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AIM dual parameter analysis is proposed for the better understanding of weak to strong interactions: Total
electron energy densities (Hb(rc)) are plotted versus Laplacian of electron densities (∆Fb(rc)) at bond critical
points (BCPs). Interactions examined in this work are those in van der Waals adducts, hydrogen bonded
complexes, molecular complexes and hypervalent adducts through charge transfer (CT) interactions, and some
classical covalent bonds. Data calculated at BCPs for the optimized distances (ro), together with ro - 0.1 Å,
ro + 0.1 Å, and ro + 0.2 Å, are employed for the plots. The plots of Hb(rc) versus ∆Fb(rc) start from near
origin (Hb(rc) ) ∆Fb(rc) ) 0) and turn to the right drawing a helical stream as a whole. The helical nature is
demonstrated to be controlled by the relative magnitudes of kinetic energy densities (Gb(rc)) and potential
energy densities (Vb(rc)), where Gb(rc) + Vb(rc) ) Hb(rc). Requirements for the data to appear in the specified
quadrant are clarified. Points corresponding to the data will appear in the first quadrant (∆Fb(rc) > 0 and
Hb(rc) > 0) when -Vb(rc) < Gb(rc), they drop in the forth one (∆Fb(rc) > 0 and Hb(rc) < 0) if -(1/2)Vb(rc)
< Gb(rc) < -Vb(rc), and they appear in the third quadrant (∆Fb(rc) < 0 and Hb(rc) < 0) when Gb(rc) <
-(1/2)Vb(rc). No points will appear in the second quadrant (∆Fb(rc) < 0 and Hb(rc) > 0). The physical meanings
of the plots proposed in this work are also considered. The helical nature of the interactions in the plots helps
us to understand the interactions in a unified way.

Introduction

Weak interactions are of current interest1-11 since they
determine fine structures of compounds and create high func-
tionalities of materials, whereas strong bonds such as classical
covalent bonds set up the skeleton of molecules. Weak interac-
tions play an important role in physical, chemical, and biological
sciences, such as in the crystal engineering for material
development,12 donor-acceptor complexes for electronic ma-
terials,13 supermolecular chemistry,14 and stabilization and
activity of biological materials.15,16 Investigations successfully
utilizing weak interactions are increasing; however, it is still of
high importance to clarify the cause-and-effect in the phenomena
arising from weak interactions with physical necessity. We
searched for the method to evaluate and classify weak interac-
tions, together with strong interactions, for better understanding
the interactions.

Bader proposed the atoms-in-molecules method (AIM),17-19

which enables us to analyze the nature of chemical bonds and
interactions.20-25 Some criteria have been proposed to analyze
chemical bonds and interactions based on AIM parameters at
bond critical points (BCPs: rc).17,18 Electron densities at BCPs
(Fb(rc)) are strongly correlated to the binding energies for several
types of bonding interactions.26-33 The bond order (BO)
corresponds to the strength of a chemical bond: BO is correlated
to Fb(rc) by BO ) exp[A(Fb(rc) - B)], where A and B are
constants which depend on the nature of the bonded atoms.18

Fb(rc) are shown to be larger than 0.20 a.u. in shared-shell
bondings and less than 0.10 a.u. in closed-shell interactions for
typical cases.18

