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Photoionization Dynamics of Glycine: The First 10 Picoseconds
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Single photon ionization dynamics of glycine is studied by classical trajectory simulations using the
semiempirical PM3 potential surface in “on the fly” calculations. The glycine conformer is assumed to be in
the vibrational ground state prior to ionization. Initial conditions for the trajectories are weighted according
to the Wigner distribution function computed for that state. Vertical ionization in the spirit of the classical
Franck-Condon principle is assumed. The main findings are as follows: (1) The photoionization triggers a
fast internal rotation about the-€C bond, with the NH group rotating in one direction, and the COOH
group rotating in the opposite direction. For the trajectories where the fast rotation occurs, it persists till the
end of the simulation (10 ps). The yield for this process is about 6%, suggesting it may be experimentally
observable. (2) For many of the trajectories, the photoproduced glycine ion exhibits “hops” between two
conformer structures. The rates computed from the dynamics for these conformational transitions differ
considerably from RRK predictions. (3) Different behavior of vibrational energy flow is found for different
types of modes. There is no significant approach to statistical distribution of the energy throughout the first
10 picoseconds. (4) The preferred dissociation channel is thé Bond cleavage. Indeed, fragmentation is
observed for a few trajectories, one of them shows H atom hopping from the amino group to the carbonyl
group prior to dissociation. Another trajectory shows only this hydrogen transfer and the transfer back. Possible
experimental implications of some of the findings are briefly discussed.

I. Introduction interaction between one hydrogen of the Ngtoup and the

| carbonyl oxygen. The hydrogens connected to the nitrogen are
in the same plane as the<C=0O backbone. The second
conformer has a bifurcated interaction linking the amino

The mechanism and dynamics of photoionization of biological
molecules are of considerable intrinsic interest and may have

potential applications, especially in mass spectrometry. loniza- .
tion, carried out by several possible processéss obviously hydrogens to the hydroxyl oxygen lone pairs. The energy

a central aspect of mass spectrometry. At the same time, maséiiﬁerence between these two isomers at the G2(MP2) level is

spectrometry has already developed into a major tool in the study'oreo“.(:teOI o be65.9 kd/mol. According to t.he work of R_’gdez-.

and characterization of biological molecules, from small to very Santlago et at (D'.:T gnql MP2 calculatlons) there is a third
large5-23 Little is currently known on the dynamical processes ionic conformer_whu:h is similar in structl_Jre Wlth_anot_her_ neutral
that take place upon photoionization of biological molecules. ¢onformer. This conformer has an interaction linking the
The present article aims at exploring this topic. We chose to NYdroxyl hydrogen to the amino lone pair.

focus on single-photon ionization in this first study, since this  The channels that open up upon ionization of glycine include
is probably the conceptually simplest ionization process. It the following: internal flow and redistribution of the vibrational
should be recognized, however, that two- and higher order €nergy between the modes; conformational transition of the
photon ionization are far more common in practice. Glycine is nascent ion; transfer of hydrogen within the ¥/ fragmenta-
adopted here as a prototypical example, being the smallest amindion of the ion?!:3437The study presented here focuses mostly
acid. There is a wealth of relevant data on (neutral) glycine, on the first two types of processes: intramolecular vibrational
including the structure of its conformers and their spectros- energy redistribution (IVR) and transitions between different
copy24-33 and many characteristics of the potential energy conformers. These are believed to be the fastest and most
surface. On the contrary, relatively little is known on the glycine €efficient dynamical processes in such systems. However, also
ion produced in the photoionization. In particular less is known chemical processes which involve bond breaking or shifting and
about the ionic potential energy surfaée3’ Yu et al3® found require much longer time scales depend ultimately on the
two ionic conformers at the G2(MP2) level of ab initio electronic outcome of the IVR and conformational transition events. It is
structure theory. Both are similar in structure with neutral important to know whether a statistical distribution of vibrational
conformers. The positive charge in both conformers is located energy is indeed obtained and on which time scale it is reached.

on the nitrogen. One ionic conformer has one hydrogen bonding The question is, how long after the ionization a vibrational
distribution compatible with RRKM is obtained. The time scale

