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ABSTRACT 

Two different axial symmetries of the 119Sn chemical shift anisotropy (CSA) in tin dioxide with the 

asymmetry parameter () of 0 and 0.27 were reported previously based on the analysis of MAS NMR 

spectra. By analyzing the static powder pattern, we show that the 119Sn CSA is axially symmetric. A nearly 

axial symmetry and the principal axis system of the 119Sn chemical shift tensor in SnO2 were deduced 

from periodic scalar-relativistic density functional theory (DFT) calculations of NMR parameters. The 

implications of fast small-angle motions on CSA parameters were also considered, which could 

potentially lead to a CSA symmetry in disagreement with a crystal symmetry. Our analysis of 

experimental spectra using spectral simulations and iterative fittings showed that MAS spectra recorded 

at relatively high frequencies do not show sufficiently distinct features in order to distinguish CSAs with 

 ≈ 0 and ≈ 0.4. The example of SnO2 shows that both the MAS lineshape and spinning sideband 

analyses may overestimate the  value by as much as ~0.3 and ~0.4, respectively. The results confirm 

that a static powder pattern must be analysed in order to improve the accuracy of the CSA asymmetry 

measurements. The measurements on SnO2 nanoparticles showed that the asymmetry parameter of the 

119Sn CSA increases for nm-sized particles with a larger surface area compared to m-sized particles. The 

increase of the  value for tin atoms near the surface in SnO2 was also confirmed by DFT calculations.  
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INTRODUCTION 

Compared to its solution-state counterpart, the solid-state NMR spectroscopy allows one to easily 

measure the chemical shift anisotropy (CSA) of spin ½ nuclei.[1] As with quadrupolar interactions,[2] the 

anisotropy of chemical shifts can potentially provide unique information about the motional geometry at 

the atomistic level in various materials.[3] The added advantage is that, unlike quadrupolar nuclei, the 

NMR spectra of spin ½ nuclei are relatively easy to measure, including CSA measurements. The CSA 

(, ppm) and its asymmetry parameter ( see Experimental and Computational section for definitions 

of  and ) can also be used as a source of information about the size of nanoparticles, as at very small 

particle sizes the asymmetry of the environment of the surface nuclei becomes important thus affecting 

the measured CSA parameters due to the increase in the number of nuclei on the surface relative to the 

number of nuclei in the bulk.[4] Previously, Tunstall et al.[4] have investigated the effects of powder 

granule size in the range between 4  32 nm on parameters such as 119Sn NMR CSA, linewidth and spin-

lattice relaxation in tin dioxide powders obtained from different thermal treatments.  

Over the last 30 years, the most widely used technique applied for CSA determinations has relied on 

the analysis of solid-state NMR spectra acquired using magic angle spinning (MAS). General expressions 

were derived by Herzfeld and Berger for the intensities of sidebands observed in the MAS spectra of 

isolated spin half nuclei,[5] which are now used by various program packages.[6-8] One of the main 

advantages of MAS spectra compared to static lineshapes is that MAS usually allows one to resolve 

spinning sideband patterns for a range of species present, thus allowing one to determine CSA parameters 

selectively for all or nearly all species present.[9,10] Unlike static powder spectra, the spectral overlap of 

the broad lines can also be avoided in MAS spectra. An additional option to vary the MAS frequency or 

analyse spectra measured at several different MAS frequencies are particularly useful when the analysis 

of several species or multiple sites present in the same spectrum is required.  

The reliability of CSA measurements from MAS spectra has attracted much attention.[6,9-12] In 

particular, the application of the method in the presence of strong dipolar interactions has been 
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considered.[13] There is a similarity between dipolar interactions and CSA, considering that although their 

effect is removed from the lineshape of the isotropic peak, both anisotropic interactions affect the 

intensities of the spinning sidebands. For example, homonuclear dipolar interactions between nearest 31P 

nuclei at a distance of 4.20 Å in ammonium dihydrogen phosphate have been shown to cause a deviation 

from axial symmetry in 31P MAS spectra, while the crystal symmetry suggests an axially symmetric 31P 

CSA.[13d]  

Frequently, distinguishing axially symmetric and asymmetric CSAs has proved problematic when using 

MAS spectra.[9] As shown by Eichele,[6] if the MAS frequency is much larger than the smallest frequency 

difference between two principal components, then the Herzfeld-Berger analysis may not be able to 

distinguish between them. According to Hodgkinson and Emsley,[12] for the values of the asymmetry 

parameter less than 0.2, static spectra provide a more reliable determination of the asymmetry parameter 

than MAS spectra, while the reliability of the determination of the anisotropy is always greater in spinning 

experiments than in static experiments. These conclusions were reached by Hodgkinson and Emsley[12] 

based on computational analysis alone, without experimental verifications. 

Here, we consider 119Sn CSA parameters of tin(IV) oxide, SnO2, which were determined twice 

previously. The first CSA measurements of SnO2 were reported in 1989 by Clayden et al.[14] The reported 

chemical shift anisotropy, , was -125 ppm and the asymmetry parameter, , was 0, i.e. the 119Sn CSA 

was shown to be axially symmetric. In their 1992 report Cossement et al.,[15] re-determined these 

parameters for SnO2 as -124.5 ppm and 0.27, thus showing that the chemical shift tensor is not axially 

symmetric. No discussion of the disagreement with the results of Clayden et al.[14] was provided and 

subsequent reports mostly accepted CSA parameters reported by Cossemont et al.,[15] including those 

using the experimental CSA parameters as a benchmark for verification of the performance of 

computational techniques.[16] Note that the value of , reported by Cossement et al.[15] as -136 ppm for 

SnO2, is defined as [13] which is different from Haeberlen’s definition[17] of  = 33 - (11 
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+ 22) / 2, while the same definition of  is used by Cossement et al.[15] and Haeberlen[17] (see Experimental 

part).  

