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Quantum mechanical study has been carried out to investigate C-C torsional excitation in glycine via collisional
energy transfer with hydrogen atom. In this study, ab initio calculation is carried out to generate potential
energies on a two-dimensional grid (torsional angle and radial coordinate) for given fixed orientational angle
(θ, φ). These discrete energies are fitted with a local linear least-squares method to generate potential energies
at any given point in two-dimensional space for dynamics calculation. Time-dependent quantum wave packet
calculation is employed to study energy transfer to the C-C torsional mode of glycine, and state-to-state
transition probabilities are obtained for different initial angles of collision. Strong angle-dependent energy
transfer is observed from the calculation. Although the total energy transferred to the torsional mode is small,
collision from certain angles can result in relatively large conformational change in torsion by as much as
30° degrees.

I. Introduction

Understanding the mechanism of protein conformational
change that controls folding and unfolding of protein is crucial
to understanding the reactivity and mutation of proteins.1

Because proteins are macromolecules consisting of a large
number of atoms, theoretical study of protein dynamics is largely
limited to classical mechanical treatment that solves Newton’s
equations of motion. Relatively few attempts have been made
to employ quantum dynamical methods in protein dynamics
studies.2 Despite the huge success of classical simulations of
proteins, there are still inherent limitations in classical treatment
due to the classical nature of the approach. For example,
quantum mechanical tunnelings that are associated with light
hydrogen atoms could not be correctly described by classical
mechanics. In addition, the zero point energies of the molecules
are not preserved in classical simulation.3,4 These problems are
inherent in classical mechanics and their effects in biological
molecules have not been fully investigated due to difficulties
associated with quantum mechanical treatment of many body
problems. Ideally, one would like to incorporate some or part
of the quantum treatment in protein dynamics studies.

Because fundamental units of proteins are amino acids, a
unique sequence of 20 amino acids completely determines a
protein’s structure (native structure) and therefore its particular
biological function.5 Because conformational change of a protein
is largely caused by low-frequency torsional motions that control
folding and unfolding of protein at normal temperatures,6

studying torsional excitation in protein is of fundamental
importance in protein dynamics. Furthermore, a protein performs
its function through specific interactions of its amino acids with
other atoms and molecules. Thus studying interaction dynamics
of amino acids with individual atoms or molecules is of
fundamental interest. Although a vast amount of molecular
dynamics studies have been carried out to investigate energy
transfer in protein interactions, theoretical works that study the
detailed process of energy transfer for interaction with individual

amino acids are scarce. Because individual amino acids or small
peptides are much smaller than proteins, it is possible to employ
quantum mechanical methods to study interaction dynamics of
amino acids with small atoms or molecules at accurate levels.
It thus seems natural to explore the energy transfer process
involving individual amino acids or small peptides to investigate
their dynamical properties using quantum mechanical ap-
proaches.

In this paper, we present a quantum mechanical study of
torsional inelastic scattering of glycine, the smallest amino acid,
by a hydrogen atom. In our study, we treat the glycine as two
rigid bodies connected by the C-C bond and solve the quantum
scattering equation for collision of glycine with a hydrogen
atom. Because glycine is the smallest amino acid with a small
number of atoms, ab initio calculation of potential energy surface
for hydrogen interaction with glycine is computationally feasible.
To make quantum calculations efficient, however, approximation
has been made to simplify the theoretical treatment. Because
the main objective of the present study is to investigate C-C
torsional excitation of glycine through collision with a hydrogen
atom, we use a two-dimensional (2D) model to study quantum
collision dynamics. Specifically, we fix the spatial orientational
(θ, φ) of glycine in the dynamics calculation, which results in
a 2D quantum scattering model: the radial coordinateR and
torsional angleø. The 2D dynamics calculation is thus carried
out for a fixed collision angle (θ, φ), which is varied in different
dynamics calculations to investigate collision at different
orientations. A recent theoretical study of energy transfer to
glycine by collision with a hydrogen atom shows that energy
transfer to overall rotational motion of glycine is quite small.7

Thus the current 2D model with fixed orientation of glycine
should be reasonable to study torsional excitation of glycine in
collision with a hydrogen atom.

Because the current dynamics model is of low dimensionality,
it is possible to study hydrogen-glycine collision dynamics ab
initio. Thus in this study, we use density functional method
(DFT) to calculate potential energies on a discrete two-
dimensional grid of (R, ø). The ab initio calculation is done for† Part of the special issue “Donald J. Kouri Festschrift”.

