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Dynamic and static behavior of the X—H-#-m interactions in X—H-#-n(C¢Hg) (X = F, Cl, Br, I, HO,
MeO, H;N, MeHN and Me;N) is elucidated by QTAIM-DFA (QTAIM dual functional analysis),
which we proposed recently, as the first step to clarify various types of X—H-x*-m interactions. The
asterisk * emphasizes the existence of the bond critical point (BCP) on the interaction in question.
Total electron energy densities (Hy(r.)) are plotted versus Hy(re) — Vo(re)/2 [= (B2/8m)V2py(re)] at
BCPs in QTAIM-DFA, where Vy(r.) are potential energy densities at BCPs. In our treatment, data
for the perturbed structures around the fully optimized ones are employed, in addition to those for
the fully optimized structures. Data from the fully optimized structures are analyzed by the polar
(R, 6) coordinate representation. Each plot for an interaction, containing data from the perturbed
structures, shows a specific curve, which provides important information. The plot is expressed by

(6,, Kp): 0, corresponds to the tangent line of the plot and k,, is the curvature. 6 and 6, are

measured from the y-axis and y-direction, respectively. While (R, ) correspond to the static nature,

(6,, Kk;,) represent the dynamic nature of interactions. The nature of the X—H-#-m(C¢Hg) interactions

is well specified by (R, 0) and (6,, k). All interactions, examined in this work, are classified by

the pure closed shell interactions and predicted to have the van der Waals nature.

Introduction

Hydrogen atom (H) forms two center—two electron bonds of

s the o-type (o(2c—2e)) with other atoms (X), where one

electron in o(2c—2e) is supplied from the atomic 1s orbital of
H and another one from the valence orbital of X. The H atom
in H-X will be positively charged as in H>-X®, if the
electronegativity of X (xx) is larger than that of H (yxn) (xx >
xu). Atoms of group 15, 16 and 17 elements, containing lone
pair electrons (Z: or n(Z)), tend to interact with the polarized
bonds at the positively charged H®" side of H*'-X®", resulting
in the formation of Z:---H-X. Such interactions are known as
hydrogen bonds (HBs)'™® of the shared proton interaction

s type.®” Conventional HBs of this type are formed with atoms

of main group elements, X and Z,® which are usually not so
strong in the neutral form (< 40 kJ mol™),"*® although they are
usually stronger than the van der Waals (vdW) interactions.
Attractive electrostatic interactions and the dispersion force
mainly contribute to form vdW adducts. Contributions from
the CT (charge transfer) interaction of the n(Z)—o*(H*-X%)
type become more important as the strength of HBs increases,
in addition to the vdW interactions.

HBs with the unsymmetric o(3c—4e) character of the n(Z)--
-o*(H*'-X®") type”’ will control the orientations of the HB
adducts. Therefore, HBs play a very important role in all
fields of chemical and biological sciences and they are
fundamentally important by their ability of the molecular
association due to the stabilization of the system in energy.l_16
HBs also control various chemical processes depending on the

strength. It must be a typical example that the duplex DNA
structure once opens and then closes in active proliferation at
around room temperature.'” HBs will also play an important
role in the very specific conformation of hormones, containing
ss those in dimers, which controls the characteristic biological
properties.'® It must be inevitable to clarify the nature of HBs,
for the better understanding the chemistry controlled by the
interactions. We reported the behavior in conventional HBs of
the shared proton interaction type by applying the quantum
o theory of atoms-in-molecules dual functional analysis
(QTAIM-DFA), which we proposed recently.'*!
We also paid much attention to HBs of the X-H---x type,
where n-electrons are supplied from acetylene,? ethylene,”

z

N\

X-H---(CgHg)
Cl-H, Br-H, I-H, HO-H, MeO-H,
H, MeHN-H and Me,N-H

Some observed X-H---n(CgHg) adducts Me
cl o—H o NSV
| | Ny I
H
i h' ' ' H
C/ ; \> </ \> PR </ s>\
65 Scheme 1 Some X-H---i interactions in benzene m-system.
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s classify weak to strong interactions in a unified form.

benzene? and related species.”>?’ Some structures of such
adducts have been reported; the hydrogen chloride and
hydrogen fluoride adducts of benzene and the derivatives by
the microwave technics®® and the interactions in benzene
adduct with water by jet cooled microwave spectra® or
Raman multivariate curve resolution (Raman-MCR),* and
ammonia by microwave spectra’’ or infrared spectroscopy.’>”
** The Cl-H---n(C¢Hg) adduct has the C; symmetry close to
C,, where Cl-H is located near the D¢, axis of the original
benzene.”® Two types of H,O adducts with benzene were
reported, which would have the symmetries close to C; and
C5,.% Scheme 1 illustrates the X—H--- interactions in X—H---
1(C¢Hg) (X =F, Cl, Br, I, HO, MeO, H,N, MeHN and Me;N),
to be elucidated in this work, together with some observed
structures for the adducts.

QTAIM approach, introduced by Bader,® ¢ enables us to
analyze the nature of chemical bonds and interactions.**™
Lots of QTAIM investigations have been reported so far,
however, those from a viewpoint of experimental chemists
seem not so many. We proposed QTAIM-DFA, recently,'®?!
for experimental chemists, who are not so familiar with
QTAIM, to analyze their own results, concerning chemical
bonds and interactions, by their own image. QTAIM-DFA will

provide an excellent possibility to evaluate, understand and
59

35-58

Investigations on the X—H---(C¢Hg) interactions have been
growing successively.”2**%7! However, it must be of very
importance to clarify the causality between the basic
properties of the interactions and the phenomena controlled by
them, with physical necessity. We consider QTAIM-DFA to
be well-suited to clarify the dynamic and static nature of the
X-H---n(C¢Hg) interactions, in addition to the recent
investigations on the behavior for conventional HBs of the
shared proton interaction type.® Here, we present the results of

s theoretical elucidation of the X—H---n(Cg¢Hg) interactions with

QTAIM-DFA, as the first step to clarify the behavior of
various types of the X—H--- interactions.

QTAIM-DFA is surveyed next, together with the basic
concept of the QTAIM approach.

