhombic (right) 

polymorphs of acetaminophen. The lines display the intermolecular hydrogen bonding 

network, which is pleated with respect to the molecule for the monoclinic while flat for the 

orthorhombic in layered planes. FTIR and Raman spectra for both crystalline forms are 

given in SI Figures S1 and S2.
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Figure 2. 
Left: 1H spin–echo NMR spectra collected under 90 kHz MAS of the two acetaminophen 

polymorphs with resonance assignments. Significant differences observed in the shape and 

frequency of spectral lines clearly demonstrate the sensitivity of 1H chemical shift to 

structural differences between the two crystalline forms. Right: two-dimensional 13C–1H 

HETCOR spectrum obtained under 70 kHz MAS confirming the resonance assignment of 

orthorhombic polymorph. A full discussion of the resonance assignment is also given in the 

SI.
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Figure 3. 
Two-dimensional 1H/1H CSA/CS correlation spectra obtained using the pulse sequence 

shown in SI Figure S3 under 90 kHz MAS with (a) and without (b) 14N decoupling for the 

orthorhombic (right) and monoclinic (left) polymorphs of acetaminophen. The influence of 
14N–1H dipolar couplings are marked by the broadening and appearance of satellite peaks in 

panel b, with a greater magnitude for the orthorhombic. Slices from CSA (or the ω1) 

dimension and numerically simulated fits using SIMPSON25 are given in panel c.
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Table 1.

Isotropic and Anisotropic Chemical Shift Parameters for Protons in the Monoclinic and Orthorhombic 

Polymorphs of Acetaminophen Measured from 90 kHz MAS NMR Using a 2D CSA/CS Pulse Sequence with 

and without (Denoted As *) 14N Decoupling
a

orthorhombic OH b f,c e CH3

δiso (ppm) 9.4 7.1 4.7 6.3 1.8

|ζ| (ppm) 15.3 6.7 6.3 5.8 3.0

η 0.3 0.6 0.7 0.8 1.0

|ζ| (ppm) w/o decoupling* 16 7.2 6.7 7.1 3.7

η w/o decoupling 0.3 0.7 0.8 0.8 1.0

monoclinic OH b f,c e CH3

δiso (ppm) 9.4 8.0 6.8 5.8 1.1

|ζ| (ppm) 16.4 7.4 5.6 4.8 5.0

η 0.4 0.6 0.7 1.0 1.0

|ζ| (ppm) w/o decoupling* 16.0 7.2 5.6 4.8 5.0

η w/o decoupling* 0.5 0.6 0.7 1.0 1.0

a
The pulse sequence is given in the SI. CSA values obtained from DFT calculations are given in Tables S1 and S2.
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