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Abstract  

The benchmark set is proposed, which comprises 126 principal elements of chemical 

shielding tensors, and the respective isotropic chemical shielding values, of all 42 13C nuclei 

in crystalline Tyr-D-Ala-Phe and Tyr-Ala-Phe tripeptides with known, but highly dissimilar 

structures. These data are obtained by both the NMR measurements and the density functional 

theory in the pseudopotential plane-wave scheme. Using the CASTEP program, several 

computational strategies are employed, for which the level of agreement between calculations 

and experiment is established. This set is mainly intended for the validation of methods 

capable of predicting the 13C NMR parameters in solid-state systems. 
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1. Introduction 

Benchmark suites of molecules with reliable reference data are indispensable for the 

validation of computational methods, which exist already or will be developed, and also for 

parametrizations of approximate calculation strategies. Depending on the property to be 

predicted, various requirements are imposed upon the calibration sets (see, e.g., the accounts 

of benchmarking efforts for the energies of ground [1] and excited [2] electronic states). 

Vastly varying are also the collections of molecules for testing the methods, which treat the 

parameters related to the nuclear magnetic resonance (NMR) chemical shielding property (see 

ref. [3] for definitions). Thus, the isotropic chemical shifts of small molecules were 

benchmarked [4], [5] against the values measured using the gas-phase NMR experiments [6]. 

In addition, all six independent components of chemical shielding tensors [7] obtained by the 

single-crystal solid-state NMR techniques [8] were employed in the validation of methods, 

which differ in the treatment of the condensed phase surrounding the investigated single 

crystals [9], [10]. Unfortunately, no extensive benchmarks were reported for the theoretical 

predictions of solvent effects upon the chemical shifts [11]. As for the chemical shielding 

parameters, which can be determined from the magic-angle-spinning solid-state (MAS SS) 

NMR experiments on powder samples [3], i.e., the isotropic chemical shift and the principal 

components of the chemical shielding tensor, perhaps the most important testing molecules 

are amino acids (see [12], [13], [14] and references cited therein) due to their pronounced 

significance for biomolecular NMR explorations [15]. The smallest units composed of amino 

acids, i.e., dipeptides, were systematically studied by joint experimental/computational efforts 

to reveal the trends in the above-mentioned NMR data as functions of geometrical parameters 

relevant for the structure of proteins (for a review, see ref. [16]). Larger peptides are also 

becoming treated by the combination of MAS SS NMR measurements and quantum chemical 

methods of varying degree of sophistication (cf. references [17], [18]). Such investigations, 



  

 4

which are expected to be crucial in the evolving area of NMR crystallography [19], clearly 

need the benchmarks against which the various computational protocols could be compared. 

Hence, for two crystalline tripeptides with previously resolved [20], [21], by quite different 

crystals structures, the set of 42 13C isotropic chemical shifts and 126 principal elements of 

the 13C chemical shift tensors was experimentally established by the MAS SS NMR, and is 

compared in this Letter to the data predicted using the method for first-principles calculations 

of geometries and NMR parameters in periodic systems. Thus, the combination of the density 

functional theory (DFT) and the plane-wave pseudopotential approach (see Methods) is 

employed to test the reliability of various computational schemes.    

 

2. Methods 

The compounds Tyr-D-Ala-Phe and Tyr-Ala-Phe (i.e., two tripeptides differing in the 

chirality of alanine) were investigated. They will be further referred to as peptides 1 and 2, 

respectively. Their biological significance, preparation, and X-ray diffraction (XRD) studies 

were described in references [20] and [21] accordingly. The samples of 1 and 2 were 

subjected to the cross-polarization MAS SS NMR measurements of the 13C isotropic chemical 

shifts, which were assigned with the aid of the liquid-state NMR experiments (cf. [20]). 

Subsequently the 2D-PASS experiments [22] were carried out, and the eigenvalues of the 

chemical shift tensors of all the carbon atoms were obtained by the standard procedure of 

fitting the sideband manifolds to the spectra [23]. The full account of the NMR measurements 

is given elsewhere [24]. Both peptides 1 and 2 comprise 21 nonequivalent carbons, with the 

numbering defined in the Supporting Information files (222456.PDB and 720512.PDB). It 

should be noted that this numbering differs from that of the corresponding CIF files, which 

are deposited in the Cambridge Structural Database [25]. Resulting 126 experimental 

principal components of the 13C chemical shift tensors are supplied as the commented 
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Matlab® file Tensors.M in the Supporting Information, in the form of a row-vector 

