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Complete basis set extrapolated potential energy, dipole,
and polarizability surfaces of alkali halide ion-neutral weakly
avoided crossings with and without applied electric fields

Timothy J. Giese and Darrin M. York®
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55415

(Received 22 September 2003; accepted 6 February)2004

Complete basis set extrapolations of alkali halidé~, LiCl, NaF, NaC) energy, dipole, and
polarizability surfaces are performed with and without applied fields along the internuclear axis
using state-averaged multireference configuration interaction. Comparison between properties
(equilibrium separation, dissociation energy, crossing distance, diabatic coupling constant, dipole,
and polarizability derived from the extrapolated potential enefgydipole surfaces are made with

those obtained from direct extrapolation from the basis set trends. The two extrapptatiedures

are generally found to agree well for these systems. Crossing distances from this work are compared
to those of previous work and values obtained from the Rittner potential. Complete basis set
extrapolated crossing distances agree well with those derived from the Rittner potential for LiF, but
were significantly larger for LICl, NaF, and NaCl. The results presented here serve as an important
set of benchmark data for the development of new-generation many-body force fields that are able
to model charge transfer. @004 American Institute of Physic§DOI: 10.1063/1.1690232

I. INTRODUCTION large separation. The two lowesE ™ states undergo an
avoided crossing at some distarioeferred to as the crossing
Application of high-level quantum methods to funda- distance and is marked by a sharp change in the dipole
mental types of molecular interactions leads to an increaseshoment of the system. The crossing distances of alkali ha-
understanding of the forces between interacting moleculeside systems are fairly largé~13.7—-17.8 bohrand can be
and fuels the development of more computationally tractablestimated from a simple few experimentally measurable
guantitativemodels that can be applied efficiently to larger quantities atomic/ionic propertiésee EPAPS supplementary
chemical systems and over a broader range of configuranateriaf®). A commonly applied approximate relationship
tional space. Current-generation “molecular mechanical’for the crossing distand®. (in the absence of applied fields

force fields almost uniformly rely on quantum chemical cal-can be derived from the Rittner potenttaf:>*®and is given
culations for at least part of their parametrizatioi.Some by

force fields use quantum mechanical calculations almost ex-

clusively to determine molecular mechanical parameters. R 1 N ay++ ax- @

Others put forth considerable effort to adjust, in addition, a ° AE. 2R3AE.’
relatively small number of parameters based on bulk simula-

tions, albeit for mixtures of only a few componefits. where ay+ and ay- are the alkali metal (M) and halide
A promising class of next-generation force fields are(x-) jon polarizabilities, respectively, antlE.. is the dif-
those based on the principle o€hemical potential ference between the asymptotic values of the energy of the
equalization’~® which are derivable from density functional neutral and ionic states at infinite separation, i&E..
theory assuming @moothTaylor series expansion of the —|p(m)—EA(X) where IRM) is the ionization potential of
density functional to second order in the density response. fhe alkali metal and E&X) is the electron affinity of the
Challenging test for neW'generation models is the treatmerﬁa|ogen_ The Crossing distana:e appears on both sides of
of charge transfer. Studies employing statistical mechanicatq. (1), and hence is solved iterative(flote: atomic units
argument¥* and charge-constrained electronic structureare used here, and consequently the units of charge do not
method$” suggest that a smooth energy model may not beyppear explicitly. Discussion of a more general model for
adequate to accurately describe charge transfer events.  the energy difference of diabatic states and crossing distance
Gas phase alkali halides represent a set of prototypicah the presence of an applied field is provided as supplemen-
systems to study charge transfer and have been the subjectigfy materiaf®
numerous theoreticl 32 and experimentdf~*" studies. A purpose of this work is to provide highly accurate
These systems are dominated by ionic character at clogsenchmark adiabatic potential energy, dipole, and polariz-
separation and are well characterized as neutral atoms ability surfaces for LiF, LiCl, NaF, and NaCl with and with-
out application of external electric fields. These properties

