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Abstract 

Nitrogen-14 solid-state NMR (SSNMR) is utilized to differentiate three polymorphic 

forms and a hydrochloride (HCl) salt of the amino acid glycine.  The 14N quadrupolar interaction 

is shown to be very sensitive to variations in the local electric field gradients (EFGs) about the 

14N nucleus; hence, differentiation of the samples is accomplished through determination of the 

quadrupolar parameters CQ and ηQ, which are obtained from analytical simulations of the 14N 

SSNMR powder patterns of stationary samples (i.e., static NMR spectra, νrot = 0 Hz).  

Additionally, differentiation of the polymorphs is also possible via the measurement of 14N 

effective transverse relaxation time constants, T2
eff(14N).  Plane-wave density functional theory 

(DFT) calculations, which exploit the periodicity of crystal lattices, are utilized to confirm the 

experimentally-determined quadrupolar parameters as well as to determine the orientation of the 

14N EFG tensors in the molecular frame.  Several signal-enhancement techniques are also 

discussed to help improve the sensitivity of the 14N SSNMR acquisition method, including the 

use of selective deuteration, the application of the BRoadband Adiabatic INversion Cross-

Polarization (BRAIN-CP) technique, and the use of variable-temperature (VT) experiments.  

Finally, we examine several cases where 14N VT experiments employing Carr-Purcell-Meiboom-

Gill (CPMG) refocusing are used to approximate the rotational energy barriers for RNH3
+ 

groups. 
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1. Introduction 

 Although glycine is the simplest of the standard, naturally occurring amino acids, it has a 

complex series of solid-state structures. Three distinct polymorphs exist at ambient conditions 

(i.e., α, β and γ).  All forms are zwitterionic in the solid state (H3N
+CH2COO−) and 

polymorphism arises from different modes of hydrogen-bonding (H-bonding) due to the 

disparate arrangements of the molecules in the unit cell.1,2 The polymorphs have been studied by 

numerous spectroscopic techniques, including X-ray diffraction,3–5 thermodynamic studies,6,7 

and 1H and 13C NMR,8–12 to name a few.  Unfortunately, 1H and 13C SSNMR are not always 

reliable for differentiating polymorphs, as demonstrated by Taylor and Dybowski in their 

multinuclear SSNMR of glycine.10 

 Nitrogen SSNMR is capable of detecting the subtle changes in the local nitrogen 

environments that result from different degrees of hydrogen-bonding in several amino acids and 

more complicated polypeptide systems.13–19 Nitrogen has two NMR-active nuclides, 14N (nuclear 

spin, I = 1) and 15N (I = ½).  15N NMR is much more prevalent because of the relatively narrow 

peaks and high resolution chemical shift information it can provide; however, 15N has a very low 

natural abundance (0.37%), requiring that most samples be isotopically enriched, which may be 

expensive and synthetically challenging.  There are several reports describing the use of 15N 

SSNMR to investigate polymorphism in amino acids: some groups have reported the use of 15N 

SSNMR to investigate tautomerism20,21 and polymorphism22 in histidine, several others have 

successfully used 15N SSNMR to investigate polymorphism in fully 15N-labelled biological 

systems,17–19 and still others have investigated polymorphs of glycine,22,23 and glycine bound to a 

silica surface.23,24 Although 15N SSNMR spectra are sensitive to the protonation state of the 

nitrogen atom, this sensitivity is reduced when the compounds have the same charge (as is the 
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case with polymorphs), in that the nitrogen chemical shifts are very similar and differ only by a 

few ppm.  Nitrogen-14 on the other hand is 99.63% naturally abundant but has a lower 

gyromagnetic ratio (i.e., γ(14N) = 1.93 × 107 rad T−1 s−1
 vs. γ(15N) = −2.71 × 107  rad T−1 s−1).25,26 

Nitrogen-14 SSNMR is largely avoided because of (i) its low Larmor frequencies, which often 

require specialized probes and/or tuning equipment, and (ii) the fact that 14N has a nuclear spin 

of 1 with a moderate 14N quadrupole moment (eQ = 20.44 x 10−31 m2),25 which results in 

inhomogeneously broadened powder patterns that typically span hundreds of kHz to several 

MHz.  This pattern broadening arises from the quadrupolar interaction (QI), which is the 

interaction between the quadrupolar nucleus (i.e., I > ½) and the surrounding EFGs.  In 

particular, the first-order quadrupolar interaction (FOQI) dominates the appearance of 14N 

SSNMR spectra, and its orientation dependence results in a typical Pake doublet pattern for I = 1 

nuclei, from which the quadrupolar coupling constant and quadrupolar asymmetry parameter, 

denoted CQ, and ηQ, respectively, can easily be determined (see Table 1 for formal definitions).  

The entire nitrogen chemical shift range spans ca. 1300 ppm;27 hence, the effects of nitrogen 

chemical shifts, including chemical shift anisotropies (CSAs) are rarely detected in static ultra-

wideline (UW) 14N SSNMR spectra (UW NMR spectra are defined as those that must be 

acquired with specialized techniques such as chirped pulses, stepped transmitters or swept fields, 

due to limitations in excitation bandwidth associated with conventional rectangular pulses).28  In 

cases where the 14N spectra are narrow due to very small quadrupolar coupling constants (i.e., 

samples with high Platonic symmetry), it is possible to extract both the quadrupolar parameters 

and the CSA.29–31  Although it is possible to acquire UW 14N SSNMR spectra under conditions 

of magic-angle spinning in order to observe the simultaneous effects of the CSA and the first- 
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and second-order quadrupolar interactions, long acquisition times (ca. 44 – 88 hours) and very 

stable spinning speeds (i.e., specialized probes) are required for such experiments.13  

