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In a recently developed approachab initio molecular dynamicsADMP), we used an extended
Lagrangian to propagate the density matrix in a basis of atom centered Gaussian functions. Results
of trajectory calculations obtained by this method are compared with the Born—Oppenheimer
approachHBO), in which the density is converged at each step rather than propagated. For NaCl, the
vibrational frequency with ADMP is found to be independent of the fictitious electronic mass and
to be equal to the BO trajectory result. For the photodissociation of formaldehy@)-HH,

+CO, and the three body dissociation of glyoxa,Hz02—H,+2CO, very good agreement is
found between the Born—Oppenheimer trajectories and the extended Lagrangian approach in terms
of the rotational and vibrational energy distributions of the products. A 1.2 ps simulation of the
dynamics of chloride ion in a cluster of 25 water molecules was used as a third test case. The Fourier
transform of the velocity—velocity autocorrelation function showed the expected features in the
vibrational spectrum corresponding to strong hydrogen bonding in the cluster. A redshift of
approximately 200 cmt was observed in the hydroxyl stretch due to the presence of the chloride
ion. Energy conservation and adiabaticity were maintained very well in all of the test cases.
© 2002 American Institute of Physic§DOI: 10.1063/1.1514582

I. INTRODUCTION proach is well suited for the dynamics of chemical systems
such as clusters and gas-phase reactions. Because it is based
Direct classical trajectory calculations can be groupecbn linear scaling DFT cod¥, the calculations will scale as
into two major categories: Born—OppenheiniBO) meth-  O(N) for large systems. For condensed phases, our code is
ods and extended LagrangigBL) molecular dynamicd:’ being extended to periodic boundary condition calculations
For the former, each time that information about the potentiathat employ atom centered functiot’sFor large biological
energy surface is needed, the electronic structure calculatiasystems, the current method is also being expanded to in-
is fully converged. In the latter approach, as exemplified byclude QM/MM treatments®
the Car—Parrinello(CP) method? the wave function is Some of the specific advantages of the ADMP method
propagated along with the classical nuclear degrees of freéaclude(i) the freedom to rigorously treat all electrons in the
dom. This is achieved by using an extended Lagrangiasystem or to use pseudopotentidis), the capability of using
procedur&® and by adjusting the relative time scales of thereasonably large time-steps through the use of a tensorial
electronic and nuclear motions. Traditionally, the CP ap-ictitious mass with smaller values for the fictitious mass
proach employs plane-wave basis sets and uses Kohn—Shaamong other things, allows one to retain hydrogen atoms in
orbitals (however, Gaussian orbitals have been found to behe system and not substitute heavier isotpp@s) the lati-
useful adjund®). Recently, we have developed the theorytude to employ a wide variety of accurate and effective
and code for an extended Lagrangian molecular dynamicexchange-correlation functionals, including hybrid density
trajectory method that employs atom-centered basis fundunctionals and kinetic energy functionals/) the ability to
tions and density matrix propagatiéADMP).*>13 This ap-  treat charged molecular systems and clusfesich is ex-
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pected to be an important advantage in treating QM/MMtions. These derivatives have contributions from the deriva-
system&® (calculations of molecular clusters are nontrivial in tive of the Hamiltonianthe Hellmann—Feynman tejnand
most implementations of the plane-wave Car—Parrinelladerivatives of the wave functioffor converged wave func-
method because systems are treated as pefiitfig, (v)  tions these terms are sometimes referred to as the “Pulay”
rigorous on-the-fly control of the deviation from the Born— force<® in quantum chemistiy

Oppenheimer surface and the mixing of fictitious and real

kinetic energies, anévi) good computational efficiency due JEIIR=(W|oH/IR| W) +(dV/iR|H|¥)

to the use of fewer basis functions per atom, larger time

steps, and asymptotic () scaling using established T(W[H|7W/oR). @

: 4
techniques: . . ) In the plane-wave implementation of the Car—Parrinello ap-
Because the electronic structure is propagated in the &§roach, the Pulay terms are zero because the basis set does

tend_ed Lagrangian approach rgther_ t_han converg.ed. the PHot depend on the nuclear coordinates. However, if the wave
tential energy surface has an implicit error that is propor,nction is constructed using a finite number of atom-
tional to the maximum fictitious kinetic energy of the centered basis functions, the Pulay terms do not vanish. The
electronic degrees of freedom. In turn, this kinetic energy ie|atively lower degree of energy conservation found in Refs.
proportional to the fictitious mass. However, for reasonabley3_og may be due to the use of only the Hellman—Feynman
values of the fictitious mass, the electronic structure osCiltgrces?” In our formulationt2*® we included the Pulay
lates about the converged wave function, and the forces Ofyces as well as the Hellman—Feynman forces. We have also
the nuclei should average to the values obtained from thgcluded additional terms that arise from the fact that the
converged calculationsHence EL dynamics yields results Hamiltonian matrix (for DFT, Hartree—Fock or any semi-