Tin dioxide has a wide range of applications. Due to its superior properties in terms of electronic 

conductivity and thermal stability, interest in various nanoparticles based on tin dioxide has considerably 

increased in recent years.[18] For example, the search of topics of publications for “tin” and “oxide” in the 

Web of Science database revealed >3,100 publications in 2016 and >2,100 publications between January 

2017 - September 2017. Tin dioxide nanoparticles are used in catalysis, energy-saving coatings and anti-

static coatings,[18c,e] as well as in lithium-ion batteries[18b] and as anti-reflection coatings in solar cells,[18d] 

in the making of gas sensors,[18a] optoelectronic devices, resistors and liquid crystal displays. Magnetic 

properties of tin oxide nanoparticles are used in magnetic resonance imaging and in data storage. It is 

therefore important to address the existing ambiguity in the CSA parameters of such a primary material 

as SnO2, so that accurate changes of the 119Sn CSA as a function of a nanoparticle size and environment 

can be monitored using solid-state NMR techniques. We note that there is only a limited number of 

techniques available for the characterisation of metal oxides at an atomistic level and the solid-state NMR 

is one the most widely used techniques in this regard. Therefore, resolving disagreement in the scientific 

literature is of particular importance in this case in order to remove any ambiguity that could hamper the 

application of solid-state NMR techniques for the characterisation of tin dioxide based materials. There 

is a particular interest in a size-controlled synthesis of SnO2 nanoparticles. Potentially, 119Sn CSAs 

together with the measured signal linewidths can be used for particle size evaluations and can serve as 

complementary measurement to already existing techniques, such as powder X-ray powder diffraction 

and high-resolution transmission electron microscopy, widely used for the characterization of metal 

oxides. With the decrease in the particle size, the observed linewidth is expected to increase,[4] while the 

CSA is expected to become more asymmetric. Severe linebroadening observed for nanoparticles of a few 

nanometres in size complicates the choice of the initial model for the analysis of MAS spectra compared 

to standard tin dioxide with normal ~10 m-sized particles,[4] which shows relatively sharp lines with the 
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linewidth of ~150 Hz. We have therefore undertaken the detailed analysis of tin dioxide in order to provide 

a correct reference point for nanoparticle studies and to identify experiments that would allow accurate 

determination of CSA parameters. 

 

 

RESULTS AND DISCUSSION 

In order to unambiguously determine the symmetry of the 119Sn CSA, we have acquired a static powder 

pattern for SnO2. Figure 1 shows the 119Sn NMR spectrum of a static SnO2 sample without any rotation. 

         

Figure 1. The experimental 119Sn SSNMR spectrum of SnO2 recorded without sample spinning (shown 

in black), overlaid with (a) the calculated spectrum with the iteratively fitted values of  = -125.3 ppm 

and  = 0 (shown in purple) and (b) the calculated spectrum using the CSA parameters of Cossement et 

al.,[15]  = -124.5 ppm and  = 0.27 (shown in purple).  

Iterative fittings (Figure 1a) of the observed experimental lineshape were undertaken, in which the 

following error function, known as the best overlap value was maximised: 

   𝐴𝑑𝑖𝑓 =  ∑ | 𝐼𝑘(𝑒𝑥𝑝) −  𝐼𝑘(𝑐𝑎𝑙𝑐)|𝑁
𝑘=1    (1) 

   𝐴𝑒𝑥𝑝 =  ∑ | 𝐼𝑘(𝑒𝑥𝑝)|𝑁
𝑘=1     (2) 
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   𝑠𝑜𝑣 = 100 (1 − 
𝐴𝑑𝑖𝑓

𝐴𝑒𝑥𝑝
)     (3)  

where Adif is the area between the experimental and the calculated lineshapes, Aexp is the area of the 

experimental spectrum and N is the number of points in the region of the experimental spectrum selected 

for fittings. In some of the fittings of the static powder pattern using our in-house program, the following 

function, referred to as the best-difference, was minimized: 

   𝑠𝑑𝑖𝑓 = 100 ( 
𝐴𝑑𝑖𝑓

𝐴𝑒𝑥𝑝
) = 100 −  𝑠𝑜𝑣       (4)  

Table 1. The values of 119Sn CSA parameters of SnO2 determined from the analysis of static and MAS 

(frequency shown in kHz) lineshapes. The programs used (see Experimental) are indicated in brackets. 

aBruker curve fitting program SoLA (Solid Lineshape Analysis, version 2.2.4) 

 

The region between -438.7 and -768.7 ppm was selected for fittings with N = 6,052. The best-fit values 

of the CSA parameters were  = -125.3 ± 0.9 ppm and  = 0.0 ± 0.011 (Table 1). Uncertainties were 

estimated via fittings of 10 differently processed spectra, including the variation of the exponential line 

broadening factor between 0 – 50 Hz, using two different programs (see also Figure S1 in Supporting 

Parameter Static  

(in-house) 

Static    

(SoLA)a 

2 kHz   

(SoLA) 

3 kHz   

(SoLA) 

4 kHz   

(SoLA) 

5 kHz   

(SoLA) 

iso, ppm -603.81 -603.81 -603.81 -603.75 -603.83 -603.79 

, ppm -125.29 -125.52 -125.62 -125.64 -125.87 -127.70 

 0.0 0.0 0.0 0.0 0.0 0.0 

11, ppm -562.03 -561.94 -561.94 -561.87 -561.88 -561.22 

22, ppm -562.06 -561.99 -561.94 -561.87 -561.88 -561.22 

33, ppm -687.34 -687.48 -687.55 -687.51 -687.74 -688.91 

, ppm 125.31 125.54 125.62 125.64 125.86 127.69 

 0.99951 1.00 1.0 1.0 1.0 1.00 

Best overlap, % 98.57 99.10 94.86 95.66 95.26 95.40 
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Information showing the dependence of the error function on the value of ). For comparison, we also 

show calculated lineshapes with  = -124.5 ppm and  = 0.27 determined by Cossemont et al.[15] (Figure 

1b), which clearly does not reproduce the experimentally observed lineshape.  

Density functional calculations were carried out with CASTEP within the GIPAW (Gauge Including 

Projector Augmented Waves) formalism to predict CSA parameters (Tables 2 and 3). For the two 

experimentally determined structures,[19] computed values of CSA show little variance with different 

exchange-correlation functionals. Thus, these functionals appear to be sufficiently similar in predicting 

NMR parameters for a fixed geometry. For the optimised structures, however, there is a slightly larger 

difference which can be attributed to the different equilibrium geometries. Notably, the environment of 

the Sn atoms in the LDA-relaxed structure (Table 2) deviates more from the fully symmetrical 

arrangement due to the somewhat larger difference in the two types of Sn-O bond lengths (Table 2), but 

lattice vibrations even at room temperature are expected to be larger than this difference. For example, 

the anisotropic displacement parameters in SnO2 are known to reach 4.4  10-3 Å2 and 6.6  10-3 Å2 for 

