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A real space ab initio molecular dynamics method reinforced by the double grid technique has been applied
to the simulations of the reactions of OH radical/OH anion with formaldehyde to examine their reactivities
and also to test the efficiency of the method. The simulation revealed that the H-abstraction reaction by the
OH radical takes place without potential energy barriers within the level of generalized gradient approximation
(GGA). The heat of the reaction computed by a gradient-corrected functional is 33.3 kcal/mol, which is in
good agreement with the experimental value of 33.2 kcal/mol. The molecular dynamics of the formation of
tetrahedral complex [HCHOOH]™ in the ionic process has also been found. The optimized structure of the
complex was compared with those obtained by MP2 and BLYP calculations by Gaussian 98, which showed
excellent agreement.

I. Introduction A drawback of the real space grid method is that the relative
o ) ) position of an atom with respect to grid points will seriously
The ab initio electronic structure calculation has become a affect the results of the computations unless the grid spacing is
fundamental method in recent years in the studies of chemistry 5rrow enough. That is because a pseudopotential varies so
and physics supported by the rapid growth of computational (apidly near the atomic center that the grid points could not
ability. The density functional theory (DFT) approach coupled  represent accurately the variation of the pseudopotential. One
with the pseudopotential and planewave basis is one of the mosty¢ 1he promising ways to conquer this problem is to prepare
successful methods of the ab initio calculations for the periodic yonse grid points near the atomic core region, which leads to a
systems:™ In recent years, a number of works that employ pigh degree of accuracy; however, it causes the increase of the
real space grids have been proposed to expand electronic wave,mtational cost as well as computer storage. Recently, Ono
functions?™® The real space grid approach has several advan- 5,4 Hirose proposed a quite simple and efficient double-grid
tages compared W't.h the planewave basis approach. First of a”’technique that requires only a modest increase of computational
it can treat nonperiodic system such as clusters or charged. g \ithout a loss of accuracy in the framework of the real
systems as well as semiperiodic systems straightforwardly. space finite-difference methdélin the previous report, we have
Within the plane wave basis approach, it is not trivial to get rid proved that the real space grid augmented by a de,nse grid near

OI theh?fermd'g'tty though atjolutlon V\1as g|v%r$_econd, I:hls the atomic core regions can yield a rather weak interaction,
straightforward to augment dense real space gngnear the hydrogen bond energy of the water dimer successftlly.

atomic core region where the nonlocal pseudoptential varies Despite th q fth | id hod

rapidly. Such a spatially localized augmentation of the basis . esp.ltet. e many a ,Va”tages,o the rea space gri me't od,

functions is impossible when the planewave basis sets arelts applications to the investigations of physical or chemical
problems can be scarcely fouti}* Most of the applications

employed since they are spatially delocalized. The third is that i
one can drastically reduce the number of fast Fourier transfor- &'€ (reated by the planewave basis approach and the rest of them

mations (FFT) that are required for each occupied molecular PY the 15113esar combination of the atomic orbitals (LCAO)
orbital because only total electron density must be transformed Method:"~**In this work, we apply the real space grid method
by FFT and it becomes more amenable to parallel implementa-© the simulations of chemical reactions by the ab initio

tions. FFTs involve nonlocal operations that make it difficult mole_cularzgdynamics (AIMD) method pioneered by Car and
to divide a system into localized domains that are to be Parrinello?® The AIMD approach enables us to simulate the

distributed over parallel computers. Further, in the real-space chemical reactions that involve the bond formations or breakings
grid approach, the localized nature of the Hamiltonian operations during the course of the molecular dynamics because the forces
enables us to divide the system into domains without the @cted onthe nuclei are explicitly determined from the electronic
substantial increase in the amount of communications betweendensity of the ground state. In the present application of the
processors. Several big challenges for large-scale electronic'®@l space grid approach, we use the double grid method
structure calculations were carried out using massively parallel Proposed by Ono and Hirose.
computers within the real-space grid appro#ti? The major purposes of the present real space ab initio
molecular dynamics (RS-AIMD) simulation are to examine the
* Corresponding author. E-mail: takahasi@cheng.es.osaka-u.ac.jp. '€@ction of the OH radical and OH anion with an organic
Fax: 81-6-6850-6265. molecule to get insight into their reactivity under the supercritical
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conditions of water and further to test the applicability of the intermolecular bondings are broken. It is therefore necessary
real space grid method to the AIMD simulations. Supercritical to investigate the reactions under the isolated conditions to
water (SCW) is well-known as a strong reaction field, and there understand the intrinsic factors that control the reactivity of the
has been much literature that deals with the organic chemicalOH radical and ion. On the basis of this consideration, we
reactions in water near or above its critical pcthin ref 34 it performed the simulations with no solvent water molecules as

