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A generalized reactive force field for nonlinear hydrogen bonds:
Hydrogen dynamics and transfer in malonaldehyde
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Using molecular dynamics �MD� simulations, the spectroscopy and dynamics of malonaldehyde is
investigated. To this end, the recently proposed molecular mechanics with proton transfer �MMPT�
potential is generalized to nonlinear hydrogen bonds. The calculated properties for malonaldehyde
in both gas and condensed phases, including equilibrium geometries, infrared spectra, tunneling
splittings, and hydrogen transfer rates, compare well with previous experimental and computational
works. In particular, by using a harmonic bath averaged �HBA� Hamiltonian, which is based on a
reaction path Hamiltonian, it is possible to estimate the tunneling splitting in an efficient manner. It
is found that a zero point corrected barrier of 6.7 kcal/mol and effective masses of 1.234 �i.e., 23.4%
larger than the mass of a physical H-atom� and 1.117 �for the physical D-atom� are consistent with
the measured splittings of 21.6 and 2.9 cm−1, respectively. The HBA Hamiltonian also yields a pair
of hydrogen transfer fundamentals at 1573 and 1267 cm−1, similar to results obtained with a
reaction surface Hamiltonian on a MP2/6-31G�� potential energy surface. This amounts to a
substantial redshift of more than 1000 cm−1 which can be rationalized by comparison with weakly
�HCO+: rare gas� and strongly �H2OuH+

uOH2� proton-bound systems. Hydrogen transfer rates
in vacuum and water were determined from the validated MMPT potential and it is found that the
solvent enhances the rate by a factor of 5 at 300 K. The rates of 2.4/ns and 10/ns are commensurate
with previous density functional tight binding ab initio MD studies. © 2010 American Institute of
Physics. �doi:10.1063/1.3447701�

I. INTRODUCTION

Proton transfer �PT� and hydrogen transfer �HT� reac-
tions are of fundamental importance for various processes in
chemistry and biology. Although the famous Grotthuss shut-
tling mechanism1 was introduced more than 200 years ago,
essential progress has only been achieved recently with mod-
ern spectroscopic techniques and high performance computer
simulations.2 From the experimental point of view infrared
studies3–5 were shown to be useful for probing the vibra-
tional dynamics of hydrogen bonds. However, it should be
noted that a complete assignment/interpretation of the spec-
tra is difficult and greatly assisted by computational methods.
In general, theoretical studies of systems with strong hydro-
gen bonds require quantum dynamics6–9 while for weak hy-
drogen bonds, classical molecular dynamics �MD� is
sufficient.10,11 It has been shown very recently12,13 that suit-
ably modified empirical force fields together with MD simu-
lations can also capture features of strong hydrogen bonds if
reactive force fields are used. However, to study more gen-
eral cases of proton and hydrogen transfer reactions addi-
tional modifications and generalizations of the force field are
required.

Among various hydrogen bonded systems which are of
current interest, malonaldehyde �MA� has been one of the
most extensively studied ones to elucidate the characteristics
of intramolecular HT processes. Figure 1 shows the enol

form of MA together with the transition state for HT. A large
ground state splitting of 21.583 cm−1 has been observed by
different experiments with very high precision.14,15 Such a
splitting suggests rapid HT �with lifetime of picosecond time
scale�. Apart from the splitting, intensive experimental work
on the infrared spectrum has also been performed.16–20 Early
experiments have measured the gas phase infrared spectrum
of MA at room temperature.16,17 The observed band at
around 1600 cm−1 has been assigned to the CvO stretch
fundamental and another band close to 2900 cm−1 has been
assigned to the OuH� stretch fundamental, where H� refers
to the transferring hydrogen atom. Low temperature mea-
surements of the spectra of MA isolated in rare gas matrices
have also been carried out and compared to ab initio calcu-
lations at the MP2/DZP level.18,19 A recent experiment with
high spectral resolution has provided more details about the
couplings of the CvO stretch with rotations.20

From a theoretical perspective, it is quite challenging to
assign the spectrum of a fairly strong hydrogen bond due to
the substantial coupling between the hydrogen motion and
other degrees of freedom.7,21 To go beyond the approxima-
tions used in normal mode analysis, e.g., in ab initio calcu-
lations, quantum dynamics has been used to more realisti-
cally describe, in particular, the OuH� stretch fundamental
in MA.22–26 A recent vibrational-self-consistent-field dynam-
ics on a truncated �second order� correlation expansion of
MP2/6-31G�� potential22 leads to a reduction of the OuH�

stretch fundamental frequency by about 500 cm−1 compared
to the harmonic one and gives good agreement with the ex-a�Electronic mail: m.meuwly@unibas.ch.
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perimental one at around 2900 cm−1. More accurate full-
dimensional quantum dynamics investigations on truncated
potentials23–26 have also been performed very recently. The
OuH� stretch fundamental has been studied in Ref. 23 us-
ing a reaction surface Hamiltonian �RSH� with a
MP2/6-31G�� potential including up to sixth order couplings
of two reaction surface coordinates and the remaining 3N
−8 normal coordinates. This gives an OuH� stretch funda-
mental frequency at 1672 cm−1 �1693 cm−1 with an isolated
two dimensional model� and the authors suggest that the pre-
vious assignment of the OuH� stretch fundamental to
around 2900 cm−1 is probably incorrect. Concerning the
ground state tunneling splitting, Ref. 23 has reported a value
of 11 cm−1 while the other three investigations24–26 have ob-
tained splittings, which agree with the experiment quite well.
In particular, Ref. 25 has reported the splitting of 21.6 cm−1

�normal coordinate representation� and 22.6 cm−1 �Cartesian
coordinate representation� using a CCSD�T� potential with
correlations up to seventh order. In the most recent work26

the transferring proton is treated at the same level as the
electrons that gives a splitting of 24.5 cm−1 even only with a
MP2 potential expanded up to second order of heavy atom
coordinates. However to increase the accuracy in Ref. 26
more diabatic potential energy surfaces �PESs� have to be
included. As can be seen all the converged full-dimensional
quantum dynamics mentioned above are extremely computa-
tionally expensive.

In the present work a recently developed, efficient
method to treat PT together with empirical force fields �mo-
lecular mechanics with proton transfer13 �MMPT�� will be
generalized to nonlinear proton-bound motifs. The detailed
description of the modified MMPT potential applicable to
both linear and nonlinear hydrogen bonds will be introduced
in Sec. II A. The PES is validated by calculating infrared
spectra of MA and its isotopomers in vacuum from normal
mode analysis and explicit long time MD simulations �see
Sec. III B�. Next, a newly developed harmonic bath averaged
�HBA� Hamiltonian method will be discussed in Sec. III C,
with which the ground state tunneling splitting is obtained
with surprisingly small computational effort. Apart from the
spectra and splitting, HT rates in both vacuum and solution
are also investigated. The conclusions of present work are
summarized in Sec. IV.