Laplacian of Fb(rc) (∆Fb(rc)) is the second derivative of Fb(rc),
therefore, the sign indicates that Fb(rc) is depleted or concentrated
with respect to the surroundings. The Fb(rc) value is locally
depleted relative to the average distribution around rc when
∆Fb(rc) > 0, but it is concentrated if ∆Fb(rc) < 0. As a general
rule, ∆Fb(rc) are negative for covalent bonds, whereas they
become positive when the bonds contain the ionic nature. On
the other hand, the total electronic energy densities at BCPs
(Hb(rc)) will be a more appropriate index for the weak
interactions on the energy basis.16-18 As shown in eq 1, Hb(rc)
are the sum of the kinetic energy densities (Gb(rc)) and the
potential energy densities (Vb(rc)) at BCPs. Equations 2 and 3
represent the relations between Hb(rc) and ∆Fb(rc). Hb(rc) are
larger than (p2/8m)∆Fb(rc) by (1/2)Vb(rc), where Vb(rc) must be
negative at all BCPs. Consequently, Hb(rc) are negative for
covalent bonds with ∆Fb(rc) < 0 whereas Hb(rc) will be positive
for ionic bonds when ∆Fb(rc) > 0, although (1/2)Vb(rc) must be
considered. There should exist some region where Hb(rc) < 0
but ∆Fb(rc) > 0 at BCPs. Scheme 1 summarizes the behavior
of the AIM functions. The combined use of the functions will
clarify the behaviors of weak to strong interactions. Relative
magnitudes of Gb(rc) and Vb(rc) would control the behaviors.33a
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SCHEME 1: Behaviors of Some AIM Functions at
BCPs: Gb(rc), ∆Gb(rc), and Hb(rc)
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Hb(rc))Gb(rc)+Vb(rc) (1)

(p2/8m)∆Fb(rc))Gb(rc)+ (1/2)Vb(rc))Hb(rc)- (1/2)Vb(rc)

(2)

Hb(rc)) (p2/8m)∆Fb(rc)+ (1/2)Vb(rc) (3)

We are very interested in extended hypervalent bonds [m
center-n electron bonds (mc-ne: m g 4)]2b higher than 3c-4e.
Five C-Z---O---Z-C (Z ) O, S, and Se) atoms in 1,8-
bis(methylchalcogena)anthraquinones (A) and 9-methoxy-1,8-
bis(methylchalcogena)anthracenes (B) align linearly.34 The linear
C-Z---O---Z-C interactions are analyzed by the extended
hypervalent 5c-6e model.2a To clarify the nature of the C2Z2O
5c-6e, the Z---O interactions are examined based on the AIM
parameters at BCPs: Hb(rc) were plotted versus Fb(rc) for A and
B, together with some weak interactions.35 The plot was
observed to bend at the border area between van der Waals
interactions36 and hydrogen bonds.37 We wondered if this must
show the critical difference between van der Waals interactions
and hydrogen bonds.

The AIM dual parameter analysis is examined: Hb(rc) are
plotted versus ∆Fb(rc) for weak to strong interactions after the
treatment of Hb(rc) versus Fb(rc): The treatment of Hb(rc) versus
Fb(rc) is correlated to that of ∆Fb(rc) versus Fb(rc) by Woźniak.38

Scheme 2 shows weak to strong interactions examined in this
work: van der Waals interactions (vdW), hydrogen bonds (HB),
charge transfer (CT) in molecular complexes (CT-MC), and CT
in hypervalent trigonal bipyramidal adducts (CT-TBP). Some
classical covalent bonds of weak (Cov-w) and strong ones (Cov-
s) are also examined. Marks with colors in Scheme 2 correspond
to those in the plots. While BCPs in weak interactions are
described by --/--, those in covalent bonds are described as -/-.

Here, we propose the AIM dual parameter analysis that
consists of the plot of Hb(rc) versus ∆Fb(rc), for better
understanding the weak to strong interactions. Indeed, Hb(rc) is
closely related to ∆Fb(rc), but the difference between the two
must play an important role in the plots. The method will supply
a powerful tool to understand, evaluate, and classify the
interactions.

