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Chlorine, bromine, and iodine all have isotopes that are amenable to study by solid-state nuclear magnetic resonance (SSNMR) spectroscopy.1 – 3 In this article, we present an overview of the NMR properties of the spin-active isotopes of Cl, Br, and I, details of the experimental aspects of data acquisition and interpretation, and a survey of NMR data available, along with some highlights of important practical applications of chlorine, bromine, and iodine SSNMR. The focus is on powdered samples. Shown in Table 1 are the NMR properties of the spin-active isotopes of chlorine (35/37 Cl), bromine (79/81 Br), and iodine (127 I).4 – 6 In contrast to the more widely studied 19 F (I = 1/2)7 (see Fluorine-19 NMR and Fluorine-19 NMR of Solids Containing Both Fluorine and Hydrogen), all of these nuclides are quadrupolar, with spin quantum numbers of 3/2 (35/37 Cl, 79/81 Br) or 5/2 (127 I). The natural abundances of these isotopes are moderate (24.22% for 37 Cl) to excellent (100% for 127 I) and the resonance frequencies range from moderately low (37 Cl and 35 Cl are below 15 N) to comparable to 13 C (79 Br and 81 Br). As such, SSNMR studies of these quadrupolar halogen nuclides can be relatively straightforward under favorable conditions. In addition to the magnetic shielding interaction, the NMR spectra of these quadrupolar nuclei are influenced by the quadrupolar interaction (QI) between the nuclear electric quadrupole moment and the electric field gradient (EFG) at the nucleus (see Quadrupolar Nuclei in Solids and Tensor Interplay). This interaction is often described using the quadrupolar coupling constant (CQ = eV33 Q/ h) and asymmetry parameter (ηQ = (V11 − V22 )/V33 ). The main limiting factors in recording SSNMR spectra of 35/37 Cl, 79/81 Br, and 127 I, as with many quadrupolar nuclei, are the broad line widths, which may be observed for powdered samples when the nucleus of interest sits at a site with a large EFG. Halide anions that are either isolated or located at high-symmetry crystallographic sites have low (or zero) EFGs, and for this reason, the majority of SSNMR studies of chlorine, bromine, and iodine have been of compounds



wherein these elements are present in their ionic halide form (Cl− , Br− , and I− ).1,2 Some data have also been recorded for 8 – 13 perhalogenate ions (XO− Nuclear quadrupole resonance 4 ). (NQR) methods have been applied extensively to measure CQ (and ηQ in the case of 127 I) for halogens in covalent bonding environments.14 It is also interesting to note that CQ (35/37 Cl) has been measured indirectly by observing the NMR spectrum of spin-1/2 nuclei which are spin coupled (dipolar and J ) to chlorine.15 The effects of quadrupolar line broadening tend to dominate the SSNMR spectra of Cl, Br, and I, except when the nucleus is in a perfectly symmetric environment. As a result, the spectra (and the corresponding values of CQ and ηQ ) are very sensitive to the local environment as well as to the longer range crystal packing. The diagnostic nature of the spectral parameters has been demonstrated to be useful in crystal structure refinement,16 – 18 in the characterization of polymorphs,19 and in the discrimination of different hydrates of various compounds17,20,21 (vide infra). In most cases of interest, the QI is sufficiently large to broaden the satellite transitions (STs) to such an extent that they cannot be easily observed, and experimentally only the central transition (CT) spectrum is typically recorded. The CT is not broadened by first-order quadrupolar effects, but is affected by second-order effects. The breadth of the second-order CT lineshape of a stationary powdered sample (∆νCT ) may be described with the following equation5 :  2 2 (ηQ + 22ηQ + 25)(I (I + 1) − 3/4) 3CQ ∆νCT = 2I (2I − 1) 144ν0 The inverse relationship between ∆νCT and ν0 demonstrates why higher applied magnetic fields are beneficial when acquiring SSNMR spectra of the quadrupolar halogens: increasing B0 increases the value of ν0 , and therefore results in a decrease in the second-order quadrupolar broadening of the CT. High applied magnetic fields also result in an increase in Boltzmann sensitivity. High fields are also very valuable for the measurement of chlorine, bromine, and iodine chemical shift (CS) tensors. When interpreting trends in quadrupolar coupling constants for Cl, Br, and I, it is important to consider the Sternheimer antishielding factor, conventionally expressed as 1-γ∞ .5,14,17 This factor accounts for the EFG at the nucleus owing to the polarization of inner-shell electrons.22,23 That is, the EFG due solely to ionic charges in the lattice, eqlattice , is modified as shown below24 : eqobs = (1-γ∞ )eqlattice The quantity eqobs must be considered for the accurate discussion of quadrupolar coupling constants and relative line widths. The antishielding factors for Cl, Br, and I are presented in Table 1. Consideration of the large value for iodine explains why it can be difficult to observe 127 I SSNMR spectra in a series of isostructural halide compounds for which observation of the 35/37 Cl and 79/81 Br SSNMR spectra is feasible (Figure 1). Given that 127 I quadrupolar coupling constants in particular can be quite large, thereby leading to particularly broad powder patterns, some discussion is provided below regarding the application of suitable data acquisition methods (e.g., variable radiofrequency (RF) transmitter offsets and signal enhancement). The utility of complementary 127 I NQR measurements
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NMR properties of the quadrupolar halogens4–6
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EXPERIMENTAL ASPECTS



2.1



Chemical Shift Referencing



2.1.1 Chlorine-35/37



The IUPAC CS reference for chlorine is 0.1 mol dm−3 NaCl in D2 O.4 With this standard, the exact conditions of preparation are very important as they may significantly affect the observed isotropic CS. There is a concentration dependence of the chlorine CS as well as strong solvent effects if H2 O is used instead of D2 O.3,29,30 Solid sodium chloride has been suggested as an alternative reference, as it does not have concentration or solvent issues and has



abundance.



is noted,14,17 as well as guidelines pertaining to the validity of second-order perturbation theory in the analysis of spectral lineshapes.17,25 – 28 120
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Figure 1 Computed central transition line widths for the quadrupolar halogens with axially symmetric EFGs in powder samples. (a) Comparison of the intrinsic CT line width for various quadrupolar nuclei on the basis of their quadrupole moments and nuclear spin quantum numbers only (assuming a constant EFG at the nucleus and a constant Larmor frequency). (b) Comparison of the CT powder patterns for the isotopes of chlorine, bromine, and iodine, under the same conditions as (a) except also including the effect of the relative Larmor frequencies. (c) Same as (b) except also including a scaling of the EFG by the Sternheimer antishielding factor to account for its effect on the effective EFG at the nucleus. Data are plotted in (b) and (c) on ppm scales. Scales are different in (b) and (c), i.e., the breadth of the 127 I powder pattern has been arbitrarily held constant in the two sets of spectra for ease of viewing Encyclopedia of Magnetic Resonance, Online © 2007–2011 John Wiley & Sons, Ltd. This article is © 2011 John Wiley & Sons, Ltd. This article was published in the Encyclopedia of Magnetic Resonance in 2011 by John Wiley & Sons, Ltd. DOI: 10.1002/9780470034590.emrstm1214
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2.1.2 Bromine-79/81



Table 2 Chlorine NMR data for cubic alkali metal chlorides



. Source: From Ref. 2. a From 35 Cl SSNMR data; with respect to 0.1 mol dm−3 NaCl in D2 O.



2.1.3 Iodine-127



The IUPAC CS reference for iodine is 0.01 mol dm−3 KI in D2 O.4 This suggested standard presents further practical problems in addition to concentration and solvent CS dependences. As a result of the dilute nature of iodine in the IUPAC suggested solution, the time required to obtain an adequate signal makes it undesirable as a setup sample in our experience. Therefore, in addition to the reasons mentioned above for bromine and chlorine, sensitivity issues make it desirable to use solid potassium iodide or sodium iodide as secondary standards. The iodine CSs of all the alkali metal iodides with respect to the IUPAC reference are reported in Table 11.2



a narrow line width at relatively low magic-angle spinning (MAS) frequencies.3 An alternative secondary reference is solid potassium chloride, which was found to be ideal as a result of the small dipole–dipole coupling between potassium and chlorine along with the vanishingly small EFG at the chlorine nucleus.31 The chlorine CSs of all the alkali metal chlorides with respect to the IUPAC reference are listed in Table 2.2 Shown in Figure 2 are the known CS ranges for chlorine, bromine, and iodine. In addition, chlorine is the only quadrupolar halogen for which a reliable and precise absolute shielding scale has been determined. Using a combination of experiment and theory, Gee et al. established a value of 974(4) ppm for the chlorine isotropic magnetic shielding constant (σiso ) of an infinitely dilute aqueous NaCl solution.32



2.2 Data Acquisition Techniques
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For cases where the lineshape is sufficiently narrow (i.e., maximally on the order of tens of kilohertz), MAS NMR
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The IUPAC CS reference for bromine is 0.01 mol dm−3 NaBr in D2 O.4 Once again, care must be taken in preparation for the same reasons as noted above for chlorine and thus a secondary reference of either solid sodium or potassium bromide is convenient. The bromine CSs of all the alkali metal bromides with respect to 0.03 mol dm−3 in D2 O are presented in Table 8.1
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−200



