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Abstract Spin-restricted DFT (X3LYP and B3LYP) and ab
initio (MP2(fc) and CCSD(fc)) calculations in conjunction
with the Aug-CC-pVDZ and Aug-CC-pVTZ basis sets
were performed on a series of hydrogen bonded complexes
PN---HX (X = F, Cl, Br) to examine the variations of their
equilibrium gas phase structures, energetic stabilities,
electronic properties, and vibrational characteristics in their
electronic ground states. In all cases the complexes were
predicted to be stable with respect to the constituent
monomers. The interaction energy (AE) calculated using
a super-molecular model is found to be in this order:
PN--HF > PN--HCI > PN--HBr in the series examined.
Analysis of various physically meaningful contributions
arising from the Kitaura-Morokuma (KM) and reduced
variational space self-consistent-field (RVS-SCF) energy
decomposition procedures shows that the electrostatic
energy has significant contribution to the over-all interaction
energy. Dipole moment enhancement (Ap) was observed in
these complexes expected of predominant dipole-dipole
electrostatic interaction and was found to follow the trend
PN--HF > PN---HCI > PN---HBr at the CCSD level. However,
the DFT (X3LYP and B3LYP) and MP2 levels less accurately
determined these values (in this order HF < HCI < HBr).
Examination of the harmonic vibrational modes reveals that
the PN and HX bands exhibit characteristic blue- and red
shifts with concomitant bond contraction and elongation,
respectively, on hydrogen bond formation. The topological or
critical point (CP) analysis using the static quantum theory of
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atoms in molecules (QTAIM) of Bader was considered to
classify and to gain further insight into the nature of
interaction existing in the monomers PN and HX, and
between them on H-bond formation. It is found from the
analysis of the electron density p., the Laplacian of electron
charge density V2p., and the total energy density (F1,) at the
critical points between the interatomic regions that the
interaction N--H is indeed electrostatic in origin (p.>0,
V2p.>0 and H.>0 at the BCP) whilst the bonds in PN (p.>0,
V2p.>0 and H.<0) and HX ((p.>0, V?p.<0 and H,<0)) are
predominantly covalent. A natural bond orbital (NBO)
analysis of the second order perturbation energy lowering,
E®, caused by charge transfer mechanism shows that the
interaction N--H is n(N) — BD*(HX) delocalization.

Keywords PN---HX complexes - Linear hydrogen bonding -
Abinitio and DF T calculations - Electronic structures - Energy
decomposition analysis - Vibrational properties - NBO
analysis - Topological properties

Introduction

Numerous research articles have been devoted to the
hydrogen-bonded and the van der Waals complexes not
only for the understanding of the nature of interaction but
also due to their importance in the construction of new
materials with deterministic material properties [1, 2]. A
great deal of complexes have been studied where hydrogen
halides HX (X = F, Cl, Br) were considered as proton
denoting subunits and nitrogen N as the proton-accepting
atomic center, and are of the types N---HX, where X is an
element with an electronegativity greater than H. The HF
containing complexes result in larger interaction energy
because of its larger dipole moment compared to the
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complexes containing other halogen halides [1-5]. Of the
most important characteristic properties, it has been
established that the conventional H-bonded interactions
undergo the electronic structure change of the proton
accepting and denoting molecules, the red-shift of the HX
harmonic vibrational frequency, the enhancement of the HX
IR band intensity, the HOMO to LUMO charge transfer,
and the electric dipole moment enhancement [1-8]. The
quantitative spectroscopic measure of these observed
effects are decreasing in trend with respect to the increasing
size of the hydrogen halides in the complex (for a given
proton acceptor molecule) [4, 5].

Molecular phosphorous nitride (P=N) is one of the most
widespread and abundant phosphorous bearing species
detected in the interstellar medium in the gas phase [9,
10]. Tt has received a considerable amount of attention not
only due to its coordination chemistry with transition metal
cations in forming capped octahedron (3-cages) complexes
[11, 12] and their importance as an insulating coating
material for semi-conductor surfaces [13] but also due to
the lack of understanding of energetics of the controversial
gas phase endothermic reaction %2 P,+1/2 N, = PN [14].

