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a b s t r a c t

A simple, practical method for treating the proton tunneling in 2-nitromalonaldehyde (NO2MA) was used.
A two-dimensional potential energy surface (PES) function, which couples OH stretching and in-plane
bending modes, has been constructed for motions of the hydrogen atom by the aid of quantum mechan-
ical calculations at the MP2/6-31G** level for a fixed skeleton geometry. This PES function was used to
calculate energy levels, from which a tunneling splitting of 34.5 and 3.2 cm�1 was obtained for light
and deuterated NO2MA, respectively, in excellent agreement with the experimental value of
35.0 ± 15.0 and 3.0 ± 0.02 cm�1, respectively. The double-well barrier height was predicted to be
46.4 kJ/mol with respect to the midpoint between the two adjacent minima of the hydrogen motions
on the PES. The hydrogen-bond strength was estimated to be over 50 kJ/mol.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

For a long time, hydrogen bond and proton transfer have been
used to explain diverse chemical, biological, and physical phenom-
ena [1–4]; yet, important questions regarding their origin and
manifestation continue to emerge. Proton transfer reactions and
hydrogen bonds are ubiquitous and of fundamental importance
to many chemical and most biological systems, where proton
transfer inter-converts different structures of possible tautomers
of a molecule.

To treat proton tunneling in bent hydrogen-bonded systems, we
have developed a simple method, in which a two-dimensional po-
tential energy surface (PES) function was able to describe the mo-
tion of the hydrogen atom successfully [5,6]. Based on quantum
mechanical calculations, this PES function was designed to couple
O�H stretching and in-plane bending modes of the hydrogen-bond
proton potential in the malonaldehyde (MA) [5] and 6-hydroxy-2-
formylfulvene (HFF) [6] systems.

To further test its effectiveness, we now apply this simple meth-
od to study the proton potential function in 2-nitromalonaldehyde
(NO2MA), a b-dicarbonyl compound prominently in the cis-enol
form (Fig. 1), whose structure and vibrational spectra of NO2MA
were recently discussed [7]. Using a coupled Hamiltonian for the
ll rights reserved.
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two lowest states of the deuterated NO2MA, Caminati was able
to determine the energy separation between these two states
(DE01) to be 3.00 ± 0.02 cm�1, whereas the counterpart was found
to be nearly a dozen times bigger (35.0 ± 15.0 cm�1) for the undeu-
terated NO2MA based on relative intensity measurements [8].
Judging from the corresponding values for the undeuterated and
deuterated malonaldehyde (21.5 and 2.88 cm�1, respectively), we
also expect a tunneling frequency slightly above 21.5 cm�1 for
the normal (undeuterated) NO2MA.

In the following, we will assess the performance of our simple
method in predicting the proton tunneling, O�H/O�D stretching
and in-plane bending frequencies for NO2MA.
2. Computational procedure

All ab initio calculations in this work were performed using the
Gaussian 03W [9] and DBMIN2 [10] programs. The structure of
NO2MA was fully optimized at the MP2 level using the 6-31G** ba-
sis set and at the B3LYP level using the 6-31G**, 6-311G**, and 6-
311++G** basis sets. To compare the hydrogen-bond strength in
NO2MA with that in MA, the open structures with 180� rotation
of the O�H bond (Fig. 1b) of both molecules were also fully opti-
mized at the B3LYP level using the aforementioned basis sets.

To explore two-dimensional proton tunneling, we varied the
O�H distance in NO2MA from 0.8 Å to the midpoint between the
two minima and the COH angle from 90� to 120�, and calculated
the energies at the MP2/6-31G** and MP4/6-31G** levels by fixing
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Fig. 1. Schematic representation of NO2MA in (a) the cis-enol, (b) the trans-enol,
and (c) the C2v forms.
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all other parameters at their optimized equilibrium values ob-
tained at MP2/6-31G**. The potential energy surfaces obtained at
these levels were fitted nonlinearly to the following two-dimen-
sional anharmonic potential function:

V ¼ 1=2½KsX
2 þ KssX

4 þ KbY2 þ KssbX2Y� ð1Þ

using the Genplot package [11], where Ks and Kss represent the qua-
dratic and quartic force constants in the X (stretching) direction,
respectively, Kb represents the quadratic force constant in the Y
(bending) direction, and Kssb represents the interaction between
the stretching and bending modes. Inclusion of other terms, such
as X6, Y3, X2Y2, and X2Y3, did not improve the fitting and thus they
were not used.