QTAIM-DFA (QTAIM Dual Functional Analysis)

The bond critical point (BCP; r., *'%) is an important concept
in QTAIM. BCP of (w, 0) = (3, -)¥isa point along the bond
path (BP) at the interatomic surface, where charge density
p(r) reaches a minimum. A chemical bond or an interaction

s between A and B is denoted by A—-B, which corresponds to BP

between A and B in QTAIM. A-%-B emphasizes the existence
of BCP in A-B.*>7

The sign of V?pu(r.) indicates that py(r.) is depleted or
concentrated with respect to its surrounding, since V2pb(rc) is
the second derivative of p(r) at BCP. p,(r.) is locally depleted
relative to the average distribution around r, if VZpu(r.) > 0,
but it is concentrated when V>py(r,) < 0. Total electron energy
densities at BCPs (Hy(r.)) must be a more appropriate measure
for weak interactions on the energy basis.'* 23337 H, (r.) are

s the sum of kinetic energy densities (Gy(r.)) and potential

energy densities (Vy(r.)) at BCPs, as shown in eqn (1).
Electrons at BCPs are stabilized when Hy(r.) < 0, therefore,

N
&

%
=3

100

105

s Hy(re) = Gp(re) + Vy(re)

interactions exhibit the covalent nature in this region, whereas
they exhibit no covalency if H,(r.) > 0, due to the
destabilization of electrons at BCPs under the conditions.”
Eqn (2) represents the relation between V>py(r.) and Hy(r,),
together with Gy(r.) and Vy(r.), which is closely related to the
Virial theorem.

ey
(R*18m)V2 py(re) = Hi(re) = Vi(re)/2 = Go(re) + Vo(r)/2 - (2)
Interactions are classified by the signs of Vzpb(rc) and
Hy(r,). Interactions in the region of VZpy(r;) < 0 are called
shared-shell (SS) interactions and they are closed-shell (CS)
interactions for V2py(r.) > 0. Hy(r.) must be negative when
V2py(re) < 0, since Hy(r) are larger than (/%/8m)V2py(re) by
Vo(re)/2, where Vi(r.) < 0 at all BCPs (eqn (2)). Consequently,
V2py(re) < 0 and Hy(r,) < 0 are for the SS interactions. The CS

s interactions are especially called pure CS interactions for

Hy(r)) > 0 and V’py(r.) > 0, since electrons at BCPs are
depleted and destabilized under the conditions.>*® Electrons in
the intermediate region between SS and pure CS, which
belong to CS, are locally depleted but stabilized at BCPs,
since V2py(re) > 0 but Hy(r,) < 0.*>* We call the interactions in
this region regular CS,"**' when it is necessary to distinguish
from pure CS. The role of V2py(r,) in the classification of
interactions can be replaced by Hy(r.) — Vi(r.)/2, since
(H*/8m)V> py(r) = Hy(re) — Vi(re)/2 (eqn (2)).

We proposed QTAIM-DFA by plotting Hy(r.) versus Hy(r.)
— Vy(ro)/2 [= (H*/8m)V2py(rc)], after proposal of the plot of
Hy(r,) versus V2py(r.)."* ' Both axes in the plot of the former
are given in energy unit, therefore, distances on the (x, y) (=
(Hy(re) — Vo(r)/2, Hy(r.)) plane can be expressed in the energy
unit. QTAIM-DFA incorporates the classification of
interactions by the signs of V2py(r.) and Hy(r.) (cf: eqn (2)).
Scheme 2 summarizes the proposal. Interactions of pure CS
appear in the first quadrant, those of regular CS in the forth
quadrant and data of SS drop in the third quadrant. No

s interactions appear in the second one.

Hb(rc)
A
pure CS in first quadrant

~Vo(ro) < Gi(Fo)

No reasonable
relations
Hiy(re) = Vis(rc)2

[
'

Hy(rc) =0
Gin(Fo) = —Vp(ro)

Gb(rc) < _Vb(rc)/z
SSin
third quadrant

—Wp(re)/2 < Gin(rc) < = Vo(ro)

regular CS in
forth quadrant

Hb(r c) -
Gb(rc)

Vi(ro)/2 = 0
—Vy(r)/2

Scheme 2 QTAIM-DFA: Plot of Hy(r.) versus Hy(r.) — Vi(r.)/2 for weak
to strong interactions.

In our treatment, data for perturbed structures around fully-
optimized structures are employed for the plots, in addition to
the fully-optimized ones (see Fig. 1).'**""* The method to
generate the perturbed structures will be explained later. The
plots of Hy(r.) versus Hy(r.) — Vi, (r.)/2 are analyzed employing
the polar coordinate (R, 6) representation with the (6,, &)
parameters.'**?*?! Fig. 1 explains the treatment. R in (R, 6) is
defined by eqn (3) and given in the energy unit. R corresponds
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to the energy for an interaction at BCP. The plots show a
spiral stream, as a whole.'”****! § is defined by eqn (4) and
measured from the y-axis, which controls the spiral stream of
the plot and classifies the interactions. Each plot for an
interaction gives a specific curve with the data from the
perturbed structures and the fully-optimized one, which
provides important information for the interaction. The curve
is expressed by 6, and k,. 6, is defined by eqn (5) and
measured from the y-direction, which corresponds to the
tangent line of the plot. &, specifies the character of the
interaction. K, is the curvature (eqn (6)).1*

We proposed the concept of "the dynamic nature of
interactions" originated from the data containing the perturbed
structures.*>2**1""* While (R, 6) for the fully optimized
structures correspond to the static nature, (6,, k,) exhibit the
dynamic nature of interactions.”® While p(r), Vo(r), H(F) —
V(r)/2, H(r), V(r) and G(r) are called QTAIM functions, (R, 6)
and (6,, k,) are QTAIM-DFA parameters, here. ky(r.), defined
by eqn (7), is also an important QTAIM function. However, it
will be treated as if it was a parameter, if suitable.

y: Hy(re)
J P (Ho(re) — Vu(re)2, Hy(re))
Ewep (R, 6; 6, Kp)

o R A7
/ Kp
‘// (RK= Kpil)

= x: Hy(re) — Vi(re)/2
Fig. 1 Application of QTAIM-DFA. Polar (R, 6) coordinate

representation with (6, ;) for the plot of Hy(r.) versus Hy(r.) — Vi(r:)/2.

R= (x2 +y2)1/2 (3)
6=90°— tan"" (y/x) 4)
6, = 90° — tan "' (dy/dx) (5)
Kp = | d/d? /1 + (dy/dx)’]? (6)
ky(re) = Vo(re)/Gy(re) (7)

where (x, y) = (Hy(rc) — Vi(re)/2, Hy(rc))

Application of QTAIM-DFA to Typical Interactions: Criteria
to Classify and Characterize Interactions

OTAIM-DFA is applied to typical interactions; vdW, HBs,

s molecular complexes formed through CT (CT-MC), trihalide

ions (X3"), trigonal bipyramidal adducts formed through CT
(CT-TBP), weak covalent bonds (Cov-w) and strong covalent
bonds (Cov-s). Rough criteria are obtained, after analysis of
the plots, according to eqns (3)—(6)."****?' Scheme 3 shows

45° (=750 90°  (=115°) (=150°) 180° 206.6°

6

pure CS | pure CS regular CS regular CS SS

VAW | HB-typical | gt j CT-MC [CT-TBP + Xg~|Cov-w + Cov-s

90°  (=125° (~150°)  180°

HP
206.6°
F ko(rc)
(=)

450 (= 190°)

2
(y-Intercept)

(-1.4)
(BD-2)

Interactions

0 (-0.9) -1
(Origin) ~ (BD-1)  (x-Intercept)
Weak limit

............................ » Strong limit

Scheme 3 Rough criteria to classify and characterize interactions by 6
and 6,. Values for k(r.) are also given.
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the rough criteria for the typical interactions.
Methodological Details in Calculations

Structures were optimized employing the Gaussian 09
program.” Various types of basis set systems (BSSs: BSS-A,
BSS-B, BSS-C, BSS-D, BSS-E and BSS-F) were examined
for the evaluations. Table 1 summarizes the BSSs. The basis
set for I of the 6-311G* type’® was obtained from EMSL
Basis Set Exchange Library.”””’® Higher basis set for I of the
(7433211/743111/7411/2 + 1s1pld1f) type was from Sapporo
Basis Set Factory.” The diffusion functions of the sp parts for
I in (7433211/743111/7411/2 + 1s1p1d16)* were diverted as
those of the sp type for the 6-311G* basis set of I, since the
diffusion functions were not found for 6-311G* of I. The
Moller-Plesset second order energy correlation (MP2) level
was applied to all calculations.®! Optimized structures were
confirmed by the frequency analysis.