Sn and O atoms, respectively.[19b] As for the optimised lattice constants (Table 2), the observed functional-

dependent changes are in agreement with the expectation that the most commonly used GGA (generalised 

gradient approximation) functional proposed by Perdew, Burke, and Ernzherhof (PBE) almost always 

overestimates the lattice constants of solids, while LDA (local density approximation) consistently 

underestimates them.[20] In both cases, the typical errors amount to 1% – 2% of the lattice parameters.[20] 

The PBEsol[20a] functional is the revised version of PBE specifically adapted for solids, which is known 

to yield lattice constants in better agreement with experiments than the original PBE functional.[20c] 

Indeed, our results in Table 2 confirm that lattice constants predicted by PBEsol are in better agreement 

with the experimental data than those from PBE or PW91. There appears to be a good correlation for the 

calculated asymmetry parameter in four optimised structures (Table 3) with either the area ab or volume 

abc, i.e. with the increase of either the transverse area ab or the lattice volume abc, the calculated 

asymmetry parameter decreases. 
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Table 2. Lattice parameters and nearest-neighbour Sn-O bond distances in Ångstroms in 

experimental and DFT-relaxed SnO2 structures. 

Structure a c Sn-O1 Sn-O2 

 (I)[19a] 4.7380 3.1865 2.052 2.058 

 (II)[19b] 4.7374 3.1864 2.058 2.048 

LDA 4.7158 3.1881 2.058 2.041 

PBE 4.8187 3.2335 2.086 2.090 

PW91 4.8136 3.2321 2.085 2.087 

PBEsol 4.7592 3.2083 2.067 2.061 

 

Table 3. 119Sn CSA parameters in SnO2 predicted by DFT calculations, using various exchange 

correlation functionals and structural parameters. 

 

Structure 
Chemical shift anisotropy,  (in ppm) / Asymmetry parameter, η 

LDA PBE PW91 PBEsol 

 (I)[19a] -141.3 / 0.09 -139.8 / 0.09 -138.9 / 0.09 -142.3 / 0.08 

 (II)[19b] -127.2 / 0.09 -125.8 / 0.09 -125.2 / 0.09 -128.0 / 0.10 

optimised -124.8 / 0.18 -129.4 / 0.04 -130.2 / 0.04 -129.2 / 0.09 

 

Solid-state NMR spectra were also recorded and analyzed at different MAS frequencies (Figure 2). As 

starting values of CSA parameters in iterative fittings, we used  = -125.3 ppm and  = 0, as derived 

from the analysis of the static powder pattern. The best-fit values are summarized in Table 1. These 

showed good agreement with the values measured from the static spectrum with only a small difference 

in the value, which increases on increasing the MAS frequency.  
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Figure 2. The experimental 119Sn SSNMR spectra of SnO2 recorded at MAS frequencies of (a) 2 kHz, 

(b) 3 kHz, (c) 4 kHz and (d) 5 kHz. The spinning sideband labelling (±1 and ±2) is shown in (d) relative 

to the isotropic peak labelled as 0. 

Cossement et al.[15] used the MAS frequency of 5.1 kHz (at 9.4 T corresponding to a 400 MHz 1H 

frequency) for CSA measurements. They started their analysis with the initial estimate of the CSA span 

(33 - 11) as -200 ppm and the asymmetry parameter  as 0.5. We undertook additional fittings of the 

spectrum recorded at the MAS frequency of 5 kHz at 7.05 T (Figure 2d) with the starting value of  as 

-126 ppm and  as 0.5. The best-fit values found from iterative fittings were  = -126.29 ppm and = 

0.285. The agreement between the experimental and the calculated lineshapes estimated as the best 

+1 

+2 

 -1 
 -2 

0 
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overlap value, sov (see equations (1)-(3)), was 95.56%, which is better than 95.40% for  = -127.70  ppm 

and = 0 (Table 1). On fitting the spectrum recorded at the MAS frequency of 2 kHz at 7.05 T (Figure 

2a) with the starting value of  as -126 ppm and  as 0.5, the best-fit values were  = -125.24 ppm and 

 0.179, with the sov value of 95.22%, i.e. better than 94.86% for  = -125.62 ppm and = 0 (Table 

1). These were somewhat surprising results, as the best-fit spectra were established using an “incorrect” 

set of parameters. We therefore compared fitted lineshapes. At the MAS frequency of 5 kHz spectra with 

= 0.0 and = 0.285 were very similar to each other (Figures S2 and S3 in Supporting Information). 

This is in contrast with static powder patterns shown in Figure 1. Even at the MAS frequency of 2 kHz, 

spectra showed only small changes in relative intensities of spinning sidebands for  values of 0.0 and 

0.179 (Figures S2 and S3 in Supporting Information). This result suggests that there is a more general 

problem with the use of MAS spectra for CSA measurements, i.e. the MAS spectra of tin dioxide at 2 and 

5 kHz do not show sufficient distinct features for distinguishing the solution with from that 

with0.2 or 0.3. 

To follow the sensitivity of the MAS spectrum to the asymmetry parameter, we have simulated 119Sn 

MAS spectra at 5 kHz, where the reduced 119Sn chemical shift anisotropy (red = 33 – iso = -84 ppm) is 

kept constant, while  is changed between 0 and 1 (Figure 3). These simulations show that there is hardly 

any noticeable change in spinning sideband intensities for values between 0 and 0.3. On going from  

= 0.3 to  = 0.4, only a small increase in intensity is observed for the -1 sideband at approximately -650 

ppm. The intensity of this sideband continues to increase gradually on increasing the value further. 

These results indicate to an insensitivity of the MAS experiment to  values less than 0.3, and only little 

sensitivity at  values 0.3 and 0.4. 
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Figure 3. The spectral simulations of MAS spectra at 5 kHz, where the reduced 119Sn chemical shift 

anisotropy (red = 33 – iso = -84 ppm) is kept constant, while  is changed between 0 and 1.  