7106 J. Phys. Chem. A2003,107,7106-7111

10.1021/jp0300290 CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/09/2003



any given orientation (θ, φ). A local linear least-squares (LLLS)
fitting method16 is then employed to generate potential energies
at any given nuclear coordinates. The time-dependent quantum
wave packet method is then employed to carry out inelastic
collision calculation. State-to-state transition probabilities are
computed, and results are discussed.

This paper is organized as follows: Section II gives a
description of the theoretical treatment including the dynamical
model, ab initio calculations, and the fitting of potential energy
surface. Section III shows the results of the calculation with
discussions, and section IV concludes.

II. Theoretical Approach

A. 2D Collision Model for Hydrogen-Glycine. In our
theoretical study of energy transfer to torsional motion of glycine
by collision with a hydrogen atom, the glycine is treated as two
rigid bodies connected by the C-C bond. The glycine is initially
set at the “stretched” orS state, which is one of the two
minimum conformations of glycine, with the other having the
“cyclic” or C conformation.8 The two conformers can inter-
convert from each other through rotation along the C-C bond
with a barrier of 3.0 kcal/mol. Because we are mainly concerned
with the C-C bond torsional motion, the C-C bond is fixed
in space in the dynamics model. In addition, we also fix the
attacking angles of the hydrogen atom. This is based on the
assumption that the overall rotational motion of glycine is much
slower than the translational motion, an approximation often
termed infinite order sudden approximation (IOSA).9 Thus for
any fixed collision angle (θ, φ), we are dealing with a 2D
quantum scattering problem that includes the radial coordinate
of the hydrogen atomR and torsional angleø about the C-C
bond.

The Hamiltonian for the 2D scattering problem is thus given
by

whereµ is the reduced translational mass between the hydrogen
atom and glycine,R is the radial distance from the hydrogen
atom to the origin, which is fixed as the collision point on the
C-C bond. In this study we treat the C-C bond as a fixed
axis of rotation with two rigid groups attached at two ends. The
one-dimensional HamiltonianĤtor(ø) describing the torsional
motion of glycine around the C-C bond is given by

whereV(ø) is the torsional potential,ø is the torsional angle,
andI is the reduced moment of inertia. We calculate the reduced
moment of inertia for the torsional motion around the C-C bond
as

whereICOOH and ICH2NH2 are the moments of inertia along the
C-C bond for the COOH group and CH2NH2 group, respec-
tively. As shown in Figure 1 for hydrogen-glycine scattering,
the interaction potentialV is a function of two internal
coordinates (R, ø), whereR is the relative distance between the

hydrogen and the collision point on the C-C bond andø is the
torsional angle of glycine along the C-C bond.

To solve the 2D scattering problem, we employ quantum
wave packet approach10-12 to solve the TD Schro¨dinger equation

with the Hamiltonian given by eq 1. With an appropriate choice
of basis set, the TD wave functionΨ(t) is expanded as13

where particle-in-a-box plane wave function is used as the
translational basis functionun(R) and the torsional basisφv(ø)
is given by solving the one-dimensional eigenfunction

The one-dimensional Schro¨dinger equation for torsional angle
with this Hamiltonian given by eq 2 can be solved by the
standard basis set method using sine and cosine basis functions.

The TD wave function is propagated using the split-operator
method14

The operatorĤ0 is chosen to be

where Ĥtor is the torsional Hamiltonian given in eq 2. The
generalized potential operatorÛ is given by

In the present study, the orbital angular momentumL is chosen
to be zero, which corresponds to s-wave scattering.

Because the dynamics scattering calculation is carried out
for various collision angles, one could average over orientations
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Figure 1. Geometry of glycine and the coordinates defined in the
scattering model. The coordinateR is the distance from the hydrogen
atom to the collision point on the C-C bond in glycine. The glycine
is initially fixed at theS configuration.
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to obtain averaged physical quantity such as transition prob-
ability and the ratio of energy transfer. UsingF to represent
any of the desire physical quantities, its angle-averaged value
can be obtained by simple integration over initial collision angles

B. Ab Initio Potential Energy Surface. Because we are not
aware of any available ab initio potential energy surface for
the current hydrogen-glycine scattering, we need to construct
a two-dimensional potential surface for dynamics calculation
for any given set of collision angle (θ, φ). Because glycine is
planar, we place it in theXYplane of the Cartesian coordinate
system and make the C-C bond coincide with theX axis, as
shown in Figure 1. For any fixed orientation (θ, φ), the potential
surface depends on two internal coordinates (R, ø), as shown
in Figure 1. DFT (density functional theory) calculation is thus
carried out to generate discrete potential energies in this two-
dimensional space on a 15× 18 grid for a given fixed
orientation (θ, φ). Utilizing the Cs symmetry of glycine, we
only need to consider collisions with the polar angleθ in the
range [0, 90°]. Table 1 lists the two-dimensional grid for which
DFT calculation is performed to generate energies for a given
collision angle. This is done forθ in the range of [0, 90°] and
φ in the range of [0, 360°] with a constant spacing of 20°.

