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The 13C and 1H chemical shift values computed at HF, BLYP and
B3LYP/6-311G(d,p) levels of theory, for the BLYP/6-31G(d,p) opti-
mized geometries of adamantane and 2,4-methano-2,4-dehydroada-
mantane, are reported and compared with the available experimen-
tal data. Except for the »inverted« carbon atoms, the HF values are
superior to the DFT ones when the isotropic shifts with respect to
TMS are in question. However, in case of the relative shifts com-
puted with respect to the most deshielded center within the mole-
cule, the DFT methods yield significantly better agreement with
the experiment than the HF. The most probable reason for these
findings may be the cancellation of errors arising from the inappro-
priate description of the paramagnetic contributions to the overall
shielding tensor within the Kohn-Sham approach when an internal
standard (within a molecule) is chosen, instead of an external one.
The CSGT relative shift values correlate better with the experi-
ment than the GIAO ones, the correlations being significantly su-
perior at DFT than at the corresponding HF level of theory.
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INTRODUCTION

Accurate predictions of molecular response properties to external fields
are of general significance in various areas of chemical physics. This espe-
cially refers to the second-order magnetic response properties, since the
magnetic resonance based techniques have gained substantial importance
in chemistry and biochemistry. Thus, the computed 13C chemical shifts are
frequently used as an aid in identification of reactive ionic species,1–3 while
the prediction of environmental dependence of the chemical shifts in case of
amino acid carbon atoms might be very helpful in elucidating the three-di-
mensional protein structures.4

The quantities of primary interest in due course are the nuclear mag-
netic shielding tensors,5 defined as the mixed second derivative of the en-
ergy (E) with respect to the magnetic moment of the X-th nucleus (m

�
X ) and

the external magnetic field (B
�

):

�
�

� �
X

X

ab

a b
�

2 E

B m

(where Greek superscripts denote the corresponding vector or tensor compo-
nents).

It has been long recognized that prediction of the second-order magnetic
response properties from the first principles, within a finite basis approxi-
mation, requires a gauge-independent algorithm.6–10 Although the first such
algorithm, due to Ditchfield8 (based on previous works of London) appeared
almost three decades ago, chemically reasonable predictions of NMR proper-
ties for molecular systems of moderate size have not been possible until re-
cently. Within the mentioned methodology (known as GIAO – gauge inde-
pendent atomic orbitals), the gauge-invariance is achieved using explicitly
field-dependent basis functions.8–10 Application of the GIAO approach to
molecular systems was significantly improved by an efficient application of
the method to the ab initio SCF calculations, using techniques borrowed
from analytic derivative methodologies.9,10 An efficient alternative to the
GIAO procedure is the CSGT (continuous set of gauge transformations)
algorithm6,11–13 due to Keith and Bader (and its variant known under the
acronym IGAIM – individual gauge for atoms in molecules).11–13 Within this
methodology, the nuclear magnetic shielding tensor is expressed through
the induced first-order electronic current density. An accurate calculation of
the last quantity by performing a gauge transformation for each point in
space leads to gauge-invariant values of the shielding tensors. It has been
shown that both methodologies are very useful, although it seems that the
GIAO procedure is somewhat superior since it exhibits a faster convergence
of the calculated properties upon extension of the basis set used.6,14–18
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It is worth mentioning at this point that other methodologies, such as
IGLO19,20 (individual gauge for localized orbitals) and LORG21,22 (localized
orbital/local origin) etc., have been proposed and their performances tested
on a wide variety of molecular systems.23–26 However, taking into account
the computational cost and the effectiveness of calculation, the GIAO and
CSGT methods seem to be preferable from many aspects at the present
state of this subject.

It is important from the methodological aspect to study the performan-
ces of various methods for achievement of gauge invariance, especially with
respect to inclusion of the dynamical electron correlation effects27 and the
basis set size.6 Several studies of this type have been recently publish-
ed,14,28–34 although it does not seem that a definitive conclusion on the opti-
mal choice of computational method has been reached. This especially refers
to the problem of inclusion of dynamical electron correlation effects into the
ab initio calculations of the second order magnetic response properties. Al-
though the GIAO-MBPT and CC methodologies have been recently propo-
sed35–39 and successfully applied, they are computationally demanding for
even modest size molecules, which are of interest to organic chemists. On
the other hand, the density functional methodologies39–40 offer an effective
alternative to the conventional correlated methods, due to their signifi-
cantly lower computational cost.

