









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Article pubs.acs.org/JPCA



Exploring Systematic Discrepancies in DFT Calculations of Chlorine Nuclear Quadrupole Couplings Ondřej Socha,† Paul Hodgkinson,‡ Cory M. Widdiﬁeld,‡ Jonathan R. Yates,§ and Martin Dračínský*,† †
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ABSTRACT: Previous studies have revealed signiﬁcant discrepancies between density functional theory (DFT)-calculated and experimental nuclear quadrupolar coupling constants (CQ) for chlorine atoms, particularly in ionic solids. Various aspects of the computations are systematically investigated here, including the choice of the DFT functional, basis set convergence, and geometry optimization protocol. The eﬀects of fast (fs) time-scale dynamics are probed using molecular dynamics (MD) and nuclear quantum eﬀects (NQEs) are considered using path-integral MD calculations. It is shown that the functional choice is the most important factor related to improving the accuracy of the quadrupolar coupling calculations, and that functionals beyond the generalized gradient approximation (GGA) level, such as hybrid and meta-GGA functionals, are required for good correlations with experiment. The inﬂuence of molecular dynamics and NQEs is less important than the functional choice in the studied systems. A method which involves scaling the calculated quadrupolar coupling constant is proposed here; its application leads to good agreement with experimental data.
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INTRODUCTION Chlorine-containing systems are regularly found in various areas of chemistry, biology, and material science. Many chlorine-containing compounds have been isolated from organisms ranging from prokaryotes to mammals,1,2 and chloride ions are the most abundant negative ions in every living cell.3 Chlorine is also exceptionally important in industry.4 For example, it has been estimated that 15000 organochlorine compounds are used commercially.5 Furthermore, 88% of the top selling pharmaceuticals in 2012 used chlorine chemistry at some stage in their manufacture,6 and hydrochlorides of active pharmaceutical ingredients (APIs) comprised ca. 15% of solid pharmaceuticals.7,8 Chlorine atoms are also present in many minerals, glasses and catalysts, and chlorine is important from a crystal engineering perspective as it can form halogen bonds.9 Two conventional methods for the structural characterization of solids are X-ray diﬀraction (XRD) and solid-state NMR (SSNMR) spectroscopy. For XRD methods to be of use, they typically require a highly ordered crystalline sample and are inherently limited in the structural characterization of amorphous samples. As an alternative to XRD, SS-NMR spectroscopy is regularly applied to obtain atomic-level insights into the structure and dynamics of solids. For example, 13C SSNMR is commonly used as a structural probe of polymorphs in crystalline solids.10,11 Chlorine has two magnetically active and stable isotopes35Cl and 37Cl. The nuclei of both isotopes possess low © 2017 American Chemical Society



gyromagnetic ratios and moderate nuclear electric quadrupole moments.12 For nuclei which possess nonzero quadrupole moments, in addition to chemical shielding and spin−spin interactions, there exists an interaction between the quadrupole moment and the electric ﬁeld gradient (EFG) at the nucleus. This interaction originates from the surrounding distribution of electrons and nuclei, and is described by the quadrupolar coupling constant (CQ) and asymmetry (ηQ) parameters. The quadrupolar interaction is often larger than chemical shielding and spin−spin interactions, making SS-NMR studies of quadrupolar nuclides challenging for powdered samples due to line shape broadening. However, recent advances in NMR instrumentation and methodology (high-ﬁeld magnets, ultrafast magic angle spinning,13,14 double rotation,15,16 dynamic angle spinning,17 and multi-quantum magic angle spinning18) have made it possible to reduce the second-order quadrupolar broadening, and hence the acquisition of high-quality chlorine SS-NMR spectra is becoming more practical. In general, the quadrupolar interaction for ionic chloride-containing systems is much lower than for covalent chlorine systems, and thus 35/37Cl SS-NMR spectroscopy has been an increasingly popular method for studying the environments of chloride ions in a variety of organic and inorganic materials over the past two decades.19−22 However, it has recently been demonstrated that Received: March 24, 2017 Revised: May 4, 2017 Published: May 5, 2017 4103
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Figure 1. Molecular and formula units corresponding to the systems considered herein.



the projector-augmented wave (PAW) procedure, which uses plane waves to describe the valence electrons and pseudopotentials to describe the core electrons, has been developed for the prediction of magnetic resonance parameters under periodic boundary conditions.44 The wide applications of PAW-based calculations to “NMR crystallography” are well documented.45−47,82 The PAW methodology has been used several times for the calculation of chlorine NMR parameters.21,24,25,28,29,48 However, the performance for the prediction of EFG tensor parameters for ionic systems is low relative to covalent systems. For example, in a study of amino acid hydrochlorides, it was noticed that the calculated CQ values of chloride ions were systematically overestimated by ca. 20%.48 A similar systematic overestimation of CQ by plane-wave pseudopotential calculations relative to experiment has been reported elsewhere.21,24 Furthermore, although there appeared to be a general overestimation, 11 out of 15 calculated CQ values in a systematic study of amino acid hydrochlorides were found to correlate well with the experimental data, but four outliers (Lproline hydrochloride, L-threonine hydrochloride, L-tryptophan hydrochloride, and L-histidine hydrochloride monohydrate) were 3−5 MHz away from the values predicted using the linear correlation.21 In contrast, very good agreement between calculated and experimental CQ values was found for group 13 chlorides (AlCl3, GaCl3, GaCl2, and InCl3) with polar covalent bonds between the chlorine atoms and their counterparts.49 In an attempt to ﬁnd the cause of the discrepancy between experimental and calculated CQ values of chloride anions, the EFG tensors at the covalently bonded chlorine nuclei in organic compounds (experimentally determined by nuclear quadrupolar resonance, NQR) were also calculated and the values were found to be in satisfying agreement with experiment (i.e., within 4% in most cases). It was concluded at that time that the diﬀerences in the observed and experimental 35Cl quadrupolar coupling constants of the amino acid hydrochlorides were due to eﬀects of dynamics that were not taken into account in the calculations.48 Here, we systematically studied possible sources for the discrepancies between experimental and calculated chlorine CQ values. Concretely, we investigated the inﬂuence of basis sets,