 For most nitrogen-containing structural motifs, the local bonding environment and 

symmetry produce large electric field gradients (EFGs) at the 14N nuclei which give rise to large 

FOQIs, which in turn broaden most 14N NMR powder patterns beyond the excitation bandwidths 

of most high-power rectangular pulses.  Recently, our research group has demonstrated that  

pulse sequences incorporating broadband frequency-swept pulses can be used to efficiently 

acquire 14N SSNMR spectra of such systems.14,15,32 We note that standard rectangular pulses are 

suitable for cases in which the nitrogen environments have high spherical or Platonic symmetry, 

and correspondingly small quadrupolar coupling constants and a narrow powder patterns.33  

Frequency-swept Wideband, Uniform Rate, Smooth Truncated (WURST)34,35 pulses, in 

conjunction with the Carr-Purcell Meiboom-Gill (CPMG) refocusing protocol,36 have been 

demonstrated to be effective for acquiring 14N SSNMR spectra at moderate and high magnetic 

fields (i.e., 9.4 to 21.1 T).14–16 However, in many cases, even the broadband excitation afforded 

by the WURST pulses is not sufficient to completely excite the entire powder pattern in a single 

experiment.  Therefore, 14N SSNMR spectra are often acquired by stepping the transmitter 

frequency in even increments across the breadth of the powder pattern (this is the so-called 

variable-offset cumulative spectra (VOCS) method).37,38  Fortunately, given the symmetric 

nature of the 14N Pake doublet powder patterns to first order, it is possible to reduce experimental 

time by acquiring only half of the 14N powder pattern (and constructing the other half by 

reflection, if desired; see the experimental section for details).15,39 For an account  of the progress 

in 14N SSNMR, we refer the readers to a review article published in 2011 by O’Dell L. A.16 

Page 5 of 38 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 6

 In this work, we demonstrate that UW 14N SSNMR can be used to differentiate between 

three polymorphic forms of glycine (i.e., α, β and γ), as well as an HCl salt derivative.  Although 

α-glycine has previously been studied by 14N SSNMR by our group14,40 and others,13,41,42 its 14N 

SSNMR spectra can be acquired with great rapidity, making it useful for comparison to its 

known polymorphs and salts.  We also demonstrate that the polymorphs may be differentiated 

via the measurement of the effective 14N transverse relaxation time constant, T2
eff(14N).  The 14N 

EFG tensor parameters of the polymorphic phases are correlated to their crystal structures via the 

use of plane-wave DFT calculations.  We also discuss how the unique structural and dynamical 

properties of the RNH3
+ moieties, which are common in many nitrogen-containing compounds, 

can be exploited to enhance S/N, improve spectral quality, and reduce experimental times.  The 

sensitivity of 14N SSNMR may prove particularly useful for the study of more industrially 

interesting systems such as active pharmaceutical ingredients (APIs) and other organic and 

inorganic molecules of interest.   
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2. Experimental Methods 

2.1 Sample preparation.  Samples of α-glycine, γ-glycine, and glycine HCl were 

obtained from Sigma Aldrich and used without further purification.  High purity samples of β-

glycine were prepared by the method described by Boldyreva et al.1 A deuterated sample of γ-

glycine was prepared by the method described by Harris et al.43  The phase purities of all 

samples were confirmed by powder X-ray Diffraction (pXRD) (Fig. S1, Supplementary 

Information). 

2.2 Powder XRD experiments.  Diffraction patterns for all the samples 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 patterns were simulated with the PowderCell software package.44   

2.3 Direct-Excitation (DE) NMR experiments.  All spectra were acquired using a Varian 

InfinityPlus spectrometer equipped with a wide-bore 9.4 T magnet using Larmor frequencies of 

399.73 MHz and 28.875 MHz for 1H and 14N, respectively.  A Chemagnetics 5.0 mm static 

double-resonance HX probe was used for all experiments, equipped with a Varian/Chemagnetics 

low-γ tuning box on the 14N channel.  Spectra were referenced against a sample of solid NH4Cl 

(δiso = 39.3 ppm),45 although chemical shifts are not reported due to large uncertainties in their 

measurements (vide infra).   

Due to the large breadths of the 14N NMR powder patterns, the WURST-CPMG pulse 

sequence46 was used for DE 14N NMR experiments, as previously described elsewhere.16,38,20  

WURST-8034 pulses 50 µs in length were linearly swept from low to high frequency covering a 

total range of 2 MHz and with a maximum amplitude of  ν1 = 30 kHz.  Continuous wave (CW) 
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1H decoupling with ν2 = 40 kHz was applied during the duration of each scan.14,48  With our 

current low-γ probe circuit configuration, we are restricted to an upper maximum of ca. 40 kHz 

for proton decoupling power, which means that for some samples it is not possible to fully 

decouple the 14N-1H heteronuclear dipolar interactions.   

Individual sub-spectra were acquired at evenly-spaced transmitter frequencies, which 

were chosen such that (i) they are integer multiples of the CPMG spikelet spacing, and (ii) the 

overlap between the individual sub-spectra is optimized to yield undistorted spectra.39  Each sub-

spectrum was zero-filled, apodized, Fourier transformed, and magnitude processed.  Only the 

high-frequency sides of the 14N powder patterns were acquired, with the low frequency sides of 

the patterns produced by reflection (since the 14N Pake doublet is symmetric about the isotropic 

chemical shift to first order).15,16 Table S1 (Supporting Information) shows a complete list of 

acquisition parameters.  14N SSNMR powder patterns were simulated using the WSolids1 

program.49 

2.4 Variable-Temperature (VT) NMR experiments.  14N WURST-CPMG spectra of non-

deuterated α- and γ-glycine were acquired at multiple temperatures ranging from −88 °C to +181 

°C with a Varian VT upper stack and nitrogen gas heat exchanger.  Temperatures were calibrated 

using the 207Pb isotropic shift of solid Pb(NO3), as suggested by Bielecki and Burum.50 We refer 

the readers to Tables S2 and S3 for detailed lists of temperatures and acquisition parameters. 

