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h i g h l i g h t s
 Chemical shifts of C-13 of seven carbon atoms for 2-HADNT were determined through experiments.
 Quantum mechanics GIAO calculations were implemented using MP2 and seven DFT methods.
 It was found that the O3LYP method gives the most accurate chemical shift values among the seven DFT methods.
 Three types of atomic partial charges MK, ESP and NBO were calculated using MP2/aug-cc-pVDZ method.
 Numerical calculations of NMR chemical shifts were validated by comparing with the experimental data.
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a b s t r a c t
In this study, both GIAO-DFT and GIAO-MP2 calculations of nuclear magnetic resonance (NMR) spectra
were benchmarked with experimental chemical shifts. The experimental chemical shifts were
determined experimentally for carbon-13 (C-13) of seven carbon atoms for the TNT degradation product
2-hydroxylamino-4,6-dinitrotoluene (2-HADNT). Quantum mechanics GIAO calculations were implemented using Becke-3-Lee–Yang–Parr (B3LYP) and other six hybrid DFT methods (Becke-1-Lee–Yang–
Parr (B1LYP), Becke-half-and-half-Lee–Yang–Parr (BH and HLYP), Cohen–Handy-3-Lee–Yang–Parr
(O3LYP),
Coulomb-attenuating-B3LYP
(CAM-B3LYP),
modiﬁed-Perdew–Wang-91-Lee–Yang–Parr
(mPW1LYP), and Xu-3-Lee–Yang–Parr (X3LYP)) which use the same correlation functional LYP.
Calculation results showed that the GIAO-MP2 method gives the most accurate chemical shift values,
and O3LYP method provides the best prediction of chemical shifts among the B3LYP and other ﬁve
DFT methods. Three types of atomic partial charges, Mulliken (MK), electrostatic potential (ESP), and natural bond orbital (NBO), were also calculated using MP2/aug-cc-pVDZ method. A reasonable correlation
was discovered between NBO partial charges and experimental chemical shifts of carbon-13 (C-13).
Ó 2015 Elsevier B.V. All rights reserved.