it is possible to acquire high-quality chlorine NMR spectra of compounds with covalently bound chlorine in organics with relatively much larger CQ values.23 Both the EFG and chemical shielding tensors are sensitive reporters on the local molecular and electronic structure, and as such 35/37Cl SS-NMR is a valuable tool for the characterization of chlorine-containing compounds.24 It has been shown, for example, that chlorine EFG parameters can be correlated to the hydrogen-bonding environment.25 Chlorine SS-NMR can be used as a structural probe for many materials. For example, it has been used as a technique for polymorph distinction and in the screening of hydrochloride(HCl-) containing APIs25−28 as well as their dosage forms with excipients, which is diﬃcult for other techniques.29,30 Chlorine SS-NMR has also been used for the characterization of a chloride ion receptor,21 alkaline earth chlorides (including hydrates)24,31 and has been used to comment on halogen bonding32−34 and ion dynamics in solids.35,36 Chlorine SSNMR has also found applications in the study of materials such as sodalities37 and glasses.38 Computational studies often serve as a useful complement to SS-NMR experiments, providing additional information and aiding analysis, as quantum chemical calculations provide a direct link between structure and NMR observables. Several modeling and simulation techniques have been proposed to describe the inﬂuence of intermolecular interactions in solids on NMR parameters. In cluster models, neighboring molecules or fragments are considered explicitly during the NMR calculations. This cluster approach has been used for calculations of chlorine CQ values in solid hydrochlorides on several occasions,27,39−41 and also for calculations of CQ values of other nuclei.42 However, the optimal choice of the cluster for C Q calculations may not be obvious. For example, it is very diﬃcult to build a suitable cluster model for alkaline earth chloride hydrates, which form extended three-dimensional networks in the solid state.24 Consequently, it is more eﬃcient to exploit the translational symmetry which is naturally present in many crystals. EFG tensors have been calculated under periodic boundary conditions, for example, using the linearized augmented plane wave (LAPW) method.43 In the past decade, 4104
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were taken from the Cambridge Structural Database (CSD).54 Four hydrogen atoms were not placed in the original ALPROL structure, and were thus placed at plausible positions to satisfy the valence of the corresponding carbon atoms. All structures had been obtained in single-crystal studies; the ﬁrst ﬁve crystal structures were determined by neutron diﬀraction, and the others by X-ray diﬀraction. After the appropriate quantum chemical calculation, the principal components qXX, qYY, and qZZ of the EFG tensor, deﬁned as |q ZZ | ≥ |q YY | ≥ |q XX |, were obtained by diagonalization. The quadrupolar interaction can then be characterized by the nuclear quadrupolar coupling constant, CQ = eQqZZ/h, where Q is the nuclear electric quadrupole moment with the value of −0.0817 × 10−28m2 used for 35Cl.55 The quadrupolar asymmetry parameter is deﬁned as ηQ = (qXX − qYY)/qZZ. We considered three computational approaches: the ﬁrst was CASTEP calculations (fully periodic, PBE functional, plane waves),56 the second was CRYSTAL calculations (fully periodic, various functionals, localized orbitals),57 and the third was Gaussian09 calculations (clusters, various functionals, localized orbitals).58 CASTEP Calculations. The EFG tensors at the chlorine sites of the inﬁnite crystals were ﬁrst calculated by the CASTEP program, version 8.0,56 which uses DFT, pseudopotentials to model the eﬀects of core electrons, and plane waves to describe the valence electrons. Electronic exchange and correlation eﬀects were modeled using the PBE functional,59 which is a generalized gradient approximation (GGA) exchange-correlation functional. Note that hybrid functionals are prohibitively demanding for plane-wave calculations, and EFG calculations with meta-GGA and hybrid functionals are not implemented in current versions of CASTEP. The EFG calculations were performed using the projector-augmented wave approach44,60 at a plane wave basis set energy cutoﬀ of 600 eV, default “on the ﬂy generation” pseudopotentials, and with a k-point spacing of 0.05 Å−1 over the Brillouin zone via a Monkhorst−Pack grid.61 Details of the pseudopotential generation in CASTEP are summarized in the Supporting Information. All atomic positions were optimized at the same computational level prior to the NMR calculations, leading to CASTEP-optimized structures. DFT-molecular dynamics (DFT-MD) simulations of crystalline glycine hydrochloride and NaClO3 were run in CASTEP using an NVT ensemble maintained at a constant temperature of 300 K using a Langevin thermostat, a 0.5 fs integration time step, ultrasoft pseudopotentials,62 a plane wave basis set energy cutoﬀ energy of 300 eV, and with a minimum k-point spacing of 0.1 Å−1. The atomic positions were optimized at the same computational level prior to the MD runs. The lattice volumes were ﬁxed to the experimental values, so that the intermolecular interactions were eﬀectively taken into account, and no dispersion correction had to be applied during the MD simulations. It was shown previously that a dispersion correction did not aﬀect the calculated magnetic shielding values of solid glycine signiﬁcantly when the lattice parameters were ﬁxed during geometry optimization.63 The center of mass in the simulation cell was ﬁxed to ensure that the random initial velocities did not result in translational motions. No symmetry constraints were applied during the MD runs. MD simulations of lengths of 40 and 90 ps were performed for glycine hydrochloride and NaClO3, respectively. Finally, 391 geometries for the EFG tensor calculations of glycine hydro-



