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The weakly avoided crossing between the two lowest electronic states of a series of alkali
halide molecules has been studied by means of the recently reported multistate complete active
space second-order perturbation theory, MS—CASPT2, method. For a large enough basis set and a
complete active space self-consistent field that includes part of the radial and angular correlation of
the outermost halide electrons, the calculated crossing distance is in very good agreement with that
predicted from the Ritther empirical potential. The study of the relevant parameters corresponding
to the crossing region on these molecules has been extended to include the effect of a uniform
electric field and a generalization of the empirical Rittner formula that includes the electric field
effects is presented. The predictions made by the MS—CASPT2 method are also in agreement with
those derived from the generalized Rittner potential. Finally, the possible implications of the present
work on electron transfer processes at metal electrodes are discuss@®00cAmerican Institute

of Physics[S0021-9606)0)30846-7

I. INTRODUCTION or electric fields. However, the neutral-ionic crossing is a
rather complicated process and its quantitative study at a
The chemical bond in alkali halide diatomic moleculesquantum mechanical level requires the use of sophisticated
prompts a marked ionic character in their electronic groundtate-of-the-art computational methods not available until
state wave function at the equilibrium geometry. This is inpresent daysvide infra).
contrast with the situation for the atoms at infinite separation  For diatomic molecules, the crossing distance of the
where the electronic ground state does not exhibit any chargenic and neutral curves}., has been estimat&d™ using
separation. A simple quantum chemical picture of this phethe electrostatic Rittner potential for the ionic state. In this
nomenon can be obtained from valence bond theory. Neaway R, can be written as a function of empirical parameters
the equilibrium geometry the ground state wave function ofas the ionization potential of the alkali atom(MP, the elec-
these molecules is dominated by the"MX™ ionic compo-  tron affinity of the halogen, E&X), and the polarizabilities
nents with a small contribution of the neutral M—X valence () of both ions, M and X". The following iterative expres-
bond determinants whereas at long distances the situation &on was derived:
the opposite. Therefore, the diabatic curves of the two lowest
13+ states of the alkali halide molecules must undergo a 1 a(M¥)+ a(X7)
crossing, probably at large distances. In the adiabatic repre- RC:AE + AE R 1)
sentation the identical symmetry of both electronic states re- o s
sults in an avoided crossing. Since the interaction between
the ionic and neutral state at the crossing point is in generakith AE., being the energy difference of the neutral and
rather small the crossing is often weakly avoidéthis situ-  ionic asymptotes at infinite internuclear distance, i.e.,
ation is not exclusive of molecular systems, it is also encountP(M)—EA(X). Since the crossing occurs at rather large dis-
tered for different kinds of adsorbates on metal surfacesances, a good estimation Bf can be obtained by neglect-
when the interaction occurs through an ionic béfidEx-  ing the contribution arising from the polarizability of both
amples of ionic adsorption concern halides on(1D0),* ions, i.e., ignore the second term in E@). The interest in
Ag(111),° and on Hg surface,alkali metals on metal the crossing of these two diabatic curves is not limited to the
surfaces; 2 and NO on C(111)? and Ag111)* surfaces. precise location of the crossing point, the energy difference
The existence of the neutral-ionic crossing has consequencestween the adiabatic curves at this point is also relevant
on the dynamics of the gas-surface reactidmnd for this  because it corresponds to twice the diabatic coupling ele-
reason, the neutral-ionic crossing is at the hearth ofment. In most cases the neutral-ionic crossing results in a
oxidation-reduction processes at metal surfaces and is repotential energy barrier—e.g., the adsorption of NO on metal
evant to both electrochemistry and corrosion science. Undesurface$®—and the diabatic coupling term plays a crucial
standing the charge-transfer process between an adsorbatde in determining the exact barrier height, and hence, the
and a metal surface at a molecular level requires a powerflkinetics of the whole process. According to the semiempir-
methodology capable of properly describing the crossing reical expression derived by Grice and HerschbXdhe elec-
gion and, eventually, of its dependence on external potentialsonic coupling term decreases exponentially with.
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Both the position of the avoided crossing and the magyprevious resultd® Similar findings were also obtained by
nitude of the coupling are very sensitive to the energy dif-Nakand® based on second-order quasidegenerate perturba-
ference between the two adiabatic curves and any bias on thien theory.
treatment of one of the two states leads to large changes in The interest in the avoided crossing of these kind of
both properties. For this reason, the weakly avoided crossingiolecules goes well beyond the methodological point of
problem has been a challenge for any methodological treatfiew. In fact, femtosecond real-time dynamics experiments
ment. Werner and Mey&r performed multiconfigurational have been reported for N&1?® NaBr, and Lil?® From these
self-consistent field, MCSCF, calculations for LiF and theirexperiments it is possible to obtain direct information about
results confirm the predictions made by the empirical expresthe electronic coupling term and on the location of the cross-
sions forR. and the electronic coupling. These authors pointing point. Theoretical studies for these molecules, mainly
out the importance of properly describing the potential enbased on MRCI wave functions, have also been reported in
ergy curve asymptotic limit, IfM)—EA(X), to obtain a rea- the last few yearé!~* Despite the drawbacks of the MRCI
sonable value oR.. Bauschlicher and Langhdffinvesti-  wave function to properly describe the avoided crossing re-
gated the reliability of different theoretical approaches togion above commented, a rather good agreement between
predict the correct value of the crossing point of the LiF MRCI results and experiment is found for these molecules.
molecule. These authors compared the potential energy anidhis is due to a fortuitous error cancellation between the
dipole moment curves obtained by means of full configuraunderestimation of halide EA and the neglect of spin—orbit
tion interaction, FCI, and multireference configuration inter-interaction.
action, MRCI, calculations, based on a complete active space A methodology able to accurately describe ground and
self-consistent field, CASSCF, reference wave functione€xcited adiabatic potential energy curves in the whole inter-
Bauschlicher and Langhdffconcluded that reaching a cor- val of internuclear distances permits an accurate description
rect description of the avoided crossing region requires th@f spectroscopic parameters of the low-lying states of di-
use of molecular orbitals optimized in a state-averagedtomic molecules but also of the possible avoided crosses as