After ab initio points are generated by DFT calculation, the
potential surface is fitted to give potential energy values at any
desired point in space. In previous studies, we proposed a local
least-squares fitting (LLLS) approach for numerical fitting of
the potential surface from an arbitrary set of ab initio data.7,16

In the LLLS approach, we expand the unknown potentialV in

a basis set16

whereci are the expansion coefficients to be determined. An
energy cutoff criterion is used to eliminate points whose energies
are above a certain cutoff limit. In our approach, the basis
functionsui are chosen to be localized Gaussian functions, one
for each energy point. With local fitting strategy, only part of
the energy points within a given range of the multidimensional
space is included in the least-squares fitting. More details of
this local least-squares fitting strategy can be be found else-
where.16

Figure 2 shows contour plots of the fitted potential energy
surface as function of the radial coordinateRand torsional angle
ø at fixed collision angles of (80°, 40°), (40°, 60°), (20°, 120°),
and (60°, 240°), respectively. As can be seen from the figure,
these potentials are strongly dependent on the collision angle
and result in angle-dependent energy transfer to the torsion.

III. Results of Numerical Calculation

Geometry optimization of glycine is performed by DFT/
B3YLP with a 6-31G(d) basis set using Gaussian9815 to find
the global minimum. The lowest minimum corresponds to the
S (or stretched) configuration. Another stable configuration is
the C (or cyclic) configuration, which differs from the S
configuration through a 180° torsional rotation around the C-C
bond defined in Figure 1. As shown in Figure 3, this C
configuration is about 1.1 kcal/mol in energy above the S
configuration. This result is consistent with other ab initio
calculations in which the lowest C configuration was found to
be higher in energy than that of the S configuration.8 Although

Figure 2. Contour plots of potential energy surface as a function of (R, ø) at fixed collision angles (θ, φ): (a) (80°, 40°); (b) (40°, 60°); (c) (20°,
120°); (d) (60°, 240°).

TABLE 1: Grids Used in LLLS Fitting of H +Glycine PES

coordinate
no. of
points original grid set

R (a0) 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
ø (deg) 18 -180+ n × 20 (n )0, ..., 17)

Fh ) 1
4π∫0

π∫0

2π
F(θ,φ) sin θ dθ dφ (10)

V ) ∑
i

ciui (11)
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the C configuration in Figure 3 is not the absolute minimum of
the C structure due to constraints of other degrees of freedom,
the difference in energy from its absolute minimum is small.
Therefore no significant effect is expected in the dynamics
calculation due to this small structural deviation of the C
configuration.

Using the global potential energy surface generated from the
previous section, we carry out TD wave packet calculation to
study torsionally inelastic scattering of glycine by hydrogen
atom. A total of 60 particle-in-a-box sine functions are used to
expand the radial dependence of the wave function spanning a
distance of 2.0-14.5 bohr. For torsional motion, 30 vibrational
functions are used in the expansion for theø dependence of the
wave function. The initial wave packetæk0(R) is chosen to be
a standard Gaussian function

with Gaussian widthδ ) 0.45 and initial kinetic energyE0 )
0.40 eV. Figure 3 shows torsional potential curve of glycine.
The periodic potential has a double-well shape with about 0.05
eV difference in depth. The two wells corresponds to the S and
C structure of glycine, with a potential barrier of about 0.135
eV from the S to the C structure. Figure 4 shows the calculated
torsional eigenvalues of the glycine. Among these eigenstates,
the ground state belongs to the S configuration whereas theV
) 7 state is the lowest energy state in C configuration. Above
V ) 7, the wave functions become delocalized due to tunneling
and exhibit double-well structure, as shown in Figure 4.

Scattering calculations are carried out for various fixed values
of collision angle (θ, φ), with glycine at ground state initially.
Figure 5 shows the calculated state-to-state inelastic transition
probabilities for torsional excitation toV ) 1 to V ) 30 as
functions of kinetic energy. These probabilities are obtained by
averaging the corresponding angle-dependent transition prob-
abilities over all collision angles. As seen from the figure, the
individual state-specific transition probability is generally small,
with the largest transition going to the first excited state (V )
1). Most individual probabilities are on the order of 1%. As the
excitation increases, the threshold energy gradually increases
as well. The total inelastic transition is fairly significant, about
20 as shown in Figure 5.

