THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Strength of the Pnicogen Bond in Complexes Involving Group Va

Elements N, P, and As
Dani Setiawan, Elfi Kraka,* and Dieter Cremer*

Computational and Theoretical Chemistry Group (CATCO), Department of Chemistry, Southern Methodist University, 3215 Daniel

Ave, Dallas, Texas 75275-0314, United States

© Supporting Information

ABSTRACT: A set of 36 pnicogen homo- and heterodimers, R;E---ER; and
R;E---E'R;, involving differently substituted group Va elements E = N, P, and
As has been investigated at the wB97X-D/aug-cc-pVTZ level of theory to
determine the strength of the pnicogen bond with the help of the local E---E’
stretching force constants k. The latter are directly related to the amount of
charge transferred from an E donor lone pair orbital to an E’ acceptor o*
orbital, in the sense of a through-space anomeric effect. This leads to a buildup
of electron density in the intermonomer region and a distinct pnicogen bond
strength order quantitatively assessed via k. However, the complex binding
energy AE depends only partly on the pnicogen bond strength as H,E-
attractions, H-bonding, dipole—dipole, or multipole—multipole attractions also
contribute to the stability of pnicogen bonded dimers. A variation from
through-space anomeric to second order hyperonjugative, and skewed =,z
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interactions is observed. Charge transfer into a 7* substituent orbital of the acceptor increases the absolute value of AE by
electrostatic effects but has a smaller impact on the pnicogen bond strength. A set of 10 dimers obtains its stability from covalent
pnicogen bonding whereas all other dimers are stabilized by electrostatic interactions. The latter are quantified by the magnitude
of the local intermonomer bending force constants XE---E’. Analysis of the frontier orbitals of monomer and dimer in connection
with the investigation of electron difference densities, and atomic charges lead to a simple rationalization of the various facets of
pnicogen bonding. The temperature at which a given dimer is observable under experimental conditions is provided.

B INTRODUCTION

Noncovalent interactions play a key role in chemistry, biology,
supramolecular chemistry, and materials science.' * H-bonding
with all its facets is the most prominent and well-studied
representative.’~” However, the number of other stabilizing
nonbonbed interactions being recognized is steadily increasing,
including dihydrogen bonding,8 noncovalent halogen-bond-
ing, 10 or noncovalent chalcogen-chalcogen interactions.' ' ™'*

Analyzing the NMR spectra of carborane-phosphino
derivatives, Hill and co-workers first discovered the possibility
of stabilizing P--P interactions.'>'® Further evidence for the
existence of P---P noncovalent interactions was provided by
Drago and co-workers on anion-neutral molecule interac-
tions,'”” Widhalm and Kratky on the synthesis and X-ray
structure of binaphthyl-based macrocyclic diphosphanes,'® and
Carré and co-workers on the donor—acceptor (D—A)
interactions in three- and four-coordinated phosphorus
compounds.'® Klinkhammer and Pyykké discussed a closed-
shell intermolecular E---E attraction in diphosphine dimers and
their chalcogen analogues.20 In 2003, Wollins and co-workers
reported P---P nonbonded interactions in a series of diphospha-
functionalized naphthalines.”” In 2007, Sundberg and co-
workers confirmed the P---P noncovalent interactions in 1,2,-
dicarba-close-dodecaboranes by single crystal X-ray diffractions
and DFT calculations®® supporting the early observations by
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Hill and co-workers.'>'® They suggested a hyperconjugative
model involving the lone pair electrons of one P atoms and the
adjacent 6*(P—C) orbital. In the same year, Tschirschwitz and
co-workers discussed an attractive pnicogen interaction
between phosphorus and nitrogen.”> Tuononen and co-
workers synthesized new tetraphoshine ligands with P---P
noncovalent interactions,”* and they showed that the weak
interactions between trivalent pnicogen centers are stron
enough to lead to supramolecular structures in the solid state.”
Up to this point, the work on pnicogen bonding was more or
less scattered. This changed when the Hey-Hawkins group in
collaboration with the Kirchner group demonstrated in their
2011 paper that P---P interactions can be as strong as H-bonds
and may be useful molecular linkers.”® Their investigation was
triggered by a study of enantiomerically pure bis(phosphanyl)-
carbaborane(12) compounds.”’”

This publication attracted the attention of the chemical
community and since then numerous studies on pnicogen
bonding have appeared. Experimental investigations were
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Figure 1. (a) Phosphine homodimers 1-21 and (b) phosphine heterodimers 22—36 investigated in this work. Numbers in blue correspond to the
intermolecular distance in A, numbers in black (boldface) to pnicogen E-X;, in plane distances, with X being an atom or functional group, and
numbers in black (italic) correspond to E—X,,, distances. All heterodimers except 33 and 35 adapt a syn form (wB97XD/aug-cc-pVTZ

calculations).

limited to X-ray studies of heavily substituted compounds and
3C or 'H NMR information used for an indirect description of
pnicogen bonding. However, numerous quantum chemical

studies focused on the investigation of pnicogen bonded
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complexes targeting predominantly P--P**7** and P--N*~*
interactions, but also extending to E---E’ bonding of the type
N--N,® P-As* or AsAs.*® Topics include the study of

pnicogen—bonding to cation—7z complexes,* pnicogen-bonded
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anionic complexes,*” anion recognition based on pnicogen
bonding,48 pnicogen—hydride interactions in complexes such as
XH,P---HBeY,* complexes with pnicogen bonds involving sp*-
hybridized phosphorus atoms,”® intramolecular pnicogen
interactions in PHF—(CH,),—PHF systems,51 the interaction
of nitryl derivatives and electron donors leading to pnicogen
bonds,>* pnicogen bonding involving nitro compounds and
inorganic bromides,>? single electron pnicogen bonded
complexes,”* and the importance of pnicogen—7z complexes
for biological systems.>> Several studies were devoted to a
comparison of pnicogen bonding with noncovalent chalcogen,
halogen, and H-bonding.*>**™”" Most of these studies stayed
within a well-defined group of pnicogen bonded complexes
with similar electronic effects rather than exploring the many
facets of pnicogen bonding in more broadly based approach.

Different methodologies have been applied to analyze the
nature and the strength of pnicogen-bonded complexes
including (i) energy decomposition methods,”*””? (i) methods
being based on the investigation of the electrostatic
potential,****" (iii) methods investigating the features of the
electron density of the of the pnicogen complexes.®>*’

In this work, we will pursue a different route by investigating
the dynamic aspects of pnicogen bonding as they are revealed
by the vibrational modes of a pnicogen-bonded dimer.
Vibrational s?ectroscopy has been amply used to describe H-
bonding.** "' To the best of our knowledge, no attempts have
been made so far to apply vibrational spectroscopy to
characterize E---E’ interactions in the same way. However, the
interest in the a vibrational characterization of pnicogen
bonding may soon be triggered by the availability of terahertz
spectroscopy or depolarized Raman scattering, and in this
regard the current investigation is timely. With the recent
advances in terahertz spectroscopy’> " far-infrared absorptions
down to 40 cm™' can be recorded and, by this, the
measurement of intermolecular pnicogen—pnicogen vibrations
is feasible.