4 CHLORINE, BROMINE, AND IODINE SOLID-STATE NMR experiments are of great utility for observing the SSNMR signals associated with the quadrupolar halogen nuclei. In fact, the 79 Br SSNMR signal of KBr is often used to precisely calibrate the magic angle.33 When MAS is used, SSNMR lineshape broadening due to the dipole–dipole and chemical shift anisotropy (CSA) mechanisms can be removed. In addition, the residual second-order quadrupolar broadening will be reduced by roughly a factor of 2.43–3.43.5 Owing to the removal of the additional line broadening mechanisms, lineshape modeling of the MAS SSNMR spectra of the quadrupolar halogen nuclei is greatly simplified, and the EFG tensor information (CQ , ηQ ), as well as the isotropic halogen CS, can often be readily determined. More generally, available MAS rates will not be rapid enough and spectra can be obtained under stationary conditions. Furthermore, in many cases, depending on the magnetic field strength and the chemical environment of the halogen under investigation, spectra of the CT of powdered samples cannot be acquired in a single piece. Potential remedies for data acquisition of very broad lineshapes are discussed in the section “Wideline Methods”.



transverse (spin–spin) relaxation time constant of the sample (i.e., T2 ), and the same relaxation time constant due to B0 inhomogeneities (i.e., T2 ∗ ). Through the use of a “train” of refocusing π pulses, the time-domain system response resembles a series of evenly spaced spikes (spacing = τ ). Once subjected to Fourier transformation, the frequency-domain response will also be a series of spikelets, which carry a separation of 1/τ (Figure 3). While experimental resolution is reduced using this method, the sensitivity is increased, as multiple echoes are collected per scan. In addition to the QCPMG experiment, the rotor-assisted population transfer (RAPT),45 double-frequency sweeps (DFS),46 and hyperbolic secant (HS)47 pulse sequences may also prove useful for 35/37 Cl SSNMR experiments. However, as these pulse sequences rely upon the manipulation of the ST populations, one must be able to reasonably excite the full ST manifold. Hence, the RAPT, DFS, and HS pulse sequences are not expected to be of general use for 79/81 Br and 127 I unless very high site symmetry is present. The RAPT, DFS, and HS sequences have also been coupled with QCPMG and afford further sensitivity enhancement.48,49



2.2.1 Echoes



2.2.3 Wideline Methods



Although a variety of advanced pulse sequences now exist to acquire SSNMR data, it is often the case that more traditional echo experiments (especially when the experiments are performed at very high magnetic fields) are acceptable to produce high S/N ratio spectra in a reasonable amount of time. This is especially true for the 79/81 Br and 127 I nuclides, as their magnetogyric ratios and natural abundances are rather high. This is also generally true even in the case of exceedingly broad (>1 MHz) lineshapes. For the acquisition of 35/37 Cl SSNMR spectra, however, other pulse sequences, such as quadrupolar Carr–Purcell–Meiboom–Gill (QCPMG), may be of use (see section “Signal Enhancement Methods”) because of the lower inherent sensitivity of these nuclides. The 90/90 or “solid echo” experiment34 is suggested for situations where a somewhat strong signal is being observed, as it can produce more uniform excitation at a given RF nutation frequency relative to the 90/180 or “Hahn echo”35 experiment. A theoretical and experimental discussion of the optimal conditions for echoes performed on half-integer quadrupolar nuclei has been provided by Bodart et al.36 The relative increase in the uniform signal excitation afforded using the solid echo experiment comes at the expense of reduced signal intensity (by roughly a factor of 2) relative to the Hahn echo experiment; it is important to note that the exact factor will depend on the phase cycling and coherence pathway selection. At a typical magnetic field of 11.75 T, and assuming an RF field of 100 kHz (for 79/81 Br and 127 I) and 40 kHz (for 35/37 Cl), solid echo experiments using one transmitter setting are expected to be ideal until CQ values exceed ∼12–14 MHz for bromine, 25 MHz for iodine, and ∼5 MHz for chlorine. 2.2.2 Signal Enhancement Methods



While echo experiments may be useful for the acquisition of SSNMR signals associated with the quadrupolar halogen nuclei, in many situations sensitivity-enhancing pulse sequences will be required. The QCPMG37 pulse sequence takes advantage of the potentially significant ratio between the natural



2.2.3.1 Wideband, Uniform Rate, and Smooth Truncation (WURST) Pulses. The use of wideband, uniform rate, and smooth truncation (WURST)-type pulses in NMR experiments was developed a number of years ago as a solution to the problem of wideband inversion and broadband decoupling in liquid state experiments.50 Recently, a number of studies have shown that WURST pulses can also be used to uniformly excite broad spectral regions using a single transmitter setting
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Figure 3 (a) 35 Cl QCPMG and (b) π/2 − τ − π/2 − τ echo and (e) 37 Cl π/2 − τ − π/2 − τ echo NMR spectra of powdered CaCl ·2H O 2 2 acquired at 11.75 T under stationary conditions. Shown in (c) and (f) are the corresponding best-fit simulated spectra. For comparison, shown in (d) is the simulated 35 Cl NMR spectrum obtained when the chemical shift tensor span is assumed to be zero. Spectral parameters are given in Table 4. (Reproduced from Ref. 20.  Wiley-VCH, 2007)
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Table 3



Selected chlorine NMR data for solid organic hydrochlorides



Compounds Cocaine HCl l-Tyrosine HCl
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δiso a (ppm)



Ω (ppm)



κ
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References
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Glycine HCl l-Valine HCl l-Glutamic acid HCl Quinuclidine 5.25(0.02) HCl l-Cysteine 3.78(0.02) ethyl ester HCl l-Cysteine 2.37(0.01) methyl ester HCl Cysteine HCl 3.92(0.01) monohydrate l-Lysine HCl 2.49(0.01) l-Serine HCl 3.0(0.3) l-Proline HCl 4.50(0.05) l-Isoleucine 4.39(0.05) HCl l-Phenylalanine 6.08(0.05) HCl l-Tryptophan 5.05(0.04) HCl d,l-Arginine 2.035(0.020) HCl monohydrate l-Alanine HCl 6.4(0.1) l-Aspartic acid 7.1(0.1) HCl l-Histidine 4.59(0.03) HCl monohydrate l-Methionine 4.41(0.02) HCl l-Threonine 5.4(0.1) HCl Procaine HCl 4.87(0.07) Tetracaine HCl 6.00(0.10) Lidocaine HCl 4.67(0.07) monohydrate polymorph 1 Lidocaine HCl Site 1: 2.52(0.12) monohydrate Site 2: 5.32(0.10) polymorph 2 Bupivacaine 3.66(0.10) HCl monohydrate 1.0(0.1) 1-Butyl-3-methyl imidazolium chloride complex of meso-octamethyl calix[4]pyrrole



respect to 0.1 mol dm−3 NaCl in D2 O. Euler angles determined using the Arfken convention. (See Ref. 44)
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Figure 4 Bromine-81 SSNMR spectrum of 3-chloroanilinium bromide acquired at 21.1 T using VOCS data acquisition. 3072 scans were acquired per piece, and high-power proton decoupling was applied during acquisition. Each of the nine slices are shown, as well as their sum (top)



for half-integer quadrupolar nuclei.51 In addition, they have been coupled with QCPMG.52 These pulses are so efficient at uniformly exciting broad spectral regions that the probe bandwidths are the limiting factor for uniform signal detection, as was demonstrated during the collection of the 127 I SSNMR signal of one of the sites in SrI2 .17 2.2.3.2 Variable-Offset Cumulative Spectrum (VOCS) Data Acquisition. To acquire meaningful SSNMR spectra of the quadrupolar halogen nuclei, data acquisition will often be carried out using multiple RF transmitter settings. Failure to uniformly excite the entire CT powder pattern will result in incorrect spectral analysis and erroneous NMR tensor parameters. Unless high site symmetry (i.e., tetrahedral, octahedral) at the halogen nucleus is known a priori, it is advisable to obtain halogen SSNMR spectra using at least two different transmitter frequencies to confirm that the entire CT spectral pattern has been acquired. A suggested offset for this endeavor (using a high-power amplifier with an echo pulse sequence) would be ca. 100–200 kHz. To acquire the CT powder patterns of the quadrupolar halogen nuclei that are clearly broadened beyond what can be uniformly excited using a single transmitter frequency, the variable-offset cumulative spectrum (VOCS) method is useful.53 This protocol simply involves collecting a set of SSNMR spectra, with each spectrum being acquired at a unique, but uniformly offset, transmitter frequency (Figure 4). Each spectrum is to be collected using the same number of scans and should be processed individually. Once this is accomplished, the resulting spectra are coadded in the frequency domain, producing the final VOCS spectrum.