*To whom correspondence should be addressed. E-mail: benny@ that will be explored here is short, only 10 picoseconds, but it

huacd. University is useful to know if a significant move in the direction of
£ NASA Ames Research Center. statistical distribution can already be noted. If not, characteriza-
8 University of California, Irvine. tion of the patterns of vibrational energy flow is of considerable
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interest. The issue of conformational transitions is likewise structure theory on the neutral surface. This conformer is not
important: Which conformers are populated following ioniza- the global minimum, but this is an experimentally and theoreti-
tion, and on which time scale does this take place? This issuecally well characterized conformer. The second derivative
is often discussed qualitatively in mass spectrometry, but it (Hessian) matrix was calculated to ensure that the stationary
seems that it was not studied quantitatively, by dynamics point is indeed a minimum (all eigenvalues are positive).
simulations. Another interesting question is whetlsame Harmonic normal-mode analysis was performed on this geom-
fragmentation events can take place already on the short 10 psetry. Initial coordinates were chosen by the following proce-
time scale studied here. Clearly, the yield for such processesdure: Each mode has been distorted from equilibrium. For each
on this short time scale is expected to be very low, but it is mode, 16 different positions were chosen and the Wigner
interesting to explore if the event is not too rare to be seen for distribution for these geometries was calculated. By this
some of the trajectories in the set (and hopefully be measuredprocedure, 384 initial geometries were found.

experimentally). It will indeed be seen that for the set of For each geometry in the Frane€ondon regime, single-
trajectories used, some fragmentation events are found. Inphoton jonization was modeled by vertical promotion into the
summary, the present paper explores the dynamical evolutionjonic potential energy surface. Afterward the trajectory was
of the system af_ter ionization, using classical trajectory S|mu_la- propagated in time on the ionic PM3 potential energy surface
tions and a semiempirical potential surface, the choice of which (using ROHF in the HartreeFock part of the code). Trajec-
will be discussed later. The structure of the article is as follows. tgries, where the ROHF energy calculations failed to converge,
Section Il presents the methodology used. In section Ill, the o for which energy conservation was not satisfied were rejected.
findings are described and analyzed. Section IV brings conclud- Energy was considered to be conserved when the difference

ing remarks. between the initial total energy and the total energy (in atomic
units) at the current time step was smaller thar 2075, The

Il. Methodology analysis was all carried out for the remaining 361 trajectories.
Note that the ionization model used does not correspond to a

A. Potential Energy Surface.Biological molecules are often A e ] A
studied using empirical force fields such as AMBEFRQPLS monochromatic source, but to rad|_at|on havmg frequencies
MMFF944° The advantages of these force fields are that they 2cross the range of the photoionization (absorption) spectrum.
are simple to use, computationally fast and give adequate resultsTh'S_ means that different trajectories had different energies in
for neutral molecules. However, these force fields do not give the ionic state.
reliable description for ionic systems. B. On-the-Fly Molecular Dynamics Simulation. The method

A more accurate approach is to use ab initio potentials, but used for the simulation is “on the fly” molecular dynanfit$®
these are computationally expensive, especially for large that is implemented into the electronic structure program
biological molecules. In dynamical simulations the potential Package GAMES3? Recently studies of dynamics on the fly
energy is evaluated thousands of times along the trajectories.using QM/MM and semiempirical potentials have been pursued
This step is the main computational effort in this case, and using by Has€®>and co-workers. Obviously, some quantum effects
ab initio potentials would be very time-consuming. Such ab are expected to play a role, and these are neglected in the
initio simulations would be limited to only very short time- ~ classical approach. Zero-point energy is probably the most
scales. important quantum effect neglected in this study. However, the

