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Abstract

The charge-assisted complexes between PH;X  and PH,X have been analyzed.
MP2/aug’-cc-pVTZ calculations were performed and the results were supported by the
Quantum Theory of Atoms in Molecules approach and the Natural Bond Orbitals
method. It was found that three different configurations could be formed, i.e. those
linked through P---P or P---X pnicogen bond and those linked through a P-H:--P
hydrogen bond. The P---P configurations are the most stable ones corresponding to the
strongest interactions; for all complexes the P---P configuration exist, while the P---X
and P-H:--P ones are present only for some of them. Different relations between the
parameters were found, especially for the P---P interactions where there are correlations

between the P---P distance and the electron density at P---P bond critical point (ppp) as

well as between ppp and the charge transfer energy.
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The charge-assisted complexes between PH;X " and PH,X show three potential minima
p

structures being the pnicogen bonded (I) one the most stable.
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Introduction

There are numerous studies on hydrogen bonds due to their role in chemistry and
biology, especially in proton transfer reactions, crystal engineering and various life
processes.**° Similarly, the role of other non-covalent interactions has also been

analyzed.*™® Amongst such interactions are the halogen,™®'"!? 131415

chalcogen,
pnicogen, ' 71819202122 g q tetre]2425-2027:28.2930 15145 where atoms from the 17" to
the 14™ group of the periodic table act as Lewis acid centers. This is surprising since
these atomic centers are usually classified as electronegative. However, it should be
considered that their atomic surfaces are characterized by negative and positive
electrostatic potential regions; the positive regions implying Lewis acid
properties.3 1323334 1t was proposed that these interactions should be named o-hole
bonds, since the region of the positive electrostatic potential corresponds to a c-hole, i.e.
to the depletion of the electron charge density on the extension of one of the covalent
bonds to the atom playing the role of the Lewis acid center.”>**"2%%

In this study we deal with the pnicogen bond which has been recognized as a
new and important type of intermolecular interaction,**:4!:#2:43:44.45:4647.48:49.50.51.52.33.54.55.
26573839 A pnicogen bond is the one in which the pnicogen centre (N, P, As, Sb) acting
as the Lewis acid interacts with a Lewis base. There are experimental and theoretical
evidences of the existence of this kind of interaction. In one of the first studies on this
topic, the interactions in the crystal structures of three phosphanyl derivatives were
analyzed and short N---P intramolecular distances were detected and attributed to weak
N—P dative bonds.'” A short intramolecular P---P distance found in the crystal
structure of 1,2-(diphenylphosphino)-1,2-dicarba-closo-dodecaborane'® was confirmed
to be attractive using B3LYP/6-31G(d) calculations and NBO analysis (P lone pair —
GPC* donor-acceptor stabilizing interaction). Hey-Hawkins and coworkers have also
analyzed pnicogen bonds* and they claimed that these interactions have a comparable
strength to hydrogen bonds and should be considered as a new molecular linker.
Furthermore, single electron pnicogen bonds were analyzed theoretically by means of
MP2 and CCSD(T) methods in complexes of monosubstituted phosphines (XH,P) and
the methyl radical.® Two configurations corresponding to energetic minima were found
for each XH,P-CH; complex; the first one is characterized by short P---C distances and
large interactions energies, while the second one has long P---C distances and weak

interactions typical for the other kind of pnicogen bonded complexes, with interaction

energies between —9.8 and —3.7 kJ-mol .
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Different theoretical methods were applied to analyze pnicogen bonds; the ab
initio calculations are often performed and supported by the analysis of the molecular
electrostatic potentials, the Natural Bond Orbitals (NBO) method®"** as well as the
Quantum Theory of 'Atoms in Molecules' (QTAIM) approach.”***®> Recently, the
possibility of using the Laplacian of the electron density to better understand the nature
of pnicogen bond was described.®® These authors used the distribution of the Laplacian
of the electron density to investigate P---P, P---N and N---N pnicogen bonds showing
that for these interactions a region of charge depletion and excess of kinetics energy
(hole) of the pnicogen atom combines with a region of charge concentration and excess
of potential energy (lump) of another species. Thus, the pnicogen bonds may be
described in terms of lump-hole interactions.

Important also are the reports by Scheiner who compared such Lewis acid—
Lewis base interactions as the pnicogen, chalcogen, halogen and hydrogen bonds.®”®
He has pointed out that although these interactions are of comparable strength, they are
reinforced by the presence of an electronegative substituent on the Lewis acid centre
and also they are reinforced as we move down the appropriate column of the periodic
table, for example, from CI to Br and I in the case of halogen bonds. Similar
relationships connected with the increase of the atomic number have been found for
pnicogen and chalcogen bonds. The latter findings are in agreement with the earlier
studies of Politzer et al. who have justified that such an increase of the strength of
interaction accompanying the increase of the atomic number of the Lewis acid centre in
the same group of the periodic system is a result of the increase of the c-hole and,
consequently, of the positive electrostatic potential of this centre. 18.35.36.37

The ability of ZH,", ZHsF" and ZF," cations (Z =N, P or As) to form hydrogen
bonds or pnicogen bonds with hydrogen cyanide and its lithium derivative was
analyzed.®”’° It was found that for the NH," ion the N-H---N hydrogen bond is formed
while for the heavier Z-centers or the ZFH;' fluorinated ions, Z--*N o-hole (or
pnicogen) bonds are formed. However for some cations two configurations are possible;
one linked through the hydrogen bond and the second one through the Z---N pnicogen
bond.

