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We have theoretically analyzed the nuclear quantum effect
on the nuclear magnetic shielding (�) and molecular magnetic
susceptibility (�) of H3O2

� and N2H7
þ systems with a new im-

plementation combined with the multicomponent density func-
tional theory and the gauge-including atomic orbital or continu-
ous set of gauge transformation techniques. Our method easily
reproduces the ‘‘deshielding’’ effect of � on hydrogen atoms
and clearly indicates the existence of the H/D isotope effect
on � in H3O2

� and N2H7
þ systems.

The methods for the theoretical prediction of the nuclear
magnetic resonance (NMR) parameters of molecules have be-
came useful quantum chemical tools to interpret experimental
data.1 The experimental NMR spectra in combination with the-
oretical calculation lead to reliable structural assignments of the
system.2 For a given molecular geometry, the magnetic shielding
tensor (�) on the hydrogen, carbon, nitrogen atoms, etc. can be
evaluated by ab initio calculations with the gauge-including
atomic orbital (GIAO)3 or the continuous set of gauge transfor-
mation (CSGT)4 techniques. In the accurate theoretical predic-
tion of �, it is indispensable to take account of not only the elec-
tron correlation but also the nuclear quantum fluctuation, be-
cause the influence of the nuclear fluctuation on � is as large
as that of the electron correlation.5–9 Most of the methods to an-
alyze the influence of the nuclear fluctuation, such as the vibra-
tional or rovibrational corrections6–8 and the path integral Monte
Carlo (PIMC) method,9 are based on the potential energy surface
(PES) with the Born–Oppenheimer (BO) approximation. Al-
though these theoretical approaches allow us to evaluate the
more reliable absolute magnetic shielding, the nuclear quantum
effect on the molecular magnetic properties has not been dis-
cussed by the ab initio molecular theory without the BO approx-
imation.

In this study, we focus on the theoretical analysis of the nu-
clear quantum effect on the magnetic properties, such as the ab-
solute magnetic shielding and magnetic susceptibility (�), based
on the multicomponent density functional theory (MC DFT)10

combined with the GIAO and CSGT techniques. In the
MC DFT, the Kohn–Sham orbitals of quantum nuclei are ob-
tained in a similar fashion to the conventional density functional
theory, with the electronic and nuclear orbitals being calculated
on an equal footing. Our scheme is demonstrated for the low bar-
rier hydrogen-bonded systems of H3O2

� and N2H7
þ.

The MC DFT is described in detail in the literature.10 In our
implementation, the � and � are evaluated only with the elec-
tronic part of Kohn–Sham orbitals obtained by MC DFT in order
to analyze the magnetic properties arising only from electrons. In
the GIAO method in which the � is represented as the ‘‘mixed’’
second derivative of the energy with respect to the external mag-
netic field and the nuclear magnetic moment, we neglected the

energy components from quantum nuclei. In the CSGT method,
we also evaluated � and � by the induced first-order current den-
sity arising only from electrons. We have implemented these
schemes to Gaussian 03.11

We use the hybrid exchange-correlation functional of
B1LYP which gives a reasonable potential barrier height with
respect to the hydrogen-bonded proton (denoted by H�) transfer
between X–H����X and X���H�–X structures (X ¼ O and N),
compared to the accurate calculations. The barrier heights
of H3O2

� with B1LYP/aug-cc-pVDZ and CCSD(T)/aug-cc-
pVTZ are 0.72 and 0.88 kJmol�1, respectively, and those
of N2H7

þ with B1LYP/aug-cc-pVDZ and CCSD(T)/6-
311++G** are 2.73 and 4.04 kJmol�1, respectively. In the
MC DFT calculation, the aug-cc-pVDZ and [1s1p1d] GTFs
were employed as the basis sets of electrons and quantum pro-
tons (deuterons), respectively, to obtain the optimized geome-
tries of H3O2

� and N2H7
þ systems. We used the optimized

GTF exponents of quantum proton (deuteron) in the Hartree–
Fock level.12 In the optimization procedures the electronic basis
centers were fixed on the optimized basis centers of quantum
protons (deuterons). The magnetic shielding tensor (�) and the
magnetic susceptibility (�) for H3O2

� and N2H7
þ were evaluat-

ed by the MC DFT with GIAO and CSGT techniques at each op-
timized geometry with B3LYP and two basis sets (EPR-III, and
aug-cc-pVTZ).