is pointed out that the ion product, or the dissociation constant the first step of investigations of reactions in the SCW.
for water, increases as the temperature approaches the critical

point but decreases dramatically as the temperature exceeds thﬁ Method

critical point. As a reason for the high reactivity of the SCW,

the water molecule will possibly behave as a reactant itself rather  The electronic ground state of the system is computed by
than a passive solvent. We can speculate that ionic or radicaliq kohn-Sham density functional scheme. The KefSham

i + o 0
species .(OH.’ H™, O g H) thaF come from water molecules_ equation for the orbitap; with eigenvalues; of the system can
are so rich in a certain condition of water that the organic be written as

reactions are promoted. This speculation gives rise to the

question which process, radical or ionic, is more advantageous
for reactions in the SCW? In ref 35 it is reported that HCOOH [_ 1V2 + fﬂ dr' + v (1) + v (DY =€, (1)
is produced from formaldehyde in hot water without a catalyst. 2 Ir—r'| P

In this paper, we consider following radical and ionic reaction _ o _ o
processes of formaldehyde, which both lead to the same productwvhere the first term inside the parentheses is the kinetic energy

HCOOH. operator, the second is the Hartree potential, the third is the
pseudopotentials of the atoms, and the fourth is the exchange
radical process and the correlation functional, respectively. In our calculations

we use real space grids to expand wave functions and employ

the fourth-order finite difference method to represent the kinetic

CHO + OH — HCOOH energy operatot.® The Hartree pqtential is compL_Jted in the
Fourier space. The nonlocal atomic pseudopotentials are sepa-

ionic process rated into a local potential and the KleinmaBylander nonlocal
form in a real spac#’

HCHO+ OH'— CHO + H,0O

HCHO + OH™ — [HCHO-+-OH]~

HCHO + [HCHO:+:OH] — HCHO + HCOOH VeI L= ZVE)C(“‘ — Ry, [H
a
The first process is composed of the electrophilic attacks of |2 AV AVF
OH radical. The ionic process is known as a kind of Cannizzaro ' ’ lyp,0(2)
reaction, the first step of which is the nucleophilic addition of atm [ JAVR|
the OH ion. ’ '

In this work we focus on the first step of each reaction to
clarify the difference i_n the dynamics, energetics, an(_i re_acti\_/ity pseudowave function of the angular momentum quantum
between radical and ionic process and to get more insight into . .
the origin of the high reactivity of the SCW. In principle, one number,m, aquvf‘ Is the difference between thaiependent
should consider possibilities of other reaction pathways, for PSeudopotential and the local pseudopotentjal
example, addition of the OH radical or H-abstraction by the
OH anion, etc.; however, the above two pathways are undoubt- AVI =V} — V.
edly the simplest radical and ionic processes that lead to
HCOOH formation. Therefore, it will be appropriate to consider The inner products of the nonlocal part of eq 2 are performed
these pathways as most probable candidates unless they requirg, ihe real space, while the long-range local parts are computed
unexpectedly large activation energies as compared with given;, o Fourier space. In this calculation we employed pseudo-

temperature. One can find some experimental and theoretical . :
Iitergture related to these reactio?l‘?sp46 The H-abstraction potentials NCPS 97 developed by the method of Troullier and
‘ Martins#849 As a special treatment of the nonlocal pseudopo-

reaction of the OH radical is known as a combustion reaction . . .

i . ; . tentials, we employ the double grid technique that enables us
and has been investigated by spectroscopic experifhémtef to realize the rapid behavior of the pseudopotentials near the
45 static molecular orbital calculations of the addition of 12 P! Vi pseudop :

nucleophiles to formaldehyde have been performed and the heaf"tOrnIC core regmrﬁ. The mosF |mpor.tant feature of the present
of reaction is computed by using rather small Gaussian basisd0UPI€ grid technique is that it requires only a modest increase
sets at MP2 and SDCI levels. Unfortunately, these studies were®f computational cost. This is because the wave functions on
separately done and no comparison on the energetics was madi'e dense grid points are simply computed by analytical
on the basis of the same level of the quantum chemical interpolations of the wave functions on the coarse grid points
calculations. In addition, the authors cannot find any molecular as a benefit of the smooth nature of the pseudowave functions.
dynamical information on the reaction processes in the literature In the previous work we employed the linear interpolations,
although the reaction of the carbonyl group plays a vital role in while in the present work, four values on the original coarse
organic and biological chemistry. grids are used for the Lagrange interpolation in 3 dimensions
In solution, water solvent will play a significant role in in order to obtain substantial accuracy. Within the Lagrange
determining the reaction paths; however, at high temperaturesinterpolation of four equally spaced points in 1-dimension, the
near or above the critical point the solvation effects of water wave functiony; on a dense grid poiftis explicitly represented
molecules will be substantially diminished because most of the by the wave functiondV’; on the coarse grids as follows