We have recently performed a comprehensive analysis of H-
bonding based on local vibrational modes.”® In this work, we
will apply the local vibrational mode analysis of Cremer and co-
workers” ™" to a representative test set of 36 pnicogen
complexes 1—36 (Figure 1), which includes homo dimers and
hetero dimers for E = N, P, and As, a variety of different
substituents X of E covering, and a range of different E---E’
interactions. Our investigation also requires that dimers 1-36
are compared with the corresponding monomers M1-M24
and suitable reference molecules R1—R10, which are described
in the Supporting Information. The main goal of our work is (i)
to elucidate the interplay of electronic and electrostatic factors
determining the dimer stability and (ii) to provide a
quantitative measure of the pnicogen bond strength based on
vibrational modes, derived either from experiment or from
calculations.

B COMPUTATIONAL METHODS

In this work, equilibrium geometries and normal vibrational
modes were calculated using the wB97X-D density func-
tional,””'® which was chosen because it provides a reliable
description of noncovalent interactions in cases where
dispersion and other long-ranﬁe van der Waals interactions
play an important role.””'®""'®* For the same reason,
Dunning’s aug-cc-pVTZ basis sets'®*71% were used. For Br
and I, the Stuttgart effective core potentials (ECPs)'” were
employed in connection with the cc-pVTZ-PP basis sets.'*'*
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In the case of Br, it was verified (by comparison with the
corresponding cc-pVTZ-PP results) that the use of an ECP
does not affect calculated vibrational frequencies significantly.

The DFT calculations were carried out using an ultrafine grid
and tight convergence criteria in the geometry optimizations to
guarantee a reliable calculation of vibrational frequencies. To
verify the utility of the ®B97X-D functional, dimers 1, 2, 6, 8,
and 10 were reoptimized at the CCSD(T) level of theory''
employing the same basis sets. Similar results were obtained,
however, with the general observation that pnicogen bonding is
somewhat weaker.

Calculated binding energies AE of the dimers were corrected
for basis set superposition errors (BSSE) employing the
counterpoise method of Boys and Bernardi.''' Free binding
energies AG(T) were calculated at T = 298, 100, and 5 K to
determine the temperature T(obs) at which AG becomes
negative, thus providing a chance of observing a given dimer
and characterizing it by experimental means.

The charge-transfer analysis was carried out on the basis of
calculated NBO (natural bond order) charges.''*'"> A
topological analysis of the electron density distribution p(r)
was performed.''* The nature of the pnicogen bond was
determined by the energy density H(r) calculated at the bond
critical point r, and the application of the Cremer—Kraka
criteria for covalent bonding: (i) A zero-flux surface and bond
critical point r, have to exist between the atoms in question
(necessary condition). (ii) The local energy density at H(r,)
must be negative and thereby stabilizing (sufficient condition
for covalent bonding). A positive H(r,,) indicates a dominance
of electrostatic interactions."*>''” Hence, the Cremer—Kraka
criteria can reveal whether pnicogen bonding is covalent,
electrostatic, or a mixture of both (values close to zero).

Electron difference density distributions Ap(r) = p(dimer
AB) — [p(monomer A) + p(monomer B)] were calculated at
the wB97X-D/aug-cc-pVTIZ level of theory using for the
monomers A and B the geometries they adopt in the dimer.
Orbital energies for the determination of the HOMO—-LUMO
gaps of donor (D) and acceptor (A) monomers have been
calculated at the Hartree—Fock (HF) level using the 6-
31G(d,§) basis set."'® For iodine the 6-311G(d,p) basis set was
used."!

The local vibrational modes were derived according to
Konkoli and Cremer.”>*® All vibrational mode and electron
density calculations were carried out with the program package
COLOGNE2014,"*° whereas for the CCSD(T) calculations
CFOUR'"*"'?? and MOLPRO,'** and for the DFT calculations
Gaussian09'** was used.

B DESCRIPTION OF PNICOGEN BONDING WITH THE
HELP OF VIBRATIONAL SPECTROSCOPY - A NEW
AVENUE

Normal vibrational modes probe the electronic structure and
the bonds of a molecule or a molecular complex. Therefore, the
stretching force constants should provide a direct measure of
the strength of the corresponding bond and the bending force
constants about bond—bond interactions based on hybrid-
ization, electrostatic, and polarization effects.”S 798125126 1y thig
connection, one has to consider that normal vibrational modes
are generally delocalized because of mode coupling. Specific
bond information can only be extracted from the calculated or
measured vibrational frequencies if the coupling between the
vibrational modes is suppressed and local vibrational modes are
obtained, as has been shown by Cremer and co-work-
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Table 1. Calculated Properties of Dimers 1—36 and Reference Molecules R1-R10“

AG AG
molecule (sym) R AE (298) (100)
1 (PH;), (Cy) 3.691 -1.15 521 1.38
2 (PH,F), (Cy,) 2.543 —5.87 6.70 —-0.72
3 (PH,F), (C,) 3.685 —0.93 7.22 2.30
4 (PHE,), (C) 3.289 —1.47 6.48 1.77
5 (PE;), (Cy) 3.689 —0.60 6.66 2.08
6 (PH,CI), (Cy,) 2.967 -3.12 7.18 0.93
7 (PCly), (Cy) 3.559 -1.85 521 1.04
8 (PH,Br), (Cy,) 3.039 —2.90 7.00 0.99
9 (PBrs), (Cy) 3.507 -2.93 4.79 0.02
10 (PH,I), (Cy,) 3.121 -2.36 7.24 142
11 (PL,), (Cyy) 3.423 —4.61 4.29 —-118
12 (PH,BH,), (Cy,) 3.881 -1.05 6.16 1.84
13 (PH,OH), (Cy,) 3.036 -327 6.94 0.71
14 (PH,NH,), (C) 3.371 —-2.00 5.83 1.08
15a  (PHFCH,), (C) 3.106 —4.07 6.02 —0.10
15b  (PHECH,), (C,) 3.084 —4.20 6.41 —0.07
16 (PH,CCH), (Cy,) 3.507 —-1.66 5.82 1.32
17 (PH,CN), (Cy) 3.557 —0.96 8.01 229
18 (PH,NC), (Cy,) 3.220 -1.98 8.71 1.90
19 (NH,F), (Cy) 2.719 —-3.60 5.34 0.01
20 (AsH;), (Cy) 3.855 -1.26 3.77 091
21 (AsH,F), (Cy,) 3.127 —2.94 6.78 0.92
22 H,P--PH,F (C,) 3202 —3.44 4.75 —0.16
23 H,N---NH,F (C,) 2.922 —4.09 2.92 —-1.09
24 H;AsAsH,F (C,) 3.389 —-3.66 4.08 —0.48
25 H,;N---PH; (C,) 3.325 —1.64 427 0.94
26 H,N---PH,F (C,) 2.683 —6.49 2.80 —2.44
27 FH,N--PH; (C,) 3243 -2.04 4.58 0.65
28 FH,NPH,F (C,) 2.653 —-5.36 4.14 —1.42
29 H,N---PH,NO, (C,) 2.658 —-7.56 2.10 -331
30 H,P--AsH; (C,) 3.767 -121 3.83 0.92
31 H,P--AsH,F (C,) 3252 —4.20 3.90 —0.95
32 H,AsPH,F (C,) 3.333 -3.03 523 0.35
33 FH,P--AsH,F (C,) 2917 —4.21 622 —0.03
34 H;N--PH,(CN) (C)  2.998 —4.73 3.45 —124
35 H,N--PH,(CN), (C,;)  2.883 —-7.59 1.77 —-3.58
36 H;N---PH,(CN), (C) 2758  —10.11 —0.65 —6.00
Rl P,H, (C) 2219
R2 P,H, (Cy,) 2.013
R3  N,H, (G) 1.424
R4 NH, (Cy) 1231
RS As,H, (C,) 2452
R6  As,H, (Cy) 2226
R7 H,P-NH, (C)) 1.708
R8  HP=NH (C) 1.572
R9  H,P-AsH, (C)) 2.341
R10 HP=AsH (C) 2.122