the density functional theory (DFT) functional, geometry optimization, molecular dynamics and nuclear quantum eﬀects. We also revisit the above-mentioned outliers in the correlation of calculated and experimental CQ and explain the reasons for the disagreement between the calculations and experiment in several instances.
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METHODS The systems studied (Figure 1) include hydrochlorides of amino acids, hydrochlorides of pharmaceutically important APIs, organic compounds with covalently bound chlorine atoms and an inorganic salt (NaClO3). The sample of L-histidine hydrochloride monohydrate used for SS-NMR experiments was obtained from a bottle of this material (≥99.0%) purchased from Sigma-Aldrich. While not overly sensitive to moisture, and otherwise stable under normal atmospheric conditions, the sample was nevertheless powdered and tightly packed into a 4.0 mm outer diameter ZrO2 rotor while under a dry nitrogen atmosphere. All experimental SS-NMR data were obtained using a Bruker IIIHD NMR spectrometer operating at a B0 of ca. 11.7 T (ν0(1H) = 499.692 MHz, and ν0(35Cl) = 48.959 MHz). Sample purity was veriﬁed by collecting 1H magic angle spinning (MAS) as well as 13C and 15N cross-polarization MAS (CP/MAS) NMR spectra, all of which were in excellent agreement with prior literature ﬁndings after accounting for diﬀerent referencing conventions (see Supporting Information, Figures S1−S3).50−52 Further details pertaining to the 1H, 13C, and 15N SS-NMR experiments can be found in the Supporting Information. The 35Cl chemical shift reference and rf ﬁeld strength were established using a sample of powdered NaCl under ca. 1.5 kHz MAS, with the shift reference set such that δiso(35Cl) of solid NaCl was −41.11 ppm.20 The 35Cl SS-NMR signal of L-histidine hydrochloride monohydrate was collected at 10 kHz MAS and 283 K using a rotor-synchronized spin echo. During signal acquisition, continuous wave 1H decoupling was employed and was such that the νrf was ca. 70 kHz. As Lhistidine hydrochloride monohydrate possesses a nonzero 35Cl quadrupolar interaction, the resonant rf pulses at the 35Cl Larmor frequency were scaled by 1/(I + 1/2) = 1/2 relative to NaCl, to ensure they were selective for the 35Cl central transition. The 35Cl spin−lattice relaxation time (i.e., T1) was found to be approximately 2 s; thus, a 10 s recycle delay was used. After collecting 429 transients, the experiment was stopped, and the time-domain data were subjected to a left shift to the echo top, exponential line broadening of 50 Hz was applied, and ﬁnally a fast Fourier transform was used to produce the frequency-domain spectrum. WSolids1 was used to extract the isotropic chemical shift and EFG tensor parameters.53 Prior to quantum chemical calculations, atomic coordinates for glycine hydrochloride (refcode GLYHCL), L-valine hydrochloride (VALEHC11), L-glutamic acid hydrochloride (LGLUTA), L-tyrosine hydrochloride (LTYRHC10), L-histidine hydrochloride monohydrate (HISTCM12), trigonelline hydrochloride (QQQAWD01), (−)-scopolamine hydrochloride (KEYSOW), alprenolol hydrochloride (ALPROL), bromhexine hydrochloride (CUXYID), aminoguanidine hydrochloride (AMGUAC02), quinuclidine hydrochloride (QUNCLI), tetrachloro-p-benzoquinone (TCBENQ02), tetrachlorohydroquinone (TCLHQU11), 2-chloroacetamide (CLACAM03), α,α′dichloro-o-xylene (JUZDIR), L-threonine hydrochloride (MOVLOZ) and L-tryptophan hydrochloride (TRYPTC) 4105
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Figure 2. Basis set dependence of 35Cl |CQ| and ηQ for glycine hydrochloride, calculated with CRYSTAL software using the neutron structure without optimization. For comparison, converged CASTEP are indicated by the dashed lines.