 

As the error function used in our above lineshape fittings of MAS spectra fails to favour the correct 

solution with  at relatively low MAS frequency of 2 kHz, we have considered a more traditional 

Herzfeld-Berger method, which relies on the relative intensities of spinning sidebands.[5] One of the most 

mature programs, HBA, was used for this purpose.[6] HBA uses a Marquardt-Levenberg routine for 

iterative minimisation of the error function, sfit, defined as: 

 = 0.0  = 0.2 

 = 0.4 

 = 0.6  = 0.8  = 1.0 

 = 0.3 

 = 0.1 

 = 0.5 
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𝑠𝑓𝑖𝑡 =  {∑
[𝐼𝑘(𝑐𝑎𝑙𝑐)−𝐼𝑘(𝑒𝑥𝑝)]2

(𝑁−𝑝)

𝑁
𝑘=1 }

1/2

    (5) 

where I denotes the intensity of spinning sidebands and the isotropic peak, N is the total number of 

experimental peaks (including spinning sidebands and the isotropic peak), intensities of which are selected 

for the analysis and p is the number of optimized parameters. A statistical analysis of errors is carried out 

using dimensionless Herzfeld-Berger parameters  and   

                = (L/R) (11 - 33) 10-6   (6) 

                = 3 (22 - iso) / (11 - 33)   (7) 

where L and R are Larmor and MAS frequencies, respectively. This analysis involves the calculation of 

a matrix B, the elements of which are calculated using the following equation: 

 

𝐵𝑖𝑗 =  ∑ [
𝜕𝐼𝑘(𝑐𝑎𝑙𝑐)

𝜕𝑝𝑖
] [

𝜕𝐼𝑘(𝑐𝑎𝑙𝑐)

𝜕𝑝𝑗
]                               (8) 

where pi,j are the parameters  and , Ik(calc) is the change in calculated intensity when parameters  

and  are changed slightly from their optimized best-fit values by ±0.2 and ±0.05, respectively, and the 

summation involves all experimentally observed sidebands. The ratio Ri of conditional, scond, and 

marginal, smarg, standard deviations is calculated using following equations: 

       scond(pi) = sfit  (Bii)
-1/2    (9) 

    smarg(pi) = sfit  [(B-1)ii]
1/2   (10) 

    Ri= s2
marg(pi) / s

2
cond(pi)   (11) 

As shown previously, for a parameter pi to be reasonably well defined by the experimental data, the ratio 

Ri must be close to 1.[9] Thus, while the error function sfit reflects how well the predicted spinning sideband 

intensities match the corresponding experimental intensities, the values of additional parameters from 
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equations (9)-(11) allow us to evaluate how well the optimized parameters are defined by the experimental 

data for a given model.[9] 

As with the lineshape fittings of MAS spectra, the analysis of the integral intensities of experimental 

spinning sidebands (Table S1 in Supporting Information) favours the asymmetric CSA model with two 

different  values of 0.27 and 0.41 at MAS frequencies of 2 and 5 kHz, respectively, based on the value 

of the error function, sfit, alone. The improvements compared to the axially symmetric CSA model is 

significant at both MAS frequencies and the value of sfit was reduced nearly by a factor of 2. At both 2 

and 5 kHz MAS frequencies, however, the calculated ratios R() indicate that the  = 0 value is better 

defined by experimental data than either  = 0.27 or  = 0.41 (Table S1 in Supporting Information). 

We have also considered a possibility of fitting intensities of spinning sidebands from multiple MAS 

spectra in a single iterative analysis. The joint analysis of all 4 spectra recorded at different MAS 

frequencies (Figure 2) in this manner led to  = 0.24 ( = -125.3 ppm). For MAS spectra analysed 

separately at 2, 3, 4 and 5 kHz, the best-fit  values were 0.27, 0.16, 0.21 and 0.41, respectively. Therefore, 

in none of the cases the correct value of  = 0 was deduced as the best-fit value from either separate or 

joint analysis of spinning sideband intensities in MAS spectra. Furthermore, the cross-examination via 

independent fittings of four different MAS spectra shows significant differences in the best-fit  values 

varying between 0.16 – 0.41. This indicates to the presence of systematic errors in CSA measurements 

from MAS spectra. Note that throughout their study of the reliability of the determination of the anisotropy 

and the asymmetry parameter of the chemical shift interaction using the Cramér-Rao lower bounds, 

Hodgkinson and Emsley[12] assumed that systematic errors are negligible in comparison with the random 

error. The example of tin dioxide considered above shows that deriving the CSA asymmetry from fittings 

of MAS spectra will be systematically incorrect as long as the MAS frequency is smaller than the 

differences between the principal components (11 - 22, according to the definition of ).[6] Then, in the 

case of the axial symmetry, when the differences between the principal components is zero, the MAS 
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frequency must be infinitely small in order to ensure that the source of systematic errors is removed, thus 

suggesting the use of static lineshape for the analysis. The requirement for the MAS frequency to be 

smaller than the difference (11 - 22)
 could arise from the requirement to sample the frequency region 

between 11 and 22
 as densely as possible in order to minimize systematic errors.  

The spectral simulations presented in Figure 3 show that MAS spectra recorded at relatively high 

frequencies do not show sufficiently distinct features in order to distinguish CSAs with  ≈ 0 and ≈ 0.4. 

In addition, the example of SnO2 considered above confirms that the spinning sideband analysis of MAS 

spectra for CSA measurements may overestimate the  value by as much as ~0.4, if the choice of the best 

solution is based on the error function alone. The latter reflects how well the fitted data matches the 

experiment, but does not account for how well the fitted parameters are defined by the experiment. The 

use of a single MAS spectrum recorded at a relatively high MAS frequency for the determination of CSA 

parameters therefore presents a wider concern in terms of misidentifying the CSA symmetry, if the 

reported  values are in the range 0 ≤ ≤ 0.4. Further revision may be needed in each case using the 

analysis of static powder patterns.  

Solid-state 2D NMR techniques are also widely applied for measurements of CSA parameters.[10,21] 

Despite differences in various 2D techniques developed, they usually share the common goal of displaying 

an MAS-like spectrum along one dimension and a static or slow-spinning-sideband powder pattern along 

the other dimension.[10,21] In the light of the above discussion, these 2D techniques may prove useful for 

extracting static or slow-spinning-sideband powder patterns when multiple inequivalent sites or a range 

of different species are present. However, it is also well recognized that the applications of 2D techniques 

for CSA measurements are restricted, especially when multiple sites present in the system have the same 

or similar isotropic chemical shifts or when a very large number different sites are present in the solid 

material under study. 