Since the Hohenberg-Kohn theorem,41 it is known that the electronic en-
ergy of a given molecular system is a definite functional of the correspond-
ing density,39–41 but the exact form of this functional is not explicitly known.
Various types of such (exchange and correlation) functionals have been pro-
posed42–48 either on a more mathematical or physical basis. Practically all of
the proposed functionals were constructed primarily having the energetics
of molecular systems in mind. However, some of them (mainly the gradient
corrected ones) have been shown to be remarkably accurate in prediction of
other molecular properties, such as harmonic force constants.49–51 It is thus
of certain interest to test their performances for prediction of the second or-
der magnetic response properties. Several systematic studies have already
been devoted to this subject14,34 but mainly with respect to correlation be-
tween the computed isotropic shieldings and the measured chemical shifts.
It seems that little attention has been paid to the question of performances
of various theoretical approaches regarding the prediction of the relative
shielding values with respect to a given center within the same molecule.

In the present paper, we report a HF SCF and density functional study
of isotropic 13C and 1H chemical shifts for two characteristic systems: ada-
mantane, characterized by a highly stiffened structure, and 2,4-methano-
2,4-dehydroadamantane (a �3.1.1�propellane) – a system with »inverted«
carbon atoms.52,53 We have used optimized geometries at the gradient-cor-
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rected density functional level of theory39,40 with a DZP quality basis set
both for the systems of interest and the standard for calculation of isotropic
chemical shifts (TMS). The performances of various density functional me-
thodologies and the conventional HF SCF procedure in predicting both the
13C and 1H isotropic chemical shifts and the relative shifts with respect to
the most deshielded center within a given molecule were tested. Also, the ef-
ficiency of GIAO, CSGT and IGAIM algorithms for achieving gauge inde-
pendence was tested with respect to the previously mentioned physical pro-
perties.

COMPUTATIONAL DETAILS

Full geometry optimizations of adamantane and 2,4-methano-2,4-dehydroadam-
antane, as well as of tetramethylsilane (TMS), were performed in redundant inter-
nal coordinates with Berny’s optimization algorithm54 (calculating the energy deriv-
atives analytically). Geometry optimizations were performed at the gradient-
corrected density functional level of theory using a combination of Becke’s exchange
functional43 with the Lee-Yang-Parr correlation one45 (the methodology denoted as
BLYP). The standard 6-31G(d,p) basis set of DZP quality was used for orbital expan-
sion in solving the Kohn- Sham equations.42 The stationary points found on the mo-
lecular potential energy hypersurfaces were characterized by numerical harmonic
vibrational analyses. The absence of both imaginary frequencies (negative eigenva-
lues of the Hessian matrices) confirmed that the stationary points correspond to real
minima, instead of being saddle points. Complete harmonic vibrational analyses of
the mentioned species will be published elsewhere.

Calculations of Isotropic Chemical Shifts

The 1H and 13C NMR shielding tensors for the BLYP/6-31G(d,p) optimized geom-
etries of the mentioned species were calculated using three previously discussed
methodologies for achievement of gauge independence: Gauge Independent Atomic
Orbitals (GIAO) method, Continuous Set of Gauge Transformations (CSGT) method-
ology and the Individual Gauge for Atoms in Molecules (IGAIM) approach (for a
more thorough description of these methods, see the following chapter). These calcu-
lations were performed at various theoretical levels, both with and without inclusion
of the dynamical electron correlation effects using a TZP quality basis set 6-311G
(d,p) for orbital expansion. The standard Hartree-Fock (HF/6-311G(d,p)) as well as
BLYP/6-311G(d,p) and B3LYP/6-311G(d,p) levels of theory were employed. The
B3LYP methodology is based on a combination of Becke’s three-parameter adiabatic
connection exchange functional48 with the LYP correlation one. In all density func-
tional calculations, the fine (75, 302) grid was used for numerical integration.39,40

Note that while the BLYP methodology is non-hybrid (it includes no HF exchange),
the B3LYP one contains an admixture of HF exchange (i.e. is of hybrid form).

The isotropic shielding values, defined as:

s s s siso � � �
1
3 11 22 33( )
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(�ii being the principal tensor components) were used to calculate the isotropic chem-
ical shifts � with respect to TMS (d s siso

X
iso
TMS

iso
X� � ).

It is worth noting at this point that the exchange and correlation functionals
used in the present work for calculation of magnetic shielding properties do not in-
clude the magnetic field dependence explicitly.34 However, they have been shown to
yield rather accurate predictions of some other molecular properties.34,49 The overall
success of density functional quantum chemistry in predicting other molecular prop-
erties, such as vibrational spectra,49–51 has stimulated work on further application of
this methodology.

Methods for Achievement of Gauge Invariance

Since a comparison of various methods for achievement of gauge invariance is
presented in this work, a brief description of the employed techniques is presented
in this chapter.

Within the general SCF approach, the expression for the shielding tensor compo-
nents for nucleus X reduces to:
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where the first and higher order derivatives are denoted with superscripts showing
the variables with respect to which the differentiation is to be performed, while P is
the density matrix. The derivatives of the Hamiltonian are given by:
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The derivative of the density matrix with respect to the magnetic field compo-
nents is obtained by solving the corresponding coupled-perturbed equations.

