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Abstract: In order to clarify systematic trends of governing outer shape of molecules, isopotential energy contours

of hydrogen and nitrogen molecules as probed by ground-state atoms from H to Ar have been studied. Periodicity
and some interesting patterns have been found for the outer profiles of molecules. When the exchange repulsion
energy is dominant, repulsive walls of potential energy curves show a simple exponential decay with hardness
depending on the ionization potentials. When anisotropic interactions reduce the exchange repulsion energy effectively,
outer shape of molecules probed by atoms are deformed into various forms, even for simple diatomic molecules

such as hydrogen and nitrogen.

1. Introduction

The outer boundary shape of molecules is an important

concept which is widely used in many fields of scientific
investigations. The concept of van der Waals (VDW) radii of
atoms arose from careful analysis of crystal packing #ata.

In the Kihara modet, which has been used for statistical

thermodynamic calculations of molecular systems, the shape

should depend on the kinds of atoms interacting each other. (3)
The VDW surface as the boundary to the probing species should
vary with the relative velocities of collisions in scattering
experiments or with applied external forces such as those exerted
in AFM experiments3

The spherical VDW model has been corrected for anisotropic
effects; nitrogen and oxygen lone pairs were assigned to
substituents with their own parameté®sind the distance to a

of a molecule is associated with a suitable undeformable hard hydrogen atom in a head on approach was defined with an offset

convex core, for instance a regular tetrahedron fos &fd a
thin hexagonal plate for §6ls. Outer shapes of molecules are

also extremely important in understanding chromatographic

retention in analytical chemisttyand also in biophysical
propertie€ The solvent accessible area was defined by Lee
and Richardsas the surface pushed outward from the VDW

surface by a distance equal to the radius of a rolling probe

of the potential center 7.7% into the-Gl bond!! Recently,

in the study of geometrical structures for complexes of some
molecules with Gl and HCI122 which were determined by
microwave spectroscopy it has been suggested that the VDW
radius of the Cl atom in Glis smaller along the Ginternuclear
axis than perpendicular to it. This propensity has been
confirmed theoretically with the aid ddb initio calculations

sphere, and the VDW surface was more precisely defined as¢ ihe Cb + He and HCI+ He systemd2>

the contact surface (part of the VDW surface accessible to a

probe sphered. The VDW surface was further used as the
boundary surface which separates exterior electron densitie
from the interior densities in relation to relative activities of
molecular orbitals in chemi-ionization reactions known as
Penning ionizatiod. There remain, however, the following
serious problems with the VDW radii and VDW surface. (1)
Anisotropy of the VDW radii should be considered when the
chemical structure is highly anisotrogit:1?2 (2) VDW radii
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Another approach for representing outer shape of molecules
is to utilize the sum of pairwise additive potentials. An
Sapplication of this type has been made for copper phthalocyanine
by using Lennard-Jones atomistic potentfalsAlthough such
empirical model potentials as the Lennard-Jones function and
the Morse function have been successfully applied to the
analyses of experimental data for small clustetsas well as
AFM18 and also applied to molecular mechanics calculafi®f,
the nature of interactions is not so simple as the functions might
imply. One of important factors to be considered is the
anisotropy of real potentials, which in general cannot be
expressed by the model functions in a pairwise form. Another
factor completely missing in the model functions is the effect
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Table 1. Electronic States of Interacting Systems To Be Studied (a) 6 =0 (b) 6 =90
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of potential crossing, which possibly yields unusual up and down 100 00

structures in potential energy curves. "2 3 4 5
In the present study, isopotential energy contours of simple 200y RIA

diatomic molecules, b{'=;") and N(*Zg1), are studied byb -300 1

initio calculations using ground-state atoms from H to Ar as a -400

probe characterizing outer profiles of molecules. Systematic -500 .

trends reflecting periodicity and some interesting patterns, which PE e

cannot be adequately modeled by current conventional ap-
proaches using pair-potentials, are found for outer shape of (C) MP2
molecules. The natures of outer profiles of molecules are
discussed in terms of interorbital interactions and periodicity
in electronic configurations.

2. Calculations

Potential energy curves for various directiofisrom the
molecular axis were obtained as functions of the distaRce
between a probe atom and the center of symmetry of a molecule.