whereR; is the position vector of atora, ¢f,, is the atomic
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J_ (XJJ B XJ)(>€] - XJ+1)(>§] = X3+2)
1/)1 (XJfl - XJ)(XJ—1 - XJ+1)(XJ—1 - XJ+2)IPJ_1 "
(>§] B XJ—1)(>§] B XJ+1)(>§] B XJ+2) v+
(XJ - XJfl)(XJ - XJ+1)(XJ - XJ+2) ’

()ﬁj - XJfl)(X‘:] - XJ)(XiJ - XJ+2)

Kge1 = Xo-) Kgag = X gy = Xp) 77 X, x! x) x) x x5
¢ = X5 )6 = XK = X340) w 0=i=n |\||\1|||rh||||\||||x|1|1|
(XJ+2 - XJ—l)(x.J+2 - XJ)(XJ+2 - XJ+1) e o X, X, X, X X
) Figure 1. Schematic representation of the wave functiifison the

- . . . coarse grid points; and; on the dense grid points. This figure
wheren is the number of dense grid spacings between adjacentgpgys gcaspe Whgé]m: 51/;’nd the coarse ggrid s%aciﬁlghs ¥

coarse grids¥; are the coordinates of thith coarse grid, and
xf are those of thgth dense grid point related t§;, respec- H3
tively. The schematic representation of the relation betw,efen

andW; is presented in Figure 1.

Furthermore, in eq 3 it should be noted that one can get a 02
simpler form when the relations;—; — X; = —h, are adopted,
whereh is the coarse grid spacing. Once the wave functions on
the dense grid points are computed, one can evaluate the inner
product of the nonlocal part of eq 2 by a discrete sum over the
dense grids,

57au.

n—1
J v p() dx ~ ZZ’VJJ yihf (4)
£

whereh' denotes the grid spacing of dense grids, a]hbi; the

value of¢,, AV in eq 2 on the dense grixf. Substituting eq

3 into eq 4, we have Figure 2. Schematic picture of the initial configuration of the
formaldehyde and OH radical/OH anion system. The numbers are for
later reference. The distance between the O2 atom and the molecular

n-1
ZZ)VIJ ijh’ = ZWJIIIJh (5) plane of formaldehyde is 5.7 au.
=

. . step, Gram-Schmidt procedure is performed so that the orbitals
where the weight factow; for the wave functiol?’; becomes {yj} obey the following orthogonalization constraints,

C o =X = 5 = Xg(@h = 1% - ><J|)V1J . Gy, 0= 5,

w; =
= h-h-2h
- . v v The initial configuration of the RS-AIMD simulation for the
2 (h— ¥ — X;))2h — ¥ = X;)3h — ¥’ XJDV_J 6 system HCHO and OH radical/OH ion is schematically drawn
] in Figure 2.

The OH molecule (OH radical or ion) is placed above the
in the case of the fourth-order Lagrange interpolations. What HCHO molecule in such a way that the OH bond is perpen-
should be stressed here is that the weight factors expressed bylicular to the HCHO plane and it crosses at the center of a line
eq 6 have to be computexhly oncebefore the SCF procedure  connecting the two H atoms of the HCHO molecule. This initial
and the computational cost during the SCF is almost the samegeometry is chosen somewhat arbitrarily; however, we take into
as that for the original coarse grid calculation from the relation account the electrostatic stability due to the fractional negative
of eq 5. The dense grid spacing is taken as one-fifth of the coarsecharge on the oxygen of the OH radical (or ion) and the positive
grid spacingh in this calculation. Théa is set at 0.314 au, which  charges on hydrogens of HCHO. The intermolecular distance,
is equivalent to a cutoff energy of 50 au for the planewave i.e., the distance between O2 atom and the HCHO plane, is
calculations. The electron exchange and correlation functional determined so that the intermolecular interaction between the
in eq 1 is evaluated from the local density approximation (LDA), OH radical and formaldehyde is comparable to the thermal
and the equation used in the present calculation is that developedenergykT of the system, where temperaturés set at 300 K.
by Perdew and Zungéf. To examine the influence of the In the sense that the simulation is done for the reactions in the
gradient corrections of the electron density on the potential supercritical water, the temperature should be set around its
energy, the BLYP functional is also employ&d&?In the course critical temperature of 647 K; however, we dare to do the simu-
of the SCF procedure the wavefuctions are updated by thelations under the ambient temperature to see the effect of the
steepest descent (SD) algorithm. To expedite the SCF conver-molecular interactions on the dynamics clearly. The initial
gence, we utilize the preconditioning operator and perform the internal coordinates of formaldehyde are those experimentally
Rayleigh—Ritz corrections to updated wave functions. Conse- obtained, while those of the OH radical (or ion) are determined
quently, a typical SCF procedure requires about 40 SD steps toby the DFT geometry optimization of Gaussian 98 with the
get an energy convergence of £@o 10°° au. After every SCF B3LYP functional®®5*The basis set used for the optimization