We next examine T-T (translational to torsional) energy
transfer. This can be measured by the percentage of initial
collision energy that is converted to the torsional energy of
glycine, defined as

whereEf is the torsional excitation energy calculated by

whereE0 is the initial (ground-state) energy of glycine,Ecoll is
the collision energy,εv is the excited torsional eigen energy,
andPv is the corresponding excitation probability.

Figure 6 shows the value ofEeff as a function of collision
energy for collision at various spherical angles of collision.
There is a strong dependence on collision angles for energy
transfer. For hydrogen approaching glycine perpendicular to the
plane (θ ) 0°), the energy transfer to the torsional motion is
very small, about 1.5%, as shown in Figure 6. For hydrogen
approaching near parallel to the plane (θ ) 80°), energy transfer
is also small, average about 2-3%. The largest energy transfer
occurs for collision nearθ ) 40°, with an efficiency as high as
40% for certain azimuthal angleφ. As shown in Figure 6, the

Figure 3. Torsional potential as a function of torsional angle in glycine.

Figure 4. Torsional energy levels of glycine.
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Figure 5. Angle-averaged inelastic transition probabilities from the
ground state to excited torsional states as a function of collision energy.
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energy transfer efficiency is also dependent on the azimuthal
angle. In general, the efficiency of energy transfer (percentage)
is larger at small collision energy.

Figure 7 shows a 3D plot ofEeff over collision angles (θ, φ),
in which relatively large energy transfer occurs within a small
range of solid angles where the hydrogen atom approaches the
glycine from region I (shown in bird’s-eye view in Figure 1).
For hydrogen attacking from regions II and III, in which the
hydrogen approaches the C-C bond from the C terminal, the
energy transfer to torsion is negligible.

Next, we examine the time dependence of the average value
of torsional angle defined as

where ø is the torsional angle andΨ(R,ø,t) is the TD wave
function at any given timet. Figure 8 shows the calculated
average value of torsional angle as a function of time for various
collision angles. Because glycine is initially at the ground state,

the initial value oføj(t) is zero, as shown in the figure. Consistent
with energy transfer shown in Figure 6, the high excitation of
the torsional angle occurs nearθ ) 40°. The oscillatory structure
shown in the figure simply represents that the excited torsional
wave function is exercising quasi-periodic motion near the
bottom of the potential well in Figure 3, after the collision event
is completed.

To see the fluctuation of torsional angle away from the
average value as a result of collision, we calculate the variance
of the torsional angle as a function of collisional time by

Figure 9 shows∆ø(t) for various collision angles as a function
of propagation time. Similar to Figure 8, large variance is
observed at those angles at which the energy transfer to torsion
is enhanced. Likeøj(t) in Figure 8,∆ø(t) also oscillates in time
after collision with hydrogen.

IV. Conclusion

A two-dimensional torsionally inelastic scattering model for
hydrogen-glycine is presented in which the glycine is treated
as two rigid bodies connected by the C-C bond. For a given
collision angel (θ, φ), the two-dimensional potential energy
surface is constructed from DFT quantum chemistry calculations
that are fitted into a surface using the LLLS approach. Time-
dependent quantum scattering calculations are carried out to
obtain state-to-state transition probabilities. The energy transfer
to the torsional mode is examined for various collision angles
(θ, φ) of hydrogen. The results of the current study can be
summarized as follows:

1. The individual state-to-state transition probability is
generally small and the total inelastic transition probability is
around 20%.

2. The efficiency of T-T energy transfer is strongly depend-
ent on the initial collision angle. Although collisions from most
orientational angles result in small energy transfer, attacking

Figure 6. Individual T-T (translationalf torsional) energy transfer
efficiency at different collision angle (θ, φ) as a function of collision
energy.

Figure 7. 3D plot of energy transfer as a function of collision angle
(θ, φ).

øj(t) ) 〈Ψ(R,ø,t)|ø|Ψ(R,ø,t)〉 (15)

Figure 8. Mean torsional angle as a function of time for different
collision angles (θ, φ). The initial Gaussian wave packet has a width
δ ) 0.45 and initial kinetic energyE0 ) 0.40 eV.

∆ø(t) ) x〈Ψ(R,ø,t)|(ø - øj)2|Ψ(R,ø,t)〉 (16)

7110 J. Phys. Chem. A, Vol. 107, No. 37, 2003 Zhang et al.



by hydrogen from the N-terminal shown in Figure 1 will result
in significant T-T energy transfer.

3. Large angular excitation of torsion occurs at collision
angles where strong energy transfer is observed, and the two
are closely correlated.
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