Figure 3. Basis set dependence of 35Cl |CQ| and ηQ for quinuclidine hydrochloride, Gaussian09 cluster calculations with six quinuclidine formula units in the cluster.



chloride were selected at t = 1.0, 1.1, 1.2, ..., 40.0 ps and 400 NaClO3 geometries were selected at t = 10.2, 10.4, 10.6, ..., 90.0 ps. The unit cells of both crystals contained four crystallographically equivalent chlorine atoms (Z = 4); therefore, 1564 and 1600 values were averaged for every chemically equivalent site. Averaged principal components of EFG tensors were obtained by averaging each tensor element for a tensor expressed in a ﬁxed Cartesian frame and then diagonalizing the average tensor matrix. The convergence of the calculated CQ values is relatively quick (see Supporting Information, Figure S4) as the average value oscillates by less than 0.1 MHz (


investigation of the inﬂuence of the functional, CASTEPoptimized structures and the 6-31G** basis sets was used, since triple valence ζ basis set and other larger basis sets commonly used are not recommended due to their diﬀusive character.66 The following functionals were used for the EFG tensor calculations: PBE,59 hybrid functional B3LYP,67,68 meta-GGA functional M06L,69 and meta-hybrid functional M06.70 The eﬀect of geometry optimization of the crystal structure at the same computational level prior to the EFG calculation was tested for selected systems. Gaussian09 Calculations. The cluster approach for EFG tensor calculations was tested for the glycine hydrochloride and quinuclidine hydrochloride systems. An otherwise isolated cluster of four glycine hydrochloride molecules around the central chloride anion was cut out of the inﬁnite crystal structure (structure in the Supporting Information) obtained by neutron diﬀraction without any geometry optimization and 6, 11, 27, or 63 quinuclidine hydrochloride formula units were cut out of the CASTEP-optimized structure (Figure S5 in the Supporting Information). The same functionals (PBE, B3LYP, M06L, and M06) as those used in CRYSTAL calculations and various basis sets were tested. The Gaussian09 program package was used.58 4106
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glycine HCl valine HClb tyrosine HClb glutamic acid HClb histidine HCl H2Ob trigonelline HClc scopolamine HClc alprenolol HClc bromhexine HClc aminoguanidine HClc quinuclidine HClc



NoOpt



Opt H



Opt all



exptf



ref.



−8.18 −8.01 −3.65 4.35 2.53 −9.12 2.37 d −8.43 2.29 −10.1



−8.91 −8.16 −4.00 5.16 2.77 −9.62 5.82 −5.52e −6.40 3.10 −6.63



−8.81 −8.05 −4.18 5.66 2.63 −9.66 5.85 6.74e −7.06 3.32 −6.82



6.42(5) 5.89(5) 2.23(2) 3.61(1) 1.81(2) 7.50(12) 3.82(3) 5.25(2) 5.80(3) 2.0(2) 5.25(2)



41 41 73 41 this work 25 25 25 25 25 73



a



CASTEP calculations, PBE functional, 600 eV energy cutoﬀ. Complete speciﬁcation of the structures considered, including stereochemistry, can be found in the Methods section. bNeutron diﬀraction. cX-ray diﬀraction. dFour hydrogen atoms were missing in the ALPROL structure and were added into plausible positions. eThe asymmetry parameter ηQ of alprenolol HCl is close to 1 leading to sign changes. fThe sign of CQ is not generally available from experiments.
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RESULTS Basis Set Dependence. The size of the valence electron basis set in plane-wave calculations is controlled by a single parameterthe energy cutoﬀ, which truncates the basis set to include only plane waves that have smaller kinetic energy values than this parameter. As can be seen in Figure S6 in the Supporting Information for glycine hydrochloride, the convergence of the absolute value of the quadrupolar coupling constant and the asymmetry parameter in CASTEP calculations is relatively smooth and fast. A similar convergence proﬁle was observed for quinuclidine hydrochloride (Supporting Information, Figure S7). Therefore, we assume an energy cutoﬀ of 600 eV to be reasonable, and this value was used in all other CASTEP PAW-DFT calculations. However, the convergence of the EFG tensor parameters with respect to the basis set was not straightforward in calculations with the Gaussian-type orbitals used in CRYSTAL and Gaussian09 (Figures 2 and 3). The calculated CQ values ﬂuctuate by more than 1 MHz and no convergence trends are apparent. It can be noted, however, that the eﬀect of the functional is even more signiﬁcant than the basis set. The GGA functional PBE always predicts the highest value of quadrupolar coupling followed by hybrid B3LYP, meta-GGA and metahybrid functionals. It is noticeable that the “shape” of the EFG tensor, as measured by the asymmetry parameter ηQ, is in CRYSTAL almost independent of the functional choice and is close to the CASTEP-calculated value (Figure 2). Geometry Optimizations. As noted earlier, the structures used in the present study were originally obtained from either neutron or X-ray diﬀraction experiments. X-ray diﬀraction is known for determining the positions of hydrogen atoms with low accuracy and therefore the computational optimization of the hydrogen atom positions in these structures is generally recommended. Optimization of hydrogen atomic positions, when starting from neutron structures, is less critical, which is supported by the generally low diﬀerences (