QTAIM functions were calculated using the Gaussian 09
program packages’> with the same method of the
optimizations and the data were analyzed with the AIM2000
program.®> Normal coordinates of internal vibrations (NIV),
obtained by the frequency analysis, were employed to
generate the perturbed structures.”’”* We call this method to
generate the perturbed structures NIV. The method is
explained in eqn (8). A k-th perturbed structure in question
(Siw) is generated by the addition of the normal coordinates of
the k-th internal vibration (Nj) to the standard orientation of a
fully-optimized structure (S,) in the matrix representation.21
The coefficient f;,, in eqn (8) controls the difference in the
structures between Sy, and S,: f},, is determined to satisfy eqn
(9) for the interaction distance in question () in a perturbed
structure, where r, is the distance in the fully-optimized
structure, with a, of Bohr radius (0.52918 A).** N, of five
digits are used to predict S;,, although only two digits are
usually printed out.®® Perturbed structures generated with NIV
correspond to those with r in question being elongated or
shortened by 0.054, or 0.1a,, relative to r,, (eqn (9)). NIV
may also correspond to the photographic survey of the
structures over the instantaneous ones of the selected motion
in the zero-point internal vibrations by amplifying them to the
extent where » in question satisfies eqn (9). The selected
motion must be most effectively located on the interaction in
question among the zero-point internal vibrations.

Skw = So +ﬁCW.Nk (8)

r=ry,+ wa, 9
(w = (0), £0.05 and £0.1; a, = 0.52918 A)

y:ao+a1x+a2x2+a3x3 (10)

(R square of correlation coefficient)

In the QTAIM-DFA treatment, Hy(r.) are plotted versus
Hy(r.) — Vy(r.)/2 for data of five points, where w = 0, +0.05
and £0.1 in eqn (9). Each plot is analyzed using a regression
curve assuming the cubic function as shown in eqn (10),
where (x, ¥) = (Hy(re) — Vo(re)/2, Hy(re)) (R > 0.99999 in
usual) #19-21.73

The nature of the X-H-#-m(C¢Hg) interactions will be
discussed employing the criteria in Scheme 3, as a reference.

This journal is © The Royal Society of Chemistry [year]
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Table 1 Basis set systems employed for the calculations

BSS C,H F, Cl, Br I
BSS-A 6-311G(d, p) 6-311G(d) (521111111 1/411111111/31111Y°
BSS-B 6-311G(d, p) 6-311+G(d) (5211111111/411111111/31111 + 1s1p)’
BSS-C 6-311G(d, p) 6-311G(3d) (7433211/743111/7411/2 + 1s1p1d1fy
BSS-D 6-311G(d, p) 6-311G(3df) (7433211/743111/7411/2 + 1s1pld1fy
BSS-E 6-311G(d, p) 6-311+G(3df) (7433211/743111/7411/2 + 1s1p1d1fy
BSS-F 6-311++G(d, p) 6-311+G(3df) (7433211/743111/7411/2 + 1s1p1d1fy

“ The basis set of the 6-311G* type for I was obtained from EMSL Basis Set Exchange Library.””’® * Diffusion functions of the 1s1p parts in
(7433211/743111/7411/2 + 1s1p1d1f)’® being employed as the diffusion functions of the 1s1p type for (5211111111/411111111/31111), which is called
the 6-311G* basis set. © The higher basis set of the (7433211/743111/7411/2 + 1s1p1d1f) type for I was obtained from Sapporo Basis Set Factory.”

Table 2 Structural parameters for CI-H---n(CsHg), evaluated with various basis set systems at the MP2 level”

BSS® #(Cl, M) Ar(Cl, M€Y r(H, M) r(H, Cl) /MHCI"
A) A) A) A) ©)
BSS-A 3.6285 —0.00, 2.3705 1.2784 167.29
BSS-B 3.6053 —0.025 2.3320 1.2773 174.42
BSS-C 3.5659 —0.06, 2.3292 1.2806 169.31
BSS-D 3.5516 —0.07s 2.3178 1.2835 160.10
BSS-E 3.5470 —0.08; 2.2778 1.2820 169.89
BSS-F 3.5740 —0.056 2.2924 1.2816 179.99

“ The optimized structure was confirmed by all positive frequencies for each. ” See Table 1 for BSSs. © A point M is placed at the center of C¢Hy in Cl—
H---71(CsH). * The observed value for #(Cl, M) is 3.63 A.** ¢ A#(Cl, M) = ey1ea(Cl, M) = ropea(C1, M).

Results and Discussion
Optimization of Cl-H---n(C¢Hg) with Various BSSs

s It must be important to employ such calculation method that
reproduces well the observed structures for the better
understanding the real picture of the interactions, since the
picture drawn with QTAIM-DFA will change depending on
the predicted distances. How do the calculation methods affect

10 on the H---it distances in X—H---n(C¢Hg)? Optimizations were
performed with BSS-X (X = A, B, C, D, E, and F) at the MP2
level, exemplified by Cl-H---n(C¢Hg) (see Table 1 for BSSs).
The C; symmetry is confirmed for the optimized structures of
Cl-H---n(C¢Hg) by the frequency analysis. The structural

15 parameters are measured from a point M placed at the center
of C¢Hg in Cl1-H---nt(C¢Hg) (C)). Table 2 collects those for Cl—
H---n(C¢Hg) optimized with various BSSs.

The predicted »(Cl, M) distances become shorter in the
order of BSS-A (3.629 A) > BSS-B (3.605 A) > BSS-F (3.574

0 A) > BSS-C (3.566 A) > BSS-D (3.552 A) > BSS-E (3.547 A)
at the MP2 level. The r(Cl, M) values, determined by the
microwave technics, is 3.63 A.%¥ The distances relative to the
observed value, Ar(Cl, M) [= reaea(CL, M) — 7gpsq(Cl, M)], are
also given in Table 2, which are —0.00,, —0.025, —0.05¢, —0.064,

25 —0.07g and —0.083 A, respectively. The Ar(Cl, M) value seems
more negative as the BSS level becomes higher, except for
BSS-F. One may image that BSS-A is most suitable for the
optimization of Cl-H---nw(C4Hg), relative to others, at first
glance, together with BSS-B. However, the »(Cl, M) value of

0 3.574 A predicted with BSS-F is the intermediate value
between those predicted with BSS-C and BSS-B. Diffusion
functions both on H and CI would play an important role to
reproduce the (Cl, M) distances in the adduct.

