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Abstract 
The performance of density functionals B3PW91, PBE1PBE and OPBE are evaluated in comparison to the B3LYP for the 

13C NMR chemical shift calculations of 20 small molecules. We combine these functionals with several basis sets including 6-
311++G(d,p), 6-311++G(2d,2p), 6-311++G(3df,3pd) and cc-PVTZ to analyze the effect on predicting 13C NMR chemical shifts. Our 
computed results show that the use of a simple expression 𝛿𝑠𝑐𝑎𝑙 = 0.9528𝛿𝑐𝑎𝑙𝑐 − 0.5986, where 𝛿𝑐𝑎𝑙𝑐 and 𝛿𝑠𝑐𝑎𝑙 are the 
calculated and the linearly scaled values of the 13C chemical shifts, respectively, significantly improves the mean absolute deviations 
for a set of 75 chemical shifts considered. In addition the B3PW91 is superior to the other three density functionals and the GIAO 
B3PW91/6-311++G(2d,2p) is sufficient to determine accurate 13C chemical shifts. The 13C NMR chemical shifts of a larger system, i.e. 
Taxol molecule, are also computed and compared with experimental values. 
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Introduction 
During the recent decades, density functional theory (DFT) has 
been among the most popular methods in computational 
chemistry [1-3]. In DFT calculations, the electronic state of 
many-electron systems is described in terms of the three-
dimensional electronic density ρ(r), rather than a  
3N-dimensional anti-symmetric wave function for an N-electron 
system as in molecular orbital theory (MO, or wave function 
theory, WFT) [4]. This alternative makes DFT of great interest 
because it significantly lowers the computational costs as 
compared to any other post-Hartree–Fock method. Indeed, 
except for very small systems and for parameters involving the 
excited states, DFT competes well with most post-wave 
function approaches, in terms of accuracy/cost performance 
[5]. 

Since P. Hohenberg and W. Kohn (1964) proved for 
molecular systems with a non-degenerate ground-state that 
the electronic energy E is a functional of ρ(r), namely  
E = E[ρ(r)] [1], numerous methodologies have been 
established to derive suitable formulas or density functionals 
for computing E from ρ(r). However, previous studies leave no 
doubt that each functional inherently has its own advantages 
and disadvantages for specific properties [6-14]. Hence, the 
performance of current DFT methods should be cautiously 

considered when applied for certain properties of a given 
system. The NMR chemical shift, which plays a significant role 
in elucidating the three-dimensional structures of organic 
compounds, is among the most crucial parameters in testing 
the accuracy of DFT calculations. Different methods have been 
tested, and the B3LYP functional in conjunction with the 6-
311+G(2d,p) basis set was judged to be suitable for NMR 
chemical shift calculations of various organic compounds [15]. 

Several assessments on the accuracy of DFT 
methods for calculations of molecular second-order magnetic 
response properties can frequently be found in the literature. 
Earlier, Cheeseman et al. performed an extensive comparison 
of different models for computing NMR chemical shifts and 
recommended the B3LYP/6-311+G(2d,p) level of theory for 
13C chemical shift predictions [16]. In another study, Aliev 
group examined the NMR chemical shifts for 22 simple 
molecules and suggested that method of GIAO B3LYP/6-
311+G(2d,p) with B3LYP/6-31G(d) optimized geometries could 
be employed for calculations of the 13C NMR chemical shifts 
in the molecular systems with 100 and more atoms [17].  