even between heavy atoms in neutron diﬀraction structures (which are generally acquired at ambient temperature), and optimization of positions of all atoms led to a better agreement between experimental and calculated NMR parameters.71 We note that a slightly higher diﬀerence between chlorine CQ and ηQ values calculated for nonoptimized and optimized structures is observed for L-glutamic acid hydrochloride (ΔCQ = 1.3 MHz, 30%, ΔηQ = 0.36), but this is not surprising, as it has recently been noted that one of the hydrogen atoms in this crystal structure is probably mis-positioned.71 The diﬀerences between the calculated CQ values for nonoptimized and all-atom-optimized structures are much higher in the case of X-ray structures (up to 3.5 MHz), but optimization of the hydrogen atom positions only leads to a good agreement with all-atom-optimized structures in most cases, with the notable exception of alprenolol hydrochloride; this structure was determined with a relatively large R factor of 10.1% and geometry optimization leads to changes of heavyatom positions of up to 0.2 Å. A method for semiempirical reﬁnement of crystal structures has recently been introduced, in which a damping function was optimized to yield geometries that provide good agreement between calculated and experimental 17O quadrupolar parameters. This optimization method also led to an improvement of calculated chlorine quadrupolar parameters.72 The choice of the computational method for the geometry optimization does not appear to play a signiﬁcant role for the resulting calculated CQ values. Diﬀerences between chlorine CQ values in glycine hydrochloride calculated in CRYSTAL for structures optimized at the PBE level in CASTEP and at the same level used for CQ calculations in CRYSTAL are always lower than 0.4 MHz (Figure 4). Note also that the geometries optimized in CRYSTAL diﬀered only very slightly from that optimized in CASTEP; the RMSD was always lower than 0.1 Å. On the other hand, the choice of the functional used to calculate CQ plays a much larger role. Similarly as discussed above, the GGA functional PBE always predicts the highest CQ value, followed by B3LYP, and then the meta-GGA and metahybrid functionals. The quadrupolar asymmetry parameters ηQ calculated for glycine hydrochloride after geometry optimization at various computational levels are tabulated in the Supporting Information (Table S1). It can be seen that the inﬂuence of the functional choice on the asymmetry parameter 4107
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M06 exchange-correlation functionals, are shown in Table 2. In all systems with chlorine present in the form of an anion, the chlorine CQ values obtained with the PBE functional are higher than those obtained with the B3LYP functional. The M06L and M06 functionals always yield the lowest CQ values. The correlation between CASTEP-PBE calculated and experimental chloride anion CQ values ﬁts reasonably well to



Figure 4. Dependence of 35Cl |CQ| on the geometry optimization protocol for glycine hydrochloride, calculated with CRYSTAL software. Key: NoOpt, neutron structure without optimization; Opt, optimization of positions of all atoms in CRYSTAL at the same computational level as the EFG tensor calculation; Opt-CASTEP, optimization of positions of all atoms in CASTEP at the PBE level prior to CRYSTAL EFG calculations.



Figure 5. Correlation between experimental and calculated chloride anion |CQ(35Cl)| values. CASTEP-optimized structures: CASTEP calculations with PBE functional (dark blue); CASTEP calculations with PBE functional, subsequently scaled by M06/PBE factor obtained by CRYSTAL calculations (cyan).



is small and that the asymmetry parameters calculated for CASTEP-optimized structure are almost identical to those calculated for the neutron diﬀraction structure. The dependence of the calculated quadrupolar coupling and asymmetry parameter on the size of the molecular cluster in Gaussian09 calculations was tested for quinuclidine hydrochloride (Table S2 in Supporting Information). It is clear that relatively large clusters of at least 27 formula units have to be used for the ionic system. Functional. The choice of the functional used for the EFG tensor calculations appears to most strongly inﬂuence the computed values. The CQ values of all studied systems calculated using CASTEP with the PBE exchange-correlation functional, and in CRYSTAL using PBE, B3LYP, M06L, and



a straight line with a slope of 1.34 (R2 = 0.92, Figure 5, Table 3), which is close to the slope found previously in calculationexperiment correlations for amino acid hydrochlorides.21 A similar slope is found for CRYSTAL calculations with the PBE functional, but the linear ﬁt is slightly worse (R2 = 0.79); this may be caused by the problematic convergence of the CRYSTAL calculations with respect to the basis set discussed above. CRYSTAL calculations with B3LYP provide a slope of 1.19 and a slightly better correlation coeﬃcient (R2 = 0.85). The meta-GGA and meta-hybrid functionals M06L and M06



Table 2. Experimental and Calculated 35Cl Quadrupolar Coupling Values, in MHza CASTEP glycine HCl valine HCl tyrosine HCl glutamic acid HCl histidine HCl H2O trigonelline HCl scopolamine HCl alprenolol HCl bromhexine HCl aminoguanidine HCl quinuclidine HCl NaClO3 2-chloroacetamide α,α′-dichloro-o-xylene threonine HCl tryptophan HCl



CRYSTAL



PBE



PBE



B3LYP



M06L



M06



exptb



ref.



−8.81 −8.05 −4.18 5.66 2.63 −9.66 5.85 6.74 −7.06 3.32 −6.82 56.6 −69.06 −68.39 −7.11 −6.49



−8.95 −8.48 −3.73 4.70 3.74 −9.10 6.10 −7.00 −7.07 4.37 −6.15 59.89 −67.42 −66.56 −7.27 −7.12



−7.93 −7.49 −3.13 4.10 3.13 −8.39 5.26 −5.99 −6.27 3.80 −5.47 63.60 −67.72 −66.31 −6.50 −6.35



−6.06 −5.86 −2.54 3.23 2.13 −6.84 3.83 −4.56 −5.37 2.81 −4.69 60.33 −63.75 −62.65 −5.35 −4.83



−6.28 −6.17 −2.43 3.05 2.30 −7.09 4.25 −4.87 −5.31 2.89 −4.60 62.69 −64.90 −63.41 −5.80 −5.30



6.42(5) 5.89(5) 2.23(2) 3.61(1) 1.81(2) 7.50(12) 3.82(3) 5.25(2) 5.80(3) 2.0(2) 5.25(2) 61.7c 68.30(5) 66.43(8) 5.4(1) 5.05(4)