|j|=n+1 h-2h-3h
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TABLE 1: Molecular Internal Coordinates for H3
Formaldehyde, OH Radical, and OH lor?
parameter expt ab initio 02
C—H1 2.109
C-01 2.283
OH1-C—H2 116.5
0O2—H3(radical) 1.851
02—H3(ion) 1.858 -
@ This work. Units are au and degrees for bond lengths and angles, M
respectively” Reference 55. ol C H2
20 — : : —— (a) 1=40.15 fs (b)1=8031fs
19 [ o dt=5au 7
a dt=10a.u. ]
1.8 - < dt=20au ]
,‘:f ]
= 17 | .
~
T 1.6 )
E 1.5 g L
14 @ K D a
13
] () 1=9047 fis (d)r=1505fs
12 L 1 L L L L L 1 L I | |
0 500 1000 1500 2000 2500 Figure 4. Snapshots of ab initio molecular dynamics simulation for
formaldehyde and OH radical at (e 40.15 fs, (b)t = 80.31 fs, (c)
Time / a.u. t=90.47 fs, and (d) = 150.5 fs, respectively. Broken lines are drawn
between the weakly bonded atoms whose distance is smaller than

Figure 3. Variations of H-H distance as a function of time given by
the RS-AIMD simulations. The open circles, triangles, and crosses
correspond to the simulations that employ the MD time step of 5, 10, . .
and 20 au, respectively. Kinetic energies equivalent to 600 K were aU, indicating that the total energy of the system is completely
given for the simulations. conserved. This proves that the Hellmarfreynman force

calculations are correctly performed as well as the velecity
is 6-31G augmented by polarization functions. The initial inter- Verlet algorithm. Further, one can say that the molecular
nal coordinates of the reactants are summarized in Table 1. dynamics is not affected by the choice of the MD time si¢p
formed to obtain the electronic ground state of the system from three trajectories at different time steps coincide strictly. This
which He”mann_Feynman forces acted on nuclei are calcu- results ensures the accuracy of the present RS-AIMD simulations
lated. The MD simulations are performed by the veloekierlet employing a time step of 20 au ) )
algorithm with the time step of 20 au (0.484 fs). The temperature HCHO and OH Radical. We first performed the simulation
of the system is associated with the nuclear kinetic energy andof the radical reaction in order to investigate the reaction
the constant temperature simulation is achieved by rescalingdynamics and to see whether there exists a potential energy
the Ve|oci[y after every 50 MD Stepsl The random values on barrier for this reaction. When there exists a substantial helght
the Gaussian distribution are assigned to the initial velocities Of potential energy barrier, the reaction will not occur in the ab

0 au.

of the nuclei and they are scaled so tfabecomes 300 K. initio molecular dynamics simulations unless the initial kinetic

Calculations are done using a cubic periodic simulation cell of energy is sufficient enough to overcome the barrier. The

the sizeL = 20.1 au. shapshots along a reaction pathway obtained in this RS-AIMD
simulation are depicted in Figure 4d.

IIl. Results and Discussion Figure 4a shows a molecular configuration after 40 fs, in

which we can recognize that the OH radical is substantially tilted

Preliminary Calculation. To test the efficiency of the present  because the negative charge on tke@bond of HCHO attract
RS-AIMD code, we check the vibrational motion of the the positively charged hydrogen of the OH radical. At about
hydrogen molecule. At first two hydrogen atoms are placed at = 80 fs, one of the hydrogens of HCHO is approaching the
the distance optimized by the functional proposed by Perdew OH radical, as shown by the broken line, and theHl bond
and Zunger and then they are given the translational velocities of HCHO is stretching (Figure 4b). The hydrogen abstraction
of the same size in the opposite direction to make the moleculereaction from HCHO to OH radical takes place after about 90
vibrate. Translational kinetic energy is 600 K and no velocity fs (Figure 4c). Figure 4d shows that the straine@®Hnolecule
rescaling is carried out throughout the simulations. The time formed in the reaction is relaxed to its stable geometry. To
profiles of the H-H distance provided by the RS-AIMD clarify the quantitative behavior of the reaction dynamics, the
simulations are plotted in Figure 3 for the various time steps of potential energy of the system, the internal bond length, and
velocity—Verlet algorithm At = 5, 10, and 20 au). the atom-atom distances are plotted as functions of time in