3 Author to whom all correspondence should be addressed. Electronic maif€fV€ as an important set of benchmarks for prototypical
york@chem.umn.edu electron transfer systems, and can be used to develop and test
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many-body force fields that include new models for chargeas approximated through the modified Rittner poterjft.
transfer. (2) of Sousaet al1] takes into consideration applied electric
A large amount of attention has been spent on the prefields and was found to agree reasonably well with the MS-
diction of properties in the limit of a complete basis setCASPT2 results. The authors found a LiF crossing distance
(CBS based on extrapolatiofi; ®® including studies with ~ closer to that predicted by the Rittner potential than, but still
particular emphasis on the prediction of equilibriumclose to the SA-MRCI prediction of Bauschlicher and
geometrieg?46:53-5557.67Tha CBS procedure most com- Langhoff®
monly employed involves the determination of a particular ~ Werner and Meyeér have noted the importance of being
property value at a series of basis sets that form a systematéble to reproduce the quantityE.. in order to calculate
hierarchy, and use those calculated values to directly exreasonable values of the crossing distance. Both Sousa
trapolate to the basis set limit. However, many properties aret al** and Bauschlicher and Langhbfftook great care in
related to the potential energy surfa®ES or its deriva- their choice of basis, but still calculated LiF crossing dis-
tives (such as the dipole surfaceConsequently, an alternate tances slightly smaller than those derived from the Rittner
procedure is to determine the CBS extrapolated PES, frorfotential using experimental values for the ionization energy
which an estimate of the property values in the CBS limitand electron affinity. In the present study, CBS extrapolations
can be derived. The latter procedure was found to providénay be useful in resolving discrepancies in the predicted and
highly accurate rotational and vibrational spectroscopic obcalculated crossing distances.
servables for NaH and Naf$.A purpose of this work is to The outline of the paper follows: Section Il describes the
analyze the degree to which these two procedures produd® initio calculations and CBS extrapolations used in this
similar predictions for property values in the CBS limit in Work. Section Ill discusses the calculation results and com-
application to alkali halide systems. pares the two applied CBS extrapolatipnocedureswith
Work involving the extrapolation of entire PESs has €ach other and with results reported previously in the litera-
been performed®®6%%8and have the most relevance for ture. Section IV concludes by summarizing the results of the
applications to reaction dynamics and the design of newPaper.
generation quantum models for molecular simulations. Some
attention has been spent on the extrapolation of nonenergetic
surfacessuch as dipole moment and polarizabifftynd on
the extrapolation of entire grourehd excited state PESS. Il. METHODS
Alkali halide dimers in the gas phase exhibit a weakly o
avoided crossing and require special attention when extrapd Ab initio reference data
lating adiabatic surfacegnergetic, dipole, etcin the region Ab initio calculations were performed on LiF, LiCl, NaF,
of the crossing distance. The extrapolation of alkali ha"dEand NaCl at 70 internuclear Separations with0.0005,
adiabatic data on a grid of internuclear separation is not reg.0000, and 0.0005 a.u. fields along the internuclear axis.
liable; the avoided crossing is sensitive to basis set antdthe orientation of the molecule relative to the applied elec-
causes significant changes in the behavior of the surfaces. #ic field is such that the negative field stabilizes the neutral
purpose of this work is to further the extrapolation proce-state and the positive field stabilizes the ionic state. This
dures used by others*®*"%to determine CBS extrapolated orientation was chosen to conform with those used in related
ground and excited state adiabatic potential, dipole, and pastudies'* SA-CASSCF calculations were performed with
larizability surfaces for alkali halide systems. equal weighting of the two lowests ™ states. The active
Curve crossing events of alkali halide systems have beegpace used to construct the SA-CASSCF wave function con-
well-studied with theoretical methods in the past. Bauschlisists of eight orbitals and eight electrons. The active orbitals
cher and Langhotf examined the energies and dipole mo-are described from the irreducible symmetry representation
ments of LiF using full configuration interactigfCl), com-  of the C,, point group @,,b;,b,,a,) as(4, 2, 2, Q. The
plete active space self consistent fieldlCASSCH, SA-CASSCF wave function was subsequently used in a
multireference configuration interactiodfMRCI), state- MRCI calculation, the results of which are refered to as SA-
averaged CASSCFSA-CASSCH using equal weights for MRCI. A series of correlation consistent basis &t€were
the ionic and neutral solutions, and MRCI based on SA-used for the alkali metal in conjunction with singly aug-
CASSCF optimized orbitals, notated here as SA-MRCI. Themented correlation consistent basis &&t$’“for the halide.
authors found FCI to produce smooth dipole surfaces an&or a given “cardinal index,” X, the basis used was cc-
CASSCF and MRCI to contain discontinuities. The discon-pVXZ/aug-cc-pVXZ for the alkali metal/halide, respectively.
tinuities were found to vanish when a state averaging procesbhe cardinal indices used were “T, Q, 5" in common nota-
was used in the CASSCF procedure, but the result predictetibn or “3, 4, 5” in the numerical notation used in CBS
crossing distances that were systematically too small wheaxtrapolation methods. Within the text, the shorthand nota-
compared to values derived from the Rittner poterifial. tion aXZ will be used to refer to the split basis. Inclusion of
Sousaet all* studied the electric field effects of LiF, augmentation functions on the alkali metal was examined
LiCl, NaF, and NaCl using the then recently develdfed and found to play a negligible role in the relevant atomic
multistate complete active space second-order perturbatigoroperties of the metal. For a given dimer and field, a con-
theory (MS-CASPT2 and compared crossing distances to asistent set of internuclear separations were used with respect
modified form of the Rittner potential. The crossing distanceto cardinal index. A list of the exact internuclear separations
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used for each dimer and field are provided in the supplemeriFhis same propertyA, if derived from the CBS potential
tary materiaf® All calculations were performed with the energy curveE®BSvix(r), is designated with an asterisk as
MOLPRO 200d° software program. ACBSx

The second type of CBS extrapolation procedure consid-
ered, CBgyp, is the exponential form proposed by
B. Complete basis limit extrapolation procedures Feller39-41
A(X) = ACBSExe-+ BCBSxpgXCT @)