CASSCF calculation with equal weights for the ionic andthose described above. Moreover, the impact of such a meth-
neutral solutions. odology goes beyond the study of diatomic molecules as it

In some systems state-average MCSCF potential energﬁli” permit to characterize electron-transfer reactions either
surfaces can present discontinuitfeand, hence, this ap- between different species or between an adsorbate and a sur-
proach is not the most appropriate choice to investigate thEace. As pointed out above, the potentiality to study charge-
crossing region. However, for the present purposes this is afansfer reactions at a surface may have a large impact on
adequate method since no discontinuities are found fotLiF. understanding - electrochemical processes at a quantum-
Nevertheless, state-average CASSCF, hereafter referred to B§chanical level. This possibility acted precisely as the cata-
SA—CASSCF, potential curves considerably underestimat/St that triggered the present study. In this paper we apply
the crossing point distance. This is due to the lack of dyfhe MS—CASPT2 approach to quantitatively describe the
namical correlation, which is larger for the ionic than for the @voided crossing region on a family of alkali halide mol-
neutral state. Including the pertinent electronic correlatiorfCules, MX with M=Li, Na and X=F, Cl, to get insight into
effects is not a simple task and the usual second-order pef€ value of the crossing distance and of the electronic cou-
turbation theory based approaches break down. MalrieR!ing at this point. It is worth pointing out that the diabatic
et all” have demonstrated that the CASPAg8econd-order Coupling elementH;,, matches half the adiabatic energy
perturbation theory method that uses a CASSCF as zerotffiiference at the crossing point only. To provide the values
order wave function leads to energy curves for the ionic andf the €lectronic coupling terms as a function of the distance,
neutral states of LiF that cross at two points}.8 and~5.6 dlabatlp curves have also been derl\./ed.. In addltlon, an at-
A. To properly describe the avoided crossing region, varioud€MPt is made to relate the neutral-ionic avoided crossing

methodological improvements have been developed in thwith charge-transfer electrochemical processes. To this end,
last few years. Garaiet al'®% designed a CI method fo- the variation of the crossing distand®,, and of the elec-

cussed on the calculation of energy differences in which thd™onic coupling term with respect to an external uniform

orbital set is iteratively constructed, the so-called iterativeeleCtriC field will be examined along the alkali halide series.