Methodological Details. Molecules and adducts in Scheme
2 are optimized employing the 6-311+G(2df,2p) basis sets of
the Gaussian 03 program.39 The 6-311G(2df,2p) basis sets are
employed for Ar and Kr and the DGDZVP basis sets for Te
and I. The Møller-Plesset second order energy correlation
(MP2) level is employed for the calculations.40

The X-Y bond lengths (r(X, Y)) in question are optimized
to give ro(X, Y) ()ro). Optimizations are further performed with
the fixed bond lengths r(X, Y) ()r) around the optimized values
(ro), to clarify the trends of interactions.41,42 The r(X, Y) value
is fixed to be shorter than ro(X, Y) by 0.1 Å and longer than
ro(X, Y) by 0.1 and 0.2 Å for each: r(X, Y) ) ro(X, Y) + 0.1n
where n ) -1, (0), 1, and 2.43 Scheme 3 shows BCP (rc, /)
and the bond lengths (r(X, Y)) employed for the calculations.42,44

AIM parameters are calculated with the Gaussian 03 program
and analyzed employing the AIM2000 program.45

Results and Discussion

Table 1 collects AIM parameters, such as ro(X, Y), Fb(rc),
∆Fb(rc), Hb(rc), Gb(rc), and Vb(rc), for some typical interactions
in Scheme 2, calculated at the MP2 level. The parameters for
those containing Te, F, and I are collected in Table S1 of the
Supporting Information (SI).

SCHEME 2: Interactions Examined in This Worka,b

a BCPs in weak interactions are described by --/-- and those in
covalent bonds as -/-. The marks and colors correspond to those in
the plots. b The fr and op bonds are frozen and optimized at r ) ro +
0.1n Å (n ) (1 and 2), respectively.

SCHEME 3: Bond Critical Point (BCP, rc, /) for
Adducts and Molecules with Fixed r(X, Y) Values for
Further Optimization Where ro(X, Y) Are Full Optimized
Values
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It is instructive to explain the outline of the AIM dual
parameter analysis before the treatment of the interactions by
this method. Trihalide ions (X3

-: X ) Cl and Br) are employed
for the pre-explanation of the treatment, since X3

- supply a
suitable system for the calculations under the variously fixed
r(X, X).

Survey of AIM Dual Parameter Analysis. Optimized
structures of trihalide ions (Cl3

- and Br3
-) have D∞h symmetry

with ro(1X, 2X) ()ro) ) 2.292 and 2.570 Å, respectively (Table
1). They are further optimized under the fixed values of r ) ro

+ 0.1n Å with n ) -5, -4, -3, -2, -1, (0), 1, 2, 3, 4, 5, 7,
9, 11, 13, 15, 25, 35, 45.46 The ions can be expressed by
1X-2X----3X- for n < 0 and 1X-----2X-3X for n . 1. The
plots of ∆Fb(rc) and Hb(rc) versus r(1X, 2X) for Cl3

- and Br3
-

(and F3
-) are shown in Figure S1 of the SI. The plots of Hb(rc)

versus Fb(rc) for Cl3
- and Br3

- (and F3
-) are shown in Figure

S2 of the SI.
Figure 1 shows the plots of Hb(rc) versus ∆Fb(rc) for Cl3

-

and Br3
-. Data corresponding to the optimized structures are

shown by stars (f). While ∆Fb(rc) of Cl3
- and Br3

- are both
positive, Hb(rc) are both negative at ro (Table 1). The origin of
Figure 1 corresponds to ∆Fb(rc) ) Hb(rc) ) 0 ()Fb(rc)), where
the 1X----2X interactions in 1X----2X-3X are extremely weak
with very large r(1X, 2X).

As shown in Figure 1, the plots of Hb(rc) versus ∆Fb(rc) give
helical figures for both Cl3

- and Br3
-. The plots start substan-

tially from the origin (∆Fb(rc) ) Hb(rc) ) 0 ()Fb(rc))). Hb(rc)
grow larger as the interactions become stronger and they reach
maxima where the plots bend. Then Hb(rc) decrease to negative
via zero whereas ∆Fb(rc) become larger for a while. The second
bending points in the plots appear at ∆Fb(rc) being maxima,

where Hb(rc) < 0 but ∆Fb(rc) > 0. After the second bending,
∆Fb(rc) decrease to negative via zero, while Hb(rc) decrease more
and more. Both Hb(rc) and ∆Fb(rc) are negative and decrease
monotonically at the final stage of the plots. As a result, the
plots turn to the right helical curves.