AG (5) T(obs) o* K n P H, Hy/p,
—0.43 28 65.0 0.039 0.032 0.043 0.005 0.123
—-3.94 116 156.2 0.223 0.151 0.384 —0.110 —0.285
—-0.25 13 60.0 0.033 0.027 0.047 0.005 0.106
—0.78 33 78.6 0.056 0.044 0.098 0.000 0.000
—-0.34 17 58.6 0.031 0.029 0.048 0.005 0.096
—-2.14 72 83.3 0.063 0.049 0.171 —0.017 —0.100
—-143 63 75.6 0.052 0.041 0.060 0.005 0.077
—-2.05 70 71.1 0.046 0.037 0.150 —0.011 —0.074
-2.77 108 85.1 0.066 0.051 0.065 0.005 0.073
—1.60 57 83.1 0.065 0.050 0.130 —0.006 —0.047
—4.28 148 83.2 0.065 0.050 0.079 0.004 0.052
—0.60 27 544 0.027 0.023 0.030 0.005 0.161
-2.27 77 80.0 0.058 0.045 0.148 —0.011 —-0.075
—1.44 60 82.9 0.063 0.049 0.076 0.003 0.042
-3.19 108 89.9 0.074 0.056 0.140 —0.009 —0.062
—-3.32 104 89.4 0.073 0.056 0.140 —0.009 —0.062
—1.15 S0 62.5 0.036 0.030 0.061 0.004 0.074
—0.51 22 64.5 0.038 0.031 0.058 0.005 0.080
—1.28 43 85.1 0.066 0.051 0.104 —0.001 —0.010
-2.55 100 178.0 0.131 0.086 0.088 0.017 0.190
-0.69 46 32.1 0.023 0.018 0.039 0.003 0.087
—-2.03 71 63.7 0.090 0.066 0.145 —0.010 —0.071
—-2.45 105 71.9 0.047 0.038 0.108 —0.001 —0.010
—2.98 153 196.8 0.160 0.099 0.068 0.016 0.229
—-2.76 123 558.5 0.068 0.051 0.090 0.000 0.003
-0.56 40 86.8 0.043 0.015 0.051 0.007 0.143
—4.65 190 172.8 0.170 0.055 0.166 —0.005 —0.031
—-1.29 68 57.6 0.019 0.007 0.056 0.009 0.160
-3.96 149 144.0 0.118 0.039 0.175 —0.007 —0.042
—5.68 221 159.3 0.144 0.047 0.180 —0.009 —0.047
-0.62 43 49.3 0.031 0.024 0.042 0.004 0.103
-3.26 139 86.9 0.098 0.070 0.107 0.000 —0.002
—-2.00 86 77.6 0.078 0.057 0.092 0.000 0.000
—2.99 100 89.3 0.103 0.074 0.201 —0.026 —0.127
—-3.40 151 136.5 0.106 0.035 0.094 0.007 0.073
—5.95 232 148.8 0.126 0.041 0.121 0.004 0.036
—8.30 324 168.1 0.161 0.052 0.161 —0.002 —0.015

647.6 1.845 1.000 0.783 —0.403 —0.515

662.6 4.006 2.000 1.044 —0.738 —-0.707

1025.5 4.338 1.000 2.075 —-1.667 —0.803

1681.5 11.663 2.000 3.394 —4.859 —1.431

261.8 1.513 1.000 0.590 —0.237 —0.402

3754 3.111 2.000 0.798 —0.439 —0.551

786.6 3.516 1.000 1.118 —-0.979 —0.878

1129.5 7.249 2.000 1418 —-1.256 —0.886

358.7 1.661 1.000 0.671 —0.303 —0.452

S519.1 3.480 2.000 0.906 —0.559 —-0.617

“Pnicogen bond distances R (A), dimer binding energies AE (kcal/mol), dimer free binding energies AG (kcal/mol) at 298, 100 and S K
respectively, estimated temperature T(obs) at which the dimers are stable, local E--E’ stretching frequencies @* (cm™"), local E-+E’ stretching force
constants k* (mdyn/A), relative bond strength order n, electron densities p, (e/A%) at the bond critical point r, energy densities Hj, (hartree/A%),
and ratio Hy/p,, (hartree/e), calculated at the @B97XD/aug-cc-pVTZ level of theory.

ers.”>5125127 Experimentally, this has been accomplished via
the isolated stretching frequencies of McKean'>® or the overtone
spectra, which lead to local mode frequencies in special
cases.'” A general computational solution has been found by
Konkoli and Cremer,”> who showed that mode—mode
coupling includes electronic and kinematic (mass) coupling.
Their way of determining local vibrational modes is closely
related to Wilson’s solution of the vibrational problem."*
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Wilson showed that by solving the Euler—Lagrange equations
the basic equation of vibrational spectroscopy is obtained:"*°

(1)

where F? is the calculated force constant matrix expressed in
internal coordinates g,, D collects the vibrational eigenvectors
d,, in the form of column vectors (u =1, .., Ny with Ny = 3N
— L; N is the number of atoms; L is the number of translations

FD = G DA

dx.doi.org/10.1021/jp508270g | J. Phys. Chem. A 2015, 119, 1642—1656



The Journal of Physical Chemistry A

Table 2. Local Intermonomer Bending Force Constants k* (mdyn/rad®) and the Corresponding Local Mode Frequencies @*

(em™)

P ——
f  Dimer (Sym) Klsio w2 K21 Wfem k1o Wi ko1 wfon
1 (PH,), (Con) 0.027  153.7 0.025 148.3 0.025 148.3
2 (PH,F), (Ca1) 0.286  503.5 0.226 147.9 0.226 147.9
3 (PH,F), (Cy) 0.025 148.6 0.025 147.8 0.025 147.8