difference-dedicated Cl, IDDCI, method. Using the same ba:l’he field is oriented in the molecular axis with the metal
sis set as in the FCI calculations of Ref. 15, the author?Iaced at the origin and the halogen on the positive part of
found a single crossing point at 6.3 A, comparable with thethezaxis. The results obtained at zero electric field are com-

6.67 A obtained in the MRCI calculatiotibut still far from pareq Wit.h those extracted from the empir_igal form[qu.
the 7.24 A value predicted from the Rittner potential, cf. Eq.(l)' flrgt right-hand side term qn]yAn emplrlce}l equation
(1). More recently, an extension of the CASPT2 method haéor R. in the presence of a uniform external field has been

been developed, in which several electronic states can b%grlved using the same physical reasoning employed to ob-

coupled at second order via an effective Hamiltonian'®" Eq. (D). Neglectipg the terms that include the polarig-
approact! This new methodology, denoted as multistateab'“ty of the ions, which at the distances w_here the crossing
CASPT2, or more briefly MS—CASPT2, has been applied ggoceurs are expected to be small, one obtains

the description of the avoided crossing in LiF. The MS— . 5

CASPT2 potential energy curves exhibit the correct behavior AE.* VAEL—4Q°F

in the avoided crossing regiéhand good agreement with R.= 2gF 2
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with F being the amplitude of the uniform electric field and TABLE I Dependence of the crossing distan(®; in A) and of the
q the absolute value of the atomic charge in the ionic con@symptotic energy differend@ E.. in eV) on the basis set and the size of
h . . . . . . the complete active space. Results for the LiF molecule.

figuration, i.e., 1 for the alkali halides studied here. A posi-

tive external field stabilizes the ionic asymptote and two pos- [3s2p1d] [4s3p2d1f] [5s4p3d2f]
sible values ofR. exist. The first one corresponds to the
crossing in which the ground state changes its character from
ionic to neutral. The second crossing, which has no further
interest, occurs at larger distances because of the stabiliza®ASSCF(2000 434 372 426 380 425 382

ti f the ioni by th lectric field. For int | +PT2 565 2.69 6.86 2.25 7.32 2.03
10N O € lonic curve py the electric Tield. For Iintense elec- CASSCF(2220 453 3.50 456 3.46 457 345

R. AE, R, AE. R, AE,,
Basis A vy A (v A (eV)

tric fields the ionic configuration stabilizes so much that po 588 255 670 2.26 6.83 216

crossing does not occur at all. The maximum value of the CASSCF(533) 6.40 225 650 224  6.50 2.23

electric field for which a curve crossing is still observed is +PT2 6.11 241 660 222 678 217
AE? .
TR 3

_ o _ _ group symmetry ,,b;,b,,a,). In order to obtain a more
For negative electric fields, Eq) gives only one meaning- accurate description of the halogen electron affinity, it is
ful solution, the one with a positive value Bf . In this case, convenient to include most of thep to (n+ 1)p radial cor-

the ionic configuration is destabilized and the crossingelation of the halide atom in the CAS wave function, with
happens at shorter distances compared to the unperturbge-2 for F andn=3 for Cl. Following previous work?> we

system. therefore first extend the active spacg(2@20 with the lor
orbitals—b; and b, in the C,, point group—and an addi-
Il. COMPUTATIONAL DETAILS tional set of virtual orbitals of the same symmetries. Finally,