2.3



Data Analysis



2.3.1 Importance of Acquiring Data at Two Magnetic Fields and Utility of Two Spin-Active Isotopes of Chlorine and Bromine



One of the benefits when extracting information using chlorine and bromine SSNMR spectroscopy is the availability of two NMR-active nuclides for each. In order to accurately extract EFG and CS tensor information using SSNMR



experiments on quadrupolar nuclei, data acquisition should be carried out at multiple fields. Owing to the multiple NMR-active isotopes for chlorine and bromine, multiple field data acquisition is not a stringent requirement. This is because each nucleus has a unique magnetogyric ratio and nuclear electric quadrupole moment, Q (as summarized in “Introduction and NMR Properties of the Quadrupolar Halogens”).6 In effect, if one conducts SSNMR experiments on both NMR-active isotopes, then the equivalent of multiple field data acquisition has been performed using the internal nuclear properties rather than by adjusting the external applied field. This assumes that isotope effects on the magnetic shielding tensor are negligible, which is a valid assumption when dealing with SSNMR of powder samples. An ideal method for SSNMR data acquisition using chlorine and bromine would be to acquire spectra of each nuclide within a very high B0 . While the combination of multiple field and multiple nuclide data acquisition is not a requirement to extract the relevant NMR tensor information for chlorine and bromine, it becomes worthwhile when considering samples that possess multiple sites, as demonstrated for SrBr2 .21



2.3.2 Breakdown of Second-Order Perturbation Theory



When fitting the SSNMR spectrum of a half-integer quadrupolar nucleus, it is well known that the QI will at least split the resonance into a multiplet structure, with 2I − 1 STs flanking the CT. In the case of a very weak QI, first-order perturbation theory has been shown to be adequate. Other than for the cubic halides, however, first-order perturbation theory is rarely sufficient to model the observed SSNMR spectrum associated with a quadrupolar halogen nucleus. In these systems, one generally measures the CT only, which will carry additional second-order broadening that can be used to extract the EFG and CS tensor information. While second-order perturbation theory is often sufficient to model the observed SSNMR lineshapes for quadrupolar nuclei, there exist cases where even second-order perturbation theory does not lead to the correct NMR tensor parameters. Of the quadrupolar halogens, this is most likely to occur when carrying out experiments upon the 127 I nuclide. Indeed, an example regarding the interpretation of the 127 I SSNMR lineshape of one of the sites in powdered SrI2 has been reported.17 It was found that even though the data were acquired at the highest possible applied field (21.1 T), the internal QI was still strong enough (i.e., CQ = 214 MHz) to produce a nonuniform shift in the 127 I SSNMR spectrum that could not be accounted for using second-order perturbation theory (Figure 5). A recently developed model, which combines the Zeeman and QI effects exactly,28 was applied to arrive at a significantly different isotropic CS value than was determined using second-order perturbation theory. Since third-order quadrupolar effects are zero for the CT, fourth-order effects on the CT are likely mainly responsible for these observations. Third-order effects are non-zero for the STs, however, and an exact simulation will of course take these and higher order effects into account. This is likely to be important since the ST powder patterns will generally overlap partially with the CT powder pattern for very large values of CQ .
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Figure 5 Breakdown of second-order perturbation theory. (a) Comparison of 127 I SSNMR powder patterns generated using second-order perturbation theory (solid red and black traces) with one calculated using exact theory (dashed blue trace). CQ = 214 MHz; ηQ = 0.316 (values for one site in SrI2 ); B0 = 21.1 T. Iodine CSA (Ω = 460 ppm) is included in the black trace simulation. Relative to the second-order perturbation theory simulations, the exact simulation is nonuniformly shifted to lower frequency. Low-frequency shoulders (‡) are from STs. (b) Horizontal expansions of the regions in (a). These illustrate that the incorporation of a reasonable value for the iodine CSA generally influences the positions of the discontinuities to a lesser extent than do higher order quadrupolar-induced effects in this case. (Reproduced from Ref. 17.  American Chemical Society, 2010)



3



3.1



REPRESENTATIVE QUADRUPOLAR AND CHEMICAL SHIFT DATA AND DISCUSSION OF APPLICATIONS Chlorine



Among the quadrupolar halogens, 35 Cl is the nucleus that has been studied most frequently with SSNMR, despite its moderately low resonance frequency.1 – 3 This is a result of its smaller quadrupole moment compared to 79/81 Br and 127 I which, as mentioned above, results in significantly less line broadening. While both NMR-active nuclei of chlorine have moderately large Q values and low Larmor frequencies, the higher natural abundance of 35 Cl makes it the more popular of the two nuclei for study. A wide variety of materials has been analyzed with chlorine SSNMR, ranging from biologically important model compounds to catalysts to geological samples. The chlorine NMR properties of these different classes of materials have been found to vary significantly, with isotropic chlorine CSs ranging from −100 to over 1000 ppm (with respect to the IUPAC standard) and 35 Cl quadrupolar coupling constants for chloride ions varying from 0 to 40.4 MHz. In addition, the increasing availability of high field instruments has allowed for the determination of CS tensor parameters for many materials, with spans (Ω = δ11 − δ33 ) up to 800 ppm having been quantified. Many early studies using chlorine SSNMR focused on cubic salts, as the absence of a QI results in narrow lines. Therefore, the chlorine CSs for the alkali metal chlorides,2,54,55 along with other cubic chlorides (i.e., AgCl,56 CuCl56 – 58 ) are well known and cover a significant range. For example, NaCl



appears at −41.11 ppm, whereas CsCl appears at 114.68 ppm (with respect to 0.1 M NaCl in D2 O). For further information, the reader is referred to Refs 1 and 2. See also Table 2. 3.1.1 Organic Hydrochlorides



Organic chloride and hydrochloride salts have been extensively studied by chlorine SSNMR, with both EFG and CS tensor parameters being extracted for a variety of materials (see Table 3 for selected data).1,2 The first 35 Cl SSNMR study of a hydrochloride salt was carried out by Pines and coworkers on powdered cocaine hydrochloride at 7.0 T under static conditions.38 At this field, the VOCS method was required to collect the full spectrum, which was modeled to provide a 35 Cl quadrupolar coupling constant of 5.027(0.02) MHz. Later, Bryce et al. reported a 35/37 Cl NMR study of multiple hydrochloride salts: l-tyrosine hydrochloride, l-cysteine methyl ester hydrochloride, l-cysteine ethyl ester hydrochloride, and quinuclidine hydrochloride.39 MAS, Hahn echo, and QCPMG techniques were used to collect spectra at 9.4 and 18.8 T, allowing for the determination of EFG tensor parameters and chlorine CSs for all the salts. The authors noted an inverse relationship between the number of hydrogen bonds and the magnitude of the quadrupolar coupling constant.39 The study of amino acid hydrochlorides was continued by Gervais et al., who published a multinuclear SSNMR study of four amino acid hydrochlorides.40 Bryce and coworkers extended the use 35/37 Cl SSNMR to study several other amino acid hydrochlorides, noting that they are biologically relevant models for chloride-binding proteins (Figure 6).18,41,42 A total of 17 amino acid hydrochlorides have been analyzed with 35/37 Cl SSNMR. The spectra were found to vary significantly, depending on the precise nature of the chloride
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Figure 6 Solid-state 35/37 Cl NMR spectroscopy of l-cysteine hydrochloride monohydrate. Experimental spectra of stationary powdered samples: (a) 35 Cl at 11.75 T, (c) 37 Cl at 11.75 T, (e) 35 Cl at 21.1 T. Simulations incorporating EFG and CS tensor parameters listed in Table 3 appear in (b), (d), and (f). (g) Depicts a simulation assuming no CSA. (Reproduced from Ref. 42.  Royal Society of Chemistry, 2007)



environment, and demonstrated the sensitivity of the technique to small changes in structure. The magnitude of CQ (35 Cl) was found to range from 2.035 to 7.1 MHz, whereas the chlorine CSs varied from −4 to 79 ppm (with respect to the IUPAC standard).18,41,42 In addition, the collection of spectra at 21.1 T allowed for the reliable determination of the CS tensor parameters and the relative orientation of the CS and EFG tensors for the majority of these amino acid hydrochlorides, with the CS tensor spans ranging from 26 to 129 ppm.18,41,42 Interestingly, a large quadrupolar coupling constant does not always correlate with a large CS span, demonstrating that the two interactions are governed by different factors and thus offer complementary information. Computational studies using the B3LYP (Becke’s three-parameter Lee–Yang–Parr exchange-correlation functional) hybrid DFT method and the restricted Hartree–Fock (RHF) method also played an important role in these studies, and aided in the interpretation of the SSNMR spectra. The two methods, as well as different basis sets, were tested against the experimental data and the neutron diffraction structures of several amino acid hydrochlorides, and an optimized method for calculating chlorine NMR parameters was determined.18,41 The optimal method was applied to calculate the expected chlorine NMR parameters of a chloride ion channel and showed that chlorine NMR on complex systems should be feasible, in that prohibitively broad CT lineshapes are not expected.41 In addition, the importance of optimizing hydrogen atom positions in cases where only an X-ray structure is available and the effectiveness of including point charges for improving the agreement between computational and experimental values were shown.18,42 The amino acid hydrochloride series of data was also utilized to test