The observed (assumed) #(H, Cl) value of 1.284 A* is well

s reproduced by the predicted values of 1.277-1.284 A. The
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£MHCI angles are predicted to be 160°-180° for Cl-H---
7(C¢Hg), which are larger than the observed (estimated) value
around 146°. The ZMHCI angle must affect much on »(Cl, M)
and r(H, M) in Cl1-H---n(C¢Hg). The predicted »(H, M) values
0f 2.28-2.37 A seem shorter than the observed value, which is
expected to be around 2.50 A, although it is obtained with
some assumptions in the structural parameters.

The observed values would correspond to the averaged
ones in the thermal processes, whereas the predicted values do
to the minima on the energy surface at 0 K. The values change
depending on the methods employed for the evaluation.
Therefore, we must be careful when the predicted values are
compared with the observed (estimated) ones. The observed
value would change depending on the conditions of the
measurement. The #(Cl, M) value in Cl-H---nt(C¢Hg) could be
shorter than that reported, since the temperature for the
microwave measurements for Cl-H---n(C4Hg) was around
room temperature,”® as usually. Namely, the #(Cl, M) and/or
r(H, M) values determined under the experimental conditions
could be longer than the intrinsic values.

Therefore, data evaluated with BSS-F are mainly employed
for the discussion, together with others.®® Data with BSS-A
will cover the plausible range of the longer interaction
distances, which could occur due to some unforeseen
experimental conditions, such as strong solvent effect. On the
other hand, those with BSS-D would supply the shorter
distances, which may correspond to the strong limit of the X—
H---n(C¢Hy) interaction under our calculation conditions.

Structural Optimizations of X-H---t(C¢Hg)

Structures of X—H---n(C¢Hg) (X = F, Cl, Br, I, HO, MeO, H,N,
MeHN and Me,N) were optimized, employing BSS-A, BSS-B,
BSS-D and/or BSS-F at the MP2 level. Optimized structures
were confirmed by all positive frequencies through the
frequency analysis. Scheme 4 summarizes the optimized

4 | Journal Name, [year], [vol], 00-00
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structures of X—H---nt(C¢Hg). The structure will be called type
Igu, if only one X-H---m interaction is expected for each
adduct, whereas the adduct will be type Ilg,,, if the structure
is expected to contain two H---rt interactions. The types of the
structures will be employed to organize the optimized
structures, therefore, they are independent from the molecular
graphs constructed by BPs and BCPs. Type Ig,, is sub-
divided into type Ig,,, type lag,, and type laag,, for X in X—-H
of monovalent halogen, divalent oxygen and trivalent nitrogen

r, R
"
X 0= g NS0
P
"2 2| % JICH r O\
H ) e, H)e, H ) o, H) o HY
f1“‘ ’1“‘ ’1“‘ 2:f1
= 0 B = 0z
c e M c oM c e M c --Ib M
Ny LY Ly LY
C 2c c c
¢1(3C'"CMH) ¢1(3C"CMH) $1(3C'CMH) ¢1(3c'CMO)
¢2('CMHX) ¢2('CMHO) #2('CMHN) ¢2('CMOH)
#3(MHOR) #3(MHNR) $3(MOHH")
¢4(MHNR")
(X=F,Cl,Brandl) (R=HandMe) (R, R =HandMe)
type Ian type Iaan type Iaaan type ”an

Scheme 4 Typical structures illustrated for X—H---7(CgHp).

2

2;

3

atoms, respectively. While the type Ip,,, type lag,, and type laag,,
structures will be denoted by X-H---nt(C¢Hg), type Ip,, will be
OH,---1(C¢Hg), where X—H = H-O-H.

Table 3 collects the structural parameters, ry, 1y, r3, 14, 6,
65, 05, 04, 91, ¢, ¢3 and/or ¢4 for X—H---t(C¢Hy), defined by
Scheme 4, together with the symmetries and types. Optimized
structures are not shown in a figure but some of them can be
found in molecular graphs, since the molecular graphs are
drawn on the optimized structures (see Fig. 3).

The optimized structures of X—H---t(C¢Hg) seem to change
rather dramatically depending on the BSSs for X = F, Cl, Br
and I, as shown in Table 3. The r,; value for X—H---n(CsHg)
predicted with BSS-D seems shortest, relative to those
evaluated with other BSSs in Table 3, if the values of the
same X (X = F, Cl, Br, and I) are compared. The results may
show that r| is easily affected from the surrounding. The
relative stability of the species should be strongly correlated
to the r; values. On the other hand, the r, values seem very
close with each other even if evaluated with various BSSs.
The magnitudes of the differences are less than 0.01 A, which
shows that the X—H bonds would not be affected so easily in
the formation of the adducts in benzene m-system.

The C, structure optimized for OH,---m(C¢Hg) is predicted
s to have one imaginary (negative) frequency, in our calculation

a

S

o

=3

Table 3 Structural parameters for X—H---C¢Hg, optimized with BSS-A, BSS-B, BSS-D and BSS-F at the MP2 level®?

Species 7 [P r3 T4 6 0 s * [ [ AE
(Symmetry: type) A) A A) A) ©) ©) ©) ©) ©) () (KJmol™"
BSS-A

F-He--1t(CsH) (Cy: type Ioun) 22127 09170 788 1553 834 -1493 227
Cl-H—-(CeHe) (Ci: type Tnm) 23705 12784 823 1673 883 -167.7 -18.2
Br—H---1(CeH) (C': type Ts.n) 23466 14161 883  177.0 900 -1783 -18.7
I-H---u(CeH) (C: type Ings) 23754 1.6085 874 1732 885  -150.0 -18.1
BSS-B

F-He--1(CsH) (Cy: type Ioun) 23366 0.9219 76.1 1655 818 -149.0 233
Cl-H-—(CeHe) (Ci: type Tnm) 23320 12773 868 1744 894 -170.0 -20.7
Br—H---(CeH) (C: type To.n) 23323 14120 877  175.0 887 -150.0 -20.6
I-H--1(CeHs) (C: type Ip.n) 23740 1.6086 860 170.7 898 -177.3 -19.2
HO-H---(CoH) (C.: type Tag) 24124 09619 09594 80.8 163.0 1028 -847  -149.6 00  -17.8
OH,—-1t(CsHe) (Cs: type Tg,n)° 32961 09610  0.9610 9.0 508 1015 900  -300 00  -168
MeO-H---n(C¢He) (Ci: type Tag,s) 23150 09612 14178 827 1668 1069 858 1497 00  -23.1
H,N-H---7(C¢Hp) (Cs: type IaaBZ,,)d 2.4703 1.0143 1.0138 1.0138 83.6 176.1  107.1 -90.0 180.0 -57.2 -13.6
MeHN-H---nt(C¢Hy) (C): type laag,,)* 2.3982 1.0142 1.4636 1.0144 84.5 162.0 109.8 87.1 117.4 -11.4 -18.9
Me,N-H---nt(CsHs) (C): type Iaaan)/ 2.3174 1.0140 1.4559 1.4559 85.2 158.3 1089 87.2 149.9 -60.8 -25.5
BSS-D