Nuclear positions of molecules were fixed at ground-state 01 2 3 01 2 3
experimental geometries. The potential energy along a certain R/A R/A
directionV(R) is obtained from the following equation Figure 1. Potential energy curves &f = 0° (a) and 90 (b) for Nx-
(3Z4") + C(P) calculated by some correlation methods; MP2, (MP4-
_ e (SDTQ) (---), CCSD £ — —), QCISD (~--), and QCISD(T)
V(R =B — Bv — B4 @ (= ---). The distanc& is measured from the center of symmetry of

the molecule. (c) Isopotential energy contours obtained from MP2 and
where Ey, Ea, and Ema are the total energy of the isolated QCISD(T) calculations. Outermost lines are the contours of 50 meV
molecule (M), the isolated atom (A), and the interacting system and thenth lines fi = 2) from the outside correspond to the contours
(MA), respectively. For full counterpoise correctidhsand of (n — 1) x 100 meV.
electron correlation effects, Gaussiarf8&nd 9220 programs
were employed. The effects of electron correlation on the An efficient basis set for calculations of interaction energies
potential energy were carefully investigated fop(y") + have been studiedd. On this basis, augmentation of the standard
CEP) at the MP2, MP4(SDTQ), CCSD, QCISD, and QCISD- diffuse?® and polarizatioff functions was made to split-valence
(T) levels. For a systematic comparison, potential energy type basis sets (5-21G for Li and Be, 4-31G for H, He, and the
calculations were performed at the MP2 level. In order to obtain other first row atoms, 6-21G for Na and Mg, and 6-31G for the
contour maps of the closest position of a probe atom for given other second row atoms). Polarization d functions for the first
potential energies, a number of single paibtinitio calculations ~ and second row atoms are of a six component type. The 5-21G
were performed. Isopotential energy contours were drawn with basis set without diffuse and polarization functions has been
the aid of a spline program on a personal computer. Isopotentialfound to be adequate for Ef.
energy contours or outer shapes of molecules so obtained were For more detailed analysis, the difference of electron densities
fitted to an analytic functional form using a fitting progr&f.  Ap between interacting and isolated systems was also investi-

Interacting systems have @., symmetry for the collinear ~ 9ated; the following quantities were calculated

approach of probe atom® = 0°), Cy, for the vertical 0 =
90°), andC; for the others. Electronic states of the interacting Ap = pya ~ Pv ~ Pa 2)
systems investigated are listed in Table 1.

wherepw, pa, and are the total electron density at a certain
(21) Boys, S. F.; Bernardi, AMol. Phys 197Q 19, 553-566. oM, PA oA y
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Figure 2. Potential energy curves oft42") in interaction with a probe atom from Pg) to Ar(S). The distanc® is measured from the center

of symmetry of the molecule. The angl@srom the collinear direction aré@ = 0° (O), 45° (»), and 90 (x), respectively.
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for Na(*=¢t) + C(CP) calculated by some correlation methods 3.3. Ab Initio Isopotential Energy Contours. In Figures
are shown, respectively. Although well depths for the short- 4 and 5, contour curves of the nearest location of a probe atom
range minima are considerably different fbe= 0°, respulsive are drawn for H(*Z4™) and for N(*=4"), respectively. Thath
parts of all potential curves are almost overlapping, especially lines from the outside correspond to the contours of 100
for 6 = 90°. meV. Each contour curve represents an outer profile of the
Isopotential energy contours based on MP2 and QCISD(T) figid molecule probed by an atom with a certain kinetic energy.
level calculations are shown in Figure 1(c). The short-range  Although hydrogen and nitrogen are simple diatomic mol-
wells were omitted, since the inner wells are not important to ecules, varieties of profiles are found. The profiles exhibit (1)
know the outer shape of a molecule. In Figure 1(c), outer & periodicity related to the electronic configuration and (2)
profiles of nitrogen molecule probed by C atom are qualitatively Several prototypes arising from peculiar interactions depending
similar between MP2 and QCISD(T), although interactions in ©n the directions as well as on the kinds of atomic probes. In
this system are markedly anisotropic among 36 cases. Thus elation to the periodicity, the profiles become larger on going

systematic comparison of outer profiles of molecules were made from the first row to the corresponding second row probe atoms.
at the MP2 level in the present study. This can be ascribed to the difference in the atomic size.