To benchmark the barrier height calculated from Eq. (1) against
that on the potential energy surface with full relaxed geometries,
the energy of the C2v transition state (Fig. 1c), in which the proton
is in the midway of the two O atoms, was also computed. The en-
ergy difference between this C2v structure and the energy minimal
position (Fig. 1a) is denoted as EBH, referring to the barrier height
obtained from fully relaxed potential energy surface.

2.1. Hamiltonian

The above symmetric double minimum potential function, Eq.
(1), was then introduced into a Hamiltonian for a bent triatomic
system,

Ĥ ¼ 1=2 KslQ2
s þ Kssl2Q 4

s þ KblQ 2
b þ Kssbl1:5Q 2

s Q b þ P2
s þ P2

b

h i
;

ð2Þ
where Qs and Qb are mass weighted coordinates in the stretching (X)
and bending (Y) directions, respectively, l is the reduced mass of
the system (simply the O�H/O�D group), and Ps and Pb are the cor-
responding momenta. It is noteworthy that our values for l are the
same as those used by Bevan [12] (0.94809 and 1.78885 a.u. for
O�H and O�D, respectively). Moreover, our l values are not very
different from those calculated by Matanović and Došlić [13]:
0.928 a.u. at the equilibrium geometry and slightly different,
0.932 a.u., at the saddle point for the undeuterated acetylacetone.
Taking the suggestions of Ibres [14] and by Singh and Wood [15],
we did not incorporate possible interaction with the O� � �O stretch-
ing in the above Hamiltonian, Eq. (2). The accuracy of the computa-
tional results presented below will justify this simplified approach.

The corresponding wave function could be expressed in terms
of binary products of the orthonormal harmonic oscillator wave
functions:

wr ¼
X

i

X
j

ar
ijUiðQ sÞUjðQbÞ: ð3Þ

where ar
ij

n o
are the wave function expansion coefficients and

the upper limits of the summation indexes i = 0, 1, 2, . . . , Ns

and j = 0, 1, 2, . . . , Nb, respectively. Substituting Eq. (3) into the
Schrödinger equation Ĥwr ¼ Ewr , multiplying both sides by
U�kðQsÞU�l ðQbÞ, and integrating over Qs and Qb, we have
X
i

X
j

ar
ijHkl;ij ¼ Er

rakl
; ð4Þ

where,

Hkl;i;j ¼
Z þ1

�1
U�kðQ sÞU�l ðQbÞĤUiðQsÞUjðQ bÞdQsdQb ¼ hk; ljĤji; ji

Rearrangement of Eq. (4) gives
X

i

X
j

ar
ijðHkl;ij � Erdkl;ijÞ ¼ 0 ð5Þ

where i,k = 0, 1, 2,. . ., Ns and j,l = 0, 1, 2,. . ., Nb.
The non-trivial solution of Eq. (5) are obtained from setting the

secular determinant |Hkl,ij � Erdkl,ij| to zero.
The matrix elements Hkl,ij are readily obtained as algebraic

expressions involving i,j,k,l and the potential parameters from
existing tables in Ref. [16]. For the symmetric case, half of the
eigenvalues, designated as |�i+, have symmetric eigenfunctions
about the Qs = 0 axis, whereas the other half, designated as |�i�,
are antisymmetric about this axis. The |�i+ eigenvalues were com-
puted using even values of i,k and |�i� eigenvalues using odd val-
ues of i,k. Since, there is no symmetry about the Qb = 0 axis, all
allowed values of j,l were used. The main 30 � 20 matrix (Ns = 29
and Nb = 19) was diagonalized utilizing Microsoft FORTRAN Power
Station V.1.

2.2. Test of convergence

Before interpreting the results, it is necessary to establish the
reliability of the calculated quantities. In other words, we want
to see that our results are fully converged with respect to the selec-
tion of harmonic force constants in the X and Y directions, the ori-
gin of the wave function expansion, and the size of the matrix.

Dependence of the energy levels on the harmonic basis set was
examined and the results were invariant over a wide range of val-
ues chosen for the harmonic force constants and any particular
number in that range was suitable for our study. Thus, a value of
300 N/m was employed for the harmonic stretching force constant
(Ks) along the Qs coordinate, and a value of 208 N/m was chosen for
the harmonic bending force constant (Kb) along the Qb coordinate.

Calculations also showed that the eigenvalues were indepen-
dent of the choice of the origin of expansion located in large re-
gions in the X and Y directions. Therefore, the origin of expansion
was kept on the origin of the coordinate system.