II. METHODS

A. Modified MMPT potential

MMPT was developed as an efficient method to study
PT and HT on a qualitatively �topologically� correct, fully
dimensional PES for predominately linear hydrogen bonds.
Here, the PES will be generalized to nonlinear hydrogen
bonds such as the intramolecular hydrogen bond in MA. In
the following R and r denote the D-A and D-H distances of a
D-H¯A hydrogen bond motif and the angle between r�
�D-H� and R� �D-A� is �, as shown in Fig. 1 for MA. For
further considerations symmetric hydrogen bonds are as-
sumed in which donor D and acceptor A are identical. The
generalization to asymmetric hydrogen bonds with D differ-
ent from A is straightforward and given below. For numerical
convenience it is advantageous to define a dimensionless co-
ordinate �,

� v �r cos � − rmin�/�R − 2rmin� ,

where rmin=0.8 Å is an arbitrary but sufficiently small D-H
separation.13 For a linear hydrogen bond the above definition
is identical to the original MMPT potential,13 whereas for a
nonlinear hydrogen bond the present definition is better
suited. In the following it is advantageous to define a perpen-
dicular bending displacement d=r sin � instead of �. In
terms of the set of coordinates �R ,� ,d� it is straightforward
to express the symmetry of the potential of a symmetric hy-
drogen bond as

VPT�R,�,d� = VPT�R,1 − �,d� . �1�

In general, the coupling between d and �R ,�� is less
significant than the one between R and �. Therefore it is
natural to use an �R ,��-dependent “adiabatic” one-
dimensional potential Vd. The following expression gives the
correct symmetries for both linear and nonlinear hydrogen
bonds:

VPT�R,�,d� = V0�R,�� + Vd�R,�,d� , �2�

where V0�R ,�� is the isotropic potential parametrized as
follows:13

V0�R,�� = Deq�R��1 − exp�− ��R��� − �eq�R����2

+ Deq�R��1 − exp�− ��R��1 − � − �eq�R����2

− Deq�R� + c

and Vd�R ,� ,d� is an �R ,��-dependent harmonic potential

Vd�R,�,d� = 1
2k�R,���d − de�R,���2 �3�

for the perpendicular bending degree of freedom, where the
force constant k�R ,�� and the equilibrium bending displace-
ment de�R ,�� have the same symmetry as mentioned in Eq.
�1�. It is also straightforward to generalize Eq. �3� to an an-
harmonic potential if necessary.

In the following Eq. �2� will be used to investigate MA
which exhibits a nonlinear hydrogen bond. The explicit
�R ,��-dependence of Vd is

FIG. 1. Minimum and transition state geometries of MA with bond lengths
�in Å� and angles �in degrees� obtained from ab initio and CHARMM/MMPT
optimizations, respectively.
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k�R,�� = kTS + ��V0�R,�� − V0
TS� ,

�4�
de�R,�� = de��� = de

TS + ��� − �TS�2,

where the coefficients � and � are given by �= �kmin

−kTS� / �V0
min−V0

TS� and �= �de
min−de

TS� / ��min−�TS�2, respec-
tively. Here, “min” and “TS” denote values at minimum and
transition state �TS� configurations, respectively. It is
straightforward to generalize Eq. �4� to asymmetric hydrogen
bonds �where D differs from A� where a suitably defined
midpoint reference configuration can be used if no transition
state configuration is available.

Eq. �2� contains 14 parameters �p1 , . . . , p14� that need to
be parametrized in an appropriate way. The parameters
p1 , . . . , p9 are related to Deq�R�, ��R�, and �eq�R� of a Morse
potential and p11 is related to the stabilization energy of the
model compound.13 The ten parameters have been obtained
by applying three morphing transformations to the reported
symmetric double minimum potential in Ref. 13 to rescale
the energy VPT, coordinate R, and coordinate � for MA. The
remaining four parameters are

p10 = � ,

p12 = kTS − �V0
TS,

p13 = � ,

p14 = de
TS,

which can be obtained from fits around the minimum and
transition state configurations to ab initio calculations. The
same implementation for the asymmetric case contains 30
parameters. The parameters p1 , . . . , p26 are the same as de-
tailed in Ref. 13 except that a new definition for � is used.
The last four parameters are defined in a similar way as the
above four parameters for the symmetric cases. For the
present application to MA only a parametrization for the
symmetric case is required and pursued further.

To obtain initial parameters for the PES that properly
describe the stationary configurations of MA, one-
dimensional relaxed potential energy scans along the bend-
ing coordinate d were carried out around the minimum and
transition state configurations with the GAUSSIAN03 suite of
programs.27 The fitted force constants and equilibrium dis-
placements are

kmin = 80.217 kcal/mol/Å2, de
min = 0.343 Å,

and

kTS = 141.338 kcal/mol/Å2, de
TS = 0.220 Å,

respectively. The calculated HT barrier height at the
CCSD�T�/6-311++G�� level with the MP2 geometries is
�Eb=4.36 kcal /mol from which the remaining two param-
eters in Eq. �4� are obtained,

� = 14.028 Å−2, � = 0.963 Å−1.

To adapt this PES to other chemical environments, morphing
transformations can be used.28,29

B. MD simulations

All MD simulations are carried out with the CHARMM

program30 together with provision for the modified MMPT
potential. The MA structure was initially optimized at the
MP2/6-311++G�� level using the GAUSSIAN03 suite of pro-
grams, which was also used for all subsequent ab initio
calculations.27 Starting from this structure the system is
gradually heated to 300 K followed by a 1 ns equilibration
with a time step of 0.2 fs. The final production run is a 10 ns
free dynamics with a time step 0.1 fs corresponding to a
microcanonical �NVE� ensemble. For the dynamics in solu-
tion, MA is solvated in a pre-equilibrated TIP3P �Ref. 31�
water box with size of 16�25�25 Å3. MD simulations
were carried out with periodic boundary conditions and a
similar heating, equilibration �1 ns�, and production �10 ns�
protocol was followed except that the time step is 1.0 fs. All
bonds involving hydrogen atoms in the solvent were kept
fixed by using SHAKE.32 For the long range interactions the
electrostatic interactions are cut off at 14 Å with shift trun-
cation and the van der Waals interactions are switched off by
switch scheme with a switch region from 10 to 12 Å.33 Av-
erage fluctuations around the average energy E in the NVE
simulations is 	E=0.0003 kcal /mol for simulations in
vacuum and 	E=0.2 kcal /mol in solution.

The infrared spectrum is calculated from the Fourier
transform of the dipole-dipole autocorrelation function C
�t�
with 
 being the dipole moment. The absorption line shape
can be obtained from34,35

I��� = ��1 − e−��/kBT��
0



C
���e−i��d� ,

C
��� = 	
�t0�
�t0 + ��
t0
.