complying with the present numbering of atoms. Hopefully, this format enables the 

straightforward comparison of measured values with their predicted counterparts, not 

restricted to the calculations performed here. The latter can be divided into three groups. The 

first one entails the direct application of the experimental X-ray structures of 1 and 2, while 

for the remaining two groups the geometrical optimizations were carried out using the 

approach, which provides for a realistic solid-state treatment of crystalline systems, and 

whose details can be found in references [26], [27] and [28]. Thus, the constrained (with only 

the positions of hydrogens allowed to vary) and full (adjusting the positions of all atoms) 

lattice-energy minimizations were performed by applying the “Fine” level of settings in the 

CASTEP program [29]. In all three types of calculations, the lattice parameters were fixed to 

their experimental values [20], [21], and the generalized density approximation DFT 

functionals PBE [30], PW91 [31] and RPBE (“revised PBE”) [32] were respectively adopted. 

Hence, for the peptides 1 and 2, nine geometries were considered. For each of them, the 

chemical shielding tensors of all the atoms in the unit cell with applied periodic boundary 

conditions were obtained by means of the gauge-including projector augmented-wave 

(GIPAW) computations [33], [34]. Again, the “Fine” defaults of CASTEP were adopted, and 

nine sets of the GIPAW results were obtained, because the same above-mentioned DFT 

functionals were used for the NMR calculations as for the treatment of the geometries. 

Additionally, using Gaussian 03 suite of quantum chemical programs [35], the positions of 

only the hydrogen atoms in isolated structures of 1 and 2 were optimized by combining the 

B3LYP [36], [37] DFT functionals with the standard 6-311G** basis set, and the chemical 

shielding tensors were subsequently obtained by the GIAO-B3LYP/TZ2P [38], [39] approach, 

which successfully described NMR parameters in a number of systems [40], [41], [42]. Only 

the absolute values of principal components of the 13C chemical shielding tensors, σxx, σyy, σzz, 
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and of the 13C isotropic chemical shielding σiso,  σiso = (σxx + σyy + σzz)/3, were considered, i.e., 

no referencing to the experimental shielding scale [3] was attempted, for the reasons 

described in Part 3.1. Thus, the linear relationships between these data and their experimental 

chemical shift counterparts were described by least-squares fits of two parameters, a and b, to 

the simple functional form  

y = a*x + b                                                                                                                           (1)    

where y and x denote the chemical shielding and chemical shift values, respectively (in a 

hypothetical case of the perfect agreement between theory and measurements, the slope, a, 

should equal to –1.0, and the intercept, b, would represent the true value of the absolute 

chemical shielding of the chosen nucleus in a reference compound). All the calculated results, 

which were statistically evaluated using the Origin® software, are available in plain-text 

format as the Supporting Information file Tensors.dat. 

 

3. Results and Discussion 

3.1 An Overall Agreement between Calculated and Measured Data 

Table 1 

 

Table 2 

 

Tables 1 and 2 summarize the statistical data relevant for the comparison of the theoretical 13C 

chemical shielding tensors and 13C isotropic chemical shielding with the corresponding 

experimental 13C chemical shifts of the respective tripeptides. Much better agreement was 

achieved for the isotropic data. This is not surprising, as they represent the average value of 

the principal components and the errors in calculating the latter often compensate each other 

(see, e.g., ref. [43]). One important example will briefly be described here. The phenyl ring of 
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the phenylalanine moiety in Tyr-D-Ala-Phe was found to be highly flexible (in contrary to the 

same ring in the Tyr-Ala-Phe, and to the phenol rings of tyrosine in both peptides 1 and 2) 

[20]. Of course, this type of motion(s), analyzed in detail in ref. [24], is not taken into account 

by the present calculations properly (only indirectly, to the extent by how the crystal structure 

is influenced as a whole). This leads to large errors (sometimes exceeding 50 ppm) in the 

predicted principal elements of the 13C chemical shielding tensors of the aromatic carbon 

atoms involved. However, the isotropic chemical shielding of those atoms is affected by about 