PN is a highly polar diatomic molecule (1=2.7 D) and
its electron-donor capacity can be evaluated related to its
concurrent capacity to participate in hydrogen bonding as a
proton acceptor. Ahlrichs et al. [14] have shown, at the SCF
level of theory, that PN forms stable dimeric and trimetric
complexes. The trimeric complex, (PN); is energetically
preferable (D3, point group symmetry) over the dimeric
form (not yet experimentally observed); the former being
planar ring-shaped in its structural arrangement in the gas
phase. The CPF and SCF ab initio calculations [14, 15] and
the experimental IR spectroscopy of (PN); have been
reported elsewhere [16].

Recently, a computational study of CH,CHOH*" + PN
has been performed to explore the proton-transfer reactivity
of CH,CHOH?" [17]. Zhengfa et al. [18] have studied the
resulting structural, vibrational, and energetic properties of
the reaction between PH, and NO using ab initio and DFT
levels. They have shown that the reaction results in PN
and H,O, and is strongly exothermic with a release of
—189.6 kJ mol ™' of energy.

Attention has not yet been given to the complexes
formed between PN and HX, however, studies on similar
types of complexes, viz., N,--HX (X = F, Cl, Br) [19-21]
and CO--HX (X = F, Cl, Br) [22-24], have been largely
carried out. Thus, the main purpose of this study was to
investigate theoretically on the existence of hydrogen
bonding interactions in the PN--HX series of complexes
in the gas phase with a view to assess the energetic stability
of the complexes formed; the monomers are small diatomic
polar molecules: heteronuclear halogen halides HX (X = F,
Cl, Br) as proton donors and PN as proton acceptor. Since
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the P and N ends of PN can be treated as proton accepting
centers (expected of the presence of electron lone-pairs),
there is a geometrical possibility of hydrogen bonding
interactions of the types NP--HX, NP--XH, and PN---HX.

Ab initio and DFT methods are widely applied to
complexes of similar types for a precise determination of
various molecular electronic properties [25-27]. We,
therefore, have studied the PN--HX (X = F, Cl, Br)
complexes at the CCSD(fc) [28], MP2(fc) [29], and DFT
(B3LYP [30, 31], X3LYP [27, 32]) levels in conjunction
with the basis sets Aug-CC-pVDZ and Aug-CC-pVTZ to
investigate variations in the hydrogen bonding properties.
Note that the DFT functional X3LYP gives reasonable
estimates of energetics of hydrogen bonded and van der
Waals complexes including transition metal systems [27,
32-35] whilst the B3LYP functional underestimates for the
same [36, 37].

In this communication, we report the computed structural
properties, electronic properties, and characteristic har-
monic vibrational frequencies of the linearly H-bonded
PN--HX (X = F, Cl, Br) complexes. The binding energies
of the complexes were evaluated using a super-molecular
approach and analyzed in the series. Various physically
meaningful contributions to the over-all interaction energy
of the complexes arising mainly from electrostatic,
exchange, polarization, and charge transfer effects were
evaluated quantitatively on the X3LYP optimized geom-
etries based on the Kitaura-Morokuma (KM) [38, 39] and
the reduced variational space self-consistent-field (RVS-
SCF) energy decomposition formalisms [40, 41], and the
results are presented. The normal mode vibrational fre-
quencies were assigned with confidence, and compared
with conventional hydrogen bonded complexes of similar
types. Since topological or critical point (CP) approach can
yield a great deal of information, we have applied the
quantum theory of atoms in molecules (QTAIM) of Bader
[42] to these systems specifically to classify the types of
bonding involved (close shell and/or open shell) in the
monomers HX and PN, and between them on H-bond
formation. Since QTAIM analysis does not provide origin
of these interactions, the natural bond orbital analysis has
been performed to estimate quantitatively the second order
perturbation energy lowering E® caused by the charge
transfer mechanism.