Therefore, we use in this study PM3 semiempirical electronic €xCess energy is fairly high on the ionic statés>( 0.8 eV),
structure theor§! PM3 is one of several modified semiempirical @nd we assume the classical description should be reasonable.
NDDO approximation (neglect of diatomic differential overlap) In “on the fly” molecular dynamics, at each time step, the current
methods*? Rather than performing a calculation of all of the Potential energy is evalua_ted and the forces are computed._'!’he
integrals required in the formation of the Fock matrix, three- atoms are moved according to these forces to a new position
and four center integrals are neglected in PM3, and one-center(Next time step), and there again, the forces are calculated from
two-electron integrals are parametrized. Thus, in principle, PM3 the potential energy and the atoms are moved, and so on. A
is closer to ab initio methods than force fields. Additionally, Vvery demanding SCF (ROHF) convergence criterion of'10
PM3 has recently been applied to calculations of small Was employed to ensure in this case accurate force calculations
proteins?3-45 It is not known if PM3 possesses the capability for the time scale of the study. The default value of 10
of correctly describing bond breaking for radical ions. Another employed in the standard GAMESS code is too big for the
problem that may arise is the HartreEock instability and present case. Calculations with this value have shown that the
possible degeneracy for open shell systems. Recently, a methodomputed trajectory contains unphysical artifacts. The reason
has been developed in our group, which improves PM3 potential iS 0bvious: The more accurate the potential energy calculation,
energy surfacé® This method employs a coordinate scaling the more accurate will be the force calculations at that point.
procedure. The modified PM3 potential has been tested for Fewer errors are then accumulated during the simulation and
glycine, alanine and proline by calculating the anharmonic the calculated trajectory deviates less from the true one. Each
frequencies using the VSCF and E@SC647” method, and trajectory was calculated for 10 ps with a time step of 0.1 fs (to
comparing them to experimental data. The computed anhar-ensure energy conservation).
monic frequencies are in very good agreement with spectro- C. Representation of Initial Conditions. The glycine
scopic experiments for these three amino acids. The simulationsmolecule is assumed to be initially in its vibrational ground state.
presented here were carried out with standard PM3. At the sameThis is an experimentally realizable (e.g., in low temperature
time are also tested some properties of the potential surface (e.g.beam experiments), well-defined condition. For such an initial
the barrier for internal rotation of the glycine ion) against ab state, the classical description is quite unrealistic (classically,
initio. This is discussed later. the system afl = 0 K is initially at rest at the minimum

All calculations have been performed using the electronic configuration, with no zero-point energy), so there will be only
structure package GAMES®.0ne of the lowest lying con-  one classical trajectory for these conditions. Classical description
formers was optimized using PM3 semiempirical electronic becomes closer to reality if the simulations are done for initial
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temperaturd > 0, in fact for sufficiently highT. In summary,
the ground-state vibrational wave function is appropriate for
sampling the initial state. Furthermore, for this state, the
anharmonic corrections are modest, and a harmonic wave
function seems a reasonable wave function.

To sample trajectories according to the initial state we use
the Wigner distribution functiof®

L IS0 g & Shyfr — S
W(r,p) (Znh) fdsexp{ h] (r 2) (r 2) (1)
Figure 1. Global minimum of glycine calculated by PM3. Bond lengths

wherey is the wave function of the state,is the coordinate, are in angstrom, and angles are in degrees.
andp is the momentum.

Each normal mode is treated as a classical harmonic oscillator
in its ground vibrational state. Substitution of the harmonic
oscillator wave function into the Wigner distribution gives the
Wigner distribution for an n-dimensional harmonic oscillator:

Another way of calculating the rate constant is to use the
microcanonical transition state theory (i.e., RRKM theory),
wherein the rate constant for a monoenergetic initial state
ensemble is given 159

TS
— N1 P ykalo = NE-E)

W(a,p) = () "Ile " e ) B=—15 (6)
gi is the normal mode, angl is the corresponding momentum.  with NTS(E — Eg) being the number of states in the transition
ki is the force constant of thiéh normal mode and; is related state angb(E) the reactant density of states. This includes static
to the corresponding vibrational frequeney € Aw;). For the guantum effects. We chose to use the RRK rate constant, since
excitation process, we assume, in the spirit of the Franck it compares better with the results of classical dynamics
Condon principle, vertical promotion to the ionic state. This performed in this study.
implies that the initial velocities are zero on the ionic surface,
the configurations being those sampled for the neutral species.!ll- Results and Discussion
_ To test the validity of the statistical approximation for the ) 5. |nitial State. The initial state was taken to be one of
interconversion between conforr_ners, the res_ults of the trajectory ihe jowest lying conformers of glycine. Figure 1 shows the PM3
calculations will be compared with the classical RRK rates. For geometry of this state. The most stable conformer differs from

a process at enerdy, the RRK rate is given By this geometry by the configuration of the Miroup. The most
E— E)st stable conformer ha€s symmetry; the two amino hydrogens
K(E) = A( ) ©) interact with the carbonyl oxygen. For the conformer chosen
E here, the bond lengths at the PM3 level deviate only by up to