the CAS is expanded t(b331) adding the five components
At the equilibrium distance th& '3 " ground state of of the halogen @ shell and the virtual halogepo orbitals.
the alkali halide molecules is well described by[ere]  The inclusion of the halogend3orbitals in the active space
10?202 17* configuration state function that has essentiallypermits to variationally account for part of the angular cor-
an ionic character. Here, therl20, 30, and 1= molecular  relation of thenp electrons and, hence, has a direct effect on
orbitals refer to the orbitals coming from the combination ofthe calculated halide EA. Likewise, the inclusion of the halo-
the valence alkals orbital (2s for Li and 3s for Na) and the  gen po virtual orbitals permits a better description of the
s and p valence orbitals of the halogen atort®s,2p for F  radial correlation of the halogenp electrons: notice that
and 3,3p for Cl). For the first'S * excited state, the neutral only radial correlation in ther space is taken into account in
configuration,[core] 10220301 7* dominates the elec- the (2220 space. In the subsequent second-order perturba-
tronic wave function. State average CASSCF wave functiongion calculations, all electrons except the deep-core electrons
for the two lowest'S, * states of all molecules are computed are correlated, i.e., the Li, Na, and Fs?lelectrons and the
and used as zeroth-order reference wave functions in a suts! 1s?2s?2p°® electrons are excluded.
sequent MS—CASPT2Ref. 21 calculation. The SA-
CASSCF wave functions are coupled at second order Vi§; RESULTS AND DISCUSSION
an effective (22) Hamiltonian in which the diagonal ele- )
ments are equal to the single-state CASPT2, SS—CASPTg,' 'I_'he effect of active space and the one-electron
energies. All calculations have been performed using th asis set
MOLCASA4 software packag®. Table | shows the crossing distances and the asymptotic
Since the description of the avoided crossing region manergy differencesAE.., of the two lowest'S " states of
be affected by the particular choice of the one-electron basikiF computed using different basis sets and CAS spaces. As
sets and by the definition of the active space, a systematiexpected, we observe that for a given active space the
study is indispensable. To study the dependence of the r&€ ASSCF crossing point andE., do not change with the
sults on the one-electron basis set and on the active spabasis set used. The dependence on the size of the active
used to construct the CASSCF wave functions, we considespace, however, is more pronounced. CASSCF calculations
basis sets of different quality and active spaces of variousvith (2000 and(2220 active spaces underestimate the elec-
sizes. For Li ad F a (149p 4d 3f) primitive basis set is tron affinity of F resulting in too large AE., and in too short
contracted to three different ANO basis s€ft8s2p 1d], an estimate of the crossing point distance, in agreement with
[4s3p2d1f], and [5s4p3d2f].3! For Na and Cl the prediction of Eq(1). Increasing the active space with the
the primitive sets include (B712p5d4f) functions and fluorine 3d virtual orbitals largely improves the calculated
is contracted to [4s3p2d1f], [5s4p3d2f], and EA and the crossing point becomes 6.5 A, atd longer
[6s5p 4d 3f].%2 Three different SA—-CASSCF wave func- than for the smaller active spaces. For the other molecules,
tions have been constructed. For the simplest one, the activbe effect of extending the CAS with the haloged Grbitals
space contains two orbitalsg2and 3r, and two electrons. is even larger.
These calculations are referred to as CASS@600, the On the other hand, CASPT2 results show dependence on
numbers in parentheses indicate the number of active orbitalsoth the CAS size and on the basis set used. For a given
on each irreducible symmetry representation of@hg point ~ CAS, an increase of the calculatBd value on increasing the
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TABLE II. Calculated CASPT2—based on a SA—CASS@GEB31) zeroth-order wave function—and experimenitalparenthesg@sspectroscopic constants of
the IS * ground state of the alkali halide molecules. Values are reported for the internuclear equilibrium dRtandgérational frequencyew, , rotational
constantB,, vibration—rotational couplingg., centrifugal distortion constanD), dipole momentu,, and dissociation energid, .