In further work, R. Laskowski and P. Blaha analyzed 
the performance of the PBE functional for four different series 
of oxide and halide compounds and indicated that the hybrid 
DFT methods with a standard mixing factor of 25% Hartree-



Journal of Science and Technology Ubon Ratchathani University : Special Issue November 2017 

21 

Fock (PBE0) seem to overcorrect the electronic structure of 
the tested systems. In this case, the slope of the linear least-
squares fit between experiment and theory is well below the 
ideal value 1.0, whereas for PBE it is larger than 1.0 [18]. The 
effects of solvents on NMR chemical shifts of several ring 
compounds including benzimidazoles, benzoxazoles and 
benzothiazoles were also examined by G. K. Pierens and co-
workers [19]. Recent calculations on biological systems 
revealed that the mPW91PW91 functional yields quite 
accurate results with mean absolute deviations (MAD) below 
0.6 ppm and correlation coefficients (r2) usually above 0.9, but 
chemical shifts of protons involved in hydrogen bonds are 
significantly inconsistent with experiments [20]. Previously, 
Zhang et al. performed an investigation on the solvent effects 
and found that the 13C chemical shifts are less affected by the 
solvent than the 1H and 15N chemical shifts and the protons 
involved in hydrogen bonds should be ideally treated with an 
explicit solvent model [21]. In an examination of the 1H and 
13C NMR chemical shifts for the complex drug, i.e. (R)-
Ispinesib, a quinazolinone-based anti-mitotic drug, with 
different DFT methodologies, Holland et al. found typical MAD 
values are below 0.2 ppm for 1H and up to 6.0 ppm for 13C 
resonances. In addition, atoms spatially close to, or strongly 
influenced by stereo-centers, normally give rise to larger 
deviations [22].      

As analyzed above, a large number of examinations 
have been dedicated to the suitability of functionals for the 
NMR chemical shift computations. The performance of DFT 
methods is still rather difficult to be evaluated accurately and 
the choice of a functional to be used is not unambiguous. To 
date, DFT calculation have become an effective tool for 
analyzing molecular structures and many related properties, 
and are routinely used not only by specialized computational 
chemists, but also by experimental groups. Thus there exists 
a need for a simple computational technique that would allow 
to predict NMR chemical shifts with least discrepancies to 
experimentally measured values.  

In this context, we carry out an extensive study to 
predict the 13C NMR chemical shifts for a set of small 
structures using the B3LYP, B3PW91, PBE1PBE and OPBE 
functionals in conjunction with the 6-311++G(d,p), 6-
311++G(2d,2p), 6-311++G(3df,3pd) and cc-PVTZ basis sets. 
Together with the reported experimental values, we then judge 

the more consistent method. Since calculated results for given 
systems and for specific properties strongly depend on the 
basis sets and functionals employed, an appropriate 
combination of a density functional and a basis set is 
determined to the success of the practical computational 
chemistry.  
 

Computation details 
Geometries of molecular systems considered are fully 
optimized at the B3LYP/6-311++G(2d,2p) level of theory using 
the GAUSSIAN 09 suite of program. Harmonic vibrational 
frequencies are also examined for all structures to verify them 
as true minima by the absence of imaginary eigenvalues. 
Then, their 13C NMR chemical shifts (𝛿𝐶 , ppm) in chloroform 
are computed using the GIAO (Gauge-Independent Atomic 
Orbital) technique which have been implemented into this 
program.  

In order to calibrate the performance of 
computational methods, we first carry out calculations for a set 
of simple organic compounds (Figure S1 of Supporting 
Information), using the B3LYP, B3PW91, PBE1PBE and 
OPBE functionals combined with several basis sets including 
6-311++G(d,p), 6-311++G(2d,2p), 6-311++G(3df,3pd) and cc-
PVTZ. As a standard reference used for experimental 
observations, theoretical relative chemical shifts are 
subsequently estimated based on the corresponding TMS 
(tetramethylsilane) shielding calculated in advance at the same 
level of theory. The conversion of the computed the magnetic 
shielding into relative chemical shifts could result in a 
systematic error cancelation. Molecular structure along with 
the 13C NMR chemical shifts of a larger system, i.e. Taxol 
molecule, is then chosen as a case study to test out the results 
acquired for the smaller systems. 
 

Results and discussion 
The 13C chemical shifts of 20 small molecules (denoted as I – 
X in the Figures S1 – S2 of the Supporting Information) are 
computed and compared with experimental values determined 
in the gas phase [19]. All detailed results obtained at different 
levels of theory along with the corresponding measured values 
are given in the Supporting Information (Tables S1 – S8). 
Instead of discussing the relative chemical shifts separately, 
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we decided to use a statistical description of the different 
methods. 