Introduction
Reliability of theoretical calculations has been recognized in
predicting nuclear magnetic resonance (NMR) shielding and chemical shifts [1–8]. Accurate prediction of chemical shifts can be
achieved through calculations using the coupled-cluster singles
and doubles (CCSD) model augmented by perturbative correction
for triple excitation (CCSD(T)) method [9–11], with a deviation of
1 ppm between the experimental chemical shifts and the
calculated results for C-13. The accuracy can be further improved
by the inclusion of zero-point vibrational correction in the
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Hartree–Fock (HF), MP2, CCSD, and CCSD(T) calculations of the
chemical shifts except for the DFT calculations [11].
The gauge that includes atomic orbital (GIAO) was ﬁrst implemented with X-a approximation of the exchange–correlation functional (DFT) [12,13]. The second-order property shielding tensor
has also been described using other methods such as the individual
gauge for localized orbitals (IGLO) [14,15], the individual gauge for
local origin (LORG) [16], the continuous set of gauge transformations (CSGT) [17], and the individual gauges for atoms in molecules
(IGAIM) [18]. Among these methods, the GIAO method is most
commonly applied because of its high efﬁciency and low dependence on basis set quality [19].
The chemical shifts for C-13 have been calculated using
wave function based methods such as MP2 [20–22], multiconﬁgurational self-consistent ﬁeld (MCSCF) [22,23], CCSD
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[24,25], CCSD(T) [26], and coupled cluster theory with single, double, and triple excitations (CCSDT) [27,28]. However, the computational cost of those methods is so high, which prevents full
application of those methods for routine simulations. The DFT
methods are more cost-effective approaches because that in those
methods electron correlation is treated at a more affordable semiempirical level. The C-13 chemical shift calculated from DFT methods such as GIAO and B3LYP can provide structural information for
different charge states [29]. On the other hand, the experimental C13 chemical shifts can be well reproduced using B3LYP for monomeric bilirubin molecule [30]. It is also known that DFT methods
generate much more accurate geometries and potential energy
proﬁles than HF method at a similar computational expense.
Unfortunately, DFT methods could not demonstrate decisive superiority over HF method in the calculations of chemical shifts of all
types of compounds. DFT methods are different based on different
exchange–correlation functionals (XC) implemented and the different DFT methods used may lead to different accuracies in the
calculated chemical shifts [31]. Additionally, DFT methods tend
to provide lower chemical shifts for regular organic compounds
but higher chemical shifts for transition metals than their actual
values because the paramagnetic components are overestimated
in non-transition metal compounds while underestimated in the
compounds containing transition metals [32]. The deﬁciency in
the chemical shifts prediction is due to the lack of terms that
describe non-vanishing electric current in popular DFT methods
[33], the underestimation of the highest and lowest unoccupied
molecular orbital (HOMO–LUMO) gap, as well as the unrealistic
larger paramagnetic values than their experimental results for
the regular organic compounds that contain no transition metals
[34,35]. Currently, calculations of chemical shifts can be performed
at fundamental HF level with reasonable accuracy for small weakly
correlated organic molecules. Electron correlation has to be fully
considered in order to achieve high accuracy on chemical shifts
for dispersion dominated large molecules. The DFT treatment of
electron correlations varies in how to formulate the following four
components: spin density based local density approximation
(LDA), a generalized gradient approximation (GGA) for density
derivatives, HF exchange, and kinetic energy density terms. For
example, the popular DFT method B3LYP represents the combination of a standard LDA, a gradient correction GGA, and the HF
exchange [36,37]. It was reported that DFT O3LYP differs from
B3LYP in an optimized exchange functional, while performs better
than B3LYP in describing van der Waals force in highly correlated
molecules [38,39]. One of the goals of this work is to test how
the different exchange functionals impact the performance of the
seven DFT methods in evaluating chemical shifts of the highly correlated aromatic 2-HADNT. In concept, electronic environments of
nuclei in chemical structure determine nuclear chemical shifts or
nuclear resonance frequencies [40]. In fact, C-13 chemical shift
was suggested to be linearly proportional to electron density. A
study of C-13 chemical shift of the cyclopentadienide anion suggested that the proportionality coefﬁcient is 128.5 ppm/electron
[41]. A strong correlation was also reported between the partial
charges calculated by Matsumoto et al. and the experimental
chemical shifts of C-13 and N-15 for pyridinium bis (methoxycarbonyl) methylides [42]. For a highly electron correlated molecule,
it is especially meaningful in both theory and practice to explore
the correlation between the experimental C-13 chemical shifts
and electron partial charges and calculated C-13 chemical shifts
and electron partial charges respectively for 2-HADNT (Fig. 1)
[43]. In this study, both quantum mechanics gauge including
atomic orbital-density functional theory (GIAO-DFT) and quantum
mechanics gauge including atomic orbital-second order Moller–
Plesset perturbation theory (GIAO-MP2) simulations are
performed to reproduce experimental C-13 chemical shifts of

Fig. 1. Schematic structure of 2-HADNT with numbering scheme displayed.