2.5 BRoadband Adiabatic Inversion Cross-Polarization (BRAIN-CP) NMR 

experiments.  A 14N SSNMR spectrum of glycine HCl was acquired using the BRAIN-

CP/WCPMG51 pulse sequence in order to compare the performances of DE and cross-

polarization (CP) pulse sequences.  The frequency sweep range of the X-channel (X = 14N) 

contact pulse was set to ensure that abundant 1H spin-polarization was transferred predominantly 
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to the +1 → 0 fundamental transition.40  A 16-step phase cycle was employed to remove zero-

quantum coherences (arising from thermal polarization) so that the WCPMG refocusing pulses 

only refocused the polarization resulting from the CP process.40  For a complete list of 

experimental parameters, please refer to Tables S4 and S5.   

 2.6 Ab initio calculations.  Plane-wave density functional theory (DFT) calculations of 

the 14N EFG tensors were performed using the CASTEP NMR program52 in the Materials Studio 

5.0 software suite on a Dell Studio XPS 435T/9000 with a single Intel Core i7 920 processor and 

8 GB of DDR3 RAM.  “On the fly” 14N pseudopotentials were used for these calculations, with a 

plane-wave basis set cut-off of 610 eV and a fine k-point set (2 x 2 x 4).  The revised Perdew, 

Burke and Ernzerhof (rPBE) functional was used in the generalized gradient approximation 

(GGA) for the exchange correlation energy.  For all of the crystal structures, geometry 

optimizations of the hydrogen atom positions were carried out, while holding fixed the positions 

of all other heavier atoms and lattice parameters.  Crystal structures for α-glycine, β-glycine, γ-

glycine, and glycine HCl were obtained from the Cambridge Structural Database (CSD).4,53–55  

   

   

 
 
 

  

Page 9 of 38 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 10 

3. Results and Discussion 

3.1 
14
N SSNMR spectra of the different forms of glycine: direct-excitation experiments.  

In this section, a brief discussion of the 14N SSNMR spectra of the various forms of glycine is 

presented.  In all cases, the S/N ratio for each spectrum is high enough that two of the three 

discontinuities associated with the principal components of the 14N EFG tensor can be observed.  

The outermost discontinuities, which correspond to the largest component of the EFG tensor, 

V33, are hard to clearly discern in certain cases.  Fortunately, only two of the three discontinuities 

need to be resolved to accurately obtain the quadrupolar parameters (this is because the EFG 

tensor is traceless, i.e., V33 = −(V11 + V22).
16  Due to variations in the longitudinal relaxation time 

constant, T1(
14N), and the effective transverse relaxation time constant, T2

eff(14N), the acquisition 

times vary for each sample (vide infra).  We note that the terminology “effective T2(
14N)” or 

“T2
eff(14N)” is used to describe transverse relaxation, due to the partial or complete absence of 

contributions to relaxation from 14N-1H dipolar coupling resulting from the application of high-

power 1H decoupling.  Table 1 shows the values of CQ, ηQ, and T2
eff(14N) at room temperature 

(i.e., 20 oC) for the aforementioned compounds. 

3.1.1  α-, β-, and γ-glycine.  The 14N NMR powder pattern for α-glycine (Fig. 1a) has 

high S/N, and the discontinuities arising from all three principal axes of the EFG tensor are 

clearly visible.  Analytical simulation of this spectrum yields CQ = 1.19 ± 0.02 MHz and ηQ = 

0.52 ± 0.02, in close agreement with previously obtained results.13,14  The 14N NMR powder 

pattern for β-glycine (Fig. 1b) also has high S/N, although it required a significantly longer 

acquisition time than that of α-glycine (i.e., ca. 7.6 hours for the former vs. 0.5 hours for the 

latter).  Comparing the free induction decays (FIDs), which were acquired with identical 1H 

decoupling fields, reveals that the 14N nuclei in β-glycine have a shorter T2
eff(14N) value than 
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those in α-glycine, resulting in the collection of fewer spin echoes and thereby necessitating a 

larger number of scans to obtain a spectrum with comparable S/N (see Table S1).  A more 

detailed discussion of the measurement of T2
eff(14N) is presented below.   

The discontinuities in the spectrum of β-glycine are distinct from those in the spectrum of 

α-glycine, indicating that each sample is characterized by a unique set of quadrupolar 

parameters.  Indeed, analytical simulation of the spectrum of β-glycine yields CQ = 1.26 ± 0.03 

MHz and ηQ = 0.42 ± 0.03.  The 14N NMR spectrum for the third polymorph, γ-glycine, is shown 

in Fig. 1c.  During acquisition of the sub-spectra of γ-glycine, acoustic ringing was observed in 

the FIDs (Fig. S2).  The acoustic ringing likely arises from the piezoelectric nature of this 

sample, as described in previous publications.5,56–61 Due to the semi-coherent nature of the 

ringing, its distorting effect can eventually be reduced with the use of signal averaging (complete 

averaging requires a large number of scans).  Nonetheless, the “horn” and “shoulder” 

discontinuities are still clearly resolved, and analytical simulations of the powder pattern yield 

CQ = 1.19 ± 0.04 MHz and ηQ = 0.38 ± 0.04.  Although the value of CQ is the same as that of α-

glycine, the powder patterns are distinct in terms of the locations of the “horn” and “shoulder” 

discontinuities arising from their different ηQ values.  Similar to the observation made for β-

glycine, the FIDs of γ-glycine are associated with T2
eff(14N) values that differ from those 

observed for both α- and β-glycine (vide infra).  