0.047 534
4 (PHF,), (Cy) 0.022 386 0.008 26.8 0.008 26.8
0.287 197.0
5  (PF,), (Can) 0.007 21.5 0.005 21.5  0.005 21.5
6  (PH,CL), (Cop) 0.096  290.6 0.073 625 0.073 625
7 (PCL), (Can) 0.038 358 8 6 0.037 41.7  0.037 417
8  (PH,Br), (Ca) 0.083 2705 4 0.067 53.6 0.067 53.6
9 (PBry), (Cop) 0.061 386 . . .. 94 0.044 405 0.044 405
10 (PH 1), (Can) 0.066  240.9 0.053 43.9 0.053 43.9
11 (PL), (Can) 0.086 42.4 5 \5 0.050 40.2 0.050 40.2
12 (PH BH,), (Car) 0.025 146.9 0.022 43.0 0.022 43.0
13 (PH,O0H), (Ca) 0.105 302.6 0.085 88.3 0.085 88.3
14 (PH,NH,), (C}) 0.029  159.0 0.034 547 0.034 54.7
0.029  160.5
15a (PHFCH,), (C;) 0.086 2745 0.173 1223 0.173 1223
0.199 119.8
15b (PHFCH,), (Cs) 0.110  309.3 0.184 1262 0.184 126.2
0.196 119.7
16 (PH,CCH), (Cap) 0.020 131.9 0.013 334 0.013 334
17 (PH,CN), (Cap) 0.012 1010 0.022 435 0.022 435
18  (PH,NC), (Ca) 0.007 78.1 0.003 17.1  0.003 17.1
19 (NH,F), (Ca) 0.022  196.5 0.027 73.0 0.027 73.0
20  (AsH,), (Can) 0.010 86.0 0.008 78.0 0.008 78.0
21 (AsH,F), (Con) 0.031 1525 0.018 29.4 0.018 294
22  H,P---PH,F (Cj) 0.138 3459 0.032 169.7 0.113 98.6  0.026 151.6
23 H,N...NH,F (C,) 0.021 190.9 0.017 175.7 0.531 316.5 0.058 321.0
24 TI,As--- ASILF (C5) 0.155 337.5 0.026 140.3 0.136 80.0  0.026 140.0
25 H,N---PH, (C)) 0.006 101.4 0.070 2483 0.012 150.3 0.063 238.4
26 H,N...PHF (C;) 0.043 280.2 0.351 556.5 0.062 337.6 0.325 182.3
27 FH,N---PH, (C,) 0.018 176.2 0.010 92.2 0.009 39.5 0.006 75.1
28 FH,N-.. -PH,F (C,) 0.020 1884 0.208 428.4 0.048 91.0  0.189 140.2
29 TH,N-..PH,NO, (C5)  0.071 359.5 0.320 535.3 0.077 3746 0.284 165.9
30 H,P-..AsH, (C,) 0.014 100.5 0.011 96.5 0.013 100.2 0.011 98.7
31 H.,P.-. AsHZF (Cy) 0.172 356.6 0.034 173.3 0.144 853 0.029 1615
32 H,As---PH,F (Cy) 0.028 1452 0.149 358.0 0.027 141.8 0.127 1015
33 FH,P-- AsH2F (Cs) 0.118 296.8 0.081 266.7 0.079 652  0.056 69.5
34 H3N---PH,(CN) (Cs) 0.026 2174 0.164 381.2 0.036 257.7 0.143 119.0
35 H,N...PH,(CN), (Ci) 0.062 337.2 0.208 430.2 0.061 3315 0.214 1475
0.076  370.9 0.373 169.1
36  H;N.--PH,(CN), (Cy) 0.100 426.6 0.456 190.0 0.107 4405 0.327 185.0

“Local oop bending force constants k', k%;;, and ip bending force constants k%, k%;,,. Force constant k%, is given for dimers with C, or C;
symmetry (4, 14, 15a, 15b, 35), k%, for dimers with C; symmetry (35).

and rotations), G is the Wilson matrix for the kinetic energy,130
and A is a diagonal matrix containing the vibrational
eigenvalues 4, = 47°c’w,’ (w,: vibrational frequency of mode
d,). Solution of the Wilson equation implies the diagonalization
of matrix F? to give the diagonal matrix K. In this way, the
electronic coupling between the local modes is eliminated. The
local mode approach of Konkoli and Cremer suppresses also
the kinematic coupling by starting from the mass-decoupled
Euler—Lagrange equations.”> Zou and Cremer have recently
demonstrated that in this way the mass-decoupled equivalent of
the Wilson equation”””® is obtained, which by diagonalization
directly leads to the local vibrational modes a, being associate
with internal coordinates g,: F59798131

—147F
K'df
—1 47
dx'df

0=

@)
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where d, is a row vector of matrix D. The local mode force
constant k;, is given by eq 3

k= a'Ka, (©)
and the local mode frequency @}, can be obtained from
_ Gk,
a\2 ~—nnn
) =

where element G,, of matrix G defines the local mode mass.”®

Each local mode is associated with a specific structural unit of a
molecule, which in turn can be described by a single internal
coordinate: one-bond diatomic units characterized by a bond
length, two-bond triatomic units characterized by a bond angle,
etc. In this way, the local stretching, bending, or torsional force
constants describe the strength of the chemical bond, the
stiffness of bending (caused by hybridization, polarization, and
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other electrostatic effects), or the height of the rotational
barrier.

The force constant k* of an AB stretching mode (A and B
being bonded) is a reliable measure for the AB bond
strength.'**™"% This does not hold for the local frequency
@, which depends also on the masses of atoms A and B thus
disguising the electronic origin of the bond strength. When a
large set of k* values is compared, the use of a relative bond
strength order (BSO) n is convenient."**”'** The relative BSO
n(EE’) is obtained by utilizing the extended Badger
rule, 126135136 according to which n is related to the local
stretching force constant k* by a power relationship, which is
tully determined by two reference values and the requirement
that for a zero-force constant n becomes zero. In this work, we
used H,E—E'H, and HE=E'H molecules R1—-RI10 as
reference with n = 1 and 2, respectively, leading to the
following parameters a and b of the power relationship: a(PP)
= 0.578 and b(PP) = 0.894; a(NP) = 0.300 and b(NP) = 0.958;
a(AsAs) = 0.672 and b(AsAs) = 0.962; a(PAs) = 0.622 and
b(PAs) = 0.937; a(NN) = 0.358 and b(NN) = 0.701.

B THE MECHANISM OF PNICOGEN BONDING

In Table 1, the properties of dimers 1—36 and reference
molecules R1—R10 (Figure 1) calculated at the @B97XD/aug-
cc-pVTZ level of theory are listed. These comprise the E--E’
distance R, the binding energy AE and the corresponding free
energy value, AG(T) (T = 298, 100, and 5 K), the estimate of
T(obs) for which the dimer in question becomes observable,
the local E---E’ stretching frequency @® and force constant k?,
the relative BSO n, the electron density p, at the E---E’ bond
critical point ry, the corresponding energy density Hj, and the
ratio Hy/pp. Table 2 contains the local ip and oop
(intermonomer) bending force constants XE--E’ for complexes
1-36. Utilizing these values, we will in the following describe
pnicogen bonding where we will first focus on a comparison of
1 with 2 because the latter dimer is a prototypical example for
E--E’ bonding. NBO charges of the homodimers 1-21,
reference molecules R1—R10, and monomers M1—M24 as well
as the NBO charges and the charge-transfer values for the
heterodimers 22—36 are given in the Supporting Information.