that are very similar to BO dynamics. A further complication empirical schemeand the electronic density matrix do not
with the EL approach is the possibility of energy flowing commute, since the system is not exactly on the Born-—
between the nuclear and electronic degrees of freedom. Th@ppenheimer surface within this extended Lagrangian
is primarily controlled by choosing the fictitious electronic scheme. As can be seen from Refs. 12 and 13, energy con-

mass so that the time scale for the electronic structure propagrvation and adiabaticity are well controlled in the present
gation is an order of magnitude faster than the nuclear momethod.

tions. Nose-Hoover chain thermostats?? have also been Floating Gaussian orbitals have also been &sieda CP
used in the Kohn—Sham orbital based plane-wave implemenscheme in which the widths, centers and coefficients are used
tation of the Car—Parrinello method to control the adiabaticas dynamic variables. The structure and dynamiCS of an al-
ity. kali metal atom in rare gas clusters were investigated by
In the initial tests of our ADMP approach, we examined representing the single valence electron of the metal by a set

a number of individual trajectories and found that the coorof 5-9 independently floating Gaussians. However, for gen-
dinates and velocities obtained with the ADMP methoderal systems involving multiple electrons and undergoing

agreed very well with accurate BO trajectorfésie have  chemical reactions, it may be difficult to know priori
also studied the effect of step-size and fictitious electronigyhich regions may have important density contributions and
mass on the energy conservation and adiabaticity of th€luctuations during the course of a simulation. With atom-
ADMP calculations, and have shown that the deviation of thecentered Gaussian basis functions, the electron density fol-
ADMP trajectory from the BO trajectory is directly propor- lows the nuclear framework and there is no ambiguity in
tional to the magnitude of the fictitious masdn particular,  representing the electronic structure of molecular systems.
we found that with time steps comparable to plane-wave CP  Theoretical and computational aspects of energy conser-
calculations, we can use a smaller fictitious electronic massation and adiabatic control in our ADMP scheme were dis-
and lighter nucleie.g., hydrogen instead of deuterium in the cussed in our previous repdrtin a recent paper, Tangney
simulation of watey, and still maintain good energy conser- and Scandoft have derived similar expressions for the dif-
vation and adiabaticity without resorting to thermostats. Thisference between the forces used in CP and BO simulations.
is a consequence of the fact that the changes in coefficienfurthermore, they find that for systems with large electron-
are much smaller when electronic distribution is expressed iion coupling, plane-wave CP calculations have a systematic
terms of(local) atom-centered functions rather thagiobal) bias proportional to the fictitious electronic mass. These
plane waves. Hence, smaller fictitious electronic masses cgsroblems in the CP approach can be overcome by rescaling
be used in the present scheme, thereby naturally improvinthe ion masses and by correcting the forces with a rigid ion
the adiabaticity and energy conservation of our method. approximation. In the present approach, we use atom-
Our method may be contrasted with other extended Laeentered functions to represent the density matrix. The forces
grangian approaches that use Gaussian basis sets. Within tb@&lculated for the nuclei already take into account the fact
generalized valence bon@VB)?>?* and Hartree—FodR  that the functions follow the nucléi.e., the Pulay forces, as
framework, Gaussian basis functions have been used in thiiscussed earligrand the fictitious mass pertains only to the
propagation of the orbital and wave function coefficients.adjustment of the density around the nuclear position. As
However, the past schemes have had some difficulty withllustrated by some of the examples in the present paper, our
energy conservatioft.In general, the forces on the nuclei are ADMP scheme has no systematic bias due to the fictitious
calculated as the negative of the derivative of the expectatioalectronic mass in computing properties such as vibrational
value of the Hamiltonian with respect to the nuclear posi-frequencies.
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In the present paper, we have undertaken a more detailedore complicated expression than used for gradients of con-
comparison of the dynamical properties obtained withverged SCF energi¢dAn important factor in the viability of
ADMP and BO trajectory calculations. Specifically, we havethis approach is that we have been able to obtain the deriva-
examined the vibration of an ionic system, have studied théive of the transformation matrix in closed form for both
product energy distributions for the photodissociation ofLowdin and Cholesky orthonormalizatidf.

formaldehyde and the three-body dissociation of glyoxal, In the present formalism, the basis functions are ortho-

and have calculated the vibrational spectrum of a cluster ofiormal, but they depend upon the instantaneous nuclear po-

25 water molecules solvating a chloride ion. sitions. Hence, the basis functions may be considered to be
“traveling” along with the (classical nuclear coordinates.