Why do the plots of Hb(rc) versus ∆Fb(rc) curve helically?
What mechanism causes such behavior? The next extension is
to examine the weak to strong interactions by AIM dual
parameter analysis.

AIM Dual Parameter Analysis of Weak to Strong Inter-
actions. Figure 2 shows the plots of Hb(rc) versus ∆Fb(rc) for
weak to strong interactions in Scheme 1 and/or Table 1,

TABLE 1: AIM Parameters for van der Waals Interactions (vdW), Hydrogen Bonds (HB), Molecular Complexes (MC),
Trihalide Ions (X3

-), Chalcogenide Dihalides of TBP Structures (TBP-ZX2), Together with Weak (Cov-w) and Strong Covalent
Bonds (Cov-s)a

species X---Y (BCP) ro(X, Y) (Å) Fb(rc) (ea0
-3) ∆Fb(rc) (ea0

-5) Hb(rc) (a.u.) Gb(rc) (a.u.) Vb(rc) (a.u.) comment

He---HFb He · · ·H 2.3562 0.0032 0.0143 0.0009 0.0027 -0.0018 vdW
Ne---HFc Ne · · ·H 2.2891 0.0069 0.0338 0.0012 0.0072 -0.0060 vdW
Ar---HF Ar · · ·H 2.5202 0.0082 0.0341 0.0017 0.0069 -0.0052 vdW
Kr---HF Kr · · ·H 2.6478 0.0085 0.0307 0.0013 0.0064 -0.0051 vdW
NN---HFc N · · ·H 2.0677 0.0169 0.0647 0.0022 0.0140 -0.0119 HB
HF---HFc F · · ·H 1.8416 0.0234 0.0941 0.0007 0.0228 -0.0221 HB
HCN---HF N · · ·H 1.8458 0.0308 0.0950 -0.0008 0.0246 -0.0254 HB
H3NCl2 (MC) N · · ·Cl 2.6023 0.0285 0.0933 0.0013 0.0220 -0.0207 MC
H3NBr2 (MC) N · · ·Br 2.5976 0.0341 0.0970 -0.0005 0.0248 -0.0253 MC
H2SCl2 (MC) S · · ·Cl 3.1558 0.0145 0.0464 0.0015 0.0101 -0.0087 MC
H2SBr2 (MC) S · · ·Br 3.0597 0.0219 0.0552 -0.0002 0.0140 -0.0142 MC
H2SeCl2 (MC) Se · · ·Cl 3.2117 0.0155 0.0440 0.0012 0.0098 -0.0086 MC
H2SeBr2 (MC) Se · · ·Br 3.1404 0.0217 0.0505 -0.0001 0.0128 -0.0129 MC
Cl3

