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Description of the lowest-energy surface of the CH+O system:
Interpolation of ab initio configuration-interaction total energies
by a tight-binding Hamiltonian
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It is demonstrated that the potential-energy surface and the lowest-energy path for a polyatomic molecule
(applied to the CH+O systenis accurately calculated viaond-length-dependetight-binding Hamiltonian,
fitted to ab initio configuration-interactior{Cl) total energies. This Hamiltonian not only reproduces the ClI
energies accurately and efficiently, but also effectively recognizes and identifies Cl energy values that may
erroneously converge to excited states. The resulting normal mode frequencies are in very good agreement with

experiment.
DOI: 10.1103/PhysRevA.71.022707 PACS nuntber34.20—b
[. INTRODUCTION ences for details in Ref5]. The analytically parametrized

interpolation schemes become very complicated for poly-
atomic species, and they are not able to recognize and iden-
The determination of the reaction path in a chemical relify any inadvertent wrong CI convergeng2], which may
action needs detailed knowledge of the pertinent potentigfSCape atte_ntlon. Therefore, a rel|e_1ble |nt_erpolat|on scheme
energy surfacéPES (diabatic or adiabatjc In practice this  for the pertinent PES of polyatomic species, based on ClI
is a formidable task becaug® the PES is a multidimen- calqulatlons, aI_so ablelto_ identify any error in .the Cl database
sional surface, impossible to fab initio calculated at every ©F in general, in any fitting database, is desirable.
point in the degrees of freedo(®OF) space, and interpola-
tion is necessar{the most accurate known detailed multidi- B. The purpose
mensional PES is that of Hinterpolated from 71 96%b It is shown that such an interpolation scheme is possible,
initio DOF points[1]); (ii) because the standaab initio  pased on a spin-polarizefs] bond-length-dependerit7]
calculations of the many-electron problem in the Born-Sjater-Koster(SK) parametrizatiori8] of ab initio Cl total
Oppenheimer approximation, based on the variational prinenergied9]. We present this methdgreviously unreported
ciple [accurateab initio configuration-interactioiiCl) calcu-  for (spin-polarizedl molecule$, and as a demonstration, we
lationg], yield only adiabatic curves and, more importantly, apply it to a triatomic molecule of chemical kinetics
being iterative, sometimes converge to undesirable statgfterest, HCO [which is an intermediate radical
([2]; also cf. below. Yet such calculations may be prohibi- in the generaton of a primary ion during
tively computer time consuming. For the ground state, thenydrocarbon combustion: €P)+CH(X %Il and/ora*s")
time problem is already traditionally overcome via density_,[Hco]*@A/)_, HCO"+e7]. The reaction of
functional theory(DFT) [3], which self-consistently approxi- H+co—i.e., H in the vicinity of CO—has been thoroughly
mates the many-electron problem by a one-electron problenydied in the past. On the other hand, the reaction of
However, DFT calculations sometimes fail to describe ex(3P)+CH(X A1,a's)—i.e., O in the vicinity of CH—is
perimentally observed features of the P Thus, the ac- i experimentallj10] to generate the HCOcation via
curate CI calculations are more or less indispensable, even i ;isionization of some stat@r states of the intermediate
performed in a rather limited, but representative, set of MOy radical upon interaction with some vibrational level of
lecular geometries. There are quite a few general methods fQfe jon_ The first step toward understanding such interactions
fitting ab initio potentials for diatomic or small polyatomic s the construction of the PES of the states with 6oy
molecules, based either on piecewise cubic spline fits or ﬁt§vithout) barrier, through which a reaction at the experimen-
to functional forms such as Morse, extended Rydberg, LEP$; temperature can proceed. Such a staithout a barriey
(London-Eyring-Polanyi-Sajo - diatomics in molecules 5 the HCGX A') neutral intermediate stafd1]. Thus, in
(DIM), and many-body expansions, as described with referg e totestthe interpolation scheme onraolecular system
this state is used in this work.
The interpolation is then appliedi) to the prediction of
*Corresponding author. FAX+30(2107273794. Electronic ad- the lowest-energy patfiin A’ symmetry while O ap-
dress: nbacalis@eie.gr proaches the vicinity of HG(ji) to the generation of a more

A. The question
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accurate PES at optimum C-H distanéeet just at constant multireference Cl metho@MRCI) employed in thevoLPRO
C-H distancg and (iii ) to the computation of the potential packagd9] (the four electrons in theslorbitals of C and O
energy curvatures at equilibrium and of the concomitantvere unexcited The method of calculation is described in
normal-mode frequencies, which are in satisfactory agreemore detail in Ref.[11]. The CASSCF calculations were
ment with experiment. state averaged, and the active space was limited to the 9
valence orbitals among which the remaining 11 electrons
were distributed. In the subsequent MRCI calculations the
uncontracted configurations were around<si®, internally