3.4. Functional Form of Repulsive Interaction and
Analytical Fitting for Potential Energy Surfaces. Since
contour curves deform into various forms as can be seen in
Figures 4 and 5, it is important to choose the suitable functional
form for the repulsive interaction. There are two types of typical
functional forms for the short-range repulsive interaction; one
is proportional to the inverse power of distané€l/R"), and
respectively. The following features are commonly found in the other Is a simple exponential functio, gxp(—aR). .
Figures 2 and 3. Param_eters a_nda are a measure of the har_dness in the repulsive

. . . __potential, which can be evaluated from linear dependences of

Q) P(_)tentlal energy curves are almost decreasing functions,, V(R) on the distance iR andR for V(R) > 0, respectively.
of the distanceR. In Table 2, parameter valuesobtained for the energy range

(2) Relative positions of potential energy curves fior 0°, between 100 and 800 meV are listed with the square-root of
45°, and 90 vary depending on the kinds of probe atoms.  the lowest atomic ionization potential®(eV). Itis found that

(3) Potential energy curves for the second row atoms are morethere are the following orders in the magnitude of the steepness
or less similar to those for the corresponding first row atoms. parameters fof = 0° and 90.

3.2. Ab Initio Potential Energy Curves. Calculatedab
initio potential energie¥(R) for fixed angles of§ = 0°, 45°,
and 90 are shown for K(1=g") in Figure 2 and for M1Z4™) in
Figure 3, respectively. Potential energy curves for other angles
such a®) = 22.5 and 67.8 were not shown for the simplicity,
since they are almost simply intermediate between thosé for
= 0° and 45 and between those fof = 45° and 90,
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Figure 3. Potential energy curves of8Z4") in interaction with a probe
of symmetry of the molecule. The anglésrom the collinear direction

alkali metal (/IP: 2.26-2.32)<
alkaline earth metah(IP: 2.76-3.05)

<H (/IP: 3.69) and Group 15(IP: 3.24-3.81)<
rare gas{/IP: 3.97—4.96)

atom from Pg) to Ar(!S). The distanc® is measured from the center
aré@ = 0° (O), 45° (»), and 90 (x), respectively.

are not appropriate. Therefore, the Lennard-Jones type repulsive
term of 1R" is not suitable for describing outer profiles of
molecules.

Based on these findings, we propose the following function
including Legendre polynomialB;(cos #) for global potential
energy surface¥(R, 6).

Since electron exchange repulsion depends on the extent of

overlapping between the wave functions, these orders can be
ascribed to radial asymptotic decay of the wave functions, which

are simply related to the square-root of the low#3g”28
Electron distributions for rare gas atoms (high atoms) are
more compact than those for alkali and alkaline earth metal
atoms (lowlP atoms), and the square-root of atortficvalues

V(R,6) = Pi(coso)V(R)
i=0,2,4,6,8

3)

Vi(R) = A exp(-aR) + B, exp(-bR’) cos¢R)  (4)

Here, A, &, Bi, b, and ¢ are parameters to be determined.

vary in good accordance with the above order of the steepnessPotential energy functions for fixed anglégR) consist of two
parameters, as shown in the parentheses. The same order fdierms to represent unusual structures in potential energy curves;

Hao(*=Zg") and Ny(*Z4™) is partly because their moleculdiP
values are nearly the same and also partly beclis@alues
for probing atoms vary to a large extent from 5 to 25 eV.
On the other hand, the parametardepend on the kind of
molecules to lead larger values fop("y™) (3.91—-11.94) than
those for H(*Z4") (3.18-8.40) and also on the directions to
yield larger differences betweeh= 0° and 90 (0.01—3.14)
than those for parameters (0.01-0.67). Since a typical
functional form of attractive term is R, repulsive parameter
values of smaller than 6, such as 3.18 fa('H") + Li(2S),

(27) (&) Ahlrichs, R.Chem Phys Lett 1973 18 521-524. (b)
Hoffmann-Ostenhof, M.; Hoffmann-Ostenhof, Phys Rev. A 1977, 16,
1782-1785. (c) Hoffmann-Ostenhof, T.; Hoffmann-Ostenhof, M.; Ahlrichs,
R. Phys Rev. A 1978 18, 328-334.