41 41 73 41 this work 25 25 25 25 25 73 74 23 23 21 21



a



Positions of all atoms were optimized using CASTEP with the PBE functional. An energy cutoﬀ of 600 eV was used in CASTEP, and the 6-31G** basis set was used in the CRYSTAL calculations. bThe sign of CQ is not generally available from experiments. cDetermined from nuclear quadrupole resonance (NQR) measurements extrapolated to 0 K from variable temperature experiments covering the range 80−450 K. CQ at room temperature is ca. 59.9 MHz.74 4108
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Table 3. Comparison between Calculated and Experimental Chloride Anion CQ(35Cl) Values, under the Assumption of a Linear Correlationa method b



CASTEP CRYSTALc



CASTEP-scaledd



functional



slope a



R2



MAE/MHz



MAX/MHz



PBE PBE B3LYP M06L M06 B3LYP/PBE M06L/PBE M06/PBE



1.34 1.35 1.19 0.95 0.99 1.19 0.95 0.98



0.92 0.79 0.85 0.93 0.91 0.94 0.95 0.97



1.71 1.82 1.05 0.36 0.42 0.96 0.37 0.25



2.39 2.59 1.80 0.81 0.98 1.41 0.86 0.56



CQ(calc) = a CQ(exp.): the slope a, correlation coeﬃcient R2, mean absolute deviation (MAE) ⟨∥CQ(calc)| − |CQ(expt)∥⟩, maximal absolute deviation max(∥CQ(calc)| − |CQ(expt)∥) (MAX). bAn energy cutoﬀ of 600 eV was used in CASTEP calculations. c6-31G** basis set was used in CRYSTAL calculations. dCASTEP-PBE calculation scaled by a factor obtained from CRYSTAL calculations with PBE and a diﬀerent functional. a



with PBE and M06 functionals provide CQ values of 67.4 and 64.9 MHz, respectively. All these values are relatively close to the experimental value of 68.3 MHz and the scaling factor xM06/PBE determined in CRYSTAL is 0.96, i.e. much closer to 1 than the scaling factor determined for ionic systems. Note, however, that although the relative agreement of calculated and experimental CQ values for systems with covalently bound chlorine is good, the absolute deviations are on the order of a few MHz, which would be considered very large in ionic systems with typical CQ values lower than 10 MHz. Similarly good agreement between experimental and calculated values obtained with all studied functionals is observed for α,α′dichloro-o-xylene (Table 2) and for three other systems which possess covalently bound chlorine atoms (Supporting Information, Table S7). Very good agreement between CASTEPcalculated CQ values and experiment has also been observed previously in a study of group 13 chlorides with polar covalent bonds between chlorine and the metal atoms; the calculated values were always identical to the experimental ones within the experimental error.49 Fast Molecular Dynamics and Nuclear Quantum Eﬀects. In a previous work, the inﬂuence of fast molecular dynamics (fs−ps time scales) on the magnitudes of NMR observable parameters was studied by a combination of DFTMD simulations with NMR calculations.71 The inﬂuence of molecular dynamics on magnetic shielding and EFG tensors was divided into two aspects. First, the molecular motion has a direct impact on the instantaneous magnitudes of the NMR tensors and second, the orientation of the tensors can also change, which leads to a more spherically averaged tensor and consequently to lower calculated CQ values. The sign of the ﬁrst contribution is dependent on the local environment, while the reorientation component always decreases the magnitude of the chemical shielding anisotropy and the quadrupolar coupling constant. Here, we performed DFT-MD simulations of NaClO3 and glycine hydrochloride and calculated EFG tensors for 400 and 391 snapshot geometries, respectively. The contribution of fast dynamics to the instantaneous quadrupolar coupling values is estimated by averaging the magnitudes of CQ calculated for every snapshot, while the overall eﬀect of dynamics is obtained by averaging the individual EFG tensor components and calculating the eigenvalues of the average tensor (Table S8 in the Supporting Information). For NaClO3, both abovementioned dynamic contributions slightly decrease CQ, while dynamics in glycine hydrochloride increases the instantaneous magnitude of CQ, but this eﬀect is compensated by the EFG