First several(724, contrary to 71 969 of H[1]) accurate  contracted to about X 1(°. Calculations between C-O dis-
Cl total energies, based on multiconfiguration Se'f-ConSiStelﬁances of 1.7 and 6 bohrs were performed for several
field (MCSCH orbitals, are calculated at selected geometries{-C-0 angles between 50° and 180° and several C-H dis-
of the H,C,0 atoms in thé\" symmetry of the Cs group. tances between 1.7 and 4.5 bohrs, most around the C-H
Typically, e.g., for a cubic spline fit, for a triatomic PES at equilibrium distance, 2.1 bohrs. The three lowest roots of the
least 16V°=10° CI points would be needed. For H+CO, secular equation were computed, increasiopgmpared to
Bowmanet al. [12] used about 200@b initio points. With  one roo} the number of useful configurations, therefore, in-
the present interpolation scheme no more than 508 Cl pointgreasing the accuracy of the calculation and guarding against
were needed, the remaining serving to check the quality ofoot flipping. By an analytic gradient optimization at the
g']ed'ﬁt (":I'%r) :—Te f:: a nODOfrthOQ%n?L Spin-tF{O'aTized Eigh';' MCSCF level, an approximat@®ICSCP equilibrium geom-

inding Jamiltonian is formed; the matrix elements of o\ \vas found at the DOF space pOiﬁt—ICa?COvEH-C-O)
the TB Hamllt(_)nlan(and of the _ove_rlap ma”)x.are ex- =(2.12 a.u.,2.2 a.u.,126° In order to determine a physi-
pressed asunctionsof the bond direction, according to the : . . .
cally reasonable interpolating TB Hamiltonian, the fit must

SK scheme[8], and of the bond length, according to the . ) . .
. . be guided by choosing point® be fitted that belong to the
Naval Research Laborato@VRL) techniquef7]: i.e., these correct diabatic branch of the PES. Because it is not evident

functionsare generally polynomials of the interatomic dis- . . .

e : - whether the aforementioned points are beyond any avoided
tance, within exponential envelopes, the coefficients and thgrossin where the role of the around and excited states
exponents being varied as parameters. For two adiabat{/(\:/ould ge interchanged, first sevegr]al DOF points near equi-

states near soméavoided crossing the TB Hamiltonian . . hged, Tirst s P a
: ;  : librium were obtained. This first step of the procedure is
naturally produces two diabatic PES’s in nearby extrapola- , . : . o
essential. It is achieved by employing a generalizafibsl

tion and predicts to which diabatic PES, ground state or €X5f the three-dimensional sphere to the generally multidimen-

cited, nearby Cl energies belong. Among these, after identi-. . . . . :
fication, the appropriate ones can be used to extend the f'?‘tlon""I (in this case also three-dimension&lOF spacex;

beyond the(avoided crossings, around which two sets of =(1i/Ti=1),i={HC,CQ}, x3=(6/6-1), which are the dimen-
parameters are needed, one for each branch of the PES. IfStonless relative distances from the equilibrium DOF point;
happens, as with HCO, that the ground- and excited-statgenerally forn degrees of freedom, points belonging to a
energies beyond the crossing lie close to each other, compB:dimensional (hypejsphere of radius and center(;,i
rably to the fitting accuracy, the adiabatic PES can be fitted 1, ... ,n) are obtained by

as well, with comparable accuracy.

After the fit, in the TB Hamiltonian scheme, by using at
each point of the DOF space either the desired diabatic or the 3 _
lowest-lying (adiabati¢ TB-fitted PES, the diabatic or the Xp-1~ Xp-1 =T SIN 6, COSOy_1,
adiabatic lowest-energyathcan be foundwithout any more
lengthy ab initio calculation$. For each value of a desired
degree of freedontin our case for each C-0O distancde
energy minimum is search¢d3] in the space of the remain- X, — X, =1 SiN6,SiN 6,1+ coSfy, (1)
ing degrees of freedorfC-H distance andi-C-O angle.

Simi|ar|y, by 0pt|m|z|ng the energy with respect to all other an obvious extension of a three-dimensional Spherical sur-
degrees of freedom except two, an optimal enesgyface  face[16]. Here the firstg;=0 or 180°, the two points of a
can be found and so on. An important feature of the param-one-dimensional sphere,” and the other @ <180° are the
etrized TB Hamiltonian is that, by using it, any property can“azimuthal” hypersphere anglegncidentally, a variable-

be trivially computed, contrary to conventional analytically dimensionaldo-loop code was invented, needed to treat any

parametrized interpolation schemes. Here we compute thi@rger moleculg Thus, first, points with smalt were fitted,
normal modes. and gradually the fit was extended to more remote DOF

points (many of which were actually also predicted by the
preceding fits

C. The procedure

Xp = X =T COS6p,

Il. THE CALCULATION

A. Methodology B. The NRL bond-length-dependent TB Hamiltonian

For the CI energies the correlation consistent aug-cc- parametrization

pVTZ basis set was useld 4,15 in conjunction with the The formalism of the NRL bond-length-dependent TB pa-
complete active space self-consistent filBASSCH+1+2  rametrization is described in detail in RET]; here an essen-
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tial summary and necessary extensions are only presentedtended Hiickel assumptioh%9,20 were imposedi.e., (viii)
to replace the remaining on-site matrix elements by the va-
lence state ionization potential while assuming that the re-
At each molecular geometry, the total Cl energy can bemaining off diagonal matrix elements wefi&) proportional

1. The underlying idea

written as to the mean value of the constituent diagonal &jdpropor-
tional to the corresponding overlap integdalshen the