0.01 A and the angles by’ kcompared to the ab initio MP2/

where A is taken as TZP level. One notable difference is the length of the hydrogen
s bond between the NH and the CO group: PM3 predicts a bond
v length of 2.76 A, whereas MP2/DZP predicts a shorter length
A= izt 4) of 2.69 A. There are also some differences (up i the
Sﬁlv' torsion angles. Only the NC—C—O(H) angle differs signifi-
i=1 cantly. PM3 predicts 127 whereas MP2/DZP predicts 138t

can be concluded, that this glycine conformer is well described
E is the total energyky is the energy barrier, argls the number by PM3. The neutral geometry can be characterized by an almost
of degrees of freedom, in this case 24is the frequency from planar arrangement of the<@OOH group and by a pyramidal
the initial minimum geometry andg; is the frequency from the  arrangement of the €NH, part of the molecule. The nitrogen
transition state. The transition state of the interconversion is sticking out of the plane, whereas the hydrogens connected
between conformers was found by searching for an extremumto it point into the plane. The most similar ionic minimum differs
along the reaction path, and checking for a configuration having mainly in the arrangement of the Nigroup. The nitrogen in
a single negative Hessian frequency eigenvalue. If the initial the ionic conformer is lying in the plane of the-COOH part
state corresponds to a distribution of energies of the moleculesof the molecule. All of the hydrogens except the hydroxylic
rather than to be a monoenergetic ensemble, the overall RRKone lie now perpendicular to the molecular plane described
rate is above.
The initial mean charge immediately after the ionization is
T & E—Ep|st located for all of the trajectories sampled mainly on the nitrogen
Kerk = fEOP(E)A E dE ®) (70%). The lone pair of the nitrogen has the lowest ionization
potential in the molecule. This is also confirmed by experi-
whereP(E) dE is the fraction of initial states having energies ment2! The ionization potential calculated by PM3 is 8.9 eV.
betweenE andE + dE. In the statistical approximation, the This agrees well with previous experiments and theoretical
specific initial conditions for an ensemble are assumed to be work2%3537 Theoretical calculations predict an ionization
“forgotten” on a very short time scale. ThuB(E) in eq 5 potential between 8.8 and 9.2 eV depending on the level of
represents the only effect of a nonmonoenergetic ensemble ortheory used. The experimental works give an ionization potential
the RRK reaction rate. The validity of RRK does not, of course, between 8.8 and 8.9 eV.
depend on having a monoenergetic ensemble, and can be tested Ill.b. Onset of a Rotary Motor-Like Behavior. Thirty-seven
in principle for any ensemble. trajectories out of 361 show this fast internal rotation. The
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Figure 2. Snapshot of one whole rotation. The COOH group is rotating in one direction, and theQ¥Hd group is rotating into the opposite

direction. The axis of rotation is the-€&C bond.

statistical weight of these events from the Wigner distribution
is 5.86%. One trajectory is chosen here in order to illustrate
the mechanism of the rotation. In this trajectory the ;NH
antisymmetric stretch was initially distorted from equilibrium.
The mass-weighted normal mode coordirgteas set to 23.58
au. Basically this is equal to lengthening one NH bond from
1.00 to 1.21 A and shortening the second NH bond from 1.00
to 0.78 A. The system was ionized vertically at this geometry.
The potential energy of this geometry on the ionic surface is
about 2.68 eV higher than the potential energy of the ionic
equilibrium geometry described above. The initial geometry has
the NH, group pointing out of plane. Modes which involve
mainly the NH group are initially strongly excited. These modes
are the NH symmetric stretch, Npantisymmetric stretch and

the HNH bend. The corresponding frequencies are 3505.39,

180
160
140
120
100
80
60 i
40
20 A

Torsion angle (degrees)

10
Time (ps)
Figure 3. Torsion angle N5C3—C2—-01 as a function of time for

3437.05, and 1609.92 cth These modes contain a large part the trajectory that shows the rotation.

of the initial kinetic energy. During the first 2 ps this energy
flows out of these modes and into the rotational mode. The
motion in the first 2 ps is characterized by mainly the NH
antisymmetric stretch together with the wagging motion of the
NH, group with respect to the plane of the-COOH group.

On the ionic surface, the nitrogen tends to be in the same plane

as the G-COOH group (local minimum, named here conformer
). After 1.86 ps the first rotation starts. The gH\H, group

is rotating in one direction and the COOH group in the opposite
direction. This is due to angular momentum conservation. The
rotation is about the €C bond. This rotation persists until the

end of the simulation (10ps). Snapshots of the rotation are drawn

in Figure 2. There are a total number of 21 rotations in this
time scale. The rotation angle (torsion angle of-N&3—C2—
0O1) as a function of time is drawn in Figure 3. The graph is

0.3
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E 0.2 4
3
E’ 0.15{ Conformer Il Conformer I
w
s 01
T
2
g 0.05
0 —o—PM3
—a—DZP/MP2
-0.05 : —Conformer | ; ;
-180  -135 -90 -45 0 45 90 135 180