2 – 3 ppm only, i.e., much less than might be expected on the basis of errors in the individual 

tensor components. This is illustrated in Figure 1, which shows the differences between the 

fitted (Equation 1) and calculated (using the PBE functional for both the full geometrical 

optimization and chemical shielding computations) values for the least shielded tensors 

component, denoted as σxx, together with this data for the negative of the sum of the 

remaining two principal elements,   –(σyy + σzz). Four carbon atoms from the aromatic region 

of phenylalanine in the peptide 1 (marked as squares) and 2 (circles) are presented, and the 

dotted line corresponds to a situation of the complete error cancellation. The absolute values 

of these differences are much smaller for 2 than for 1, however, the sum of all three 

components does not exceed 9 ppm for any of the eight atoms considered, which means the 

errors in predicted isotropic shielding are all smaller than 3 ppm for both peptides. As a 

consequence, the problems associated with predicting the chemical shielding, as those caused 

by the segmental dynamics of the phenyl ring in 1, could remain undetected if only the 

isotropic values were considered. In fact, it was repeatedly shown (most recently for the 

polymorphs of piroxicam [44]) that for the characterization of crystalline compounds the full 

tensorial information is much more suitable (but more difficult to obtain, though) than the 

isotropic chemical shifts. 

Figure 1 
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Table 3 collects the statistical analysis of the linear correlations of the 13C chemical shielding 

data, which were calculated for both peptides 1 and 2, with the experimental results. Figure 2 

illustrates the level of agreement between theory and measurements achieved by the most 

reliable approach from those considered here (cf. Table 3), i.e., an application of the PBE 

functional for both the full geometrical optimization and chemical shielding computations. 

Some points in Figure 2 are immediately seen to be highly distant, by more than one standard 

deviation of the model expressed by Equation (1), from the fitted line. However, those 

“outliers” describe the chemical shielding of the aromatic carbons of phenylalanine in 1, 

which are influenced strongly by the dynamic disorder [24].  Hence, without an adoption of 

the motional model(s) [45], they should not be expected to be correctly predicted by the 

calculations. Indeed, if the 36 principal elements of respective chemical shielding tensors are 

removed from the benchmark set, the average absolute deviation drops to 4.2 ppm only (to be 

compared to an estimated ±3 ppm experimental uncertainty in these values). If they are kept, 

however, they could serve as the check of a fortuitous cancellation of errors is some 

method(s), leading to an accidental agreement with experiment.      

Table 3 

 

Figure 2 

 

It is remarked that the measured values are compared directly to the computed ones, without 

first establishing “a theoretical shielding scale” and later converting the calculated chemical 

shielding to chemical shift data for a subsequent comparison with experimental values, so that 

the statistical analysis is not biased by introducing the influence of an inadequate treatment of 

standards (in the MAS SS NMR experiments, a secondary chemical shift reference is used 

[46]). It should be kept in mind that errors in the prediction of absolute chemical shielding 
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values in general differ between the reference and target compounds, and some statistical 

parameters are influenced by this inconsistency (see ref. [47] for in-depth discussion). 

Nevertheless, using the recommended value of 170.9 ppm [13], [14], the 13C chemical 

shielding data calculated by the GIPAW approach can be immediately converted to the 

experimental carbon chemical shift scale referenced to liquid tetramethylsilane at room 

temperature. As Figure 3 demonstrates, this conversion works very well for the PBE results 

described above, producing the intercept of the linear reliationship between the theoretical and 

measured chemical shifts of –0.50 ppm only.   

Figure 3 

 

3.2 Geometry Optimizations and the Selection of DFT Functionals 

The results in Tables 1 – 3 can be divided into two types of dependences, one describing the 

role of geometry optimizations, the other related to the choice of exchange-correlation 

functional for the calculations. Thus, for all three types of structures, i.e., subjected to the full, 

constrained and no optimization, the DFT functionals applied here do not differ substantially 

in the quality of the predicted 13C chemical shielding data. Numerical instabilities reported for 

the PW91 calculations [48] were not observed. In fact, the GIPAW PW91 results, which were 

obtained for the isotropic chemical shielding of the PW91 optimized structure of 2 (cf. Table 

2), appear to show the best agreement (judged by the values of parameters describing the 

least-squares fits) with experiment from all the approaches considered. Much more dramatic 

are the differences brought about by the treatment of the geometries of peptides 1 and 2. 