provide slopes close to the ideal value of 1 and further improve the correlation coeﬃcients to 0.93 and 0.91, respectively. As outlined earlier, CASTEP calculations exhibit a systematic convergence with respect to increasing basis set energy cutoﬀ values, but unfortunately are unable to perform EFG tensor calculations with hybrid or meta-GGA functionals. Calculations which use the CRYSTAL software, on the other hand, can be carried out using a variety of modern DFT functionals, but understanding the fashion in which they converge is challenging. It can be, however, noticed (see Table S3 in Supporting Information) that the ratio of CQ values calculated with two diﬀerent functionals with the same basis set is only slightly dependent on the basis set. Therefore, we used CRYSTAL calculations for the determination of a functional scaling factor, x (e.g., xB3LYP/PBE = CQ(B3LYP)/CQ(PBE)), which was then used for scaling the CASTEP-PBE values. We used the 6-31G** basis set in CRYSTAL for the determination of these scaling factors. The scaled CQ values ﬁt much better to the linear correlation with experimental data (R2 = 0.94−0.97). The scaling factors were determined for each compound separately, but they were similar for all systems with chloride anions; the average values and standard deviations are xB3LYP/PBE = 0.88 ± 0.02, xM06L/PBE = 0.69 ± 0.06 and xM06/PBE = 0.71 ± 0.05. The scaling factors determined from cluster calculations of glycine and quinuclidine hydrochlorides in Gaussian09 are similar to those determined in CRYSTAL and are also almost independent of the choice of the basis set (see Supporting Information, Tables S4 and S5). The eﬀect of the functional choice is similar for all three principal components of the EFG tensor and, therefore, the asymmetry parameter ηQ, is only modestly dependent on the computational method in most cases (see Supporting Information, Table S6). In an eﬀort to understand the reasons for the large diﬀerences between CQ values calculated with diﬀerent functionals, we calculated the EFG tensor of glycine hydrochloride and 2-chloroacetamide with a functional derived from the B3LYP functional but with varying admixture of exact exchange from Hartree−Fock theory. The calculations revealed that increasing the portion of the exact exchange signiﬁcantly (and linearly) reduces the resulting CQ value in the case of the ionic system (see Supporting Information, Figure S8). The agreement between experimental and calculated CQ values for covalently bound chlorine atoms is reasonably good even with the PBE functional, and the eﬀects of the choice of functional on the calculated CQ value is about a few percent. For example, the chlorine CQ in 2-chloroacetamide calculated in CASTEP is 69.1 MHz and CRYSTAL calculations 4109
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MOVLOZ structure but the hydroxyl hydrogen is now involved in a hydrogen bond with the chlorine atom. The calculated 35Cl CQ for the MOVLOZ01 structure is 3.5 MHz lower and is close to the linear correlation between experimental and PBE calculated magnitudes of C Q . Note that a geometry optimization of the original MOVLOZ structure does not lead to a change in the orientation of the OH group, but when the orientation is manually changed to be suitable for the hydrogen bonding and the structure is geometry optimized (Figure S9 in the Supporting Information), the resulting energy normalized per threonine molecule is 0.4 eV (39 kJ/mol) lower than in the original geometry-optimized structure. On the basis of prior computational studies, an energy diﬀerence this large is strong evidence that the original structure is unlikely to be correct.77,78 This is consistent with other cases where “NMR crystallography” studies have identiﬁed mis-positioned hydrogen atoms in OH groups.79−81 L-Histidine Hydrochloride Monohydrate. This system is the only example where the CQ value calculated using the PBE functional under CASTEP was lower (2.72 MHz) than the experimental one (4.59 MHz).21 The sample for NMR experiments potentially contained impurities, which may have aﬀected the spectral ﬁtting,40 but the presence of the impurities probably cannot explain large deviations from the calculated CQ value. Recent ambient temperature measurements of the CQ(35Cl) value in histidine hydrochloride monohydrate using one-dimensional 35Cl NMR and two-dimensional protondetected 35Cl−1H correlation NMR experiments gave chlorine a CQ of 1.8−2 MHz,26 which ﬁts well with the correlation between experimental and calculated CQ. While the range of values is useful as a guide, it is expected that direct detection measurements via the spin−echo 35Cl MAS NMR experiment would be well-suited for the precise measurement of this parameter. Indeed, using the spin−echo pulse sequence under 10 kHz MAS, we precisely measured the 35Cl EFG tensor, in addition to the isotropic chlorine chemical shift of this system (Figure 6). L -Tryptophan Hydrochloride. Our calculation of the CQ(35Cl) value in tryptophan hydrochloride diﬀers from that published previously21 for unknown reasons. The published value (11.62 MHz, obtained after optimization of hydrogen



tensor reorientation, leading to a very small overall eﬀect of fast dynamics on the CQ value. The overall eﬀect of fast dynamics on the NaClO3 chlorine-35 CQ, determined as the diﬀerence between the CQ value calculated for the geometry optimized structure and the value obtained from the average EFG tensor, is 1.6 MHz, which agrees very well with the value estimated from variable temperature NQR experiments (1.5 MHz).74 The asymmetry parameter ηQ (ηQ = 0.00) is not aﬀected by the molecular dynamics. Nuclear quantum eﬀects (NQEs), which are not captured by conventional MD simulations, may also be important for EFG tensor calculations. It has been shown that NQEs may signiﬁcantly inﬂuence the magnitudes of chemical shifts and quadrupolar coupling values in systems with strong hydrogen bonds.65,75 We performed a PIMD simulation for glycine hydrochloride. Fluctuations of hydrogen atoms in the PIMD simulations are larger than in the DFT-MD simulation (rootmean-square deviations of the atomic positions are 0.42 and 0.37 Å for PIMD and MD, respectively), which is reﬂected in larger ﬂuctuations of the instantaneous CQ(35Cl) values. The calculated average magnitude of CQ is 12.04 MHz, but the reorientation of the EFG tensor leads to a partial compensation of the eﬀect of the changing environment. Both MD and PIMD averaging of the EFG tensors also leads to a decrease of the asymmetry parameter ηQ (ηQ = 0.80 for the geometry optimized structure, ηQ = 0.70 for MD averaging and ηQ = 0.65 for PIMD averaging, experimental value is ηQ = 0.61). Although larger scale motions in the crystal, such as librational motion of molecular domains, are not captured by the short PIMD simulation, these might lead to a further decrease in the calculated CQ value due to EFG tensor averaging. However, it is likely that the eﬀect of longer time scale dynamics (μs) in these “rigid” solids, without any sign of static or dynamic disorder, will be limited and will not be the main reason for the discrepancies between experimental and calculated CQ values. Revisiting Previous Systems. In a systematic study of amino acid hydrochlorides, 11 out of 15 calculated CQ values correlated well with the experimental data, but four outliers (proline hydrochloride, L-threonine hydrochloride, L-tryptophan hydrochloride, and L-histidine hydrochloride monohydrate) were found to be 3−5 MHz away from the linear correlation.21 We now address each of these systems in turn. Proline Hydrochloride. L-Proline was used to prepare the hydrochloride salt used for NMR experiments.41 However, the crystal structure DLPROL deposited in the CSD was used for the EFG tensor calculation in ref 21; this crystal structure corresponds to a racemic mixture of D- and L-proline, and it will therefore be diﬀerent from the crystal structure of the pure enantiomer. Hence, this structure cannot be used for the prediction of CQ. L-Threonine Hydrochloride. A newly determined X-ray structure of threonine hydrochloride (deposited in the CSD under refcode: MOVLOZ) was used for the calculation of the 35 Cl CQ value. When inspecting the structure, the distance between the hydroxyl oxygen on Cβ and the chloride anion is 3.13 Å, which is suitable for hydrogen bonding. However, the hydroxyl O−H bond is oriented in a diﬀerent direction and the hydrogen is not involved in any hydrogen bonding interaction. The chlorine quadrupolar coupling constant calculated for this structure after geometry optimization (10.6 MHz) is, indeed, far from the experimental value (5.4 MHz). However, a diﬀerent structure of threonine hydrochloride is also in the CSD (refcode: MOVLOZ01),76 which is almost identical to the