> K~ s > NRL-TB scheme would reduce to the extended Htickel ap-

E[n(N]= X f( )q s+ FIn(f)] o . CKe! ap

1.2 proximation. However, here no special assumptions are

) made, all matrix elements are maintained in the fit, and the

D f<M' € s)e, 2) uniform shift (different for each geometnensures the exact
T ise Cl energies. It is important that the constafitis different
for each geometrical structure of the Cl database. It should

where[17] f(x)=1/(1+€¥) is the Fermi function with a small also be stressed that the shift is done to the first-principles ClI
tail (T=0.005 mRY, ¢  are the SCF orbital energieyi’) is  database before we proceed with the fit that will generate the
the electron densityF[n(r)] represents the rest of the TB Hamiltonian.
energy—i.e., Coulomb, core, exchange, and correlation
energy—and

i;s=1,2

2. Bond-length dependence

R The next step is to use a least-squares procedure to fit this
6s=€stVo, p'=p+Vo, Vo=FIN(MINe, ()  shifted CI database with the shifted eigenvalugsto our
TB Hamiltonian, which, needless to say, if it were different
for each geometry, would be useless for the construction of
determinedj counts the states, aset 1,2 counts the spin. In the PES; instead:ommor_parameters are neede_d that would
other words, due to the simple observation tBatf{(x reproduce the known shn‘te_d energies and their s_umalfor
—6 )T} (65+Vo) =S I (u+ Vo)~ (6 +Vo) I/T} (6e+Vo), sample molecular geometries, as well as at any interpolated

the total CI energy at a specific molecular geomémDF DOF point. Indeed, the matrix element parameters, being
; 1ergy P uar g ; functions of the bond angld§], may also be expressey-
point) can be rigorously, without approximation, rewritten as

the sum ofappropriately uniformly shiftegnergies(of ficti- ometry !ndependently in terms of functions of the internu-
. : : clear distances If there are several types of atoms
tious occupied orbita)s

For asingle-molecular geometrgt TB description could {Aérl?"r?; 'S'}.x\i'tglglﬁ Ztgr:tsr ?:ft t)r/g?:]‘e{'g'nl;le I'T']ANJ\.}’ :Itec|.”r'1ents
fit € ;s as eigenvalues of the generalized eigenvalue problelg?re elx reszledpas 1z uctu : X
(H-Se€/ )¢ s=0, H being the TB Hamiltonian ané the P

with Ng=23;. &1 >f((—€ §)/T) being the number of elec-
trons, from which the highest occupied energy lewels

overlap matrix, under the assumption that these matrices are 3 ,

represented in an atomiand p (and in generatl) orbital has=biast > X bfe)nsé’/zx?sgsy l=sp,d, (4)
basis{¢,}. Under this assumption the matrix elements would Be{ABC.. }n=1

be parametrized according to the two-center SK schigfhe \where

where a nonorthogonal TB calculation would need diagonal N

on-site and off-diagonal hopping and overlap matrix element 8 2 RAiB. -Ry

parameters: In this scheme the three-center intedisls QAiBs:jz_zle B f . ()

-a)|V(r=b)|'(r-c)), as well as (¥(r—a)|V(r=b)|s' (r
—a)) are omitted, while the on-site and the hopping matrixis a generalized pair potentigidensity”); here f(x)=1/(1
element parameters are formed by integrals of the type€) is a cutoff function [21] with Ry=15 bohr, r.
(pr-a)|V(r-a)ly/(r-a)) and (y(r-a)|V(r-a)|¢'(r-b)),  =0.5bohr.Rag is the internuclear distance between atoms
respectively{7]. If the energies were not shifted by,then A andB;, while \,,, depending on the atom type, abﬂéls

the two-electron integrals, due to the terfnfr)] in Eq. (2), are the on-site NRL bond-length-dependent parametric coef-
would have to be parametrized as wedither directly or ficients (BLDP’s) (Tables I-ll).

within DFT. With the shift, this is rigorously avoided. The hopping parameters are of the form
For each geometryif the usual complete neglect of dif- 2
ferential overlag CNDO) assumption§18,19 were imposed _ men | -2re[ R~ Ro
[i.e., (i) use of orthogonal atomic orbitals ¢ii) neglect of PyR) = EOCV RY e re /)’ 6)

their overlap integraldjii ) neglect of the differential overlap

in all two-electron integrals whilé¢iv) reducing the remain- Wwherey indicates the type of interactidne., sso, spo, ppo,

ing Coulomb-type integrals to one value per atom pair, als@pm, pso,...,dds). The NRL BLDP’s are ¢ and gy

(v) neglect of the off-diagonal electronic interaction with (Tables IV=V)). Ris the interatomic distance between atoms
neighboring cores whilgvi) reducing the diagonal to a A andB, andR, andr, are as in Eq(5).

single value per atom pair, ar(®ii) assuming that the off- A similar formula, as originally employed in the NRL-TB
diagonal core matrix elements were proportional to the coreode, could be used also for the overlap parame3prgR),
responding overlap integrdJghen this scheme would reduce but this, for unfitted geometries, might violate the necessary
to the usual CNDO approximation; and if, further, the ex-conditions
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TABLE I. NRL coefficients of on H-site TB Hamiltonian matrix

PHYSICAL REVIEW A1, 022707(2009

TABLE Il. NRL coefficients of on C-site TB Hamiltonian ma-

elements in Eq(4), in appropriate a.u.: The matrix element is mea- trix elements in Eq(4) (in a.u., as in Table)l The first column
sured in hartree and the distance in bohr; therefore, the NRL paramefers to spin up and the second to spin down.