In the present article, complexes formed by protonation of (PH»X), dimers have
been studied. The characteristics of these complexes have been compared with the
corresponding neutral ones. There are at least two reasons to analyze such complexes: 1)

the protonated dimers may be linked through the pnicogen bond as well as through the
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hydrogen bond; ii) one can expect stronger interactions for the protonated dimers than
for the neutral analogues since it was described in the former studies that the
interactions, especially hydrogen bonds, are strengthened by charge assistance.”"’*"* As
could be expected by the Coulomb's Law the electrostatic interaction energy increases
for charge assisted complexes in comparison with the neutral analogues, however the
other attractive terms increase simultaneously.’””
1. Computational Methods

The calculations were carried out with the Gaussian09 set of codes’* using the second-
order Moller-Plesset perturbation theory (MP2),” and the aug-cc-pVTZ basis set.”®
This basis set is composed by the Dunning aug-cc-pVTZ bases for the heavy atoms and
the cc-pVTZ one for H-atoms. Frequency calculations have been carried out at the same
computational level to confirm that the obtained structures correspond to energetic
minima. The binding energies were calculated as differences between the energy of the
complex and the sum of energies of the isolated monomers in their minima
configuration thus the deformation energy being the effect of complexation process is
included. The inherent Basis Set Superposition Error (BSSE) has been estimated with
the counterpoise method’’ and added to the uncorrected binding energy.

The Quantum Theory of ‘Atoms in Molecules’ (QTAIM)®***%* was also applied
to analyze critical points (BCPs) in terms of the electron density (pscp), its Laplacian
(Vzchp) and the total electron energy density at BCP (Hpcp); the latter may be
decomposed into the potential electron energy density (Vpcp) and the kinetic electron
energy density (Gpcp). The QTAIM calculations were performed with the use of the
AIMAII program.”

The Electrostatic potentials of the isolated monomers have been calculated with
the Gaussian-09 and analyze with the WFA-SAS program’® on the 0.001 au electron
density isosurface to locate the position and value of the critical points (minima and
maxima).

The Natural Bond Orbital (NBO) method®®* was applied to analyze orbital-orbital
interactions. The n(B) — oay overlap is often considered as the characteristic

interaction of the A-H---B hydrogen bond.®"+628¢

n(B) designates the lone electron pair
of the B proton acceptor (the Lewis base) and Gan is an antibonding orbital of the
proton donating bond (the Lewis acid). The n(B) —» oan interaction is calculated as the

second-order perturbation theory energy and, in the case of P-H---P hydrogen bonds, it
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corresponds to the n(P) — opy” overlap. In the same way, the pnicogen interaction can
be assigned to the n(P/X) —» opx charge transfer, between a Lewis base P or X lone pair
and an antibonding orbital of the PX Lewis acid, cpx*. The NBO orbital-orbital energies
were calculated at HF/aug'-cc-pVTZ level for the previously optimized geometries
(MP2/aug'-cc-pVTZ level).

The NEDA decomposition scheme of the interaction energy is often applied to
analyze intermolecular interactions.®**® Correlation effects are neglected within the
last approach since the decomposition is performed on the Hartree-Fock wave function.
This is why an extended DFT/NEDA approach® is applied here to include the
correlation effects. For the DET/NEDA decomposition analysis the B3LYP functional®
and the cc-pVTZ basis set*® were used here for the geometries optimized earlier at
MP2/aug'-cc-pVTZ level. The interaction energy within DFT/NEDA method may be

expressed in the following way.

TOT = ES + POL + CT + XC + DEF (1)

For a complex composed of A and B systems, TOT is the DFT total interaction
energy, ES is the classical electrostatic interaction. POL, polarization term, arises from
the extra electrostatic interaction connected with the polarization of the unperturbed
molecular orbitals of the separated A and B fragments to those of the complex. CT, the
charge transfer contribution, is the stabilizing component which arises from the
delocalization of the electrons between A and B units of the complex. The XC is an
attractive contribution accounting for intermolecular electron exchange and correlation.
DEF is the deformation energy having a contribution from each fragment, DEF(A) and
DEF(B). DEF(A or B) is a repulsive term since yu), the wave function converged for
A(B), is of lower energy than \|/A(B)def in the complex. The DFT/NEDA decomposition
has been chosen here because the extended basis sets calculations have shown the
numerical stability of this approach.** For the Natural Bond Orbital (NBO) and
DFT/NEDA calculations the NBO 5.0 program®’ implemented in the GAMESS set of

codes® was used.

2. Results and Discussions

3.1 Protonated phosphines
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Initially, the stability of the cations resulting of the protonation on the different sites of
the PH,X phosphines, with X = H, F, OH, NH,, NC, CH3, CN, CCH, and Cl, has been
analyzed. Two conformers of the H,POH molecule, A and B (Scheme 1) have been
examined but in both cases, the protonation leads to the same cation C (Scheme 1). For

the neutral species, conformation A is more stable than conformation B by 1.3 kJ-mol .

\
H// o H// 0 H/// 0
Himzp N Hmmzp Homczp” N
A B H C

Scheme 1. The two minima of the hydroxyphosphine (A and B) and the protonated form
(©).

It was found that for the X = H, F, OH, CCH, CH; and CI substituents, the most
stable protonated system corresponds to that with the hydrogen atom attached to the
phosphorus atom while in the case of X = NH,, CN and NC the protonation on the X
groups provide more stable cations (see Table 1). Since our interest is the study of
systems protonated on the phosphorous atom, the latter set of X substituents is not
considered here any more. The experimental proton affinities (PA) are available only
for the PH3 and PH,CH; molecules. In both cases, the differences between calculated
and experimental results do not exceed 2 kJ-mol™" (Table 1). This agreement between
experimental and theoretical results show that the choice of the MP2/aug'-cc-pVTZ
level to further analyze the protonated dimer phosphines, PH;X :PH,X, is the proper

one.