1. Direct extrapolation of properties . . . . CB .
As before,x is the “cardinal index” of the basisA®BSxp js

From the series o&b initio calculated surfaces, a series the estimated CBS limit value for properfy, and BCB%xp
of properties, e.g., equilibrium separatioRc], disassocia- and CCB%xr are parameters determined through the optimi-
tion energy D), etc., can be extrapolated to the CBS limit. zation of Eq.(2).
Two common extrapolation forms are considered here: the
mixed Gaussian/exponential form of Woon and Dunfif§
(CBSyix) and the exponential form suggested by Féfielt 2. Extrapolation of adiabatic surfaces
(CBSyp). from the diabatic representation
In both of the CBS extrapolation procedures, the prop-  The two lowest adiabatic energies, molecular dipole mo-
erty of interest at a given basis-set level is modeled by anents, and transition dipole moments were calculated at each
parametric form. The parameters, one of which correspondsternuclear separation. The avoided crossing exhibited by
to the property value at the CBS limit, are obtained by athese systems result in large changes in the qualitative and
nonlinear minimization procedure of g® function of the  quantitative trends in the values of these properties near the
form crossing distance. The location of the crossing distance is
2/ ACBS RCBS ~CBS extremely sensitive to basis quality, and direct CBS extrapo-
X“(A~P=B~5> C*P>) lai S ) .
ation of the adiabatic data is of questionable reliability in
5 this region of the PES. A simple two-state model can be used
223 (A(x;ACBSBCBS,CCBS) — A(x))?, (2)  to construct a set of diabatic statesee the following that
are stable and smooth, even in the region of the crossing
whereA(x) is the property calculated with the basis set chardistance, and can be used to construct an accurate, robust
acterized by the “cardinal index” x (i.e., x=3, 4, 5 for  CBS extrapolation procedure for the systems in the present
basis sets aTZ, aQZ and a5Z, respectiyelyand  work.
A(x;ACBS BCBS CCBS) s the CBS model value for the same  Let the wave functions of the two lowekt * states in
cardinal index. The parameters in the CBS model are generthe adiabatic representations be design#ﬂeiﬂ and|\lf§d>,
cally denotedACBS BCBS, and CCBS (see the following for  respectively. A set of two corresponding diabatic statég)
the specific CBx and CBSyp model formg, whereA®®S  and |\If‘2’), can be derived using a simple two state model.
represents the property value at the CBS limit. In the casdhe adiabatic and diabatic states are related by a unitary
that the property of interest is the energy itself, it will have transformation
an explicit dependence on the internuclear separatioe., 2
ACBS=_ECBS(r). A complete knowledge oEC_BS(r) forms a wdh=3 |waux (5)
potential energy surface, from which other important proper- k=1
ties can be derived such as the minimum energy internuclequr more compactly
distance R), binding energy well depthl{.). Hence, there
are two ways one can estimate the values of such properties wi=yl (6)
a}t the CBS Ilmlt:. by direct CBS extrapolation wgs m|ré|Brrs1|za- whereWw?d andWwd are 2<1 column vectors of the adiabatic
tion of Eq.(2) with respect to the parameFe.fsC , B™™ and diabatic wave functions, respectively, represented in the
and C°BS (the optimized value oA\BS providing the CBS  pasis of the adiabatic wave functions, adds the unitary
limit vaI(L:JBe), or by derivation from the CBS potential energy (ransformation that relates them. The procedure for determi-
curve E Xr). To distinguish the CBS property values de- pation of the unitary transformation matrix follows that sug-
tgrmmed from these two procedures, the values of the lattefagieq by Werner and Mey&rand uses the physical inter-
(i.e., the value of the property from the CBS eXtrap°|aFe%retation that, in the case of an alkali halide dimer oriented
surfacecé/vsﬂl henceforth be superscripted with an asterisk 31ong thez direction, the atomic and ionic diabatic states can
(€.9, A7"). _ _ be distinguished by their molecular dipole moments. The
The mixed Gaussian/exponential scheme used here, dgyigpatic dipole and Hamiltonian matricé?® and A are
noted CB®x, was first suggested by Woon and yefined as

Dunning***and has the form

D) = (W2 2| wad), @)
'A(X):ACBSM|X+BCBSW|Xe—(x—l)+CCBS\MXe—(x—l)Z, 3) ( d)'l (viH2] 1%

ady = (pad f|pad — pads
where A®BSvix s the CBS limit value estimated from the * (H); = (PR = Ef; ®
CBSyix” extrapolation scheme, and, as mentioned earlierwherez is the dipole operator for the dimer system oriented

the indexx corresponds to the cardinal ind&xf the basis. in the z direction that results in a nondiagonal matttke
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diagonal elements being the ground and excited state mo- This procedure was found to be reliable and resulted in a
lecular dipole moments, and the off-diagonal elements beingobust, convergent set of CBS-extrapolated property values.
the transition dipole momentandH is the Hamiltonian op-

erator that, in the basis of the adiabatic wave functions, reg; ReSULTS AND DISCUSSION

sults in a diagonal matrix of the adiabatic state energies. _

Under the assumptions of the diabatic model, the dipole ma?- Basis set convergence

trix in the diabatic r_epresentationln_d, is diagonal, and the The following describes the basis set convergence of
Hamiltonian matrix is no longer diagonal, but contains off- molecular and ionic properties, and of the adiabatic potential

diagonal coupling matrix elements. The matrix defining theenergy and dipole surfaces in the presence and absence of
unitary transformatior{U) that relates the adiabatic and di- applied fields.