The T2
eff(14N) constants can be measured by fitting the CPMG echo trains with a first-

order exponential decay function; however, we note that the T2
eff(14N) values must be measured 

for individual sub-spectra (i.e., from FIDs acquired at single transmitter frequencies).  For a 

transmitter frequency of 29.175 MHz, and a 1H decoupling field of ν2 = 40 kHz, the T2
eff(14N) 

values are measured to be 54 ± 14, 12 ± 0.6, and 25 ± 3.7 ms for α-, β-, and γ-glycine, 
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respectively (Fig. S3).  The T2
eff(14N) constant for the β-glycine sample is the shortest 

(corresponding to the most rapid decay of the echo train), suggesting that there are larger 

contributions to transverse relaxation from heteronuclear 14N-1H dipolar couplings than in the 

cases of the α- and γ-glycine samples.  This assumption is reasonable, since the values of CQ are 

similar for all three compounds, meaning that it is unlikely to be much variation in the 

quadrupolar contributions to transverse relaxation.  An interesting implication of this result is 

that it may be possible to differentiate polymorphs of some samples solely on the basis of the T2 

relaxation characteristics without having to acquire the entire 14N powder pattern, which may be 

of use for discriminating systems which possess similar quadrupolar parameters, or possess 14N 

patterns that are simply too broad to acquire in their entirety. 

3.1.2 Glycine HCl.  Although glycine HCl is a distinct chemical compound, it is of 

interest to see whether its 14N quadrupolar parameters differ from those of the free-base glycine 

polymorphs.  This of course could have great relevance in the characterization and differentiation 

of a variety of organic free-base compounds and their corresponding HCl salts, including amino 

acids, pharmaceuticals and numerous other systems.  The 14N NMR powder pattern for glycine 

HCl (Fig. 1d) has comparable S/N to the powder pattern of α-glycine, with all of the 

discontinuities clearly resolved.  The slightly lower signal intensity of the glycine HCl spectrum 

compared to that of α-glycine mainly arises from the shorter CPMG echo train (i.e., shorter 

T2
eff(14N), Table 1) of the former.  The quadrupolar parameters are CQ = 1.16 ± 0.02 MHz and ηQ 

= 0.17 ± 0.02.  Again, CQ is very similar to that of α- and γ-glycine; however, its distinct ηQ 

value leads to a powder pattern that is easily distinguishable. 

3.1.3 Correlation of 
14
N NMR data to molecular structure.  All of the 14N NMR spectra 

presented above are associated with pseudo-tetrahedral nitrogen environments (i.e., RNH3
+, 
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where R denotes the rest of the amino acid).  In an idealized “gas phase” system, this moiety 

most often possesses a C3 rotation axis along the C-N bond, which results in an axially 

symmetric 14N EFG tensor (ηQ = 0) with the principal component of largest absolute magnitude, 

V33, aligned directly along this axis.  However, the systems studied herein do not possess perfect 

C3 rotational axes due to intermolecular interactions in the solid state involving the NH3 group 

(i.e., hydrogen bonding); hence, the 14N EFG tensors do not have perfect axial symmetry (i.e., 

V11 ≠ V22 and ηQ ≠ 0).  In every case, the V33 component is still expected to align along, or close 

to, the direction of the C-N bond. 

 Plane-wave DFT calculations have been carried out to correlate the local structures of the 

nitrogen environments with experimentally-obtained 14N quadrupolar parameters (Table 1).  

Plane-wave calculations are suitable for crystalline systems where intermolecular interactions 

may influence the EFG tensor components and orientations, since the extended crystal lattice is 

taken into account.14,62,63  In all of the cases examined herein, the theoretically predicted 14N 

quadrupolar parameters closely match the experimental data.  For the structure obtained using an 

X-ray source (i.e., β-glycine4), the prediction of quadrupolar parameters is improved if the EFG 

calculations are conducted after the proton positions have been optimized (the positions of the 

heavier atoms and lattice parameters were held constant).  For structures obtained using a 

neutron source (i.e., α-glycine,53 γ-glycine,54 and glycine HCl55), the values of CQ and ηQ are 

predicted accurately whether or not the proton positions are geometry optimized.   

 The theoretically predicted 14N EFG tensor orientations for all four systems are shown in 

Fig. 2.  In each case, V33 is oriented nearly along the C-N bond, as discussed above.  In all cases, 

the sign of CQ is predicted to be positive (Table 1), as expected.15,64  Although the sign of CQ 

cannot be determined experimentally from 14N SSNMR spectra, it has been measured to be 
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positive from the measurement of 13C-14N residual dipolar couplings in the 13C SSNMR 

spectrum of α-glycine,65 as well as from 14N nuclear quadrupole resonance (NQR) experiments 

of other crystalline amino acids.66,67  

In order to correlate the calculation results to known crystal structures, we restrict our 

discussion to α-glycine, γ-glycine, and glycine HCl.  If one considers the lengths of the N-H 

bonds in the three samples (Table S6), it is evident that glycine HCl has the shortest N-H bonds 

(i.e., all of the N-H bonds are < 1.4 Å), suggesting that the amount of hydrogen-bonding with 

neighbouring molecules is very limited, resulting in a nearly axially symmetric EFG tensor (i.e., 

ηQ ≈ 0).  Both α- and γ-glycine have one or more N-H bonds that are clearly affected by H-

bonding (i.e., N-H bond length > 1.5 Å), thereby resulting in an EFG tensor that is less axially 

symmetric with an intermediate ηQ value (i.e., ηQ ≈ 0.5).   