Torsion angle (degrees)

based on discrete points and therefore does not always reaclrigure 4. Potential energy as a function of the torsion angle-N5

0° and 180. The average time for one rotation is 0.28 ps which
corresponds to a frequency of 119.13¢€nThe potential energy
barrier for this rotational motion is drawn in Figure 4. The
torsion angle depicted here is the torsion angle between N5
C3—C2-01. Initially this torsion angle is equal t653°. The
lowest energy geometry corresponds to the local ionic minimum.
The barrier for the rotation in the PM3 calculation is very small

C3—C2-01 calculated by PM3 and DZP/MP2

ionization. The molecule needs to have enough energy in the
rotational mode in order to overcome the barrier. The rotational
mode is characterized by the wagging of the NI€H, group
against the COOH group. The lowest frequency mode of the
ionic glycine (70.08 cm?) has this characteristic. Also, a

(0.11 eV) compared to the excess energy of 2.68 eV available normal-mode analysis of the transition states in Figure 4 reveals

in the system. The barrier calculated with MP2/DZP is higher
(0.28 eV), but the qualitative picture is the same. The system
still has enough energy to overcome the barrier. It can be
expected that the system will show rotation also with the ab
initio barrier. There might be less rotation due to the higher

that the imaginary frequency has the same vibrational motion.
So this mode can be clearly identified as being responsible for
the motion. The energy initially in this mode is indeed not
enough to overcome the barrier. It takes about 2 ps for the
energy to flow out of the Nkimodes and into this rotational

barrier. As was pointed out above, in the trajectory discussed mode. After 2 ps the energy in this mode exceeds the barrier
here, the system does not start rotating immediately after theand the molecule starts to rotate freely. Figure 5 shows the
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0, s - s s - one of the trajectory that shows hopping between the conformers.
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Figure 5. Kinetic energy of the rotational mode and the NH 20 T
antisymmetric stretch for the trajectory that shows the rotation. i
15 o —RRK, A=T0.08 cm-1
energy in the NH antisymmetric stretch and the energy in the £ \ . RRK, A=8555 cm-1
rotational mode as a function of time. The kinetic energy is £ 10
very noisy; therefore, it is averaged over the period of the §
slowest vibration, i.e., 0.5 ps in order to get an energy il o
envelope® Another interesting feature of this trajectory is that
during the rotation the €C bond once almost breaks. The-C 0
bond at 4.8 ps reaches a length of 1.93 A. The length of the 05
C—C bond that corresponds to the transition state of dissociation Excoss onergy (o)

on the PM3 ionic potential surface is predicted to be 2.01 A. Figure 7. First hopping time as a function of the excess energy
This trajectory also shows at several points the rotation of the @Vh‘ﬂ'rﬂ?mzhﬁ V\lljeprperragrrlaizhc;slcale;?(\j/ebd fé%”}l molecular dynamics,
NH_ group about the NC bond. The two hydrogens connected grap y ’

to the nitrogen interchange during this rotation. The computed TABLE 1: Frequencies in cmi? for the lonic Ground State
yield for fast internal rotation upon photoionization is 5.86%. and the Transition State

This yield for producing the ultrafast rotation upon excitation ionic transition ionic transition
should suffice to make experimental detection of the effect ground state state ground state state
fea_15|ble. Finally, the fast |nterr_1al rotation is expected to decay 70.08 60.63i 1126.01 1113.25
ultimately, due to energy flow into other modes. However, the 199.21 168.55 1246.41 1263.93
rotation evidently persists at least for 10 ps, the duration of the 274.18 279.17 1286.96 1273.4
present simulation. 432.49 382.78 1324.6 1334.55
I1l.c. Conformational Transition and the Validity of RRK. 511.63 474.09 1464.24 1434.86
There are also trajectories where the system overcomes the gig'gg gég'gz iggg'gg igsl)?i'gg
barrier for the rotation, but above the minima loses again the 798.46 779.92 2817 65 2814.2
excess energy and stays in one of the two flat minima of Figure 868.08 862.92 2012.52 2905.03
4. The barrier between these two minima is very low, so that 905.82 897.76 3437.05 3472.19
one cannot separate them as two different conformers. Therefore, 1017.9 993.79 3505.39 3514.33
we refer to both as conformer Il. Conformer Il can be obtained 1045.46 1052.03
from conformer | by rotating the COOH group by T8&bout The Imaginary frequency is denoted by i.