Here, 	¯ 
t0
denotes averaging over all the time t0. A thermal

prefactor which reflects the occupation of the vibrational en-
ergy levels has been included with kB being the Boltzmann
constant and T the temperature in Kelvin. Numerically the
autocorrelation function is transformed using a fast Fourier
transform with a Blackman filter to minimize noise.36

To obtain HT rates the D-H and H¯A distances are
analyzed by means of Hazard plots.37 For this, the n transi-
tion times t1 , t2 , . . . , tn are arranged in ascending order and
plotted against the expectation values of the corresponding
cumulative hazards �see below�. A transition has occurred
when the D-H �or H-A� bond is broken and the H-A �D-H�
bond is formed at a particular time step along the trajectory.
The hydrogen atom is considered to be bonded to D �or A�
when the D-H �or H-A� distance is smaller than a certain
cutoff rc=1.2 Å. It has been previously shown10,13 that dif-
ferent values of rc do not appreciably affect computed trans-
fer rates. The expectation of the cumulative hazard at the
time of the kth transition is defined by Hk=�i=0

k−1�1 / �n− i��.
Straight lines in hazard plots indicate a Poisson process, i.e.,
the probability of the occurrence of an event is independent
of the past history. The reaction rate of the process is then
given by the slope of the hazard plot.37

064503-3 Hydrogen dynamics and transfer in MA J. Chem. Phys. 133, 064503 �2010�
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III. RESULTS

A. Equilibrium properties of MA

Figure 1 shows the minimum and transition state con-
figurations of MA in its electronic ground state. Taking the
ab initio configurations as a reference, the parameters for the
MMPT potential are fitted �Eqs. �2�–�4�, see Sec. II A�. The
remaining force field parameters are obtained from existing
CHARMM parameters.38 The full set of parameters that is used
for the remainder of this work is summarized in the supple-

mentary material.39 The bond lengths and angles of mini-
mum and transition states optimized by CHARMM/MMPT and
MP2/6-311++G�� are shown in Fig. 1. In particular, the
large change in the O¯O distance between the minimum
and the TS structure is correctly captured and suggests a
significant change in the potential curve for hydrogen motion
along the HT coordinate.

B. Infrared spectra of MA and its deuterated
isotopomers

Infrared spectra from the Hessian and from the MD
simulations are calculated to validate the PES �through com-
parison with experiment� and to make approximate assign-
ments of the spectral features. It should be noted that the
main interest in the present work is to generalize MMPT to
nonlinear H-bonds and not the development of a spectro-
scopically accurate, fully dimensional PES for MA. For the
latter a recently developed procedure could be used.40 To be
consistent with previous investigations22 the same numbering
scheme C4H9O5uC3H8=C2H7uO1H6 is adopted to label
the atoms in Fig. 1. Harmonic frequencies from ab initio
calculations and the MMPT force field are graphically shown
in Figs 2�a� and 2�b� and Table I reports anharmonic spectra
from MD simulations and experiment of MA
�CHOuCHvCHuOH� and its deuterated isotopomers
�CHOuCDvCHuOD and CDOuCHvCDuOH�.
Also, Fig. 2 shows the IR spectrum of MA from extensive
MD simulations �10 ns� together with power spectra of par-
ticularly relevant internal coordinates. Each power spectrum
is calculated from the Fourier transform of the autocorrela-
tion function of the corresponding coordinate, which charac-
terizes the mode of interest. These spectra are discussed in
the following.
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FIG. 2. Calculated infrared spectrum of MA in vacuum and assignments.
Panels �a� and �b� show a stick spectrum �no intensities� of harmonic fre-
quencies from ab initio and CHARMM/MMPT normal mode analysis. Panel
�c� is the infrared spectrum I��� �see text� from MD simulations and the
wavenumbers of the experimentally observed lines as a stick spectrum. The
following panels show power spectra �calculated from the Fourier transform
of the autocorrelation function of the corresponding coordinate� of stretch-
ing vibrations ��d�–�f��, OuH�

uO bending vibrations ��g� and �h��, and
CuH bend and stretch vibrations �i�.

TABLE I. Assignments of the calculated infrared spectra of MA and its deuterated isotopomers. Also shown are the experimentally measured infrared spectra
of the three isotopomers �Ref. 17� for comparison. The RMSDs �in cm−1� between the simulated and experimental spectra �excluding the OuH� stretch� are
reported in the last row. Assignments are made based on the power spectra as well as the isotope effects. See the text for more details. The last column refers
to the spectral features labeled in Figs. 3 and 4 �abbreviations: simulated spectra—Sim., experimental date—Expt., and no data available from previous
investigations—n.a.�.

CHOCHCHOH CHOCDCHOD CDOCHCDOH Assignment

Sim. Expt. Sim. Expt. Sim. Expt. Mode Figs. 3 and 4

200 252 200 n.a. 200 n.a. Ring out of plane
310 282 310 n.a. 310 n.a. O¯O stretch
420 384 420 n.a. 420 n.a. Ring out of plane
740 873 630 582 675 754 OuH�

uO out plane+CuH out plane
840 981 750 670 775 766 OuH�

uO out plane+CuH out plane a
1010 1092 1010 1010 1010 964 OuH�

uO out plane+CuH out plane b
1220 1260 1220 1220 880 896 CuH7+CuH9 in plane �symmetric� c
1390 1358 1320 1363 1340 1390 CuH7+CuH9 in plane �asymmetric�
1410 1346 1060 1085 1380 1390 OuH�

uO in plane d
1620 1593 1610 1534 1580 1568 CvO asymmetric stretch
1670 1655 1650 1655 1625 1645 CvO symmetric stretch e
3040 2858 3040 2855 2250 2134 CuH /CuD stretch
3040 2960 3040 2960 2250 2152 CuH /CuD stretch
3040 3040 2250 2230 3040 3060 CuH /CuD stretch f
3150 2856 2320 2140 3170 3170 OuH� stretch g
83 ¯ 73 ¯ 57 ¯ RMSD of Sim. with respect to Expt.