Within the GIAO methodology, for calculation of magnetic properties, explicitly
field-dependent wavefunctions are used, of the following form:

c cm m m( ) exp ( ) ( )B
i

c
B R r
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� � 	 ��

�
�

��
�

2
0

where cm is the basis function Rm

�

position vector, while cm ( )0
�

denotes the
(usual) field-independent function.
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On the other hand, the CSGT approach is based on the expression for the shield-
ing tensor components for nucleus X in terms of the induced first- order electronic
current density J(1)(r):

�
�

� �
X

X

X X Xdab

a b a b
� � � 	

� �

�
2

1 31E

B m Bc
r J r[ ]( ) ( ) /r r

Within this method, the gauge-invariance is achieved by accurate calculation of
the induced first order electronic current density, performing a gauge transformation
for each point in space.

RESULTS AND DISCUSSION

The optimized geometry parameters for adamantane at the BLYP/6-
31G(d,p) level of theory, along with the experimental electron diffraction
data, are presented in Table I. As can be seen, the agreement between the-
ory and experiment is very good. Since structural data are not available for
2,4-methano-2,4-dehydroadamantane, the optimized BLYP/6-31G(d,p) para-
meters for this system are compared with the available data for �1.1.1�pro-
pellane (Table II). The agreement is again very good. The structures of ada-
mantane and 2,4-methano-2,4-dehydroadamantane, together with the ato-
mic numbering scheme for the second system, are shown in Figures 1 and 2
respectively.

It has been long recognized that accurate predictions of molecular geom-
etries are essential for reliable calculations of magnetic properties. Al-
though it is sometimes convenient to use the available experimental geome-
try, in order to have consistent results for both of the studied systems, we
relied on the DFT optimized geometries. Since the agreement with the
available experimental data is rather good, and further, it has been recog-
nized that the derivatives of the form (�s / �qi) (qi being a geometry parame-
ter) are rather small for both 13C and 1H shieldings,55 we regard the adopted
approach as fully appropriate.

The computed isotropic 13C and 1H chemical shifts (with respect to TMS)
for adamantane and 2,4-methano-2,4-dehydroadamantane, at both the
HF/6-311G(d,p) as well as at the density functional BLYP/6-311G(d,p) and
B3LYP/6-311G(d,p) levels of theory (employing both GIAO and CSGT meth-
ods for achievement of gauge independence) are presented in Tables III, V
and VII. On the other hand, in Tables IV, VI and VIII, the relative shift val-
ues with respect to the most deshielded atoms in the structures of adaman-
tane and 2,4-methano-2,4-dehydroadamantane are given. Since the IGAIM
values at the corresponding levels of theory yield essentially the same re-
sults as CSGT, only the latter are presented in Tables III–VIII. The follow-
ing conclusions can be straightforwardly derived on the basis of presented
data.
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On an absolute scale, the predicted isotropic 13C and 1H chemical shifts
for adamantane at the HF level of theory are in excellent agreement with
the experiment, the GIAO values being superior in the case of 13C shield-
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Figure 1. Adamantane.
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Figure 2. �3.1.1�propellane; Structure and atomic numbering.

TABLE I

The experimental52 and optimized (BLYP/6-31G(d,p)) geometry parameters
for adamantane

Parametersa Experimental BLYP/6-31G(d,p)

Distances

C(s)–C(t) 1.540(2) 1.5558

C(s)–H 1.112(4) 1.1052

C(t)–H 1.112(4) 1.1048

Angles

C(s)–C(t)–C(s) 109.8 (5) 109.35

C(t)–C(s)–C(t) 108.8(10)

C(s)–C(t)–H

C(t)–C(s)–H 110.08

H–C(s)–H 116.9(60) 106.77

a »s« and »t« denote a secondary and tertiary carbon atom, respectively.



ings, while the CSGT method performs slightly better in the case of the 1H
ones. The density functional levels of theory, even with a TZP quality basis
set are less reliable on an absolute scale. Similar conclusions are valid in
the case of 2,4-methano-2,4-dehydroadamantane, as well. Namely, except
for the inverted carbons and two of their nearest neighbors (atoms 1, 2, 4
and 9), the HF/6-311G(d,p) 13C isotropic shieldings agree excellently with
the experimentally measured ones. The CSGT algorithm yields a better
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TABLE II

The BLYP/6-31G(d,p) optimized geometry parameters for
2,4-methano-2,4-dehydroadamantane, together with the selected

experimental data for �1.1.1�propellane

Parameters Experimental BLYP/6-31G(d,p)