the accuracy of the GIPAW–DFT method in calculating chlorine NMR parameters in organic hydrochlorides.43 The results showed again that the optimization of hydrogen atom positions was essential and that while both the value of |CQ (35 Cl)| and the CS tensor span were overestimated by calculations, the experimental trends in both parameters were reproduced. While both the cluster model calculations using B3LYP/RHF and GIPAW–DFT methods using periodic boundary conditions are useful, it appears that the latter technique is slightly more accurate relative to the presently available experimental chlorine NMR data.18,42,43 In 2008, 35 Cl SSNMR was shown to be an effective method to distinguish polymorphs in a study of pharmaceuticals by Hamaed et al.19 Four local anesthetic pharmaceuticals were examined at 9.4 and 21.1 T: procaine HCl, tetracaine HCl, monohydrated lidocaine HCl (LH), and monohydrated bupivacaine HCl (BH). The EFG and CS tensors, along with their relative orientations, were reported for all four salts, as well as high temperature polymorphs of LH and BH. The parameters were found to be in a similar range to those observed for the amino acid hydrochlorides, with the CSs ranging from 30 to 77 ppm (with respect to the IUPAC standard), CS tensor spans ranging from 20 to 160 ppm, and CQ (35 Cl) magnitudes ranging from 2.52 to 6.00 MHz. Notably, 35 Cl SSNMR was found to be more effective than powder X-ray diffraction and 13 C SSNMR at distinguishing polymorphs in these cases. Owing to the moderately large Q of the two spin-active chlorine nuclei, the QI typically dominates the CT lineshape when the chlorine is in a noncubic environment. A 35/37 Cl SSNMR study43 carried out at 9.4 and 21.1 T of the 1-butyl-3-methylimidazolium chloride complex of meso-octamethylcalix[4]pyrrole, a known anion receptor, provides a counter example. Specifically, at 21.1 T, the 35/37 Cl NMR spectra collected under stationary conditions exhibited lineshapes typical of spin-1/2 nuclei, i.e., the powder pattern is dominated by CSA. The value of |CQ (35 Cl)| was found to be low compared to those of the amino acid hydrochlorides, at only 1.0 MHz, but is within the range observed for perchlorates, ionic liquids (vide infra), and a series of several alkylammonium chlorides studied by Honda.59 3.1.2 Metal Chlorides



Compared to the organic hydrochlorides, there are significantly fewer inorganic noncubic chloride salts that have been analyzed by chlorine SSNMR,60,61 although the number has grown significantly in recent years (see Table 4 for chlorine NMR data for selected metal chlorides). In 2007, a study of several alkaline earth chloride hydrates, in which both EFG and CS tensor information was extracted, was carried out at magnetic fields of 11.7 and 21.1 T (Figure 3).20 The values of |CQ (35 Cl)| observed for the hydrates were in the range 1.41 to 4.26 MHz, whereas the CS tensor spans ranged from 41 to 72 ppm, both on the order of the values observed for the organic hydrochlorides. The chlorine CSs, however, are higher than those for the organic hydrochlorides. In addition, the study demonstrated the power of chlorine SSNMR to distinguish pseudopolymorphs in the case of the anhydrous, dihydrate, and hexahydrate forms of SrCl2 , which displayed very different chlorine NMR tensor parameters. It was noted in this study that the CSs decreased as hydration increased. In addition,
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Selected chlorine NMR data for solid metal chlorides



Compounds CaCl2 ·2H2 O BaCl2 ·2H2 O



|CQ (35 Cl)|/MHz



ηQ



4.26(0.03) 0.75(0.03) Site 1: 2.19(0.08) 0.00 Site 2: 3.42(0.08) 0.31(0.10) 3.02(0.05) 0.00 MgCl2 ·6H2 O SrCl2 ∼0 n/a SrCl2 ·2H2 O 1.41(0.02) 0.80(0.10) SrCl2 ·6H2 O 3.91(0.05) 0.00 CaCl2 8.82(0.08) 0.383(0.015) CaCl2 ·6H2 O 4.33(0.03) 


δiso a (ppm) Ω (ppm) 68.9(2.0) 122.3(2.0) 115.5(2.0) 33.9(1.0) 147.1(1.0) 101.0(1.0) 49.3(1.0) 105(8) 57(3) 500(500) 300(150) 400(500) 400(400) 500(150) 400(400) 300(400) 400(200) 400(200) 200(200) 200(200) 300 80(50) 284(100) 334(100) 159(100) 159(100) 159(100) 109(100) 209(100)



72(15) 50(25) 50(25) 


κ



Euler anglesb/degrees



0.6(0.2) 90(10), 82(5), 0(20) −0.8(0.2) 85(20), 32(10), 60(20) 0.20(0.25) 20(15), 8(10), 0(20) — — — — 0.5(0.2) 86(15), 75(5), 37(10) −1.0 0(10), 90(10), 0(10) 0.0(0.3) 90(20), 90(5), 0(5) −1 n/a, 90(7), 0(8) — — 0.0(0.5) 2(10), 72(20), −70(20)d — — — — −0.4(0.5) 80(30), 5(15), 5(30) — — — — 0.4(0.8) 10(90), 15(30), 0(90)d 0.4(0.8) 10(90), 15(30), 0(90)d — — — — — — — — −0.5(0.5) 90(20), 90(20), 0(20) 0.5(0.5) 20(20), 90(20), 30(20) −0.5(0.5) 90(20), 90(20), 0(20) −0.5(0.5) 90(20), 90(20), 20(20) — — — — — —



References Bryce and Bultz20 Bryce and Bultz20 — Bryce and Bultz20 Bryce and Bultz20 Bryce and Bultz20 Bryce and Bultz20 Widdifield and Bryce62 Widdifield and Bryce62 Rossini et al.61 Rossini et al.61 Rossini et al.61 Rossini et al.61 Rossini et al.61 Rossini et al.61 Rossini et al.61 Rossini et al.61 — — — Rossini et al.61 Rossini et al.61 Chapman and Bryce60 Chapman and Bryce60 Chapman and Bryce60 — Chapman and Bryce60 — —



With respect to 0.1 mol dm−3 NaCl in D2 O. Euler angles determined using the Arfken convention unless otherwise noted. c Cp = cyclopentadienyl. d Rose convention used for Euler angles. e Cp∗ = pentamethylcyclopentadienyl. a b



the study demonstrated that using the GIPAW-DFT method to calculate chlorine NMR tensor parameters yielded good agreement with experimental results for all samples for which a neutron diffraction structure was available. Calcium chloride and several of its hydrates were further investigated in a subsequent report.62 The study presents 35 Cl NMR spectra of the anhydrous and hexahydrate forms at 11.75 and 21.1 T as well as GIPAW–DFT calculations of the chlorine NMR parameters for other pseudopolymorphs. It was noted that the new data for CaCl2 were consistent with the expected values for CQ (35 Cl) and δiso , on the basis of its crystal structure and prior correlations between these parameters and local structure.20 The experimental CS and CQ (35 Cl) values for the anhydrous salt appeared at 105 ppm (with respect to the IUPAC standard) and 8.82(8) MHz, both significantly higher than the values for CaCl2 ·6H2 O.62 Rossini et al. have studied several organometallic compounds, including Cp2 TiCl2 , CpTiCl3 , Cp2 ZrCl2 , Cp2 HfCl2 , Cp∗2 ZrCl2 , CpZrCl3 , Cp∗ ZrCl3 , Cp2 ZrMeCl, Cp2 ZrHCl, and (Cp2 ZrCl)2 (µ-O) (Cp = cyclopentadienyl; Cp∗ = pentamethylcyclopentadienyl) (Figure 7).61 These compounds exhibit relatively large chlorine QIs and therefore the VOCS–QCPMG method and a very high magnetic field (21.1 T) were employed in many cases to collect the full CT spectrum. The CQ (35 Cl) magnitudes observed are notably higher than those observed for the alkaline earth metal



chlorides, ranging from 12.8(5) MHz for one of the four sites in Cp∗ ZrCl3 to 22.1(5) MHz in Cp2 TiCl2 . The authors were also able to extract CS tensor data for three of the complexes. The CS tensor spans observed were very large compared to others in the literature with the largest reported value being 800(500) ppm for Cp2 ZrCl2 . The range of CQ (35 Cl) magnitudes, and therefore chloride ion environments, which may be practically observed with chlorine SSNMR, was expanded in a study of four group 13 metal chlorides.60 Again, the VOCS–QCPMG technique and a very high magnetic field (21.1 T) were required to collect the full CT spectra of both 35 Cl and 37 Cl. The compounds, which included the catalysts AlCl3 and GaCl3 , were found to have strong chlorine QIs, with CQ (35 Cl) magnitudes ranging from 22.5 MHz in AlCl3 to 40.4 MHz for one site in GaCl3 . The chlorine CSs range from 109 to 334 ppm (with respect to the IUPAC standard), which is consistent with those observed for other chloride-containing organometallics,61 and significantly higher than the values observed for organic hydrochlorides.2,42 It was noted that the chlorine CS increased as the M–Cl bond length increased in all cases.60 CS tensor data were also extracted for three of the chlorides, with CS tensor spans ranging from 200 to 500 ppm.
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NMR parameters. In select cases, 37 Cl NMR spectra were also collected. Their results were consistent with earlier observations, and chlorine CSs were all greater than 988.5 ppm (with respect to the IUPAC standard), although the relative range of 35 Cl quadrupolar coupling constants was more substantial, at 0.307 to 2.981 MHz. Skibsted and Jakobsen improved the accuracy of the earlier data because of the inclusion of CSA in their analyses and the analysis of the spinning sideband manifolds for the STs.8
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Figure 7 35 Cl QCPMG SSNMR spectra and analytical simulations of the spectra (solid traces) for Cp2 TiCl2 , Cp2 ZrCl2 , Cp2 HfCl2 , Cp∗ 2 ZrCl2 , and CpTiCl3 (B0 = 9.4 T). See Table 4 for parameters. Satellite transitions are visible in the spectra of Cp2 ZrCl2 , Cp2 ∗ ZrCl2 , and Cp2 HfCl2 . The asterisk in the spectrum of Cp∗ 2 ZrCl2 denotes a discontinuity of a satellite transition. (Reproduced from Ref. 61.  American Chemical Society, 2009)