I THE ATOM-CENTERED DENSITY MATRIX This_ is to be contrgsted with standard implementations of t_he

PROPAGATION (ADMP) USING AN EXTENDED original Car—Parrinello methodology,_ where the electronic

LAGRANGIAN APPROACH degrees of freedom are represented in terms ofdglubally

) ) ) fixed) plane-wave basis functions. The present framework of

earlier papers>**only a brief outline is given in this section. approachds®3*in quantum scattering theory, where quan-

Like density matrix search methods for calculating electroniqum dynamics is studied using traveling basis sets. The dif-
. O . . . . . R .

energies’ the equations for propagation of the density ma-ference here is the “traveling” nature of our basis functions

trix are simplest in an orthonormal badis.g., Lavdin or  arise from a classical propagation of the nuclear positions,
Cholesky orthonormalization For ADMP the Lagrangian ysing a third-order Trotter factoredclassical Liouville

for the system can be written as propagator(i.e., the velocity Verlet integratpr Travelling,
L=1TIVIMV ]+ 2 Ti{ p¥ W /4 2] localized basis functions, such as wavelets, have also found
great use in the fields of digital signal processfrand com-
—E(R,P)-Ti{A(PP-P)], (2)  putational fluid dynamicg’

whereR, V, andM are the nuclear positions, velocities and "€ accuracy of the velocity Verlet method and other
massesP and W are the density matrix and the density SYmplectic integrators for trajectory integration continues to
matrix velocity. The fictitious mass for the electronic degreed?® @ topic of investigatiotsee Refs. 38—40 and references

of freedom, u, is chosen as a diagonal matrix with |argerthereir). Conservation of energy has often been used to as-
: / / i i i i i
values for the core orbnals;:@ozre: Iu“\llazlence [2|F;+2|42  sess the quality of classical trajectory calculations. It is well

+1] for F;<—2, whereF; is the diagonal Fock matrix known that integration by velocity Verlet is accurate to third

element.!! Constraints on the total number of electrons anderder. Fluctuations in the total energy for velocity Verlet in-
the idempotency of the one particle density matrix enforcd€9rations, on the contrary, are larger than the quality of the

N-representability and are imposed using the Lagrangiafynamics ng'gosuggeSt and have been shown to be second
multiplier matrix A. The energy is calculated using the order in time?*~*"This has been attributed to the use of low

McWeeny purification of the densiﬂ]/,|3=3P2—2P3. The order ionterpolation m_ethod_s in cor;ipi))ruting the kinetic
Euler—Lagrange equations of motion are energy® Fo_r a harmonlc oscillator, Ma has_ shown thzat
the fluctuations in the total energy are proportionabfoAt
M d?R/dt?= — 9E/dR|p, times the magnitude of the potenti@r kinetic energy. In
2 2_ —1/ _1» (3)  ADMP, after equilibration, the nuclear and density degrees
d°PIdt*= — p T GBI GPlp+ AP+PA— Al % of freedom behave adiabatically, i.e., like uncoupled degrees
These can be integrated using the velocity Verletof freedom. The fictitious mass is chosen so that the density

algorithn*233 oscillations are an order of magnitude higher than the highest
_ _ frequency nuclear motions; however, the equilibrated kinetic
Piy1=P,+W;At—u Y1 0E(R;,P;)/oP o .
AR p M IE(R; P/ oPlg energy of the density is about two orders of magnitude lower
+ AP +PA— A Y2At2/2, than the kinetic energy of the nuclei. Hence, for a given

stepsize, the error in the conservation of energy for the

— _ 1 =) . AL
Wi 1= Wi~ "4 IB(R; P/ 9Plpt AiPi+PiA; ADMP and BO methods should be comparable and propor-

— A YA 2 tional to w? At? times the magnitude of the potentiér
kinetic) energy of the nuclei, where is the fastest nuclear
=[Pi+1—Pi]/At, (4 degree of freedom. Thus, the step sizes and fictitious masses
Wi =W 1o Y IE(R .1, Py 1)/ P chosen for the simulations discussed below should yield sat-
1= Wisa— s L B(R 1, Pisa) /0Pl isfactory nuclear dynamics. The comparisons with Born—
+ AP P A = A T YPAL2. Oppenheimer dynamics bear this out.