Pnicogen Bonding between Two PH,F Monomers. In
Figure 2, two-electron (2e) stabilizing and four-electron (4e)
destabilizing interactions between two monomers M2 are
schematically shown where Figure 2b gives on the left
perspective drawings of the lone pair Ip(P) and ¢*(PF) orbital
of D- and A-monomer. If two NH; (37a in Figure 3) or PH,
molecules (1a) collide head-on as shown in Figure 3, the 4e
destabilizing interaction (Ip repulsion) dominates. Accordingly,
the electron difference density distribution Ap(r) reveals a
strong depletion of electron density in the intermonomer
region (blue color) for both 37a and 1a. This changes for 1
when it adopts its equilibrium geometry: A slight electron
density increase (red, Figure 3) in the intermonomer region
reveals the influence of a charge transfer from one monomer to
the other as a consequence of the 2e-stabilization interactions
indicated in Figure 2a. If the NH; dimer is arranged in a similar
way (37 in Figure 3 represents a saddle point of second order),
there is only depletion of electron density in the intermonomer
region. This has to do with the fact that the ¢*(NH) orbital
contrary to the 6*(PH) orbital has a larger coefficient at H
(because of the electronegativity difference between N and H
and the orthonormality between ¢ and 6* MOs). Hence, the
orbital overlap of the frontier orbitals required for the charge
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Figure 2. (a) Schematic representation of an orbital interaction
diagram for pnicogen bonding between two PH,F monomers. On the
right, destabilizing 4e-interactions (lone pair(lp) repulsion between
Ip(P1) and Ip(P2), purple color) is shown. Each of the Ip orbitals can
undergo a 2e-stabilizing interaction with a ¢* orbital (blue color),
which leads to a charge transfer into the latter and some covalent
character of pnicogen bonding. (b) Perspective drawings of the
LUMO (0*(PF)) and HOMO (Ip(P)) involved in pnicogen bonding
between monomers M2 (PH,F, left) as well as the HOMO of dimers
8 and 9 are shown. The dominating interactions are given by dashed
lines and the nature of bonding is indicated.

transfer and the 2e-stabilization is too small. Lp repulsion
continues to dominate.

An increase of the 2e-stabilizing interactions (Figure 2a) is
accomplished if the PX electronegativity difference increases,
thus lowering the energy of the ¢*(PX) MO, increasing its
coefficient at P, and thereby its overlap with the Ip-orbital of the
approaching second monomer. This is shown for the LUMO of
PH,F (Figure 2b), which bulges out into the intermonomer
space. Consequently, any charge-transfer (2e-stabilizing)
interaction leads to an increase of electron density in the
intermonomer region, which is clearly visible from the
difference density Ap(r) of 2 in Figure 3. At the same time
the electron density of the PF bond is depleted, causing a
lengthening (weakening) of this bond by 0.007 A. Because both
monomers can function as D and A, there is a mutual
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Figure 3. Perspective drawings of the electron difference density distribution Ap(r) = p(dimer AB) — [p(monomer A) + p(monomer B)] where the
geometries of the monomers were adjusted to the dimer geometries. Red contour lines indicate an increase of Ap(r), blue contour lines a decrease.

enhancement of the D and A ability (charge transfer leads to a
lowering of the 6* MO of the D monomer and raising of the Ip-
orbital of the A monomer). The P---P distance decreases from
3.7 Ain 1 to 2.543 A. The binding energy of (2) is —5.87 kcal/
mol, comparable to that of the H-bond in the water dimer
(=5.0 keal/mol®"). The resulting E-+E bond is the strongest of
all P---P dimers investigated in this work. It is characterized by a
large k* value of 0.223 mdyn/A, p,, of 0.384 ¢/A°, and H,/py of
—0.285 hartree/e (Table 1).

As the orbital diagram in Figure 2a reveals, the 2e-
stabilization effect between two M2 resembles an (intra-
molecular) anomeric effect'>”'*® and might be considered as
through-space anomeric delocalization. Closer inspection of the
frontier orbitals of homodimers such as 8 or 9 (see the dimer
HOMOs in Figure 2b) reveals that the HOMO has through-
space pseudo-z,pseudo-z-character in line with second-order
hyperconjugation,* which leads to some slight 7-character of
pnicogen bonding. The basic features of through-space Ip-
electron delocalization have been invoked by a number of
authors®”3%#1565868 ¢ the dominant driving force for
pnicogen bonding.

However, the examples in Figure 3 reveal that, apart from the
geometrical requirements of any through-space anomeric
delocalization, which must be as such that head-on lp-repulsion
is largely avoided, there is also a distortion of the monomer
charge distribution, which speaks of additional polarization
effects apart from the multipole interactions between the
monomers. Therefore, it is understandable that other authors
have emphasized the role of the electrostatic interactions
between the monomers.””*****"'% Clearly, charge-transfer
and electrostatic interactions both play a role and must not be
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considered exclusively as is also true for any dispersion
interactions.”®

Generally, the complex binding energy AE (in the following
often discussed by its absolute value |AEl) is taken as an
indicator for the strength of pnicogen bonding. However, this is
a serious simplification as AE is a cumulative measure of the
strength of the E--E’ bond and all additional interactions
between the substituents of E or E’. The local E---E’ stretching
force constant gives for the first time the possibility of
separately describing pnicogen bonding and detailing additional
electronic effects, which together determine the dimer stability.
The current analysis will be carried out in a way that will
address the dimensionality and complexity of pnicogen
bonding. Therefore, we will (i) differentiate between homo-
and heterodimers, (ii) consider a variation in the E, E’ bonding
partners (E = N, P, As), (iii) investigate a variety of E-
substituents, and (iv) discuss a syn and an anti approach of the
monomers.

PP Pnicogen Homodimers. In Figure 4, the relationship
between relative BSO values n and the local P---P stretching
force constant k* is shown. BSO values stretch from 0.02
(PH,BH, dimer (12)) to 0.151 (2). The majority of PP-
homodimers have BSO values in the range 0.027-0.056.
Hence, dimer 2 is exceptional as it has the strongest pnicogen
bond, which is confirmed by the electron density py, at the bond
critical point and a strongly negative H, value (Table 1 and
Figure S). According to the Cremer—Kraka criteria, 2 possesses
a bond with significant covalent character.

The discussion given in the previous subsection indicates that
the prerequisites for significant covalent character are multiple:
(a) The orbital energy gap Ae between HOMO(D) and
LUMO(A) must be small, which is fulfilled if E(D) is not too
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E’). Covalent interactions are given by black triangles, and electrostatic
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electronegative (the Ip orbital energy is relatively high) and X in
E'X is significantly more electronegative than E'(A). The latter
prerequisite guarantees that both the o(E'X) (lowering 4e-
destabilization with the Ip(E) orbital) and o* (E'X) (closing
the gap with the Ip(E) orbital) are lower in energy. (b) The
overlap between the frontier orbitals must be large in the
intermonomer region to support the charge transfer. (c)
Charge transfer must increase the electron density in the
intermonomer region. Otherwise, it leads to stabilization of the
dimer without leading to a relatively strong pnicogen bond.

The parent dimer 1 has a HOMO—-LUMO Ae of 0.5509
hartree (Ag(2) = 0.5139 hartree), thus leading to a small
anomeric delocalization. This is confirmed by AE(1) = —1.1
kcal/mol, a P---P distance of 3.691 A being longer than the P--
P van der Waals distance of 3.6 A'*' and the small P---P
stretching force constant k* of 0.039 mdyn/A (Table 1).