etersb® are measured in hartree, andn bohr/2 The first nu-

merical column refers to spin up and the second to spin down. e 1.1994 0.62579
()
Ay 1.0016 1.1216 bees 0.41913 0.74891
1
bi% 1.4101 1.9785 bocs 0.0000 0.0000
)
bt 0.0000 0.0000 Becs 0.0000 0.0000
)
b2, 0.0000 0.0000 bees 0.0000 0.0000
(0)
bSI)*s 0.0000 0.0000 bCCp 0.28771 0.09461
(1)
b, -9.1049 0.42447 becy 0.0000 0.0000
)
b, 197.70 22.965 becp 0-0000 0.0000
)
b, -675.11 ~32.554 becy 0.0000 0.0000
& _ -
bl -13.899 1.0108 bens 1.0827 12.931
@ _
b2, 47.769 47637 b 4.5710 68.434
@) -
b ~74.244 7.5086 beps 0.81620 81.019
@
beiip 3.3728 4.4257
b -25.133 -49.575
{|S|’M(R)| < 11 R>0}1 Sl’#(o):‘sll’l (7) CHp
_ _ b, 51.719 140.68
which are important for molecules. Here, we ensure these (1)”
conditions by special care: Starting from theHydrogenlike bcos 0.30836 -0.53199
overlap integraf1s(r)|1s(r —-R))=(1+R+R?/3)e’R, we em- bgés —2.7725 ~0.50810
ploy, for dissimilar atoms, a parametrization of the form @
boos 7.2151 1.5903
y(@;R) =[1+ (R/gz) + (R/92)2/3]9_R/92. b(Cz())p ~0.62615 0.00528
(1) -
f(b,c,g;R) =by(g;R)?+cy(g;R), bcop 4.7385 0.40085
beop -0.36663 -0.71917
R_
Si1u(R) = tanf- af(b,c.g;R)]f< R°>, (8
o ¢ matrix elements was proven suffici&ntvithin the context of
where|S; (R <1, and, for similar atoms, the NRL code[7], which can treat also solidgor which it
o 5 22/ 2RI was originally wrl_ttelj, the molecule was treated as a base to
y(g;R) =[1+(Rig") + (Rig")3]e ' a large cubic lattice unit celllattice constant=100 a.J).en-
5 suring a vanishing interaction between atoms in neighboring
f(b,g;R) =by(g;R)“+ (1 -b)y(g;R), cells. Thus, the PES was described in terms of NRL BLDP’s
for each spin polarization of the following kinds: On-djite
v(c;R) =[1+(R/c?) + (R/c2)2/3]e—R/°2, Egs.(4) and(5)]: s: H, C, O,(H depending on  (C on H),
(Hon O), (O onH), (Con O, and(O on O; p: C, O,(C on
1T — (e _ . H), (O on H), (C on O, and(O on O. Hopping and overlap
LR ={[1 ¢;R)Jtanh - af(b,g;R ;
SR =1 ~v(ciR tanfi - af(b,g;R)] parametergin Egs. (6), (8), and (9)]: sso: H-C, H-0O,
RS R-Ry). 9 C-0O; spo: H-C, H-0O, C-0, and O-(denoted agso);
*u(c;R)G ) A ©) ppo andppm: C-O. For HCO, since similar atoms are well

then, necessarily, conditiorig) are obeyed. Similar formulas
are used for all=s,p,d. The BLDP parametric coefficients
are{a,b,c,g} (Tables VII-IX).

3. Approximations

The standard NRL parameters allow &ip, andd matrix
elementgalthough, in the case of HC-O, fitting withandp

separated, the H-H, C-C, and O-O parameters vanish. We
fitted 508 Cl points and we checked the resulting PES
against 216 more CI energies not included in the fit. The
error was less than 1®a.u~0.6 kcal/mol. To ensure ob-
taining physically meaningful TB parameters, for a very lim-
ited number of molecular geometries the Hamiltonian eigen-
values were also fitted, while the total energy was fitted for
all 508 structures.
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TABLE lll. NRL coefficients of on O-site TB Hamiltonian ma-

trix elements in Eq(4) (in a.u., as in Table)l The first column
up and the second to spin down.

refers to spin

PHYSICAL REVIEW A 71, 022707(2005

TABLE V. NRL coefficients of H-O TB Hamiltonian matrix

elements in Eq(6) (in a.u., as in Table 1Y, The first column refers
to spin up and the second to spin down.

No 0.86813 0.48862
b 1.8033 0.16652
bos 0.0000 0.0000
bibs 0.0000 0.0000
bl 0.0000 0.0000
bSop 0.17844 0.19883
bop 0.0000 0.0000
beop 0.0000 0.0000
bGop 0.0000 0.0000
bt -3.7292 2.6474
b2 20.399 -35.242
by -31.017 192.23
bonp 15750 4.8613
bihp -5.3854 ~36.304
bop 5.7422 148.70
bl 3.1417 -2.4473
bioes ~72.970 5.3714
bl 280.68 ~2.5200
boe -1.4219 4.1875
bicp 0.68768 -14.753
boep 34.603 14.290

(0)

. -0.66732 orse
Clossr 050138 2.1864
a2 0.05719 0.01801
OHossr 0.40821 0.74185
G ospr 336.39 3.4677
Chidspr ~325.06 -0.63940
(2)
Cispr 74.188 0.04553
Hospr 1.3829 0.22132

this function, of the lowest-energpath (along a specified
degree of freedoior surface(in two specified degrees of

TABLE V. NRL coefficients of H-C TB Hamiltonian matrix

C. Nonlinear minimization

Using the obtained parameters the total energy is now a
analytic function of the atomic distancéand angleq8]),
and it is used to calculate the PES. For the calculation, vi

freedom), and so on, we used a nonlinear energy minimiza-
tion technique employing Powell's conjugate directions
method[22] modified to be restricted to closed intervals of
the DOF spac¢l3].