(28) Katriel, J.; Davidson, E. Reroc. Natl. Acad Sci U.SA. 198Q 77,
4403-4406.

the first is pure repulsive part and the second is decreasing with
oscillation. Parameter values obtained from analytic functional
fitting and root mean square (rms) errors for contour curves
(ARmy are listed for H(*=g") in Table 3(a) and for B(*Z4")

in Table 3(b), respectively. Since the boundary shapes or
contours at certain potential energies are noted in the present
study, the standard errors in the calculated shapes are shown as
ARmsin the unit of distance. Vanishing contributions of higher
order terms are not retained in the table, although the Legendre
expansion has been taken into account to the eighth order.

As can be seen in Figure 6 (parts a and b), contour curves
give good agreement betweet initio calculation (a) and
functional fitting (b). Although in eq 3 expanded terms were
taken into account to the eighth orders, contributions of the sixth
and eighth order terms were found to be negligibly small. In
some cases, higher order terms were set equal to zero in the
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Figure 4. Ab initio isopotential energy contours obfZ,") in interaction with a probe atom from Pg) to Ar(!S). Thenth lines from the outside
correspond to the contours ofx 100 meV.

Table 2. Parameter ValuesafA~2) Fitted by the Repulsive
Functional FormV(R) = A exp(—aR) and the Square-Root of the
Lowest Atomic lonization Potential$R/eV)

When the repulsive interaction with a probe atom is mainly
dominated by the overlap between wave functions, outer profiles
of molecules are expected to be similar to the total electron

H('2g") N('Zg") density distributions. However, outer shapes of molecules

0=0° 0=90 0=0° 0 =90 JIP probed by atoms are not so simple as those predicted from the
H 234 260 205 289 3.69 ele.ctron (?Ii;tributions, as can be seen in Figures. 4 and 5.
He 3.58 3.60 3.83 3.80 4.96 Anisotropic interaction reduces the exchange repulsion energy
Li 1.74 1.43 a 1.47 2.32 effectively to deform outer profiles of molecules into various
Be 2.34 2.19 2.26 2.51 3.05 forms.
B 2.40 a a 2.49 2.88 o imol . | | . .
C 268 a a 318 336 ne simple way to construct intermolecular interaction
N 3.18 3.25 3.57 3.53 3.81 potential functions is to utilize sitesite potential®? in which
O 3.04 3.33 4.05 3.60 3.69 a molecule is regarded as being composed of a number of
F a 2.59 4.45 3.83 4.17 independent sites interacting with similar sites in neighboring
Ne 3.71 3.54 3.95 3.91 465  molecules
Na 1.89 1.69 a 2.49 2.26
Mg 2.25 2.00 2.14 2.22 2.76
Al 2.30 2.31 2.29 a 2.45 V(R) = zvij(Rij) (5)
Si 2.83 3.18 3.37 2.70 2.86 ]
P 2.76 2.79 3.07 3.05 3.24
S 2.68 3.01 3.46 3.15 3.22 Bij
cl 2.49 3.09 4.05 3.39 3.61 V;(R)) = Ay exp(-a;R;) — — (6)
Ar 341 3.36 3.68 3.68 3.97 Rij

a Potential curves show points of inflection or up and down structures.

i . whereAy;, aj, andB;j are characteristic parameters between sites
final parameter sets when they were clearly negligible. As j andj. Outer profiles of hydrogen molecule estimated from
shown in Table 3ARmswere found to be smaller than 0.16 A this potential using parameter values in refs 30 and 31 are drawn
Oscillating terms in eq 4 were found to be negligible in many  for some atomic probes in Figure 6(c). Thid lines from the

cases. Since fitting procedures were performed for an energy g tside correspond to the contourshot 100 meV. It is found
range between 0 and 1000 meV, fitted potential functions can

thus be used in this energy range including thermal energies.
4. Discussion

4.1. Comparison of Outer Profiles of Molecules Predicted
from the Total Electron Density and the Site-Site Potential.

(29) Righy, M.; Smith, E. B.; Wakeham, W. A.; Maitland, G. The
Forces between Molecule€larendon: Oxford, 1986.