Table 1. Proton affinity and relative energy (kJ-mol™) of the different protonated
species. Experimental values in parenthesis.*” The P and X columns correspond to the
protonation at the P and X centers. The last column (AE) is the difference between P

and X proton affinities.

Substituent Protonation site Difference
X P X AE*
F 767.4 595.2 178.3
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Cl 769.8 642.6 134.9
OH 820.0 731.1 87.3
NC 725.6 836.8 “112.1
NI, 849.1 854.7 —14.4
CCH 802.3 745.7 56.6
CN 707.1 766.5 —60.6
CH, 852.8 (851.5) -

H 783.8 (785) -

* Positive values indicate that the protonation on the phosphorus atoms is more

favorable than on the X group.

Table 2. The maxima of the electrostatic potential (in au) on the 0.001 au electron
density isosurfaces of PH;X" units. The location of maxima corresponds to the c-holes

associated to the X-P bond (in the case of PH," it is an H-P bond).

Cation c-hole
PH;F" 0.313
PH;CI" 0.278

PH,OH" 0.282
PH;CCH" 0.259
PH;CH;" 0.243
PH," 0.268

The maximum positive electrostatic potential values on the P-centre for PH,"
and its derivatives are listed in Table 2. In all cases, the positive region associated with
the elongation of H-P bond shows less positive value than the 6-hole region associated
with the elongation of the X-P bond. One can expect the strongest acidic properties of
the phosphorus centre for the PH3F" cation complexes and the weakest ones for the
PH;CH3" cation complexes based on the electrostatic potential values. It is interesting
that for all cations listed in Table 2, the phosphorus atom is a stronger Lewis acid centre
than the attached hydrogen atoms since a greater electrostatic potential is detected for
the P-centre than for H-atoms. It suggests preferences to form P---P pnicogen bonds

than to form P-H---P hydrogen bonds in the PH;X -PH,X systems.

3.2 PH;X :PH,X complexes — geometry and energy
Initially, two types of complexes have been tested: those with a P---P interaction (I in

Scheme 2) and those linked through a P-H:--P hydrogen bond (II in Scheme 2). In all

cases, the complexes with P---P interaction correspond to local minima. However, only
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in three cases hydrogen bonded complexes have been located, those for X = H, CH; and
OH-A; in the remaining cases (X = F, Cl, OH-B and CCH), the optimization evolves
towards a pnicogen bonded complex with a P---X interaction (III in Scheme 2).
However, in few cases of configuration III, the P---X pnicogen bond can be
accompanied by additional P-H:--P hydrogen bond interactions. This will be discussed
later on. The formation of the P---P pnicogen bonds for all cations is, at least, partly a
consequence of the most positive electrostatic potential associated to the P-atom (Table
2); for the less positive potential of the H-atoms, only in few cases the hydrogen bond is

formed, as was discussed in the previous section.

H// X X
X H\"“+/ |
P +
| | mE
N 3 g
HY : :
! ! X
/P..,,”H /P"u”H \R
X© My S I
| ] m gy H

Scheme 2. Configurations I-II1.

There is not a single complex where all three configurations exist. For example,
attempts to locate the hydrogen bonded configuration corresponding to an energy
minimum for the PH;F :PH,F complex always led to the minima corresponding to
configurations I and III. Figure 1 presents examples of configurations mentioned above,

i.e. linked through P---P (I), P-H:--P (II) and X:--P (III) interactions.
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Fig. 1 Molecular graphs of selected PH3;X :PH,X complexes; examples for the three

configurations are presented.

It is interesting that in the case of configuration I, for X = H and CHs, the
substituents in the P atoms are eclipsed while in the remaining configurations linked by
the P---P interaction they are alternated. The PH;CCH":PH,CCH complex is an
interesting case since two configurations were found to correspond to energetic minima,
i.e. the pnicogen bonded complex linked through the P---P interaction (I) and the
complex attributed earlier here to the configuration III. However, in the latter case two
links are observed, the link corresponding to the P-H---P hydrogen bond analogous to
those of configuration IT and the pnicogen bond between the P-centre of PH;CCH' and
n-electrons of the acetylene substituent in the PH,CCH moiety. The molecular graph of
this structure is shown on the right side of Fig. 1 and one can see bond paths with bond
critical points (BCPs) corresponding to the links described above, H:---P and P--'m (%
corresponds here to the BCP of the C=C bond of the acetylene substituent). Note that
there are additional structures corresponding to local minima associated to the
Configurations I, II and III presented in Scheme 2. However these structures are less
stable (they are characterized by higher energies) than those chosen and analyzed here.
The complexes analyzed in this study resemble to those between X=PH; and

phosphorus and nitrogen bases published by some of us.”

Table 3. Interatomic distance (A) of the PH;X :PH,X complexes.

10
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Substituent | II I
(P---P) (P---H)

F 2.698 2.362 (P--'F)

Cl 3.050 2.957 (P---Cl)

OH-A 2.963 2.516

OH-B 2.941 2.446 (P---O)

2.650 (P---H)

CCH 3.249 3.150 (P++-C)

CH; 3.368 2.495

H 3.356 2.456

Table 3 presents the interatomic distances in the PH;X :PH,X complexes. The
P---P distances in configuration I range from 2.70 to 3.37 A being shorter in the fluorine
complex while the longest corresponds to the methyl derivatives complex. The three
minima found with configuration II have P---H distances around 2.5 A. Finally, the
intermolecular distances in the complexes in configuration III are very variable since
they corresponds to the interaction of the phosphorous with a variety of atoms (F, Cl, O
and C).