For comparison, each of the 724 initio Cl calculations
needs 3 h of CPU time on a HP-V2600 computer, each
n-dimensional hypersphere radiusncrease, to fit more re-
mote points(with ten such hypersphere radial extensions all
points can be cover¢dneeds 2-3 h, while each two-
dimensional energy minimization, using the final TB param-
eters(i.e., the lowest-energy path or surface determination
needs a few seconds.

IIl. RESULTS OF THE TB HAMILTONIAN FIT
A. The fit

Figure 1 shows that the TB Hamiltonian produces natu-
lly the diabatically extended branch of the energy. There-
ore, it can distinguish to which adiabatic state near an

gvoided crossing the CI values belor@lassifying such ClI

points may sometimes be misleading if they are unrecogniz-

elements in Eq(6), in appropriate a.u.: The matrix element is mea-
sured in hartree and the distance in bohr; therefore, the NRL param- TABLE VIII. NRL coefficients of H-O TB overlap matrix ele-

etersc¥ are measured in hartree/bblandg in bohr¥/2 The first

column refers to spin up and the second to spin down.

(0)
HCssr
(1)
HCssr
(2)
CHCssr

C

C

OHCssr
(0)
CHCSprr
(1)
HCspr
(2)
HCspor

C

C

gHCspr

-173.11
175.83

~47.457
1.4908
10.510

-8.4363
2.4671
1.0010

12.718
-5.8982

0.00406
0.73061
—-23.762
21.483
-6.3381
1.1310

able by mere observation of the MCSCF orbitals. Fig. 1,

ments in Eq(8) (in a.u., as in Table V) The first column refers to
spin up and the second to spin down.

aHOssy 0.36425 2.2057
Brosss 0.21608 1.3084
CHOssr 0.0000 0.0000
Ohossr 1.1681 0.81240
Hospr 1.0161 13.898
brospr 0.60281 -1.0125
Chospr 0.0000 -0.12999
OHospr 1.1126 0.60392

022707-5



BACALIS, METROPOULQOS, AND PAPACONSTANTOPOULOS

TABLE VI. NRL coefficients of C-O TB Hamiltonian matrix
elements in Eq(6) (in a.u., as in Table 1Y/ The first column refers
to spin up and the second to spin down.

PHYSICAL REVIEW A1, 022707(2009

TABLE IX. NRL coefficients of C-O TB overlap matrix ele-
ments in Eq(8) (in a.u., as in Table VI The first column refers to
spin up and the second to spin down.

(0)
CCOssr

(1)
CCOSS)‘

(2)
CCOssr

Jdcossr
(0)
COspr
(1)
CCOspr
(2)
CCOspr

C

gCOspr
Coppr
CCopm
Covr

gCOppr
©
Ccoppr
@
COppr
@
Ccoppr

C

Ycoppr
(0)
CCOpS’r

(1)
CCOpar

(2)
CCOp37

gCOpS’r

133.31
-150.70
45.027
1.4932
0.85555

—-0.79537

0.24774
0.77516
1.9257
-1.0331
0.15996
0.70303
1.8161
-1.1755
0.20258
0.71763
23.256
-17.357
3.8753
1.1145

11.287
-10.992
3.0274
1.1823
156.17
-178.33
44.889
1.7896
-0.84971
0.80194
-0.18615
0.81147
-0.24214
0.20557
—-0.05645
0.57821
-5.5661
5.5604
-1.6245
1.1245

Acossr 1.8859 1.2884
bcossr 0.71271 0.76434
Ccossr 0.0000 0.0000
Jcossr 0.91485 0.84572
acospr 1.1527 1.1257
bCOSpI 0.68381 0.66782
Ccospr 0.0000 0.0000
Jcospr 0.79361 0.69786
aCOppr 1.0426 4.3592
bCOppr 0.61854 0.77345
CCOppr 0.0000 -0.08044
Ycoppr 0.85808 0.93928
acoppr 0.98414 1.0268
bcopp,, 0.58381 0.60912
Ccoppr 0.0000 0.0000
9coppr 1.0624 1.0099
Acopsr 1.1528 1.1411
bcopg, 0.68389 0.67696
Ccopsr 0.0000 0.0000
Jcopsr 0.83985 0.94506

inadvertently converged texcitedenergiegwhich ought to

be disregarded; otherwise, they would destroy the fit—
whereas by a conventional method these would be errone-
ously fitted. Two examples are given: namely, poitsaand

B in Figs. 2 and 3 for the fit of the first and second CI roots,

the diabatic character of the prediction is clearly displayed.
However, the most impressive aspect of the TB Hamil-
tonian methodabsent in conventional fitting methodaas
that it discovered, through the fit, that at some points of the
fitted data basdabout 10 in 70D the CI calculation had

TABLE VII. NRL coefficients of H-C TB overlap matrix ele-
ments in Eq(8), in appropriate a.u.: The overlap matrix element is
dimensionless; thereforegy is measured in boM? and a,b,c are
dimensionless. The first column refers to spin up and the second

respectively. Indeed we recalculated these points with special
elaboration and found the correct states, but we stressithat,
practice among 700 calculation outcomes of comparable en-
ergy, 10 can hardly be priori judged and disregarded as
wrong, and if a conventional polynomial fit were used, these
would be fitted, resulting to a wrong PES. Therefore, the TB
Hamiltonian discovers any interpretation error, or failure, in
a given fitting data base.