Figure 1a shows the optimized bond lengths of H3O2
� with

quantum protons (qmH), deuterons (qmD), and classical nuclei
(cl). In the case with classical nuclei, the asymmetric
O–H����O or O���H�–O structure becomes the most stable, be-

Figure 1. The schematic illustration and optimized bond
lengths (Å) of H3O2

� and N2H7
þ species. The bond lengths in

the systems with quantum protons, quantum deuterons, and clas-
sical nuclei are denoted as qmH, qmD, and cl, respectively.
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cause the H� atom in H3O2
� has the double-well potential along

the proton-transfer coordinate. On the other hand, in the case of
H3O2

� with quantum protons (deuterons), the effective PES with
respect to the H�(D�) coordinate changes to the single well, so
that the H�(D�) is located at the central position of two oxygen
atoms as O���H�(D�)���Owhich corresponds to the transition state
by the conventional DFT methods. These results clearly show
that H*(D*) is able to pass over the potential barrier height due
to the zero-point vibration energy (ZPE). Actually the harmonic
ZPE of H3O2

� with classical protons (82.4 kJmol�1) is consider-
ably greater than the barrier height. In addition, we found the
geometric isotope effect in the OO distance (ROO); that is, H3O2

�

has the slightly longer ROO compared to the case of D3O2
�.

Similar results were also reported by the ab initio path-integral
simulation13 and quantum Monte Carlo calculation.14

Figure 1b also shows the optimal structure of N2H7
þ spe-

cies, where the H� atom in N2H7
þ are known to have a dou-

ble-well potential along the proton-transfer coordinate. In the
case with quantum protons, the symmetric N���H����N structure
becomes the most stable, because of the single-well shape of
the effective PES. On the other hand, the optimal structure of
the D-species is the asymmetric structure of N–D����N or
N���D�–N as well as the N2H7

þ with classical nuclei, because
the ZPE of deuteron is smaller than that of proton. Similar geo-
metric isotope effect (GIE) was also reported by the ab initio
path-integral simulation.15

Table 1 shows the absolute isotropic magnetic shielding
( ~�� ¼ 1=3Tr½��) on each hydrogen atom obtained by the GIAO
method and the absolute isotropic magnetic susceptibility
( ~�� ¼ 1=3Tr½��) of each species by the CSGT method. In the
H3O2

� with classical nuclei, we found three different values
of ~�� on hydrogen atoms, because all hydrogen atoms take the
nonequivalent electronic environment due to the asymmetric
structure of H3O2

�. In the case with quantum protons or deuter-
ons, since the electronic environment of outer hydrogen atoms is
equivalent to each other due to the symmetric form of H3O2

�,
two different ~��’s on outer hydrogen atoms become identical.
We have also found large differences (3.6–3.8 ppm) between
~��’s on H� atoms ( ~��H*) in H3O2

� with classical and quantum
protons, which reflects difference in each optimal nuclear and
electronic structures. In addition, the slight shift of ~�� between

H3O2
� with quantum protons and deuterons (0.3–0.4 ppm)

clearly indicates the existence of the ‘‘deshielding’’ effect arising
from the spatial delocalization from the deuteron to proton. Such
deshielding effect is also indicated for other molecules by the
Hartree–Fock calculation of MC MO,16 zero-point vibrational
correction,8 and the PIMC simulation.9 Furthermore, we found
that the ~�� of H-species is greater than that of D-species. This dif-
ference clearly indicates the H/D isotope effect in the absolute
isotropic magnetic susceptibility. It is thought that the relatively
weak attraction between electrons and protons occurs the en-
hancement of ~��, because the weakly bound electrons by nuclei
are more easily perturbed by the external magnetic field.

In the N2H7
þ we found two different values of ~�� on outer

hydrogen atoms even in the D-species, because only quantum
H-species takes the symmetric structure. We also found large
differences (3.1–6.1 ppm) between ~��H*’s in N2H7

þ with classi-
cal and quantum protons, which reflects differences in each op-
timal nuclear and electronic structures. The relatively large shift
of ~��H* in quantum H- and D-species (1.9–2.3 ppm) compared to
the case of H3O2

� and the enhancement of ~�� between the quan-
tum H- and D-species arise from both the GIE and magnetic iso-
tope effect.
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8 K. Ruud, P. Åstrand, P. R. Taylor, J. Chem. Phys. 2000, 112,

2668.
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Table 1. The absolute isotropic magnetic shielding ( ~�� in ppm)
on each hydrogen atom and the absolute isotropic magnetic sus-
ceptibility ( ~�� in cgs-ppm) of H3O2

� and N2H7
þ

~��H* ~��H ~��

H3O2
� EPR-III qmH 11.41 33.97 �30:92

qmD 11.80 34.37 �30:75
cl 15.26 33.99/35.30 �30:64

aug-cc-pVTZ qmH 11.32 34.21 �30:89
qmD 11.67 34.52 �30:69
cl 14.95 33.75/35.09 �30:60

N2H7
þ EPR-III qmH 7.05 28.17 �30:10

qmD 9.32 28.08/29.21 �29:93
cl 13.10 28.17/29.95 �29:35

aug-cc-pVTZ qmH 9.74 27.54 �30:70
qmD 11.60 27.69/28.62 �30:51
cl 12.82 28.03/29.80 �29:90
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