064503-4 Y. Yang and M. Meuwly J. Chem. Phys. 133, 064503 �2010�
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The fundamentals can be approximately assigned based
on normal mode analysis, the power spectra corresponding to
particular coordinates, and isotope effects �see Table I�. It
should be noted that due to the different couplings between
the modes around the minimum and away from it, assign-
ments based on the different approaches may vary. Further-
more, the anharmonicity along the HT motif and described in
the MMPT potential may lead to additional changes between
assignments from normal modes and the power spectra, re-
spectively. Under such circumstances, assignments from the
power spectra can provide a more robust and meaningful
assignment than normal mode analysis. Assignments of all
the bands from MD simulations of the three isotopomers are
presented in Table I and compared to experimental data from
Ref. 17. For most bands individual deviations less than
50 cm−1 are found between the experimental and calculated
data. Such deviations are sufficient for approximate assign-
ments of the bands but improvements to the force field are
clearly possible, e.g., by using more refined morphing pro-
cedures or a more complete optimization of the force field.40

In the following, individual bands and their assignments
are discussed based on the power spectra and isotopic shifts
for MA and the isotopomers, and compared to experimental
data. Figure 2�c� shows the calculated infrared spectrum
from the MD simulations and experimental spectrum �red�.
Below 500 cm−1 three peaks are found which agree with
experiment17 and previous calculations.22 At 310 cm−1 the
O¯O stretch can be identified from the corresponding
power spectrum �Fig. 2�d��. The other two lines at 200 and
420 cm−1 are ring deformations according to previous
investigations.22 The three modes almost do not shift upon
deuteration which is expected for low frequency modes not
involving hydrogen motion. The modes around 1000 cm−1

include contributions from the OuH�
uO out-of-plane

bending motion and different combinations of the three out-
of-plane CuH bending motions, which form the most intri-
cately entangled region. The complexity can also be seen
from the power spectrum for the OuH�

uO out-of-plane
bending �see Fig. 2�h��. At 1220 cm−1 a signal due to the
CuH7 and CuH9 in plane bending is found which agrees
well with the experimental value of 1260 cm−1. The assign-
ment follows from the power spectrum �Fig. 2�i�� as well as
the fact that the band shifts down to 880 cm−1 for the
CDOuCHvCDuOH isotopomer �green lines in Fig. 3�.
Note that Fig. 2�i� actually contains power spectra of all
possible combinations of the stretching and bending vibra-
tions of the three CuH bonds. The band at 1380 cm−1 is
the OuH�

uO in plane bending which also agrees well
with the experimental value at 1346 cm−1.17 The power
spectrum for this mode is shown in Fig. 2�g�. For the deu-
terated isotopomer CHOuCDvCHuOD this band shifts
down to 1055 cm−1 �red lines in Fig. 3�, which again well
reproduces the experimental value at 1085 cm−1.17 Then the
experimentally observed CvO stretch doublet at around
1600 cm−1 can be identified. The calculated excitation fre-
quencies for the CvO stretch doublet are 1570 and
1620 cm−1, which agree well with the experimental ones at
1593 and 1655 cm−1. To identify this mode more clearly one
can refer to the corresponding power spectrum in Fig. 2�e�. It

is expected that slight adjustments of the CvO force con-
stant will lead to even more quantitative agreement which is
not further pursued here. Finally, there are high frequency
bond stretching vibrations. The nearly threefold degenerate
CuH bond stretch is at 3040 cm−1 and the OuH stretch at
3150 cm−1. When deuterated, the OuH stretch shifts down
to 2320 cm−1 �orange lines in Fig. 3� and the CuH stretch
to 2250 cm−1 �blue lines in Fig. 3�.

To quantitatively describe relative intensities of the in-
frared bands it would be necessary to go beyond simple point
charge models and to use fluctuating charges, multipole
models,41 or a fitted dipole moment surface.42 However, to
locate and approximately assign the fundamentals, the com-
bination of harmonic analysis, calculation of the IR spectrum
from the MD simulations with a simplified charge model,
and the power spectra are sufficient.

To the best of our knowledge, the IR spectrum of MA in
water solution has not been observed as yet. Thus, the pre-
dicted solution spectrum for MA and certain features dis-
cussed below can serve as a meaningful test for the MMPT
force field. With water as a solvent, characteristic shifts �sol-
vatochromic shifts� can be expected, in particular, for modes
involving H� due to strong interaction with the oxygen atoms
of the water. Indeed, in going from CHOuCHvCHuOH
to CHOuCDvCHuOD the OH�O in plane bending
shifts by 350 cm−1 to the red in vacuum whereas the shift in
solution increases to 370 cm−1 �see Fig. 4�. Similar isotopic
shifts for CuH and OuH� stretches are found. Such ef-
fects should be observable in experiments. Furthermore, the
expected solvent-induced broadening for each band due to
the coupling between the solute and solvent degrees of free-
dom is observed. It is found that CuH bending or stretching
modes �green and blue lines� broaden less than the corre-
sponding OuH� modes �red and orange lines�. This is rea-
sonable since the OuH�

uO hydrogen bonded hydrogen
atom couples to the water more strongly than the CuH

FIG. 3. Infrared spectra of MA and its deuterated isotopomers in vacuum.
From top to bottom are CHOuCHvCHuOH, CHOuCDvCHuOD,
and CDOuCHvCDuOH, respectively. The orange, blue, red, and green
lines correspond to the OuH� stretch, CuH stretch, OuH�

uO in plane
bending, and CuH7+CuH9 in plane bending, respectively. Bands of par-
ticular interest are labeled �a�–�g� with detailed assignments in Table I.
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bonds due to increased electrostatic interactions. Unlike for
other OuH�

uO bonded systems, the O¯O mode in MA
is infrared active since it strongly couples to the OH�

¯O
mode. The relative intensity of the O¯O mode �compare
Fig. 2�c� with top panel Fig. 4� is considerably reduced in
solution compared to the gas phase because the coupling of
the OH�

¯O mode to the O¯O mode is smaller. The reason
for this is the interaction between the solvent-water mol-
ecules and the transferring hydrogen which reduces the cou-
pling.

In conclusion, the MMPT force field was fitted to struc-
tural data from ab initio calculations and a one-dimensional
potential along the bending coordinate d. Consequently, the
force field correctly captures such properties, as shown in
Fig. 1. On the other hand, the MMPT force field was not
fitted to spectroscopic data for the following reasons: First
ab initio harmonic frequencies are expected to be less
reliable than ab initio stationary configurations; second even
two qualitatively good PESs may have large deviations of
harmonic frequencies �e.g., the RMSD between MP2/6-311
++G�� and B3LYP/6-31G �often used for larger molecules�
frequencies at the minimum is 51 cm−1�; third a spectro-
scopically accurate force field for MA is beyond the scope of
the present work which presents a generalization of MMPT
to nonlinear H-bonds. Because frequencies from the MMPT
force field were not fitted to ab initio calculations, compari-
son is primarily made between MMPT and experiment. It is
found that the calculated spectra from the MD simulations of
the three isotopomers agree with existing experimental data17

with a root mean square deviation �RMSD� between 57 and
83 cm−1 for each isotopomer �see the last row of Table I�.
Large deviations are mainly due to two reasons: first, the
OuH�

uO bending vibrations are coupled to other modes;
second, we assumed the CuH stretch in MA to be threefold
degenerate while experimentally this is not the case. Exclud-
ing the OH�O bending and the CH stretching vibration leads

to a RMSD of 41 cm−1 between MMPT/normal modes and
experiment for MA �decreased by 42 cm−1�. Harmonic fre-
quencies from the MMPT differ from MP2/6-311++G�� cal-
culations by 95 cm−1 �see Table II in supplementary mate-
rial�. The difference is again dominated by CH- and
H�-containing modes. The RMSD between experiment and
MP2/6-311++G�� calculations is 154 cm−1 �with OH�

stretch� and 110 cm−1 �without OH� stretch� compared to
103 and 73 cm−1, respectively, from harmonic MMPT fre-
quencies. If needed, the differences for the CuH and CvO
modes could be reduced by straightforward reparametriza-
tion of the force field �see Ref. 39� which was, however, not
further pursued in the present work.