the C-C bond. In these cases, the trajectory shows hopping

between two conformers on the ionic surface. The hopping surface after ionization and the ionic local minimum described
between conformers is similar to that shown in a simulation of above. The RRK results are compared with the hopping rates
torsional isomerization in a tetraatomic system by Schranz and computed directly from the trajectories. Note that different
Collins8® A total of 133 trajectories out of 361 show this trajectories correspond in general to different excess energies,
hopping. The statistical weight for this event is 30.27%. Some depending on the initial geometry for which the trajectory was
trajectories show only hopping between one conformer and the sampled. Two RRK lifetimes are plotted. One uges 70.08
other. Some trajectories show a few hopping events back andcm™2. The vibrational motion related to this frequency has been
forth before the molecule settles for a while in the other shown to be responsible for the hopping (and rotation). The
conformer structure. One example of hopping is shown in Figure lower lying RRK graph uses the ratio between the frequencies
6. The mode that is displaced initially from equilibrium has a as in eq 4, which is here equal to 85.55¢nThe frequencies
frequency of 1246.41 cmt and involves motion of the CH used are tabulated in Table 1. It seems from Figure 7 that the
and OH groups. The initial displacement is 10.63 au. Here the dynamics results differ qualitative from RRK. Note that we are
first hopping occurs at 2 ps. The molecule stays in conformer testing RRK here for a nonmonoenergetic ensemble. At any
Il for about 3 ps before it jumps back to the first conformer for “slice” of energyE, E — AE <E < E + AE whereAE is small,
another 0.5 ps. Finally it jumps again to conformer Il. Figure 7 the results can be compared with the monoenergetic RRK
shows the first hopping time (calculated from the RRK rate of expression. In the ensemble used, we have few trajectories for
this process) as a function of the excess energy. The exces®ach energ¥, but on the other hand, there are results for many
energy is the difference between the potential energy at the ionicE values so the test of RRK here is quite stringent. Some
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trajectories show faster hopping times, some slower hopping 1600

times as predicted by RRK. RRK assumes statistical distribution T

of the vibrational energy, which is not the case here, at the short

time scales investigated. This is due to different coupling & 1200 | s o

strengths between the modes. Modes that are strongly coupled g

to the rotational degree of freedom show faster hopping times § 1000 1

than predicted by RRK and vice versa. Also the process takes § 800 NH,-rocking

place in highly nonequilibrium conditions and the trajectories 2

do not follow the minimum energy path between the conformers. 2 600 1

Whether hopping occurs or not, does not seem to depend E o W
significantly on the excess energy available which is central to w :

RRK. The minimum excess energy in these trajectories is 0.8 200 - e
eV for some trajectories. Among them, some show hopping and

some do not. This seems to depend on how strongly coupled i i j i I

the initially excited mode is with the rotational mode. It should 4 £ i I g ? B
be noted that a quantitative, rigorous way to show if the system Tims (28)

is statistical or not is to work with an ensemble of trajectories Figure 8. Effective temperature of four normal modes of glycine as
with constant energy and to draw the lifetime probability & function of time.

distribution for this ensemble from the RRK model, i.e. )
rocking mode (frequency: 868.98 ci). Another mode de-

picted here is a skeletal movement mode (432.49%nThe

last mode chosen is the OH stretch (3815 &niThe OH stretch

has the highest frequency in the molecule. No other modes
involve vibration of this group to this large extent. Because of
the high frequency and the location of this mode, it is isolated
from other modes and does not participate effectively in the
energy flow. The temperature of this mode remains almost
constant during the 10 ps of simulation. The other modes are

P(t) = k(E) e ®" @)

wherek(E) is the RRK rate and is the time. This lifetime
probability should then be compared to the lifetime probability
obtained from molecular dynami€slt seems, however, that
the rates from the trajectories fluctuate so extremely from the
RRK rates, that qualitatively the behavior is very non RRK-

like. ) more excited than the OH stretch. The Nbénding mode and
IIl.d. Energy Flow between Normal Modes. It is often the NH, rocking mode are in the same part of the molecule,
assumed that IVR takes place in the time scale of several ong gis0 their frequencies have a ratio of almost 1:2. Therefore,
picoseconds. In terms of temperature, the normal modes shouldyeyeen these two modes, the equilibration is faster and takes
equilibrate in this time scale to a common temperature. The 5pout a few picoseconds. The skeletal movement mainly
normal modes of the equilibrium structure of the ionic global jnylves the heavy atoms. It almost reaches equilibration with
minimum most similar to the neutral lowest energy conformer 4 NH, modes in the time scale of 10 ps. The frequency of

were calculated. These modes were used in order to an_alyze[hiS mode is almost half the frequency of the Ncking mode
the energy partition into normal modes during the simulation. \yhich also helps with the energy flow.