-c Cl · · ·Cl 2.2924 0.0858 0.0942 -0.0270 0.0506 -0.0776 X3
-

Br3
-c Br · · ·Br 2.5703 0.0641 0.0671 -0.0152 0.0320 -0.0472 X3

-

ClBrCl- Cl · · ·Br 2.4510 0.0753 0.0803 -0.0220 0.0421 -0.0641 X3
-

BrClBr- Br · · ·Cl 2.4086 0.0715 0.0794 -0.0183 0.0381 -0.0564 X3
-

H2SCl2 (TBP) S · · ·Cl 2.2342 0.1031 0.0194 -0.0440 0.0488 -0.0928 TBP-ZX2

H2SBr2 (TBP) S · · ·Br 2.4297 0.0823 0.0324 -0.0276 0.0357 -0.0634 TBP-ZX2

H2SeCl2 (TBP) Se · · ·Cl 2.3337 0.0905 0.0259 -0.0380 0.0444 -0.0824 TBP-ZX2

H2SeBr2 (TBP) Se · · ·Br 2.5253 0.0738 0.0293 -0.0233 0.0306 -0.0539 TBP-ZX2

H2SCl+ S · · ·Cl 1.9832 0.1666 -0.1309 -0.1033 0.0706 -0.1739 Cov-w
H2SeBr+ Se · · ·Br 2.2778 0.1163 -0.0484 -0.0565 0.0444 -0.1009 Cov-w
H2SCl2 (MC) Cl · · ·Cl 2.0091 0.1538 -0.0230 -0.0836 0.0778 -0.1614 Cov-w
H2SBr2 (MC) Br · · ·Br 2.3198 0.1041 0.0100 -0.0417 0.0442 -0.0859 Cov-w
H2SeCl2 (MC) Cl · · ·Cl 2.0136 0.1525 -0.0196 -0.0823 0.0774 -0.1596 Cov-w
H2SeBr2 (MC) Br · · ·Br 2.3265 0.1028 0.0126 -0.0408 0.0439 -0.0847 Cov-w
Cl2 Cl · · ·Cl 1.9949 0.1581 -0.0347 -0.0880 0.0794 -0.1674 Cov-w
Br2 Br · · ·Br 2.2912 0.1093 -0.0004 -0.0460 0.0459 -0.0919 Cov-w
C2H6

b C · · ·C 1.5230 0.2433 -0.6044 -0.2050 0.0539 -0.2589 Cov-s

a The MP2/6-311+G(2df,2p) method being employed except for Ar and Kr; the MP2/6-311G(2df,2p) method employed for Ar and Kr. b See
also ref 17. c See also ref 24.

Figure 1. Plots of Hb(rc) versus ∆Fb(rc) for Cl3
- (O) and Br3

- (0).
Data corresponding to the optimized structures are shown by f.
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employing the data calculated at r ) ro + 0.1n Å (n ) -1, (0),
1, and 2), where ro are the optimized distances. Panels a and b
of Figure 2 show the whole picture of the plots and the partial
one for vdW, HB, and MC, respectively.

The plots show a helical figure as a whole, similarly to the
case of Cl3

- and Br3
- (see Figure 1). The plots spread over a

wider band around the mean helical curve, compared with the
plots of Hb(rc) versus Fb(rc) (cf: Figure S2 in the SI). Data
calculated at r ) ro - 0.1, ro + 0.1, and ro + 0.2 Å seem to
behave similarly to those at r ) ro in the plots. The Z--/--X
interactions in H2ZX2 (TBP: Z ) S and Se, X ) Cl, Br, and I)
are essentially separated from those in H2ZX2 (MC: Z ) O, N,

S, and Se, X ) Cl, Br, and I) and from those in trihalide ions
in the plots (Figure 2a). A plot gives the specific curvature for
each, which must play an important role to understand and
analyze the interactions in a unified way. Figure 3 illustrates
schematically the characteristics observed in Figure 2. Table 2
summarizes the rough values for ∆Fb(rc) and Hb(rc) in the
interactions, together with Fb(rc), although some already have
been pointed out.38

Data in the plots of Hb(rc) versus ∆Fb(rc) for the interactions
along with the mean helical line in Figure 2 appear in an order
given by eq 4, where “<” shows the sequence of the appearance
starting from near origin. The sequence is also confirmed in
Figure 3 and Table 2.

vdW < HBeCT-MC < CT-TBP (trihalide anion)

< CT-TBP (chalcogenide dihalides) < Cov-bonds (weak)

< Cov-bonds (strong) (4)

Weak to strong interactions are well understood and classified
by the AIM dual parameter analysis through the plots of Hb(rc)
versus ∆Fb(rc), which show the helical behavior. Why do such
behaviors appear in the plots? The reason is considered next.

