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Total and orbital density difference contours have been calculated from HaRoe& wave functions
(uncontracted 14s9p4d3f basis) for three systems: Ne afid ptdarized by a+1 charge at 4.66 bohr and

Ne; (R = 3.80 bohr). Effects of MP2 correlation corrections are found to be negligible. In Ne, the outer
portion of every orbital is polarized toward thel charge. The hybrid [23- (0.0096)2g is an excellent
approximation to this system’s 2s orbital, whose density difference reverses polarity within its circular node.
Farther out, a large intermediate region of the Ppbital is also polarized away from thiel charge. In Ng

only 1s and 2s densities show dipolar polarization: the 2s toward the other nucleus due éte@pon
depletion in the atom-overlap region; the 1s in the opposite direction due to the 2s field. The latter effect is
also observed in polarized Rie The total Ne density difference exhibits atomic quadrupolar polarization
due to unpolarized 2pdensity buildup and 2p depletion.

Introduction such as atomic ions or noble gas atoms. The polarizéd Ne
. . ion enables us to test our explanation for a surprising feature

Overlap of closed-shell atoms causes changes in their electronof the 1s density difference in Me
densities. Compared to the sum of the unperturbed atomic
densities, the calculated density inttkcreases in the overlap
region and increases both close to and beyond the ntilei.
These changes are accompanied by a new feature draink For Ne and N&" polarized by at+1 point charge, the point
Ar,.3 A cylindrically symmetric layer of density decrease extends charge was placed at 4.66 bohr, the equilibrium internuclear
outward from each nucleus. This torus extends continuously distanceR. of NeNa'.82 The internuclear distance of Nevas
through the internuclear axis of Nen Ar; it does not reach  chosen as 3.80 bohr so that the effects of compression on
the axis, though much smaller disconnected regions of densityelectron density would be markedly greater than would be
decrease cross the axis on both sides of each nucleus. Consesbserved aR., 5.84 boh#®
guently, the sign of the density difference along the axis changes \Wave functions were calculated in the Hartré®ck and
sign six times in Ngand 10 times in Ar. Mgller—Plesset MP2 approximations by Gaussian®Zhe

The density changes in blare easily explained. The decrease Gaussian atomic basis set for all systems consisted of the
in the overlap region results from Pauli repulsion between uncontracted 14s9p4d3f primitives from the ANO-L Ne basis
electrons with the same spin. The increases elsewhere resulket!! The exponential coefficients were obtained from the
from conservation of electrons and from their attraction to the Molcas basis set library?
nuclei. Less obvious is the cause of the additional density
decrease that is common to Nend Ar. Its explanation is one  Results
goal of this investigation.

We also examine density differences in a neon atom due to ) . ;
polarization by a nearby positive point charge. Density- 1fora neon atom pollar|zgd by-8l point charge and F!gure
difference contours due to uniform electric fields have been 2 for N& include density difference maps for total density, the
previously calculated for HES F»,6 and Ne? These density 2p sy_bshell, ar_wd |nc_i|V|duaI orbitals. Each dlfferen_ce is the
differences reverse sign repeatedly in the electric field direction. spemﬂgd density minus the correspondlng density Of the
Feil” used second-order perturbation theory to explain the UnPolarized atom(s). Even for bethe orbitals under consid-
number of sign reversals in Ne. Another goal of our investigation eration are distorted atomic orbitals, not molecular orbitals. The

is to provide additional explanations for the complicated pattern V€2 2S density difference, for example, is_the two-atom
of density differences in polarized Ne. composite of the changes in 2s AO densities. This difference is

The point-charge-polarized neon atom serves as a model forc"’“w"’j‘ted as the sum of thecﬂanq 25 MO densities minus
a multishell noble gas atom near a cation. This model the two undistorted 2s AO densities. MO and AO densities are

incorporates the dominant feature of the atdion electrostatic ~ [0F doubly occupied orbitals. o
interaction without complication by interatomic Pauli repulsion. ~ N€ Polarized by+1 Charge. The 1s density difference for
The Ne system serves as a model for the Pauli repulsion this system (Figure 1f) has the expected dipolar character

interaction between overlapping closed-shell multishell atoms @sSociated with a shift of electron density toward the positive
external charge. The polarization is very slight, however. At

* Corresponding author. E-mail: terry.carlton@oberlin.edu. Fax: (440)- the position of the maximum density difference, the polarized
775-6682. density is larger than the unpolarized by only 0.008%.
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Calculations

All figures are based on Hartreéock calculations. Figure
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o increases on the side toward the external charge and decreases