Despite the lack of the high-resolution, the static powder patterns can be used to distinguish axially 

symmetric (= 0) and nearly axially symmetric ( ≈ 0.1) CSAs in favourable cases with a narrow intrinsic 
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linewidth. A representative example in this regard is the static 31P NMR spectrum of the monoclinic 

polymorph of triphenyl phospine oxide (TPPO, Figures S4 and S5 in Supporting information), where the 

inspection of the experimental static lineshape alone is sufficient to identify the axial asymmetry of the 

31P CSA (see also Figure S6, showing the static 119Sn NMR spectrum of SnO2 recorded at 16.44 T). In 

addition, the results of the CSA analysis collected in Table S2 show that the ratio R() of conditional and 

marginal standard deviations [equation (11),[9] for interconversions of  and  see equation (19)] does 

not favour the correct solution with  ≈ 0.1 over  = 0 on analysing 31P MAS spectra. For example, at the 

MAS frequency of 2 kHz, R() = 16 for  = 0.094 and R() = 1 for  = 0, i.e. the R() value suggests that 

the axial symmetry of the CSA with  = 0 is better defined by the experimental MAS spectrum than the 

correct solution with  = 0.094, known from the analysis of the static powder pattern. It appears that the 

R parameter may systematically favour the  = 0 case over that with small but nonzero value of  when 

an MAS spectrum is used for determining the CSA parameters. This additional example further 

emphasizes the importance of static lineshape measurements for establishing the correct symmetry of the 

chemical shift anisotropy.  

We now consider the symmetry of the 119Sn CSA in tin(IV) oxide in relation to its solid-state structure. 

In metal oxides, chemical shift parameters of metal atoms reflect the local symmetry of the oxygen 

polyhedral environments, which in turn is determined by the crystal structure. The less symmetric 

arrangement of oxygens surrounding a metal atom in a unit cell is expected to lead to a large chemical-

shift anisotropy. For example, the 119Sn CSA is -125 ppm in SnO2, while it is -975 ppm in SnO (for 

comparison of surroundings of tin atoms in SnO2 and SnO unit cells, see Figure 1 in Cossemont et al.[15]), 

i.e. the more spherical coordination of the tin atom in SnO2 leads to a smaller CSA compared to that in 

SnO.  

Three-dimensionally, a chemical shift anisotropy can be schematically presented using an ellipsoid 

(Figure 4a), the shape of which is determined by semi-principal axes a, b and c, which also represent 

distances from the centre of the ellipsoid to its surface along the x, y, and z axes, respectively. In this case, 



 17 

a = 11, b = 22 and c = 33. In the case of axial asymmetry, all three distances from the origin of the 

ellipsoid to its surface along axes a, b and c are different, while in the case of axial symmetry we expect 

two of the distances to be equal, but different from the third distance: a = b ≠ c. Such a presentation allows 

us to relate the symmetry of the CSA to the symmetry of the environment surrounding the tin atom, as 

observed in crystallographic studies.  

For the solid-state structure of tin(IV) oxide,[19] the space group is P42/mnm.[19b] The cell lengths are a 

= b = 4.7374 Å and c = 3.1864 Å. The cell angles are  =  =  = 90°. As shown in Figure 4b, the Sn – O 

distances in the plane parallel to the ab plane of the unit cell are equal in length (2.048 Å). In the diagonal 

plane of the unit call with the central tin atom and four oxygen atoms, all four Sn-O distances are equal 

(2.058 Å). The three different O – Sn – O bond angles are 78.52°, 101.48° and 90.00°. Note that Clayden 

et al.[14] have attributed the observed anisotropy of the 119Sn CSA in tin dioxide to the differences in the 

bond angles.  

The principal axis system (PAS) of the 119Sn chemical shift tensor was deduced from CASTEP 

calculations in this work (Figure 4b). Due to the mirror planes, the PAS of the 119Sn chemical shift tensor 

is expected to be orientated along [1 1 0], [1̅ 1 0] and [0 0 1]. Thus, the CASTEP calculation correctly 

predicts the orientations of the x, y and z axes of the PAS as parallel to [1 1 0], [1̅ 1 0] and [0 0 1] 

directions, respectively. Although the crystal symmetry determines the PAS in this case, it does not allow 

us to estimate the relative values of the three principal components, i.e. whether 11 = 22 ≠ 33 or 11 ≠ 

22 ≠ 33. However, as the y axis of the PAS is along the Sn-O bond and the x axis of the PAS is along the 

direction joining two Sn atoms 6.7 Å apart, there is no reason to expect that the electronic environment is 

the same in these directions and therefore the 11 and 22 components are equal.  This is in agreement with 

the CASTEP predictions of , as it is found in the range of 0.04  0.18 (depending on the DFT method 

used) for the optimised structures and in the range 0.08  0.10 for the structures from diffraction 

measurements (Table 2). Nevertheless, as the experimental value is 0, there is a good possibility that fast 

(compared to the NMR timescale) small-angle motions are present at room temperature which average 
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the measured value of  to 0. Such a possibility does indeed exist, provided that the tip of z axis of the 

PAS (Figure 4b) undergoes a full rotation, e.g. a wobbling type of motion.[2c,22] This is very similar to the 

well-studied examples from 2H NMR, where 2H quadrupole coupling constant and its asymmetry show 

dependence on the geometry and the amplitude of the fast small-angle motions.[2c]  

         

Figure 4. (a) A schematic presentation of CSA as an ellipsoid, the shape of which is determined by 

distances a = 11, b = 22 and c = 33 from the centre of the ellipsoid to its surface along the x, y, and z 

axes; (b) A unit cell of SnO2, as determined from neutron diffraction powder data.[19b] An orientation of 

the 119Sn CSA PAS as predicted by CASTEP calculations is shown, where the x, y and z axes of the PAS 

are parallel to [1 1 0], [1̅ 1 0] and [0 0 1] directions, respectively.  

An example illustrating the effect of small-angle fast motions on the asymmetry of the CSAs is shown 

in Figure 5. In the fast motional regime in the NMR timescale, the NMR spectrum can be analysed in the 

same manner as that in the absence of the motions (see, for example, references [3, 22, 23]), with the 

difference that the CSA will be determined by the motionally averaged anisotropy, , and the motionally 

averaged asymmetry parameter, . In Figure 5, we show that depending on whether the principal z axis 

(a) (b) 
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of the CSA tensor undergoes a fast out-of-plane wobbling motion (simulated as a jump motion of the z-

axis of the CSA with a 10° step between 36 equally spaced, equally populated orientations on the surface 

of a cone with a cone half-angle of 9°) or an in-plane librational motion (around the axis perpendicular to 

the z-axis of the CSA with the angle between the orientations of the z-axis of the CSA at the extrema ° 

and °the motionally averaged CSA will be axially symmetric and asymmetric, respectively.  