The figure shows that the vibrational motion comes out Figure 5a,b.
soundly for each time step simulation. The amplitude of  Figure 5a shows the time profile of the potential energies
vibration is conserved during the simulation time up to 2500 along the reaction pathway, in which the corresponding mo-
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Figure 6. Snapshots of ab initio molecular dynamics simulation for
formaldehyde and OH anion at (e} 30.48 fs, (b)t = 70.15 fs, (c)
t=190.1fs, and (d) = 300.4 fs, respectively. Broken lines are drawn
between the weakly bonded atoms whose distance is smaller than
3.0 au.
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functional is 33.3 kcal/mol, which is much closer to the
1000 L ‘ . experimental value than that of LDA calculation.
0 50 100 150 200 HCHO and OH Anion. In the same way as the radical
Time / fs process we have studied the dynamics of the nucleophilic
Figure 5. Time profiles of (a) the potential energy and (b) the atom addition of the (_)H an!on to formaldgr_]yde starting from the same
atom distances of interest for the radical process, recpectively. Each molecular configuration and velocities. The snapshots of mo-

of the arrows (a), (b), (c), and (d) in (a) indicates the point that l€cular dynamics are shown in Figure-6e
corresponds to molecular snapshot (a), (b), (c), and (d) in Figure 4, Figure 6a is the molecular configuration after about 30 fs.
respectively. The OH anion is tilted in the same way as in the case of the

OH radical due to the electrostatic attractive force between the
lecular configurations in Figure 4al are indicated by the  negative charge on the carbonyl group and the positive charge
arrows. At first we have to note that there are no substantial on the hydrogen of OH anion. After about 70 fs, the Odhd
potential energy barriers in this reaction within the level of LDA, the HCHO molecule make a complex with a long-02
though there exist small oscillations in the potential energy distance £4.5 au). In Figure 7a,b one can see that theG2
barriers that are comparable to kinetic energies. The potentialdistance and the potential energy of the system remain almost
energy begins to fall significantly around 70 fs accompanied constant during the time from= 50 to 150 fs, indicating that
by the G-H1 bond cleavage (Figure 5a,b). It is noticeable that the complex persists during the time. _ _
the C—H2 bond vibration is almost unperturbed during the _ EXistence of such a complex is also predicted in the
chemical bond exchange. The vibration of the newly formed literature>©in W_h'Ch itis noted that the complex is s_e_parated
H1—-02 bond is highly activated, which leads to the significant by a small barrier €1 kcal/mol) from a global minimum

. o OV structure. After 150 fs, the OHagain begins to approach the
potential energy OSC'”atlon.S' Another .OH bond |b.rate.s HCHO molecule. At about 190 fs, we found obvious deforma-
constantly during the reaction, and no intramolecular vibrational

S . L tion of HCHO from planar to tetrahedral configuration, accom-
redistribution (IVR) can be observed in this time scale. The P 9

ied by the hybridizati h f carbon in HCHO f
heat of the reaction was computed by subtracting the energy oflonIe y the ybricizaion enange of cartion 1n rom

. 9Y “Isi? to sp (Figure 6c). The direction of the OHapproach is
the reactants from that of products by employing the nonperiodic ., sistent with the shape of Fukui function of HCHO for the