Finally, some brief comments must be made on motional effects on the 14N EFG tensors.  

This has been recently studied in a number of 14N SSNMR experiments on a variety of different 

structural moieties.14,48,68  Despite the fact that NH3 groups are known to undergo a three-fold-

jump motion about the C-N bond in the solid state,69–71 the magnitude of V33 should not be 

substantially influenced by the motion, since V33 is oriented along or near the C-N bond.  In 

addition, V11 and V22 do not shown any evidence of averaging due to the motion, even at higher 

temperatures where rotational rates are expected to increase (vide infra). 
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3.2 Improving the efficiency of 
14
N SSNMR experiments.  The two NMR interactions 

that make the most significant contributions to nuclear magnetic relaxation processes in 14N 

SSNMR experiments are the 14N quadrupolar and 14N-1H direct dipolar interactions.  Due to the 

strong dipolar couplings that arise from the short N-H bonds, both the longitudinal and 

transverse relaxation times are expected to be dominated by the 14N-1H dipolar coupling 

mechanism, the latter results in short CPMG echo trains and reduced S/N.  Ideally, it is desirable 

to acquire 14N CPMG NMR spectra of such systems with as high a 1H decoupling power as 

possible, in order to maximize the effective T2(
14N) (vide supra).  We remind the reader that with 

the low-γ configuration of our probe, the 1H decoupling rf is limited to a maximum of ca. 40 

kHz.  It is noted that during the course of this study, we have investigated a variety of schemes to 

increase the efficiency of 1H decoupling; however, no one decoupling scheme has been found to 

be more efficient (a full discussion of 1H decoupling and the impacts on UW NMR experiments 

is beyond the scope of the current work, and further work on this issue is currently underway in 

our laboratory). 

Since we cannot resort to simply using the highest 1H decoupling fields possible as the 

sole means of acquiring higher quality 14N SSNMR spectra, alternatives must be considered.  

Hence, in this section, we discuss several techniques that improve the efficiency of 14N UW  

SSNMR experiments by increasing the S/N ratio and the spectral quality through the combined 

use of high-power 1H decoupling, deuteration, broadband cross-polarization (BCP), and VT 

NMR.   

3.2.1 
1
H decoupling and deuteration.  By using CW 1H decoupling to attenuate or 

eliminate the impact of relaxation arising from heteronuclear 14N-1H dipolar coupling during the 

acquisition of a 14N FID, the number of spin echoes that form (and thus the resulting S/N of the 
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Fourier-transformed spectrum) can be controlled (Fig. S4).  As described in previous works, the 

more spin echoes that compose a CPMG echo train, the higher the S/N of the resulting 

spectrum.72–74 An alternative to using high-power 1H decoupling to average heteronuclear 14N-1H 

dipolar couplings is to recrystallize the amino acids from an exchanging deuterated solvent (e.g., 

D2O).  Exchanging nitrogen-bound protons for deuterons can decrease or eliminate (depending 

on the degree of exchange) the contribution of the 14N-1H dipolar coupling mechanism to the T2 

relaxation of the 14N nucleus,14 since the gyromagnetic ratio of 2H is significantly lower than that 

of 1H (γ2H = 4.1 x 107 rad T−1 s−1 vs. γ1H = 26.7 x 107 rad T−1 s−1).  We note that due to the non-

trivial synthesis of β-glycine, the instability of its solid form, and several failed attempts to 

deuterate the sample, the effects of deuterium labelling were not studied for the β-glycine 

polymorph.  In addition, all of our attempts to recrystallize α-glycine from D2O (l) have resulted 

in the formation of γ-glycine-ND3
+. 

Fig. 3 provides a comparison of the 14N powder patterns of γ-glycine-ND3
+ and its non-

deuterated counterpart, γ-glycine.  The powder pattern of γ-glycine-ND3
+ (Fig. 3a) has the 

appearance of a nearly ideal 14N SSNMR spectrum, with discontinuities that are very well-

defined, especially in the “foot” region.  The corresponding analytical simulation is the red trace 

in Fig. 3.  The quadrupolar parameters are CQ = 1.19 ± 0.02 MHz and ηQ = 0.37 ± 0.02 and have 

smaller uncertainties compared to those of the non-deuterated sample of γ-glycine (vide supra).  

We note that even with deuteration, proton decoupling is still required to obtain high quality 

spectra, since other nearby protons (which do not exchange) can impact the transverse relaxation 

and therefore reduce the number of spin echoes that form in the CPMG echo train.  Measurement 

of the T2
eff(14N) constant in the sample of γ-glycine-ND3

+ yielded 24 ± 3 ms, which within the 

level of uncertainty is equal to the T2
eff value of the non-deuterated γ-glycine polymorph (T2

eff = 
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25 ± 4 ms).  As a result, the overall S/N of the spectrum is comparable to that observed for γ-

glycine.  The comparable T2
eff(14N) value for the deuterated sample is a puzzling result, since it 

contradicts previous findings which show that deuteration of a nitrogen environment often 

increases the T2
eff(14N) time constant.14,16,40 It is possible that 14N-1H dipolar coupling involving 

the proximate CH2 protons makes a major contribution to the T2
eff(14N); this could be due to the 

rapid rotational motion of the NH3 group (vide infra).  However, this is unlikely because 

comparison of 14N SSNMR sub-spectra for α-glycine and α-glycine-D5 reveals that their 

T2
eff(14N) values are the same within uncertainty (Fig. S5).  Interestingly, no ringing was 

observed in the FID of γ-glycine-ND3
+, unlike the corresponding FID of non-deuterated γ-

glycine (Fig. S2).  We are currently investigating this phenomenon in greater detail. 