Distances

C(1)–C(2) – 1.5443

C(2)–C(3) – 1.5146

C(2)–C(4) 1.596 1.5993

C(2)–C(5) – 1.5232

C(5)–C(6) 1.525 1.5253

C(6)–C(7) – 1.5499

C(7)–C(11) – 1.5595

C(11)–C(1) – 1.5576

C(1)–C(10) – 1.5646

C(1)–H 1.106 1.1032

C(3)–Hax – 1.0987

C(3)–Heq – 1.0936

C(5)–H 1.106 1.1023

C(6)–H 1.106 1.1045

C(7)–H 1.106 1.1038

C(8)–Heq – 1.1042

C(8)–Hax – 1.1040

C(10)–Heq – 1.1016

C(10)–Hax – 1.1044

Angles

C(2)–C(3)–C(4) – 63.7

C(2)–C(5)–C(4) – 63.3

C(2)–C(5)–C(6) – 118.6

C(1)–C(10)–C(9) – 100.6

C(11)–C(7)–C(8) – 111.4
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TABLE III

Theoretical and experimental 13C and 1H isotropic chemical shifts (with respect
to TMS, all values in ppm) for adamantane (all calculations performed with the

6-311G(d,p) basis set)

Method C(t)a C(s)a

CSGT GIAO CSGT GIAO

BLYP 40.4 38.8 44.8 44.7

B3LYP 36.8 34.8 42.5 41.6

HF 27.6 26.8 34.5 33.6

Experimental 26.6 33.5

Method H(t)a H(s)a

CSGT GIAO CSGT GIAO

BLYP 1.6 1.8 1.8 1.9

B3LYP 1.5 1.7 1.7 1.8

HF 1.1 1.2 1.3 1.3

Experimental 1.1 1.2

a »s« and »t« denote a secondary and tertiary carbon or hydrogen atom, respectively.

TABLE IV

Theoretical and experimental diso(C(s)) – diso(C(t)) and diso(H(s)) – diso(H(t))
values (in ppm) for adamantane (all calculations performed with the 6-311G(d,p)

basis set)a

Method diso(C(s)) – diso(C(t))a

CSGT GIAO

BLYP 4.4 5.9

B3LYP 5.7 6.8

HF 6.9 6.8

Experimental 6.9

Method diso(H(s)) – diso(H(t))a

CSGT GIAO

BLYP 0.2 0.1

B3LYP 0.2 0.1

HF 0.2 0.1

Experimental 0.1

a »s« and »t« denote a secondary and tertiary carbon or hydrogen atom, respectively.



overall agreement with the experimental values than GIAO. It is worth not-
ing that the HF CSGT chemical shifts for the inverted carbons as well as
their nearest neighbors are in significantly better agreement with the ex-
periment than the HF GIAO values. The DFT methods perform significant-
ly better than the HF in the case of inverted carbons. Although inclusion of
the dynamical electron correlation may be certainly significant for these
centers, the good performances of DFT methods in such cases may be re-
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TABLE V

Theoretical (GIAO) 13C and 1H and experimental 13C isotropic chemical shifts
(with respect to TMS, all values in ppm) for 2,4-methano-2,4-dehydroadamantane

(all calculations performed with the 6-311G(d,p) basis set)

Atom Experiment HF BLYP B3LYP

C1 44.0 34.7 45.4 43.2

C2 24.2 18.0 31.9 29.7

C3 40.9 42.9 44.5 44.8

C4 24.2 18.0 31.9 29.7

C5 64.4 64.4 72.0 70.9

C6 30.8 30.5 37.8 36.1

C7 26.6 27.2 37.0 34.7

C8 34.2 33.6 41.6 39.7

C9 44.0 34.7 45.4 43.2

C10 50.1 48.5 56.5 55.1

C11 34.2 33.6 41.6 39.7

H(C1) – 2.0 2.5 2.4

Heq(C3) – 2.0 2.1 2.1

Hax(C3) – 1.1 1.0 1.1

H(C5) – 2.0 2.3 2.3

H'(C6) – 1.7 2.0 1.9

H''(C6) – 1.7 2.0 1.9

H(C7) – 1.4 1.8 1.7

Heq(C8) – 1.3 1.7 1.6

Hax(C8) – 1.2 1.6 1.5

H(C9) – 2.0 2.5 2.4

Heq(C10) – 2.0 2.6 2.5

Hax(C10) – 1.4 2.0 1.8

Heq(C11) – 1.3 1.7 1.6

Hax(C11) – 1.2 1.6 1.5



garded as fortious, i.e. as being due to cancellation of errors. It has been
firmly established that the currently available exchange and correlation
functionals are not a priori expected to yield accurate magnetic properties of
molecular systems. This is due to several reasons. First, the developed fun-
ctionals have been parametrized for calculation of energetic properties, and
are thus expected to perform best for calculations of such properties.34,39,40
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TABLE VI

Theoretical (GIAO) diso(C(5)) – diso(C(i)) and diso(Heq(10)) – diso(H(i)) and
experimental diso(C(5)) – diso(C(i)) values (in ppm) for 2,4-methano-2,4-

dehydroadamantane (all calculations performed with the 6-311G(d,p) basis set)