Table 4 presents the uncorrected and BSSE corrected binding energies for all
configurations corresponding to energetic minima, the binding energies for the neutral
dimers are also included for comparison. The BSSE correction ranges between 7 and
3% of the uncorrected value at MP2/aug’-cc-pVTZ. However, care should be taken for
the corrected Eb values since those values for the PH, :PH; complex show larger error
than the uncorrected ones when compared to the MP2/aug’-cc-pVQZ and MP2/aug’-cc-
pVS5Z results. These results are in agreement with recent reports that indicate that the

corrected Eb could provide a larger error than the uncorrected ones.”',”

Table 4. Uncorrected and BSSE corrected binding energies (kJ-mol™') of the different
minima located in the PES at the MP2/aug’-cc-pVTZ computational level. For the
PH,":PH; complex, the calculations with the MP2/aug’-cc-pVQZ and MP2/aug’-cc-

pV5Z computational level are also indicated.

Uncorrected Ey, BSSE corrected E;,
X I I 1 I 11 I
F -74.9 -70.8 | =70.2 —66.8
Cl -55.4 -59.3 | -51.5 -55.6
OH-A -57.9 | -30.2 -54.6 | -28.8
OH-B -77.1 -81.2 | -73.6 -77.3
CCH -55.2 -54.9 | -51.6 -51.0

11
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CH3 -52.1 | —43.8 -50.0 | -42.4
H —46.1 | —38.8 —44.4 | -37.6
H (MP2/aug’-cc-pVQZ) —47.0 | -39.1 —46.3 | -38.5
H (MP2/aug’-cc-pV5Z7) —47.5 | -39.0 —47.2 | -38.7

Configuration I, characterized by the P---P interaction, is more stable in all
complexes than configuration II where there is a P-H---P link. There are four
configurations characterized by P---X interactions (III). In the cases of X = F and CCH
substituents, I with P---P interactions is more stable than that with P---X links (III), in
the two remaining cases (X = OH-B and CI) both configurations are energetically very
close to each other (see Table 4). Table 4 shows that the strongest P---P and P---X
interactions occur for the PH;F":PH,F and PH;0H :PH,OH complexes, respectively.
The latter complexes with the OH substituent are characterized by the conformation B
of the PH3;OH neutral moiety (see Scheme 1) acting as the Lewis base. The interactions
in the PH;OH":PH,OH complexes with the A conformer of the Lewis base are
characterized by weaker interactions than those of the B conformer.

The binding energy in complexes in configuration I does not follow the ranking
expected based on the values of the o-hole of the isolated monomers described in the
previous section. Thus, the PH,; :PH; complex is the weakest one while the o-hole of
PH," is larger than those with X = CH; and CCH. However, the different stability of the
two complexes with X=OH can be explain based on the larger value of the electrostatic
potential minima associated to the lone pair of the neutral molecule in conformation B
(-0.030 au.) vs. the one in conformation A (-0.024 au).”

On the other hand, we have found that the group electronegativity of X [F(3.98),
CI(3.16), OH(3.51), CCH(2.90), CH3(2.27) and H(2.20)]**,”® follows the same order as
the binding energies. Thus, it is clear that to predict the binding energy, the
electronegativity that provides a more general idea of the electronic effect of an atom or
a chemical group is a better descriptor than the o-hole value, a property in a single
special point of the isolated molecule. Other factors as the polarization can modulate

these results.”

3.3 PH;X " :PH X complexes — QTAIM parameters and NBO
Fig. 1 shows the molecular graphs derived from the analysis of the electron density of
some of the complexes (the molecular graphs of all the complexes are reported in Table

S1 of the Supporting Information material). Table 5 presents the characteristics of the

12
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bond critical point (BCP) situated on the bond path corresponding to the P---P, P-H---P
and X---P interactions.

The topological analysis of the complexes I present a single intermolecular BCP
connecting the two phosphorous atoms. The electron density at BCP, pgcp, is often used
as a descriptor of the strength of the corresponding interaction,*”*” however here the
linear correlation between the binding energy and the electron density at P---P BCP
(ppp) is poor, providing a R? = 0.64. On the other hand, the electron density at BCP
often correlates with the distance between the interacting centers.”®””'%!! Figure 2
shows the exponential relationship between the P---P distance and ppp. It has been
explained that such dependence reflects the nature of interactions which exactly change
exponentially with the change of the distance.'”>'” For small ranges of interatomic

distances a linear distance-ppcp dependence is often found.

Table 5. QTAIM parameters (in au) for the BCPs corresponding to the P---P, P-H---P
and P---X interactions, the electron density at BCP, pgcp, its Laplacian, Vzchp, the total
electron energy density at BCP, Hpcp, and the components of the latter value, the

kinetic, Ggcp, and potential, Vcp, energies.