3.1.3 Perchlorates



Perchlorates (ClO4 − ) have been well studied by chlorine SSNMR due to the nearly tetrahedral symmetry about the chlorine site (Table 5).8,63 – 71 This arrangement results in a relatively small QI, and consequently small chlorine CQ values and CT spectral breadths. In addition, the chlorine chemical environment in these materials is interesting as large paramagnetic contributions to the shielding tensor lead to chlorine CSs that are much larger than those for chloride ions. Jurga et al. have published several spectra of multimethylammonium perchlorates.63 Relatively small 35 Cl quadrupolar coupling constants ranging between 0.238 and 1.12 MHz were extracted from spectra collected under MAS and stationary conditions. In addition, one phase of dimethylammonium perchlorate was found to have a chlorine CS highly deshielded at 1012 ppm (with respect to the IUPAC standard). Tarasov et al. extended the study of perchlorates through the collection of 35 Cl SSNMR spectra of three alkali metal perchlorates, CsClO4 , RbClO4 , and KClO4 , at 7.04 T.66,67 The 35 Cl quadrupolar coupling constants observed were similar to those observed by Jurga, with magnitudes ranging from 0.51 to ∼0.63 MHz. In 1999, a thorough study was published by Skibsted and Jakobsen concerning a large series of perchlorates (Figure 8).8 The authors looked at 13 samples of anhydrous and hydrated perchlorates, including those examined by Tarasov. Chlorine-35 MAS, satellite transition spectroscopy (SATRAS), and echo experiments for all of the salts at 14.1 T allowed for accurate determination of the chlorine



In addition to the classes of compounds discussed above, other materials have been analyzed using chlorine SSNMR (Table 6). For example, several chlorine-containing glasses have been studied with 35 Cl MAS SSNMR. In a 2004 report, a series of silicate and aluminosilicate glasses were studied and a correlation was noted between the M–Cl bond distance and the chlorine CS.72 The value of CQ (35 Cl) in these glasses ranged from 2.9 to 4.4 MHz.72 A new class of materials was analyzed by Gordon et al. in 2008 when they used chlorine SSNMR to examine four ionic liquids, which are solid at room temperature.73,74 The magnitudes of CQ (35 Cl) extracted were quite small, ranging from 0.805 to 1.500 MHz, and demonstrated the small chlorine QI in these salts. The CSs observed ranged from 60.6 to 91.7 ppm (with respect to the IUPAC standard). In addition, it was shown that the four crystallographic chlorine sites in ethylmethylimidazolium chloride could be resolved in a 35 Cl MAS spectrum collected at 21.1 T. Covalently bound chlorine in organic moieties is characterized by CQ (35 Cl) magnitudes on the order of 60–80 MHz.14,15 Acquiring the 35/37 Cl SSNMR spectrum of covalently bound chlorine in a powder sample is technically feasible in a high magnetic field (≥18.8 T), but is also quite time consuming and typically impractical.75



3.2



Bromine



Relative to 35 Cl and 37 Cl SSNMR spectroscopy, significantly fewer 79 Br and 81 Br SSNMR data are available, although a number of similar systems have been studied.1,2 Typical 81 Br CQ values for noncubic ionic bromide sites are on the order of 10–20 MHz, which represents a static line width of about 100–500 kHz at 11.75 T. As such, while 79/81 Br SSNMR experiments are generally applicable for the study of bromide-containing materials, the VOCS method will often be required for the acquisition of complete CT 79/81 Br SSNMR signals. Although the experimental observation of bromine CSA is rare, typical values of the CS tensor span for bromide-containing materials are on the order of 100–200 ppm.1,2,21,74,76 3.2.1 Organic Hydrobromides



A few organic hydrobromide systems have been studied using 81 Br SSNMR spectroscopy, primarily using single crystals; however, the effects of bromine CSA were neglected in all cases.77,78 The EFG tensor data pertaining to these



Encyclopedia of Magnetic Resonance, Online © 2007–2011 John Wiley & Sons, Ltd. This article is © 2011 John Wiley & Sons, Ltd. This article was published in the Encyclopedia of Magnetic Resonance in 2011 by John Wiley & Sons, Ltd. DOI: 10.1002/9780470034590.emrstm1214



CHLORINE, BROMINE, AND IODINE SOLID-STATE NMR Table 5



Selected chlorine NMR data for solid perchlorates



Compounds



|CQ (35 Cl)|/MHz



(CH3 )3 NHClO4 —phase II (CH3 )3 NHClO4 —phase III (CH3 )2 NH2 ClO4 —phase I (CH3 )2 NH2 ClO4 —phase II (CH3 )2 NH2 ClO4 —phase III CH3 NH3 ClO4 —phase II CH3 NH3 ClO4 —phase III NaClO4 NaClO4 ·H2 O LiClO4 LiClO4 ·3H2 O KClO4



0.318 0.32 to 0.35 ∼0 0.238 1.12 0.258 0.932 0.887(0.014) 0.566(0.009) 1.282(0.008) 0.695(0.004) 0.51(0.01) (at 296 K) 0.440(0.006) Temperature dependence of CQ monitored 0.537(0.015) Temperature dependence of CQ and ηQ determined 0.585(0.008) 2.981(0.007) 0.309(0.006) 0.475(0.008) 2.256(0.008) 0.383(0.005) 0.328(0.005) 0.307(0.004)



RbClO4



— CsClO4



— Mg(ClO4 )2 Mg(ClO4 )2 ·6H2 O—site 1 Mg(ClO4 )2 ·6H2 O—site 2 Ba(ClO4 )2 Ba(ClO4 )2 ·3H2 O Cd(ClO4 )2 ·6H2 O (CH3 )4 NClO4 a With b With



11



ηQ



δiso a (ppm)



References



— 0.6 to ∼1 n/a 0 0 0 0.75 0.92(0.02) 0.90(0.02) 0.34(0.01) 0.00(0.03) 0.52(0.10) 0.88(0.02) 0.53(0.02)



— — 1012 — — — — 1003.2(0.5) 998.8(0.3) 993.1(0.5) 1004.8(0.5) — 1008.1(0.3) −3(5)b



Jurga et al.63



Skibsted and Jakobsen8 Skibsted and Jakobsen8 Skibsted and Jakobsen8 Skibsted and Jakobsen8 Tarasov et al.67 Skibsted and Jakobsen8 Tarasov et al.67



0.87(0.03) 0.55



1008.3(0.3) —



Skibsted and Jakobsen8 Tarasov et al.66



0.86(0.02) 0.57(0.01) 0.00(0.08) 0.00(0.05) 0.58(0.01) 0.00(0.03) 0.00(0.03) 0.00(0.03)



1006.6(0.3) 995.1(0.5) 1005.5(0.3) 1004.4(0.3) 988.5(0.5) 999.5(0.3) 1003.3(0.3) 1008.2(0.3)



Skibsted and Jakobsen8 Skibsted and Jakobsen8 Skibsted and Jakobsen8



Jurga et al.63 Jurga et al.63



Skibsted Skibsted Skibsted Skibsted



and and and and



Jakobsen8 Jakobsen8 Jakobsen8 Jakobsen8



respect to 0.1 mol dm−3 NaCl in D2 O, unless otherwise noted. respect to 0.1 mol dm−3 RbClO4 (aq).



systems are summarized in Table 7. Although the data are somewhat sparse, it is observed that CQ (81 Br) values for these systems range from 11.26 to 49.0 MHz, and hence future studies on organic hydrobromide systems should be possible using standard spectrometer systems. Owing to the low symmetry present at the bromide anions in the systems studied to date, ηQ values are seen to strongly deviate from zero (ranging from 0.59 to 0.86). Bromine-81 SSNMR experiments using a single crystal of deuterated glycyl-l-alanine HBr·H2 O established that the V33 component of the bromine EFG tensor oriented approximately along the shortest H–Br hydrogen bond,78 which highlights the sensitivity of 79/81 Br SSNMR experiments to weak intermolecular interactions in solids. 3.2.2 Inorganic Bromides