Atom Experiment HF BLYP B3LYP

C1 20.4 29.7 26.6 27.7

C2 40.2 46.4 40.1 41.2

C3 23.5 21.5 27.5 26.1

C4 40.2 46.4 40.1 41.2

C5 0.0 0.0 0.0 0.0

C6 33.6 33.9 34.2 34.8

C7 37.8 37.2 35.0 36.2

C8 30.2 30.8 30.4 31.2

C9 20.4 29.7 26.6 27.7

C10 14.3 15.9 15.5 15.8

C11 30.2 30.8 30.4 31.2

H(C1) – 0.0 0.1 0.1

Heq(C3) – 0.0 0.5 0.4

Hax(C3) – 0.9 1.6 1.4

H(C5) – 0.0 0.3 0.2

H'(C6) – 0.3 0.6 0.6

H''(C6) – 0.3 0.6 0.6

H(C7) – 0.6 0.8 0.8

Heq(C8) – 0.7 0.9 0.9

Hax(C8) – 0.8 1.0 1.0

H(C9) – 0.0 0.1 0.1

Heq(C10) – 0.0 0.0 0.0

Hax(C10) – 0.6 0.6 0.7

Heq(C11) – 0.7 0.9 0.9

Hax(C11) – 0.8 1.0 1.0



Further, due to the underestimation of the �a – �i energy differences (where
the subscript a refers to virtual orbitals, while i refers to occupied ones), the
DFT methods overestimate the paramagnetic shielding terms, leading to
»too deshielded« centers. Namely, the paramagnetic contribution to the
overall shielding tensor component within the DFT GGA approximation is
given by:34
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TABLE VII

Theoretical (CSGT (IGAIM)) 13C and 1H and experimental 13C isotropic
chemical shifts (with respect to TMS, all values in ppm) for 2,4-methano-2,4-

dehydroadamantane (all calculations performed with the 6-311G(d,p) basis set)

Atom Experiment HF BLYP B3LYP

C1 44.0 37.7 45.9 45.6

C2 24.2 21.5 31.7 31.9

C3 40.9 45.2 44.2 46.4

C4 24.2 21.5 31.7 31.9

C5 64.4 66.0 70.4 71.5

C6 30.8 32.2 37.3 37.4

C7 26.6 30.5 38.2 37.7

C8 34.2 35.6 41.4 41.4

C9 44.0 37.7 45.9 45.6

C10 50.1 50.2 56.0 56.5

C11 34.2 35.6 41.4 41.4

H(C1) – 2.1 2.1 2.2

Heq(C3) – 1.9 1.6 1.8

Hax(C3) – 1.1 0.6 0.8

H(C5) – 2.0 1.9 2.0

H'(C6) – 1.7 1.6 1.7

H''(C6) – 1.7 1.6 1.7

H(C7) – 1.5 1.5 1.6

Heq(C8) – 1.6 1.5 1.6

Hax(C8) – 1.5 1.4 1.5

H(C9) – 2.1 2.1 2.2

Heq(C10) – 2.1 2.2 2.3

Hax(C10) – 1.7 1.7 1.8

Heq(C11) – 1.6 1.5 1.6

Hax(C11) – 1.5 1.4 1.5
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where rX is the electron distance from nucleus X, l is the angular momen-
tum operator, while the Greek superscripts denote vector or tensor compo-
nents. As can be seen from Tables V and VII, the density functional calcula-
tions lead to exactly »too deshielded« centers if we compare the computed �
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TABLE VIII

Theoretical (CSGT (IGAIM)) diso(C(5)) – diso(C(i)) and diso(Heq(10)) – diso(H(i))
and experimental diso(C(5)) – diso(C(i)) values (in ppm) for 2,4-methano-2,4-

dehydroadamantane (all calculations performed with the 6-311G(d,p) basis set)