3.2.2 Broadband Cross-Polarization (BCP). Our group has recently published work 

demonstrating the ability of using cross-polarization over a broad frequency range.40,51,75 The use 

of the BRoadband Adiabatic INversion Cross-Polarization (BRAIN-CP) pulse sequence provides 

all the advantages of regular CP experiments (i.e., enhancement based on the ratio of the γ’s, 

recycle delays that depend on the T1(
1H) constants, etc.), as well as the added benefit of a broad 

CP excitation profile, all of which lead to decreased experimental times.21 The benefits of 

BRAIN-CP for 14N SSNMR have previously been demonstrated by our group with the use of a 

sample of α-glycine and several pharmaceutical compounds.40  In fact, α-glycine is an excellent 

14N NMR setup standard for both direct-excitation and CP experiments.  We have investigated 

the effectiveness of BRAIN-CP for the acquisition of 14N SSNMR spectra of β-glycine, γ-

glycine and glycine HCl. 

 Fig. 4a shows a comparison of individual sub-spectra of glycine HCl acquired with 

WURST-CPMG46 and BRAIN-CP/WURST-CPMG51 at the same transmitter frequency.  For 
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brevity, these direct-excitation and broadband cross-polarization experiments will be referred to 

as DE and BCP, respectively.  The DE and BCP experiments were conducted with almost 

identical parameters, including the overall number of scans.  The BCP sub-spectrum acquired at 

a transmitter frequency of 29.225 MHz has approximately 6.5 times the S/N of the corresponding 

DE sub-spectrum.  Fig. 4b shows a comparison of the 14N powder patterns of glycine HCl 

acquired with both BCP and DE.  It is evident that under the same experimental conditions, the 

signal intensity of the BCP spectrum is far better than that of the DE spectrum; in particular, the 

outer “foot” discontinuity is clearly visible in the BCP spectrum. 

 BCP experiments were also attempted on both β- and γ-glycine; however, they were 

unsuccessful.  This could be due to several factors including poor CP transfer efficiency, short 

T1ρ’s (both 1H and 14N) of the samples, efficient cross-relaxation, etc.   We attempted 1H-14N 

BCP experiments on γ-glycine at a higher temperature (i.e., Tmax = 92 °C, vide infra) in order to 

see if the CP process differs with changes in the dynamical motions of the NH3 moieties; 

however, spectra of adequate S/N could still not be obtained.  It is clearly of interest to continue 

investigating the dependence of the CP mechanism on 1H-14N cross relaxation and the motion of 

the RNH3
+ moieties (vide infra), since this may enable the use of BCP experiments for a wider 

range of samples and different modes of polymorph differentiation; however, detailed 

investigation of these factors is beyond the scope of the current work. 

In cases where BCP experiments can be conducted and the CP conditions are favourable, 

high S/N spectra may be acquired in shorter experimental times than their DE counterparts.  A 

second advantage of using BRAIN-CP to acquire 14N SSNMR powder patterns is that due to the 

added S/N that results in many cases, 14N powder patterns with high CQ values (i.e., CQ > 1.6 

MHz) may now be acquired at moderate magnetic field strengths (i.e., 9.4 T), a practice which, 
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to the best of our knowledge, has been limited to ultrahigh-field NMR (i.e., 21.1 T),15,16 14N 

overtone spectroscopy,76–79 single-crystal NMR,80 and NQR.81–88    

3.2.3 Variable-temperature (VT) 
14
N NMR experiments.  One of the factors that 

influences the sensitivity of NMR experiments is temperature.  The most obvious influence of 

temperature is the enhancement of S/N which is generally observed for spectra acquired at lower 

temperatures, due to modifications of the spin populations described by the Boltzmann equation.  

However, motional effects on relaxation can have a major impact on S/N and resolution.  For 

instance, it has been shown that for a methyl group that undergoes rotational motions (i.e., three-

fold rotation) in the solid state, the relaxation characteristics of the 1H and 13C nuclides (i.e., T1’s 

and T2’s) can be altered by changing the temperature.89  Exploiting temperature-dependent 

relaxation characteristics can result in decreased experimental times and/or lend insight into 

dynamical processes at the molecular level.48,68,90–93  In this section, we briefly discuss the effect 

of variation in temperature on the acquisition of 14N SSNMR powder patterns; this was achieved 

with a series of sub-spectra of α-glycine, γ-glycine, and glycine HCl acquired at temperatures 

ranging from −88 °C to +181 °C.  We note that due to the unstable nature of β-glycine, VT 14N 

SSNMR experiments were not attempted for this sample.   