simulation cells to eliminate the interactions from outer cells. nucleophilic attack® Once the bond between the carbon and
The heat of reaction for the radical process based on the LDA gxygen of the OH anion is formed, the OH bond moves so that
calculation is 39.2 kcal/mol, while that determined by experi- the direction of the O2H3 bond coincides with the-€01 bond
ment is 33.2 kcal/mai® The LDA calculation overestimates the  direction in order to gain the electrostatic stabilization energy.
reaction energy by 6 kcal/mol. To examine the effect of the After about 300 fs, we obtain the relaxed tetrahedral complex
gradient correction on the exchange and electron correlation,formed by addition of OH anion to HCHO, where the -©323
additional calculation was performed by employing the BLYP bond is almost in the same plane with-O1 bond (Figure 6d).
functional. The heat of reation computed by the BLYP The heat of reactiol\E for the ionic process computed in the
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(a) compared with the ionic process, such effects are greatly
diminished in the radical process since the molecular orbitals
of the OH radical is not broadened and the OH radical is neutral.
As has been shown in Figure 5a,b, the gradient of the potential
energy with respect to the approach of the OH radical to
-39.18 Z\\ (2) 7 formaldehyde is rather gentle. In this respect, the H-abstraction
| reaction by the OH radical will be less advantageous than the
3000 | ] formation of the tetrahedral complex by the OH anion because
the radical process will be initiated by the short-range interac-
(d) tions. On the basis of these results where no solvent molecule
3922 - (b) 1 is involved, we can speculate how the polar solvent, such as
ambient water, affects the reaction dynamics of the two
5924 | (© ] processes. Surrounded by a polar solvent, the HEBE™
complex will be less stabilized than the OH anion since the
negative charge may be more disperse in HCHIB~ complex
2 o e o e Tme o mmo than OH anion. That is because spatially larger ionic species
will be less stabilized by a polar solvent than smaller ones
(b) Time / fs according to Born’s equation. In ref 46 Jorgensen et al.
performed Monte Carlo calculations for this system in the
7.000 S aqueous phase and predicted that HCHIH~ will be desta-
bilized as compared with reactants, though the solute’s electronic
polarization is not explicitly considered. In this respect, the ionic
process will be deactivated in the ambient water solution because
of its large dielectric constant & 78.3 atT = 298 K), while
the radical process will not be so affected by the water solvent
since the solvation energy will not be significant for both the
reactant and product system. It is therefore reasonable to
consider that the ionic process will play an important role in
the supercritical region of water where the dielectric constant
is smaller. On the contrary, in the ambient conditions the ionic
process would be significantly suppressed and the radical
process will become important.

1000 ‘ ‘ ‘ ‘ ‘ ‘ Spin Polarization Effect in Radical Process.In general,

0 50 100 150 200 250 300 350 radical species and radical processes inevitably undergo spin
polarization effects to some extent, which leads to the spin
contamination in the wave function when broken-symmetry
Figure 7. Time profiles of (a) the potential energy and (b) the atom =~ approach is employed. Though the broken-symmetry problem
atom distances of interest for _the ionic process, re_cpectlvely. Each of can be avoided by the novel interpretation proposed by Perdew
the arrows (a), (b), (c), and (d) in (a) indicates the point that corresponds " . e .
to molecular snapshot (a), (b), (c), and (d) in Figure 6, respectively. Within the DFT formalisnf’ it would be better to examine the

spin contamination effect for the radical process by molecular

same way as the radical process is 50.9 kcal/mol within the orbital (MO) theories. The multiconfiguration self-consistent
LDA, while that obtained by the BLYP functional is 31.8 kcal/ field (MCSCF) approact*® using spin-restricted open shell
mol. It is surprising that the inclusion of the gradient corrections Hartree-Fock (ROHF) wave functio8 will be the most
greatly diminishesAE for the ionic process. The discrepancy suitable candidate that can properly calculate the energies for
may be mainly attributed to the nature of the LDA, which the bond formations and breakings. But in this method there

generally overestimates the binding energy of chemical bonds. &€ Some ambiguities on the choice of the active space to which
Also in ref 46, it is indicated that the heat of this reaction is electrons are distributed unless full valence space calculation

very sensitive to the inclusion of the diffuse functions in the IS feasible. The MCSCF calculations involving a large number
basis sets as well as the computational methods and it varieOf electrons qllstrlbuted in the large active space is too expensive
more than 30 kcal/mol dependent on the methods and basis setsf'%md only available for smaII_ molecules. The alternat_lve approach
They noted that their best estimate of the energy release oniS t0 calculate the correlation energy by perturbational theory,
forming tetrahedral complex is roughly 35 kcal/mol, which is Such as the MgllerPlesset (MP) perturbation method using the
almost comparable to the BLYP result in this work. broken symmetry unrestricted Hartreock (UHF) reference
Comparison. Here we discuss the difference of the reactivity State, f_rom which th.e spin contamination is eliminated by a spin-
and the reaction dynamics between the OH radical and OH anionProjection operator in the subsequent calculafofi It has been
in the isolated conditions. As for the energy profile of the shown that this method can efficiently calculate the potential
reaction of HCHO and OH anion, the most important feature €nergy curves for the bond dissociations to some exfent.
to note is that the energy gradient is larger than that of the radical To examine the dependence of the computational approach
process. This implies that the ionic reaction process is driven on the energetics, we perform several additional calculations
by the long-range interaction forces, which is partially because using the Gaussian package along the reaction coordinate that
of the electrostatic interaction due to theegtipole interaction has been obtained by the present AIMD simulation employing
between OH and HCHO molecule and partially because of the BLYP functional. One is the spin-projected unrestricted
the diffuse nature of the excess electron on the OH, which allows fourth-order MP calculation with single, double, triple, and
molecular orbitals to overlap even at a long distance. As quadruple substitutions (PUMP4(SDTQ)), where all the valence