Atom Experiment HF BLYP B3LYP

C1 20.4 28.3 24.5 25.9

C2 40.2 44.4 38.7 39.6

C3 23.5 20.8 26.2 25.1

C4 40.2 44.4 38.7 39.6

C5 0.0 0.0 0.0 0.0

C6 33.6 33.8 33.1 34.1

C7 37.8 35.5 32.2 33.8

C8 30.2 30.4 29.0 30.1

C9 20.4 28.3 24.5 25.9

C10 14.3 15.8 14.4 15.0

C11 30.2 30.4 29.0 30.1

H(C1) – 0.0 0.1 0.1

Heq(C3) – 0.2 0.6 0.5

Hax(C3) – 1.0 1.6 1.5

H(C5) – 0.1 0.3 0.3

H'(C6) – 0.4 0.6 0.6

H''(C6) – 0.4 0.6 0.6

H(C7) – 0.6 0.7 0.7

Heq(C8) – 0.5 0.7 0.7

Hax(C8) – 0.6 0.8 0.8

H(C9) – 0.0 0.1 0.1

Heq(C10) – 0.0 0.0 0.0

Hax(C10) – 0.4 0.5 0.5

Heq(C11) – 0.5 0.7 0.7

Hax(C11) – 0.6 0.8 0.8



values with the experiment. From the physical viewpoint, the underestima-
tion of the �a – �i terms is due to the fact that the functionals that are cur-
rently in use for DFT calculations vanish too quickly to zero. This leads to
wrong Kohn-Sham solutions for the virtual states, as the exchange-correla-
tion functional has wrong behavior, being severely too shallow. Therefore,
any perturbation theoretic approach based on these solutions would lead to
erroneous predictions. In a very recent study, an attempt to overcome this
weak point of the GGA approximation was presented, based on the usage of
two novel functionals – HCTH, and its asymptotically corrected variant –
HCTH(AC).34 Another efficient algorithm for improvement of these results
is based on Malkin’s sum-over-states density functional perturbation theory
(SOS-DFPT) where level shift corrections are applied to the Kohn-Sham or-
bital energies.34 It is worth noting that the last approach leads to a substan-
tial improvement in the calculated magnetic properties. Regarding the me-
thod for achievement of gauge invariance, for the present case, at the BLYP
level, the CSGT algorithm is slightly superior to GIAO. On the other hand,
at the hybrid B3LYP level, GIAO is found to be slightly superior.

In order to further test the performances of the employed methodologies
with respect to both inclusion of dynamical electron correlation effects and
the way of achieving gauge independence, we have tabulated the relative
isotropic shifts (with respect to the most deshielded centers within the stud-
ied molecules) and compared these values with the experimental ones. Con-
trary to the previous discussion, the DFT results were found to be superior
to the HF ones in the present case. The performances of pure (BLYP) and
hybrid (B3LYP) DFT methods with respect to prediction of the relative
shieldings within the molecule are rather close, as can be seen from the root
mean square values of the deviations from experimental data (Table IX).
This conclusion is a rather important one, since it implies that the density
functional description of the magnetic properties of centers within a mole-
cule (on a relative scale) is superior to the HF SCF. Such findings may be
probably attributed to the fact that the errors arising form the inappropri-
ate description of virtual states within the Kohn-Sham approach cancel
when the computed values are referred to a particular center within the
same molecule, instead of to an external standard, such as TMS.

Regardless of the level of theory employed, the calculated CSGT relative
shift values (with respect to the most deshielded center within the molecule)
for 2,4-methano-2,4-dehydroadamantane were found to correlate better with
the experimental values, compared to the GIAO ones. However, the DFT
values correlate better with the experimental ones than the corresponding
HF ones. The plots of the computed (at HF and DFT levels, with the CSGT
method) vs. the experimental 13C relative shifts are shown in Figure 3. The pa-
rameters obtained by linear regression analyses are summarized in Table X.
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CONCLUSIONS

Theoretical 13C and 1H chemical shift values (with respect to TMS) and
the relative shifts (with respect to the most deshielded center in the mole-
cule) are reported for adamantane and 2,4-methano-2,4-dehydroadamanta-
ne. The mentioned parameters were computed at HF, BLYP and B3LYP/6-
311G(d,p) levels of theory, for the BLYP/6-31G(d,p) optimized geometries.
The CSGT, IGAIM and GIAO algorithms for achievement of gauge invarian-
ce were employed. Except for the inverted carbon atoms, the computed che-
mical shifts (with respect to TMS) at the HF level of theory are in signifi-
cantly better agreement with the experiment (the CSGT method being
superior to GIAO), while the DFT values are systematically too deshielded.
The last finding may be attributed to the inappropriate description of para-
magnetic contribution to the shielding tensor within the Kohn-Sham ap-
proach. On the contrary, the relative shielding values (with respect to the
most deshielded center within the molecule) computed at DFT levels are su-
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TABLE IX

The RMS deviations of the computed absolute and relative shifts
(at various theoretical levels) from the experimental data

Method HF BLYP B3LYP

GIAO Absolute 4.839 6.748 5.209

Relative 4.839 3.054 3.352

CSGT Absolute 3.518 6.619 6.847

Relative 3.999 2.695 2.706

TABLE X

The parameters of correlation equations of the form: ��iso(C(5)) – �iso(C(i))�theor. =
a + b 	��iso(C(5)) – �iso(C(i))�exp. together with the r2 values

Method a b r2

GIAO HF 2.08 1.03 0.9063

BLYP 3.68 0.91 0.9481

B3LYP 3.57 0.94 0.9483

CSGT HF 2.17 0.99 0.9176

BLYP 3.03 0.88 0.9522

B3LYP 3.18 0.91 0.9532
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Figure 3. Plots of the computed vs. experimental 13C relative shifts, at the HF and
the two DFT levels, with the CSGT method.



perior to the HF ones. It thus seems that, although inferior to both HF and
other correlated methods on an absolute scale, DFT methods may be suc-
cessfully applied when the relative shieldings within the molecular system
are of interest. The CSGT relative shift values correlate better with the ex-
perimental ones than the GIAO ones, regardless of the level of theory. For a
given algorithm for achievement of gauge invariance, the correlations are
significantly better at the DFT than at the HF level of theory. The proposed
approach can be potentially useful in an extended way to predict the chemi-
cal shifts of the highly anharmonic systems, such as hydrogen-bonded ones.
However, such systems require averaging over the nuclear wavefunction.