With these choices for the harmonic force constants and the ori-
gin of expansion, the size effect of the matrix on the energy levels
was then examined. After testing the convergence of energy levels
on varying the number of basis functions in the Qs and Qb direc-
tions, we found that a 30 � 20 matrix (with Ns = 29 and Nb = 19)
was big enough for the convergence of the lower energy levels per-
tinent to our subsequent discussions. Hence, this size of the matrix,
30 � 20 (with Ns = 29 and Nb = 19), was utilized for all calculations.
3. Results and discussion

3.1. Geometrical structure

All possible molecular structures of NO2MA have been deter-
mined by Buemi and Zuccarello [17] at the B3LYP/6-311++G** le-
vel. We only considered the most stable cis-enol structure
(Fig. 1a), the open trans-enol structure (Fig. 1b), and for compari-
son, the C2v transition-state structure (Fig. 1c). The planarity of
the molecule was verified by the microwave experimental data
[8]. Detailed geometrical parameters of the cis-enol form of NO2MA
were already discussed before [7].
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The calculated geometrical parameters of the hydrogen-bond
systems along with the energy differences between the closed
and open structures (Ect) and the potential barrier heights from
the lowest energy minima to the transition states of NO2MA and
MA (EBH) are listed in Table 1. In addition, Table 1 also shows the
calculated distance between the hydrogen-bond minima on the
potential energy surface, DX, which is a very important parameter
in proton tunneling and proton-transfer barrier height.

The data given in Table 1 indicate that substitution of the nitro
group of NO2MA by an a-hydrogen (i.e., going from NO2MA to MA)
elongates the O� � �O and H� � �O distances, shortens the O�H dis-
tance, increases the barrier height for proton transfer (EBH), and
thus decreases the hydrogen-bond strength. Among all calcula-
tions at the B3LYP level, the hydrogen-bond parameters obtained
with the 6-311++G** basis set, such as the O� � �O and O�H dis-
tances and DX, are in the best agreement with those obtained at
the MP2/6-31G** level. Increasing the size of the basis sets used
with B3LYP shifts the structural parameters towards those ob-
tained at the MP2/6-31G** level. Refining the level of theory from
MP2 to MP4 does not change the energy-related data (e.g., Ect and
EBH) much.

Moreover, we can further conclude that the hydrogen-bond sys-
tem in NO2MA deviates more from linearity compared with HFF,
whose hydrogen-bond angle is quite close to a linear system
(168.8–170.48�) [6]. This explains the higher barrier height for pro-
ton tunneling in NO2MA than in HFF.
3.2. Potential surface of NO2MA

Table 2 summarizes the |0,0i+ ? |m,ni± transition frequencies
calculated at the MP2/6-31G** and MP4/6-31G** levels. Here, m
and n indicate the number of nodal lines of the wave functions
along the stretching and bending directions, respectively. These re-
sults were obtained for a potential-energy cutoff of 2500 cm�1,
which is close to the ground-state energy with thermal correction
at room temperature. This potential-energy cutoff was imposed on
the potential energy of the hydrogen-atom motion. In other words,
Table 1
Comparison of hydrogen-bond geometrical parameters of NO2MA and MA (numbers in pa

Theory O� � �Oa O�Ha H� � �Oa

MP2/6-G** 2.577 (2.591) 0.999 (0.995) 1.679 (1.695)
MP4/6-1G**f 2.577 (2.591) 0.999 (0.995) 1.679 (1.695)
B3LYP/6-1G** 2.533 (2.553) 1.015 (1.008) 1.612 (1.640)
B3LYP/6-1G* 2.570 (2.590) 1.011 (1.005) 1.665 (1.690)
B3LYP/6-11G** 2.557 (2.581) 1.004 (0.998) 1.657 (1.687)
B3LYP/6-11++G** 2.559 (2.587) 1.004 (0.997) 1.664 (1.700)
Experiment [16] (2.553) (0.969) (1.680)

a Atomic distance (in Å).
b Bond angle (in �).
c Energy difference (in kJ/mol) between the closed cis-enol and the open trans-enol fo
d Potential barrier height (in kJ/mol) from the lowest energy minimum (the closed cis
e Distance (in Å) between the two hydrogen-bond minima.
f MP4/6-1G** calculations were based on the MP2/6-1G** optimized geometries.

Table 2
Theoretical and experimental transition frequencies (in cm�1) for undeuterated and deute

|0,0i+ ? |0,0i� |0,0i�? |0,1i+ |0,0i+ ? |0,1i�

MP2 35.5, 3.4 1114, 930 1399, 978
MP4b 33.5, 3.1 1092, 913 1371, 959
Exp. 35 ± 15,c 3.00 ± 0.02c 1382,d 977.5d,e

a In each column, first and second numbers are undeuterated and deuterated data, re
b MP4/6-1G** calculations were based on the MP2/6-1G** optimized geometries.
c From Ref. [8].
d From Ref. [7].
e Averaged dOD frequency.
the amplitude of the hydrogen-atom motion at the ground state
was restricted according to the potential-energy cutoff.