Re (R) we (cm™Y) B, (cm™Y) e (1073 em™) D (10 ®cm?}) e (D) D, (eV)
LiF 1.565(1.5649 911(910 1.344 (1.345 21.1(20.3 11.8 (11.8 6.480(6.325 5.95(5.97)
Licl 2.034(2.021) 634 (643 0.6973 (0.7065 7.768.00 3.38 (3.41) 7.367(7.128 4.83(4.89
NaF 1.899(1.926 569 (536 0.4496 (0.4369 5.094.56 1.13 (1.19 8.216(8.155 5.15(5.36
NaCl 2.310(2.361) 387(366) 0.2278(0.2182 2.741.62 0.321(0.312 9.048(9.118 4.31(4.29

basis set quality is observed in all cases with a concomitartained using the SA—-CASSCF/CASPT2 method. The
improvement of the calculatetlE,, that approaches the 1.99 CASPT2 values reported in Table Il have been obtained us-
eV experimental value. The extension of the active spaceng a SA—-CASSCF(5331) reference wave function con-
acts in the opposite wayR, becomes smaller going from structed by averaging the two lowest * states with the
CAS (2000 to CAS (2220, to CAS (5331, except for the same weight. In addition, it is worth pointing out that the
smallest basis set. This indicates that a purely second-ordealues obtained by a SS—-CASSCF/CASPT2 calculation for
perturbation treatment of the dynamical correlation effectghe X 13" ground staténot reportedi are virtually the same
leads to an overestimation of the position of the crossings those included in Table II. This fact shows that with such
point. This is repaired when the active space is augmented large active space the effect of averaging the orbitals for
and the dynamical electron correlation effects @repar)  two roots that are quite far away in energy does not seriously
variationally treated. The combination of large active spacesffect the calculated properties of the ground state that in-
and large one-electron basis sets lead to rather similadeed compare very well with experimeént.

CASSCF and CASPT2 results. For LiF, results on Table |

show th.aRC andAE.. are convgrged with a CASSQEZZQ C. Electric field effect on the parameters defining the
calculation and the intermediafels 3p 2d 1f] basis. The crossing region

same behavior is observed for the LiCl and NaF molecules.

However, for NaCl small but significant changes are ob- ~ The distance at which the crossing point between the
served when a |arger basis set is app“ed and the active Spa@]ic and the neutral states occurs and its variation with re-
is augmented t@5331). In order to be able to compare re- SPect to a uniform external electric field have been studied
sults between the different molecules, the largest basis sér all four molecules. As commented above, the electric

and the(533]) active space is app“ed throughout all calcu- field is applled along the internuclear axis with the metal
lations reported in this paper. placed at the origin and the halogen on thaxis in such a

way that a positive electric field stabilizes the ionic state. To
study the dependence &. on the electric field, several
fields of different intensity have been considered. Results are
The description of the two states of interest with an av-summarized in Table Ill, where the results without electric
erage set of orbitals may introduce uncontrolled inaccuraciefield are also given for comparison. For each molecule, three
in the calculations, especially in the region close to the equidifferent values oR; are reported in Table lll. Those are the
librium distance, where the energy separation between botlS—CASPT2 computed value; the value obtained by apply-
states is quite large. To quantify this potential source of erroing Eq. (2) [Eq. (1) for F=0] with the MS—CASPT2 com-
we compare the experimental spectroscopic constants ammlited values for the halogen EA and metal IP; and, finally,
dipole moment of thex ' * ground state for all four mol- the value derived from Eq2) using the experimental values
ecules,'Li*F, "Li%Cl, 2Na*F, and?®Na*>Cl with those ob-  for EA(X) and IRM). First of all, notice that, as the electric

B. Ground state spectroscopic constants

TABLE lIl. Crossing point(in A) as function of the applied homogeneous electric field ¢1@u.). For each
molecule three entries are given. The first goalc) corresponds to the results of the MS-CASPT2 calcula-
tions, the second or{&qg. (2) (calg] is obtained substituting the CASPT2 valueXdt., in Eq. (2). Finally, we

list the results of Eq(2) using the experimentalE., [Eq. (2) (exp}].