(30) Scott, R. A.; Scheraga, H. A.Chem Phys 1965 42, 2209-2215.

(31) Abe, A.; Jernigan, R. L.; Flory, P. J. Am Chem Soc 1966 88,
631-639.
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Figure 5. Ab initio isopotential energy contours ob{{,") in interaction with a probe atom from Pg) to Ar(!S). Thenth lines from the outside
correspond to the contours ofx 100 meV.

that outer profiles obtained with pair-potentials of exp-6 (Figure
6(c)) cannot adequately represent the variety of outer profiles
of molecules (Figure 6(a)). Therefore, it is necessary to perform

ab initio calculations in order to characterize the outer shape of H 28
molecules. (<S)

4.2. The Outer Profiles of Molecules Probed by Atoms.
Obtained profiles in Figures 4 and 5 are considered to represent
the intrinsic flexibility of molecular surfaces with the molecular
skeletons being fixed. It should be noted that some of them 3p)
are different from those expected by Lennard-Jones potentials
usually used in molecular mechanics calculati®i%or those
simply approximated by spheres of VDW radii widely employed
in molecular modeling calculatiorfs.

Figure 7 shows typical forms of the profiles for homonuclear 3p)
diatomic molecules. The most typical form is the type 1 (prolate
form) which is a prolate sphere with a long axis along the
chemical bond. The type 2 (sphere form) is considered to be a
deformed form of the standard prolate form by shrinkage along
the bond axis. The type 3 (oblate form) appears by further F(2P)
shrinkage along the bond axis. The type 4 (dent form) can be
produced when shrinkage occurs more locally along the bond =
axis. This form is double-dented like an apple. The type 5 o 1 2A
(waist form) is, on the other hand, to be produced by circular Figure 6. Isopotential energy contours forfg") + H(*S), C¢P),
shrinkage at right angles around the bond axis. Waist form OCP), and FP) byab initio calculation (a), functional fitting (b), and
looks like a shell of peanuts. The type 6 (lemon form) may site—site potentials (c). Theth lines from the outside correspond to

. . the contours oh x 100 meV.

appear by local shrinkage at oblique angles around the bond
axis. Lemon form is like a spindle. The causes of the above N, O, F, Ne, P, S, Cl, and Ar (Figure 5). This tendency can
various shapes being produced are individually discussed below.also be seen in Figures 2 and 3, where potential energy curves

4.2.1. Prolate Form. Prolate forms being longer for the for 6 = 0° are mostly displaced to the longer distance with
molecular bond axis as the standard form of diatomic molecules respect to those f& = 90°. The elongated shapes of molecules
are seen for blwith Li and Na (Figure 4) and Nwith H, He, along the bond axis are a result of ordinary electron exchange
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Table 3. Parameter Valueg\ a;, Bj, b, andc) and Root Mean Square ErrorARms)? Obtained from the Functional Fitting of Eqs 3 and 4