The necessity of a low-lying ip o™ orbital is demonstrated by
moving the F atoms in 2 into one of the oop positions as
realized in dimer 3. The strong stabilization of 2 vanishes and a
situation similar to that of 1 is obtained. The binding energy of
—0.9 kcal/mol for 3 is (absolutely seen) smaller than that of 1
(—1.15 kcal/mol). The BSO value is 0.027 (the second lowest
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of all 36 dimers investigated) according to a k* value of 0.033
mdyne/A, both reflecting a weak P---P interaction.

Increasing the fluorination of the phosphine dimer changes
the nature of the P atoms. They become more positively
charged (1269 me in 4, 1704 me in S compared to 680 me in
2). The covalent radius of P is reduced and the lone pair
energies decrease (M2, —0.3898 hartree; M3(PHF,), —0.4071
hartree; M4(PF;), —0.4590 hartree). Because the energies of
the o*(PF) orbitals also somewhat increase, the frontier orbital
gap significantly increases (M2, 0.5139 hartree; M3, 0.5375
hartree; M4, 0.6024 hartree), thus reducing through-space
anomeric delocalization. In addition, the overlap between Ip(P)
and o* orbitals is reduced because of the contraction of the
former orbital so that a much smaller delocalization effect for 4
and § results, thus leading to stabilization energies of —1.47 and
—0.60 kcal/mol (Table 1). The P---P stretching force constants
are small and the energy densities positive, thus indicating that
only electrostatic attractions keep the monomers in 4 and §
together. This confirms Scheiner’s finding that, in contrast to
H-bonding, bis- or tris-halogen substitution does not
necessarily produce any additional complex stabilization.'**

In dimers 6, 8, and 10, the F atoms of 2 are replaced by X =
Cl], Br, and I, respectively. With increasing atomic number of X,
its electronegativity decreases, which causes an increase of the
energy of 6(PX) and 6*(PX) and, thereby, of the HOMO—
LUMO gap. Through-space interactions are reduced, the P---P
distances become longer, and the ip PX distances and the P
charges resemble more those of the monomers. The binding
energies decrease (absolutely seen) to —2.36 kcal/mol (10).

In this connection, one has to note that the Ip orbitals of
halogenated phosphine or arsine dimers have no longer the
typical sp*-hybridized form of NH; but adopt pz-character with
an antibonding EX contribution as shown in Figure 2b. With
increasing atomic number of E and X, the charge transfer takes
place more and more in the off-line E--E region (i.e, between
Ip and oop CX bonds), as is nicely revealed by the difference
density of 2 (Figure 3). The HOMO of the dimer (see, e.g, 8
in Figure 2b) adopts pseudo-mpseudo-w character with
decreased antibonding character for the ip PX bond (leading
to reduced PX lengthening).

(PX;), dimers with X = F, Cl, Br, and I (5, 7,9, and 11) do
not follow the same pattern as the (PH,X), dimers. The AE
values decrease from —0.60 kcal/mol (5) to —4.61 kcal/mol
(11), which is in line with the decreasing P---P distance R
(Table 1). However, the k*(P---P) values of 5, 7, 9 first increase
as expected (0.031, 0.052, 0.66 mdyn/A) but the K*(11) = 0.65
mdyn/A does not continue this increase.

The Ip orbital of EX; complies with the C;, symmetry of the
molecule; i.e, it is basically a pz(E) orbital oriented along the
C, axis mixing in an antibonding fashion with the pz(X)
orbitals. Accordingly, the monomer LUMO has o¢*(PX)
character but at P local 4s character, which is distorted in the
dimer formation. Due to the mutual polarization of the
monomers, a new type of interactions results (HOMO of 9,
Figure 2b), which can be described as a through-space skewed
7, 7 interaction. The HOMO of the dimer adopts some ip PX
bonding character, and therefore, these bonds are now shorter
(rather than longer, Figure 1) in the dimer when compared
with those of the corresponding monomers.

The X;,E-~E angles decrease from close to 180° to values
below 160° (157° for 11), the values of R become smaller
(3.423 A for 11 compared to 3.689 A for 5), and the difference
density confirms the picture of a skewed m-bond resulting from
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o—n-mixing (Figures 2b and 3). Mutual polarization between
the electron densities of P and the oop X atoms enhance this
effect (see blue depletion regions at the oop Br atoms and P of
9 (Figure 3). Skewed z, # bonding increases with the
polarizability of X (or the extension of its pzr AOs into
space). The oop XP---P bending force constants increase from
just 0.007 (X = F), 0.038 (Cl), 0.061 (Br) to 0.086 (mdyn A)/
rad” (I), and the corresponding ip values increase from 0.00S to
0.050 (mdyn A)/rad* (Table 2).

The local intermonomer bending force constants correlate
with the calculated AE values (Figure 6b) when comparing
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Figure 6. (a) Relationship between binding energy IAEl and the local
pnicogen stretching force constant k*(E--E’). Blue dots indicate
heterodimers, for which D and A can be distinguished. (b)
Relationship between binding energy [AEl and the sum of all
intermonomer bending force constants Y k*(XE---E’). For related
dimers such as 5, 7, 9, 11 (blue dashed line), or 2, 6, 8, 10 (green
dashed line), linear relationships between AE and Y k*(XE:E’) are
obtained.

|AEl with the sum of k*(XE-~-E’) values for a group of related
dimers such as 5,7, 9, 11 (blue dashed line in Figure 6b), or 2,
6, 8, 10 (green dashed line), for which linear relationships of
different ascent are obtained.

The analysis of the monomer orbitals confirms the charge-
transfer picture even in the case of (PX;), dimers where
previous investigations tended to prefer an explanation on the
basis of electrostatic interactions. Clearly, any z-type overlap
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reduces the density accumulation along the E,E’ connection
line and leads to a positive energy density at the (3,—1) critical
point. Hence, the pnicogen interactions in S, 7, 9, and 11 are
electrostatic whereas in 2, 6, 8, and 10 they are all covalent.
This is not a contradiction to the charge-transfer description
used above because electrostatic interactions can also be
rationalized in terms of orbital interactions.

Our results are in line with observations made by Tuononen
and co-workers who suggested that the increase in the |AE| is in
line with the increase of the softness of the halide X.** The
increase in the softness leads to an increase in charge
polarization in the PX; monomers. It has been argued that
electrostatic and polarization interactions are typical of E---E
bonding and lead to its angular characteristics.>>>"33%%7
Schreiner and co-workers suggested that pnicogen bonding is
highly directional showing a large anisotropy with respect to the
ip bond angle distortion, which is even larger than that of H-
bonding.*” 66971 Adhikari and Scheiner® discussed the
sensitivity to these distortions qualitatively via a harmonic
potential obtained from distorting the fully optimized complex
geometry in 1—10° increments and fitting the data points with
a parabola. This is a numerical approach, which we replace here
by an analytical, more accurate one provided by the local
bending force constants (Table 2).

It has been suggested that electronegative substituents X help
to strengthen the E--E interactions by increasing the charge
transfer from the Ip to the o orbital, provided the substituents
are chosen in a way that the HOMO-LUMO gap remains
small 7394156588 Qe can qualitatively monitor the increased
charge transfer through the shortening of the E---E distance R
and the lengthening of the P—X bond. The local P--P
stretching force constant k* introduced in this work provides a
quantitative measure.