-39.16 i
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TABLE 2: Optimal Geometries for the [HCHO —OH]~ Systent

bond lengths (A) bond angles (deg)
method C-01 C-H1 C-02 O2-H3 01-C-H1 01-C-02 H1-C-02 C-02—-H3
This Work
Pz 1.307 1.146 1.514 0.986 116.6 112.9 101.9 95.05
BLYP 1.309 1.130 1.553 0.975 117.2 111.6 101.4 95.03
LCAO

BLYPP 1.293 1.174 1.569 0.985 118.0 112.9 101.1 94.09
BLYP¢ 1.315 1.140 1.589 0.979 116.4 112.5 100.9 97.53
MP2> 1.293 1.154 1.518 0.972 117.5 112.3 102.2 93.38
MP2¢ 1.322 1.128 1.539 0.972 115.7 112.0 102.1 96.47
HF 1.365 1.090 1.527 0.968 114.9 110.6 103.1 103.3

aThe numbers on atoms refer to those in Figur& IBCAO calculations (BLYP and MP2) are carried out by Gaussian 98 with the cc-pVDZ
basis set® LCAO calculations (BLYP and MP2) are carried out by Gaussian 98 with the AUG-cc-pVDZ bastsRastrence 45.

T ‘ for several bond-dissociating systems. Therefore, it is possible

0.08 | o This work | that the PUMP4 calculation slightly overestimates the barrier
o PUMP4(SDTQ) height. The activation energy obtained by recent experimental
v BILYP observation for this reaction is-0.05 + 0.30 kcal/mol,
s BLYP ] indicating that the reaction proceeds with almost no baffier.

0041 Although it is a very subtle problem whether an energy barrier

exists or not for this reaction, it will be valid to say that the
barrier is very small even if it exists.

Itis worthy of note that the energies of the present RS-AIMD
method with BLYP functional coincide quite accurately with
those of the Gaussian DFT calculation with the same functional,
indicating that the RS-AIMD method has comparable accuracy
with the Gaussian package with a highly sophisticated basis
function, AUG-cc-pVDZ. The remarkable feature of the BLYP

0.00 2NAGRSRW.L

Potential Energy / a.u.

-0.04

008 L — ‘ results is that the potential energy near the TS region is lower
0 %0 100 150 200 than those obtained by B3LYP and PUMP4 (SDTQ) calcula-
Time / fs tions. It is possible that the stabilization energy near the TS is

Figure 8. Potential energies computed by the PUMP4 (SDTQ) method, SCMewhat exaggerated, but the behavior of the potential energy
B3LYP, and BLYP functional along the reaction coordinate obtained Of the BLYP functional is qualitatively satisfactory.
by RS-AIMD simulation with the BLYP functional. Each of the energies Geometry Optimizations. Further, to substantiate the ef-
for all the calculations is shifted so that the energy at the initial ficiency of the calculation of the HellmarrFeynman forces
configuration { = 0) becomes zero. within the real space grid scheme, we carried out the geometry
optimizations for the ionic complex [HCHOOH]~. The opti-
electrons are correlated and the others are DFT calculations withyized parameters are compared with those obtained by linear
BLYP and B3LYP functionals. The BLYP functional is  combination of atomic orbitals methods (LCAO). The geometry
employed to check the accuracy of the present RS-AIMD qptimizations by the LCAO method are done by Gaussian 98
method, and the B3LYP is applied to get higher accuracy within employing the DFT and the molecular orbital (MO) theory with
the DFT approach. The basis function is the correlation- comparable accuracy. The gradient-corrected exchange and

consistent polarized valence orbital basis set of doglujeality correlation energy is estimated by the BLYP functional in the
augumented by diffuse functions (AUG-cc-pVDZ)The results  DFT calculations, and the MP2 theory is employed in the MO
are summarized in Figure 8. calculations to take into account the electron correlations, in