It should be noted that the normal mode approximation fails
for large displacements from equilibrium. The mean energy tio
partition into the normal modes was calculated using all 361

trajectories with their statistical weights obtained from the theory59.62-6 there exist cases where some of the assumptions

Wigner distribution. break dowrf7-8 The system under study clearly does not show

The kinetic energy of each mode in each trajectory iS 551 VR, The efficiency of the energy flow between two modes
calculated during the dynamics and averaged using the W'gnerdepends on two parameters: the geometric proximity of the

distribution. From the average kinetic energy in each mode, the g qes and the ratio between their frequencies. The geometric
temperature of each mode is obtained. The temperature of €actication of the modes has a stronger influence on the efficiency
mode at timet is therefore defined by of the energy flow. When modes have the same location within
) the molecule, energy flow between them is fast. A low-order
2w (1) resonance can also strongly couple the modes, but this depends
T(t) = Z— (8) on the mismatch of frequencies. In the present example, the
[ k strength of the coupling between modes is most strongly
dependent on geometry.

It can therefore be concluded that the time scale of equilibra-
n between all of the modes in this system is definitely longer
than 10 ps. Although RRKM is a very well established

where the sum is over all trajectories sampleds the statistical lll.e. Fragmentation of Glycine. The lowest barrier for
weight of trajectoryi, k is the Boltzmann factor, an(t) is fragmentation calculated by Simon et®&kcorresponds to the
the kinetic energy of trajectoriyat timet. cleavage of the €C bond. The predicted values lie between

The fluctuations of the temperature have a high frequency, 0.7 to 0.84 eV depending on the method used (DFT or CCSD-
and were smoothed with respect to time variation. The tem- (T)) and whether zero-point energy is included or not. Figure 9
peratures so obtained are referred to as effective temperaturesshows the potential energy barrier for the glycine ion as
Figure 8 shows the effective temperature of four modes as apredicted by PM3. The barrier height is 0.93 eV which is close
function of time. These modes were selected out of the set of to above calculated values. The barrier lies at theOQlistance
24 modes in order to show how different frequencies and of 2.01 A. Fragmentation is observed in two of the trajectories
different locations of the normal modes affect the energy flow calculated. The statistical weight for this event is about 0.15%.
between the modes. Table 2 shows the expected fragmentation time calculated from

Two of them correspond to the Nigroup. These modes are  the RRK rate as a function of the excess energy. Table 3 shows
the NH bending (frequency: 1609.92 c®) and the NH frequencies used for calculating the preexponential factor A in
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1.00 IV. Concluding Remarks

g:zg ] The photoionization process of glycine is simulated using “on
0701 the fly” molecular dynamics on the PM3 potential energy
2 060 - surface. The photoionization triggers a fast rotation, where the
3 0.50 - NHa group rotates in one direction and the COOH group in the
S 040 - opposite direction. This fast internal rotation begins about 2 ps
“ 030 after ionization, and persists for at least 8 ps. The statistical

0.20 weight for this event is about 6%. The magnitude of the yield

0.10 4 for producing the fast rotor suggests that it should be feasible

0.00 T . . . . to observe the effect. This will obviously require an approach

1.45 1.65 185 205 225 245 265

C-C Distance (A)

Figure 9. Potential energy along the-C bond.

TABLE 2: RRK Lifetime for Fragmentation for Different

Excess Energi

es

using ultrafast spectroscopy. This result also suggest that it may
be possible to develop this process as a model system for a
photodriven molecular motor. It is of interest to explore the
possible occurrence of ultrafast rotation upon photoionization
also in related systems. This is currently pursued by the authors.
Another interesting feature of this system is the hopping between

excess energy  lifetime excess energy  lifetime two conformers on the ionic surface. The hopping lifetimes
ev) O) €v) O) predicted by RRK differ significantly from the lifetimes
1.4 2.64x 104 2.8 5.10x 10°* observed by Molecular Dynamics. In particular, the dependence
16 1.89x 102 3 2.44x 1011 of the conformational transition rates on the excess energy from
;'8 ;g’ii 1g9 gi %ggi iglz the (_jynami(_:s d!ffers considgra_lble from RRK. Thi_s is related to
22 1.37x 10-° 38 3 14x 1012 the interesting issue of statistical behavior and intramolecular
2.4 3.61x 1010 46 0.06x 10713 vibrational energy redistribution. Some normal modes are found
2.6 1.23x 10°%° 5.6 3.32x 10718 to be weakly coupled here. Complete IVR does not take place