The alkali metal bromides, of the general form MBr (M = Li, Na, K, Rb, Cs), were the first compounds to be studied using solid-state 79/81 Br NMR spectroscopy79 owing to the essentially cubic environment at the bromide anions, which greatly reduces the QI relative to noncubic environments.2,54,55 The lack of a significant QI makes the alkali metal bromides ideal compounds with which to set up further experiments on either NMR-active bromine nucleus. The CS values of this series relative to 0.03 mol dm−3 NaBr in D2 O have been precisely determined under MAS conditions, and are reported in Table 8.1 Additional simple inorganic bromide salts (NH4 Br, AgBr, CuBr, and TlBr) have been studied using 79/81 Br SSNMR, including three crystalline



phases of NH4 Br, where the bromine CS and spin-lattice relaxation time were both found to be sensitive to the phase of this material.80,81 Many alkaline earth metal bromides and selected hydrates have also been studied using 79/81 Br SSNMR spectroscopy (see Table 9 for EFG and CS tensor parameters).16,21 Owing to the extreme sensitivity of the 79/81 Br nuclei to the EFG, these experiments, when combined with the GIPAW–DFT computational method and ultrasoft core electron pseudopotentials, were used to propose a modified structure for MgBr2 .16 None of the anhydrous MBr2 series compounds (M = Mg, Ca, Sr, Ba) studied to date possess cubic local symmetry, which leads to the observation of relatively large bromine QIs (CQ (81 Br) ranges from 7.32 to 62.8 MHz). Bromine-79/81 SSNMR experiments were shown to be sensitive to the hydration level of the alkaline earth metal bromides through decreases in the bromine CQ and δiso values upon sample hydration.21 A rare example of 79/81 Br MAS NMR data for a noncubic sample was presented for BaBr2 ·2H2 O, which possessed unusually low CQ (79/81 Br) values. While the QI is expected to dominate the line broadening in the alkaline earth metal bromides, even in high magnetic fields, the effects of bromine CSA in the observed SSNMR spectra were quantified, with Ω values ranging from 50 to 250 ppm (Figure 9).21 3.2.3 Other Systems



Solid-state bromine (primarily 81 Br) NMR experiments have also been carried out on a variety of alkali metal
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12 CHLORINE, BROMINE, AND IODINE SOLID-STATE NMR Table 6 Selected chlorine NMR data for other chlorine systems Compounds Cl-containing silicate and aluminosilicate glasses Butyldimethylimidazolium chloride Butylmethylimidazolium chloride Ethylmethylimidazolium chloride



Butylmethylpyridinium chloride a With



|CQ (35 Cl)|/MHz



ηQ



δiso a (ppm)



2.9(0.2) to 4.4(0.4) 0.978(0.004) 1.500(0.002) Site 1: 0.808(0.004) Site 2: 0.805(0.005) Site 3: 0.884(0.004) Site 4: 0.972(0.005) Site 1: 0.857(0.008) Site 2: 0.889(0.008)



0.7 0.10(0.02) 0.390(0.005) 0.95(0.01) 0.20(0.02) 0.86(0.01) 0.80(0.01) 0.525(0.005) 0.08(0.08)



−85(11) to 107(22) 71.60(0.02) 71.65(0.05) 91.72(0.03) 74.98(0.04) 71.36(0.04) 60.60(0.03) 83.15(0.07) 70.56(0.04)



References Sandland et al.72 Gordon et al.73,74 Gordon et al.73,74 Gordon et al.73,74



Gordon et al.73,74



respect to 0.1 mol dm−3 NaCl in D2 O.



Table 7 Selected hydrobromides



bromine



Compounds



|CQ |/MHz



NMR



data ηQ



Deuterated glycyl-l-alanine HBr·H2 O l-Leucine HBr



19.750a 49.0b



0.59



l-Tyrosine HBr



11.26b



0.86



a From 81 Br b From 79 Br



0.8328



for



solid



Table 8 Selected bromine NMR data for solid inorganic bromides—cubic systems



organic



References Kehrer et



Compounds



al.78



a From D2 O. b From D2 O.



SSNMR data. SSNMR data.



perbromates,9,11,12



bromides,76



n-alkyltrimethylammonium ionic liquids,74 and mesoporous materials.83 Selected bromine EFG and CS tensor data for these systems are located in Table 10. Owing to the high symmetry present at the bromine sites in the alkali metal perbromates, very small CQ (81 Br) values were measured, ranging from 1.32 MHz in CsBrO4 to 3.35 MHz in KBrO4 . Although these experiments were carried out under static conditions, bromine CSA was neglected during the spectral modeling. These systems could thus be of great use as setup samples, if one wished to have an appreciable second-order quadrupolar lineshape (which would not be present in the alkali metal halides). A series of n-alkyltrimethylammonium bromide (n = 1, 12, 14, 16, 18) systems have been studied using 81 Br SSNMR under both static and MAS conditions at high B0 .76 As with



References Widdifield et al.1 Widdifield et al.1 Widdifield et al.1 Widdifield et al.1 Widdifield et al.1 Hayashi and Hayamizu56 Hayashi and Hayamizu56



119.33(0.15)a



LiBr NaBr KBr RbBr CsBr AgBr CuBr



Persons and Harbison77 Persons and Harbison77



δiso (ppm) 1.57(0.09)a 54.51a 126.13(0.11)a 282.76(0.25)a 223.66(0.07)b −79.83(0.20)b



81



Br SSNMR data with respect to 0.03 mol dm−3 NaBr in



79



Br SSNMR data with respect to 0.03 mol dm−3 NaBr in



many of the compounds studied above, the 81 Br nuclei were found to be sensitive probes of minute structural variations. For example, the bromine-81 δiso , CQ , and ηQ parameters were found to possess weak dependencies upon the alkyl chain length for the n > 1 series. The variation in the CQ (81 Br) value was attributed to an increase in the Br–N distance as the alkyl chain length increased. The 81 Br SSNMR data were acquired at multiple MAS frequencies, followed by a numerical data fitting procedure, which allowed for the extraction of bromine CS tensor span values around 110 ppm (Figure 10). The sensitivity of 81 Br SSNMR measurements to molecular dynamics has also been observed using a single crystal of tris-sarcosine CaBr2 .82,85



Table 9 Selected bromine NMR data for solid alkaline earth metal bromides Compounds CaBr2 tris-Sarcosine CaBr2 MgBr2 MgBr2 ·6H2 O SrBr2 —site 1 SrBr2 —site 2 SrBr2 —site 3 SrBr2 —site 4 SrBr2 ·6H2 O BaBr2 —site 1 BaBr2 —site 2 BaBr2 ·2H2 O



|CQ (81 Br)|/MHz 62.8(0.4) 21.9 21.93(0.20) 19.0(0.2) 10.3(0.3) 18.1(0.2) 25.6(0.2) 53.7(0.6) 27.7(0.3) 23.5(0.3) 27.2(0.3) 7.32(0.03)



ηQ 0.445(0.02) 0.64 0.02(0.02) 0.23(0.03) 0.07(0.04) 0.03(0.02) 0.695(0.015) 0.33(0.02) 


δiso (ppm)a 335(50) — 340(10) 112(7) 477(5) 465(8) 375(10) 355(50) 150(15) 335(10) 535(15) 272.7(1.0)



Ω (ppm)



κ



Euler anglesb/degrees



References



250(150) — — 50(20) 50(20) 85(25) 110(30) — 70(30) 200(20) 170(30) 86(5)



0c



270c,



Widdifield and Erge et al.82 Widdifield and Widdifield and Widdifield and Widdifield and Widdifield and Widdifield and Widdifield and Widdifield and Widdifield and Widdifield and



— — 0.7(0.3) −1d −1d 0.3(0.4) — −1d −0.6(0.2) 0.1(0.2) −0.20(0.15)



SSNMR data, with respect to 0.03 mol dm−3 NaBr in D2 O. as α, β, and γ according to the “ZYZ” convention. (See Ref. 44.) c Simulated SSNMR lineshape is not sensitive to variation in this parameter. d Assumed on the basis of crystallographic site symmetry. a From 81 Br b Given
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180c



90(20), — — 170(10), 57(10), 180c 90c, 90(15), 180(5) 90c, 90(10), 180(8) 42(8), 90(10), 235(20) — 210c, 90(20), 180(10) 0c, 47(7), 180c 180c, 18(7), 180c 70(5), 95(8), 253(5)



Bryce21 Bryce16 Bryce21 Bryce21 Bryce21 Bryce21 Bryce21 Bryce21 Bryce21 Bryce21 Bryce21
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(a)



1040 1038 (ppm)



(b)



1040 1038 (ppm)
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CSA and CS/EFG tensor interplay were also observed in all samples (Table 10). An account by Alonso et al. noted the possibility of carrying out 81 Br SSNMR experiments on mesoporous materials83 ; however, it appears as though MAS experiments were not fruitful for the systems that were considered. The authors attribute the difficulty in direct observation to a spatially nonuniform charge distribution (and hence a distribution in the QI parameters) when the probe molecule is within the mesoporous material. At the same time, it was noted that information pertaining to the 81 Br environment could potentially be gained via indirect methods, such as 1 H{81 Br} TRAPDOR experiments. Indeed, it was observed using both 81 Br and 14 N SSNMR data that the bromide anions were distributed close to the alkyltrimethylammonium head group, the n-alkyl chains, and the phenyl groups on the siloxane surface. Covalently bound bromine in organic systems is typically characterized by CQ (81 Br) magnitudes on the order of 400–600 MHz.15 Acquiring the 81 Br SSNMR spectrum of covalently bound bromine in a powder sample is impractical with currently available magnetic field strengths.