The most remarkable feature is that there appears a potentialwhich all valence electrons are correlated. Since it is reported
energy barrier in the PUMP4 (SDTQ) calculation. Also in ref that the addition of the diffuse functions in the basis set
65 it has been shown that there exists a small energy barriersubstantially affects the formation energy for this comgfex,
(1.2 kecal/mol) in this reaction by a transition state (TS) analysis two sets of basis functions are used to see the effect of the
of the PUMP4 (SDTQ)/6-31t+G** calculation. Overestima- diffuse basis functions on the geometry optimizations. One is
tion of the energy barrier of the present PUMP4 (SDTQ) the correlation-consistent polarized valence orbital basis set of
calculation ¢-10 kcal/mol) will mainly come from the factthat  double¢ quality (cc-pVDZ) and another is that augumeted by
the molecular trajectory obtained by the AIMD simulation based diffuse functions (AUG-cc-pVDZ§*
on the BLYP functional missed the TS structure of ref 65.  The optimized bond lengths and the bond angles are sum-
Further, it should be also noted that the discrepancy betweenmarized in Table 2, in which those from ref 45 are also
B3LYP and PUMP4 approach is significant near the TS, though referenced. The optimal geometry obtained by PZ functional is
they strictly coincide with each other at the reactant and product almost comparable with that obtained by the BLYP functional,
states. These results indicate that the potential energies computethdicating that the gradient correction does not give significant
by DFTs are rather different from those computed by MO effects on the determination of the optimal geometry for this
theory, PUMP4 (SDTQ), at the region where spin contamination system. As for the LCAO calculations by Gaussian 98, it can
is significant. Actually, the value & becomes about 0.8 &t be said that the DFT/BLYP calculation gives similar results as
= ~100 fs in the UHF calculation. Also in ref 63 it is demon- the MO/MP2 theory. The addition of diffuse functions gives
strated that the energy of PUMPA4-Full CI (configuration slight but similar effects on the optimal parameters for the DFT
interaction) becomes large near the onset of spin contaminationand MO calculations. For example;-©1 and C-O2 distances
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and the CG-O2—H3 angle are enlarged by the addition of the
diffuse functions for both methods. It is also worthy of note
that HF-SCF calculation with the 3-21G basis*sshows rather

good results as compared with those of the state-of-the-art.

Takahashi et al.

(16) Takahashi, H.; Hori, T.; Wakabayashi, T.; Nitta, Chem. Lett
200Q 3, 222.

(17) Cheng, H. PJ. Phys. Chem. A998 102 6201.

(18) Sprik, M.; Hutter, J.; Parrinello, M. Chem. Phys1996 105, 1142.

(19) Lee, C.; Vanderbilt, D.; Laasonen, K.; Car, R.; ParrinelloP¥ys.

The comparison between the real space grid approach withRev. Lett 1992 69, 462.
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between them are less than 2%. In this respect, it appears that (22) Laasonen, K. E.; Klein, M. LJ. Phys. Chem. A997, 101, 98.

the real space grid method reinforced by the double grid
technique is adequate for the computation of the Hellmann
Feynman force as well as that of the potential energy of the
system.

IV. Conclusions

In the present work, we developed a code for real space a
initio molecular dynamics simulations reinforced by the double
grid technique. We applied the method to the simulation of the
reaction of formaldehyde and the OH radical/Okbn to
investigate the reactivities in the supercritical water solvent. Our
simulations show that both reactions proceed without potential
energy barriers within the LDA and GGA level. It is confirmed

that the H-abstraction reaction by the OH radical takes place in

b3696.

(23) Laasonen, K.; Sprik, M.; Parrinello, M.; Car, R. Chem. Phys
1993 99, 9080.
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(35) Tsujino, Y.; Wakai, C.; Matubayashi, N.; Nakahara,Ghem. Lett

999 4.
(36) Butkovskaya, N. I.; Setser, D. W. Phys. Chem. A998 102

the radical process and the tetrahedral complex is formed ing715.

the ionic process. Itis also found that the ionic process is driven
by the long-range interaction forces in contrast with the radical
process.

(37) Atkinson, R.; Baulch, D. L.; Cox, R. A., Jr.; Hampson, R. F.; Kerr,
A.; Troe, JJ. Phys. Chem. Ref. Date992 21, 1125.
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The computed heat of reaction for the radical process agrees (39) Rim, K. T.; Hershberger, J. B. Phys. Chem. A998 102, 5898.

with the experimental value within 1 kcal/mol and the optimized
geometry of the [HCHG-OH]~ complex is in good agreement
with that obtained by LCAO methods, indicating that the present
approach is adequate for the ab initio molecular dynamics
simulations.
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