to the Potential Energy Surfaces of (&) and N (b)®

i AileV a/A-t B/eV  bi/A-2 /Al ARmJA i AleV a/A-t BleV  bl/A2 /Al ARmJA
(@) H(*=g")
H 0 20.72 2.359 0.0 Ne O 167.4 3.016 0.0
2 —1.985 193.5 0.0 0.0230 2 16.73 2.667 0.0 0.0462
He 0 207.6 3.520 0.0 Na O 61.13 2.223 0.0
2 31.02 3.270 0.0 0.0055 2 18.33 2.188 0.0 0.1138
Li O 25.50 2.025 0.0 Mg O 97.60 2.191 0.0
2 10.27 2.042 0.0 0.1563 2 5.552 1.782 0.0 0.0371
Be 0 64.42 2.186 0.0 Al 0 81.17 2.442 0.0
2 7.615 2.553 0.0 0.0201 2 36.72 2.188 0.0 0.0272
B O 91.52 2.746 15.52 1.478 0.7098 Si 0 126.3 2.987 0.0
2 2.613 1.446 -—1.655 0.7529 0.6727 0.0184 2 41.59 2.334 0.0 0.0375
cC O 40.20 2.725 11.76 1.586 0.4821 P 0 109.8 2.249 0.0
2 31.62 2.815 —13.02 2.127 0.6564 2 2.985 2.249 0.0 0.0632
4 —0.3080 54.05 —4.351 1538 1.897 0.0178 S 0 118.7 2.479 0.0
0 109.3 2.670 0.0 2 8.045 2.000 0.0 0.0419
2 4,108 2.256 0.0 0.0486 ClI O 101.6 2.656 0.0
O O 85.32 2.858 0.0 2 0.7928 1.047 0.0 0.0258
2 1.868 1.471 0.0 0.0364 Ar O 553.0 3.065 0.0
F 0 25.66 2.589 76.55 2.387 0.4566 2 9.861 2.106 0.0 0.0301
2 12.68 2.332 53.07 1.804 0.4580
4 —0.6377 23.30 19.87 2.812 0.0003 0.0264
(b) Nx(*Z4")
H O 135.4 2.577 0.0 Ne O 117.9 2.219 0.0
2 63.43 2.296 0.0 0.0491 2 93.13 2.203 0.0 0.1258
He O 114.2 2.420 0.0 Na 0 43448 2.723 41.92 0.4271 0.3156
2 93.00 2.394 0.0 0.1020 2 1057.6 10.92 117.4 0.4418 0.1437
Li O 560.4 2.641 —-16.17 0.4109 0.1593 4 196.4 1.710 38.89 0.3160 0.2033 0.0007
2 189.3 2.875 33.93 0.6406 0.2425 Mg 0 1184.7 2.9691.853 0.2395 0.3303
4 10.69 1.903 7.539 0.5740 0.2548 0.0019 2 500.7 2.502 7.013 0.4140 0.4067
Be 0 14254 3.353 —12.42 0.4489 0.2747 4 175.9 2.685 0.1014 4.392 0.1006 0.0364
2 448.7 2.941 —14.12 0.4272 0.1958 Al 0 858.6 3.375 7.229 0.4083 0.0011
4 122.6 10.49 0.7419 0.2920 0.0031 0.0002 2 342.4 2.790 17.07 1.220 0.0223
B 0 621.4 2.849 572.1 1.346 0.2662 4-158.3 14.27 —-55.54 0.7821 0.1029 0.0001
2 18.53 1.785 0.9721 5.672 0.1234 Si 0 837.6 3.023 752.2 1.831 0.0000
4 —94.37 22.24 61.81 0.8843 0.5913 0.0532 2 75.71 155.6 115.0 0.9131 0.1876
cC O 887.7 3.339 1156.9 1.744 0.2662 4—99.02 1.982 —54.69 0.5814 0.2554 0.0013
2 —23.67 5965. 1110.7 1.977 0.2561 P 0 1007.8 2.596 0.0
4 —110.3 3.540 1229 1.162 0.6516 0.0508 2 994.9 2.688 0.0 0.0534
N O 105.8 2.067 0.0 S 0 1017.3 2.731 0.0
2 99.02 2.181 0.0 0.1333 2 994.5 2.796 0.0 0.0542
O 0 105.7 2.209 0.0 Cl 0 1009.4 2.881 0.0
2 99.28 2.289 0.0 0.1227 2 996.3 2.977 0.0 0.0612
F O 130.5 2.460 0.0 Ar 0 1000.0 2.693 0.0
2 92.48 2.441 0.0 0.1059 2 1000.0 2.737 0.0 0.0746

2 Obtained from the data in the energy region of 3800 meV.P For each atom, the values of zeio< 0) and second order € 2) are listed.
The values of fourth ordeii & 4) are also listed when they are not negligible.

interactions, which can be compared with the total electron
density distributions of molecules.

4.2.2. Sphere Form. Sphere forms are found forzHbrobed
by H, He, Be, N, Ne, Mg, P, and Ar (Figure 4). Correspond-
ingly, potential energy curves fér= 0°, 45°, and 90 in Figure
2 are nearly identical. Sphere form can also appear when
shrinkage occurs along perpendicular directions for an oblate
form; an example can be seen fog With Li at ca. 480 meV
(Figure 5). The cause of the round profiles ofisithe smaller
repulsive interaction fof = 0° than those fof) = 90°, because
the antibonding molecular orbital ofidan reduce the repulsive
interaction energy between,Hand a probe atom when the
geometry is collinear = 0°).