For α-glycine (Fig. 5a), we observed that the 14N sub-spectrum with maximum S/N 

occurs at a sample temperature of ca. 20 °C, with the S/N decreasing as the temperature is 

ramped away from 20 °C in either direction.  For the rest of our discussion, we introduce the 

variable Tmax to denote the sample temperature at which we observe the maximum S/N ratio.  For 

γ-glycine (Fig. 5b), we note that Tmax ≈ 92 °C, and the S/N appears to be roughly 25% higher 

than the room temperature (i.e., 20 °C) sub-spectrum.  For glycine HCl (Fig. 5c), we found that 

Tmax ≈ 2 °C.  Since the S/N of 14N WCPMG SSNMR powder patterns is largely dependent on 
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the T2
eff(14N), it is clear that the variation of temperature serves to shorten or lengthen T2

eff(14N), 

resulting in fewer or more spin echoes, respectively, in the CPMG echo train (Fig. S6).  The 

behaviour of the 14N echo trains throughout the temperature range suggests that the 14N-1H 

dipolar coupling mechanism is likely a combination of two components: a static component 

(secular) and a dynamic component (non-secular).  Using α-glycine as an example (Fig. 5a), as 

the temperature is decreased below Tmax = 20 °C (e.g., T = −43 °C), the rotational rate of the NH3 

group is decreased and the secular component dominates the relaxation.  Conversely, if the 

temperature is increased above Tmax (e.g., T = 92 °C), the NH3 group rotates at a more rapid rate 

and the non-secular component dominates the relaxation.  At Tmax, neither relaxation mechanism 

is overly dominant, resulting in the most inefficient (longest) T2
eff(14N) relaxation, and 

accordingly, the highest S/N in the corresponding CPMG spectra. 

The rotational motion of NH3 groups of solid amino acids has been investigated with both 

1H and 2H SSNMR; in some cases, it is possible to calculate the rotational activation barriers for 

this motion based on NMR measurements.43,69,71 The rotational motion is described as a three-

fold-jump; the barrier to this rotation is given by the Arrhenius equation for a single-energy 

activation model:70,92 

�� = ����
	

��       [1]  

where τc is the correlation time, τo is the pre-exponential factor (infinite-temperature correlation 

time), EA is the rotational barrier energy, R is the gas constant, and T is the temperature.  The 

rotational barrier for α-glycine has been previously calculated to be 21.7 kJ mol−1,10 while the 

rotational barrier for γ-glycine has been measured as 28.6 kJ mol−1.12 Based on these known 

activation energies and a τo value which is equal to 0.7 × 10−14 s,10,12 the correlation times, τc, at 

room temperature (i.e., 20 °C) are calculated to be 0.05 ns and 0.87 ns for α- and γ-glycine, 
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respectively.  The correlation times at Tmax for α- and γ-glycine are calculated to be 0.05 ns and 

0.08 ns, respectively.  Thus, it would appear that at Tmax, the correlation times for the two 

samples become similar, further suggesting that the rate at which the NH3 group is rotating 

causes variation in the T2
eff(14N). 

To the best of our knowledge, the NH3 rotational barrier of glycine HCl has not been 

reported in the literature.  From our 14N VT SSNMR experiments, with the use of finer 

temperature steps in the range of −16 °C to 20 °C (Fig. S7), we have observed that Tmax is 

approximately −11 °C (unlike the 2 °C which we observed with a coarser temperature increment, 

Fig. 5c).  By assuming that the correlation time of the NH3 rotation would have to be similar, or 

equivalent, to that of α-glycine  (i.e., τc = 0.05 ns), and keeping τo equivalent to that of α-glycine 

(τo = 0.7 × 10−14 s for α-glycine and γ-glycine),10,12 the rotational barrier for the NH3 group in 

glycine HCl is calculated to be 19.4 kJ mol−1.   

Full 14N SSNMR spectra of both α-glycine and γ-glycine were acquired at room 

temperature (i.e., 20 °C) as well as an alternate temperature (i.e., −43 and 92 °C for α-glycine 

and γ-glycine, respectively) and the quadrupolar parameters remain unchanged (Fig. S8).  The 

invariance of the quadrupolar parameters within the investigated temperature range can be 

attributed to the geometry of the nitrogen moiety, as discussed above (again, we note that drastic 

changes in ηQ would be indicative of a major structural change and/or phase transition).   

While the measurement of T2
eff(14N) constants gives insight into rotational barriers and rates of 

motion, it may also serve to enable differentiation of subtly different polymorphic forms, or 

perhaps the discovery of new polymorphs, on the basis of disparate T2
eff(14N) constants over a 

wide range of temperatures.   
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4. Conclusions: 

 In this work, we have demonstrated the effectiveness of 14N SSNMR for differentiating 

between polymorphic forms of glycine, as well as its HCl salt derivative.  Differentiation is 

achieved by determining and comparing the quadrupolar parameters, CQ and ηQ, without the 

need for chemical shift information.  We note that differentiating the various forms of glycine 

can be achieved by comparing not only their respective quadrupolar parameters, but also by 

comparing their T2
eff(14N) constants.  Since this methodology could be used for a wide range of 

organic solids which feature RNH3 moieties, including solids which may be disordered and 

unamenable to characterization via X-ray methods, we have also discussed several methods for 

improving the acquisition of 14N SSNMR powder patterns.  High-power 1H decoupling is an 

effective means of increasing S/N; however, the limit to what power can be used depends upon 

the hardware available and the nature of the samples being investigated.  Hence, 1H decoupling 

is best utilized with any or a combination of RNH3 group deuteration and variable temperature 

acquisition (for minimization of T2
eff(14N) and maximization of S/N), as well as broadband CP 

(where appropriate).  We have also briefly highlighted the dynamical motion of the NH3 group 

and its variation with temperature, and how this impacts S/N in 14N CPMG and 1H-14N CP NMR 

spectra.  More work is needed to clearly elucidate the relaxation mechanisms at play in both of 

these cases.  In addition, we have utilized plane-wave DFT calculations to accurately predict the 

14N EFG tensor components by taking into account the periodic nature exhibited by crystals.   