2-HADNT from NMR measurement. From the simulation results,
the correlations between the calculated partial charges of C-13 of
2-HADNT and the experimental C-13 chemical shifts can be found.
Effects of different exchange functionals on the accuracy of the calculated chemical shifts will also be discussed. All the chemical
shifts and partial charges will be calculated using MP2 and the
seven DFT methods, compared with the experimental chemical
shifts afterwards.
Research approaches
Experimental setup
The 2-HADNT was prepared following the procedure in the
authors’ previous work [43]. Chloroform (CHCl3) (analytical purity,
made by Merck) was used as a solvent for measurement.
Tetramethylsilane (TMS) (made by Fluka) was applied as the internal reference. The C-13 magnetic resonance spectra were recorded
at a radio frequency of 500.1 Mc/s on a Varian 500 spectrometer in
the Department of Chemistry at the University of Louisiana at
Lafayette. The sample of concentration was maintained at
25 ± 1 °C. The effect of proton coupling was removed using a noise
decoupling technique.
Computational approach
The chemistry application Gaussian 09 package was used in all
computations of this work [44]. Initial crystal structure of 2-HADNT was optimized using MP2/aug-cc-pVDZ. The C-13 NMR calculations were carried out using GIAO method [19]. The NMR shifts
were computed using MP2 and seven DFT hybrid methods and
the C-13 chemical shifts were referenced to C-13 chemical shifts
for TMS using GaussView Version 5. The chemical shift of
128.5 ppm for C-13 of benzene was used to calculate chemical
shift differential. The solvation effect of chloroform with a dielectric constant of 4.7 was evaluated using the universal solvation
model (SMD) presented by Truhlar et al. [45], which includes
electrostatic term based on integral equation formalism polarized
continuum model (IEF-PCM) and non-electrostatic cavity–dispersion–solvent–structure term. The NBO charges were computed
following the NBO scheme implemented within the Gaussian 09
platform. The basis set of aug-cc-pVDZ was used throughout all
calculations.
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Results and discussion
Accuracy of calculated chemical shifts
Fig. 1 shows a numbering scheme for naming system of seven
carbon atoms. All experimental and calculated chemical shifts
(using MP2 method) are listed in Table 1. To account for the discrepancy between experimental and calculated chemical shifts,
twisting torsion angles are summarized in Table 2 for 2-NHOH,
4-NO2, and 6-NO2 of crystal and optimized structures of 2-HADNT
in this work, and Graham and coworkers’ study [52]. From Table 1
it can be concluded that the chemical shifts calculated in chloroform and dimethyl sulfoxide (DMSO) are very close to each other,
indicating minor effect of the most commonly used solvents on
theoretical calculations of chemical shifts. The comparison
between the experimental data and the values calculated using
MP2/aug-cc-pVDZ method with the chloroform solvation model
is displayed in Fig. 2. From that ﬁgure it can be seen that the computational results agreed well with the experimental data. Among
the presented chemical shifts, C9, C11, and C15 are most accurately
predicted by MP2 calculations with a range of 6.4–1.6 ppm. Moderate deviations of 10.0 ppm from calculations were observed from
experimental values for C12 and C14. The largest differences of from
17.2 ppm to 25.8 ppm occur between theoretical and experimental
data for C10 and C13. The signiﬁcant discrepancy of 25.8 ppm at C13
likely results from the rotatable 4-NO2 group, since energy barrier
is only 3.8 kcal/mol from coplanar 4-NO2 in crystal and optimized
structures to the orthogonal 4-NO2 [53]. Orientation of 4-NO2 has
been proved to be coplanar in our initial crystal structure, optiTable 1
Comparison of experimental chemical shifts with calculated chemical shifts using
MP2 methods.
Chemical shift
(ppm)

C9

C10

C11

C12

C13

C14

C15

EXPL (CHCl3)
MP2 (CHCl3)
MP2 (DMSO)