Computational details

Unless otherwise stated, all the electronic structure calcu-
lations were performed with the help of GAUSSIAN 03
[43], and WinGamess [44] suite of programs. Visualizations
and normal mode analysis were performed with the help of
MacMolPlt [45].
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Geometries of the monomers and the complexes were
optimized at the X3LYP [27, 32] and B3LYP [30, 31] levels
of theory in conjunction with the Aug-CC-pVTZ (ACCT)
basis set using restricted spin formalism in their ground
electronic states. The basis set ACCT is a correlation
consistent polarized valence triple zeta of Dunning and co-
workers [46, 47] augmented with d-functions on the heavy
atoms. The X3LYP level calculations were performed using
WinGamess [44] since this functional was inaccessible with
the present version of GAUSSIAN 03 [43]. For reasons to
be discussed later, we have also optimized the geometries
of the complexes and the monomers at the MP2(fc)/ACCT
(with MP2 density) [29] and CCSD (fc)/Aug-CC-pVDZ
levels [28] (with QCI/CC density) using the frozen-core
approximation. We have performed Hessian calculations
following each of the energy-minimized structures to
characterize the nature of the stationary point; absence of
imaginary harmonic frequencies in the resulting output files
confirm that the structures obtained are genuine minima
and are corresponding to the C«v point group symmetry.
The frequency shifts (Aw) were then approximated by the
relatlon Aw — wcomplex _ mel’lOl’l’lCl'.

The binding (or stabilization or interaction) energy (AE)
of these complexes was calculated using a super-molecular
approach [48] without and incorporating zero-point vibra-
tional energy (ZPVE) given by Egs. 1 and 2.

AE — EPN~~-HF _ (EPN _|_ EHX)7 (1)

AE® = —AE — ZPVE™-HF 4 (ZpVE™N 1 ZPVEMX) (2)

where E represents the total energy. Since this procedure
is known to be susceptible of basis set superposition error
(BSSE) while using a finite size basis set, we corrected
for BSSE using the commonly used counterpoise proce-
dure of Boys and Bernardi [49] at the CCSD/Aug-CC-
pVDZ level. We did not perform BSSE correction at other
levels since it is unnecessary to go for a BBSE correction
when using Aug-CC-pVTZ basis set [50], and that it has a
tendency to overcorrect for the interaction energy at the
MP2 level [26].

We have carried out energy decomposition analysis
(EDA) using the Kitaura-Morokuma (KM) [38, 39] and
the reduced variational space self-consistent-field (RVS-
SCF) [40, 41] schemes. According to the KM energy
decomposition formalism, the interaction energy of an
inter-molecular complex is defined as

AE = Egs + Epr + Egx + Ect + Emix, (3)

where Egg is the electrostatic energy, Epp is the energy of
polarization, Egx is the energy of exchange repulsion, Ect
is the energy of charge transfer or electron delocalization,

and Eypx is the coupling energy. In addition, there are other
terms that account for the BSSE, and finally, Egrgg covers
residual terms of energy.

On the other hand, the RVS approach is defined within
the HF-SCF framework and is an extension of the KM
scheme. According to this model, HF interaction energies
are deconvoluted into four separate local contributions
given by Eq. 4.

AE = (EgL + Egx) + EpL + Ecr, (4)

where the terms on the right hand side have a similar
meaning as in the KM approach. For the estimation of the
components in Eqs. 3 and 4, we have applied the GAMESS
implementation [44] of the RHF level to the optimized
X3LYP geometries of the complexes.

The natural bond orbital (NBO) analysis has been
applied successfully to a number of hydrogen bonded
systems [51-54]. It has been demonstrated that the NBO
results [53] and the values of most of the properties from a
topological analysis of the electron charge density [55] are
sensitive to the imbalance of basis sets. The NBO results
obtained using the Dunning-type correlation consistent
basis sets exhibit much weaker basis set dependent than
those using the Pople basis sets [56]. We, therefore, carried
out NBO analysis at the CCSD/Aug-CC-pVDZ level. The
wavefunctions were analyzed using the NBO 3.0 set of
programs [57, 58] available in GAUSSIAN 03. The
molecular electrostatic potentials on the surfaces of N and
H atoms of the monomers and the complexes were
evaluated at the same level using GAUSSIAN 03 since
they are particularly suited for the analysis of non-covalent
interactions.

The topological parameters at the bond critical points
(BCPs) of the monomers and the complexes were evaluated
at the CCSD/Aug-CC-pVDZ level based on Bader’s
QTAIM theory [42] using AIMALL suite of programs [59].