The Lagrangian multiplier matrices are determined by an

iterative schem@13so thatP, , ; andW, . ; satisfy the idem- 'l EFFECT OF THE FICTITIOUS MASS ON

potency constraintP?=P, and its time derivativePW VIBRATIONAL FREQUENCIES

+WP=W. In calculatingdE/JR|p one needs to take into In a study using plane-wave CP simulations, Tangney
account thaP is not converged and that the transformationand Scandoft found a systematic bias in the phonon fre-

between the nonorthogonal atomic orbital basis and the olguency of crystalline MgO as the fictitious electronic mass
thonormal basis depends dd This leads to a somewhat was varied. Since this system is very ionic, there is strong
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ADMP . =0.4

ADMP p,=0.2

ADMP . =0.1

FIG. 1. Vibration of diatomic NaCl
computed using the Born—
Oppenheimer approach and with the
ADMP method using different values
for the fictitious electronic mass
(valencein @amu bohf).

R(Na-Cl)

T T T T T 1
0 100 200 300 400
Time(fs)

coupling between the electrons and the nuclei. The resultintheoretically’>=” and thus serves as an excellent test case.
errors in the CP dynamics can be partially corrected by using\fter excitation to theS,; state, formaldehyde undergoes
a rigid ion approximation. In this case, the effective mass ofapid internal conversion, returning to the ground state with a
a moving ion has contributions from the fictitious mass ofhigh degree of vibrational excitation. Photolysis at 29 500
the electrons as well as the mass of the nucleus. Thus, thgn ! yields H, and CO as the only products. Hydrogen mol-
effective mass of the ion changes as the fictitious electroniecule is produced rotationally cold but with considerable vi-
mass is varied. Tangney and Scanddlshowed that this prational excitation. Carbon monoxide shows very little vi-
problem can be overcome by rescaling the ion masses by fational excitation but has a broad rotational energy
value that depends on the fictitious electronic mass and Ogistribution with (J)=42. Classical trajectory calculations
the degree of coupling between the nucleus and the eleggith high quality fitted surfacé8°” and Born—Oppenheimer
trons. o _ ab initio molecular dynamic§®® are able to reproduce the
Since the dependence on the fictitious mass is most Prgsroduct vibrational and rotational energy distributions. By
nounced in ionic systems, we have chosen diatomic NaCl agynrast, it has been demonstrated that semiempirical elec-

a simple example to study whether our ADMP schemey,nic structure methods are unable to reproduce the product
handles these problems correctly. Note that an all eIec:trognergy distribution&8

calculation on NaCl is a more difficult test of the effect of the Classical trajectories were calculated using the develop-

fictitious mass of the electrons, since NaCl is more ionic anqnent version of the Gaussian series of progrdrusing the
has more core electrons with large Figure 1 illustrates the HF/3-21G and HF/6-31G{p) levels of theory. For each
vibration of NaCl computed with the BO approach and with case, 200 trajectories were started from the transition state

our ADMP using tygience= 0.1, 0.2, and 0.4 amu bchtca. : . .
: : and integrated toward products. The reaction coordinate was
182, 364, and 728 a.u., respectivednd a time step of 0.1 iven 5.1 kcal/mol kinetic energy, corresponding to the dif-

fs. Calculations were carried out at the Hartree—Fock level Oference between the photolvsis eneray and the barrier height
theory using the 3-21G all electron basis, with core function P y gy gnt.

weighted more heavily than valence functions, as describeséero pomt energy was added to the femaining wpraﬂonal
coordinates, and the phase of the vibrational motion was

in Sec. Il and in more detall in Ref. 13. It is readily apparent h domlv. The initial total | i
from Fig. 1 that the vibrational frequency does not depend ofy10S€n randomly. The initial total angular momentum was

the fictitious mass and that the ADMP results are the same agjosen to be zero. Both the BO and ADMP trajectories for a
the BO trajectory. This is true for the present method everd!ven level (?f theory were sta}rlted from the same ensemble of
for larger fictitious masses and for a more ionic system thaffitial coordinates and velocities. The BO trajectory results
tested in Ref. 29 in the plane-wave CP implementation. Th&€MPloyed a Hessian-based predictor—corrector integration
fact that fundamental properties such as vibrational frequerschemé" with Hessian updating and are comparable to pre-
cies are independent of the fictitious mass is an importanfious studie$®** A step size of 0.25 ant(fbohr was used

advantage of our ADMP scheme for investigating the dy-and the Hessian was updated for five steps before being re-
namics of chemical systems. calculated analytically. The ADMP trajectories were inte-

grated with a step size of 0.1 fs and useghence FanNging
from 0.025 to 0.40 amu bohfor the fictitious mass for the
electronic degrees of freedom.