Factors to Control the Helical Behavior. Factors to control
the helical behavior will be clarified by decomposing Hb(rc) to
[Hb(rc) - (1/2)Vb(rc)] and (1/2)Vb(rc), where [Hb(rc) - (1/
2)Vb(rc)] ) p2/8m∆Fb(rc) (eq 2). They are plotted versus ∆Fb(rc).
Figure 4 shows the results. Panels a and b of Figure 4 construct
Figure 2.

The plots of [Hb(rc) - (1/2)Vb(rc)] versus ∆Fb(rc) give a regular
proportion with a correlation constant of 0.125 ()1/8 a.u. ) p2/
8m a.u.; see eq 2)47 (Figure 4a). On the other hand, the plots of
(1/2)Vb(rc) versus ∆Fb(rc) exhibit the helical character (Figure
4b). Apparently, the observed helical character in the plots of
Hb(rc) versus ∆Fb(rc) originates from the plot of (1/2)Vb(rc)
versus ∆Fb(rc).

What quadrant do the data for an interaction appear in?
Requirements for a point to appear in a quadrant are examined.
Hb(rc) ()Gb(rc) + Vb(rc)) is chosen as the y-axis and ∆Fb(rc) is
employed for the x axis where (p2/8m)∆Fb(rc) ) Gb(rc) + (1/
2)Vb(rc). Consequently, the boundary conditions at y ) 0 and x
) 0 are Gb(rc) ) -Vb(rc) and Gb(rc) ) -(1/2)Vb(rc), respec-
tively. The requirements are clarified based on the boundary
conditions. The requirements for a point to appear in the first
quadrant (∆Fb(rc) > 0 and Hb(rc) > 0) are -Vb(rc) < Gb(rc),
those for the third (∆Fb(rc) < 0 and Hb(rc) < 0) and the forth
ones (∆Fb(rc) > 0 and Hb(rc) < 0) are Gb(rc) < -(1/2)Vb(rc)
and -(1/2)Vb(rc) < Gb(rc) < -Vb(rc), respectively. There are
no reasonable correlations for the second one (∆Fb(rc) < 0 and
Hb(rc) > 0).48 Therefore, no points appear in the second
quadrant. Scheme 4 summarizes the results. The relative
magnitudes of Gb(rc) versus Vb(rc) control the requirements. The
requirements can be well recognized by the plots of Gb(rc) versus
Vb(rc), which are shown in Figure S3 in the SI.

Meanings of the AIM Dual Parameter Analysis. The
shared-shell (SS) signature is evidenced by a local concentration
of Fb(rc) relative to the average distribution around BCP with
∆Fb(rc) < 0, whereas the closed-shell (CS) interactions exhibit
a local depletion of Fb(rc) for ∆Fb(rc) > 0. The CS interactions
at BCP are especially called pure CS interactions if Hb(rc) > 0,
since electrons at BCP are not stabilized under the conditions.33a

The intermediate region between SS and pure CS, which belongs
to CS, is related to the redistribution of Fb(rc) between those
electronic states.33a Electrons at BCP are stabilized but not
locally concentrated in this region, since Hb(rc) < 0 but ∆Fb(rc)
> 0. Scheme 5 summarizes the results.

Figure 2. Plots of Hb(rc) versus ∆Fb(rc) for weak to strong interactions;
data obtained at ro - 0.1, ro, ro + 0.1, and ro + 0.2 Å are employed:
(a) the whole picture of the plots and (b) the partial picture for vdW,
HB, and MC.

Figure 3. Characteristics for the plots of Hb(rc) versus ∆Fb(rc).
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The helical nature of the interactions in the plots of Hb(rc)
versus ∆Fb(rc) helps us to understand the interactions in a unified
way. The physical meanings of the plots proposed in this work
become clear if one compares the results shown in Scheme 4
with those in Scheme 5. The SS, CS, and pure CS interactions
are well correlated to the AIM dual parameter analysis, although
we must be careful when the characteristic behaviors at the
border area of the interactions are discussed.