C. Estimation of ground state tunneling splitting

The ground state tunneling splitting is also an interesting
quantity which has been observed experimentally with very
high accuracy. In this section a newly developed HBA
Hamiltonian method will be introduced and used to study the
ground state splitting in MA.14,15 The starting point for the
formal development is the classical one-dimensional reaction
path Hamiltonian derived by Miller and coworkers,43,44

H�ps,s,�Pk,Qk�� = �
k=1

3N−7 �1

2
Pk

2 +
1

2
�k

2�s�Qk
2 + V0�s�

+
1

2

�ps − �k,l=1
3N−7QkPlBk,l�s��2

�1 + �k=1
3N−7QkBk,3N−6�s��2 , �5�

where s is a mass weighted reaction coordinate defined as
s= ��mH� �RO1H6

−RO5H6
�� /2 where mH is the hydrogen mass

and �Qk� are the normal modes orthogonal to s with corre-
sponding conjugate momenta ps and �Pk�. The definition of s
follows that of Ref. 44 for a RSH which is different from the
definition of a reaction path coordinate in Ref. 43. The zeroth
order potential V0�s� is obtained from constrained optimiza-
tions with fixed s and the normal mode frequencies ��k�s��
from diagonalizing the projected Hessian matrix of the opti-
mized structure where �Bk,l�s�� are the corresponding cou-
pling parameters as detailed in Ref. 43. According to a very
recent study on quantum kinetic energy operators45 the quan-
tum Hamiltonian can be obtained from Eq. �5� by replacing
each Pk

2 by Pk
†Pk and the last term �ps−¯�2 / �1+¯�2 by

�ps−¯�†�1+¯�−2�ps−¯�. In the following the simplified
notations Pk

2 and �ps−¯�2 / �1+¯�2 are still used to denote
Pk

†Pk and �ps−¯�†�1+¯�−2�ps−¯�, respectively. Accord-
ing to Ref. 45 each Pk

†= Pk is Hermitian while ps is non-
Hermitian.

The aim of the present development is to find a suitably
reduced model which captures the essential elements of the
nuclear dynamics and the couplings between the various de-
grees of freedom rather than solving the full-dimensional
Hamiltonian, which has been done elsewhere.23 First the ze-
roth order one-dimensional model is considered by ignoring
all couplings between the reaction coordinate s and the bath
modes �Qk�,

H0�ps,s� = 1
2 ps

2 + V0�s� .

The necessary input data, V0�s�, for evaluating the tun-

FIG. 4. Infrared spectra of MA and its deuterated isotopomers in solution.
From top to bottom are CHOuCHvCHuOH, CHOuCHvCHuOD,
and CDOuCHvCDuOH, respectively. The orange, blue, red, and green
lines correspond to the OuH� stretch, CuH stretch, OuH�

uO in plane
bending, and CuH7+CuH9 in plane bending, respectively. Bands of par-
ticular interest are labeled a-g with detailed assignments in Table I.
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neling splittings can either be calculated from ab initio cal-
culations or from the MMPT potential. A quantitative analy-
sis will first be carried out based on ab initio calculations.
In a next step the performance of MMPT will be discussed.
The potential curve V0�s� is calculated at the
CCSD�T�/6-311++G�� level with geometries from
MP2/6-311++G�� constrained optimizations with fixed s on
an equally spaced grid. The barrier height is �Eb

=4.36 kcal /mol as already mentioned in Sec. II A. Figure
5�a� shows the calculated potential curve V0�s� together with
the lowest pair of wavefunctions obtained by diagonalization

of the zeroth order Hamiltonian H0. Eigenvalues and eigen-
vectors for one-dimensional Hamilton operators are obtained
by direct diagonalization in a Fourier grid discrete represen-
tation in the present work.46 The difference in the lowest pair
of eigenenergies of H0 gives a ground state tunneling split-
ting of 72.1 cm−1. This overestimates the experimentally ob-
served splitting by a factor of �4 and is related to the fact
that H0 is not adequate because important couplings between
s and �Qk� are neglected.

In the following the effects of the couplings will be in-
cluded within the framework of a HBA Hamiltonian. The
formal development starts from the following ansatz for the
ground state wavefunction of Eq. �5�:

��s,�Qk�� = ��s� �
k=1

3N−7

�HO�s,Qk� , �6�

where �HO�s ,Qk� is the ground state wavefunction of the
corresponding harmonic oscillator �HO�, which parametri-
cally depends on s, namely,

� 1
2 Pk

2 + 1
2�k

2�s�Qk
2��HO�s,Qk� = 1

2�k�s��HO�s,Qk� .

Calculating the reduced density by integrating out �Qk� on
both sides of Eq. �6� one finds that ���s��2 is the one-
dimensional reduced density along the reaction coordinate s.
By averaging Eq. �5� over �Qk� the following one-
dimensional HBA Hamiltonian HHBA is obtained:

HHBA�ps,s� � � �
k=1

3N−7

�HO�s,Qk�� �
k=1

3N−7 �1

2
Pk

2 +
1

2
�k

2�s�Qk
2� �

k=1

3N−7

�HO�s,Qk�� + V0�s�

+
1

2

	�k=1
3N−7�HO�s,Qk���ps − �k,l=1

3N−7QkPlBk,l�s��2��k=1
3N−7�HO�s,Qk�


	�k=1
3N−7�HO�s,Qk���1 + �k=1

3N−7QkBk,3N−6�s��2��k=1
3N−7�HO�s,Qk�


=
1

2

ps
2

1 + �s
+ V0�s� + �

k=1

3N−7
�k�s�

2
�1 +

�k

1 + �s
 , �7�

which includes important contributions of both kinetic and
potential couplings and �s�s�=�k�Bk,3N−6�s��2 /2�k�s� and
�k�s�=�l�Bl,k�s��2 /2�l�s� are both non- negative functions.
Here the average of the last term �ps−¯�2 / �1+¯�2 in Eq.
�5� is approximated by 	�ps−¯�2
 / 	�1+¯�2
 since correla-
tions are only fourth order quantities of the coupling param-
eters �Bk,l�s��. The term ps

2 / �1+�s� actually should be evalu-
ated as ps† �1+�s�−1ps as mentioned above. Thus,
HHBA�ps ,s� is a well defined operator without singularity or
large curvature problems irrespective of whether it is one- or
multidimensional44 compared to other reduced models based
on reaction path/surface Hamiltonians. The HBA Hamil-
tonian manifestly includes the effects of the bath modes and
is thus expected to more realistically describe the dynamics
of a multidimensional system. A closer inspection of
HHBA�ps ,s� reveals that it contains two modifications com-

pared to H0, which can be conveniently expressed as

mHBA�s� = 1 + �s �8�

which plays the role of an effective mass instead of 1 due to
kinetic couplings, and an effective potential