The dynamics of HCO—H,+CO photodissociation Figure 2 compares the conservation of energy and adia-
have been extensively studied both experimerftiiff and  baticity for various choices of the fictitious mass for one

IV. FORMALDEHYDE PHOTODISSOCIATION
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nuclear motion to the electronic degrees of freedom. How-
0.02 - (@) ever, after this short equilibration time, there is no drift in the
components of the energy, indicating that adiabaticity is be-
0.01 ing maintained satisfactorily. As can be seen from Fig. 2,
. these fluctuations in the kinetic energy of the density are
000 - - roughly proportional to the fictitious mass used for the inte-
- TNer T tear TN e gration. This aspect is consistent with our analytical reStlts
2 o 10 20 30 40 which show that the fluctuations are bounded by an amount
- proportional to the fictitious mass and that they go to zero as
g 0.02 - (b) the fictitious mass goes to zero, recovering the Born—
S Oppenheimer case. However, obtaining this limit is not prac-
£ 0.014 tical from a computational point, since the time step size
Q | /\/\'\/\.\/\,-/\/"\/\/‘/\—\/\f/\ must also be reduced to ensure accurate integration of the
s electronic degrees of freedom. Thus the extended Lagrangian
5 R e R et - approach(both CP and ADMP requires a compromise be-
' T J ' J ! ! tween accuracy in the calculated potential energy and effi-
0 10 20 30 40 . . . . -
ciency of the trajectory integration. For the very rapid disso-
0.02 ciation reactions of formaldehyde and glyoxXake below,
(© we choose a maximum fictitious mass Oftyaence
001 =0.10 amubolr (182 a.u). The power of the present
) method lies in using smaller values for the fictitious mass
/\/\NWWWW along with reasonably large time steps. In a subsequent pa-
L e i per, we will examine further the theoretical basis for the
r T T T T y 1 connection between the magnitude of the fictitious mass and
0 10 20 30 40 deviations from the Born—Oppenheimer surface, gauged by
Simulation Time (fs) the magnitude of the commutator of the Hamiltonian and the
FIG. 2. Effect of fictitious mass used in the ADMP trajectories on energyd€nsity matrix®
conservation and adiabaticity for €0 photodissociation trajectory: total The calculated and experimental vibrational energy dis-

energy(dashed lingand kinetic energy ??frthe densitgolid ling), svaence  tributions are compared in Table I. As noted previously, the
=(2) 0.40,(b) 020, and(c) 0.10 amu bty At=0.11s. degree of vibrational excitation of Hraries with the level of
theory, and depends on the amount of energy released in the

trajectory in the photodissociation 05B0. The total energy Portion of the reaction path where most of the H-H bond
is conserved to 0.0007, 0.0017, and 0.003 hartree folength changes occfif. For a given level of theory, the
tvalence= 0.1, 0.2, and 0.4 amu bchrrespectively. As dis- ADMP and BO trajectories produce the same picture: CO is
cussed in Sec. Il, the dynamics is more accurate than wh&imost all inv=0, and B largely inv =1 but with sizable
the total energy conservation suggests as will be eviderpopulations inv =0 andv =2. The agreement is quite satis-
from the product distributions discussed below. Because thtactory, particularly for the HF/6-31Gl(p) level of theory.
trajectories are started with zero kinetic energy for the denAs a further test of the effect of the fictitious mass on the
sity, initially there is some transfer of energy from the observables, we varied,encefrom 0.025 to 0.1 amu bohr

TABLE I. Vibrational energy distribution for the fHand CO products of §CO photodissociation.

CcoO H,
Level v=0 v=1 v=0 v=1 v=2 v=3

BO trajectories

HF/3-21G 92 8 28 37 18 13

HF/6-31G(d,p) 89 11 37 35 20 8

MP2/6-311G(,p) 87 13 30 34 27 9

B3LYP/6-311G€,p) 93 7 43 34 21 2
ADMP trajectories

HF/CEP-31G 79 21 27 42 25 6

HF/3-21G 92 8 22 37 24 14

HF/6-31G(,p)? 87 13 36 35 20 9

HF/6-31G(d,p)" 88 12 37 35 20 8

HF/6-31G(d,p)° 88 13 37 35 21 7
Experiment 88 12 24 41 25 9

30.025 amu boRrelectron fictitious mass.
50.05 amu boHrelectron fictitious mass.
0.10 amu boHrelectron fictitious mass.
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FIG. 4. Effect of fictitious mass isence:@mu boht) used in the ADMP

HF/6-31G(,p) trajectories on the rotational energy distributions for the CO
and H, products of HCO photodissociation.