-2 -1 0 1 2 not quite antisymmetrically on the opposite side. The density

_ ~ Zbohrfrom Ne nucleus _ difference is also nearly antisymmetric inside the sphere, but
Figure 1. Density difference contours for a neon atom polarized by a there the polarization is in the opposite direction from that
+1 point charge. The nucleus is at the origin; thé charge is on the predicted by classical electrostatics

Z axis at+4.66 bohr. Orbitals are doubly occupied. Positive contours ) o .
are solid, negative ones are dashed, and zero contours are thick and Figure 3 of 2s and 2pdensities along the axis shows that

dashed. The outermost contours are for differenceisi®01 electrons the high-density portions of the 2mrbital are displacedway
bohr3. Successive ones are0.002, 0.003, 0.005, 0.01, 0.02, 0.03, from the external positive charge. The peak value of the

0.05, and 0.1 au. positivez wing of the polarized 2p density is 2% less than
The 2s density difference has an approximately spherical that of the unpolarized density, but polarization scarcely affects

nodal surface that virtually coincides with the spherical node the peak value of the negatizewing. Only in regions more

of the unpolarized 2s orbital. Outside this sphere, the density than 1.0 bohr from the nucleus is the @2lectron cloud
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Figure 3. Polarized (dashed line) and unpolarized (solid line) neon 2s andi@psities along the axis. Polarization is by &1 point charge at
Z= 4.66 bohr.
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polarized in the direction predicted by classical electrostatics.
In contrast, the outer wings of the 2s density are not displaced
perceptibly in either direction. The classically expected 2s

polarization results from a roughly 4% increase of density in

the positivez wing outside the spherical node and a roughly

4% decrease in the negatizewing.

The 2pr density difference (Figure 1c) is polarized in the
general direction of the external positive charge, but also toward
the z axis. (This density difference is zero everywhere along
thez axis, despite the contour generator’s failure to show this.)

Ne,. The 2s and 1s density differences are less polarized for
Ne; (parts e and f of Figure 2) than for the neon atom polarized
by a +1 charge. The 2s orbitals for these two systems are
polarized in the same direction and are qualitatively similar,

L o
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including the polarization reversal close to the nucleus. The 1s -1 0
orbitals, however, are polarized in opposite directions from each z/bohr from Ne nucleus
other. Figure 4. Density difference contours for orbitals of a Neion

polarized by at1 point charge. The nucleus is at the origin; th&

The only atomic orbitals whose densities change appreciably charge is on the axis at+4.66 bohr. Contour values are as in Figure

as a direct consequence of atomic overlap are the Zpeir
combined density difference is negative throughout the central

half of the internuclear axis. The @mnd 2pr orbitals of Ne those in the corresponding Ne system, except that the signs are

are essentially ynpolarized, qL!ite unlike the corresponding reversed. The 2s density is polarized more strongly iff Xean
orbitals of the point-charge-polarized atom. Instead, the Iargest-in Ne. The magnitudes of the outer extrema of the 2s density

density region of the NeZ2po orbital is increased almost difference are over twice as large in Neas in Ne.

symmetrically, and that of the 2ps symmetrically decreased. . . .
T);le extreme)I/y diffuse densitya?ncrgase of the;/Zqubital is Effects of Electron Correlation. Although individual orbitals

shifted slightly toward the other atom. Positivez2gifference ~ are strictly identical in the MP2 and HartreBock approxima-
contours do not appear in Figure 2c because all are smaller tharfions, the MP2 correlation correction does cause barely notice-
the 0.001 au threshold, but the X in this figure locates the able changes in the contours for total density difference.
maximum density difference. Its value is only 0.0003 au. In point-charge-polarized Ne and ¥e these changes are
Gaussian 94 reports grids of orbital amplitudes to six imperceptible (at the scale of the figures) except in the outermost
significant figures. The resulting fractional errors in density lobes. In polarized Ne, MP2 enhances the density increase in
differences are too small to affect noticeably any contours exceptthe lobe toward the external charge and enhances the depletion
possibly those in Figure 2f for the 1s orbital of N&ven in in the opposite lobe. In polarized Rie MP2 has the opposite
this case, the errors are too small to affect the direction of effect, reducing the magnitudes of both the density increase and
polarization. the depletion. The MP2 effects on Neontours are not easily