Results and discussion
Monomers

Table 1 summarizes the key computed property parameters
of the monomers. These consist of the inter-nuclear bond
distances (R), the harmonic vibrational frequencies (w), the
molecular dipole moments (u), the entropies (S), and the
zero-point vibrational energies (ZPVE). Included are also
the available experimental data [60] for comparison.

The X3LYP values of the bond distances of the
monomers are close to the experimental values whilst the
B3LYP values slightly overestimate these bond distances
except for PN. The CCSD(fc) and MP2(fc) methods give
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Table 1 Key property”® parame-

ters of the monomers HX (X = Monomer Method Basis® R(A) w (em ™Y w(D) S(J/mol-K) ZPVE(kJmol ")
F, Cl, Br) and PN obtained from
various levels of theory HF X3LYP ACCT 09231 4112 1.810  173.59 24.60
B3LYP ACCT 0.9241 4072 1.812 173.61 24.36
MP2(fc) ACCT 0.9218 4123 1.810 173.57 24.66
CCSD(fc) ACCD 0.9221 4117 1.810 173.57 24.63
Expt [60] 0.9168 4138 1.820 173.78 24.75
HCI X3LYP ACCT 1.2808 2972 1.095 186.55 17.78
B3LYP ACCT 1.2837 2942 1.116 186.59 17.60
MP2(fc) ACCT 1.2747 3044 1.115 186.47 18.21
CCSD(fc) ACCD 1.2906 2989 1.159 186.68 17.88
Expt [60] 1.2746 2991 1.080 186.90 17.89
HBr X3LYP ACCT 1.4244 2649 0.840 198.40 15.79
B3LYP ACCT 1.4249 2618 0.837 198.41 15.66
MP2(fc) ACCT 1.4066 2762 0.860 198.20 16.52
R is the equilibrium bond CCSD(fc) ACCD 1.4247 2682 0.887 198.41 16.04
length, w is the HX harmonic Expt [60] 14144 2649 0.827  198.59 15.84
vibrational frequency, juis the — py X3LYP  ACCT 14811 1406 2929 210.84 8.41
dipole moment, S is the entropy,
and ZPVE is the zero-point B3LYP ACCT 14879 1400 2870 110.92 8.38
vibrational energy MP2(fc) ACCT 1.5293 1179 2.602 211.48 7.05
®ACCD and ACCT refer the CCSD(fc) ACCD 1.5145 1329 2.760 211.24 7.95
Aug-CC-pVDZ and Aug-CC- Expt [60] 1.4909 1337 2751 211.13 7.998
pVTZ basis sets, respectively
the best estimate of the bond lengths for HX; however they =~ Complexes

largely overestimate for the PN bond length by 0.0236 and
0.0384 A, respectively.

The experimental values of the harmonic vibrational
frequencies and the molecular dipole moments of the
monomers are well reproduced. The scaling factors
(theor./expt.) obtained for the harmonic vibrational frequen-
cies (0.97-1.0) are typical for DFT methods [61-63];
however, the performance of the X3LYP level is better
than the B3LYP and MP2 levels; deviations are as small as
26, 19, 0 and 69 cm ! at the X3LYP/ACCT level, 66, 49,
31, and 63 cm ! at the B3LYP/ACCT level, and are as large
as 15, 53, 113, and 158 cm ! at the MP2/ACCT level for
HF, HCI, HBr, and PN, respectively. The CCSD level gives
the best estimates of these values. The B3LYP and X3LYP
values of entropy are in agreement with each other and
compare well with the experimental values while the MP2
level underestimates for the halogen halides and over-
estimates for PN. Moreover, the X3LYP and CCSD levels
give good estimate of ZPVEs whilst the MP2 level slightly
overestimates for the same for HX and underestimates
largely (~1 kJ mol ') for PN when compared against the
experimental value. In conclusion, the overall performance
of the X3LYP functional is reasonably good and agrees
well with those obtained from the CCSD level. Nevertheless,
it is encouraging that the bond lengths are all reproduced
within 0.04 A, the dipole moments within 0.05 D, the
entropies within 0.5 Jmol 'K™', and the ZPVEs within
1 kJ mol ™.
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Geometries and structural changes