F-H---m(CsHo) (C: type Ii) 21638 09196 769 1549 9.0 1799 25.1
Cl-H--nt(CsHe) (Ci: type Tnm) 23178 12835 80.0  160.1 853 -1546 215
Br—H---(CeH) (C': type Ts.n) 23113 1.4201 83.0 1654 864 -1524 223
I-H--u(CeHs) (C: type Lp.n) 22871 1.6159 814 156.7 898 -178.5 27.9
BSS-F

F-He--1t(CsHy) (Cy: type Ioun) 22902 0.9252 781  165.0 83.0  -149.2 -24.0
Cl-H---nt(CsHe) (Cy: type Ip.m) 22924 12816 90.0  180.0 2900 1800 240
Br-H---1t(CsHs) (Cou: type Io.n) 23151 14193 90.0  180.0 2900 1800 238
I-H--1(CeH) (C: type Lnys) 22934 16153 848 1668 900 180.0 273
HO-H---(CeH) (C.: type Tag) 23824 09635  0.9607 817 1665 1042  -851  -149.6 00  -187
OH,—-1t(CsHe) (Cs: type Tg,n)° 33195 09623  0.9623 9.0 515 1030 900  -30.0 00  -172
MeO-H---1t(CsHg) (Cs: type lag,,) 2.2771 0.9628 1.4200 83.3 167.3 108.3 -86.1 -149.8 0.0 -24.6
HoN-H---7t(CsHg) (Cs: type [aap,,)* 2.4375 1.0153 1.0145 1.0145 84.8 179.2  106.7 -90.0 180.0 -56.9 -14.9
MeHN-H---t(C¢Hg) (C: type Iaagzn)h 2.3624 1.0144 1.4614 1.0144 84.9 163.2 110.0 -87.6 169.7 -14.1 -20.8
Me,N-H---nt(CsHs) (C): type Iaaan)i 2.2792 1.0139 1.4526 1.4526 85.2 159.5 109.0 87.3 150.1 -61.2 -27.6

“See Table 1 for BSSs. ” AE = E (X—H-#-11(CsH)) — (E (X—H) + E (C¢He)). © One imaginary frequency being predicted for the adduct. * (6, ¢s) = (107.0°,
57.2°). (64, ) = (110.0°, 107.7°).7 (64, ¢s) = (111.3°, 60.8°). £ (64, ¢) = (106.6°, 56.9°). " (64, ¢s) = (110.3°, 105.3°). ' (64, ) = (111.8°, 61.2°).
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system. It should be assigned to a transition state (TS). A C;
structure very close to the C, structure was also optimized, if
the optimization is started assuming the C; symmetry. One
imaginary frequency was predicted again to the species. Very
s gradual energy surface around the motion would be
responsible for the imaginary frequency under the calculation
conditions. All positive frequencies could be predicted for
OH,---nt(C¢Hg) (Cy: type 1lp,,), if the calculation system is
suitably selected. Further investigations seem necessary,
10 which will be discussed in the forthcoming paper.

How are the species stabilized? Table 3 also contains the
stabilization energies AE in the formation of X—H---n(C¢Hs)
[AE = E (X-H---n(C¢Hg)) — (E (X-H) + E (C¢Hyg))), where the
structures of the components, X—H and C4Hg, are assumed to

is be the same as those in X-H---m(C¢Hg). The AE values
evaluated with BSS-A, BSS-D and BSS-F at the MP2 level
(abbreviated by AE,, AEp and AFEF, respectively) are plotted
versus AEjg, separately by (X = F, Cl, Br and I) and (X = HO,

MeO, H,N, MeHN and Me;,N) to examine the trend in AE. Fig.

20 2 shows the results. The plots gave good correlations, which
were given in the figure with the square of the correlation
coefficient (Rcz). Data for [-H---n(C¢Hg) in AEp and AEf
deviated downward from the corresponding correlation lines.
Higher basis set for I employed to evaluate AEp and AEf

2s would be responsible for the deviations, relative to the case of
AFEg. The data were omitted in the correlations. While AEy for
X-H---n(C¢Hg) (X = HO, MeO, H,N, MeHN and Me;N)
correlated well with AEg, AEg for X—H---n(C¢Hg) (X = F, Cl
and Br) were predicted to be very close values of about 24 kJ

s mol™'. The AE values must be mainly controlled by the r;
values, which would also be much affected from the
surrounding in the formation of the adducts.

AE T T
(kJmol")| —®—y=584+121x R*=0.88
| —A—)=282+120x R=0.94
15T ... y=-23.08 + 0.04x
—0— =028+ 1.06x A’=0.994
A |-H---7(CsHe)
O  I-H---m(CeHs)
20 i
_25 -
.

-20
AEg (kJ mol™")

-15

Fig. 2 Plots of AE, (@), AE (A/A) and AEy (m/0) versus AEg for X—H--
35 -(CeHe) (X = F, Cl, Br and I) with AEr (@) versus AE for X = HO,

MeO, H,N, MeHN and Me,N). Data for I-H---n(CsHs) deviated from the

correlations in AEp and AEy, which are shown by A and O, respectively.

Before application of QTAIM-DFA to X-H---w(C¢Hy),
molecular graphs, counter maps, negative Laplacians and
« trajectory plots were examined, first.
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Molecular Graphs, Counter Maps, Negative Laplacians and
Trajectory Plots for X—H-*-mt(C¢Hg)

Fig. 3 illustrates the molecular graphs for X—H-#-m(CcHs) (X
= F, Br, I, HO, MeO, H,N and Me;N) evaluated with BSS-F,
together with Br-H-#-n(C¢Hg) and MeO-H-*-mt(CsHg)
calculated with BSS-B, at the MP2 level. All BCPs expected
are clearly detected, containing those for the X—H-#-t(CsHg)
interactions, together with ring critical points (RCPs) and cage
critical points (CCPs). Each H of X-H in X-H-*-nt(C¢Hg) is
connected to mw(C¢Hg) by BP with BCP. Therefore, main
interactions in X—H-#-nt(C¢Hg) should be of the H-*-m type,
although additional interactions between C in Me and n(CsHg)
are detected in MeO-H-#-n(C¢Hg) (C;: type lag,,), if
evaluated with BSS-B. The molecular graphs of X-H---
n(C¢Hg) may change topologically depending on BSSs
employed for the evaluations. The symmetry in the optimized
structures must be an important factor for the change in
molecular graphs of X—H---n(C¢Hg) (see, Figs. 3b and 3i for
Br-H-#-7(C¢Hy)).

Fig. 4 draws the counter maps of p(r) drawn on the C;
plane or that close to the plane of the adducts, exemplified by
X-H-#-n(C¢Hg) (X = Br, I, HO, MeO, H,N and Me,N) and
OH,---nt(C¢Hg) evaluated with BSS-F, together with MeO-H-
#-1t(C¢Hg) calculated with BSS-B. BCPs are well located at
the three-dimensional saddle points of p(r). Figs. 5 and 6
show the negative Laplacians and trajectory plots,
respectively, for the same adducts drawn in Fig. 4. It is well
visualized how BCPs are classified through VZp(r) (Fig. 5)
and the space around the species is well divided into atoms in
each adduct (Fig. 6).