Interestingly, the GIAO-BLYP/TZ2P results predicted for isolated molecules after their 

partial optimization (cf. Methods) are of similar quality as the GIPAW data obtained for 

unoptimized crystal structures (but the accuracy of both procedures is fairly low, see Tables   

1 – 3). This finding likely suggests that the 13C chemical shielding tensors are less sensitive to 
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their environment (the solid-phase structure) than to the hydrogen positions within the 

molecule. Nonetheless, an application of the periodic structure model to both the structural 

optimization and to the prediction of chemical shielding parameters is required for an almost 

quantitative agreement between the latter and experiment. As follows from an inspection of 

Tables 1 – 3, in the case of the isotropic chemical shielding in peptides 1 and 2, the 

geometries need to be fully optimized to reduce the average and maximum discrepancies 

between theory and measurements to ca. one and three ppm, respectively. Considering all the 

limitations of the GIPAW DFT calculations for essentially static structures, these values are 

probably as low as can be currently achieved (see also the discussion in references [10] and 

[47]). However, the geometry optimization might even partially compensate for an 

inconsistency of XRD and NMR measurements, which were carried out at vastly differing 

temperatures [20], [21]. In contrast to the isotropic chemical shielding, the type of structural 

optimization (full or limited to the hydrogen nuclei) influences only mildly the agreement 

between theory and experiment for principal elements of chemical shielding tensors in 1 and 

2. The level of agreement thus achieved approaches the ±3 ppm accuracy of measuring these 

data (of course, this does not hold for carbons in the mobile fragment as described in Part 

3.1).  

 

4. Conclusions 

The benchmark set is proposed comprising 126 principal elements of chemical shielding 

tensors, and the respective isotropic chemical shielding values, of all 42 13C nuclei in 

crystalline Tyr-D-Ala-Phe and Tyr-Ala-Phe tripeptides. Their structures, established 

previously by the XRD technique, differ significantly in the conformation, crystal packing, 

and dynamics [24]. The 13C chemical shielding parameters are obtained by both the MAS SS 

NMR measurements and the DFT GIPAW calculations. The statistical evaluation of the 
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agreement between the results from several computational schemes (also including the GIAO 

calculations on isolated molecules) and experiment is presented. This provides for the 

reference data for comparison with the results of 13C chemical shielding predictions and for 

possibly improving the empirical models [9].  
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Figure 1. The compensation of the predicted 13C chemical shielding differences. See the 

text for details. 
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Figure 2. The comparison of the experimental 13C chemical shielding with the GIPAW 

PBE results. See the text for details. 
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Figure 3. The comparison of the experimental 13C chemical shifts with the GIPAW PBE 

results obtained by subtracting the calculated absolute isotropic shielding from the value 

of 170.9 ppm. See the text for details. 
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Table 1. The statistical evaluation of an agreement between predicted 13C NMR data and their counterparts established experimentally 

for Tyr-D-Ala-Phe. The results for the 21 isotropic chemical shieldings/shifts and (in parentheses) the 63 principal elements of chemical 

shielding/shift tensors are shown. See the text for details. 

functional geometry slope 
standard
error of 
slope 

intercept
(ppm) 

standard 
error of 
intercept

(ppm) 

standard 
deviation 

(ppm) 

average 
absolute 
deviation

(ppm) 

maximum
absolute 

 deviation 
(ppm) 

adjusted 
R2 

fully 
optimized 

–1.0304 
(–1.133)

0.0056 
(0.033) 

171.50 
(182.8) 

0.67 
(4.4) 

1.16 
(19.3) 

0.93 
(13.2) 

2.12 
(54.7) 

0.99941 
(0.95000)

hydrogens 
relaxed 

–1.0105 
(–1.117)

0.0094 
(0.034) 

171.11 
(182.8) 

1.12 
(4.5) 

1.96 
(19.7) 

1.60 
(13.8) 

3.93 
(57.1) 

0.99827 
(0.94663)PBE 

not 
optimized 

–1.1419 
(–1.215)

0.0228 
(0.035) 

191.13 
(199.1) 

2.72 
(4.7) 

4.74 
(20.6) 

3.91 
(15.0) 

10.89 
(62.4) 

0.99208 
(0.95065)

fully 
optimized 

–1.0283 
(–1.131)

0.0079 
(0.033) 

171.16 
(182.4) 

0.94 
(4.4) 

1.65 
(19.5) 

1.36 
(13.7) 

3.25 
(54.4) 

0.99881 
(0.94888)

hydrogens 
relaxed 

–1.0090 
(–1.115)

0.0091 
(0.034) 

170.84 
(182.5) 

1.09 
(4.5) 

1.90 
(19.7) 

1.56 
(13.8) 

3.76 
(56.9) 

0.99836 
(0.94664)PW91 

not 
optimized 

–1.1226 
(–1.238)

0.0221 
(0.038) 

192.14 
(204.8) 

2.63 
(5.1) 

4.59 
(22.4) 