H, Rotational Quantum Number

FIG. 3. Comparison of the rotational energy distributions for thehd CO
products of HCO photodissociation, computed using BO and ADMP tra-
jectories  (yaence=0.025 amubolf)  with the HF/3-21G  and

HF/6-31 levels of theory. .
16-31G@.p) levels of theory of S; is 10 ® s, and about 50% returns to the ground state by

internal conversion. The vibrationally excited ground state

The changes in the vibrational populations of the product$ias enough energy to dissociate via three channels
are at most+1%.

The rotational energy distributions are compared in Fig. ° o H,+CO+CO 28%
3. All of the levels of theory predict the CO distribution to be —
broad with a larg&J) and the H distribution to be cold. The H —> H,X0+CO 65%
ADMP (iyaence= 0.025 amu botf) and BO trajectories are H T~
in very good agreement for 4 the differences are a bit HCOH+CO 7%
larger for CO but are within the error bars. The average |75

rotational energies are essentially the saffe CO, (J) Hepburnet al.”> have measured the branching ratios for t_he
—48.5 for BO and 48.2 for ADMP at HF/6-31@(p)] but three channels. Houston and co-workers have determined

the distributions are slightly different. This may be the resultth@t CO is formed almost entirely in the vibrational ground
state but with a broad rotational distributiGhand have ob-

of the fluctuations in ADMP energies away from the Born—

- - _ . _ 74
Oppenheimer surface. Figure 4 shows the effect of increas€rved that blis formed inv =1 with J=1-9." Early cal-
NG tyatencefrom 0.025 to 0.050 to 0.10 amu bhthe dis- culations established the “triple whammy” transition state as
v . ) .

tributions shift somewhat, but)) remains nearly constant & Synchronous three-body fragmentatiér° and energetic
(for CO, (J)=48.2, 47.9, and 47.1, respectively considerations ruled out that these products could come from
the H,CO+CO channel by secondary fragmentation of
H,CO. Recent calculatiofi$®! have firmly established the
transition states and barrier heights for all three channels, and
The photofragmentation of glyoxal,,8,0,, is one of the activation energies are in agreement with the photofrag-
the best studied examples of a synchronous three-body fragaentation branching ratiésand the thermal unimolecular
mentation(see Ref. 74 for a summary of the experimentaldecomposition rate¥.
work). Intersystem crossing from the first excited st&e, Similar to the formaldehyde dissociation discussed
is induced by collisions and the triplet dissociates (t&€CB®  above, ca. 200 trajectories were integrated for each of the
+CO. However, under collisionless conditions, the lifetimelevels of theory starting from the optimized transition state

V. THREE-BODY DISSOCIATION OF GLYOXAL
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FIG. 5. Comparison of the rotational and vibrational energy distributions for the CO apdoducts of glyoxal three body dissociation, computed using BO
and ADMP trajectories with the HF/3-21G level of theory.

for three-body fragmentation. To simulate the experimentabds. The initial performance comparisons were carried out
photolysis of glyoxal, the initial conditions where chosen tousing the PBE®®® density functional and the 3-2%Gbasis
correspond to a microcanonical ensemble with 4 kcal/moket. We have integrated this system for 1.2 ps using the
energy above the zero point energy of the transition state anlDMP scheme, with the core functions weighted more
with zero angular momentum. The BO trajectory resultsheavily than valence functions, as described in Sec. Il and in
were reported previousfj, and make use of the Hessian- more detail in Ref. 13. Trajectories were started from the
based predictor—corrector method with updatii§ de-  MM3 optimized geometry. The velocities of the individual
scribed in the preceding section. The ADMP trajeCtOfieSatomS were chosen randon‘(]w simulate a Boltzmann dis-
were started with the same initial coordinates and velocitiest,ribution) such that the total initial nuclear kinetic energy
and used a step size of 0.1 fs with a fictitious MAS§ence  was 0.1 hartree. The initial density matrix velocity was cho-
=0.025 amu boffrfor the electronic degrees of freedom; this gen to be zero. The system was allowed to equilibrate for 300
gives around X10™* hartree for the conservation of the tg using ADMP, and the result was used as the initial state for
total energy. o further study. This same initial statee., the nuclear coordi-
Figure 5 compares the energy distributions for the threep 5ia5 and velocities from the ADMP calculation after equili-
body dissociation of glyoxal obtained with ADMP and BO a4i51 was also used for the Born—Oppenheimer dynamics
trajectory methods. For the vibrational energy distributionSgin,jations. To facilitate a direct comparison with the ADMP
computed at the I It_evel, the agreement between trWajectory, the BO trajectory was integrated using the veloc-
two methods is excellent. Higher levels of theory féab ity Verlet method(the Hessian based integration scheme that