Neb+ Polarized by +1 Charge.Figure 4 consists of density ~ Summarized.
difference maps for both occupied orbitals of this system. The MP2 displaces even the outermost contours by no more than
1s density difference contours are almost indistinguishable from 0.09, 0.02, and 0.05 bohr for Ne, e and Ne, respectively.
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"'li"]' TABLE 1: Extrema of 2s Density Differences in Order of
[ 2s + (0.0096)2pz | ] Increasing z
1 - o - N E orbital c density differences (in electron bofy
n / ,’,:'/’ Y ] polarized —0.0205 0.0460 —0.0467 0.0221
N / ’// R4 ] hybrid 0.0089 —0.0191 0.0457 —0.0470 0.0193
C H // i I,’ ] hybrid 0.0096 —0.0205 0.0492 -—0.0508 0.0208
N [ p
ok porhy -
- \ '\‘ VA ‘\ A 1 zintercept of the difference node closest to the nucleu<i®01
L ‘2 o '1' L '(’)' Ll ; L é bohr for the polarized orbital and0.002 bohr for both hybrids.
z/bohr from Ne nucleus Table 1 reports the extreme values of the density difference

Figure 5. Density difference contours for normalized hybrid orbital ~ for the polarized 2s orbital and for hybrid orbitals with two
[2s + (0.0096)2¢ minus the 2s orbital. Orbitals are doubly occupied. Vvalues of the mixing coefficient. The c value 0.0089 gives
The 2s and 2porbitals are those of the unpolarized neon atom. The 2s better approximations to the extrema within the nearly spherical
amplitude is negative at the nucleus. Contour values are as in Figurenode, whereas 0.0096 gives better values for the outer extrema.
1 With eitherc, however, all four values are excellent, especially
since the extrema are values of differences between much larger
_ _ ~density values (Figure 3).

. Figures 1 and 2 show that, in both systems, t_he density 5 hybrid orbital of the form [2p— c2s] gives rise to a density
difference of the 2p subshell has most of the qualitative features difference function (relative to unpolarizedpthat is the exact
of the total density difference. One reason is that the nucleus negative of the density difference of [2sc2p,] relative to 2s
holds 2p electrons less tightly than 2s or 1s. The 2p orbitals are rys g rprising result is easily proved by showing that the sum
therefore more susceptible to disturbances by an external charges ihe two difference functions equals zero.) Thus,,[2p
or a second atom. In addition, only the twoo2rbitals overlap (g 5ggg)25] results in difference contours that are identical
significantly in the diatomic system. A third reason applies solely (except for sign) to those in Figure 5. Close to the nucleus, this

to the atom polarized by an external charge. In this system, thehybrid simulates approximately the polarization of of ther2p

density differences within the nearly spherical node of the i) of the polarized atom (Figure 1d). Everywhere else, it is
distorted 2s orbital are offset to a considerable extent by the polarizedaway from the +1 charge. The more complicated

oppositely polarized 1s differences. In Nenowever, the pattern of Figure 1d has additional sign reversals. Feil's

c_orresponding differences reinforce _each oth_er. These negatiVeperturbation treatmehtan provide a rationale for these outer
differences cause the belt of negative density difference near o arsals and for the inner ones as well.

the nucleus to cross theaxis for the total density difference Feil” used second-order perturbation theory to explain the
even though it does not cross that axis for the 2p subshell density - X P . y 1o exp
occurrence of five sign reversals in the total density difference

difference. . . . .
Ne Polarized by +1 Charge. The total density difference gfﬁa polarized Ne atom.l He pointed IOut rt]hat trgs de?s;]ty
. ; o . . ifference is approximately proportional to the product of the
for this system (Figure 1a) is very complicated. The difference unperturbed 2pand 3s amplitude functions, i.e., the highest

changes sign five times along thauis, the electric field line occupied orbital and the lowest unoccupied orbital that have

that passes through the Ne nucleus.’Rédlo obtained this result the nge svmmetry under the aoplied ex?ernal field. A straiaht-

with Hartree-Fock—Slater calculations. The same number of ymmetry un PP L 9
forward extension of his argument to the density difference of

sign changes in the field direction through the F nucleus (and the 2 orbital would give the same number of sign changes
possibly two more changes in'f) have been reported for HF This correct number would be preserved even if the resulting

5 : . S )
and > subjected to a uniform electric field perpendicular to hybrid orbital involved 2s in addition to 3s contributions, since

the internuclear axis. . . .
The 2s orbital is more polarized than the 1s for several the radius of the 2s node is close to that of the inner 3s node.

reasons. The 2s electrons are freer to respond to an external Analogous mixing of 2p and 3pr orbitals cannot replicate
charge because they are farther from the nucleus and arghe density differences of the polarized2prbital (Figure 1c),
screened from it by the 1s electrons. In addition, the polarized Presumably because of the larger difference between the orbital
2s orbital subjects the 1s electrons to a field that partly offsets €nergies. Such mixing may, however, be responsible for the
the field from the external charge. pronounced _d_en3|ty shift toward tkexis, not just toward the
A surprising feature of the 2pand 2s differences is the region ~ €xternal positive charge.