3.82 
(16.1) 

10.75 
(57.8) 

0.99234 
(0.94412)

full 
optimized 

–1.0183 
(–1.120)

0.0078 
(0.033) 

172.20 
(183.4) 

0.93 
(4.4) 

1.63 
(19.3) 

1.35 
(13.6) 

3.41 
(54.2) 

0.99882 
(0.94921)

hydrogens 
relaxed 

–0.9979 
(–1.102)

0.0089 
(0.033) 

172.65 
(184.1) 

1.06 
(4.4) 

1.85 
(19.4) 

1.53 
(13.6) 

3.71 
(56.6) 

0.99841 
(0.94694)RPBE 

not 
optimized 

–1.1258 
(–1.197)

0.0225 
(0.035) 

192.08 
(199.9) 

2.68 
(4.6) 

4.67 
(20.2) 

3.81 
(14.8) 

10.80 
(61.6) 

0.99210 
(0.95085)

B3LYPa hydrogens 
relaxedb 

–0.9923 
(–1.115)

0.0239 
(0.037) 

178.22 
(191.7) 

2.85 
(4.9) 

4.96 
(21.7) 

4.11 
(15.0) 

10.09 
(59.3) 

0.98857 
(0.93613)
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Captions to Table 1: 

a Combined with the GIAO approach and the TZ2P [39] basis set. 

b The B3LYP/6-311G** constrained optimization of an isolated molecule. 
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Table 2. The statistical evaluation of an agreement between predicted 13C NMR data and their counterparts established experimentally 

for Tyr-Ala-Phe. The results for the 21 isotropic chemical shieldings/shifts and (in parentheses) the 63 principal elements of chemical 

shielding/shift tensors are shown. See the text for details. 

functional geometry slope 
standard
error of 
slope 

intercept
(ppm) 

standard 
error of 
intercept

(ppm) 

standard 
deviation 

(ppm) 

average 
absolute 
deviation

(ppm) 

maximum
absolute 

 deviation 
(ppm) 

adjusted 
R2 

fully 
optimized 

–1.0266 
(–1.077)

0.0057 
(0.009) 

171.31 
(176.8) 

0.69 
(1.3) 

1.19 
(6.0) 

0.85 
(4.8) 

2.73 
(13.8) 

0.99938 
(0.99523)

hydrogens 
relaxed 

–1.0025 
(–1.055)

0.0121 
(0.010) 

173.04 
(178.8) 

1.45 
(1.3) 

2.52 
(6.2) 

1.85 
(4.9) 

5.95 
(16.9) 

0.99712 
(0.99470)PBE 

not 
optimized 

–1.1197 
(–1.176)

0.0177 
(0.014) 

192.72 
(198.9) 

2.13 
(1.9) 

3.71 
(8.9) 

3.18 
(7.1) 

6.17 
(24.0) 

0.99501 
(0.99115)

fully 
optimized 

–1.0251 
(–1.075)

0.0055 
(0.009) 

171.03 
(176.6) 

0.66 
(1.2) 

1.15 
(5.7) 

0.88 
(4.5) 

2.55 
(13.7) 

0.99943 
(0.99573)

hydrogens 
relaxed 

–1.0014 
(–1.054)

0.0120 
(0.010) 

172.87 
(178.6) 

1.44 
(1.3) 

2.51 
(6.2) 

1.90 
(4.9) 

6.08 
(16.7) 

0.99715 
(0.99473)PW91 

not 
optimized 

–1.1322 
(–1.143)

0.0264 
(0.016) 

190.86 
(192.1) 

3.17 
(2.2) 

5.51 
(10.6) 

4.26 
(7.8) 

13.21 
(26.5) 

0.98928 
(0.98817)

full 
optimized 

–1.0125 
(–1.064)

0.0060 
(0.009) 

171.77 
(177.5) 

0.73 
(1.2) 

1.26 
(5.5) 

1.01 
(4.6) 

2.66 
(12.6) 

0.99929 
(0.99581)

hydrogens 
relaxed 

–0.9898 
(–1.041)

0.0120 
(0.009) 

174.53 
(180.2) 

1.44 
(1.3) 

2.50 
(5.9) 

1.87 
(4.8) 

5.98 
(15.2) 

0.99709 
(0.99498)RPBE 

not 
optimized 

–1.1035 
(–1.159)

0.0176 
(0.014) 

193.56 
(199.7) 

2.11 
(1.9) 

3.69 
(8.7) 