4.2.3. Oblate Form. An oblate form is found for N with
Li at ca. 106-400 meV (Figure 5). The potential energy curve
for & = 0° has a point of inflection and is considerably deformed
from the exponential form with respect to that fér= 90°
(Figure 3). These unusual forms for, With Li are due to
peculiar interactions of 2s and 2p orbitals in the probe atom
with occupied orbitals in the molecule.

An analysis of difference in electron densities between the
interacting and isolated systems provides a clear vision. Figure

8(a) shows the difference electron density contour mgpniap)
for N, + Li in a collinear geometry aR = 3.0 A. Dotted lines
indicate thatAp is negative (electron densities for interacting
systems decrease in comparison with those for summations of
electron densities for isolated systems). Contourapef= 0
are drawn by dashed lines. Thh lines from the O-lines
correspond to]Ap| = 21 x 5.0 x 107% au3. Electron
densities between Nand Li decreases, which brings repulsive
forces between them. It is of note that the electron densities
are considerably increased in the outward regions around the
Li atom. This is clearly due to conversion of the 2s electron
into an sp hybrid.

The 2s-2p hybridization for N + Li is highly anisotropic,
and the extent of 2p mixing for collinear directiof € 0°) is
considerably larger than those for vertical directi@r=90°).32
The sp hybridization effect common in alkali and alkaline earth
metal atoms is the most remarkable for Li due to the smallest
nsp (n = 2) energy separations; the separation becomes larger
for alkaline earth metal atoms (2.7Q.73 eV) than for alkali
metal atoms (1.842.11 eV).

(32) Ohno, K.; Takami, T.; Mitsuke, K.; Ishida, J. Chem Phys 1991
94, 2675-2687.
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(1) Prolate form  (4) Dent form (a) — Ap>0
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(2) Sphere form  (5) Waist form
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Figure 7. Prototypes of the profiles for homonuclear diatomic
molecules. (1) Prolate form, (2) sphere form, (3) oblate form, (4) dent

form, (5) waist form, and (6) lemon form. Arrows indicate anisotropic Figure 8. Difference electron density contour maps. Contouraof
interactions reducing exchange repulsions. = 0 are drawn with dashed lines. Thih dotted Ap < 0) or solid

lines (Ap > 0) from the O-lines correspond {p| = 2" x 5.0 x

. . 105 au® (a) No(t=,") + Li(%S) for0 = 0° atR= 3.0 A. (b) N>
4.2.4. Dent Form. A typical example of dent form is found (1,%) + CCP) for 0 il 0° atR=1.84 A. (c) H(Z") + CCP) for 0

for N2 with C at higher energies larger than 400 meV (Figure g sigr= 15 A, (d) H(1Ss") + F@P) for6 = 0° atR = 1.53 A.
5). Potential energy curves 6f=0°for N+ Cand N + B

in Figure 3 show minima at short distancesP& 1.84 and
2.05 A, respectively. The appearance of this form is attributed
to a strong donative interaction ofiomo in the molecule with

a probe 2p orbital in the collinear direction.

As shown in Figure 8(b), the\p map for the potential
minimum reveals a considerahbeelectron donation from the
HOMO of o-type (GHomo) in N2 to the vacant 2porbital on C
atom and a small amount afback-donation from 2pand 2g
orbitals to ther ymo in N2. This overwhelming importance of
the o donation over ther back-donation is consistent with the

absence of respective potential minima for N Al (6 = 0°) . ) )
and N, + Si (8 = 0°) in Figure 3, since the 3p levels of Al and 4.2.7. Other Characteristic Profiles. In the case of Nwith