3.3 Iodine



Owing to the relatively large quadrupole moment for the iodine-127 nucleus, much of the 127 I SSNMR data reported in the current literature involves either ionic iodides or periodates.1,2,13,17 Although these systems are chosen to minimize the resulting QI, typical CQ (127 I) values for ionic iodides and periodates are still large (up to 214 MHz, which translates into a CT line width of about 10 MHz at 21.1 T). Hence, the VOCS method will often be used for the acquisition of 127 I SSNMR signals. The experimental observation of iodine CSA is very rare: there exists only a handful of reliable measurements.13,17 This is due to the generally small impact of the CSA on the second-order quadrupolar-dominated lineshape (in systems observed to date) as well as the technical difficulties associated with acquiring broad 127 I SSNMR spectra.



(c)



(d) 200



150



100



50



0 −50 −100 −150 −200 (kHz)



Figure 8 35 Cl MAS NMR spectra (νr = 7.0 kHz) of the satellite transitions for (a) Ba(ClO4 )2 ·3H2 O and (c) Cd(ClO4 )2 ·6H2 O shown with the central transition cutoff at ∼1 /10 of its total height. The inset in panel (a) illustrates the lineshape for the central transition for Ba(ClO4 )2 ·3H2 O. Simulated spectra of the spinning sideband manifolds from the satellite transitions are shown in panels (b) and (d) for Ba(ClO4 )2 ·3H2 O and Cd(ClO4 )2 ·6H2 O, respectively, and employ the 35 Cl NMR parameters in Table 5. A simulation of the central transition for Ba(ClO4 )2 ·3H2 O is shown as the inset in panel (b). (Reproduced from Ref. 8.  American Chemical Society, 1999)



A series of four bromide-containing ionic liquids were subjected to 79 Br SSNMR experiments at both standard and very high magnetic fields.74 Owing to the rather isolated nature of the bromides in these systems, CQ (79 Br) values were found to lie within a relatively narrow range of 5.12–17.50 MHz, while the CSs varied between 122 and 172 ppm relative to 0.01 mol dm−3 NaBr in D2 O. Bromine



3.3.1 Inorganic Iodides



Owing to the cubic lattice symmetry present for the alkali metal iodides (general form MI, M = Li, Na, K, Rb, Cs), it should not be surprising that these systems were the first to be characterized using 127 I SSNMR, and that these compounds currently serve as useful reference materials.2,54,55 In addition to the alkali metal iodides, additional cubic iodides, such as CuI and AgI have been studied.56,58,86 Both CuI and AgI possess iodine CSs that are highly sensitive to temperature (on the order of 0.5 ppm/K). As the resolution of 127 I MAS SSNMR experiments for these systems typically results in CSs with errors on the order of 1 ppm, the iodine-127 SSNMR signals of these materials could be used to measure temperatures. The iodine CS values for these cubic systems, relative to 0.01 mol dm−3 KI in D2 O, have been precisely determined, and are reported in Table 11. The alkaline earth metal iodides, selected hydrates thereof, and the semiconducting material CdI2 have also been characterized using multiple-field 127 I SSNMR data acquisition
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Figure 9 Analytical simulations incorporating quadrupolar and CSA effects (a, d, f, h) and experimental static solid echo (b, c, e, g, i) 79/81 Br{1 H} SSNMR spectra of powdered BaBr2 ·2H2 O, acquired at B0 = 21.1 T (b, c, e) and 11.75 T (g, i). See Table 9 for parameters. In spectrum (c), 1 H decoupling is not applied. (Reproduced from Ref. 21.  American Chemical Society, 2010) Table 10 Selected bromine NMR data for other solid bromine-containing systems Compounds



|CQ |/MHz



ηQ



δiso (ppm)



Ω (ppm)



3.35(0.03)a



0.71(0.05) 0.37 0 0.99 0.02(0.01) 0.11(0.02) 0.16(0.03) 0.18(0.02) 0.19(0.01) 0.01(0.01) 0.28(0.01) 0.37(0.08)



— — 2400(200)b — 100.2(0.4)c 113.1(0.9)c 111.2(0.8)c 110.4(0.8)c 108.7(0.5)c 137.0(0.5)f 122(1)f 123(1)f



— — — — 33(3) 117(3) 112(4) 106(6) 105(8) 75(2) 73(3) 51(1)



KBrO4 RbBrO4 2.36(0.04)a CsBrO4 1.32(0.04)a NH4 BrO4 2.27(0.05)a (CH3 )4 NBr 6.03(0.002)a (C12 H25 )(CH3 )3 NBr 7.39(0.10)a (C14 H29 )(CH3 )3 NBr 7.74(0.17)a (C16 H33 )(CH3 )3 NBr 8.03(0.03)a (C18 H37 )(CH3 )3 NBr 8.08(0.07)a (C4 H9 )NH3 Br 17.50(0.02)e 1-Ethyl-3-methylimidazolium bromide 12.40(0.01)e 1-Ethyl-1-methylpyrrolidinium bromide 5.12(0.05)e



κ



Euler angles/degrees



— — — — — — — — 0.6(0.3) 9(9), 5(6), 9(2)d −0.3(0.3) 39(9), 68(2), 50(28)d −0.5(0.1) 26(7), 115(2), 47(6)d −0.5(0.2) 23(20), 116(1), 59(24)d −0.3(0.1) 29(6), 116(2), 63(21)d 0.05(0.05) 0, 0, 0,g 0.95(0.05) 54(3), 81(1), 8(2)g 0.96(0.04) 97(2), 21(2), 148(2)g



References Tarasov et al.11 Tarasov et al.11 Tarasov et al.9 Tarasov et al.12 Alonso et al.76 Alonso et al.76 Alonso et al.76 Alonso et al.76 Alonso et al.76 Gordon et al.74 Gordon et al.74 Gordon et al.74



a From 81 Br



SSNMR data. respect to 1 mol dm−3 KBr. c With respect to 0.03 mol dm−3 NaBr in D O. 2 d Given as φ, χ, and ψ according to Ref. 84. e From 79 Br SSNMR data. f With respect to 0.01 mol dm−3 NaBr in D O. 2 g Given as α, β, and γ according to the “ZYZ” convention. (See Ref. 44.) b With



and GIPAW–DFT computations (experimental data are in Table 12; see also Figure 11).17 The 127 I nuclei were found to be useful probes of the hydration state (a decreasing iodine CS results upon sample hydration). Reliable measurements of iodine CSA were able to establish a range of 127 I CS tensor span values from 60 to 300 ppm, although owing to the very large line widths (on the order of MHz), very high field data acquisition is a requirement to extract these modest Ω values. Interestingly, high-order (i.e., beyond second-order) quadrupole-induced effects were observed in the CT SSNMR signal when analyzing the spectrum of one of the two iodine sites in SrI2 (cf. Figure 5). This was confirmed using both



exact lineshape simulation software,28 and 127 I NQR experiments. The high-order effects were such that they lead to an underestimation in both (i) CQ (127 I) and (ii) δiso when the spectra were modeled using software that includes QI effects to only second order.



3.3.2 Periodates



In order to perform SSNMR experiments using 127 I nuclei that are not present as an iodide anion, very high local site
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Table 11 Selected 127 I NMR data for solid inorganic iodides—cubic systems



(a)



(b)



Compounds



δiso (ppm)a



References



LiI NaI KI RbI CsI AgI CuI



408.66 226.71 192.62 269.87 562.41 −37.6(1.0) 200.3(0.2)



Chapman et al.2 Chapman et al.2 Chapman et al.2 Chapman et al.2 Chapman et al.2 Hayashi and Hayamizu56 Hayashi and Hayamizu56



a



With respect to 0.01 mol dm−3 KI in D2 O.



for the periodates, with both positive and negative correlations being noted.87 – 93 Although these systems are known to possess very small relative QIs, the corresponding isotropic CS values are the highest known, due to the largely covalent O–I local bonding environment. CSs range from about 3500 to 4200 ppm with respect to 0.01 mol dm−3 KI in D2 O, which highlights the high sensitivity of the iodine-127 nucleus to small magnetic (in addition to electric) perturbations. The CS tensor spans for the alkali metal periodates appear to be less than 50 ppm in all cases, with only one value precisely reported (Ω = 18(2) ppm for CsIO4 ).13 Additional instances are reported in the literature94 ; however, further experiments must be carried out to validate these observations. Information pertaining to selected periodate systems near room temperature is summarized in Table 13.
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(d)