146.7
152.8
153.1

122.2
139.4
140.9

150.5
153.0
152.9

111.8
121.4
121.4

123.5
149.3
149.1

111.0
121.4
121.3

12.7
14.3
14.5
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mized structure, and crystal structure in Graham and co-work’s
study [52]. However, chemical shift for C13 in CHCl3 solution could
be averaged from the dynamic twisting orientations of 4-NO2
rather than single static coplanar conformer for calculated chemical shift. Similarly, C10 sits in the middle of 2-NHOH, and methyl,
and 6-NO2, and orientations of methyl and 6-NO2 could be changed
constantly in CHCl3 solution due to the low energy barrier of
1.8 kcal/mol [53]. So variation of twisting angles of methyl and
6-NO2 could cause ﬂuctuation of electronic environment of C10
and gives rise to the 17.2 ppm differential between calculated
and experimental chemical shifts.
Effect of methodology on NMR calculations
Chemical shifts calculated from MP2 and other seven DFT methods are compared and plotted in Figs. 3 and 4. Even the MP2
method offers good accuracy, it is very computational costly and
usually requires a large amount of disk space. Therefore, the DFT
methods, which are relatively more efﬁcient, are used to be applied
for the NMR calculations. DFT methods usually differ in either
exchange functional (Ex[P]), or correlation functional (Ec[P]), or
combination of the two in the Kohn–Sham formulation. This study
only focuses on the DFT methods with different exchange functional but the same correlation functional. Comparing with MP2
method in Fig. 3, B3LYP showed an average deviation of
16.1 ppm from the experimentally measured chemical shifts for
the seven C-13 atoms (C9 to C15) while the largest deviation from
MP2 is only 10.5 ppm. Among the seven DFT methods, O3LYP
method, which includes Handy’s OPTX modiﬁcation of Becke’s
exchange functional, provided the best accuracy and its average
deviation is 11.2 ppm. With that observation, a detailed comparison was further made among the B3LYP, O3LYP, and the MP2
results, which is shown in Fig. 4. From that ﬁgure it is revealed that
C10, C12, and C14 calculated from O3LYP are more accurate than
those generated from MP2. The best prediction provided by

Table 2
Twisting angles of 2-NHOH, 4-NO2, and 6-NO2.
Torsion

Crystal

Crystala

Optimized (MP2/
aug-cc-pVDZ)

O5–N7–C9–C10 (2-NHOH)
O4–N8–C10–C11 (4-NO2)
O2–N7–C10–C9 (6-NO2)

10.0
2.8
54.3

10.3
3.24
55.6

15.0
2.7
46.5

a
This crystal structure is extracted from Graham and co-worker’s study deposited in Cambridge Structural Database.

Fig. 3. Method dependence of averaged deviations of calculated chemical shift.

Fig. 2. Correlation between experimental and calculated chemical shifts.

Fig. 4. Detailed comparison of chemical shift of seven carbon atoms.
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B3LYP is for C14, but the derivation by B3LYP from the experimental value for C14 is still larger than that by O3LYP. The comparison
results verify that with the optimized exchange functional, O3LYP
performs better than B3LYP in describing van der Waals force in
the highly correlated molecules [38,39], despite B3LYP may outperform O3LYP in the simulations of the ﬁrst-row of transition
metals [6,46–49].
Correlation between calculated partial charge and experimental
chemical shifts
The experimental chemical shifts and three types of atomic partial charges, natural bond orbital (NBO), electrostatic potential
(ESP), and Mulliken charges (MK) are listed in Table 3. The relationships between the three types of calculated partial charges and the
experimental chemical shifts are depicted in Fig. 5. Fig. 5(a) shows
the relationship between the absolute chemical shifts and partial
charges of all seven carbon atoms; Fig. 5(b) indicates the correlations between the relative chemical shifts of carbon atoms on phenyl ring (with respect to the chemical shifts on benzene ring) and
relative partial charges of carbon atoms on phenyl ring (with
respect to the relative partial charges of carbon atoms on benzene
ring). As also displayed in Fig. 5, the six relationships (absolute and
relative chemical shifts vs. three types of absolute and relative
charges) are approximated through six developed linear regression
models with their coefﬁcients of multiple determination (R2)
calculated.
When a magnetic ﬁeld (B0) is in place, energy splitting arises
from the two energetically degenerate spin states of nuclei with
none-zero spin quantum number (such as H-1 and C-13) in molecules. This energy splitting is linearly proportional to the strength
of the applied magnetic ﬁeld B, and can be expressed as:

Table 3
Experimental chemical shifts and three types of atomic partial using MP2 method.
Carbon