X PBCP Vpacp Ggcp Vacp Hgcp
I(P---P)
F 0.0475 0.0140 0.0177 | -0.0319 | -0.0142
Cl 0.0228 0.0386 0.0118 | -0.0140 | -0.0022
OH-A 0.0291 0.0358 0.0135| —-0.0180 | -0.0045
OH-B 0.0282 0.0394 0.0140 | —-0.0181 | -0.0041
CCH 0.0151 0.0349 0.0089 | —0.0090 | —-0.0002
CH; 0.0141 0.0308 0.0077 | —-0.0078 0.0000
H 0.0139 0.0295 0.0074 | -0.0075| -0.0001
T (P---H)
OH-A 0.0213 0.0327 0.0094 | -0.0106 | -0.0012
CH; 0.0219 0.0335 0.0097 | -0.0112| -0.0014
H 0.0229 0.0337 0.0101 | -0.0118 | -0.0018
111
F (P--'F) 0.0290 0.1008 0.0263 | —-0.0274 | -0.0012
Cl (P---Cl 0.0206 0.0512 0.0136 | —-0.0144 | -0.0008
OH-B (P---0O) 0.0304 0.0894 0.0243 | -0.0262 | -0.0019
CCH (P---H) 0.0136 0.0335 0.0078 | —0.0072 0.0006
CCH (P---m) 0.0125 0.0360 0.0081 | —0.0073 0.0008

13
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Fig 2. The relationship between the P---P distance and the electron density at the
corresponding BCP.

It has been stated that the negative value of the total electron energy density at
BCP, Hpcp, confirms the covalent character of the corresponding interaction,'%+105-106
This was particularly studied for hydrogen bonds and justified that the hydrogen bonds
characterized by a negative Hgcp were classified as the strong interactions possessing
some covalent character.*®’ Table 5 shows negative values of the total electron energy
density at P---P BCP, Hpp, for more electronegative substituents while for CH;, H and
CCH the Hpp value is close to zero. One can also see that the most negative values of
Hpp correspond to the stronger interactions (see binding energies in Table 4) and to the
greater values of ppp (Table 5).

Four H---P hydrogen bonds BCP are found in the studied complexes, they
correspond to the complexes in configuration Il and the P-H---P interaction observed in
the PH;CCH :PH,CCH complex, configuration III. ppcp ranges between 0.014 and
0.023 au, being as usual their values larger as the interatomic distances are shorter. All
of them present positive values of the Laplacian and small and negative values of the
total energy density save in the case of the BCP of the PH;CCH':PH,CCH complex that
shows a small positive value of H.

The four BCPs, due to the interaction of the protonated phosphine with the X

group in configuration III, show ppcp values between 0.013 and 0.03 au and positive

14
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values of the Laplacian. As in the case of intermolecular BCP of the minima in
configuration II, small and negative values of H are obtained save for the BCP of the
PH;CCH":PH,CCH complex.

Table 6 presents the charge transfer for the complexes studied here. It is
calculated from the QTAIM integrated charges and expresses the amount of the electron
charge transferred from the neutral Lewis base unit into the positively charged Lewis
acid species. The main NBO orbital-orbital interactions are also included in the Table
and the corresponding values of energies are reported. Let us consider first the
configurations I where the P---P interaction is the main interaction. The n(P) —» GPH* or
n(P) — opx orbital-orbital interaction for those species where X corresponds to the
electronegative O or Cl atom or to the carbon centre in a case of CH; and CCH
substituents is the most important one.

Table 6 shows that the intermolecular orbital charge transfer energies for
complexes in configurations I and II are in agreement with the AIM results. However,
in the case of configuration III, important contributions of the P-H---P interactions for
PH;CI1":PH,Cl and PH;OH":PH,OH complexes are found that are not reflected by the
corresponding BCP and bond path in the analysis of the electron density. In the
PH;CCH":PH,CCH complex (configuration III) both NBO and AIM indicate the
stabilizing nature of the P-H:---P interaction. The lack of an agreement for some
interactions between NBO and AIM methodologies has already been described in the
literature. Thus, for the H---H intramolecular contacts between a typical Lewis acid (OH
bond) and the Lewis base (BH, and AlH,) the stabilizing ogyam — GOH. energy
lowering exists even if the appropriate bond path with BCP is not detected.'”” Similar
situations were analyzed for O-H--O and N-H---O intramolecular hydrogen bonds
where the NBO method shows the existence of stabilizing n(O) — oon and n(0) —»
onu orbital-orbital overlaps but the bond paths do not exist.'” This may be partly
rationalized in terms of the physical meaning of the bond paths which may be treated as

109,110,111

the indicators of the preferable interactions: if the orbital-orbital overlap

107,108

corresponds to the stronger interaction thus the bond path is detected (refs. and

results presented here).

15



Physical Chemistry Chemical Physics Page 16 of 30

Table 6. QTAIM electron charge shift from the Lewis base to the Lewis acid (au) and
Exgo orbital charge transfer energies (kJ-mol ™) - the corresponding charge donor

orbital- acceptor orbital is listed.

X Change transfer Exngo interaction
I

F 0.220 - Covalent
Cl 0.111 33.1 n(P)—>opct
OH-A 0.163 52.5 n(P)—>cpo
OH-B 0.129 48.3 n(P)—opo
CCH 0.075 16.8 n(P)—>opc
CH; 0.070 17.3 n(P)—opc
H 0.067 17.7 n(P)—>opy

11

OH-A 0.075 60.1 n(P)—>opy
CH; 0.076 64.5 n(P)—>opy
H 0.078 68.5 n(P)—>opy

111

F 0.045 30.2 n(F)—opp
Cl 0.076 32.0 n(C)—opc
5.9 n(P)—>opy
OH-B 0.064 35.9 n(0)—>6po
5.3 n(P)—>opy

CCH 0.076 10.5 n(m)—>opc
14.6 n(P)—>opy

Among I configurations, the PH;F:PH,F complex is the only one where the
orbital-orbital interaction is not present, since its P---P interaction is classified as a
covalent bond by the NBO method. The occupancy of the opp bond amounts to 1.85
electrons for this complex and the bond polarization is equal to 87.2%. The latter value
expresses the percentage of the electron density at the P-atom of the PH,F sub-unit (see
Scheme 3), initially treated as the neutral one.