A graphical representation of the performance of the 
four different density functionals together 6-311++G(d,p) basis 
set for all compounds I – XX is shown in Figure 1. The 

correlation between theory and experiment for 13C NMR 
chemical shifts (R-square), i.e. maximum absolute error, mean 
absolute deviation, calculated using the 6-311++G(d,p) basis 
set are illustrated in Figures 2 – 5. 

 
 

 
 

Figure 1. Performance of different hybrid density functionals in combination with 6-311++G(d,p) for prediction of the maximum absolute 
error, mean absolute deviation and R-square of compounds I – XX in comparison to experimentally observed values 
 

Figure 1 shows the overall maximum absolute error (MAE), mean 
absolute deviation (MAD) and the squared correlation coefficient 
(R-square) from experiment values for the calculated 13C NMR 
chemical shifts of compounds I – XX. It can be obviously seen 
that the 13C NMR chemical shifts calculated with B3LYP and 
B3PW91 functionals show closer linear correlation with 
experiments than those computed with PBE1PBE and OPBE. 
The R-square values of both B3LYP and B3PW91 functionals 
are found to be 0.9984, while such values of PBE1PBE and 

OPBE are around 0.9980. In addition, the MAE value is 
computed to be 14.9 ppm for B3PW91, which is quite smaller 
than a value of 16.7 ppm for B3LYP. The B3PW91 also yields a 
minor MAD value (7.18 ppm) than the B3LYP (7.66 ppm). Thus 
it can be concluded that the B3PW91 functional is more reliable 
than B3LYP, PBE1PBE and OPBE in reproducing the 13C NMR 
chemical shifts of 20 small molecules considered. 
 
 

 

 
 

Figure 2. Performance of different hybrid density functionals in combination with the 6-311++G(d,p) basis set for prediction of the 
maximum absolute error, mean absolute deviation and R-square of compounds I – VII  in comparison to experimentally observed 
values 
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Figure 3. Performance of different hybrid density functionals in combination with 6-311++G(d,p) for prediction of the maximum absolute 
error, mean absolute deviation and R-square of compounds VIII – XIV in comparison to experimentally observed values 
 

We now have a closer look at the individual results for 
the different groups of investigated compounds (Figures 2 – 5). 
In combination with the 6-311+G(d,p) basis set, the correlation 
values of B3LYP, B3PW91, PBE1PBE and OPBE functionals for 
chemical shifts of compounds I – VII, which contain only C and 
H elements, are found to be 0.9982, 0.9989, 0.9989 and 0.9983, 
respectively, indicating that B3PW91 and PBE1PBE functionals 
perform more consistently than the others. Both PBE1PBE and 
B3PW91 functionals also give lower MAE and MAD values than 
the B3LYP. The MAD value obtained with B3LYP functional is 
around 16.7 pm as compared to 14.9 pm by B3PW91 and 14.7 
by PBE1PBE. Hence, PBE1PBE and B3PW91 are much better 
than B3LYP in computing chemical shifts for such compounds 
containing C and H elements. 

 However, for compounds VIII – XIV that contain C, H 
and O elements, the B3LYP functional is found to be the most 
consistent with a highest correlation value around 0.9978, as 
compared to the values of 0.9974, 0.9973 and 0.9969 obtained 
for the B3PW91, PBE1PBE and OPBE, respectively. Although 

the 13C NMR chemical shifts calculated with B3LYP functional 
show better linear correlation with experiments than B3PW91, 
the former yields higher MAE and MAD than the latter (Figure 
3). On the contrary, both functionals OPBE and PBE1PBE show 
much poorer linear correlation with experiments. Thus it can be 
judged that for molecules with C, H and O elements B3LYP and 
B3PW91 are the most successful among functionals considered.   