The results of this calculation for the equilibrium properties of
the complexes PN--HX (X = F, Cl, Br) are summarized in
Table 2. For the interaction between PN and HX is
considered to be a hydrogen bond, two necessary conditions
must be satisfied. Firstly, the H atom must be shared between
two electronegative atoms with the H-atom covalently
bonded to one of them. This is indeed the case here, N and
F are two electronegative atoms and the H atom is covalently
bonded to X =F, Cl, Br). Secondly, the geometrical criterion
should be such that the hydrogen bond distance (in this
case, N-*H bond distance) must be less than the sum of the
van der Waals radii of atoms involved directly (in this case,
N and H) in the H-bond formation. The N---H bond distances
are computed to be in the range from 1.7689 to 1.8629 A for
PN---HF, from 1.9454 to 2.0667 A for PN--HCI, and from
1.9628 to 2.1372 A PN---HBr irrespective of the correlated
methods. These distances are all less than the sum of van der
Waals radii of N (1.55 A [64]) and H atoms (1.20 A [65],
and the value recommended by the Cambridge Crystallo-
graphic Database is 1.09 A [64]), and are ordered in the
series as: PN--"HF < PN--HCI < PN--HBr, indicating that
HF forms the strongest hydrogen bond with PN compared
to the other proton donors.

The interaction between PN and HX results in the PN bond
contraction and the HX bond elongation. A measure of the
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Table 2 Key property” parameters of the PN--HX (X = F, Cl, Br) complexes obtained from various levels of theory

Monomer ~ Method Basis®  R(N-H)YA A HXVA A PNYA AwD AEkImol”'  ZPVE/(kimol™")  AE%/(kJmol™")
PN--HF X3LYP ACCT  1.7689 0.0199 0.0042 1475 —39.21 41.40 30.82
B3LYP ACCT  1.7808 0.0213 0.0041 1458  —36.50 40.82 28.42
MP2(fc) ACCT  1.8117 0.0177 0.0050 1299  —36.44 39.81 28.34
CCSD(fc) ACCD  1.8629 0.0137 0.0042 1.240  -33.64 40.61 25.60(-29.72)
PN-+HCl  X3LYP ACCT  1.9657 0.0155 0.0027 1492 2276 31.96 16.99
B3LYP ACCT  1.9753 0.0157 0.0026 1473 -20.93 31.47 15.42
MP2(fc) ACCT  1.9454 0.0144 0.0029 1369  —26.58 30.86 20.98
CCSD(fe) ACCD  2.0667 0.0081 0.0026 1.193  -22.26 31.38 16.71(-18.64)
PN-“HBr  X3LYP ACCT  2.0146 0.0133 0.0024 1.564  —19.04 29.36 13.88
B3LYP ACCT  2.0386 0.0151 0.0022 1.505  -16.96 28.78 12.22
MP2(fc) ACCT  1.9628 0.0132 0.0024 1470  -25.74 28.59 20.73
CCSD(fc)  ACCD  2.1372 0.0060 0.0020 1.178  -19.53 28.85 14.67(-15.43)

R is the H-bond length, A, is the geometrical parameter [25], Ap is the dipole moment enhancement, AE is the uncorrected binding energy
(Eq. 1), and AES is the zero-point corrected energy (Eq. 2) of the complex. Values in the parenthesis are the BSSE corrected energy, AE® (BSSE)

® ACCD and ACCT refer the Aug-CC-pVDZ and Aug-CC-pVTZ basis sets, respectively

H-bond strength can be realized in view of the geometrical
parameter defined by A, (HX) = (HX®mPlex — HXe) /HX e,
where free and complex refer, respectively, the HX bond
distances when they are isolated and in the complexes [25].
The A, value is computed to be the highest (~0.014 A) for
PN--HF and the least (~0.006 A) for PN--HBr at the CCSD
level. A similar trend is also evident for the geometrical
parameter of PN, A,(PN), when passing from HF through
HBr in the series.