One of the P atom in the PH;F":PH,F complex (Scheme 3) is characterized by
pentavalency, i.e. is hypervalent. This situation is similar to the one described for the
intermediate in the hydration of the phosphoric acid and phosphate esters that yields

pentahydroxyphosphorane derivatives, which corresponds to a P(V) atom.''>113
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Polarization
87.2%

101 7°

Scheme 3. Structure of the FH,P---H;PF cation

In the case of O and Cl atoms connected with the P-atom playing the role of the
Lewis acid centre, the orbital-orbital interactions are much stronger than in the case of
X = H or C (Table 6). This is partly related to the c-hole, i.e. the depletion of the
electron charge in the elongation of X-P or H-P bond. Note that the positive electrostatic
potential at P-atom is greater for more electronegative F, Cl and OH substituents than
for the remaining ones (Table 2). Also the electron charge shift from the Lewis base to
the Lewis acid unit (designated as transfer in Table 6) is much greater for the mentioned
above more electronegative substituents than for the remaining H, CH; and CCH ones.
For the complexes in configuration I, an exponential relationship between the P---P
distance and the electron charge transfer has been found with a correlation coefficient

=0.97.

On the other hand, for configurations I, there is an excellent linear correlation
(R* = 0.98) between the energy corresponding to the n(P) —» opxn interaction (Table 6)
and ppp (Table 5) as well as between the charge transfer (Table 6) and ppp Where the
linear correlation coefficient R is equal to 0.97. This means that ppp for the systems
analyzed here is a good indicator of the local atom-atom interaction (P---P) as well as
that it refers to the energies related to the electron charge shift. The latter energies are
often attributed to the covalency of interaction.”

A different situation is observed for the complexes linked through a P-H---P
hydrogen bond. For II complexes, the electron charge shift amounts to ~0.08 au (Table

6), less than most of the cases of the P---P pnicogen bonds (I) discussed earlier. The

n(P) —» OpH overlap energy for this group of complexes (II) amounts ~60 kJ ‘mol”’,
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more than the n(P) — GpH(Cl)* energy for all complexes linked through P---P pnicogen
bond. It is worth mentioning that the n(P) — OpH overlap attributed to the hydrogen
bond interaction is detected for some complexes classified as configuration III (Table
6). However the corresponding energy is equal here to 5.9, 5.3 and 14.6 kJ-mol " for CI,
OH and CCH substituents, respectively. It is much lower than for the species linked
only through the hydrogen bond.

The configuration III corresponds formally to the X:--P interaction previously
mentioned. However based on the NBO analysis this is only true for the PH;F":PH,F
complex, where other interactions are not detected (there is only one intermolecular
P---F bond path for this complex). In this case, the electron charge shift to the Lewis
acid is the lowest one among the complexes classified as configurations III (Table 6).
This is probably connected with the fact that the fluorine centre is usually classified as a
hard Lewis base not sensitive to the effects of polarization. Besides, for all remaining
complexes of this group (III) additional P-H...P links are detected with the
corresponding n(P) —>0py overlap enhancing additionally the electron charge shift from
the Lewis base unit to the Lewis acid.

The n(P) — opx_ overlap energy for the group (III) is between 30-36 kJ-mol’
except of the X = CCH substituent where such energy is much lower, of about 10
kJ-mol™'. However in the latter case, the P-H:-P hydrogen bond is probably a stronger
interaction than the pnicogen bond.

These results justified that the P---P and P---X pnicogen bonds attributed to
configurations I and III should be classified as o-hole bonds. It was stated earlier that
also hydrogen bonds probably belong to this class of interactions.®''* It was shown that
for the o-hole bonds as well as for the hydrogen bonds there is an electron charge shift
for the system playing the role of the electron acceptor. However, it was shown that the
nature of such shift in the case of the hydrogen bond is different than in the case of the
o-hole bonds.'” This is why the pnicogen and hydrogen bonds possess distinct

characteristics.

3.4 PH;X :PH,X complexes — DFT/NEDA decomposition of the energy of interaction
The DFT/NEDA decomposition of the interaction energies has been gathered in Table
7. For the P---P pnicogen bonded complexes (configuration I), the energy terms

attributed to the electron charge shift (CT and POL) are attractive and more important
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than the electrostatic contribution (ES). The XC term related to the other effects, among
them to the correlation energy, is the less important attractive term for P---P pnicogen

bonds as well as for all other interactions (P---X and P-H:--P).

Table 7. DFT/NEDA decomposition results, the energy terms (in kJ-mol ™) are

described in the section on computational details (eq. 3).