Figure 6. Experimental 35Cl MAS NMR spectrum of L-histidine hydrochloride monohydrate, acquired using a rotor-synchronized spin−echo pulse sequence, νMAS = 10 kHz, and B0 = 11.7 T. Extracted parameter values (with errors in parentheses) can be found inset on the right. Additional details can be found in the Methods. 4110
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higher than that calculated for the geometry optimized structure), but the overall eﬀects of fast dynamics/nuclear delocalization were consistently much smaller than the choice of the functional used for the calculation. We ﬁnd that the inﬂuence of the functional choice on the calculated chlorine quadrupolar coupling constants can be suppressed, by using the scaling factors described above. This results in CQ values which agree well with experiment, and our ﬁnding paves the way for chlorine to be used in NMR crystallography studies in a similar way as other commonly used nuclei. The comparison of experimental and calculated CQ values can, for example, be used to discriminate between two crystal structures determined by X-ray diﬀraction, as we demonstrated for L-threonine hydrochloride.



atom positions, 450 eV energy cutoﬀ) was substantially higher than the experimental one (5.05 MHz). Our calculations using a 600 eV energy cutoﬀ and optimized positions of all atoms (−6.49 MHz) or hydrogen atoms only (−6.40 MHz) agree well with the correlation between experimental and PBE calculated quadrupolar couplings and the 35Cl CQ value calculated with a 450 eV energy cutoﬀ is almost identical to that with a 600 eV cutoﬀ (−6.38 MHz, positions of H atoms optimized only).
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CONCLUSIONS In a systematic fashion, we have attempted to understand and explain the disagreement between experimental and DFTcalculated chlorine quadrupolar coupling constants for ionic chlorides in crystalline systems. Speciﬁcally, we probed the inﬂuence of the basis set, the functional, the geometry optimization protocol, fast time scale molecular dynamics, and nuclear quantum eﬀects. The choice of the exchange-correlation functional was unequivocally identiﬁed as the most critical computational parameter for the calculation of the quadrupolar coupling constants associated with chloride anions. The GGA functional PBE systematically overestimates the CQ values, while the values of this parameter calculated using meta-GGA M06L and meta-hybrid M06 functionals are signiﬁcantly lower. The hybrid B3LYP functional performance is consistently found to be inbetween the PBE and M06-type functionals. Interestingly, in relative terms, the eﬀect of the choice of the functional is much lower for covalently bound chlorine atoms in organic compounds. The choice of the functional is much less critical for the calculated “shape” of the EFG tensor, as expressed by the asymmetry parameter ηQ. The choice of the basis set and the geometry optimization procedure followed is also found to be important, but has a more modest eﬀect on the calculated values than the functional choice. The convergence of plane-wave calculations with respect to basis set size is relatively smooth and easily controlled by the E cutoff parameter, as expected. The convergence of Gaussian-type basis sets is, on the other hand, not straightforward, but one advantage of these basis sets is that they can be more eﬃciently used in EFG tensor calculations using modern functionals beyond the GGA level in currently available software. We propose a method of scaling the well-converged EFG tensors which have resulted from plane-wave calculations with a factor obtained as the PBE/M06 ratio of the CQ value determined for the given system with a Gaussian-type basis set. For the benchmark systems considered at present, this approach leads to a good agreement between calculated and experimental quadrupolar coupling values and may thus be employed in a straightforward manner in future NMR crystallography studies of chloride-containing systems. The eﬀect of fast molecular dynamics on the chlorine quadrupolar coupling values was investigated by a combination of DFT-MD simulations and calculations of the EFG tensors for geometries taken from simulation snapshots. For NaClO3, fast dynamics leads to a ca. 4% decrease in the average CQ value, which agrees with the previously observed temperature dependence of the NQR frequency of NaClO3. For glycine hydrochloride, a PIMD simulation, which takes account of nuclear quantum eﬀects, was performed. The ﬂuctuations of atomic positions and of the calculated CQ values are larger relative to are larger relative to MD-DFT in this simulation (the average in this simulation (the average CQ value was 1 MHz
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