VHBA�s� = V0�s� + �
k=1

3N−7
�k�s�

2
�1 +

�k

1 + �s
 . �9�

Note that by working with HHBA one is no longer treating the
original H� atom but a different “particle” which involves
additional contributions due to coupling to the bath modes.
As a result there is a different effective mass and effective
potential for the new particle. One can readily see that HHBA

involves a mass function mHBA�s��1 and an effective barrier
�Eb

HBA�VHBA���Eb�V0�, which both will lead to reduced
tunneling splittings.
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FIG. 5. Ground state tunneling splitting and its parameter dependence.
CCSD�T� potential curve V0�s� calculated at MP2 optimized geometries
along the reaction coordinate �a�. Also shown are the lowest pair of eigen-
functions. The tunneling splitting as a function of the effective mass
mHBA �b�.
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In principle, the two essential quantities mHBA�s� and
VHBA�s� can be calculated from either ab initio information
or from the force field according to Eqs. �8� and �9� and the
definition of the coupling parameters �Bk,l�s��, which charac-
terize the variation of eigenvectors of bath modes along the
reaction path.43 The detailed procedures to compute mHBA�s�
and VHBA�s� according to Eqs. �8� and �9� have been given
previously.43 A full analysis of HHBA including the compari-
son of mHBA�s� and its full-dimensional equivalent will be
discussed in separate work. Here an alternative route is pur-
sued because experimental data for both HT and deuterium
transfer �DT� are available �see below�. It is instructive to
first consider how the tunneling splitting depends parametri-
cally on mHBA�s�. Figure 5�b� shows the ground state tunnel-
ing splitting as a function of the effective mass mHBA with
the zeroth order barrier �Eb=4.36 kcal /mol, i.e., the zero
order potential V0�s�. Here mHBA�	mHBA�s�
 is used for
simplicity instead of mHBA�s�=1+�s �more precisely mHBA

is defined through the relation 	ps
2
 /mHBA= 	ps

2 /mHBA�s�
�.
The result can be represented as a decaying function
�mHBA�−2−	 with 	=0.6, as shown in Fig. 5�b�. As can be
seen the tunneling splitting decreases with increasing effec-
tive mass.

Equation �7� establishes that VHBA�s� and consequently
�Eb

HBA can be estimated by including all zero point energies
of the 3N−7 bath modes for each grid point, which then
corresponds to the commonly used model potential47 of re-
duced dimensionality models with �k=0 for each bath mode.
Based on the harmonic analysis of the global minimum and
the TS structure, the total zero point energy changes in the
bath modes leads to 2.33 kcal/mol increase of the HBA bar-
rier height �Eb

HBA, which agrees well with the value reported
in Ref. 47 and the harmonic frequencies from Ref. 25. There-
fore, the zero point energy corrected HBA barrier at the
present CCSD�T�/6-311++G�� level with the MP2 geom-
etries is Eb

HBA=6.7 kcal /mol, which is used for further cal-
culations.

To determine mHBA, the tunneling splittings for the hy-
drogenated and the deuterated systems are considered. Ex-
perimental splittings for H�- and D�-tunneling are 21.583
and 2.915 cm−1, respectively.14,15,48 Computationally, the re-
action coordinates for H�- and D�-transfers are
s= 1

2
�mx�RO1X6

−RO5X6
� with X=H or D and the underlying

potential V0�s� for H�- and D�-transfers in MA is identical,
except that the mass weighted coordinate is scaled by
�mD /mH for D�-transfer. According to Ref. 43 the coupling
parameters Bk,l�s� are matrix elements of � /�s and ��1 /mH

for hydrogenated MA and ��1 /mD for deuterated MA. From
this the relationship �s

D /�s
H=mH /mD can be derived. There-

fore, the correction �compared to the uncoupled model H0� to
mHBA for D� transfer is half of that for H� transfer. Conse-
quently, for the given HBA barrier �EHBA=6.7 kcal /mol,
there are two experimentally measured splittings and one
free parameter �mH�

HBA� in the computational model, which
allows us to test and validate the theoretical model. For a
H�-tunneling splitting of 21.6 cm−1, �s

H=0.234 and
mH�

HBA=1.234. Using �s
D /�s

H=mH /mD gives mD�
HBA=1.117

from which the calculated splitting for D�-tunneling is

2.8 cm−1, in very good agreement with experiment. Using
these parameters �mH�

HBA=1.234, mD�
HBA=1.117, and

�Eb
HBA=6.7 kcal /mol�, it is also possible to calculate the

infrared active H� transfer and D� transfer fundamental ex-
citations. With ��p
 to label the state, where � is the vibra-
tional quantum number and p is the parity, for H� transfer the
�1−
← �0+
 transition is found at 1573 cm−1 and the
�1+
← �0−
 at 1267 cm−1, respectively. The ground state is
�0+
. Replacing hydrogen by deuterium leads to fundamental
transitions at 1136 and 1068 cm−1, respectively.

It is also possible to compute all necessary data for the
HBA Hamiltonian from the MMPT potential. The barrier of
V0�s� obtained by CHARMM/MMPT optimizations is
�Eb=4.3 kcal /mol, which agrees quite well with the above
CCSD�T�/6-311++G�� value at the MP2/6-311++G�� ge-
ometries and also agrees with 4.1 kcal/mol reported by Bow-
man group from CCSD�T�/aug-cc-pV5Z PES.25 Using the
harmonic frequencies from the MMPT potential leads to a
zero point energy corrected HBA barrier height
�Eb

HBA=5.1 kcal /mol. With the same effective mass
mH�

HBA=1.234 a splitting of 36.1 cm−1 for H� tunneling is
obtained. The pairs of infrared active OuH� stretch funda-
mental transitions are 1417 and 1036 cm−1, respectively. For
D� transfer the tunneling splitting amounts to 5.8 cm−1 and
the two OuD� stretch fundamentals are at 999 and
887 cm−1, respectively. Given the simplicity and drastically
reduced computational effort for the MMPT force field, such
agreement is acceptable.

D. Hydrogen transfer rates of MA

Apart from the infrared spectra and ground state tunnel-
ing splitting which have been extensively investigated both
experimentally and theoretically, the MMPT potential can
also be used to study the HT rate. This is also of interest in
view of previous ab initio molecular dynamics simulations
�see Sec. IV� that studied the over-the-barrier process.49 In
the following a classical dynamics approach is used which
provides lower limits for H-transfer rates. To include quan-
tum effects, flux-flux autocorrelation functions are required
which is computationally very expensive and beyond the
purpose of the present work.50 First the classical rate, i.e., the
incoherent over-the-barrier �hopping� process, is considered
while the quantum mechanical nature of gas phase H-transfer
will be discussed below. As has been mentioned in Sec. II B
the hydrogen hopping rate is calculated from the slope of
hazard plots, which is straightforward from MD simulations.