of reversed polarity close to the nucleus. This feature can be The complicated pattern of 2pdensity differences consists
simulated by a slight hybridization between 2s and 2p orbitals of one polarization within 0.2 bohr of the nucleus, an opposite
of the unpolarized neon atom. The normalized hybrid orbital is polarization out te = +1.0 bohr, and an outermost polarization

in the same direction as the innermost. Though the polarizations

Discussion

(1+ A Y25+ c2p) within 1.0 bohr are in opposite directions, both are due to the

same slight displacements (Figure 3) of the high-density portions

Figure 5, the hybrid’'s density difference map witk= 0.0096, of the orbital. Because these shifts are away from the external

is a good replica of Figure 1e, the corresponding difference map positive charge, they raise the electrostatic interaction energy
for the 2s orbital of the polarized atom. between the 2p charge distribution and the external charge.

The scale of these figures does not do justice to the hybrid What causes shifts in this surprising direction? A lowering of
orbital’s excellent replication of nodes and extrema of the 2s interorbital energy may be responsible. Note (Figure 1) that,
density difference. For the polarized atom and for hybrids with everywhere within 1.0 bohr of the nucleus, thes2giensity
c values of 0.0089 or 0.0096, the nearly spherical node of the difference and the 2s difference have opposite signs. Changes
2s density difference intercepts thaxis at—0.220 andt+0.218 in the 2s density appear to be causing the shifts of the 2p
bohr. These values match almost exactly the radius (0.218 bohr)orbital’s high-density regions. The outer 2s maxima do not shift
of the node in the unpolarized 2s density (not difference). The at all.
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Ne,. Pauli repulsion reduces the electron density of the Ne (Figure 4). The 2s density is polarized more strongly irff'Ne
2po atomic orbitals throughout an extensive overlap region than in Ne because 2s is the outermost orbital dfiN&he 2s
(Figure 2d). This repulsion might have been expected to shift polarization in N&" is strong enough to overwhelm, not just
electron density primarily to the far side of each atom, resulting reduce, the effect of the externatl charge on the 1s orbital.
in dipolar polarization. Instead, the @@lensity increases to  The zero contours in Figure 4b provide further support for this

similar extents in both lobes of the original 2prbital. interpretation. Outside these contours, which crosz tds at
Surprisingly, the largest increase is at the nucleus, in what was=+0.6 bohr, the 1s polarization reverts to the direction imposed
the nodal plane of the original orbital. Therefore, the Pypbital directly by the+1 charge (i.e., positive density difference toward

of Ne; must have some s character even though its densitythe +1 charge, negative difference away from it). Both these

difference map lacks the opposing dipolar polarizations of the outer regions are beyond the outer extrematf@t4 bohr) of

other system’s slightly hybridized 2porbital. the 2s density difference. Similarly, the zero contours in Figure
The density increase of the @prbital crowds the 2p orbital, 2f show that the 1s density difference of Nepositive between

most of which consequently undergoes a density decrease. Thehe maximum of the 2s density difference and the overlap region.

major portion of this decrease is remarkably symmetric. The

compensatory density increase of ther2pbital is extremely Summary

diffuse and is shifted toward the other atom. The X in Figure

2¢ locates the maximum 2pdensity difference. changes in the total density of neon due to an extetriapoint

The 2 density increase and the 2plecrease are together . .
responsible for the patterns of density difference that originate F:harge. As expected, at least the outer region of every orbital

near the nucleus in parts a and b of Figure 2. These patterns gipﬂebﬁﬂir;i;itggjgg;k{ﬁel Cgfgﬁ;&ﬁ%ﬁ:'ﬁ:;@ﬂ%@
positive differences in both directions along theaxis, but PNy P P

negative differences off axisconstitute atomic quadrupolar mm dggteczailgtgaiczlsgr;roarﬁrct)ﬁz ::L?:Iezuss thh;r&%itglo?se' At
polarization. The layer of negative total density difference . ’ LT
extends through the axis because of the negative 1s and 2s polarlz_ed away fr(_)m the_external charge, apparently to diminish
density differences just to the right of the nucleus. rer#Iswe |_ntefractt|ons W]:t?hth? %sl odrblta_lt. h i N