300
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3.3.3 Other Systems



200



100 0 −100 chemical shift / ppm



−200



−300



81Br



Figure 10 Modeling of 81 Br spectra of hexadecyltrimethylammonium bromide: (a) νMAS = 30 kHz, (b) νMAS = 14 kHz, (c) νMAS = 7 kHz, and (d) νMAS = 0 kHz. In each of the four parts, the experimental spectrum is shown at the top, the model in the middle, and the difference spectrum at the bottom. (Reproduced from Ref. 76.  American Chemical Society, 2009)



symmetry is required. As mentioned in the section “Introduction and NMR Properties of the Quadrupolar Halogens”, this is because of the combination of a large quadrupole moment and a significant Sternheimer antishielding factor. Favorable conditions for observing 127 I SSNMR spectra exist in a variety of periodates. Compared to the alkaline earth metal iodide systems outlined above, the iodine QIs present in the periodates are much smaller. This is analogous to what has been observed for the chlorine and bromine analogs (vide supra). Observed CQ (127 I) values range from only 1.00 MHz in CsIO4 to 43.00 MHz in HIO4 .13 A great deal of effort has also been expended to determine the temperature dependence of CQ (127 I)



Few additional systems have been probed using 127 I SSNMR, and selected relevant parameters can be found in Table 14. Two iodide ionic liquids have been characterized, and they possess rather similar CQ (127 I) and CS values as the iodides noted above.74 To the best of our knowledge, glycyl-l-alanine hydroiodide monohydrate appears to be the only hydroiodide system studied using 127 I SSNMR.78,95 The relatively small CQ (127 I) in this system (74.04 MHz) suggests that further studies on the amino acid hydroiodide compound class may be worthwhile. A few 127 I SSNMR accounts of mixed halogen systems, such as IF7 and [IF6 ]+ [AsF6 ]− , have also been reported.96,97 Variable-temperature 127 I SSNMR experiments were found to be very sensitive toward the detection of phase transitions and molecular motion in IF7 . Covalently bound iodine in organic systems is typically characterized by CQ (127 I) magnitudes on the order of 1700–2000 MHz.15 Acquiring the 127 I SSNMR spectrum of covalently bound iodine in a powder sample is impractical with currently available magnetic field strengths.



4 CONCLUSIONS AND FUTURE PROSPECTS



Of the quadrupolar halogens, applications of 35/37 Cl SSNMR spectroscopy and the interpretation of the results in terms of local structure are the most common. Most studies have understandably focused on chloride ions in organic and inorganic environments because of the relatively small QI of the chlorine nucleus. The spectroscopies of 79/81 Br and 127 I are less developed owing to the larger quadrupole moments
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16 CHLORINE, BROMINE, AND IODINE SOLID-STATE NMR Table 12 Selected



127



I NMR data for solid inorganic iodides—noncubic systems |CQ (127 I)|/MHz



Compounds MgI2 CaI2 SrI2 —site 1 SrI2 —site 2 SrI2 ·6H2 O BaI2 —site 1 BaI2 —site 2 BaI2 ·2H2 O CdI2 (4H polytype)



δiso (ppm)a



ηQ



79.8(0.5) 43.5(0.3) 105.2(0.7) 214.0(0.1)d 133.6(0.1)d 96.2(0.8) 120.9(0.2)d 53.8(0.3) ∼96.6(1.0)



0.02(0.02) 0.02(0.02) 0.467(0.012) 0.316(0.002)d 


920(50) 755(10) 880(70) 720(150)e 440(25)e 650(70)e 1000(80)e 630(20) ∼1450(100)



Ω (ppm)



κ



Euler angles/degrees



120(80) 


−1b



90c, 90(20), 0c — — — — 0c, 45(20), 180c — 45(15), 45(15), — —



— — — — 0.5 —



. Source: From Widdifield and Bryce.17 a With respect to 0.01 mol dm−3 KI in D O. 2 b Assumed on the basis of crystallographic site symmetry. c Simulated SSNMR lineshape is not sensitive to variation in this parameter. d Established using both 127 I SSNMR and 127 I NQR experimental data. e Established with the aid of exact simulation software.



Table 13 Selected



127 I



NMR data for solid periodates



Compounds



|CQ (127 I)| /MHz



ηQ



HIO4 NH4 IO4 NaIO4 KIO4 RbIO4 CsIO4 (CH3 )4 NIO4



43.00(0.01) 10.00(0.01) 42.24(0.01) 20.66(0.01) 15.65(0.01) 1.00(0.01)b 15.7



0.75 0.0 0.0 0.0 0.0 0.0 0



3527(10) 4187(10) 4177(10) 4187(10) 4187(10) 4199(2) —



(C2 H5 )4 NIO4






—



—



(n-C4 H9 )4 NIO4



3.66



0.67



—



(CH3 )4 PIO4






—



—



(C2 H5 )4 PIO4 (C6 H5 )4 PIO4



5.87(0.03) 4.47(0.05)



0 0



— —



(CH3 )4 AsIO4



≤1.8



—



—



(c)



(C2 H5 )4 AsIO4 (C6 H5 )4 AsIO4



5.55(0.03) 4.53(0.05)



0 0



— —



(d)



(C2 H5 )4 SbIO4



5.64(0.03) 0.41(0.02)



—



(C6 H5 )4 SbIO4



2.63(0.05)



—
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Figure 11 Analytical simulations (a and c) and experimental static VOCS Solomon echo (b and d) 127 I SSNMR spectra of powdered MgI2 , acquired at (b) B0 = 21.1 T and (d) B0 = 11.75 T. Partially excited STs are denoted with “ ‡ ”. See Table 12 for parameters. (Reproduced from Ref. 17.  American Chemical Society, 2010)



and Sternheimer antishielding factors for these isotopes. Nevertheless, recent work has demonstrated that a combination of very high magnetic fields, modern signal acquisition or enhancement methods, and proper data analysis render feasible the study of chlorine, bromine, and iodine anions in noncubic inorganic and bioinorganic compounds. Quadrupolar and CS tensors are now available for halides in a range of chemical environments, and the sensitivity of the tensor parameters to



0



δiso (ppm)a References Wu and Dong13 Wu and Dong13 Wu and Dong13 Wu and Dong13 Wu and Dong13 Wu and Dong13 Klobasa and Burkert87 Klobasa and Burkert88 Burkert and Grommelt89 Klobasa and Burkert88 Klobasa et al.90 Burkert and Klobasa93 Grommelt and Burkert91 Klobasa et al.90 Burkert and Klobasa93 Klobasa and Burkert92 Burkert and Klobasa93



respect to 0.01 mol dm−3 KI in D2 O. this compound, Ω = 18(2) ppm and κ = 1.



a With b For



factors such as local site symmetry, hydration state, and polymorphism has been demonstrated. It is likely that the 35/37 Cl isotopes will continue to be the most accessible to study by SSNMR, and it is for chlorine that the most comprehensive understanding of the relationship between local structure and the observed NMR spectrum is currently available. Acquisition of 35/37 Cl SSNMR spectra of covalently bound chlorine is technically feasible in very high magnetic fields, but such experiments are most often impractical and time consuming. Acquisition of 79/81 Br or 127 I SSNMR spectra of covalent bromines or iodines is not practical in currently commercially
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CHLORINE, BROMINE, AND IODINE SOLID-STATE NMR



Table 14 Selected



127



I NMR data for other iodine-containing systems



Compounds IF7 [IF6 ]+ [AsF6 ]− Glycyl-l-alanine HI·H2 O 1,2,3-Trimethylimidazolium iodide 1,1-Dimethylpyrrolidinium iodide a With b With



|CQ (127 I)|/MHz — 2.3–2.9 74.04 36.8(0.9) 16.9(0.1)



RELATED ARTICLES



Acquiring and Analyzing NMR Spectra of Quadrupolar Nuclei in Solids; Chemical Shift Tensors; Influence of other Interactions on NMR Spectra of Stationary and MAS samples of Quadrupolar Nuclei; Obtaining Distortion-Free NMR Spectra: The Application of Spin Echoes to Obtain NMR Spectra of Systems Exhibiting Broad Powder Patterns; Quadrupolar Interactions; Quadrupolar Nuclei in Solids; Quadrupolar Coupling: An Introduction and Crystallographic Aspects; Quadrupolar Nuclei in Liquid Samples; Sensitivity Enhancement; Tensor Interplay; The Quadrupolar Hamiltonian



6



ηQ



δiso (ppm)



References



— — 0.776 0.73(0.01) 0.27(0.02)



3040(40)a



Weulersse et al.96 Hon and Christe97 Kehrer et al.78,95 Gordon et al.74 Gordon et al.74



— — 143(18)b 282.0(0.7)b



respect to 5 mol dm−3 KI(aq). respect to 0.01 mol dm−3 KI in D2 O.



available magnetic fields. Sustained advances and applications in the area of quadrupolar halogen SSNMR are anticipated; however, such studies will likely continue to be focused on chlorine, bromine, and iodine in environments in which they exist predominantly in the ionic form. One interesting future direction is the study of halides that participate in halogen bonds.98
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