Statistic results for compounds XV – XIX, which contain 
C, H and N elements, obtained at different levels of theory are 
shown in Figure 4. It can be clearly seen that PBE1PBE is the 
worst functional with the lowest R-square. Its correlation value is 
found to be about 0.9979 as compared to the values of 0.9996 – 
0.9997 obtained for other functionals (Figure 4). More 
interestingly, the OPBE performs particularly well in this case with 
the MAE = 5.77 ppm and the MAD = 2.13 ppm, while the B3LYP 
give largest MAE and MAD values, being 12.14 and 7.86 ppm, 
respectively. The B3PW91 is judged to behave better than the 
B3LYP with lower MAE and MAD values, namely 10.74 ppm and 
7.44 ppm, respectively. 
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Figure 4. Performance of different hybrid density functionals in combination with 6-311++G(d,p) for prediction of the maximum absolute 
error, mean absolute deviation and R-square of compounds XV – XIX in comparison to experimentally observed values 
 

 
 

Figure 5. Performance of different hybrid density functionals in combination with 6-311++G(d,p) for prediction of the maximum absolute 
error, mean absolute deviation and R-square of compound XX  in comparison to experimentally observed values 

 

As illustrated in Figure 5, four B3LYP, B3PW91, PBE1PBE and 
OPBE yield the same correlation value, i.e. 0.9999, for the 13C 

chemical shifts of compound containing C, H, O and N elements. 
However, the OPBE seems to perform best with the lowest MAE 
(5.90 ppm) and a MAD value of 3.05 ppm. The B3LYP generally 
give poorer agreement with experiment than both B3LYP and 
PBE1PBE functionals. This functional yields a maximum error of 
7.03 ppm and an average error of 4.13 ppm. The performance 
of two functionals B3PW91 and PBE1PBE are comparable with 
MAE values of 6.12 ppm and 3.73 ppm and MAD values of 3.73 
ppm and 2.80 ppm for B3PW91 and PBE1PBE, respectively. 
Thus the OPBE is highly recommended for calculating the 13C 

chemical shifts of compounds with C, H, O and N elements.   

Basis set effects 
In addition to 6-311++G(d,p), we examine the effects of different 
basis sets, including 6-311++G(2d,2p), 6-311++G(3df,3pd) and 
cc-PVTZ, on 13C chemical shift calculations. Statistical 
descriptions of the performance of the 6-311++G(2d,2p), 6-
311++G(3df,3pd) and cc-PVTZ basis sets for various compounds 
are given in Figures 6 – 8. 

From Figure 6, it is observed that B3PW91 functional 
in combination with 6-311++G(2d,2p) shows better linear 
correlation with experiment than B3LYP, PBE1PBE and OPBE 
functionals as well. The R-square values are found to be 0.9985, 
0.9983, 0.9982 and 0.9980 for B3PW91, B3LYP, PBE1PBE and 
OPBE, respectively. The corresponding values obtained with the 
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6-311++G(d,p) are 0.9984, 0.9984, 0.9980 and 0.9980. This 
indicates that the effects is positively for B3PW91 and PBE1PBE 
functionals but negatively for B3LYP. In addition, the B3PW91 
significantly reduces MAE and MAD values, namely from 14.92 
and 7.18 ppm to 11.96 and 5.21 ppm.  

In combination with 6-311++G(3df,3pd) basis set, the 
best results are obtained for B3PW91 and PBE1PBE functionals 
with an equal correlation value of 0.9986 (Figure 7). The 
maximum error and the mean deviation from experiment of both 

functionals are also comparable. Indeed, the MAE and MAD 
values are computed to be 12.6 ppm and 5.23 ppm for B3PW91, 
while such values are 12.6 ppm and 5.2 ppm for PBE1PBE. 
However, with a larger basis set, the B3PW91 and PBE1PBE 
functionals yield higher MAE and MAD values. From these 
results, it can be concluded that the B3PW91 in conjunction with 
6-311++G(2d,2p) performs better than other methods. 