This quadrupolar pattern of the total difference, including € main features ot tne total density change Irp l&ee
crossing of the axis, persists in Nat internuclear distances of quadrupolar po!arlzatlon of each atom and density decrease n
2.5 and 4.0 boh? Ar,2 (at 4.0 bohr) has a similar quadrupolar the overlap region between them. The latter decrease involves
pattern? but its main region of density decrease does not reach olnly ﬂ:e 2w ortn_talﬁ. ‘I_'hethcomp(_ensatqry arf’r]tﬁfeasi.?ﬁcﬁﬁ.
the axis. Separate, much smaller negative regions do cross th@MOst symmetrically in the main region ot this orbital. This
axis on both sides of each Ar nucleus. increase crowds the 2pelectrons and causes a symmetric

The 2s polarization is dipolar, not quadrupolar (Figure 2e). _densny decrea_se in the main region of their orblt_al. The
Overlap repulsion has no effect on the 2s density difference. interrelated 2p increase and 2pdecrease are responsible for
The 2s density is a small fraction of the @plensity in the the quadrupolar polarization. The density decrease in the overlap
overlap region (Figure 3) region exposes the 2s electrons to attraction by the other atom’s

We propose the following explanation for the direction of nucleus. The resulting dipole polarization of the 2s orbital toward

the outer 2s polarization. The other atom attracts the 2s elec'[ronsthls_m_'cIeus polarizes the 1$ orbital in the _opposne d|rec_t|on.
Similarly, an externat-1 point charge polarizes the 2s orbital

of the first atom because the second atom’s nuclear charge is . - o
not fully screened by electrons. The descreening is due to theS® Much more in N& than in Ne that the 1s orbital in Ke
decrease of electron density in the overlap region of the 2p (though notin Ne) is polarized away from thel charge.
orbitals. The same explanation accounts for the shift toward
the second atom by the diffuse density increase of the 2p
orbital. (1) Bader, R. F. W.; Preston, H. J. Tan. J. Chem1966 44, 1131.
The 2s density difference patterns for Nend the point- (2) Bader, R. F. W.; Chandra, A. KCan. J. Chem196§ 46, 953.
charge-polarized neon atom are similar not only in the direction ~ (3) Sebastian, K. L.; Chandra, A. Rramanal979 12, 9.
of polarization but in the presence and size of a reversed-polarity Egg gf,if,ennsé%“fg,ﬁ"ﬁj"@ﬁér‘f',l\&' glgzr;'l';gyig%“ 41 184.
region close to the nucleus. Such a region also appears inthe  (g) stevens, R. M.; Lipscomb, W. N_yChem’. Physl964 41, 3710.
2po density difference of the point-charge-polarized neon atom (7) Feil, D. Phys. Lett. AL98§ 131, 101.
but is missing from the Ne2po difference, which is not dipole s (8) Ahmadi, G. R.; Almld, J.; Rgeggen, IChem. Phys1995 199,

polarized at all (9) Aziz, R. A; S| M. JChem. Phys1989 130, 187
. . . . . . . ziz, R. A.; Slaman, M. em. Phys .
The 1s density of Neis polarized in the opposite direction (10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W..

from the outer 2s polarization.'We attribute this to the electric jonnson, B. G.: Robb, M. A.: Cheeseman, J. R.: Keith, T. A.: Petersson,
field from the polarized 2s orbital on the same atom. In the 1s G. A; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
region, this field is evidently stronger than the opposing field V- G Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

. . Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
from the partially descreened other nucleus. In the point-charge-\yong . w.; Andres, J. L.; Replogle, E. S.; Gomperts, R.. Martin, R. L..
polarized Ne system, however, the 1s and 2s orbitals are bothrox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
polarized in the same direction by the exter#dl charge. This Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision E.2; Gaussian,
charge must be much larger than the effective charge of the';; Pittsburgh, PA, 1995.

. . . o 11) Widmark, P.-O.; Malmqvist, P.-A.; Roos, B. Dheor. Chim. Acta
other nucleus in Ne The evidence for this claim is the fact 19§Q )77' 201, .

that the external charge causes a much larger polarization of (12) Molcas basis sets are available at http://garm.teokem.lu.se/Molcas/
the 2s orbital (compare Figures 1le and 2e) even though theBasis/.

; (13) Labeling of some contours in Figure 3a of ref 6 is inconsistent
external charge is farther away than the second nucleus. with the symmetry. In addition, the field directions in refs 4 and 6, unlike

Ne®* Polarized by +1 Charge. Control of 1s polarization  ref 5 and the present work, are inconsistent with the signs of density
by 2s polarization is also observed in the polarizedNen differences in the outer regions.

Simpler changes in orbital densities underlie the complicated
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