QTAIM functions are calculated at BCPs of X-H-*-
n(C¢Hg) and QTAIM-DFA is applied to the interactions to
clarify the behavior. The results are discussed next.

Survey of the X—H-*-mt(C¢Hg) Interactions.

Before discussion of the behavior of X—H-#-m(CgHg), it is
instructive to examine BPs for the interactions, since some
BPs are apparently curved, as shown in Fig. 3. Therefore, the
lengths of BPs (rgp) will be substantially longer than the
corresponding straight-line distances (Rsy). The rgp values and
the components (rgp; and rgpy: rgp = rgp; + rgpz) in question
are collected in Table S1 of the Supporting Information,
together with the Rg values, where rgp; and rgp, are those
between H in XH and BCP in question and between the BCP
and a point in C¢Hg in question, respectively.

Fig. 7 shows the plot of rgp versus Rs; for X—H-#-mt(C¢Hy),
evaluated with BSS-F at the MP2 level. It is demonstrated that
rgp are very close to Rgp (0.020 < rgp — Rg; <0.034 A), except
for MeHN-H-#-n(C4Hg) (C,: type laag,,) and Me,N—H-x-
7(CsHg) (C,: type laag,,) of which rgp — Rgy values amount to
0.56-0.58 A. Consequently, the X—H-#-m(C¢H¢) interactions
can be described by the linear BPs, except for the two. In the
case of MeHN-H-#-t(C¢Hy) (C,: type laag,,) and Me,N—H-x*-
7(CsHg) (Cy: type laap,,), the BPs are expected to connect H
in MeRN-H (R = H and Me¢) and BCP of C=C in C¢Hg, from
the geometric feature, at first glance. However, it is
recognized that BPs connect H in MeRN-H (R = H and Me)
and C in C¢Hg, after careful examination. The results must be

6 | Journal Name, [year], [vol], 00-00
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MeO-H-#-1t(CgHg) (Cs: type lag,,,) HyN-H-%-t(CgHg) (Cq: type laag,,) Me,N-H-+-n(CgHg) (C;: type laag,,) Br-H-+-n(CgHg) (Cs: type Ig,p) MeO-H-#-1(CgHg) (C;: type lag,,)

Fig. 3 Molecular graphs for F-H-*-n(CsHs) (Cs: type Ip,) (a), Br—H-#-1(CsHs) (Coy: type Ipzm) (b), I-H-#-mt(CsHe) (Cs: type Ipm) (c), HO-H-*-1(CcHs)
(Cs: type lag,) (d), OH,-#-m(CeHs) (Ca: type lp,) (), MeO-H-#-n(CeHs) (Cs: type Ig.m) (f), H-N-H-#-nt(CeHg) (Cs: type laag,,) (g) and Me,N-H-x-
7t(CeHg) (Ci: type laag,,) (h), evaluated with BSS-F, together with Br—H-*-1(C¢Hs) (Cs: type Is,n) (i) and MeO-H-#-nt(CsHe) (Ci: type lag,,) (j) evaluated

s by BSS-B. BCPs are denoted by red dots (e), RCPs by yellow dots (+) and CCPs by green dots (), together with BPs by pink line (-e-). Carbon atoms
are in black (e) and hydrogen atoms in gray (), with fluorine, bromine and iodine atoms in dark gold (®), brown (®) and purple (e), respectively.

MeO-H-#-m(CgHg) (Cs: type lag,y) HoN-H-#-1(CgHg) (Cs: type laag,y) Me,N-H-#-71(CgHg) (C4: type laag,,) MeO-H-#n(CgHg) (Cy: type lag,,)

Fig. 4 Counter maps of py(r.) for Br—H-#-t(CsHg) (Cov: type Is,n) (a), I-H-#-n(CsHs) (Cs: type Ipm) (b), HO-H-#-1t(C¢Hs) (Cs: type lag,) (c), OHp-%-

10 T(CsHe) (Ca: type Ilg,,) (d), MeO-H-#-t(CsHg) (Cs: type lag,) (€), HIN-H-#-n(CsHs) (Cs: type laag,,) (f) and Me,N-H-#-(C¢Hs) (Ci: type laag.) (g)
evaluated with BSS-F, together with MeO-H-#-n(CsHs) (C): type lag,,) (h) calculated by BSS-B. BCPs on the plane are denoted by red dots (e), those
outside of the plane in pink dots (®), RCPs by blue squares (m), CCPs by green dots (m) and BPs on the plane by black lines and those outside of the plane
are by gray lines. Carbon atoms are in black (e) and hydrogen atoms are in gray (), with other atoms in black (e).

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7
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MeO-H-#-1(CgHg) (Cs: type lag,n) HoN-H-#-m(CgHg) (Cs: type laag,,) Me,N-H-#-11(CgHg) (Cy: type laag,,) MeO-H-+-n(CgHg) (C4: type lag,,)
Fig. 5 Negative Laplacians for Br—H-#-71(CsHs) (Cev: type Ip,n) (a), [-H-#-11(CsHs) (Cs: type Ip,n) (b), HO—H-#-1t(CsHs) (Cs: type lag,s) (¢), OHy-#-1(CsHs)
(Cy: type 1lp,,) (d), MeO-H-#-t(C¢Hp) (Cs: type Iag,,) (¢), HoN-H-#-t(CsHs) (Cs: type laap,,) (f) and Me,N-H-#-t(C¢Hg) (C): type laap,,) (g), evaluated
with BSS-F, together with MeO—H-#-1(C¢Hy) (Ci: type lag,,) (h) by BSS-B. Blue and red lines correspond to positive and negative areas, respectively.

I-H-+-(CgHe) (Cs: type lgzn) HO-H-+-1(CgHe) (Cs: type lagzn) OHy-+-m(CgHg) (C: type llgzn)

*~r -

i / e £ \ e ' '
MeO-H-#-(CgHg) (Cs: type lagzn) HoN-H-#-1(CgHg) (Cs: type laag,) Me,N-H-#-11(CgHg) (Cy: type laag,,) MeO-H-+-n(CgHg) (Cy: type lag,,)

Fig. 6 Trajectory plots for Br—H-#-1t(C¢Hg) (Cy: type Ip.m) (a), -H-#-mt(CsHy) (Cs: type Ipzn) (b), HO-H-#-1t(C¢Hy) (Cs: type Iap,) (¢), OH,-#-t(CsHs) (Ca:

type lp,n) (d), MeO—H-#-11(CsHp) (Cs: type lap,,) (e), HIN-H-#-t(CsHs) (Cs: type laag,,) (f) and Me,N—H-#-1t(CsHs) (C): type laag,,) (g), evaluated with

BSS-F, together with MeO—-H-*-1(C¢Hs) (C: type lag,,) (h) by BSS-B. Colors and marks are the same as those in Fig. 3.