LiF LiCl NaF NaCl

Eq.(2 Eq.(2) Eq.(2) Eq.(2 Eq.(2) Eq.(2) Eq.(2 Eq.(2)
Field Calc. (calc) (expt) Calc. (calc) (expt) Calc. (calc) (expt) Calc. (calc) (expt)

-0.50 6.33 6.18 6.66 7.25 7.09 735 731 7.09 745 834 8.26 8.31
0.00 6.78 6.64 724 799 7.80 8.13 798 7.78 8.28 943 941 9.47
050 7.38 7.26 8.08 899 8.88 9.43 9.06 8.88 9.65 11.62 11.72 11.85
075 7.79 7.69 869 981 9.78 1057 9.94 9.78 10.92 1495 1535 15.83
1.00 8.37 825 9.61 11.29 11.39 1319 11.31 11.39 14.42
115 880 870 1050 13.62 1455 13.82 1455
150 10.85 10.72
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ergy curves for LiF as a function of
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field strength increases, the crossing occurs at larger distanpeited crossing distance at different electric fields is practi-
due to the stabilization of the ionic curve. On the contrary,cally the same. This is a direct consequence of the MS—
for a negative electric field the ionic curve is destabilizedCASPT2 values for IBM)—EA(X), which are the same for
and, therefore, the crossing distance decreases. This factbsth molecules, 1.85 eV. Even more remarkable is the ex-
illustrated in Fig. 1 for LiF; the same behavior is found for cellent agreement observed for NaCl between Rhecom-
the rest of the molecules considered in the present study. Iputed values and those derived from experimental data. Due
this figure, MS—CASPT2 potential energy curves for the twoto a cancellation of errors in the computation ofNR) and
lowest 13" states are plotted for various intensities of theEA(CI) the energy difference between both quantities, 1.53
external electric field including also the curves correspondeV, essentially coincides with the experimental value. The
ing to F=0. The close resemblance between the MS-argest errors in IM)—EA(X) are found for the fluorides
CASPT?2 values reported in Table Il and those derived fromdue to the well-known difficulty to accurately compute the F
Eq. (1) and Eq.(2) (column 2 for each moleculeshows that electron affinity. For LiF the computed value of (N?)—
the performance of the empirical formula is outstanding.EA(X), 2.17 eV, is 0.18 eV larger than the experimental
This means that the crossing point is basically determined byalue and therefore, for LiF the largest discrepancies be-
the energy difference of the ionic and neutral curves at infitween the MS—CASPT2 and empirical values, cf. &), of
nite internuclear distance, (M)—EA(X), and by the inten- R, are encountered. Finally, it is worth noting that when the
sity of the electric field applied. Moreover, results in Tablestrength of the electric field approaches the maximum value
[Il show that the effect of polarization terms, not included for which a crossing still occurs, the difference between the
when only the first right-hand side term of H@) is consid- computedR. values and those derived from empirical data
ered and also neglected in the present derivation of Bds  becomes larger. Near this limR. increases in an extremely
very small and therefore can be neglected in both cases. Corapid way with small variations of the intensity of the exter-
sequently, to properly predict the distance at which the crossaal field, and therefore, agreement with data derived from
ing takes place it is strictly necessary to accurately computexperiment is more difficult to reach. The maximum value of
the halogen EA and the alkali atom IP. the electric field for which a crossing still takes place de-
The experimental value of [M)—EA(X) decreases creases on going along the LiF, LiCl, NaF, and NacCl series.
along the LiF, LiCl, NaF, and NacCl series, being 1.99, 1.77,This is consistent with the prediction of E@), which shows
1.74, and 1.52 eV, respectively. Thus, for a given externathat the maximum strength of the electric field is propor-
field, the crossing distance increases on going from the lighttional to the IRM)—EA(X) difference. The predicted values
est halide to the heaviest, being very similar for LiCl andusing experimental data and ) are 1.34, 1.06, 1.02, and
NaF (see column 3 of Table Ill for each moleculeThe 0.78x10 3a.u. while those obtained applying E@®) but
MS—CASPT2 computed values show this tendency and goodsing the computed values for (M) and EAX) are 1.59,
agreement is found between these values and those derivaédl6, 1.16, and 0.72910 3a.u., for LiF, LiCl, NaF, and
using Eq.(2) applying the experimental data for EA and IP NacCl, respectively. As in the previous results, very good
(cf. columns 1 and 3 of Table lliclearly indicating the ex- agreement between CASPT2 results and predictions made by
cellent performance of MS—CASPT2 to accurately predicthe empirical Eq(3) is found for NaF, LiCl, and NaCl and
the crossing point. Notice that for LiCl and NaF the com-small differences for LiF.
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TABLE V. Diabatic coupling elementéin meV) at the crossing pointas a  the diabatic coupling elements decrease. A summary of val-