In the series X = BH, (12), NH, (14), OH (13), and F (2),
|AE| increases and R decreases (Table 1). The local P---P
stretching force constant k* for X = BH, is much smaller (0.027
mdyn/A) than that for 2 (0.223 mdyn/A). However, the k*
values for X = NH, (0.063) and X = OH (0.058 mdyn/A) are
reversed. This is due to the fact that the charge transfer into the
6*(PO) orbital is disturbed by the o Ip orbital at the O atom
(P--POH angle: 180°). However, the local bending constant
k*(HP--P) of 13 is more than 3 times larger than that of 14
(0.105 vs 0.029 (mdyn A)/rad? Table 2), reflecting that oop
polarization makes up for the reduced charge transfer. This
example confirms that the local mode forces constants unravel
even small details of E--E bonding and the interactions
between the monomers. It also confirms that there cannot be a
general and quantitative correlation between [AEl and R
(Supporting Information).

According to wB97x-D, there is a weakly stabilized AsH;
dimer (20) but not a stable NH; dimer directly connected by a
N--N bond. In contrast to 2 and 20, the H atoms in NH; are
strongly positively charged (—8 me PHy; —39 me AsHj; 352
me H;N--PHj; (25);Supporting Information). This leads to the
well-known N--H bonding rather than stabilizing N---N
interactions as discussed above. Scheiner found a direct N---N
interaction when one of the H atoms in one of the NHj;
monomers is replaced by F (23). However, as indicated in
Figure 1, there also also contributions from N---H bonding
between the H atoms of the NH,F and the N of the NH;
monomer. This is reflected by the fact that AE is with —4.09
kcal/mol relatively large in magnitude as is the local N---N
stretching force constant of 0.160 mdyn/A. However, this is not
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a result of charge transfer (see below) but additional H-
bonding, which is in line with the fact that the ip HN--N
bending constant is with 0.531 (mdyn A)/rad® the largest
calculated in this work, thus reflecting the stiffness of the
geometry of 23.

Pnicogen Heterodimers. The dominating charge transfer
in the heterodimers 22—36 can be determined and rationalized
following the line of investigation applied in the previous
subsection. In the way, one direction of charge transfer
dominates, the antiarrangements of EX(ip) and E'X(ip)
bonds is no longer a prerequisite of the mutual charge transfer
and the ip bonds can rearrange to minimize Ip-repulsion and
maximize attractive interactions between the Ip(E’) and the
positively charged oop H atoms in the case of E = N (25, 29,
34—36) or the negatively charged oop H atoms with the
positively charged E’ atom (P or As in the case of 22, 24, 30,
31, and 32) as was verified in this work by studying frontier
orbitals and NBO charges (given in the Supporting
Information). In all these cases, a syn arrangement of the EX
bonds results with XE---E angles being in the range 111—148°
when NH; or XNH, D-monomers are involved and 130—142°
for D-monomers with E = P or As.

Because of these additional stabilizing effects, the stability of
the heterodimers can be significantly larger than that of the
homodimers as is shown in Table 1. The most stable
heterodimers investigated in this work, 26, 29, 35, and 36,
have AE values of —6.49, —7.56, —7.59, and —10.11 kcal/mol,
respectively. The magnitude of the charge transfer from the D-
monomer to the A-monomer is related to the energy gap
between HOMO(D) and LUMO(A) (Figure 2a). However,
when the two monomers approach each other, polarization can
change this gap as discussed above and as recently shown by a
block-localized wave function (BLW) analysis of Mo and co-
workers.>> As mentioned, the local mode stretching constant k*
reflects that part of the charge transfer that leads to an electron
density increase in the intermonomer region. Because of its
local nature, it does not account for the electrostatic attraction
between substituents not leading to any change in E---E’
bonding strength. In this way, the local mode analysis helps to
separate charge-transfer and substituent-linked electrostatic
effects.

In Figure 6a, the relationship between IAE| and k* is shown
and in Figure 7, the magnitude of the charge transfer from D to
A is compared with the very same k* values. The black dots for
the homodimers in Figure 6 cluster around a power
relationship (using 2 and 6 as reference points) for the cases
with covalent E---E bonding with clear deviations for those
systems with a different interaction mechanism depending on
mutual polarization as discussed above. The heterodimers seem
to follow a linear (or exponential) relationship; however,
scattering from this line is much stronger. Again, it holds that
AE is the result of all electronic effects stabilizing the dimers
whereas k* reflects just the strength of pnicogen bonding.

Using the MO model of Figure 2, it is easy to predict the
prevailing charge-transfer direction from D to A. A will be
always the monomer that contains an ip EX bond with a
suitable 6**(EX) orbital with the following properties: (i) low
energy; (ii) a large lobe contribution at E resulting from a large
electronegativity difference between E and X and/or a diffuse
(polarizable) ns/np contribution with high n. In this regard,
PH,F is a better A than FH,N in 28, AsH,F better than FH,P
in 33, PHj; better than H;N in 25, AsH; better than H;P in 30,
or PH; better than FH,N in 27. A new situation results if the
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Figure 7. Relationship between charge transfer from D to A and the
local pnicogen stretching force constant k* for the heterodimers 22—
36. The D-monomer is indicated by the blue, and the A-monomer, by
the red.

electronegative ip substituent X has also a low lying 7* orbital
such as CN or NO,, which leads to an increase in the A-
capability (see below).

In heterodimers 23, 25, 27, and 30, charge transfer is small
because of relatively large HOMO(D)—LUMO(A) gaps. This
is not directly obvious in the case of 27, but it becomes clear
when realizing that PHj is the better A, which leaves FH,N the
role of the D, thus causing a larger orbital gap. In all these cases,
both k* and |AE| values are relatively small with the exception
of 23, which is stabilized by additional H-bonding (see above).
Molecule 23 is a striking example for the fact that a large IAEI
value does not necessarily imply a strong pnicogen bond.

Heterodimers 22, 24, 31, and 26 follow the trends discussed
(charge transfer increasing from 33 to 57 me, k* from 0.047 to
0.170 mdyn/A, IAE| from 3.44 to 6.49 kcal/mol, Table 1) and
underline that the A-ability is complemented by the polarizing
power of the D, which increases the D—A charge transfer. In
this regard, H;P is stronger in polarizing AsH,F in 31 than
H;As is in polarizing AsH,F in 24 where the strongest complex
in this series is 26, obtaining its strength from the fine-tuned
combination of the polarizing power of H;N and the A-ability
of PH,F. In a similar way, the increase of charge transfer, k*
value, and |IAEl in the series 32, 33, and 35 can be explained. All
explanations are based on the inspection of the frontier orbitals,
NBO charges, and difference densities of monomers and
dimers. This analysis confirms that also the polarization effects
can be anticipated from the frontier orbitals. We note that in
the case of 26, the dimer stability is increased by dipole,dipole
attractions, which are always possible if the D is equal to NH;
and the A-monomer contains an EX bond with X being more
electronegative than E.