 

 

Figure 5. The spectral simulations of static CSA lineshapes in the presence of a fast out-of-plane wobbling 

motion (shown in red; illustrated on the left) and an in-plane librational motion (shown in green; illustrated 

on the right). The static CSA lineshape in the absence of any motion is shown in black. The static CSA 

parameters  = -126 ppm /  = 0.300 are motionally averaged to  = -120.9 ppm /  = 0 and  = -

124.6 ppm /  = 0.315 by wobbling and librational motions, respectively, when  =  = 9°.  

 

The relevance of this example in the case of tin dioxide is that the amplitude of a full-rotation ( in 

Figure 5) will affect the value of the motionally averaged anisotropy, i.e. the higher the amplitude, 
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the smaller the value of ||. However, the value of is dependent on the temperature and should be at 

least ~6 in order to lead to an experimentally significant ~2 ppm decrease in the || value, i.e. very 

high-temperature measurements may be required in the case of rigid metal oxides. Unlike , even at a 

very small, but non-zero value of  the expected value of is 0 and any additional increase of  has no 

further effect on . We note that the presence of thermal vibrations in SnO2 was shown by 

crystallographic studies. In particular, Bolzan et al.[19b] analysed 11 different metal dioxides, including 

SnO2, which adopt the rutile-type structure. They showed that the magnitude of the thermal vibrations of 

the atoms are correlated with the size of the cell which is relatively large in SnO2 compared to other oxides 

considered.[19b] They also showed that thermal vibrations are strongly anisotropic for both metal and 

oxygen atoms. The metal atom displacements in the ab plane were larger than the displacement along the 

c axis (see Figure 4). It is therefore possible that the small-angle motions present in tin dioxide could be 

responsible for the axial symmetry of the chemical shift tensor measured experimentally. As the effect of 

small-angle motions is of general interest, particularly in terms of the possibility that the  = 0 case is 

often encountered due to the dynamics rather than the crystal symmetry, it would be beneficial to employ 

advanced techniques for the joint analysis of both the XRD and NMR results. Further detailed scrutiny of 

these subtle effects on the chemical shift tensor parameters, especially using the recently developed path 

integral molecular dynamics (PIMD) simulations,[24] will certainly be of general interest.  

As discussed above, the CSA parameters are expected to be sensitive to the particle size. In order to 

study the influence of the particle size on the 119Sn CSA parameters, Tunstall et al.[4] used MAS spectra 

recorded at about 6 kHz at 11.75 T. Unlike tin dioxide considered above, for nano-sized particles with a 

relatively high surface area, the observed NMR spectra can be considered as a sum of spectra due to a 

very large number of sites with different CSA parameters. Therefore, the measured values of CSA 

parameters will be affected by the structural disorder present in the system. To distinguish parameters 

measured for structurally inhomogeneous systems, we denote the CSA parameters measured for 

nanoparticles as and . From the figures presented by Tunstall et al.,[4] the / values 
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determined were -131 ppm/0.11, -125 ppm/0.31, -113 ppm/0.66, -124 ppm/0.49, -123 ppm/0.32 and -126 

ppm/0.0 for SnO2 particles with the average sizes of 4, 5, 8, 16, 32 and ~10,000 nm, respectively, with 

the uncertainty of ±12 ppm for  and±0.1 for . Thus, they observed significant changes in the CSA 

parameters, especially in the asymmetry parameter, as a function of the size of SnO2 particlesThe 

increase of the isotropic linewidth with the decrease of the particle size was also observed, with the 

measured approximate values of 650, 750, 1250, 1700 and 1550 Hz for particle sizes of 32, 16, 8, 5 and 

4 nm, respectively, with the estimated uncertainty of ±10%. The maximum deviation from bulk values 

occurring at a particle size of 8 nm was observed in both the 119Sn CSA asymmetry parameter and in the 

value of the 119Sn NMR spin-lattice relaxation time. From the combined analysis of solid-state NMR and 

Raman results, it was concluded that the 8 nm particles are situated at the transition from bulk-dominated 

to surface-dominated samples.[4] However, it must be noted that the CSA parameters were determined 

from MAS spectra recorded at about 6 kHz (~32 ppm), whereas the difference between the reported  

and values (-567 and -576 ppm, respectively) is only 9 ppm for 4 nm particles. Additionally, the 

linewidth increases with the decrease of the particle size, reaching 8.3 ppm for 4 nm particles, which is 

nearly the same as the difference between the reported and values. In this case, both the high 

MAS frequency and the broad linewidth are likely to adversely affect the accuracy of CSA asymmetry 

measurements from MAS spectra, since  is defined as ( - ) / ( - ). 

Tin dioxide nanoparticles with an estimated size of ~10 nm were available to us, showing a linewidth 

of 630±20 Hz (150±5 for tin dioxide considered above; both measured from the spectra recorded at the 

MAS frequency of 12 kHz at 7.05 T). From iterative fittings of the static lineshape (Figure 6a), the best-

fit CSA parameters were = -127 ± 3 ppm and  = 0.2 ± 0.1. The MAS spectra of SnO2 nanoparticles 

recorded at 3, 4 (Figure 6b) and 5 kHz were also analysed using full lineshape fittings (Table 4). The best-

fit values of were 0.6 ± 0.1 at 3 kHz and 0.5 ± 0.1 at 4 and 5 kHz.  
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a)         b)  

Figure 6. The experimental 119Sn SSNMR spectra (shown in black) of SnO2 nanoparticles recorded (a) 

without sample spinning, and (b) at MAS frequency of 4 kHz. Spectra are overlaid with the calculated 

lineshapes (shown in purple) with the iteratively fitted values of  = -127 ppm and   = 0.20 in (a) 

and  = -127 ppm and  = 0.52 in (b).  

Although the agreement between the CSA parameters determined from spectra at different MAS 

frequencies is satisfactory, the values of  are nevertheless significantly higher than that derived from the 

static lineshape (= 0.2 ± 0.1). This is similar to the results discussed above for tin dioxide, for which 

the analysis of MAS spectra leads to  values higher than that determined from static powder patterns by 

0.2  0.4. As apparent from the results shown in Table 4, the best-fit value of the 33 component from 

both MAS and static spectra agree well, while the difference in () values is significant: 18 

ppm from the static spectrum and ~45 ppm from the MAS spectra. Since the asymmetry parameter is 

defined as  = () / (iso), the nearly doubled value of () at a constant 

value of (iso) leads to significant increase in  values derived from MAS spectra compared to 

that from the static powder pattern. As the predicted difference of () is only ~2 kHz at 7.05 T, 

it is clear that MAS frequencies significantly slower than 2 kHz are needed in order to adequately sample 

the spectrum for accurate measurements of CSA asymmetries. However, slow MAS experiments are 

limited by the linewidth of the isotropic peak, thus making static lineshapes a preferred choice for CSA 

measurements.  
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Table 4. The values of 119Sn CSA parameters of SnO2 nanoparticles determined from the analysis of static 

and MAS (frequency shown in kHz) lineshapes. The chemical shift range between -400 ppm and -850 

ppm was selected for fittings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

aThe isotropic chemical shift was determined from MAS spectra. The fixed value of the isotropic shift 

was used in fittings of the static powder pattern.  