abatic states is constructed from the eigenvectors of the adia-
batic dipole matriX° (i.e., the transformation that diagonal- 1. Convergence of properties with respect
izes D). The diabatic representatiofi.e., the diagonal to basis set

dipple matrix and nondiagonal Hamiltonian majris thus Tables I-IV compare properties calculated at aTZ, aQz,
defined as and a5Z basis set levels and calculated with several CBS
D=yt.pady, (9) extrapolation forms(“MIX” and “EXP” ) and procedures
(direct and indirect *”). The properties considered are the
HY=U".HU. (100  zero-crossing distance along the ground state repulsive wall

(0), equilibrium separationR,), dissociation energy,),

ground state dipole moment expectation value evaluated at

'me equilibrium separationuy), crossing distancéefined

p as the distance at which the two diabatic energies are equal

andH" from Eqs.|(9)_ a”dlﬁlcr’?- diabati i and He (R.), diabatic coupling constant at the crossing distance
CBS extrapolation of the diabatic matrices and H (H;,), and the “model” value of the crossing distanc®.j

proceeds as described in Sec. [IB1, i.e., through minimizabased on the asvmptotic enerav difference between the two
tion of the y2 merit function of Eq.(2). For clarity, each ymp 9y

. . : electronic states at infinite separation in the absence of ap-
diabatic property(dipole moment and energy of each state, _,. . T :
. . ! . . plied fields. The asymptotic limit of the energy difference
and diabatic coupling matrix elemerdat each internuclear

. . AE.) was found by fitting the tail of the “atomic” and
separation was extrapolated independently. Upon CBS ex: ./ . ) . . . L

. S ; . .“jonic” diabatic energies(without applied electric fieldsto
trapolation of the properties in the diabatic representation ~;

(D9 DYCBS and HI HICBY) | the CBS-extrapolated prop- " andr ~* functions, respectivelyR. is related toAE., by
erties of the adiabatic representatioR®{:“ES and H34.CBS 5
are obtained via the reverse transformation R.=

The adiabatic matriceB2® and H2Y are available from the

are used to generate the corresponding diabatic maiEites

: (13
AE..*\AE2—4F

Dad,CBS: U‘Dd’CBS'UT, (11) _
R. is determined solely from the asymptotic energy differ-
Had.CBL . qaCBS YT, (120 ence and is thus useful for comparison agaRsto address
the observations of Werner and Me{feregarding the close

where the unitary transformation matfix' results from di- relationshio between the ener an and observed crossin
agonalization of the CBS-extrapolated diabatic Hamiltonian P gy gap 9

matrix HCBS (i.e., UT is constructed from the eigenvectors distance.

of H%®BS The CBS extrapolated diabatic and adiabatic en- Most pro_pertle.s exhibit monotonic: behavior with in-
. ) : . ! . ! .~ creasing basis set; however, there are some notable excep-
ergies and dipolegincluding the diabatic coupling matrix

element and adiabatic transition dipolésr each alkali ha- tions. Almost all of the examples of nonmonotonic behavior

X . . occur in the presence of applied fields. The most prominent
lide and field strength are available as supplementary mate- L . .
il example is with LiF where almost all of the “equilibrium

. . ._properties, i.e., those associated with the minimum on the
In summary, the CBS-extrapolated adiabatic propertie ES. show nonmonotonic convergence with basis(tet
(i.e., the adiabatic matrice®?®°BS and H34CBY for each : 9

. . . . _exception beind, at —0.0005 a.u. field Other less promi-
internuclear separation were obtained from the following | h th | p il
procedure: nent examples occur with the.q and R; values for LiC

with negative applied field. The only significant example of
(1) determine, at each basis set level, the diabatic matricasonmonotonic behavior of properties that occurs at zero ap-
DY and H® from diagonalization oD?® and use of Egs. plied field is thes values for NaF(2.653, 2.677, and 2.656
(9) and(10); bohr at the aTZ, aQZ, and a5Z basis set levels, respectively
(2) perform direct CBS extrapolation of the diabatic matri- Examination of the variation of the property values with
ces via minimization of the:2 merit function of Eq.(2) basis setindependent of whether that variation is monotonic
to obtain the CBS-extrapolated diabatic matri€¥<8S  or not reveals certain trends. The LiCl and NaCl systems
andHYCBS appear to be particularly systematic in the range of variation
(3) determine the CBS-extrapolated adiabatic matrice®r property values with respect to basis set, regardless of
D4.CBS and H2%*BSfrom diagonalization oH*“BSand  applied field. The geometrical properties and R, show
use of Egs(11) and(12). relatively small variation with basis set, with ti&,, values
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TABLE I. SA-MRCI basis set convergence properties of LiF.

Field o Req D, Heq Re Re Hio
(a.u) Basis (bohn (boh (mEy,) (a.u) (bohn (bohn (mEy)

T 2.016 2.891 211.04 2.459 12.11 12.09 1.4035

Q 2.000 2.880 214.99 2.453 12.39 12.37 1.1983

5 2.156 2.965 216.54 2.529 12.48 12.45 1.1442

—0.0005 CBSx 2.117 3.015 217.42 2.574 12.53 12.50 1.1129
CBSy 2.012 2.967 216.87 2.530 12.53 12,51 1.1137