function of the applied homogeneous electric field (1.u.). ues for the electronic coupling element at the crossing point
Field LiF Licl NaF NaCl including the effect of a uniform external electric field is
reported in Table IV. Contrarily to the case discussed above,
_8:88 gg:ig zg..sg 2:_'354 g_'ige a negative electric field, which destabilizes the ionic curve,
0.50 17.69 3.65 5.92 0.54 leads to a shorteR, and a larger splitting. The clearly
0.75 14.97 1.91 4.48 0.06 marked electric field effect on the crossing distance is the
1.00 8.71 0.63 a responsible for the increase observed in the electronic cou-
1.15 6.26 0.10 1.04 pling term.
1.50 1.09

The discussion about the values of the diabatic electronic
The two states are affected by intruder states. The use of a level shitoupling above has been limited to the crossing point only.
technique does not solve the problem because of the small energy differpq investigate the variation of this parameter with the inter-
ences at the crossing point. . L . . .

nuclear distance it is necessary to obtain a diabatic represen-
tation of the potential energy curves. For a two-state prob-
lem, the diabatic electronic couplindgd,, is simply the

pling in the crossing region. The energy difference betweerffiondiagonal element of the matrix representation of the
the two adiabatic curves is a very small quantity and Ver)ﬁar_nllt(_)nlan in the basis of the dlabatlt_: states. Se_veral dia-
sensitive to small changes in the M—X internuclear distanc@atization procedures have been described in the literature to
and to the computational approach. From a simple approxintai” a suitable diabatic bas_is fr(_)m the adiabatic states.
mation based on empirical parameters, it has been showHere, we qUOI‘gA the nearly diabatic method proposed by
that the adiabatic splitting is an exponentially decreasindg-imiraglia et al™" based on second-order quasidegenerate
function of R.,*% vide infra. Therefore, a decrease of the Perturbation theory, the empirical approach suggested by
energy difference between the two adiabatic curves at thKahnet al**and the transformation proposed by Werner and
crossing distance is expected on going from LiF to |_ic|,Meyer13 based on the use of the matrix representation of the
NaF, and NaCl. This is indeed the case; MS—CASPT2 diabadipole moment. The first method requires the external defi-
tic coupling elements are found to be very small, with thenition of a reference and its application is rather involved.
largest value of 39.45 meV for LiF and the smallest 3.49The second method assumes a Rittner potential for the ionic
meV for NaCl. Very similar values are obtained for LiCl and State and permits to obtain the diabatic coupling term in a
NaF, 8.95 and 9.75 meV, respectively, in accordance wittdlirect way. Bauschlicher and Langhbffhave chosen this
the similarR, computed for both systems. These small cou-method in their study of the neutral-ionic crossing in LiF.
pling energy values result in very abrupt changes in the wavélowever, it is not straightforward to extend this method to
function around the crossing point. Indeed, the character aficcount for the presence of a uniform external electric field.
the wave function suddenly changes from ionic to covaleniTherefore, the method proposed by Werner and Meyer has
(or vice versain a short distance range, e.g., for LiCl the been chosen in the present work.