We approximate the adiabatic passing through a PES
crossing by adopting theowest lyingof the two PES’s at
t%ach side. For O-CH the two PES crossings occuarge
separations from the absolute energy minimum and, there,
the differences between the first and second roots are small;

spin down.
AHcssr 1.2111 1.6062
Brcsss 0.71845 0.95283
CHessr 0.0000 0.0000
OHessy 1.0254 0.76969
Brcspr 0.85676 1.5816
Phcspr 0.50824 0.93824
Chespr 0.0000 0.0000
OHCspr 0.88780 0.85901

therefore, in approximating the adiabatic PES, we also fitted
the first root everywheréwith the exceptions of the previous
paragraph by a single set of TB Hamiltonian parameters.
These are displayed in Tables I-1X; the Hamiltonian and
overlap matrix elements of similar aton§400 a.u. apayt
vanish. The total PES has at least five local minima
H+C+0O, HC+0, H+CO, C+HO, anHlCO. These param-
eters refer to the last one.

B. Predictions

The fitted TB Hamiltonian could predict correctly total

energy curves for pointsot includedin the fit as shown for
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- lower state 0124 B
—e— prediction A
0.10 -7 higher state
—— prediction -~
# fitted 3
© 0.5+
-0.12 é
- E:J’ —— 1st Cl root
5 = ~0-TB
8 j g 0181 --— 2nd Cl root
5 = —3— fitted
2 .0.14
()]
®
E 0214
w
0.16 C-O distance (1.80 to 4.02 a.u.)
FIG. 2. TB Hamiltonian fit to the 1st ClI root for H-C distance
2.1295 a.u.f=180°. The CI points\ andB are predicted to belong
to the second root, as the TB Hamiltonian fit of the first CI root

74 76 78 80 82

Geometry (ordinal number)

84

suggests to discard them. The TB Hamiltonian fit prompted our
attention to look for the missing correct Cl values. If the CI points
were from a third party database, thendB points should have to

FIG. 1. Geometric structures indicated by open stars were inpe disregarded, a recognition impossible by conventional fitting
cluded in the fits of the first and second CI roots. The horizontalmethods_ The meaning of the horizontal axis is as in Fig. 1. It is

axis refers to the ordinal number of the geometric structure in the Ctemarkable that the seven leftmost TB points “in the well,” although

database. The open squares and triangles are the original Cl poinisot fitted, coincide with the CI values.

The solid circles and squares are predictignst included in the

fit). The TB Hamiltonian predicts the diabatic states: The squares of
structures 77 and 82 belong to the lower-energy set, but clearly are
diabatic continuations of the open triangle curves, which, before the
crossing, belong to the higher-energy set and vice versa. The unbi-
ased TB Hamiltonian fit predicts the diabatic continuation. A con-
ventional fitting method could not recognize such crossings.

example in Figs. 4 and 5 for various cases. The comparison
between the predicted energy points and (het fitted ab
initio ClI points is excellent, comparable to that of the fitted.
In both fitted and predicted points the differences between
the ab initio Cl energies and the TB Hamiltonian total ener-
gies are less than 0.6 kcal/mol. These, representing differ-
ences between two smooth surfaces, are systematicelty
randomly distributed, as seen, for example, in Fig. 6, which
is identical in context with Fig. 2, except that the horizontal
axis represents thactual C-O distancein a.u), instead of

the geometric structure count. Because of this, the aforemen-
tioned in Fig. 2(excited points A and B are not clearly
distinguishable from the nearby database points. It is remark-
able that the seven leftmost TB pointaround the mini-
mum), although not fitted, are predicted to coincide with the
ClI values within the fitting error.

shifted energy (a.u.)

—=&— 1st root
— o —prediction
-7 2nd root

-0.05 4

-0.10

-0.15

-0.20 4

L) L) 1 L) T L) L) T
646 648 650 652 654 656 658 660
Geometric structure (ordinal number)

1. Lowest-energy path

FIG. 3. TB Hamiltonian fit to the second CI root. The first three
points of each curve were fitted. Nonfitted open circles are predic-
tions. As in Fig. 2, in the second curve the fit predicts that the ClI

Using the fit, we calculated the minimum-energy path for,gintsa andB of structure 659 actually belonged to the second and
the formation of HCO, as HC approaches O, shown in Fig. 7third roots, respectively, to which the MCSCF iterative procedure
For a triatomic molecule the figure contains the whole infor-had origina“y Converged’ missing the first root. The TB Hamil-
mation: As CH approaches O, for every O-C distance theonian fit prompted attention to look for the missing CI root. A

minimum energy with respect to the-O-H angleis found

conventional fitting method could not recognize that péirdf the

and displayed. At each O-C calculated point the orientatioriatabase belongs to the second root and that @ishould be

of CH with respect to thghorizonta) O-C orientation is

entirely aborted. The meaning of the horizontal axis is as in Fig. 1.
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0.00 At A At A r A A A AAA AAAAAAAAA A 0.005
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-0.005 4
~0~TB 0.010 % AB
el lif T
0051 2nd Cl root
- 2n 1
3 3 fitted +o };t Cl root
2 osd |0
2 0104 Y —A&— TB-Cl error
z i —v— 2nd Cl root
8 ¥ fitted points
5 —_
g >
& _ 8 -0.10
B v/ e
F T
=
2
m -0.154
s
Various C-O distances among 1.72 to 5.02 a.u. P
FIG. 4. Comparison of the TB predicted to the corresponding Cl -0.201 -
not fitted total energ¥ in a.u. for C-H distance=3.01 a.u. Several 008