Conclusion

Plots of Hb(rc) versus ∆Fb(rc) for weak to strong interactions
construct a helical stream as a whole. The helical nature of the
plots is controlled by the relative magnitudes between Gb(rc)
and Vb(rc), where Gb(rc) + Vb(rc) ) Hb(rc). Data in the plots
start substantially from the origin (∆Fb(rc) ) Hb(rc) ) 0) and
Hb(rc) grows larger as the interactions become stronger. They
reach maxima where the plots bend. The second bending point
of the mean line for the plots appears at ∆Fb(rc) being maximum,
where Hb(rc) < 0 and ∆Fb(rc) > 0. After the second bending,
∆Fb(rc) begins to decrease then becomes negative via zero, while
Hb(rc) decreases more and more. Both Hb(rc) and ∆Fb(rc) are
negative at the final stage of the plots, which corresponds to
the strong covalent interactions. The stream of data spreads over
a relatively wide range around the mean helical curve. Conse-
quently, data for weak interactions appear substantially separated
in the treatment.

Requirements for a point to appear in the specified quadrant
are clarified. Data will appear in the first quadrant (∆Fb(rc) > 0
and Hb(rc) > 0) when -Vb(rc) < Gb(rc), they drop in the forth
quadrant (Fb(rc) > 0 and Hb(rc) < 0) if -(1/2)Vb(rc) < Gb(rc)
< -Vb(rc), as well as in the third quadrant (∆Fb(rc) < 0 and
Hb(rc) < 0) if Gb(rc) < -(1/2)Vb(rc). No points will appear in
the second quadrant (∆Fb(rc) < 0 and Hb(rc) < 0), since no
reasonable correlations are found for the second quadrant. The
physical meanings of the plots proposed in this work are
clarified. The curvature in the plot of Hb(rc) versus ∆Fb(rc) for
each species must be important when the interactions are
analyzed, classified, and understood in a unified way.

Investigations for the applications of the proposed method
are in progress. The results will be reported elsewhere.
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Supporting Information Available: AIM parameters for
examined molecules and adducts; plots of Hb(rc) and ∆Fb(rc)
versus r(X, X) for X3

- (X ) F, Cl, and Br), plots of Hb(rc)
versus ∆Fb(rc) for X3

- (X ) F, Cl, and Br), plots of Gb(rc) versus
Vb(rc) for examined molecules and adducts, optimized structures
given by Cartesian coordinates for examined molecules and

TABLE 2: Typical Ranges of Gb(rc), ∆Gb(rc), and Hb(rc) for Adducts and Moleculesa

interaction Fb(rc) ∆Fb(rc) Hb(rc)

vdW 0.00 < Fb(rc) < 0.01 0.00 < ∆Fb(rc) < 0.04 0.000 < Hb(rc) < 0.002
HB 0.01 < Fb(rc) < 0.04 0.04 < ∆Fb(rc) < 0.12 -0.004 < Hb(rc) < 0.002
CT-MC 0.01 < Fb(rc) < 0.03 0.02 < ∆Fb(rc) < 0.06 -0.001 < Hb(rc) < 0.002
CT-TBP 0.03 < Fb(rc) < 0.12 -0.01 < ∆Fb(rc) < 0.1 -0.06 < Hb(rc) < -0.003
Cov-w 0.05 < Fb(rc) < 0.17 -0.1 < ∆Fb(rc) < 0.07 -0.13 < Hb(rc) < -0.03

a 0.03 < ∆Fb(rc) < 0.1 for trihalide ions and -0.01 < ∆Fb(rc) < 0.04 for H2ZX2 (TBP: Z ) S and Se and X ) Cl and Br).