REFERENCES

1. G. A. Olah, T. Shamma, A. Burrichter, G. Rasul, and G. K. S. Prakash, J. Am.

Chem. Soc. 119 (1997) 12923–12928.
2. K. B. Wiberg and N. McMurdie, J. Am. Chem. Soc. 116 (1994) 11990–11998.
3. J. F. Haw, J. B. Nicholas, T. Xu, L. W. Beck, and D. B. Ferguson, Acc. Chem. Res.

29 (1996) 259–267.
4. A. C. de Dios, J. G. Pearson, and E. Oldfield, Science 260 (1993) 1491–1496.
5. C. E. Dykstra, Quantum Chemistry & Molecular Spectroscopy, Prentice Hall, New

Jersey, 1992, pp. 336–347.
6. J. R. Cheeseman, G. W. Trucks, T. A. Keith, and M. J. Frisch, J. Chem. Phys. 104

(1996) 5497–5509.
7. G. A. Webb, in: J. A. Tossell (Ed.), Nuclear Magnetic Shieldings and Molecular

Structure, Kluwer Publishers, Netherlands, 1993, pp. 1–25.
8. R. Ditchfield, Mol. Phys. 27 (1974) 789–807.
9. K. Wolinski, J. F. Hinton, and P. Pulay, J. Am. Chem. Soc. 112 (1990) 8251–8260.

10. P. Pulay, J. F. Hinton, and K. Wolinski, in: J. A. Tossell (Ed.), Nuclear Magnetic

Shieldings and Molecular Structure, Kluwer Publishers, Netherlands, 1993, pp.
243–262.

11. T. A. Keith and R. F. W. Bader, Chem. Phys. Lett. 194 (1992) 1–8.
12. T. A. Keith and R. F. W. Bader, Chem. Phys. Lett. 210 (1993) 223–231.
13. T. A. Keith and R. F. W. Bader, J. Chem. Phys. 99 (1993) 3669–3682.
14. P. R. Rablen, S. A. Pearlman, and J. Finkibiner, J. Phys. Chem. A103 (1999)

7357–7363.
15. D. Sitkoff and D. A. Case, J. Am. Chem. Soc. 119 (1997) 12262–12273.
16. G. A. Olah, A. Burrichter, G. Rasul, K. O. Christe, and G. K. Surya Prakash, J.

Am. Chem. Soc. 119 (1997) 4345–4352.
17. J. F. Hinton, P. L. Guthrie, P. Pulay, K. Wolinski, and G. Fogarasi, J. Magn. Reson.

96 (1992) 154–158.
18. C. McMichael Rohlfing, L. C. Allen, and R. Ditchfield, J. Chem. Phys. 79 (1983)

4958–4966.
19. M. Schindler, J. Am. Chem. Soc. 109 (1987) 1020–1033.
20. W. Kutzelnigg, Ch. van Wullen, U. Fleischer, R. Franke, and T. v. Mourik, in: J. A.

Tossell (Ed.), Nuclear Magnetic Shieldings and Molecular Structure, Kluwer Pub-
lishers, Netherlands, 1993, pp. 141–161.

COMPUTATIONAL STUDIES OF THE 13C AND 1H NMR ISOTROPIC CHEMICAL SHIFTS 1073



21. A. E. Hansen and T. D. Bouman, in: J. A. Tossell (Ed.), Nuclear Magnetic Shield-

ings and Molecular Structure, Kluwer Publishers, Netherlands, 1993, pp. 117–
140.

22. W. Kutzelnigg, Isr. J. Chem. 19 (1980) 193–200.
23. P. von Rague Schleyer, J. W. de M. Carneiro, W. Koch, and D. A. Forsyth, J. Am.

Chem. Soc. 113 (1991) 3990–3992.
24. C. J. Jameson and A. C. de Rios, in: J. A. Tossell (Ed.), Nuclear Magnetic Shield-

ings and Molecular Structure, Kluwer Publishers, Netherlands, 1993, pp. 95–116.
25. C. J. Jameson and A. C. de Rios, J. Chem. Phys. 97 (1992) 417–434.
26. K. L. Bak, A. E. Hansen, and P. J. Stephens, J. Phys. Chem. 99 (1995) 17359–

17363.
27. H. Fukui, T. Baba, H. Matsuda, and K. Miura, J. Chem. Phys. 100 (1994) 6608–