Iower. Ieveli of V|brat|ongl excitation more in line with was efficient for smaller systems such as formaldehyde and
experiment The comparison between the ADMP and BO . . .
glyoxal, becomes more expensive than gradient based inte-

methods is also very good for the rotational energy distribu=" ~ . for | . h f
tions, with the differences being well within the error bars. gration for larger systemsin Fig. 6 we present the degree o

energy conservation for various time steps for the BO
3 method. The substantial drift &t=1.5fs and the wildly
VI. DYNAMICS OF (H;0)25Cl oscillatory nature of thé\t=1.0 fs BO simulations indicate

A cluster containing a chloride ion surrounded by 25that these time steps are too large. A time step between 0.5—
water molecules has been used as a test case in our previddg5 fs is a safer value for BO dynamics, a choice that is
work 1% n the present study, we use this system to comparsupported by the large number of water simulations in the
the performance of the ADMP method with the BO methodliterature using parametrized models, that generally use time
by first testing the energy conservation in these methods, argieps in the range of 0.5 {fr example, see Ref. 87Larger
then by analyzing the O—H vibrational stretching frequenciegime-steps generally exhibit poorer energy conservation since
obtained from dynamical simulations using both these meththe velocity Verlet integration scheme has an error that is
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FIG. 6. Energy conservation for simulations of ‘QH,0),5 at the PBE/3-21& level of theory. (@) ADMP with At=0.25fs and BO withAt
=0.25, 0.50 fs,(b) BO with At=1.00 fs, (c) BO with At=1.50fs, andd) comparison o, — E;; and E,yy (See text for details

proportional toAt3. Figure &d) also illustrates the degree of in (Eota— Eiict) have an rms deviation of 1.3 kcal/m@.002
energy conservation and adiabatic control obtained when gartreg. The average offf ., — Esicy) is within 0.2 kcal/mol
time step of 0.25 fs is used with the ADMP schemeqf the average BO energy at 0.5 fs, and fluctuates about the
(#vatence= 0.1 amu bolfr or approximately 182 ai.The to-  BQ energy by ca. 1.5 kcal/mol. In ADMP, the system is not
tal energy conservation for the ADMP scheme is very similarycally on the BO surface, but oscillates about this surface
to thgt seen in the BO scheme with time step 0.25 fs. Iny,e 19 the fictitious kinetic energy, and in an average sense
addition we also present the difference between the total ka5 the same properties as would a trajectory converged to
ergy and the fictitious kinetic energy for ADMPEGa e Bo surface at every instant. While the oscillatory nature

7E?(Cfgv'l3-rh'§ _qtiﬂntgyphas beer?fy(iest(r:]nt)lted IIT our prexousof the fictitious kinetic energy is not guaranteed in general,
wor and in fhe communibas the real” energy. AS e have discussed in Ref. 13 the conditions under which this

is generally expectédms_ real energy_does_ osqllgte about oscillatory behavior can be maintained. The fluctuations in
the true BO energjsee Fig. 6d)] when identical initial con- . :
ditions for nuclear positions and velocities are used. How/ Etoa~ Esie) may be reduced further by decreasing the fic-
ever, it is important to note that the qUaNti§u— Ee), iS titious mass and the time step. Howeve.r, the results of the
not in general the actual energy surface on which the nuclé?‘pMP trajectory_ at 0.25 f'_s are already n g_ood ggreement
move, since the electronic energy is not the correspondinith the BO trajectory. Finally, the oscillations iEf
converged quantity. — Eji) do not reflect th_e quality of the dynamics, since it is
One measure of the quality of integration in dynamics isNOt & conserved quantity but only a part of the full ADMP
the conservation of the total energy of the sysiéimwever, Hamiltonian.
see Sec. Il and Refs. 38—40, for a discussion suggesting that N the present implementation, ADMP is about 3-4
the quality of velocity Verlet dynamics is generally better times faster than the BO approach with the same time step.
than indicated by the total energy conservatidn our case, For each step, BO typically requires 8-12 SCF cyckds
the energy conservation for ADMP at 0.25 fs is in fact asthough many more cycles may be needed for difficult cases
good as the conservation of energy for BO at 0.25 fs. Theuch as transition metal complexeshe ADMP scheme re-
energy conservation for BO at 0.5 fs is somewhat worse thafuires the equivalent of one SCF cycle to evaludédiP|g
the corresponding value for ADMP at 0.25 fs, but is still and the electronic energy. Both methods evaluate the gradi-
sufficiently accurate. Figure(@) shows that the fluctuations ents of the energy with respect to the nuclear coordinates,
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1500 2000 2500 3000 3500 4000 4500 5000
(a) Frequency (cm'1)