3.14 
(7.0) 

6.27 
(22.4) 

0.99492 
(0.99126)

B3LYPa hydrogens 
relaxedb 

–0.9919 
(–1.053)

0.0220 
(0.017) 

180.78 
(187.5) 

2.64 
(2.3) 

4.60 
(10.5) 

3.57 
(7.9) 

11.05 
(31.5) 

0.99026 
(0.98483)
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Captions to Table 2: 

a Combined with the GIAO approach and the TZ2P [39] basis set. 

b The B3LYP/6-311G** constrained optimization of an isolated molecule. 
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Table 3. The statistical evaluation of an agreement between predicted 13C NMR data and their counterparts established experimentally 

for Tyr-D-Ala-Phe and Tyr-Ala-Phe. The results for the 42 isotropic chemical shieldings/shifts and (in parentheses) the 126 principal 

elements of chemical shielding/shift tensors are shown. See the text for details. 

functional geometry slope 
standard
error of 
slope 

intercept
(ppm) 

standard 
error of 
intercept

(ppm) 

standard 
deviation 

(ppm) 

average 
absolute 
deviation

(ppm) 

maximum
absolute 

 deviation 
(ppm) 

adjusted 
R2 

fully 
optimized 

–1.0284 
(–1.103)

0.0039 
(0.017) 

171.41 
(179.6) 

0.47 
(2.2) 

1.17 
(14.4) 

0.91 
(8.6) 

2.83 
(56.9) 

0.99940 
(0.97227)

hydrogens 
relaxed 

–1.0062 
(–1.083)

0.0089 
(0.017) 

172.05 
(180.6) 

1.06 
(2.3) 

2.65 
(14.8) 

2.04 
(9.0) 

7.38 
(60.8) 

0.99682 
(0.96973)PBE 

not 
optimized 

–1.1304 
(–1.194)

0.0157 
(0.018) 

191.88 
(198.9) 

1.88 
(2.5) 

4.70 
(16.0) 

3.93 
(10.7) 

9.71 
(65.8) 

0.99212 
(0.97091)

fully 
optimized 

–1.0267 
(–1.101)

0.0047 
(0.017) 

171.09 
(179.3) 

0.56 
(2.3) 

1.41 
(14.5) 

1.12 
(8.7) 

3.26 
(56.5) 

0.99914 
(0.97201)

hydrogens 
relaxed 

–1.0050 
(–1.082)

0.0088 
(0.017) 

171.83 
(180.3) 

1.06 
(2.3) 

2.64 
(14.8) 

2.02 
(9.0) 

7.53 
(60.6) 

0.99685 
(0.96974)PW91 

not 
optimized 

–1.1276 
(–1.187)

0.0172 
(0.020) 

191.53 
(198.1) 

2.1 
(2.8) 

5.15 
(17.7) 

4.07 
(11.7) 

14.42 
(59.9) 

0.99051 
(0.96423)

fully 
optimized 

–1.0154 
(–1.090)

0.0049 
(0.017) 

171.98 
(180.2) 

0.58 
(2.2) 

1.45 
(14.3) 

1.18 
(8.7) 

3.52 
(56.3) 

0.99907 
(0.97213)

hydrogens 
relaxed 

–0.9936 
(–1.069)

0.0087 
(0.017) 

173.56 
(181.9) 

1.04 
(2.3) 

2.59 
(14.5) 

1.98 
(8.8) 

7.39 
(60.1) 

0.99689 
(0.97003)RPBE 

not 
optimized 

–1.1142 
(–1.176)

0.0155 
(0.018) 

192.78 
(199.6) 

1.86 
(2.4) 

4.64 
(15.7) 

3.84 
(10.6) 

9.66 
(64.9) 

0.99210 
(0.97107)

B3LYPa hydrogens 
relaxedb 

–0.9918 
(–1.082)

0.0164 
(0.020) 

179.47 
(189.4) 

1.97 
(2.7) 

4.91 
(17.2) 

4.02 
(11.5) 

11.42 
(62.8) 

0.98890 
(0.95963)
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Captions to Table 3: 

a Combined with the GIAO approach and the TZ2P [39] basis set. 

b The B3LYP/6-311G** constrained optimization of an isolated molecule. 

 



  

 24

  The benchmark set for the 13C NMR chemical shielding parameters in the solid state. 
  Values in two tripeptides measured and calculated by a number of DFT approaches. 
  State-of-the-art data for 126 principal elements of 13C chemical shielding tensors. 
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