 We hope that this work inspires other researchers to utilize 14N SSNMR as an additional 

tool in their spectroscopic toolbox for the study of nitrogen-containing systems of varying 

complexity.  One such area that has immense potential that we are currently investigating is 

polymorph differentiation of nitrogen-containing HCl pharmaceutical compounds.  It is clear that 
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the sets of different secular and non-secular 14N NMR parameters that can be measured with 

relatively ease should be very useful for polymorph recognition and discovery, the identification 

of impurity phases or phase transitions, and perhaps even the differentiation of distinct chemical 

forms of both crystalline and amorphous pharmaceuticals, including free-base organic molecules, 

organic salts and co-crystalline species.  
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Table 1.  14N quadrupolar parameters obtained from solid-state NMR spectra and plane-wave 
DFT calculations and experimental T2

eff(14N) constants. 
 

 Experimental a 
Plane-wave DFT 
(unoptimized) b 

Plane-wave DFT 
(H optimized) c 

T2
eff(14N) 

(ms) d 

 CQ/MHz ηQ CQ/MHz ηQ CQ/MHz ηQ  

α-glycine 1.19(2) e 0.52(2) 1.23 0.55 1.23 0.62 54(14) 
        
β-glycine 1.26(3) 0.42(3) 1.63 0.25 1.31 0.54 12(1) 
        
γ-glycine 1.19(4) 0.38(4) 1.28 0.42 1.26 0.41 25(4) 
        
γ-glycine-ND3

+ 1.19(2) 0.37(2) − − − − 24(3) 
        
glycine HCl 1.16(2) 0.17(2) 1.20 0.16 1.14 0.22 40(10) 

         
a The EFG tensor is defined by three principal components ordered such that |V11| ≤ |V22| ≤ |V33| 
and V11 + V22 + V33 = 0.  The quadrupolar parameters are described by CQ = eQV33/h and ηQ = 
(V11 – V22)/V33, where 0 ≤ ηQ ≤ 1.0.   b EFG tensor calculations without prior geometry 
optimization of the H atom positions.  c EFG tensor calculations after the H atom positions were 
optimized.  d 14N FIDs were acquired at a transmitter frequency of 29.175 MHz, a temperature of 
20 °C, and identical 1H decoupling rf fields.  e Uncertainty is reported to the last decimal place.   
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Figure Captions 

Figure 1. 14N SSNMR spectra acquired using the WURST-CPMG pulse sequence at 9.4 T for (a) 
α-glycine, (b) β-glycine, (c) γ-glycine and (d) glycine HCl. The vertical dashed lines mark the 
positions of the discontinuities (horns, shoulders, and feet) of the α-glycine powder pattern.  
 
Figure 2. 14N EFG tensor orientations in (a) α-glycine, (b) β-glycine, (c) γ-glycine and (d) 
glycine HCl. 
 
Figure 3. 14N WURST-CPMG powder patterns of (a) γ-glycine-ND3

+ and (b) γ-glycine-NH3
+ 

and corresponding analytical simulation (red trace, CQ = 1.19 ± 0.02 MHz and ηQ = (0.38 ± 
0.02). The vertical dashed lines mark the positions of the discontinuities (horns, shoulders and 
feet) of the γ-glycine-ND3

+ powder pattern. * 14N NMR signal arising from the piezoelectric 
response of the sample due to RF irradiation. 
 
Figure 4. (a) Comparison of the individual sub-spectra of glycine HCl acquired with BCP and 
DE methods with similar acquisition parameters. The average enhancement in S/N is 
approximately 6.6 times for the BCP spectrum (Table S9). (b) Comparison of the entire 14N 
SSNMR spectra of glycine HCl acquired with BCP and DE methods. Vertical dashed lines mark 
the edges of the “foot” discontinuity. 
 
Figure 5. Temperature dependence of 14N SSNMR signal intensity in the temperature range of 
−88 to +181 °C for (a) α-glycine, (b) γ-glycine, and (c) glycine HCl. 
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Figure 1. 14N SSNMR spectra acquired using the WURST-CPMG pulse sequence at 9.4 T for 
(a) α-glycine, (b) β-glycine, (c) γ-glycine, and (d) glycine HCl.  The vertical dashed lines mark the positions 
of the discontinuities (horns, shoulders, and feet) of the α-glycine powder pattern.
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(c) (d)

Figure 2. 14N EFG tensor orientations in (a) α-glycine, (b) β-glycine, (c) γ-glycine, and (d) glycine HCl.
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1500 1000 500 0 −500 −1000 −1500 kHz

(b)

(a)

Figure 3. 14N WURST-CPMG powder patterns of (a) γ-glycine-ND3
+ and (b) γ-glycine-NH3

+ 
and corresponding analytical simulation (red trace, CQ = 1.19 ± 0.02 MHz and ηQ = 0.37 ± 
0.02).  The vertical dashed lines mark the positions of the discontinuities (horns, shoulders 
and feet) of the γ-glycine-ND3

+ powder pattern.  * 14N NMR signal arising from the piezoelec-
tric response of the sample due to RF irradiation.

* *
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Figure 4.  (a) Comparison of the individual sub-spectra of glycine HCl acquired with BCP 
and DE methods with similar acquisition parameters.  The average enhancement in S/N is 
approximately 6.6 times for the BCP spectrum (Table S9). (b) Comparison of the entire 14N 
SSNMR spectra of glycine HCl acquired with BCP and DE methods. Vertical dashed lines 
mark the edges of the “foot” discontinuity. 
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Figure 5.  Temperature dependence of 14N SSNMR signal intensity in the temperature range of −88 to +181 
°C for (a) α-glycine, (b) γ-glycine, and (c) glycine HCl.    
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14
N solid-state NMR is useful for 

differentiating polymorphs and chemically 

distinct nitrogen-containing compounds.  A 

case study of glycine is presented. 
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