The classical hydrogen hopping rates of MA with differ-
ent barrier heights are shown in Fig. 6�a�. The three curves
correspond to barrier heights of 3.4, 1.7, and 0.9 kcal/mol,
respectively. The corresponding HT rates are 7/ns, 37/ns, and
410/ns, respectively. An approximately exponential decay of
the hopping rate with increasing barrier height can be found
in Fig. 6�a�, which is reasonable when only classical hopping
is involved. Apart from the HT rate which characterizes the
statistically averaged behavior, various rapid processes �with
lifetime on the femtosecond time scale� are found from the
hazard plots. They reflect the complicated dynamics of the
entire system. The rates of these fast processes are primarily
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determined by the period of the motions around the mini-
mum configurations and consequently do not depend appre-
ciably on the barrier height. As an example, only the rapid
processes are shown in Fig. 6�b�, which is an enlarged part of
Fig. 6�a� for times t�500 fs. The fastest process is a direct
HT with large velocity between D and A, which is completed
in less then 1 fs. A lower barrier leads to a larger number of
direct transfers. The second fastest process is the transfer
from D �or A� to A �or D� after one vibrational period in the
local potential well �one period is �10 fs for a harmonic
frequency of 3000 cm−1�. Due to the anharmonicity of the
PES and the couplings with other modes, the rate of this
process is much slower than the harmonic frequency of the
OuH mode. Typical rates are around 15/ps and depend pri-
marily on the curvature of the PES around the minimum and
the coupling between different degrees of freedom. Several
of such processes can be found in Fig. 6�b� with different
residence times.

Figure 6�c� shows the hydrogen hopping rates from clas-
sical MD simulations in vacuum and solution, respectively,
using the MMPT potential with a barrier height of 4.3 kcal/
mol. The solvent significantly enhances the hopping rate of
the hydrogen from 2.4/ns to 10/ns. This implies a strong
coupling between the transferring hydrogen and the solvent
water, which is consistent with the above mentioned spectra
in solution. For the rapid processes fewer direct transfers are
found in solution compared to vacuum due to the increased
density of states.

So far only the incoherent, over-the-barrier process has
been discussed for both MA in gas and condensed phase. In
reality, H-transfer for MA in the gas phase and at low to
ambient temperatures is dominated by the coherent process
�tunneling� due to the much lower density of states. For dis-
cussing the tunneling process, the low temperature limit is
considered which is also approximately valid for higher tem-
peratures given the fact that even at room temperature, the
available thermal energy ��200 cm−1� is not sufficient to
significantly populate vibrationally excited states. The evolu-
tion of the system at low temperature is characterized by the
time-dependent quantum state

���t�
 = e−iE0+t�C+�0+
 + C−e−i�0t�0−
� .

Here C+ and C− are �in general complex-valued� expansion
coefficients of the initial state ���0�
=C+�0+
+C−�0−
 and

�0=E0−−E0+ is the tunneling splitting reported in the previ-
ous section. With ��L/R
= ��0+
� �0−
� /�2 �left �L� and right
�R� localized states according to the one-dimensional wave-
functions associated with �0�
; see Fig. 5�a��, the time-
dependent probability for finding the proton in the left or
right potential well is PL/R�t�= �	��t� ��L,R
�2. From this the
time evolution of the probability difference between Land R
is

�PLR�t� = PL�t� − PR�t� = �Pmax cos��0t + �0� .

Here, �Pmax is the amplitude of the oscillation and the phase
�0 is the difference between the arguments of the initial ex-
pansion coefficients C+ and C− �which will vanish if both
coefficients are real�. The equation for �PLR�t� gives rise to a
tunneling frequency � associated with �0=21.6 cm−1

=648 /ns�1 /ps. The significantly higher tunneling fre-
quency compared to the 2.4/ns hopping rate from MD simu-
lations also clearly shows the coherent nature of H-transfer
in the gas phase. Experimentally, this process is character-
ized by a tunneling frequency �splitting� and not by a rate
constant.

IV. DISCUSSION AND CONCLUSIONS

The present work presents a generalized MMPT reactive
force field to characterize PT in both linear and nonlinear
hydrogen bonds. To obtain a robust parametrization to de-
scribe H� transfer in complex systems, two pairs of param-
eters �force constant and equilibrium displacement around
the minimum and transition state configurations� have to be
fit and the PES is subjected to morphing transformations to
reflect the corresponding chemical environment. This force
field has been applied to MA to investigate the intramolecu-
lar nonlinear hydrogen bond. With this PES it is possible to
calculate meaningful structures and qualitatively correct in-
frared spectra for MA without fitting to experimental data.
Further refinements will be possible but are outside the scope
of the present work. The tunneling splittings for HT and DT
were also calculated based on a newly developed HBA
Hamiltonian, which is characterized by a larger effective
mass and an increased barrier, both of which are results of
couplings to the bath modes. Using data from ab initio cal-
culations and the parametrized MMPT potential, close agree-
ment of the tunneling splittings with experiment is found for
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both HT and DT. A more detailed future discussion of the
HBA Hamiltonian should also lead to additional insight.

The spectra were assigned by exploring isotope effects
and power spectra corresponding to particularly relevant in-
ternal coordinates. The calculated gas phase infrared spectra
agree with experiments for all isotopomers investigated in
this work. Spectra of MA in solution have also been pre-
dicted and it will be interesting to compare them with forth-
coming experiments. The CuH in- and out-of-plane bend-
ing and the CuH stretch vibrations have been found to
broaden less than the OuH� bending or stretch vibrations
for solvated MA due to less strong coupling between the
CuH bond and the water than the one between the OuH�

and water. The effective HBA particle defined by the HBA
Hamiltonian has been found to have a larger effective mass
and a higher effective barrier to tunnel through than the par-
ticle in an uncoupled model. Both effects will lead to reduc-
tions of the splitting previously obtained from uncoupled
models. An H� tunneling splitting of 21.6 cm−1 �2.8 cm−1

for D�� and OuH� stretch fundamental of 1573 cm−1

�1136 cm−1 for OuD� stretch� have been obtained from an
effective HBA barrier �Eb

HBA=6.7 kcal /mol and an effective
mass mH�

HBA=1.234 �mD�
HBA=1.117 for D��, which agrees well

with previous investigations. For the classical hydrogen hop-
ping processes both direct �nonobservable, femtosecond time
scale� and averaged �observable, ps time scale� rates have
been studied. The water solvent has been found to play an
important role for the HT in solution, which actually en-
hanced the hopping rate by a factor of 4 compared to that in
vacuum.