X TOT CT ES POL XC DEF
I

F -98.1 -324.6 | -136.2 | -145.7 | -52.0 560.4
Cl —48.6 -119.7 | -52.5 | -1443 | -33.5 301.4
OH-A —68.4 -183.5 | -94.7 | -101.2 | -33.6 344.5
OH-B —79.8 -163.3 | 984 | -131.7 | -35.8 349.4
CCH —41.3 —67.7 —44.3 | -103.6 | -25.7 200.0
CH; —46.5 -59.5 —57.1 —73.6 -17.7 161.4
H —42.9 -55.1 —47.0 —78.6 -17.4 155.2
11

OH-A -34.9 —97.3 —34.9 —-18.3 —-13.6 129.3
CH; —45.2 —89.6 —48.0 -37.0 -15.9 145.3
H —43.0 -92.9 —41.0 -38.5 —-16.6 146.1
111

F —73.4 —93.6 —85.2 | 1475 | -36.6 289.6
Cl —45.2 —89.6 —48.0 -37.0 -15.9 145.3
OH-B —78.2 -114.8 | -104.3 | -196.2 | —49.0 386.1
CCH —40.6 —67.9 —46.5 —96.2 —27.9 197.8

It was shown in the previous sections that the electron charge transfer for P---P
interactions is greater for species with more electronegative substituents (F, Cl, OH)
than for the complexes where X = H, CCH and CHj. Note also the differences in the
decomposition for both sub-groups of P---P interactions, in the case of more
electronegative substituents the order of the importance of the attractive contributions is
CT > POL > ES > XC while for the remaining P---P pnicogen bonds it is POL > CT >
ES > XC. The only exception occurs for X = Cl where the polarization energy is the
most important attractive term.

The charge transfer energy (CT) correlates very well with the electron density at
the P---P BCP, ppp, with a linear correlation coefficient, R, of 0.997. There are worse
linear correlations between ppp and the other attractive term, ES, POL and XC since the

linear square correlation coefficient, R%, amounts to 0.906, 0.530 and 0.931,
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respectively. This means that the characteristics of the BCP, especially the electron
density at BCP, reflect mainly the effects connected with the electron charge shift

between the interacting units.

0 0 T T T T 1
J) 0.01 0.02 0.03 0.04 0.05
Pee (inau)
-100.0 -
-200.0 -
y=-7975.3x+55.434
R2=0.9974
-300.0 -
.a000 J CTenergy(ki/mol)

Fig 3. The relationship between the electron density at P---P BCP (in au) and the charge
transfer energy (CT) expressed in kJ-mol™" units (Eq. 3).

For configuration II, presenting a P-H---P hydrogen bond, the order of the
importance of the attractive terms is: CT > ES > POL > XC. Thus, the electrostatic
contribution for the hydrogen bond is more important than for the P---P interaction.
However, this last ranking is based on three configurations where the only
intermolecular link is due to the hydrogen bond. For the complexes in configuration III,
two types of interactions exist, i.e. the P-H---P hydrogen bond and the P---X pnicogen
bond, except for the PH3F :PH,F complex where only the P---X link exists. In these
complexes the energy terms ordering is: POL > CT > ES > XC, the same as for the

P---P pnicogen bonds in complexes with CCH, CHs and H substituents.

3.5 Comparison of the pnicogen bonded neutral dimers (PH>X), and protonated binary
complexes PH;X ' :PH,X in configuration I.

The first difference between these two sets of complexes is the disposition of the

groups attached to the interacting phosphorous atoms (Figure 4). In the neutral dimers,
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the groups attached to the P atom are pointing outside the interacting region. In contrast,
in the protonated complexes the groups of the protonated phosphine points towards the
interacting region. Thus, while no direct stereo-electronic interactions between the
groups attached in the neutral complexes are expected, the opposite should happen in

the protonated complexes.

Figure 4. Molecular graph of two representative neutral complexes and two protonated

ones in Conf. L

Neutral Protonated complexes in Conf. |

(PH,F), (PH3), H;FP":PH,F H,P":PH;

iH ,."

¢

The intermolecular P-P distances for the protonated and neutral complexes have
been gathered in Table 8. The first interesting feature if that the protonated complexes
with X = F, Cl and OH show larger distances than the corresponding neutral ones while
for X = CCH, CHs and H, the opposite happens. However, a linear correlation is
obtained when the distance between the two set of complexes are compared (R? = 0.94)
as indication that the effect of the substituents are similar in both families of complexes.

In order to deepen the analyses of the complexes, some mixed complexes have
been considered: the neutral PH3;:PH,F complex as well as the PH;F":PH; and
PH,":PH,F ones (Table 8). In the mixed neutral complex, the P-P distance obtained is
intermediate of those for the (PH,F), and (PH3), dimers an indication that both
monomers have similar influence on the characteristic of the complex obtained. In
contrast, in the protonated complexes, the intermolecular distance is determined by the
protonated phosphine and thus the PH3F":PH;3 complex presents a distance similar to the

PH;F":PH,F one and the PH, " :PH,F complex to the PH; " :PH; one.
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Table 8. P---P distances (A) in the protonated complexes in Configuration I and the

analogous neutral ones.

Protonated complexes Conf. I Neutral

(P---P) complexes (P---P)
PH:F :PH,F 2.698 (PHF), 2471°
PH;CI™:PH,CI 3.050 (PH,C), 2.768"
PH;(OH) :PH,(OH) A 2.963 (PH,OH), 2.851°
PH;(OH) :PH»(OH) B 2.941 -
PH;(CCH) :PH»(CCH) 3.249 (PH,CCH), 3.353°
PH;(CH;) :PH,(CHs) 3.368 (PH,CHs), 3.481°
PH. :PH; 3.356 (PHs), 3.589°
PH;F :PH;3 2.718 PH;:PH,F 3.060
PH, :PH,F 3.410

? taken from ref. 51

The uncorrected binding energies of the protonated and neutral complexes are
gathered in Table 9. In all cases, the protonated complexes are more stabilized than their
neutral counterparts. The analysis of the mixed complexes, shows that in the neutral
case the binding energy is approximately the average of the one of the corresponding
neutral dimers while in the protonated ones, the protonated molecule determines the

approximate value of the binding energy like in the case of the intermolecular distances.