Figure 4. (a) Plots of [Hb(rc) - (1/2)Vb(rc)] versus ∆Fb(rc) and (b)
plots of (1/2)Vb(rc) versus ∆Fb(rc).

SCHEME 4: Requirements for the Data to Appear in a
Certain Quadrant in the Plots of Hb(rc) versus ∆Gb(rc)

SCHEME 5: The Nature of the Chemical Bonds and
Interactions Classified by Hb(rc) and ∆Gb(rc)
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adducts (PDF). This material is available free of charge via the
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J. 2006, 12, 1941–1949.

(39) Frisch, M. J.; et al. Gaussian 03, Revision D.02; Gaussian, Inc.,
Wallingford, CT, 2004.

(40) Møller, C.; Plesset, M. S. Phys. ReV. 1934, 46, 618–622. Gauss, J.
J. Chem. Phys. 1993, 99, 3629–3643. Gauss, J. Ber. Bunsenges, Phys. Chem.
1995, 99, 1001–1008.

(41) The molecular graph is known as the collection of bond paths
linking the nuclei of bonded atoms with the associated critical points in the
equilibrium geometry. The molecular graph provides an unambiguous
definition of the “molecular structure” and can thus be used to locate changes
in the structure along a reaction path.17,18

13598 J. Phys. Chem. A, Vol. 112, No. 51, 2008 Nakanishi et al.



(42) In a non-equilibrium geometry contained in this treatment, lines
of maximum electron density linking the nuclei are known as “atomic
interaction lines”, because these may or may not persist when the geometry
is energy-minimized, i.e. optimized.17,18 However, the trends could be
discussed as the extension of those for the optimized structures in our
treatment, since the geometries converge to the optimized structures when
started from the given non-equilibrium ones.

(43) The bond orders become 1.47 and 0.46 times larger than the initial
value if the bond lengths are calculated at 0.1 Å shorter and 0.2 Å longer
from the initial length, respectively.49 The change seems to affect not so
much on our discussion to classify the weak interactions.

(44) Regardless of the definition shown in ref 42 we will call the AIM
parameters at ro-0.1 < r < ro + 0.2 Å similarly to the case of the
equilibrium geometry here.

(45) The AIM 2000 program (Version 2.0) is employed to analyze and
visualize atoms-in-molecules: Biegler-König, F. J. Comput. Chem 2000,
21, 1040–1048; see also ref 19g.

(46) This is the extreme case of n )-1, (0), 1, and 2. However,
geometries converge again to the optimized ones when started from the
given non-equilibrium ones, as discussed in the text. See also refs 42 and
44.

(47) Equations R1 and R2 explain the relationship in Figure 4a, where
Hb(rc) < (h2/8m)∆Fb(rc), since Vb(rc) < 0. This relationship is important in
the requirement for the first quadrant,50 which is given by eq R3.

[Hb(rc)- (1/2)Vb(rc)]) (p2/8m)∆Fb(rc) (R1)

(1/2)Vb(rc))Hb(rc)- (p2/8m)∆Fb(rc) < 0 (R2)

0 < Hb(rc) < (p2/8m)∆Fb(rc) (R3)

(48) The nonbonded Z---O distances are shorter than the sum of van
der Waals radii. For the van der Waals radii see: Bondi, A. J. Phys. Chem.
1964, 68, 441–451.

(49) Pauling,L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press:Ithaca, NY, 1960; Chapter 7. Pauling, L. J. Am. Chem.
Soc. 1947, 69, 542–553.

(50) The requirements given by Gb(rc) and Vb(rc) can also be represented
employing Hb(rc) and Vb(rc). The requirements for the points to appear in
the first, forth, and third quadrants are 0 < Hb(rc), Hb(rc) < (1/2)Vb(rc), and
(1/2)Vb(rc) < Hb(rc) < 0, respectively.

JP8054763

AIM Dual Parameter Analysis of Various Interactions J. Phys. Chem. A, Vol. 112, No. 51, 2008 13599