5
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A
321 o h
[m] MeHN-H-#-x
Me,N-H-#-t (C4: laagzn)
(Cy: laagzn)
30 h
HoN-H-#-1
(C}: Tadgy)
Br-H-s#-nt
28+ (Cev: lazn)
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241 (Csilgzn) _—~7T."" et y = x, as a reference 1

© y=0.0629 + 0.986x R:2=0.999

O MeRN-H-*-x(CeHs) (R =H, Me)

24 26 27 Rg (A)

Fig. 7 Plot of rgp versus R evaluated with BSS-F at the MP2 level.
Correlation for type Ig,, with X =F, Cl, Br, I, HO, MeO and H,N is given
in the figure, together with R.” (the square of the correlation coefficient).

23

25

Hofre) ' ' '
(au)

0.0020 - i

0.0015} i
—o6— F-H-*-n(CéHe)
—aA— Cl-H-*-n(CsHe)

| —&— Br-H—*-7(C6He)

0.0010 —0— I-H—*-n(CeHs)
—6— HO-H—*-n(CéHs)
—A— MeO-H-*-m(CsH6)
—— H2N-H-*-m(CeHs)
—A— MeHN-H-%-5(CsHs)
—&— Me2N-H-*-m(CsHe)

0.004
Hi(re) = Vp(re)/2 (au)

Fig. 8 Plots of Hy(r.) versus Hy(r)) — Vy(r.)/2 for X—H-#-m(CsHo),
evaluated with BSS-F at the MP2 level. Colors and marks for the species
are shown in the figure. Data with w =—0.1, -0.05, —0.025, (0) and 0.001
are employed for MeHN-H-#-rt(C¢Hy), in place of those with w = (0),
+0.05 and +0.1, resulting in narrower intervals between the data points on
the regression curves for the species, relative to others.

0.003 0.005

responsible for the larger differences between rgp and Rgy for
the species.

QTAIM-DFA is applied to X—H-#-n(C¢Hg) (X-H = F, Cl,
Br, I, HO, MeO, H,;N, MeHN and Me;N). Fig. 8 shows the
plots of Hy(r.) versus Hy(r.) — Vy(r.)/2 for the X-H-x-
7(C¢Hyg) interactions, evaluated with BSS-F. All data in Fig. 8
appear in the area of Hy(r.) — Vy(r.)/2 > 0 and Hy(r;) > 0,
which belong to the pure CS region. Therefore, all H-*-x
interactions in X-H-#-n(C¢He) should be classified by pure
CS interactions.

The plots are analyzed according to eqns (3)-(6) by
applying QTAIM-DFA. The results are discussed, next.

Application of QTAIM-DFA to X—H-+*-n(CsHg) Interactions

Table 4 collects the QTAIM-DFA parameters, evaluated with
BSS-A, BSS-B, BSS-D and BSS-F at the MP2 level. The
behavior of the X—H-#-n(C¢Hg) interactions are classified and
characterized based on the QTAIM-DFA parameters of 6 and
w0 8,, respectively, employing the criteria in Scheme 3, as a
reference. The criteria tell us that the interactions will be
classified by the pure CS interactions if 45° < < 90° and
characterized as the vdW interactions for 45° < 6§, < 90°. The
0 and 6, values are less than 90° for all X—H-#-m(Ce¢Hs),
3s examined in this work, as shown in Table 4. Consequently, all
X-H-#-m(C¢Hg) interactions are classified as the pure CS
interactions and they have the vdW-type character, where X =
F, Cl, Br, I, HO, MeO, H,N, MeHN and Me,N.
How are the trends in the behavior of 6 and 6, in X—H-x-
w0 W(CeHg)? To clarify the trends, 6 and 6, in X—H-*-mt(C¢Hg)
and X—H-#-n(OH,) are plotted versus X (= F, Cl, Br and I) in
Fig. 9, evaluated with BSS-F at the MP2 level. While 6 in X—
H-#-mt(C¢Hg) become larger in the order of X =F < Cl <Br <
I, 6, increase in the order of X = Cl < Br (< F) < 1. The
45 behavior seems inverse in the trend of X-H-%-OH,, as a
whole %%

0(°) 0 (°)
—@— 0 (CeHs) —@— 6 (CeHs)
180 F —o— g (H0) —o— 0 (H0) 180
150 [ 4150
120 4120
90 |- 490
60 | 460
1 1 1 1

X= F

Fig. 9 Plots of 8 versus X (= F, Cl, Br and I) for X—H-*-7(CsHs) (@) and
X-H-#-n(OH,) (0) and those of 8, versus X for X-H-*-n(C¢Hs) (@) and
s0 X—H-*-n(OH,) (O) evaluated with BSS-F at the MP2 level.

What factors control the trends? Acidity of H-X* and MO
energies of o*(X—H) would be the candidates for the factors.
The acidity of H-X in the gas phase and s(LUMO) of H-X%
are given in eqns (11) and (12), respectively. The acidity

ss becomes stronger in the order of X = F < Cl < Br < 1, as
expected (eqn (11)). The 6 and 6, values in X—H-*-mt(C¢Hg)
increase almost proportionally as the acidity of H-X becomes
stronger. However, those in X—H-%-n(OH,) change inversely
proportional to the acidity of H-X, as visualized in Fig. 9.

o Instead, e(LUMO) of H-X seems to explain the behavior of
and 6, in X-H-%-n(OH,), as a whole, although ¢(LUMO) of
H—Cl is predicted to be less than that of H-F.

Acidity (AH/kJ mol™"):
o HF (—=1552) < HCI (-1396) < HBr (~1351) < HI (-1315) (11)
£(LUMO) of H-X (eV):

HCI (1.12) < HF (1.17) < HBr (1.18) < HI (1.25) (12)

This journal is © The Royal Society of Chemistry [year]
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Table 4 QTAIM functions and QTAIM-DFA parameters for X—H---nt(CsHy), optimized with MP2/BSS-A, MP2/BSS-B, MP2/BSS-D and MP2/BSS-F at

the MP2 level*”

Species BCP o(r) Vo) Hor)  ke(r)’ R 0 Freq ke 6, K,
(Symmetry: type) at CéHs (e, ) (au) (au) (au) (©) (em™)  (unit’) ©) (au™)
BSS-A

F-H-#-nt(CsHy) (Cs: type Is,n) BCP 0.0121  0.0054  0.0024  -0.717  0.0059 66.2 112.7  0.053 723 136
Cl-H-#-7(C¢Hs) (Ci: type L) C 0.0091  0.0033  0.0010 -0.824  0.0035 73.3 76.4 0.030 67.1 20.5
Br-H-#-m(CsHs) (Ci: type Inzn) C 0.0080  0.0030  0.0008  -0.843  0.0031 74.8 64.0 0.021  69.5 59.2
[-H-#-1t(CsHe) (Cs: type Inzn) BCP 0.0084  0.0030  0.0008  -0.852  0.0031 75.5 38.6 0.002 716 351
BSS-B