(connecteylE vs C-O distance curves are shown, each for a differ- " 20 25 30 35 40

ent HCO angle between 50° and 180°. The fitted ClI points are C-O Distance (a.u.)

indicated by asterisks, the predicted by open circles, and the differ-

ences by upper triangles. The black squares represent the original F|G. 6. The fitting error shows a systematinot randon

Cl energies of the lowest statfirst rooy and the down triangles of  smooth distribution along the PES, due to the differences between

the second root. In both fitted and predicted points the differencegyg smooth surfaces—i.e., that of of TB and Cl—as shown, for

between theab initio ClI energies and the TB Hamiltonian total examp|E, in the same to F|g 2 subset of the Cl and TB Va|ues’ but

energies(upper trianglepare less than 0.6 kcal/mol. The meaning as a function of thectual C-O distancenot the structure ordinal

of the horizontal axis is as in Fig. 1. numbey. In this scale point# and B are close to nearby database
points, therefore, not clearly distinguishable.

also indicated by an arrow originating from (@isplayedon

the energy curveand ending at H. Thus, as CH starts sliding
down the minimum energy “potential well,” at large dis-
tances H is bent toward O, but as CH approaches O, gradu-
ally H bends away from O. At equilibrium th@-C-H angle

is 121.417° corresponding to a prediction for {Gevalue

The SCF value was 126°, and other valuet [23] and
references therejinare theoretical, 128° and 130°, and ex-
perimental, 120°, 123.8°, 125°, and 127.426°. The corre-
sponding CH and CO distances are calculated as 2.097 and
2.246 a.u., respectively. To our knowledge, there is no ex-
perimental confirmation of the lowest-energy path of this in-

0.0 AAAAAAAA A AAAAAAAN

“Boagooo ™

0.2 4

e

o000

Total Energy (-113 a.u.)

—a— 1st Cl root
-0--TB
e dif

termediate molecule. The TB Hamiltonian fit predictsaam
tisymmetric stretchingibration around C near equilibrium:
As seen in Table X, around equilibrium the angle does not

change appreciably, but the C-H distance increases slightly
as the O-C distance decreases.

H-C distance (1.7to 2.8 a.u.)
2. Lowest-energy surface
FI_G. 5. Comparison _of the TB predicted to the corresponding CI Figure 8 shows the TB PES of O in the vicinity of HC, for

not fitted total energi in a.u. for HCO angle=100°. Foucon- which the fit was performed, restricted at C-H distance of
nected E vs C-H distance curves are shown, each for a dn‘ferent2 1295 a.u. for various C-O distances aHdC-O anales
C-0 distance. The first, third, and fourth sétarves from the left, ) e s 9 .
for C-0O distances 2.5, a.u., 3.8 a.u., and 4.8 a.u., respectively, we round the HC-O equilibrium geometry. The corresponding

P ' ' ' "ab initio Cl points (either fitted or not are shown on the

fitted; the secondC-0O=3.2a.u) is entirely predicted and coin- . . .
cides with the correspondinab initio CI, but not fitted, set. The surface. Angles smaller than 50°, corresponding to large in-

black squares represent the original Cl energies of the lowest stafgraction of H with O, as well as points at large C-H dis-
(first rood. In both fitted and predicted points the differences be-tances, outside the vicinity of HG-O), rather corresponding

tween theab initio Cl energies and the TB Hamiltonian total ener- t0 the vicinity of CO (+H), were not fitted. For the PES

gies (upper trianglesare less than 0.6 kcal/mol. The meaning of under examinatiofof O in the vicinity of CH we computed
the horizontal axis is as in Fig. 1. on a regular mesh dfi-C-0 angles and C-O separations,

022707-8



DESCRIPTION OF THE LOWEST-ENERGY SURFACE QF PHYSICAL REVIEW A 71, 022707(2005

0.0- (I EBREER T
] il Vo ! ; i
0.1 ) oo, ST
| : o Zoo Bt : ; 3
- T IRTIReS  Soo a8 | 1 [
3 024 ’; 04 \ ll b2 !1; ‘{ l; i G Ly :
@ : AT N i
o S WUUMITING 2
& 0.3 o) i .d 52l L\ i
N T PV FTIN
> =) dREP ¢RI PN
& 04 g °° WL L{ TN
@ c dRUSERIEN L
c 2 WY ML T
- AL i )
s ° 06| 44 7160 2
<] > e 1o 2
F 064 =4 g0 e 4 =
J g A |[f1o0 5
o2 ] % v-"y!. i {120 ©
7 - AN [ =)
71F140 £
] i &
08 YT 1 T 1 T T 0 " T T T "1 "1 55 s0 45 4o ) 160 g
00 05 10 15 20 25 30 35 40 45 50 55 60 35 4 0

S 30 L5
c-o distance (au,) 20

FIG. 7. The TB minimum energy path for the system of HC  FIG. 8. TB Hamiltonian prediction of the HC-O PES at C-H
+0. For each O-C distance the TB energy was minimigesl, distance of 2.1295 a.u. for various C-O distances &hwLC-O
searched for minimuinwith respect to the C-H distance and angles around the HC-O equilibrium geometry, for which the fit
O-C-H angle. The minimum energy and the corresponding C-Hwas performed. The correspondiag initio Cl points (either fitted
distance and-C-H angle are displayed as follows: If C is consid- or noy are shown on the surface. Angles smaller than 50° corre-

ered on the energy curve and O on the energy axis keeping@he Sponding to H-CO were not fitted.