CBSyp 2.117 2.958 217.31 2.837 12.52 12.48 1.1248

CBSyp 2.001 2.971 217.07 2.551 12.52 12.48 1.1227

T 2.012 2.895 212.65 2.468 13.04 13.04 0.8983

Q 2.000 2.890 216.79 2.455 13.41 13.40 0.7364

5 1.998 2.890 217.46 2.455 13.51 13.50 0.6951

0.0000 CBSux 1.997 2.890 217.84 2.455 13.57 13.56 0.6713
CBS,x 1.997 2.890 217.84 2.455 13.57 13.57 0.6718

CBSyp 1.998 2.890 217.59 2.455 13.56 13.54 0.6810

CBSyp 2.003 2.890 217.19 2.455 13.55 13.54 0.6807

ExptP? NA 2.956 219 2.488 NA 13.67 NA

T 2.006 2.889 214.08 2.463 14.37 14.39 0.4674

Q 2.116 2.973 218.67 2.542 14.86 14.88 0.3578

5 1.990 2.879 218.06 2.459 15.01 15.02 0.3308

0.0005 CBSux 1.918 2.823 217.88 15.11 2.409 15.09 0.3153
CBSx 2.001 2.877 218.34 2.457 15.09 15.12 0.3157

CBSyp 1.990 2.879 218.47 2.459 15.09 15.08 0.3220

CBS:yp 2.001 2.876 218.48 2.456 15.06 15.08 0.3212

&The basis is aug-cc-pVXZ for the halide and cc-pVXZ for the alkali atoms, where X is as given.
PExperimental values taken from Refs. 78 and 79.

more tightly converged. With the exception of LiF, the valuesshows significantly larger variatiofapproximately 0.14 and
of o and R, at different basis sets span a range of approxi-0.09 bohr, respectively Basis set variation oD and peq
mately 0.02 and 0.01 bohr, respectively. For LiF, the varia~values span a range of approximately Eyrand 0.02 a.u.,
tion of o and R, values in the presence of applied field respectively. Values oR. show larger basis set variation

TABLE Il. SA-MRCI basis set convergence properties of LiCl.

Field o Req D, Heg Re R, Hio
(a.u) Basis' (bohn (bohn (mEy,) (a.u) (bohp (bohp (mEy)
T 2.663 3.808 168.84 2.818 12.65 12.56 1.8596
Q 2.647 3.802 172.72 2.819 13.13 13.05 1.4317
5 2.641 3.799 173.89 2.816 13.26 13.18 1.3333
—0.0005 CBRux 2.638 3.797 174.57 2.815 13.34 13.25 1.2766
CBS’;HX 2.638 3.797 174.57 2.815 13.35 13.25 1.2751
CBS:«p 2.641 3.799 174.40 2.816 13.34 13.22 1.3039
CBSyp 2.638 3.797 174.40 2.815 13.31 13.22 1.3019
T 2.660 3.814 170.30 2.836 13.69 13.63 1.1294
Q 2.645 3.808 174.18 2.836 14.32 14.26 0.8023
5 2.638 3.805 175.35 2.833 14.48 14.43 0.7329
0.0000 CBS$ix 2.635 3.803 176.03 2.831 14.58 14.53 0.6933
CBSx 2.635 3.803 176.03 2.832 14.59 14.53 0.6933
CBSxp 2.638 3.804 175.84 2.831 14.61 14.49 0.7142
CB%XP 2.634 3.802 175.85 2.832 14.54 14.49 0.7117
Expt.b NA 3.819 179 2.804 NA 15.30 NA
T 2.658 3.818 171.71 2.852 15.23 15.21 0.5284
Q 2.642 3.812 175.59 2.852 16.12 16.11 0.3257
5 2.636 3.809 176.75 2.849 16.37 16.36 0.2834
0.0005 CB$ix 2.633 3.807 177.43 2.848 16.52 16.51 0.2591
CBSix 2.632 3.807 177.43 2.848 16.52 16.51 0.2605
CBS:yp 2.636 3.805 177.11 2.849 16.63 16.45 0.2722
CBSyp 2.632 3.806 177.26 2.848 16.45 16.45 0.2708

#The basis is aug-cc-pVXZ for the halide and cc-pVXZ for the alkali atoms, where X is as given.
PExperimental values taken from Refs. 78 and 79.
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TABLE Ill. SA-MRCI basis set convergence properties of NaF.

Field o Req D, Heq R. R, Hio
(a.u) Basis' (bohn (boh (mEy,) (a.u) (bohp (bohp (mEy)

T 2.662 3.631 174.98 3.290 14.37 14.37 0.5271
Q 2.651 3.631 177.60 3.289 14.77 14.75 0.4242
5 2.640 3.629 179.16 3.280 14.89 14.87 0.3977
—0.0005 CB$ix 2.634 3.628 180.04 3.275 14.96 14.94 0.3824
CBSx 2.640 3.628 180.09 3.274 14.97 14.94 0.3825
CBS:yp 2.640 3.627 179.38 3.280 14.95 14.93 0.3885
CB%XF> 2.632 3.629 181.35 3.280 14.94 14.92 0.3879
T 2.653 3.643 177.20 3.307 16.00 16.03 0.2392
Q 2.677 3.628 179.19 3.290 16.57 16.55 0.1773
5 2.656 3.627 180.76 3.283 16.73 16.72 0.1626
0.0000 CBQux 2.644 3.626 181.64 3.279 16.82 16.82 0.1541
CBSx 2.648 3.626 181.70 3.279 16.83 16.82 0.1542
CBS:«p 2.655 3.627 181.15 3.278 16.83 16.80 0.1579
CBSyp 2.634 3.630 183.02 3.159 16.79 16.79 0.1570