TABLE 3: Frequencies in cm™? for the Initial State and the
Transition State®

on the time scale of 10 ps. The system therefore shows strong
nonstatistical behavior. The occurrence of fast transitions
between conformers, to an extent invalidating RRK estimates

initial state  transition state initial state  transition state  of the transition rates, may be of considerably interest for the
56.64 1176.33i 1171.25 1135.41 dynamics of biological molecules and their structural transitions,
266.23 34.02 1213.07 1184.9 a field which is receiving considerable attention at the present
343.21 205.65 1244.01 1228.3 time
381.52 290.67 1286.40 1355.58 AI'.[h h th f tati ti for thi t .
47150 35987 1452 42 1432 54 ough the mean fragmentation time for this system is
501.95 381.06 1606.50 1639.9 expected to be very long, and much beyond our simulation time
635.08 448.28 1952.48 2081.88 scale, the excess energy for some of the trajectories sampled
817.79 498.72 2910.82 2973.3 were large enough, to the point that fragmentation took place.
ggi-gg ggg-‘;g gggg-gg gggg-% Statistics for the fragmentation events is insufficient, but
‘ : : ‘ tentative evidence points to the rate computed from the dynamics
1029.69 864.72 3435.67 3509.39 . . .
1064.52 954.15 being considerably slower than the RRK rate. The topic of fast

aThe imaginary frequency is denoted by i.

fragmentation events within the ionization process seems to us
to merit considerable future attention.

the RRK rate (eq 4). One trajectory that shows fragmentation
will be discussed here in detail. In this trajectory, the NH
symmetric stretch is distorted to 31.56 au. The excess energy
here is 5.5 eV. After 1.13 ps, the distance between the two
carbon atoms exceeds 2.01 A. The distance between these atomL
grows further and yields two fragments. The dynamic stops at
1.22 ps due to convergence problems. At this time, the distance
between the two fragments is 4.49 A. The RRK fragmentation
time predicted for excess energy of 5.5 eV is 0.36 ps. The
dynamic gives a value about four times higher. Since only a (1) Yamashita, M.; Fenn, J. B. Phys. Cheml984 88, 4451-4459.
few ajectores undergo fragmentation during the firs 10 ps,  2) Yamashia, M, Femn 3 8 Pve Chemsgad ot 7S,
the statistics is insufficient for conclusions. However, the Pavlenko, V. A.; Shkurov, V. A.; et aBioorg. Khim.1984 10, 710-712.
tentative evidence suggests that RRKM underestimates the (4) Karas, M.; Bachmann, D.; Bahr, U.; Hillenkamp, IRt. J. Mass
fragmentation time for these events. Spectrom. lon Processd987, 78, 53—68.

lILf. Hydrogen Transfer. One of the trajectories shows 199g5)10%°"1"§§9'£/'iZTé'l'g"arSha"'A'G" McLafferty, F. W. Phys. Chem
proton transfer. The mode with the frequency of 213.97tm (6) Burlingame, A. L.; Boyd, R. K.; Gaskell, S. Anal. Chem1998§
was here distorted to 111.03 au. In this trajectory one of the 70, 647R-716R.

hydrogens connected to the nitrogen jumps at 0.32 ps to the384£7s)ggha'mers' M. J.; Gaskell, S. Qurr. Opin. Biotechnol200Q 11,

oxygen of the carbonyl group, stays there until 1.32 ps, and ™" "(g)" Aehersold, R.; Goodlett, D..RChem. Re. 2001, 101, 269-295.
jumps back again. The excess energy is in this case 3.9 eV. In  (9) Nyman, T. A Biomol. Eng.2001, 18, 221-227.

another trajectory there is first a hydrogen transfer and then the  (10) Mann, M.; Hendrickson, R. C.; Pandey, Annu. Re. Biochem
fragmentation occurs. The initial condition for this trajectory is zoglllzoéﬁ?f?t;f\%\'/ J.: Jonsson, A. P.: Liu, S.: Rai, D. K. Wang, Y
distortion of the normal mode of the Nlntisymmetric stretch  gjochem. J2001 355 545-561. Y

to a value of 32.16 au. (12) Jonsson, A. FCell. Mol. Life Sci 2001, 58, 868-884.
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