L L L L L 1
1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (cm'1)

ADMP: At=0.25fs. ——
FIG. 8. Fourier transform of the velocity—velocity autocorrelation function
showing the vibrational structure of the GH,0),5 cluster computed with
ADMP using the B3LYP/6-316 level of theory.

tional” (DAF)®° was applied to the ADMP and BO
velocity—velocity autocorrelation functions before transfor-
mation. Some features can be readily distinguished. The
, , , , , , , PBE/3-21G results for ADMP and BO are presented in Fig.
1500 2000 2500 3000 3500 4000 4500 5000 7. The sharp peak near 1600—1700 ¢nin both spectra
() Frequency (cm™) corresponds to thel—-O—Hbending mode. The broad feature
in the 2700—3600 cimt range extends to lower frequencies
FIG. 7 Fourigr trgnsform of the velocity—velocity autocorrelation fun'ction than the O—H stretches in the monomer computed at the
B e e/ TP Same fevel of theory(3304 om* and 3448 o’ at
PBE/3-21G). However, it compares well with the stretch of
hydrogen bonded O—H in }—-CI~ and water dimef2945
which requires ca. 3 times as much cpu time as a single SCém * and 3080 crn?, respectively, at PBE/3-21G calcu-
cycle. Thus, the ADMP approach is 3—4 times faster than théated in the harmonic approximation. Similar redshifts and
BO method if the step sizes are the same. The earlier discubroadening of the O—H stretching bands for QIH,0),
sions demonstrate that the step size for BO cannot be irclusters A=1-5) have been observed experimentiify*
creased by more than a factor of two without significant losdt has been noted in these experiments that in the presence of
of accuracy. Thus ADMP maintains its computational advan-an Argon matrix the stretch for CI(H,0), occurs at about
tage. Density fitting will accelerate the Fock matrix and gra-3150 cmi %, and in the presence of a GQhatrix the stretch
dient evaluation to a similar extent, leaving the timing ratiooccurs at about 3285 cm, compared to 3657 and 3756
unchanged. The Coulomb engine appr§&€hhas been used cm™! in the water monomer. The redshift is also noted to be
to speed up the Fock matrix calculation within an SCF cyclecomparable for larger clusters and both ADMP and BO stud-
a much greater speedyp factor of 6§ can be achieved for ies indicate qualitatively similar results.
the gradientS® Hence, the ADMP approach may be as much  In Fig. 8 we present the ADMP results from-al ps
as 10 times faster than the BO method when the Coulombkimulation at the more accurate B3LYP/6-31CGevel of
engine is used for both Fock matrix and gradient evaluationtheory. The trajectory was started from the MM3 optimized
The vibrational properties of chloride water clustersgeometry with a total initial nuclear kinetic energy of 0.1
have been well studied both experimentdily® and hartree; the individual atomic velocities being chosen ran-
theoretically** Vibrational properties can be obtained from domly. The initial density matrix velocity was chosen to be
molecular dynamics data by Fourier transforms of thezero. As in the case of the PBE/3-21Gimulations, to re-
velocity—velocity autocorrelation function. We studied theseduce noise the total trajectory nuclear velocity—velocity au-
using the PBE/3-21G level of theory for both ADMP and tocorrelation function data was split into five paftsf ap-
BO dynamics. Because of the relatively short simulationproximately 200 fs eaghnd each part separately filtered
time (1.2 ps for the ADMP trajectory and0.5 ps for BO, before the respective Fourier transforms were averaged. The
the Fourier transforms are somewhat noisy, and only theesultant Fourier transforiti.e., the density of ro-vibrational
1400-5000 cm? range has been considered. To reduce thestate$is shown in Fig. 8 for the 1000—5000 ¢thfrequency
noise, the ADMP trajectory was broken into four parts, andrange(the librational modes at frequencies lower that 1000
the transforms averaged; to further control the noise, @m ! are not well sampled during short simulatian$wo
smooth window function constructed from the diagonal Fou-O—H stretch peaks at3400 and 3600 cit can easily be
rier space form of the “distributed approximating func- distinguished, showing protons in two different kinds of
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