Expt? NA 3.640 197 3.208 NA 15.66 NA
T 2.653 3.644 177.62 3.308 16.00 18.89 0.0551
Q 2.650 3.637 181.19 3.304 19.77 19.79 0.0358
5 2.640 3.635 182.68 3.294 20.07 20.10 0.0306
0.0005 CB$ix 2.635 3.634 183.53 3.289 20.84 20.28 0.0276

CBSx 2.638 3.633 183.57 3.289 20.22 20.28 0.0280
CBSxp 2.640 3.634 183.37 3.294 20.07 20.24 0.0287
CBZyp 2.631 3.633 184.31 3.289 19.44 20.22 0.0166

#The basis is aug-cc-pVXZ for the halide and cc-pVXZ for the alkali atoms, where X is as given.
PExperimental values taken from Refs. 78 and 79.

with applied field along the dipole axig.e., as the ionic Section Il1 B 2 continues a discussion of Tables -1V as
states become stabilized aRy itself becomes largerand it relates to the CBS extrapolation procedures.

the diabatic coupling constant at the crossing distaihtg)(

show correspondingly lower variation. In the case of NaF2- Convergence of adiabatic surfaces

the R; values for 0.0005 a.u. applied field range from 14 to  To illustrate the convergence trends of the potential en-
20 bohr going from aTZ-a5Z basis sets. ergy and dipole surfaces with respect to basis set and CBS

TABLE IV. SA-MRCI basis set convergence properties of NaCl.

Field o Req D, Heq Re R Hio
(a.u) Basi$ (bohn (boh (mEy,) (a.u) (bohn (bohn (mEy})

T 3.262 4.468 145.35 3.621 15.08 15.01 0.6471
Q 3.247 4.462 149.19 3.622 15.76 15.70 0.4482
5 3.242 4.457 150.57 3.614 15.94 15.88 0.4053
—0.0005 CBRux 3.239 4.454 151.36 3.610 16.05 15.99 0.4073
CBSx 3.237 4.454 151.37 3.610 16.05 15.99 0.3818
CBSxp 3.239 4.457 151.24 3.614 16.10 15.95 0.3934
CBSyp 3.235 4.454 151.30 3.579 16.01 15.95 0.3918
T 3.258 4.474 147.21 3.641 16.95 16.91 0.2597
Q 3.243 4.467 151.05 3.641 17.94 17.90 0.1531
5 3.238 4.462 152.42 3.633 18.21 18.17 0.1318
0.0000 CB$ix 3.235 4.460 153.21 3.629 18.37 18.33 0.1196
CBSx 3.234 4.460 153.21 3.629 18.37 18.33 0.1209
CBSxp 3.238 4.462 153.08 3.633 18.53 18.27 0.1265
CBZyp 3.232 4.458 153.15 3.634 18.31 18.27 0.1250

Expt.b NA 4.462 156 3.587 NA 17.83 NA
T 3.255 4.477 149.01 3.659 20.44 20.44 0.0445
Q 3.240 4.471 152.85 3.659 22.33 22.38 0.0165
5 3.235 4.466 154.21 3.652 22.91 22.96 0.0120
0.0005 CBQux 3.232 4.464 155.00 3.647 23.25 23.31 0.0095

CBS',x 3.231 4.464 15500  3.647 23.26 23.31 0.0099
CBSexp 3.233 4.457 154.90  3.651 24.19 23.18 0.0112
CBSp 3.229 4.463 154.95  3.632 23.11 23.18 0.0107

#The basis is aug-cc-pVXZ for the halide and cc-pVXZ for the alkali atoms, where X is as given.
PExperimental values taken from Refs. 78 and 79.
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FIG. 1. Convergence behavior with respect to basis of the lowest adiabatic energy state of LiCl near the energy (feftipame) and the two lowestS
adiabatic energy states of LiCl near the avoided crosgight pane) in the absence of applied electric fields.

extrapolation procedure, figures will focus on LiCl as an ex-nable to CBS extrapolation. The CBS extrapolation proce-
ample (the other plots look qualitatively very similarThe  dure in the diabatic representation described in Sec. 11B2
tables present a complete set of results for all the propertiesesults in convergence dfoth the adiabatic energies at all
Figure 1 illustrates the convergence of the adiabatidnternuclear separations and a converged location for the
PESs of LiCl(without applied electric fielgswith respectto  crossing pointFig. 1).
basis set and form of CBS extrapolation metfiptiX/EXP). Additionally, the dipole surfaces for the two lowe& *
The left panel shows the convergence of the ground statstates are very well-behaved and follow closely the observed
near the equilibrium distance and the right panel shows thbasis set trendéFig. 2). A more sensitive test involves the
two lowest'S * adiabatic energies near the avoided crossingexamination of derivatives of the dipole moment surface in
The shorthand notation “aXZ” is used to denote the splitthe region of the crossing point. A particularly useful quan-
cc-pVXZ/aug-cc-pVXZ basis discussed in Sec. Il A. With tity is the polarizability: the derivative of the dipole moment
increasing basis, the ground state energy near the equilibriumith respect to applied field. Figure 3 displays the polariz-
separation converges readily, i.e., the location of the equilibability surface as approximated from the GBS extrapo-
rium separation does not significantly change with respect ttated dipole surfaces with applied electric fields of LiCl over-
basis and the magnitude of the well depth increases witet on the CBSy extrapolated dipole surface without
increasing basis. Similar convergence behavior is observeapplied electric fields. The crossing region is accompanied
for the other alkali halide systems studied in this wédlta by a large change in the dipole moment and a large peak in
not shown. This behavior suggests that a direct extrapolathe polarizability. This type of anomaly in the polarizability
tion of the adiabatic energies near the minimum may be reais intimately linked to the charge transfer, and represents an
sonable. On the other hand, the location of the avoided cros$mportant phenomena to capture for models of biological
ing is sensitive to basis, causing qualitative differences in the
behavior of the adiabatic energies calculated with different