F-H-#-nt(CeHy) (Cs: type Is,n) BCP 0.0113  0.0048  0.0021 -0.717  0.0052 66.2 110.1 ~ 0.057 70.7 109
Cl-H-#-7(C¢Hs) (Ci: type L) C 0.0083  0.0031  0.0009 -0.831  0.0032 73.9 81.2 0.032 673 30.2
Br-H-#-1(CsHe) (Cs: type Izzn) BCP 0.0087  0.0031  0.0009 -0.834  0.0032 74.1 64.2 0.017 67.6 74.4
I-H-#-1(CsHe) (Ci: type Ipzn) C 0.0087  0.0031  0.0008  -0.856  0.0032 75.9 44.6 0.003 735 208
HO-H-#-n(C¢Hs) (Cs: type lag.n) BCP 0.0085  0.0035  0.0013  -0.761  0.0037 68.9 101.8  0.027 64.2 359
MeO-H-#-n(CsHs) (Ci: type lag,,) BCP 0.0093  0.0039  0.0015  -0.767  0.0042 69.3 84.5 0.012 647 74.3
H,oN-H-#-mt(CsHp) (Cs: type laag,) C 0.0072  0.0029  0.0009  -0.808  0.0030 72.2 96.5 0.027 682 34
MeHN-H-*-1(C¢Hs) (Ci: type laag,,) C 0.0081  0.0033  0.0011 -0.805  0.0035 71.9 109.0 0.009 712 224
Me;N-H-#-m(CeHp) (Ci: type laag,,) C 0.0091  0.0037  0.0012  -0.804  0.0039 71.9 87.8 0.018 673 22.0
BSS-D

F-H-#-t(CeHy) (C\: type Ig.m) C 0.0133  0.0059  0.0023  -0.756  0.0063 68.6 1249  0.066 83.2 204
Cl-H-#-7(C¢Hs) (Ci: type L) C 0.0110  0.0042  0.0015  -0.788  0.0044 70.7 81.6 0.030 69.2 92.5
Br-H-#-m(CsHs) (Ci: type Inzn) C 0.0102  0.0039  0.0013  -0.801  0.0041 71.6 62.7 0.016 68.5 58.2
I-H-#-1(CsHe) (Ci: type Ipzn) C 0.0115 0.0042 0.0012  -0.824  0.0044 73.3 69.6 0.014 750 122
BSS-F

F-H-#-nt(CsHy) (Cs: type Is,n) BCP 0.0110  0.0047  0.0021 -0.714  0.0051 66.0 1059  0.054 70.7 109
Cl-H-#-7(C¢Hs) (Cs: type Igm) C 0.0077  0.0031  0.0010 -0.811  0.0033 72.3 88.7 0.052 685 22
Br-H-#-1(CsHe) (Cov: type Ipzm) C 0.0078  0.0031  0.0010 -0.816  0.0032 72.7 69.3 0.031 68.8 1.7
[-H-#-1(CsHe) (Cs: type Inzn) C 0.0101  0.0037  0.0011 -0.824  0.0039 73.3 63.8 0.010 725 83.0
HO-H-#-n(C¢Hs) (Cs: type lag.n) BCP 0.0085  0.0035  0.0014  -0.754  0.0038 68.5 102.0  0.034 66.6 39.0
MeO-H-#-n(CsHs) (Cs: type lag,,) BCP 0.0096  0.0040  0.0015  -0.769  0.0043 69.5 85.2 0.014 664 57.9
H,oN-H-#-mt(CsHs) (Cs: type laag,,) C 0.0072  0.0030  0.0010  -0.800  0.0031 71.5 97.4 0.028  69.7 7.9
MeHN-H-#-1t(C¢Hs) (Ci: type laagp,,) C 0.0083  0.0034  0.0012  -0.795  0.0036 71.2 68.1 0.010 655 923
Me;N-H-#-m(CeHp) (Ci: type laag,,) C 0.0095  0.0040  0.0013  -0.796  0.0042 71.3 90.4 0.019 685 32.0

“See Table 1 for BSSs. * Data are given for an interaction at BCP, which is shown by * as in F=H-#-t(C¢He). © ¢V*y(re) = Hy(re) — Vi(re)/2, where ¢ =

12/8m. ! k= Viy(r)/Gy(r,). mdyn A"

While 8 and 6, in X-H-=-m(C¢Hg) are mainly controlled by
the acidity of X-H, those in X-H-#-n(OH,) are mainly by
s 0%(X-H). The electron donor ability of m(CsHg) must be
(much) weaker than that of n(OH,), which must be
responsible for the smaller 8 and 6, values in X—H-=-m(C¢Hg),
relative to those in X-H-%-n(OH,), together with the
differences in the trends of 8 and 6, between X—H-*-mt(CsHg)
10 and X—H-#*-n(OH,).

One imaginary frequency was predicted for the optimized
structure of OH,-#-mt(C¢Hg) (C,: type Ilp,,), as mentioned
above, which should be examined further. Investigations on
the structure and the behavior are in progress.

s Conclusion

Weak X-H---m interactions in the benzene m-system will
provide a very good starting point for those in various -
systems. The X—H---n(C¢Hg) adducts (X = F, Cl, Br, I, HO,
MeO, H,oN, MeHN and Me,N) were optimized with various
2 basis set systems (BSSs) of BSS-A, BSS-B, BSS-D and/or
BSS-F at the MP2 level. The optimized structures of X—H---
7n(Ce¢Hg) are summarized by the two types, type Ig,, and type
IIg,,. Type Iy, contains the adducts constructed with only one
X-H---rt interaction for each. Structures are called type Ilg,y,,
»s if an adduct contains two H---7 interactions, as in OH,---

7(CsHg) (Cy: type Ilp,,). Type I,y is sub-divided into type Ig,y,
type lag,, and type laag,, for X in X-H of monodentate
halogen, bidentate oxygen and tridentate nitrogen atoms,
respectively. While HO-H---n(C¢Hg) (Cs: type lag,,) has all
positive frequencies, OH,---n(C¢Hg) (Cy: type 1lg,,) contains
one imaginary frequency. Consequently, the optimized
structure of OH,---mt(CeHg) (C: type 1lp,,) should be assigned
to a transition state, however, it could be assigned to a
minimum, if the calculation method is suitably selected.

35 All BCPs expected are clearly detected in the molecular
graphs drawn on the optimized structures. The X-H-x*-
n(C¢Hg) interactions can be described by the linear BPs,
except for MeHN-H-#-nt(C¢Hg) (C,: type laag,,) and Me,N—
H-#-nt(C¢Hg) (Cy: type laag,,), of which BPs somewhat curve.
Counter maps of p(r) are drawn for the adducts. All BCPs are
well located at the three-dimensional saddle points of p(r) in
the species. QTAIM-DFA was applied to the X—H-*-mt(CsHg)
interactions. Hy(r.) are plotted versus Hy(r.) — Vy(r.)/2 at
BCPs of the interactions. QTAIM-DFA parameters for X—H-
#-1t(C¢Hg) are calculated according to the definitions. The 6
and 6, values are less than 90° for all X-H-x-m(C¢Hg)
interactions, examined. It is concluded that all X—H-#-7(CsHg)
interactions are classified as the pure CS interactions and
predicted to have the vdW character, where the standard
so values in the criteria are employed as a reference. The trend in

3

=3

4

=3

4

&

10 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



Page 11 of 12

o«

15

15

40

Physical Chemistry Chemical Physics

the 6 and 6, values for X-H-*-m(CsHs) (X = F, Cl, Br and I)
seems different from that for X-H-%-n(OH,). Factors to
control the trend are also examined.
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