Table 9. Binding energy (kJ-mol ™) in the protonated complexes in Configuration I and

the analogous neutral ones

Protonated complexes Conf I Neutral (PH»X),
PH;F :PH,F -74.9 (PH,F), -34.0°
PH;Cl1 :PH,Cl -55.4 (PH,Cl), -22.1°
PH3(OH) :PH,(OH) A -57.9 (PH,0H), —20.6
PH3(OH) :PH,(OH) B -77.1

PH3(CCH) :PH,(CCH) —55.2 (PH,CCH), -12.2°
PH;(CH;) :PH,(CHs3) -52.1 (PH,CH3), -8.9°

PH, :PH; —46.1 (PH3), ~7.1°
PH;F :PH; -88.7 PH;:PH,F -19.2

PH, :PH,F -37.6

? taken from ref. 51

The charge transfer and NBO second order energy stabilization of the neutral
and protonated complexes have been gathered in Table 10. The neutral (PH,X), dimers
present C, symmetry and consequently no net charge is transferred from one monomer

to the other. In the case of the mixed ones, the binary complex studied here [PH3:PH,F],
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a small charge transfer is observed from the PH; molecule towards the PH,F. Thus, the
latter presents a —0.039 e net charge. In the case of the protonated complexes, an
important charge transfer is observed from the neutral molecule towards the protonated

one.

Table 10. QTAIM electron charge shift from the Lewis base to the Lewis acid (au) and
Enpo orbital charge transfer energies (kJ ‘mol™); the corresponding charge donor

orbital- acceptor orbital is listed.

X Change ENBO ENBO
transfer

PH;F :PH,F 0.220 - (PH,F), 131.8
PH;CI1 :PH,Cl 0.111 33.1 (PH,Cl), | 59.9
PH;(OH) :PH,(OH) A 0.163 52.5 | (PH,OH), | 46.6
PH;(OH) :PH,(OH) B 0.129 48.3
PH;3(CCH) :PH,(CCH) 0.075 16.8 | (PH,CCH), | 11.3
PH;3(CH3) :PH,(CH3) 0.070 17.3 | (PH,CH3), | 11.3
PH, :PH; 0.067 17.7 (PH3), 5.6

The NBO second order perturbation analysis of the (PH,X), dimers present two
degenerate orbital charge transfer from the lone pair of the P atom of one molecule
towards the o* P-X of the other or the interaction of the lone pair of one molecule
towards the o-hole of the other.''® In the case of the PH3:PH,F binary complex, the two
orbital charge transfer are observed but in this case the stabilization due to the PH; (Ip)
— o* P-F is larger than the PH,F (Ip) — o* PH (58.3 vs. 16.5 kJ-mol™). In the case of
the protonated binary complex, the orbital charge transfer is only from the lone pair of
the neutral molecule to the * P-X one. The values of the energy stabilization follow the

same trend vs. the P---P interatomic distance as shown in Fig. 5.
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Fig. 5. Energy stabilization due to the charge transfer from the P lone pair towards the
P-X o* orbital (kJ 'mol_l) vs. the P-P interatomic distance (A). Empty and full squares

corresponds to the neutral and protonated complexes, respectively.

The topological analysis of the electron density of both neutral and protonated
complexes in configuration I shows the presence of a bond critical point and its
associated bond path linking the two phosphorous atoms (see for instance Fig. 1 and 4).
The representation of the values of the electron density at the P-P bond critical point vs.
the interatomic distances shows a similar tendency for the values obtained from the

neutral or the protonated complexes (Fig. 6).
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Fig. 6. p at the P-P BCP (au) vs. the interatomic distance (A).

Conclusions
The PH;X":PH,X complexes have been analyzed and compared with the (PH,X),
analogues. It was found that the cations are linked through stronger P---P pnicogen
bonds than the neutral complexes. Thus, positive charge assistance enhances the
strength of interaction for pnicogen bonded complexes, similarly as it was found in
studies of hydrogen bonded species.”'73

Additionally, for PH;X:PH,X complexes, linked through P---P or P---X
pnicogen bonds or through P-H---P hydrogen bonds, different configurations were
analyzed. The P---P interactions are much stronger than the P-H---P counterparts, and
for all species the configurations with P---P contacts corresponding to the energetic
minima are created while only in few cases there are P-H---P bonded configurations of
minimum energy. All energetic, topological and geometrical parameters show that the
pnicogen bond is favorable compared with the hydrogen bond for the PH3;X :PH,X
complexes considered here. Even the nature of P---P and P-H---P interactions is
different. For the previous pnicogen bonds, the order of attractive interaction energy
terms is CT > PL > ES and XC, while for P-H---P it is CT > ES > PL and XC. Thus, the
electrostatic interaction is a more important attractive term for the hydrogen bond than

for the pnicogen bond.
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It is also shown here that the characteristics of the P---P bond critical point
related to the pnicogen bond correlate with the interaction energy terms, which are
usually attributed to the electron charge shift that results of the complexation. This
statement is supported, for example, by the linear correlation between the electron
density at P---P BCP, ppp, and the charge transfer energy as well as by the lack of
correlation between the binding energy and ppp.

The comparison of the properties of the neutral (PH,X), and the protonated
PH;X":PH,X dimers shows some similar features (behaviour of the electronic
properties, NBO and AIM, with the P-P distance) but other differences (geometrical

disposition, geometric and energetic dependence of the substituents).
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