basis sets. LiCl
The two lowest'S, * adiabatic dipole moments of LiCl .
. . i . . SA-MRCUV/Basis
(without applied electric fieldmear the crossing distance are 16 T .

shown in Fig. 2. From 13.7 to 14.5 bohr, the aTZ basis is
beyond its crossing distance whereas the a5Z has yet to reach

its crossing point. This results in large differences in the 12
dipoles with respect to basis for any separation in this range

and therefore makes direct extrapolation of the adiabatic data &
suspect. The CBS extrapolation procedure from the diabatic S 8- y A
representation developed in this work overcomes these diffi- s A A
culties, and is the topic of the next section. ' '

B. CBS extrapolations

1. CBS extrapolation of adiabatic surfaces 0

13 14
Despite the sensitivity of the adiabatic surfaces and as- R (Bohr)
sociated property values with basis set in the region of thg:
aV9|d6d crossing, transformation into the diabatic represensyresponding to the two loweE * adiabatic energy states of LiCl in the
tation results in a set of stable surfaces that are more ameabsence of applied electric fields.

IG. 2. Convergence behavior with respect to basis of the dipole moments
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LiCl tion procedures agree to within 0.004 bohr to give values of
SA'MRCI/CBS;AIX 2.644 (CB%yx) and 2.648 bohr (CBRyx). The exponential

I ' ' T T ' ' ' extrapolation form agrees lesa difference of 0.021 bohr

— Dipole M 415 and results in values of 2.655 (CB$) and 2.634 bohr

---- Polarizability (CBSyp).

An alternate source of skepticism arises from trends

i 10:%7 which are better described as divergent rather than conver-

= gent. For exampleeq of LiCl for both 0.0005 and no ap-

s plied field show no change upon increasing the basis from
aTZ to aQZ but then slightly decrease with the a5Z basis. In
both cases the extrapolation procedures and forms agree very
well and may be attributed to the small magnitude of the

. X “divergent” behavior.

0— g 1z 16 20 The dipole moments discussed in the tables were deter-

R (Bohr) mined as expectation values of the dipole operator. However,

FIG. 3. The finite field approximation of the polarizability component along O.ne can.also approximate the Valu&% throu.gh finite field

the internuclear axis of LiCl overset on the adiabatic ground state dipoldlifférentiation of the energy evaluatedR{, with respect to

moment in the absence of applied electric fields0.005, 0.0000, and applied electric field. Theu.q values(in the absence of an

0.0005 a.u. field strengths were used in the finite differentiation of the dip0|%pp|ied f|e|d obtained as d|po|e expectation values and as

moment. finite field (+0.005 a.u. approximations using CES, are:

2.455/2.584(LiF), 2.832/2.815(LiCl), 3.279/3.043(NaP),

charge transfer events. This is an area that new-generatic?lnnd 3.629/3.611NaC) a.u., respectively.
molecular simulation force fields have yet to overcome.

K (au)

C. The effect of electric field on crossing distance

2. Comparison of CBS extrapolation procedures Increase of the applled electric field from negative to

Tables IV compare the converaence of pronerties wit ositive stabilizes the ionic state and results in an increase in
. P 9 Propert . and decrease in the valueldf,. The stabilization effects
respect to basis and the results of the two extrapolation pro- ; o .
. . ) , properties near the equilibrium separation as well. In most
cedures discussed in Secs. IIB1 and 11B2. “GB3 and . .
. , . . . casesRe, ueq, andD, increase and decreases with greater
CBSgxp’ refer to the direct extrapolation of properties ap- . e
earing in the series aTZ, aQZ, and a5Z. “GRS and lon stabilization.
P *g , P ' The R, values for the alkali halide systems studied here
CBSEyp' refer to the properties derived from the CBS ex- )
follow the trend:
trapolated surfaces.
Comparison of the direct versus indirect CBS extrapola-  LiF<LiCl<NaF<NaCl.
.tlor? procedure reveal property values that.ar.e very close. The This trend mimics the trend ior
indirect procedure shows slightly less variation in geometri
cal propertieSo andR,), but larger variation for the disso-

, Regandueqvalues, and
Is the reverse of trend iD, values. The sensitivity of the
“ | o ) o crossing distances with respect to applied field follow the
ciation energyD.. NaF exhibits particularly large variation same trend as thi. values

c .
for D between the CBSp and CB$,p procedures1.97, The R, value of LiCl is least affected by applied field
1.87 and 0.94 i, for —0.0005, 0, and 0.0005 a.u. applied 5 that of NaCl is most affected. The applied fields affect
fields, respectively and between CBg, and CB$,, meth-