arrow horizontal, then th€H arrow indicates the position of H )

relative to the C and O. At large O-C distances, CH is bent toward® @nd 180°. However, because there are no Cl points near
O, the O-C-Hangle gradually becoming 121.417°. The displayedthere, these energy minima, being far away from the region

data are entirely interpolated predictions based on the TB paranff the fit, are unreliable and should be considered as areas of

eters. There were nab initio CI points to be fitted on this curve, interest to be checked and corrected with corresponding Cl
since theoptimal values(minima), used to produce the curve, were points. Indeed, it is known that the HCO surface has two
unknown before the optimization. relatively low- energy cusps at linear geometries, one for H
approaching CO and one for aproagching OC. These cuspe
result from the crossing 6B and?II electronic states, which

C-O distance (a.u.)

the lowest TB energy surface for the optimiz@dinimizing
the TB energy C-H distance. In the resulting two-
dimensional surfacglFig. 9 the optimal C-H distance
(yielding the lowest energyis not seen. The two-
dimensional surface indicates the existence, besides the
main, of two more energy minima, both in linear geometry of

TABLE X. Geometric characteristics of HC-O around equilib-
rium, along the minimum-energy path, in a@d-C-O angle in
degrees For each CO distance the TB Hamiltonian energy mini-
mum is searched in the space of the remaining degrees of freedom:

HC distance andi-C-0O angle. The last three columns indicate the §
minimum energy molecular geometry. Around equilibrium the §’
angle changes slightly monotonically by 1°-2°, but because the %
C-H distance decreases as the O-C distance increases, predomi- o
nantly anantisymmetric stretchingibration occurs. §
c-0 C-H H-C-O w0 %
distance Total energy distance angle FIG. 9. TB Hamiltonian prediction of the HC-O PES, as in Fig.
26 ~113.6328 2.069 117.53 8, but with optimized(lowest energy C-H distance. On a regular
mesh of C-O distances arl-C-O angles, a minimization of the
2.5 -113.6485 2.071 118.69 TB total energy were performed with respect to the C-H distance,
2.4 ~113.6610 2.077 119.77 and the optimal energy is displayéeertical axig. There are n@ab
initio Cl points on this surface, since ttoptimal C-H distance,
23 -113.6685 2.088 120.84 used to produce the surface, was unknown in advance. Therefore,
292 ~113.6687 2.107 121.91 this PES is an interpolating prediction based on the TB parameters
fitting the existing Cl database. The TB Hamiltonian clearly pre-
21 -113.6583 2.130 122.98 dicts the existence of three energy minima, the main at 121.417°,
20 ~113.6326 2.153 124.09 and two higher lying, corresponding to the linear H-CO or

C-OH, as explained in the text.
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becomes an avoided crossing in nonlinear geometriesiable, we also calculated the minimum TB Hamiltonian en-
[12,23. Their thorough examination and possible creation ofergy (and the curvatupealong the direction from H toward
relevant parameters for these regions is beyond the scope tife center of mass of C and O. The frequency along this

this fitting demonstration. direction is»=2208.3 cm' Bownmanet al. [12] had com-
puted the normal-mode frequencies with a smaller basis set,
3. Normal-mode frequencies and about 12000 configurations, te;=1156 cm?, »,

=1903 cm?, and v3=2815 cm?; our better agreement with
experiment is attributed to the higher accuracy of our CI
calculations(and, of course, to the accurate fit

The first CI root energy minimuniground-state equilib-
rium) occurs at the internal coordinateg,=2.09722 a.u.,
rco=2.24596, andfy.c.o=121.41°. With the analytic TB
Hamiltonian fit, it is trivial to calculate the PES curvatures at
equilibrium in terms of these internal coordinates and the
corresponding normal-mode frequencies. These are obtained The TB Hamiltonian fitting toab initio Cl energies is a
almost decoupled to putd-C-O bending, C-O stretching, promising method of natural interpolation. It has the advan-
and C-H stretching with eigenfrequenci@d correspond-  tages that it is analytic and quick, it needs relatively few CI
ing eigenvectos 1;=1093.64 cm' (0.012¢y, 0.014co,  energies to be fitted, not necessarily on a regular mesh, and
0.999), v,=1848.73 cm" (-0.122¢yy, 0.959co, ~0.2568),  can serve as a guide tecidewhether in a given fitting data
and v3=3052.19 cm* (0.999 ¢y, ~0.023¢o, ~0.03%). The  pase each point belongs to the desired PES—an impossible
experimental  values  are »,=1080.76 le’ V2 feature with standard polynomial interpolation methods. It
=1868.17 e, and 13=2434.48 cm', respectively[24l.  has the disadvantage—common to all interpolation
The classical frequency of the C-H stretching was found tQschemes—that it cannot be used reliably to extrapolate far
be larger than the experimental value. The agreement withyay from the region of the fit. However, even then, it can
the other experimental values is quite reasonable. The sam§cate candidate features of the PES to be checked and cor-
frequencies can be obtained by calculating the curvaturgected with further appropriate CI points.
along the internal coordinate “directions’cy, rco, and
04-c-o, achieved by straightforward minimizatigne., locat- ACKNOWLEDGMENT
ing the minimum of the TB Hamiltonian energy at a dense
mesh along the desired “direction.” Since the TB Hamil- We wish to thank Dr. M. J. Mehl for many useful discus-
tonian bonding matrix elements of H-C and H-O are appresions.
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