Chemical shift

NBO

ESP

Mulliken

C9
C10
C11
C12
C13
C14
C15

146.7
122.2
150.5
111.8
123.5
111.0
12.7

0.19833
0.06877
0.12559
0.24864
0.11489
0.25986
0.64596

0.622247
0.264403
0.196977
0.509574
0.225757
0.484148
0.226587

0.055720
0.185505
0.392160
0.760910
0.729585
0.946413
0.506832

E ¼ h  m0 ¼ h  c  B=2p

ð1Þ

where h, t0, and c refer to Planck constant, Larmor precession frequency, and gyromagnetic ratio respectively).
Eq. (1) is then rearranged to solve for Larmor precession frequency as:

m0 ¼ c  B=2p

ð2Þ

It should be noted that the actual magnetic ﬁeld strengths (B)
experienced by nuclei in real molecules vary from nucleus to
nucleus depending on their opposing induced magnetic ﬁeld originated from surrounding electron density. Actual magnetic ﬁeld
strengths should be formulated as:

B ¼ B0  Be

ð3Þ

The strength of the opposing magnetic ﬁeld can be calculated
by:

Be ¼

l0
2r

I ¼

l0
2r



q
l
qv
lv
¼ 0
¼ 0  qd
Dt 2r 2pr 4pr 2

ð4Þ

where l0, r, qd, and v are magnetic moment, radius of electron orbital, number of electrons associated with the nucleus, and velocity of
electrons.
Electron density refers to the probability (q(r)) of ﬁnding electrons at a point (r) within molecules. Electron density implies locations of electrons in molecules, and enables visualization of the
molecular size. Electron density can be interpreted as the square
of quantum mechanical wave function as:

qðrÞ ¼ 2

n=2
X
jwi ðrÞj2

ð5Þ

i¼1

where w, n, and n/2 are molecular orbital, number of electrons, and
occupied orbitals.
Integration of electron density over the wave function or basis
set for the atom A gives the number of electrons, so the number
of electrons associated with atom can be expressed as:

Z

qðrÞdr ¼ qA

ð6Þ

In quantum mechanics calculations, population analysis mathematically partition electron densities into partial charges on individual atom, and the atomic partial charge (qd) is the sum of
positive nuclear charge (N) and number negative charge of

Fig. 5. Relationships between three types of calculated partial charges and experimental chemical shifts (a) relationship between absolute chemical shifts and absolute
partial charges of all seven carbon atoms; and (b) correlations between relative chemical shifts to benzene ring and relative partial charges to benzene ring.
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electrons associated with the nucleus (qA), and so the number negative charge of electrons associated with the nucleus (qA) can be
calculated as following:

ðqA ¼ N  qd Þ

ð7Þ

Arbitrary method can be employed to calculate the partial
charge since it is not a quantum mechanically observable property.
In NMR, all experimental frequencies are referenced against TMS,
and the chemical shift is numerically proportional to partial charge
on the nucleus and can be deﬁned as:

d¼

m0  mTMS
mNMR

ð8Þ

where t0 and tTMS are the Larmor precession frequency for sample
and TMS respectively.
Thus, Eqs. (2)–(4), (7) and (8) can be combined to achieve the
simpliﬁed expression