Heterodimers 29, 34, 35, and 36 represent a different
pnicogen bonding mechanism. In 29, the charge transfer is
mediated by the ¢*(PN) orbital but the actual A is the 7* of
the NO, group. This is reflected by the lengthening of the PN
and NO bonds by 0.023 and 0.03 A, and the increase of the N
and O charges by 13 and 27 me, respectively, relative to the
isolated A-monomer. A charge transfer to the NO, group does
not significantly increase the density in the intermonomer
region. Accordingly, k* is smaller than one would expect from a
AE = —7.56 kcal/mol and corresponds more to an exponential
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increase of |AEl with k* as is indicated by the dashed line
(passing through 29) in Figure 6a. The local intermonomer
bending constants of PH,NO, in 29 are large, thus indicating
that electrostatic effects between the substituents increase |AEI
and decrease R to 2.658 A, which is the smallest R value of all
molecules investigated in this work (Table 1).

A similar analysis of charge transfer, k%, and AE values
explains the unusual stability of the cyano substituted
complexes 35 and 36. Heterodimer 36, with —10.11 kcal/
mol, is the most stable complex investigated in this work. The
intermonomer bending force constants for 36 (0.327 mdyn/A)
are the largest of all complexes investigated and describe a
situation similar to that of 9 and 10 discussed above.

B COMPARISON WITH OTHER PNICOGEN BOND
MODELS AND CONCLUSIONS

The analysis carried out in this work is based on observable
quantities such as vibrational frequencies and electron density
distributions. As noted above, the local mode frequencies
calculated can be in principal measured’®'*®'*’ although
experimental means for realizing routine measurements of
local frequencies are still limited. Any set of measured
frequencies, e.g. in the case of pnicogen-bonded dimers with
Cyy-symmetry obtained by depolarized Raman scattering (in
the case of C, C, C, or C, symmetry by terahertz
spectroscopy), whether complete or incomplete, can be
converted into local frequencies by the procedure developed
by Cremer and co-workers."”> Therefore, we predict that
depolarized Raman spectroscopy and terahertz spectroscopy
will play an important role to measure and characterize
pnicogen bonding in complexes such as those presented in
Figure 1.

Of course, except for 36 none of the dimers investigated in
this work is stable at room temperature as is reflected by the
calculated AG(298) values (Table 1), which are all positive.
One has to decrease T to 100 K to observe 2, 9, 11, 15, 19, and
most of the heterodimers. By calculating AG(T) for different T,
we have determined the value of T(obs) at which a given dimer
should become observable. Considering the modern techniques
of jet cooling, an observation should be possible for all dimers
with a calculated T > 100 K.

So far, the analysis of pnicogen bonding has been carried out
predominantly with calculated, nonobservable quantities, e.g,,
those that are calculated to rationalize the overall complex
binding energy rather than the strength of the pnicogen bond.
For example, results of an energy decomposition anal-
ysis”>>3> can be useful to understand AE values but cannot
reveal the complex interplay between AE and k* or relative
BSOs as described in this work. In this respect, this work gives
for the first time a quantitative measure of pnicogen bond
strengths. We find that of 36 pnicogen bonded dimers only 10
have distinct covalent character (Figure S) where all others are
dominated by electrostatic E---E’ interactions where also dimers
4, 22, 24, 31, 32, with very small negative Hy, values have to be
added to the latter category. We have obtained a similar
predominance of electrostatic interactions when investigating
H-bonding."** Finally, we have to note that we have used the
term pnicogen bonding indiscriminately of the covalent or
electrostatic nature or the strength of these interactions. Based
on our results, it seems to be more appropriate in the future to
speak of covalent pnicogen bonding and electrostatic pnicogen
interactions depending on what term is appropriate.
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Essential for pnicogen bonding is a charge transfer from D-
to A-monomer in the sense of a through-space anomeric effect,
which in the case of complexes such as 8 and 9 is better
described as through-space second-order hyperconjugation or
through-space skewed m-conjugation (Figure 2). In all these
cases, charge transfer is enhanced by charge polarization effects
where we show, in contrast to most previous investigations, that
polarization effects, quantitatively assessed in this work by the
local intermonomer bending force constants, can also be
anticipated by a frontier orbital analysis of the monomers. This
result is in line with the BLW analysis of Guan and Mo.>® We
also find that the electropositive (less electronegative) nature of
E in the A-monomer combined with an electronegative ip
substituent X guarantees an extension of the ¢*(EX) orbital
into the intermonomer space (Figure 2). This effect is
increased from N to P and to As because of increasing
diffuseness of the valence orbitals. By this, E becomes sensitive
to an increasing polarizing power of the D-monomer with
decreasing atomic number of E (As, P, N; see 26).

The variety of pnicogen interactions found in this work is
significant, apart from the distinction into covalent and
electrostatic interactions. It involves the mutual charge transfer
via 6*(EX) orbital in the homodimers leading to an increase of
density closer to the E-E’ connection line (through-space
anomeric effect) and the more z-related interactions with
through-space second-order hyperconjugation or through-space
skewed 7-conjugation, which were previously described as
polarized systems. A different type of pnicogen bonding is
encountered in those cases that involve 7* orbitals (29, 34, 35,
36). Though homodimers prefer an antiarrangement of ip EX
bonds, heterodimers mostly adopt syn forms due to the
attractive E, oop H interactions, which in the extreme can be
supported by H-bonding. Dipole—dipole or in general
multipole—multipole attraction between the D- and A-
monomer can lead an increase in |AEl. Pnicogen bonding is
further characterized by the nature of the D and the A
monomer in heterodimers, which can be identified by the
approach taken in this investigation.

The strategy used in this work strongly difters from methods
being based on the investigation of the electrostatic potential
such as the o/z hole concepl‘.w’so’so’s1’143 Although these
approaches may be useful for selected cases of pnicogen
bonding, they lack the kinetic energy part required for the
analysis of pnicogen bonding or the dimer stability. As pointed
out by Ruedenberg'** in his seminal work on the chemical
bond, covalent interactions always imply a reduction of the
kinetic energy and a balanced change in the potential energy,
which cannot be assessed by considering just the electrostatic
potential as was also pointed out by other authors.**®

Similar limitations apply if the electron density is investigated
to characterize pnicogen bonding. The existence of an electron
density critical (3,—1) point does not verify the existence of a
bond without using some additional criterion for covalent
bonding as demonstrated by Cremer and Kraka.''*™"'7 The
Laplacian of the electron density is for this purpose not suited
because it contains according to the local virial theorem"'*'"”
the kinetic energy twice, which makes it difficult to use values of
the Laplacian of p(r) as bonding criteria. Recently, Eskandarii
and Mahmoodabadi®* made such an approach by using the
Laplacian to reflect regions of excess kinetic or potential energy.
This can only be done correctly by invoking electron density
properties, which are directly related to the energy density
rather than to its Laplacian.
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The local mode analysis is based on the potential energy
surface of a pnicogen bonded dimer and insofar it is not biased
as electrostatic models are. Similarly, the energy density used in
this work, if integrated over the total molecular space, leads to
the dimer energy. These are the basic prerequisites for a
rationalization of pnicogen bonding, which can also be applied
for the characterization of chalcogen or halogen bonding.

B ASSOCIATED CONTENT
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This contains calculated geometries, energies, NBO charges,
bond distances and angles, and elecron and energy densities for
all dimers, monomers, and reference molecules. A set of orbital
pictures are given as well as a plot showing the intermonomer
distance R as a function of the E---E’ stretching force constant
k*, and a plot showing the IAEl as a function of py,. This material
is available free of charge via the Internet at http://pubs.acs.org.
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