 

Theoretical studies of the effect of particle size on NMR parameters were also undertaken by computing 

the CSA parameters of Sn atoms in various low-index, relaxed stoichiometric surfaces of SnO2. Slabs 

were generated using the PBE equilibrium lattice parameters from the bulk structure, obtaining the [1 0 0], 

[0 0 1], [1 0 1] and [1 1 0] surfaces. These are the surfaces previously shown to be low-energy,[25] and 

therefore are expected to provide a good representation of the nanocluster surfaces. To minimise 

interactions between the surfaces, the thickness of each slab was chosen to ensure that bulk-like NMR 

parameters are reproduced for the atoms in the centre regions, and 6 Å vacuum was used to separate the 

surfaces. As illustrated in Figure 7, there is a significant change in both the CSA and asymmetry for atoms 

near the surface. It is clear that the measured parameters depend on the exact ratio of the different atomic 

Parameter Static 3 kHz 4 kHz 5 kHz 

iso, ppm -604a -604 -604 -604 

, ppm -128 -129 -127 -132 

 0.2 0.6 0.5 0.5 

, ppm -553 -535 -540 -539 

, ppm -571 -587 -584 -580 

, ppm -689 -691 -689 -691 

, ppm -571 156 149 153 

 0.7 0.3 0.4 0.4 

Best overlap, % 96.47 93.70 95.56 96.01 
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environments making up the cluster, which we do not attempt to quantify here, but we can conclude that 

the increase in the asymmetry parameter is indeed confirmed. 

  

Figure 7. The DFT-predicted CSA (left panel) and asymmetry (right panel) of 119Sn atoms as a distance 

from the surface. The lines provide a guide for the eye. Note that the large positive anisotropy value 

(229 ppm) of the surface Sn atoms on the [1 0 1] surface correspond to a high asymmetry value (0.80), 

therefore the sign of the anisotropy is less meaningful, as it can easily change with a relatively small 

perturbation. 

 

CONCLUDING REMARKS 

Two different sets of 119Sn CSA parameters with  = 0 and  = 0.27 were reported previously for tin(IV) 

oxide based on the analysis of MAS NMR spectra.[14,15] By analyzing the static powder pattern, we show 

that the asymmetry parameter is 0. Periodic scalar-relativistic density functional calculations of NMR 

parameters suggest a nearly axial symmetry of the 119Sn CSA in SnO2. The principal axis system of the 

119Sn chemical shift tensor was also deduced from these calculations. Our analysis of MAS spectra using 

spectral simulations and iterative fittings showed that MAS spectra recorded at relatively high frequencies 

do not show sufficiently distinct features in order to distinguish CSAs with asymmetry parameters  ≈ 0 

and ≈ 0.4. The analysis of MAS spectra recorded at 2 kHz or 5 kHz using iterative fittings of either the 

full lineshape or the spinning sideband intensities also failed to lead to the correct solution, known from 
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the analysis of the static powder pattern. We have shown that a static powder pattern must be analysed in 

order to improve the accuracy of the CSA asymmetry measurements when  falls within a range between 

0 ≤  < 0.4. As judged by only very small changes in simulated MAS spectra, the relative insensitivity of 

MAS spectra to values in the range 0 ≤  < 0.4 is likely to be of general nature.  Therefore, the use of 

MAS spectra for CSA determinations with the asymmetry parameter in the range between 0 and 0.4 

presents a wider concern in terms of misidentifying the CSA symmetry, especially when a single spectrum 

recorded at a relatively high MAS frequency is considered. Potentially, a significant proportion of the 

reported results in the literature may be inaccurate. The implications of the latter could be particularly 

detrimental for verification of computational techniques. A representative example in this regard is the 

work by Alkan et al.,[16] where the incorrect set of experimental CSA parameters for tin dioxide[15] was 

used as a benchmark for the calculated values by different DFT methods.  

We note that distinguishing the axially symmetric CSA from that which is nearly axially symmetric can 

be critically important for both structural and dynamics studies. As discussed above using the example of 

small-angle motions (Figure 5), accurate knowledge of the CSA symmetry allows one to deduce such 

subtle dynamics in the solid state as the geometry and the amplitude of motion not available from other 

techniques. The case of the measured axially symmetric CSA is also of practical methodological 

importance as fast (compared to the NMR timescale) small-angle dynamics may lead to motional 

averaging of the CSA asymmetry parameter to 0, in disagreement with the known crystal symmetry often 

measured at very low temperatures.  

An example of structural importance is from nanoparticles. While for micrometre-sized particles the 

contribution from the surface area can be ignored, in the case of nanometre-sized particles the importance 

of the environment of the surface nuclei is becoming important. Thus, changes in the 119Sn CSA 

parameters are expected on going from micrometre-sized particles to nanoparticles. Note that the 

measured 119Sn CSA parameters are statistically averaged in nanoparticles due to the presence of different 

bulk and surface tin sites. In addition, as illustrated computationally (Figure 7) in this work, there are also 
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differences in tin sites depending on the distance from the surface. In principle, two-dimensional 

experiments could be useful when a handful of different sites are present in the system with comparable 

populations of the sites. In nanoparticles, however, the number of different sites approach nearly infinity. 

The feasible solution is therefore to measure parameters for nanoparticles in the same manner as for 

micrometre-sized tin dioxide and then look at their deviation from the CSA values measured for bulk tin 

dioxide. As apparent from the shape of the isotropic peak shown in Figure 6b for SnO2 nanoparticles (see 

also spectra reported by Tunstall et al.[4]), MAS does not allow to resolve multiple tin sites in varying 

environments. However, the linewidth of the isotropic peak in MAS spectra can serve as a good indication 

of how wide the distribution of structural inhomogeneity is in a given sample of SnO2 nanoparticles and 

this was explored successfully by Tunstall et al.[4] As pointed above, a size-controlled synthesis of SnO2 

nanoparticles is of primary practical importance and the CSA measurements could serve as a useful tool 

in this regard. Our initial results obtained from the analysis of the static powder pattern suggest that the 

asymmetry parameter of the 119Sn chemical shift tensor increases for nm-sized SnO2 nanoparticles 

compared to m-sized SnO2. This is in agreement with the previously reported results of Tunstall et al.[4] 

and the results of DFT calculations presented in this work.  