The HBA Hamiltonian in Eq. �7� provides a meaningful
explanation for the observed ground state tunneling splitting
in MA. It is straightforward to generalize Eq. �7� for multi-
dimensional reduced HBA Hamiltonians starting from a RSH
using the same techniques. An attractive feature of HHBA is
the limited computational effort that is required to describe
quantum effects such as tunneling splittings and zero point
vibrations in fairly large molecules. The present treatment
finds a splitting of 72.1 cm−1 from a one-dimensional un-
coupled model H0, which is reduced to 21.6 cm−1 by includ-
ing both kinetic and potential couplings between s �reaction
coordinate� and Qk �bath modes�. The reduction of the split-
ting when including the couplings has already been previ-
ously reported.23 There, a splitting of 51 cm−1 was obtained
from a two dimensional uncoupled model compared to a
splitting of 11 cm−1 from a full-dimensional RSH using a
MP2/6-31G�� PES. By including higher than second order
terms in the analytical representation of the PES, the tunnel-
ing splitting increases to 15 cm−1. A more recent study using
an extensive number of points calculated at the CCSD�T�
level with extrapolation to the near-basis set limit reports a
tunneling splitting of 21–22 cm−1 depending on how the
coordinates are treated.25 The barrier for H-atom transfer is
found to be 4.1 kcal/mol, which is close to the value of
4.3 kcal/mol found on the present MMPT surface. Earlier
work has found barriers of 3.6 kcal/mol and corresponding
tunneling splittings of 13.9 cm−1 by employing MP2/
6-31G�d,p� for the PES and classical dynamics simulations
from which tunneling splittings were estimated by using

semiclassical theory.51,52 In another, related study, a modified
spectroscopic force field derived from early experimental
studies of MA �Refs. 14, 17, and 53� was used together with
classical dynamics simulations and semiclassical theory to
calculate tunneling splittings. The PES had a barrier for HT
of 10 kcal/mol and the calculated tunneling splittings were
21.8 cm−1, in very good agreement with experiment. Finally,
using semiclassical wave packet calculations in reduced di-
mensionality, splittings of 21 cm−1 were found with a poten-
tial energy barrier of 2.3 kcal/mol.54 According to the present
investigation, some previously reduced dimensional studies
will probably fail to give quantitative results for D� tunneling
splitting unless a different potential barrier from that for H�

tunneling is used. These comparisons suggest that using
high-level ab initio calculations for the PES together with
reliable procedures to describe the nuclear dynamics con-
verge to barrier heights for H-transfer of �4 kcal/mol, which
lead to tunneling splittings of �22 cm−1. Using the MMPT
potential validated in this fashion leads to a H-transfer mode
at 1573 cm−1 by using the HBA Hamiltonian, which is sup-
ported by the finding of a low frequency OuH� stretch
mode �1672 cm−1� from a full-dimensional RSH.23

The calculated H-transfer rate of 10/ns in solution quali-
tatively agrees with previous investigations.49,55 Starting
from a diffusion equation, a recent computational study ob-
tained rates of 38/ns for the H-transfer rate and slightly lower
barriers for the transfer in solution compared to vacuum.55

On the other hand, ab initio MD simulations of MA in water
have been carried out with self consistent charges density
functional tight binding �SCC-DFTB�.49 This study finds a
long rate constant of 29/ns, qualitatively similar to the rate
found here, and two rapid processes �6/ps and 100/ps�, which
correspond to the rapid processes in Fig. 6�b�. To the best of
our knowledge, the only experimental estimate characteriza-
tion of the energetics comes from NMR studies in CFCl3 and
CD2Cl2, which find an upper limit of 6 kcal/mol for the HT
reaction.56

It is also interesting to compare the vibrational spectros-
copy of the HT stretch band for MA with the spectroscopy of
other proton-bound complexes. For weakly bonded systems
�such as HeuHCO+ or HeuHN2

+� �Refs. 57 and 58� the
vibrational redshifts of the �1 hydrogen stretch are only
�12.4 and −75 cm−1, which reflect the small perturbation
caused by a helium atom in the H� stretch motion. Contrary
to that, complexation with Ar leads to substantial shifts of
�274 and −728.5 cm−1, respectively.59,60 Considering the
spectroscopic data gathered so far on Rg-HCO+ and Rg-HN2

+

complexes �Rg=He,Ne,Ar� it was observed that the vibra-
tional redshift of the �1 stretch correlates linearly with the
difference in proton affinity �PA between the rare gas atom
and the CO or N2 moiety, respectively.61 These relationships
are also reflected in the strength of the hydrogen bond be-
tween the Rg atom and the ionic core, which range between
1 and 8 kcal/mol for He- and AruHN2

+.62,63 Contrary to that,
the proton stretch fundamental in more strongly bonded pro-
tonated water �H2OuH+

uOH2� or ammonia
�H3NuH+

uNH3� dimers with hydrogen bond energies
larger than 20 kcal/mol are expected to shift even more to the
red. For H3O+ the totally symmetric OH stretch �1 consists
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of two components �1
+ and �1

− with origins at 3390 and
3491 cm−1, respectively.64 Complexation with another water
molecule shifts this frequency by more than −2000 cm−1 to
the red.4,7 Similarly, the NuH� stretch mode in NH4

+ is also
greatly shifted to the red by more than −2000 cm−1 when
bonded with another ammonia molecule.21 For MA the hy-
drogen bond energy was estimated by comparing the energy
difference between the enol and trans conformers, which
amounts to �12 kcal/mol at the MP2/6-311+G�� level. This
is between that of AruHN2

+ and H2OuH+
uOH2. Conse-

quently, the OuH� stretch in MA is expected to shift to the
red by more than −1000 cm−1, which is supported by the
present work �1573 cm−1� and other recent investigations
�1672 cm−1�.23 It should, however, be noted that the “hydro-
gen bond energy” in protonated complexes and MA are
likely to differ slightly in their chemical meanings as it is an
intramolecular H-bond in MA and intermolecular H-bonds in
all other systems mentioned.

In conclusion, the present work has extended MMPT to
nonlinear hydrogen bonds which will be particularly useful
for studying biomolecular systems. The parametrization has
been validated for MA by comparing with vibrational spec-
troscopic and tunneling data available from experiments,
structures, and barriers from high-level ab initio calculations.
After including zero point corrections to the barrier for HT
due to the bath modes, an increased effective mass of the
transferring particle �compared to the uncoupled model� has
been found to yield a splitting of the vibrational ground state
in good agreement with experiment. Based on preliminary
calculations with a HBA Hamiltonian the HT stretch mode is
most likely located around 1600 cm−1, which is in agree-
ment with other recent computational work23 but at variance
with assignments from experiment. A redshift of more than
−1000 cm−1 of the OH�

uO stretch mode is also expected
from analogies with other proton-bound systems, which are
consistent with the suggestion in Ref. 23 that previous as-
signments may be incorrect.
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