d¼

m0  mTMS cðB0  4lp0rv2 ðN  qd ÞÞ  mTMS
¼
¼ a  qd þ b
mNMR
mNMR

where a ¼ 4pcrl2 m0 v ;
NMR

ð9Þ

B0
TMS
b ¼  4pcrl2 m0 v N þ mcNMR
 mmNMR
.
NMR

From the Eq. (9), chemical shift can be related to partial charge
in a linear correlation manner. Indeed, the linear equation is the
most proper relationship we have been tried. In this work, the linear mathematic model was built assess how well chemical shift is
correlates with different type of partial charge.
Chemical shifts are therefore deﬁned based on the same principle even the sensitivity of measurements is much lower for C-13
chemical shifts than that for the H-1 nucleus. Poor sensitivity of
the magnetically active C-13 may result from the lower than
1.1% natural abundance, smaller gyromagnetic ratio, and J-coupling caused by hydrogen.
Concept of partial charges is used to rationalize material chemical properties. However, the partial charges cannot be observed
from experiments due to the fact that electrons exhibit diffuse
charge distributions with respect to nuclei. The partial charges
can be derived from quantum mechanics wave functions following
two approaches, orbital occupancy based method and spatial
decomposition based method. The partitioning scheme for Mulliken partial charges is based on the total electron density basis functions of atomic center, and too basis-set-dependent to provide
accurate assignment of partial charges [8]. The drawback of the
Mulliken population scheme is particularly addressed in the natural population algorithm which assigns charges into atomic orbital
on the basis of blocks of electron density matrix [50]. Therefore,
inaccurate Mulliken partial charge is not appropriate for qualitative analysis, and is included in this work because it is calculated
by default in the Gaussian-09 package. The NBO based natural population analysis (NPA) is relatively independent of basis set, so NBO
charges of carbon atoms for 2-HADNT agree well with the experimental chemical shifts. The ESP deﬁnes charge for atomic center
from the observable molecular electrostatic potential (MEP) of
minimized structure on a three dimensional grid. The ESP partial
charges feature slight conformational dependence, and the agreement with experimental chemical shifts may varies from many
local minimum conﬁgurations [51].
From Fig. 5(a) it is found that among the commonly used three
types of partial charges, the NBO charge demonstrates the strongest correlation (the coefﬁcient of determination for linear regression R2 = 0.8512) with the absolute chemical shifts for all the six
aromatic and one non-aromatic carbon atom C15. The correlation
between the chemical shifts and the ESP charges is much weaker,
as indicated by a much smaller R2 of 0.2065. It can also be deduced
from the nearly-zero R2 (0.0542) that the absolute chemical shifts
are almost not correlated with the MK charges.
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The relationships between the relative chemical shifts of the six
aromatic carbon atoms (compare to the chemical shifts of benzene
carbon atoms) and the relative partial charges (compare to the partial charges of benzene ring) are illustrated in Fig. 5(b). Similar to
Fig. 5(a), the strongest correlation (R2 = 0.7532) occurs between
the relative chemical shifts and relative NBO charges of the six
phenyl ring carbon atoms. Different from Fig. 5(a), the correlation
between the relative chemical shifts and the relative ESP charges is
much stronger than the correlation between the absolute results
and very close to that the correlation of the NBO charges
(R2 = 0.7151). Just as observed from Fig. 5(a), the correlation
between the relative chemical shifts and the relative MK charges
are the weakest but it is still much stronger than that between
the absolute results (R2 = 0.4828). Overall, the calculated NBO partial charges are most closely correlated with the experimental
chemical shifts and the MK partial charges show least correlation
with the experimental chemical shifts.
Conclusions
In summary, C-13 chemical shifts and atomic partial charges for
2-HADNT are calculated using MP2 and seven DFT methods in this
study. The C-13 chemical shifts are also determined experimentally. As observed from the analysis results, the MP2 calculation
provides the most accurate C-13 chemical shifts of 2-HADNT by
comparing with experimental data for this highly correlated
nitro-aromatic compound. It indicates the importance of considering correlation forces in the calculations of chemical shifts for
highly correlated nitro-aromatic system. Furthermore, O3LYP
method gives the most accurate predictions of chemical shifts
among the seven DFT methods with the same correlation functional. The average deviations of the calculated chemical shifts
using O3LYP from the experimental data is very close to those
using MP2. It is therefore possible to achieve reasonable calculated
chemical shifts for compounds with conjugated p system when an
appropriate DFT method is selected. The NBO partial charges
yielded from MP2 calculations represent the electron density distributions of 2-HADNT more accurately than both ESP and MK
charges. The present work can be further veriﬁed using CCSD(T)
method, a higher level method than MP2. This work is very helpful
in the development of new DFT methods using the electron density
derived from NBO partial charges and experimental chemical
shifts.
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