6613.
28. J. A. Tossell, Chem. Phys. Lett. 303 (1999) 435–440.
29. P. Cmoch, J. W. Wiench, L. Stefaniak, and G. A. Webb, Spectrochim. Acta A55

(1999) 2207–2214.
30. A. M. Orendt, J. C. Facelli, and D. M. Grant, Chem. Phys. Lett. 302 (1999) 499–

504.
31. J. A. Kintop, W. V. M. Machado, M. Franco, and H. E. Toma, Chem. Phys. Lett. 309

(1999) 90–94.
32. V. Galasso, Chem. Phys. 241 (1999) 247–255.
33. M. Pecul and J. Sadlej, Chem. Phys. 234 (1998) 111–119.
34. P. J. Wilson, R. D. Amos, and N. C. Handy, Mol. Phys. 97 (1999) 757–768.
35. J. Gauss, J. Chem. Phys. 99 (1993) 3629–3643.
36. P. Astrand and K. V. Mikhelsen, J. Chem. Phys. 104 (1996) 648–653.
37. Ch. van Wullen and W. Kutzelnigg, J. Chem. Phys. 104 (1996) 2330–2340.
38. S. A. Perera, M. Nooijen, and R. J. Bartlett, J. Chem. Phys. 104 (1996) 3290–3305.
39. R. G. Parr and W. Yang, Density Functional Theory of Atoms and Molecules, Ox-

ford University Press, Oxford, 1989.
40. J. M. Seminario, An Introduction to Density Functional Theory in Chemistry, in: J.

M. Seminario and P. Politzer (Eds.), Modern Density Functional Theory, Elsevier
Science B. V., 1995, pp. 1–27.

41. P. Hohenberg and W. Kohn, Phys. Rev B136 (1964) 864–871.
42. W. Kohn and L. J. Sham, Phys. Rev A140 (1965) 1133–1138.
43. A. D. Becke, Phys. Rev. A38 (1988) 3098–3100.
44. S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58 (1980) 1200–1211.
45. C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B37 (1988) 785–789.
46. J. P. Perdew, Phys. Rev. B33 (1986) 8822–8824.
47. J. P. Perdew and Y. Wang, Phys. Rev. B45 (1992) 13244–13246.
48. A. D. Becke, J. Chem. Phys. 98 (1993) 5648–5652.
49. A. P. Scott and L. Radom, J. Phys. Chem. 100 (1996) 16502–16513.
50. Lj. Pejov, V. Stefov, and B. [optrajanov, Vibr. Spectrosc. 19 (1999) 435–439.
51. A. D. Esposti and F. Zerbetto, J. Phys. Chem. A101 (1997) 7283–7291.
52. L. Bistri~i}, G. Baranovi}, D. [afar-Cvita{, and K. Mlinari}-Majerski, J. Phys.

Chem. A101 (1997) 941–952.
53. Z. Majerski, K. Mlinari}-Majerski, and Z. Mei}, Tetrahedron Lett. 21 (1980) 4117–

4118.
54. H. B. Schlegel, J. Comp. Chem. 3 (1982) 214–218.
55. A. K. Jameson and C. J. Jameson, Chem. Phys. Lett. 134 (1987) 461–466.

1074 D. VIKI]-TOPI] AND LJ. PEJOV



SA@ETAK

Prora~un 13C i 1H NMR izotropnih kemijskih pomaka za geometrije
optimizirane metodama DFT. Adamantan i 2,4-metano-2,4-
dehidroadamantan (�3.1.1�propelan) kao modelni sustavi

Dra`en Viki}-Topi} i Ljup~o Pejov

Vrijednosti 13C i 1H kemijskih pomaka izra~unane su s HF, BLYP i B3LYP/6-31G(d,p)
metodama, za BLYP/6-31G(d,p) optimizirane geometrije adamantana i 2,4-metano-
2,4-dehidroadamantana, tj. �3.1.1�propelana, te uspore|ene s eksperimentalnim podaci-
ma. Za sve atome, osim za invertirane atome ugljika, izra~unane vrijednosti izotrop-
nih kemijskih pomaka, u odnosu na TMS, bolje su kada se koristi metoda HF nego
metoda DFT. Kada se ra~unaju relativni kemijski pomaci, prema najodsjenjenijem
centru u molekuli, metode DFT daju znatno bolje slaganje s eksperimentalnim po-
dacima nego metoda HF. Najvjerojatniji razlog tome je poni{tavanje pogre{aka, koje
proizlaze zbog neodgovaraju}eg udjela paramagnetnog doprinosa ukupnom tenzoru
zasjenjenja u teorijskom pristupu Kohn-Sham, u slu~aju kada se koristi standard
unutar molekule. Relativni pomaci izra~unani CSGT pristupom bolje koreliraju s
eksperimentalnim podacima nego oni prora~unani GIAO pristupom, pri ~emu je sla-
ganje s eksperimentom bitno bolje za metode DFT nego za metodu HF.
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