Mulliken charge for the cation in the lowest state changes in  For LiF in absence of any external electric field, the
0.5 A from 0.93 to 0.04. When applying a positive uniform adiabatic and diabatic curves near the crossing region are
electric field along the internuclear direction, the molecule isreported in Fig. 2. These curves are representative of the rest
perturbed, the crossing distance increases, and consequenthy,the molecules and, also, of the systems in presence of a

At this point, we turn our attention to the electronic cou-

A~ FIG. 2. Adiabatic and diabatic curves

-0.10 for LiF near the crossing region.
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uniform external electric field. As expected from theory, very accurate calculations are carried out to properly de-
H.x(R.) derived from the diabatic curves, 34.82 meV, isscribed IRM) and EAX) it is necessary to apply the scaling

very close to that obtained taking half the energy differencegrocedure to obtain precise values of the electronic coupling
of adiabatic potential energy curves, 39.45 meV. Furtherterm. However, this scaling procedure will not change the
more, the behavior oH;, with respect to the internuclear qualitative conclusions reached in this work about the trends
distance is reported in Fig. 3, which for comparison purposesor the electronic coupling elements exhibited by the differ-

also includes the values reported by Werner and Méyerd  ent molecules and for the effects induced by a uniform elec-
those reported by Grice and Herschbathis figure evi-  tric field.

dences again the satisfactory performance of MS—CASPT2

in the description of the neutral-ionic crossing. It is impor-

tant to stress the fact that in presence of a uniform external

electric field, the variation oH 1, with the distance is virtu-

ally the same that is obtained when the electric field is Nnob. Relationship between the crossing distance and
present. Hence, the only changedHi, induced by the field the ionic character of the bond

arise from the change in the crossing distance. To summa- Finall di iol lationshio b h
rize, MS—CASPT2 derived diabatic curves for LiF are in inally, we discuss a possible relationship between the

good agreement with previous accurate results. Hence, it I%rossing distance and the ionicity of the molecules. The cal-

expected that the values obtained for LiCl, NaF, and NanuIated net Mulliken charges for the alkali atoms in the elec-

(not explicitly reported for which there is no previous infor- tronic ground state at the equmbrlum dlstaqce are 0.99, 0.96,
mation will be of similar accuracy. 0.87, and 0.7_2, for NaF, I__|F, NaCI,_and LiCl, re_specnvely.
Finally, it is important to point out that the diabatic Although Mulliken population analysis does not give a quan-
curves described above can be appropriately scaled to repritative measure of the ionicity and have to be used with
duce the proper asymptotic energy. Different authors havxtreme caré’ it may be used to indicate a given trend. In
previously employed this empirical scaling procedti® fact, the ionicity order predicted by the Mulliken population
The main effect introduced by this scaling is to lower the@nalysis is in agreement with the Pauling ionicity scdle.
ionic potential energy curve and, hence, to predict a largeflowever, results in Table Il show that the crossing distance
value forR.. For the molecules described in this work the &long the series varies as IfEiCl~NaF<NaCl and does
largest effect is expected for LiF, for which the largest errorghot follow the trend in ionicity. As has been shown above,
in IP(M) and EAX) are found. In fact, for this molecule and the EA and IP atomic parameters mainly determine the loca-
in absence of electric field, the scaling shiRsfrom 6.78 to  tion of the crossing point. However, the ionic character of a
7.31 A which is closer to the value predicted from the use ofgiven molecule does not only depend on these parameters,
the Rittner potential, 7.24 A. This variation R, leads to a but also on the atomic polarizabilities. Despite the fact that
significant decrease in the, value, from 39.45 to 18.95 the Cl EAis larger than that of F, the larger polarizability of
meV, in agreement with the dependencetaf, on the dis- CI™ makes the alkali chlorides less ionic than the fluorides,
tance depicted in Fig. 3. However, tRe value predicted by the polarization of the anion electronic cloud towards the
the MS—CASPT2 calculations for NaCl is very close to thatcation decreases the net charge in the anion atomic region. In
obtained from Eq(1) and, therefore, the scaling does not addition, Li has a larger IP than Na, but'Lpolarizes its
introduce any significant change in the value of the elecsurrounding more efficiently than Naand, hence, the so-
tronic coupling term for this molecule. Consequently, unlessdium halides are slightly more ionic than the litium halides.
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