 

 

 
 

Figure 6. Performance of different hybrid density functionals in combination with 6-311++G(2d,2p) for prediction of the maximum 
absolute error, mean absolute deviation and R-square of compounds I – XX  in comparison to experimentally observed values 

 

 
 

Figure 7. Performance of different hybrid density functionals in combination with 6-311++G(3df,3pd) for prediction of the maximum 
absolute error, mean absolute deviation and R-square of compounds I – XX  in comparison to experimentally observed values 
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compared to the values of 0.9982, 0.9976 and 0.9979 for 
B3PW91, PBE1PBE and OPBE, respectively. Thus, the cc-PVTZ 
yields quite small correlation values, indicating that it is the least 
reliable amongst the basis sets considered. 

In general, based on statistical analysis above, the 
B3PW91 is highly recommended for prediction of the 13C NMR 
chemical shifts. Figure 9 shows the correlation between the 
experimental and the calculated 13C chemical shifts at the 

B3PW91/6-311++G(2d,2p) level of theory for 20 compounds. A 
perfect linear relationship is observed with an R-square 𝑅2 =

0.9985 fitted by the following expression:    
𝛿𝑠𝑐𝑎𝑙 = 0.9528𝛿𝑐𝑎𝑙 − 0.5986 

where 𝛿𝑐𝑎𝑙 ,  𝛿𝑠𝑐𝑎𝑙 are calculated and scaled chemical shifts. 
The use of the fitted equation significantly improves the MAE and 
MAD values from 11.96 and 5.12 ppm, respectively, to 7.48 and 
1.58 ppm. 

 

 
 

Figure 8. Performance of different hybrid density functionals in combination with cc-PVTZ for prediction of the maximum absolute error, 
mean absolute deviation and R-square of compounds I – XX in comparison to experimentally observed values 
 

 
 

Figure 9. Plot of linear correlation between the measured and calculated 13C NMR chemical shifts at B3PW91/6-311+G(2d,2p) 
 

Application to large molecule: Taxol 
In order to confirm the role of the linear scaling equation, 

we examine the 13C NMR chemical shifts of a relatively large 
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experimental chemical shifts for 47 carbon atoms of Taxol are 
collected in literature reported by Kingston [23-24].  

Without using the linear scaling equation, the mean 
absolute deviation (MAD) with respect to the experimental data 
is predicted to be 5.17 ppm, whereas the maximum error (MAE) 
is about 19.60 ppm. By using the scaling equation 𝛿𝑠𝑐𝑎𝑙 =

0.9528𝛿𝑐𝑎𝑙 − 0.5986, the corresponding MAE and MAD 
values are reduced to 10.20 ppm and 2.95 ppm. Thus, using 
such linear scaling equation significantly improves the deviations 

for a set of 75 chemical shifts considered. Generally, the 
theoretical and experimental NMR chemical shifts are 
investigated in two different environments: calculations are 
frequently performed for isolated molecules in gas-phase, while 
measurements are carried out in a more complicated system 
under normal condition. Hence, scaling is a better technique to 
proceed than a straightforward “theory-experiment” comparison. 
This approach has also been employed for examinations of other 
molecular properties including vibrational signatures.         

 
 

Table 1. Measured and calculated 13C chemical shifts (ppm) of Taxol at the B3PW91/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) level 
of theory 

C atom Calculation Experiment(a) C atom Calculation Experiment(a) 

Not scaled Scaled  Not scaled Scaled  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

80.4 
82.4 
51.5 
84.2 
90.5 
31.0 
76.2 
63.0 
212.3 
83.2 
143.3 
147.1 
77.7 
38.2 
48.1 
26.9 
22.0 
18.3 
18.7 
76.6 
172.2 
133.2 
135.9 
132.6 

76.0 
77.9 
48.5 
79.6 
85.6 
28.9 
72.0 
59.4 
201.7 
78.7 
135.9 
139.6 
73.4 
35.8 
45.2 
25.0 
20.4 
16.8 
17.2 
72.4 
163.5 
126.3 
128.9 
125.7 