 

EXPERIMENTAL AND COMPUTATIONAL SECTION 

Nuclear Magnetic Resonance Spectroscopy. Tin(IV) oxide of 99% purity was purchased from Fisher 

Scientific and was used without further treatment. Solid-state 119Sn NMR spectra were measured at 111.92 

MHz on a Bruker Avance 300 spectrometer with 7.05 T wide-bore magnet at ambient probe temperature 

using a standard Bruker 4 mm double-resonance MAS probe. Tin(IV) oxide was packed into a zirconia 

rotor of 4 mm external diameter and spun at the MAS frequencies of 2-12 kHz with stability better than 

3 Hz. The same sample and probe were used for recording a 119Sn NMR spectrum without any rotation. 

Solid-state 119Sn NMR spectra with and without high-power proton decoupling were recorded using the 

following acquisition conditions: 119Sn 90 pulse duration = 2.3 s; recycle delay = 250 s; number of 
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transients 128  640. For “static” measurements without sample rotation, Hahn echo (with an echo delay 

of 15 s) and single-pulse sequences were employed. As expected for a powder pattern with a relatively 

narrow width of ~18 kHz, no significant changes were observed between spectra recorded with single-

pulse and Hahn echo sequences. The spectrum recorded with the Hahn echo sequence was used in our 

iterative fittings. The 119Sn chemical shifts are given relative to tetramethyltin SnMe4, which were 

calibrated using tetrakis(trimethylstannyl)methane C(SnMe3)4 (48.2 ppm).[26]  

The static powder spectrum of tin dioxide was analysed using our in-house Fortran program, which is 

a modified version of the FASTPOWDER program, originally written for 2H lineshape simulations.[27] 

Simplex and simulated annealing algorithms[28] were used for optimisation of spectral parameters, as 

described previously for 2H lineshapes.[29] The best difference value sdif (see equation (4)) was minimised 

in the iterative search for best-fit values. Static and MAS spectral lineshape fittings were also carried out 

using the Bruker curve fitting program SoLA (Solid Lineshape Analysis, version 2.2.4), which is part of 

their standard NMR software package TopSpin (version 3.2). As an estimate of the degree of agreement 

between the calculated and experimental lineshapes, the best overlap value (sov, in %) is used in SoLA 

(see equation (3) above), which is maximized in iterative fittings. The simplex algorithm is used in 

lineshape fittings. Unlike quasi-global optimization techniques,[28] the simplex algorithm (as well as the 

Levenberg–Marquardt algorithm used in the HBA program)[6] are known to lead to local minima in the 

error function depending on the starting values used. All the calculated static (by SoLA and modified 

FASTPOWDER) and MAS lineshapes (by SoLA) were convoluted by Lorentzian and Gaussian line-

broadening functions with the linewidth parameters of LB and GB, respectively. Typical best-fit values 

of LB/GB were 167/1135 Hz in fittings of the static lineshape of SnO2, 180/100 Hz in fittings of MAS 

spectra of SnO2, 1187/5958 Hz in fittings of the static lineshape of SnO2 nanoparticles, 1580/0 Hz in 

fittings of MAS spectra of SnO2 nanoparticles.   

The above mentioned modified version of the FASTPOWDER program[27,29] was also used for spectral 

simulations of static CSA lineshapes in the presence of fast small-angle motions.  



 28 

In the case of the 119Sn chemical shift anisotropy considered in this work with 33 - iso, parameters 

are defined as follows:  

Principal CSA components 11 ≥ 22 ≥ 33     (12)  

Isotropic value iso = (11 + 22 + 33) / 3     (13)  

Reduced chemical shift anisotropy red = 33 - iso    (14) 

Chemical shift anisotropy  = 33 - (11 + 22) / 2 = 3 red  / 2  (15)  

Asymmetry parameter  = (22 - 11) / (33 - iso) with 0 ≤ ≤   

Span  = 11 - 33          (17)  

Skew iso  with≤≤     (18)

Here, the principal components of the chemical shift tensor, 11, 22 and 33, are defined such that the 

highest frequency (the least shielded) component is labelled as 11, while 33 corresponds to the lowest 

frequency (the most shielded) component. Unless otherwise specified, we use the definition of the 

chemical shift anisotropy according to equation (15), which is different from that of the reduced chemical 

shift anisotropy (see equation (14)) used in some solid-state NMR programs (e.g., SIMPSON,[11] 

SPINEVOLUTION[30] and Bruker curve fitting program SoLA). The two parameters reflecting the 

asymmetry of the chemical shift tensor,  and , can be interconverted using the following relationships: 

   iso - 11 ] / (33- iso)      (19) 

Calculations. The density functional code CASTEP (version 17.2)[31] was used to calculate NMR 

parameters with a selection of local density and generalized gradient approximation exchange-correlation 

functionals.[32] Dispersion corrections were not included in the calculations. A plane-wave basis set with 

870 eV cutoff energy was used in conjunction with on-the-fly generated ultrasoft pseudopotentials, 

including scalar relativistic effects within the zero-order regular approximation (ZORA).[33] The Brillouin 

zone was sampled by a Monkhorst-Pack grid[34] corresponding to 0.03 Å-1 spacing in the reciprocal space. 

Starting from crystallographically determined structural data, atomic positions and cell parameters were 
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relaxed, and NMR shielding calculations[35] were performed on both relaxed and unrelaxed structures 

using GIPAW.[36] The anisotropy parameters  and  were obtained from the absolute shielding tensor 

using the same convention as described in equations (14) and (15). In the surface calculations (Figure 7), 

the PBE exchange-correlation functional was used with the same electronic parameters as in the bulk 

calculations. Keeping the lattice fixed, the atoms were allowed to relax and the NMR parameters were 

computed on the relaxed structures.  

Calculations were performed on STFC's SCARF cluster and Thomas, the UK National Tier 2 High 

Performance Computing Hub in Materials and Molecular Modelling.  
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