When the potential energy up to 2500 cm�1 was included in the
two-dimensional nonlinear fit for calculating the potential param-
eters of Eq. (1), tunneling splittings of ca. 34.5 and 3.2 cm�1 were
obtained for undeuterated and deuterated NO2MA, respectively,
in excellent agreement with previous microwave results, 35 ± 15
and 3.0 ± 0.02 cm�1 [8]. According to Table 2, the calculated mOH/
mOD and dOH/dOD are ca. 2900/2100 and 1380/970 cm�1, respec-
tively. Previously reported mOH and mOD at about 2880 and
2100 cm�1 [7], respectively, are in excellent agreement with our
latest theoretical results. In the study of the vibrational spectra
of NO2MA, we observed a weak and broad band near 1382 cm�1

[7], which upon deuteration disappears and two weak bands ap-
pear around 894 and 1061 cm�1 (with an average position at
977.5 cm�1). The latter two weak bands are mainly dOD. Therefore,
the observed O�H/O�D in-plane bending mode is also in excellent
agreement with our latest theoretical predictions depicted in Table 2.

The corresponding barrier height for proton tunneling in
NO2MA, with respect to the midpoint between the two hydro-
gen-bond minima, is 46.4 kJ/mol, which is slightly lower than the
corresponding value for MA (54.0–56.5 kJ/mol) [5] and is signifi-
cantly higher than that for HFF (26.5–27.2 kJ/mol) [6]. This barrier
height is considerably higher than that in the potential energy sur-
face of fully optimized structures: EBH � 11 kJ/mol (see Table 1),
which is greatly underestimated by a factor of 4. Otherwise, we
would expect a proton tunneling frequency of several orders of
magnitude higher than that obtained experimentally. On the other
hand, such a gross underestimation of the proton-transfer barrier
height from the fully optimized potential energy surface is not
completely unexpected. The much higher frequency of the O�H
stretching mode directly involved in the hydrogen-bond motion
makes it very hard for other structural parameters (except for
the O�H bond distance and COH bond angle) to synchronize with
the fast movement of the O�H bond. Therefore, to a good approx-
imation, all other structural parameters not directly involved in the
hydrogen-bond motion should stay at their average equilibrium
positions. This justifies the procedure adopted in this work.
rentheses).

\OHOb Ect
c EBH

d DXe

147.4 (147.7) 50.5 (58.6) 13.6 (15.2) 0.708 (0.730)
147.4 (147.7) 48.4 (55.6) 10.9 (16.5) 0.708 (0.730)
148.4 (148.5) 59.8 (62.8) 7.1 (9.2) 0.620 (0.658)
146.6 (146.9) 62.6 (59.0) 12.4 (14.4) 0.682 (0.714)
146.8 (146.8) 55.4 (58.1) 11.0 (13.2) 0.680 (0.719)
146.2 (145.9) 53.4 (54.1) 11.1 (13.4) 0.689 (0.735)
(147.6)

rms.
-enol form) to the C2v (transition state) structure.

rated NO2MA.a

|0,0i�? |1,0i+ |0,0i+ ? |1,0i� |0,0i+ ? |1,1i� |0,0i�? |1,1i+

2658, 2070 2904, 2104 4425, 3133 3459, 2934
2657, 2069 2893, 2103 4399, 3111 3411, 2913

2880,d 2100d

spectively.
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Finally, despite taking into account all structural relaxation ef-
fects between the cis-enol and the trans-enol forms of NO2MA,
Ect should serve as a rough guide to the hydrogen-bond strength.
The data shown in Table 1 suggest that the hydrogen-bond
strength in NO2MA is probably higher than 50 kJ/mol.

4. Conclusion

A simple two-dimensional potential function was applied to
calculate the hydrogen-bond transition frequencies in NO2MA. In
this method, ab initio programs were used to generate a two-
dimensional potential energy surface, which correctly predicted
the equilibrium molecular geometries. This potential function,
which couples the O�H stretching to the in-plane bending motion,
was then employed to calculate the O�H/O�D vibrational energy
levels. For NO2MA, this method predicted the proton tunneling,
O�H/O�D stretching and in-plane bending frequencies all in excel-
lent agreement with experimental data. A proton-transfer barrier
height of 46.4 kJ/mol was estimated for the hydrogen-bond system
in NO2MA.
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