79.0 
74.9 
45.6 
81.1 
84.4 
35.6 
72.2 
58.6 
203.6 
75.5 
133.2 
142 
72.3 
35.7 
43.2 
26.9 
21.8 
14.8 
9.5 
76.5 
167.0 
129.1 
130.2 
128.7 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
1’ 
2’ 
3’ 
5’ 

138.9 
132.2 
133.9 
176.5 
23.5 
175.8 
21.7 
144.1 
135.7 
131.9 
132.5 
132.2 
134.3 
140.1 
134.7 
129.9 
135.5 
131.7 
135.3 
176.7 
80.7 
66.0 
186.6 

 

131.7 
125.4 
127.0 
167.6 
21.8 
166.9 
20.1 
136.7 
128.7 
125.1 
125.6 
125.4 
127.4 
132.9 
127.7 
123.2 
128.5 
124.9 
128.3 
167.8 
76.3 
62.3 
177.2 

133.7 
128.7 
130.2 
170.4 
22.6 
171.2 
20.8 
133.6 
127.0 
128.7 
131.9 
128.7 
127.0 
138.0 
127.0 
129.0 
128.3 
129.0 
127.0 
172.7 
73.2 
55.0 
167.0 

(a) Experimental values are from [25,26]  
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Figure 10. Taxol structure and numbering of carbon 
 

Conclusions 
The performance of B3PW91, PBE1PBE and OPBE functionals 
in combination with different basis sets on 13C NMR chemical 
shift calculations is evaluated and compared to the popular 
B3LYP functional. Statistical approaches are employed to 
examine the ability to reproduce experimental data and then to 
judge the reliabilities of these methods. For benchmark studies, 
we use a set of 75 13C NMR chemical shifts determined 
experimentally for 20 simple molecules with various functional 
groups.  

While PBE1PBE and B3PW91 are found to generally 
show a better performance than B3LYP in predictions of 13C 
NMR chemical shifts for compounds containing C and H 
elements, this is not true for chemical systems with C, H and O 
elements, where the B3LYP comes first, followed by B3PW91. 
For compounds with C, H and N elements the OPBE performs 
particularly well, but the PBE1PBE is the worst functional with 
the lowest R-square. Again, the B3PW91 is not the best but still 
behave better than the B3LYP with inferior MAE and MAD 
values. The OPBE is also highly recommended for calculating 
the 13C chemical shifts of systems with C, H, O and N elements. 
Nonetheless, if all groups of 20 sample molecules with 75 13C 
NMR chemical shifts are considered, the B3PW91 is the most 
consistent functional. 

In addition to 6-311++G(d,p), the effects of several 
basis sets including 6-311++G(2d,2p), 6-311++G(3df,3pd) and 
cc-PVTZ are also examined. The B3PW91 together with the 6-
311++G(2d,2p) generally yields superior results to B3LYP, 
PBE1PBE and OPBE functionals. However, comparing the 
results obtained with 6-311++G(2d,2p) and with 6-
311++G(3df,3pd) as basis sets, it is important to note that the 
variance is insignificant. Thus, in terms of the accuracy/time ratio, 
the 6-311++G(2d,2p) is highly recommended. For all functionals 
and compounds considered, although the cc-PVTZ gives minor 
MAD and MAE values than other basis sets, it is amongst the 
least consistent functioanls with the smallest correlation value. 

The B3PW91/6-311++G(2d,2p) level of theory predicts 
quantitatively well the 13C NMR chemical shifts of Taxol, but still 
yields a maximum error of 19.60 ppm and an average error of 
5.17 ppm. In order to account for the two different environments 
of measurements and calculations, as well as for possible 
systematic errors, a linear scaling equation 𝛿𝑠𝑐𝑎𝑙 =

0.9528𝛿𝑐𝑎𝑙 − 0.5986 could be used. By using such fitted 
equation the MAE and MAD values, respectively, obtained for 
Taxol are dramatically reduced to 10.2 and 2.95 ppm. 
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