Si are much higher than the 2p level of B to result in the much Al attractive interactions reducing the exchange repulsion
smallero donation. energy are involved at both= 0° and 90, which can be related
with both the dent form and the waist form. In this case, the
back-donation to ther yumo rather thans electron donation is
superior due to the much higher 3p level than the 2p level of

reduces the electron donationtp, (n > 2) orbital, potential B. This is responsible for the appearance of the deformed

energy curves o = 0° for H, with Group 13 and Group 14 structure for N + Al (6 = 90°).
atoms are very similar, without minima at short distances in  In the case of b+ F (6 = 0°), a short-range potential well
Figure 2. is found atR = 1.53 A. This unusual structure can be compared
4.2.5. Waist Form. An example of waist form is found for ~ With those for N + C (6 = 0°) in Figure 3and K+ C (6 =
H, with C at higher energies larger than 300 meV (Figure 4). 90°) in Figure 2, |n_wh|ch electron d_onatlon from the molecule
Unusual behavior in the profiles is more clearly seen in Figure 0 the probe atom is remarkable (Figure 8 (parts b and c)). The
2; the curve fo® = 90° has a point of inflection aR ~ 1.5 A. Ap map for b + F (6 = 0°) at R= 1.53 A in Figure 8(d)
An inadequately deformed form toward waist form can be seen Shows also marked electron donation from th@wo orbital
for H, with B at higher energies (Figure 4). For Mith Al to the singly occupied 2Zporbital. The preference of the
and Si (Figure 4), prolate forms toward waist forms are perpendicular geometry (the T-shaped structure) in the short-
considered to be seen. The interaction leading to waist form is range interactions for #+ B and K + C can be attributed to
also attributed to a strong donative interactiorogbuo in the the presence of the bonding electron in thetbital including
molecule with a probe 2p orbital in the perpendicular direction. an inplane p orbital in contrast to the electron configuration for
The Ap map forR = 1.5 A reveals a considerabteelectron the collinear geometry. On the other hand, for-HF, the 2p
donation from thesyomo in Hz to the vacant C 2porbital in level of the F atom becomes very deep to make the bonding
Figure 8(c). The importance of the donation effect ofdhemvo contribution of the b orbital ineffective due to the increased
is consistent with the absence of respective unusual structuresnergy gap betweet ymo and 2p levels. Therefore, the ionic
for H, + Al (6 = 90°) and H + Si (6 = 90°) in Figure 3. interactions including inductive effects are considered to become

4.2.6. Lemon Form. Some examples to be assigned as
lemon forms are found for Nwith Na, Be, and Mg (Figure 5).
Separations of corresponding potential energy curves between
6 = 45° and 90 are considerably narrowed (Figure 3). Inthese
cases, a back-donative interaction of the pnabé > 2) orbital
with 7 .umo in the molecule effectively occurs at oblique angles,
because ther .uwo has nodal planes #& = 0° and 96. The
specific effect of ther ymo aroundd = 45° is remarkable for
the low IP probes of alkali and alkaline earth metal atoms,
although for Li atom the 2s2p hybridization is dominant.

While in the collinear interaction with Hmolecule,np, and
npy (N = 2) orbitals on probe atoms cannot interact witlbmo
andoywo in Hy. Since the back-donative contributionafyvo
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more effective in connection with the more polarizable geom-  (2) When the exchange repulsion energy due to antibonding

etry. electrons is dominant, repulsive walls of potential energy curves
4.3. Flexibility of Molecules. Mechanical deformation of  show a simple exponential decay with hardness depending on

molecules has been studied by molecular mechanics calculathe ionization potentials. This means that repulsive parts of

tions1%20 Flexibility of molecules in interacting with other  potential functions are not the Lennard-Jones type but the pure

systems can be classified into two types: one is related to theexponential type.

internal deformation of molecular skeletons and the other is  (3) \When anisotropic interactions reduce the exchange

related to the nature of molecular surfaces. In molecular yepylsion energy effectively, outer shapes of molecules probed
mechanics calculationt$° the former type flexibility of  py atoms are deformed into various forms. Even for homo-
molecules is taken into account by internal force fields related p,clear diatomic molecules such as hydrogen and nitrogen,
to molecular vibrations, while the latter type flexibility of  seyeral types of interesting shapes have been found: pure sphere
molecules is approximated by pair-potentials such as Lennard-fgrm being produced by shrinkage along the long axis of the
Jones potentials. In order to elucidate the latter type flexibility prolate form, oblate form being longer in the perpendicular
(nonreactive flexibility) of molecules, molecular geometries gjrection with respect to the chemical bond, axially dented form
were fixed at the ground-state structures in the present study.jike an apple, waist form like a shell of peanuts, and lemon

5 Conclusion form shrunk at oblique angles.
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