=1 | - the R; values in an asymmetric fashion: a larger affect is
ods. This in part arises from consistently lar@ervalues for

) : 4 : observed for fields that stabilize the ionic state. In the case of
NaF predicted by CBgp. The predicted crossing distances | i e average CBS extrapolated values Ryrare 12.53,

are all in reasonable agreement between all the CBS formg; 55 and 15.08 hohr; hence, a destabilizing.0005 a.u.
and procgdgres, with the exception that there is con&dgrablgpp”ed field causes a negative shift of the zero fRldalue
large variation betweeR values for NaCl predicted using ot 1 03 bohr, and a stabilizing 0.0005 a.u. field causes a
the CBSxp and CBSyp procedures R;=24.19 and 23.11 positive shift of 1.52 bohtroughly 50% difference in mag-

for CBSzxp and CBSyp, respectively. As with the observed iy de). This asymmetry becomes more exaggerated as the
basis set variation, variation within the CBS methodsRer g \ajues increase such that in the case of NaCl the average
is larger with larger applied field causing stabilization of thecgg extrapolated values fd, are 16.05, 18.40, and 23.45
ionic state. Overall the variation between CBS extrapolategp,, resulting in—2.34 and 5C_06 bohr négative ,and positive

values is considerably smaller than the corresponding basigifts with applied fieldroughly 115% difference in magni-
set variation.

In most cases, properties converge with respect to bas%J 9
smoothly; however, there are exceptions which make ex- ) )
trapolation of the properties suspé&tFor example,o of D Comparison of CBS extrapolated crossing
NaF without applied fields increases from 2.653 b@&2) distances with previous work
to 2.677 bohraQ2 but then decreases to 2.656 bohr at the ~ The work of Sousat all*is important work to compare
largest basiga52). Interestingly, the two CBGy extrapola- against. The authors developed a modified form of the Ritt-



J. Chem. Phys., Vol. 120, No. 17, 1 May 2004 Alkali halide ion-neutral crossings 7947

TABLE V. Comparison of crossing distancgs.

F Cl

Field CBSix CBS,,  Sousa Expt. CBSx CBS,,  Sousa Expt.

—0.0005 12.53 12.52 12.0 12.59 13.35 13.31 13.7 13.83

Li 0.0000 13.57 13.55 12.8 13.67 14.59 14.54 151 15.30
0.0005 15.09 15.06 13.9 15.26 16.52 16.45 17.0 17.69

—0.0005 14.97 14.94 13.8 14.10 16.05 16.01 15.8 15.65

Na 0.0000 16.83 16.79 151 15.66 18.37 18.31 17.8 17.83
0.0005 20.22 19.44 17.1 18.27 23.26 23.11 22.0 22.24

#CBSEyp' and “CBSyy " refer to the crossing distance from the CBS extrapolated potential energy surfaces
using the exponential and combined exponential/Gaussian forms respectively. “Sousa” refers to the MS-
CASPT2 work of Ref. 14. “Exp” refers to the crossing distances as derived from the Rittner pofédial

(13)] using experimentalRef. 79 ionization potentials (L:0.198 1&,, and Na=0.188 8@,) and electron
affinities (F=0.124 9, and CE0.132 7E}) in the calculation ofAE.. . All values are atomic units.

ner potential to account for applied electric fields and vali-  Two extrapolatiorproceduredor determination of prop-
date the MS-CASPT2 methodology which may be a pre-erties in the CBS limit are compared. The two procedures are
ferred method for systems exhibiting discontinuities in the(1) the direct extrapolation of the property, af® determi-
SA-CASSCF procedurf. nation of the property from CBS extrapolated potential and
Table V compares the crossing distances of LiF, LiCl,dipole surfaces. Properties such as equilibrium separation,
NaF, and NaCl between those obtained from the CBS exdissociation energy, crossing distance, and diabatic coupling
trapolated surfaces, the work of Sowtaal,’* and the Ritt-  constant are shown to agree well between the two procedures
ner potential using experimental atomic ionization and elecfor these systems.
tron affinities. In all cases, CES$, produces larger values of Comparison of crossing distances obtained from the
R. than CB$,, with the largest difference being 0.78 bohr CBS extrapolated surfaces, the Rittner potential using ex-
(NaF, 0.0005 a.u. fie)dWith the exception of LiCl, the CBS perimental values of atomic properties, and the work of
extrapolated surfaces result in valuesRyf that are larger Sousaet all* are made. The CBS extrapolated crossing dis-
than those predicted by Sousial }* The difference between tances agree very well with the Rittner potential for LiF and
the CBS and Sousa results f&; range from 0.2(NaCl, = moderately well for LiCl, NaF, and NaCl. The set of CBS
—0.0005 a.u. fielgto 3.1 (NaF, 0.0005 a.u. fieldoohr. For  extrapolated SA-MRCI results, in both diabatic and adiabatic
LiF, the CBS extrapolated surfaces result in valueRofhat  representations and provided over a wide range of internu-
agree more closely with the Rittner potential than does thelear separations, serve as an important set of benchmark
results of Sousaet al. for all field strengths. Alternatively, calculations for the design of new-generation many-body
Sousaet al. agrees much more closely with the Rittner po-force fields that strive to more rigorously model polarization
tential for all other data. and charge transfer events in large multi-scale problems.

Comparison ofR, and R, (the observed crossing dis-
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