Energetic stability

The uncorrected interaction energy (AE) of a complex is
calculated by differentiating between the total energy of the
complex and sum of the total energies of the monomers
given by Eq. 1. As can be seen from Table 2, all the
correlated methods predict that the complexes are stable
over the constituent monomers. The B3LYP AE values are
2.71 kJ mol ™" (for PN--HF), 1.83 kJ mol™" (for PN--HC]),
and 2.08 kJ mol ' (for PN--HBr) smaller than the X3LYP
values. The MP2 method significantly overestimates the
interaction energies of PN--HCI and PN---HBr compared to
the CCSD and X3LYP values whilst the B3LYP level
underestimates for the same. The underestimation can be
interpreted due to the fact that the energies resulting from
weak interactions such as dispersion is largely missing at
the DFT-B3LYP level whilst the other correlated levels
account it for. Nevertheless, all the correlated methods
predict the energetic stability of the complexes in this order:
PN--HF > PN:--HCI > PN---HBr. The uncorrected interac-
tion energy reduces (on average) by ~8.3 kJ mol ' for
PN--HF, ~5.8 kJ mol ™" for PN--HCl, and ~5.1 kJ mol ™" for

PN---HBr by incorporating the zero-point vibrational energy
correction. Inclusion of the BSSE correction at the CCSD
level leads the uncorrected H-bond energy reduced by
3.9 kJ mol ! for PN--HF, 3.6 kJ mol ™! for PN---HCI, and
4.1 kJ mol™" for PN---HBr.

Further analysis has been carried out to gain informa-
tion about physically meaningful energetic contributions
since hydrogen-bonding interaction is thought to arise
from electrostatic, polarization, and charge transfer
components. Since the X3LYP level predicts reasonable
values of the bond lengths and the other physical
parameters compared to the CCSD level, we have
performed the KM [38, 39] and the RVS-SCF [40, 41]
EDA analyses on the X3LYP/Aug-CC-pVTZ equilibrium
structures. The results are summarized in Table 3. Based
on the RVS-SCF energy decomposition analysis, the CT
effect contributes the least (10.84 kJ mol ' for PN---HF,
8.03 kJ mol™' for PN--HCI, and 7.61 kJ mol™' for
PN---HBr) among all the energy terms whilst the electro-
static component is significant (57.91 kJ mol™" for PN-HF,
39.29 kJ mol' for PN-~HCl and 35.35 kJ mol ' for
PN---HBr). For comparison, the KM scheme yields
virtually similar values of electrostatic and exchange
components since these two terms are identical in the
two approaches. However, it unusually predicts large Epp
and Ecr values compared to the RVS-SCF scheme. This
known problem is basically due to the large mixing term
that significantly increases the polarization and CT
energies in the KM analysis because of the violation of
Pauli exclusion principle.

The BSSE corrected energies, AE(BSSE), obtained from
the EDA are in agreement with the zero-pointed corrected
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Table 3 Computed energy components® of the PN-+-HX (X = F, ClI,
Br) complexes (in kJ mol ") obtained from the RVS and the KM
analyses at the RHF/Aug-CC-pVTZ level on the RX3LYP/Aug-CC-

pVTZ energy-minimized structures. The upper and lower lines
represent, respectively, the RVS and KM values

Complex  Egs Erx Eps + Egx  EpL Ecr Emix  Eps + Ex + Ep + Ecr AE BSSE  AE(BSSE)
PN..HF  -57.91 5439 -3.52 -1556 -10.84 — -29.92 -31.59 038 -31.21
-5791 5439 352 3274 -16.84 2151  —53.10 -31.59 054 -31.05
PN...HCl  -39.29 43.14  3.85 -9.16  -8.03  — -13.35 -1452 021 -14.31
3929  43.14  3.85 -1971 -1824  19.58  —34.10 -14.52 029 -14.23
PN..HBr 3535 4192  6.57 -8.66  —7.61 — -9.71 -10.79  0.25 -10.59
3535 4192 657 ~19.75  —18.07 2046  -31.25 -10.79 029 ~10.50

? Egs is the electrostatic energy, Egx is the energy of exchange repulsion, Epy is the energy of polarization, Ect is the energy of charge transfer or
electron delocalization, Eyyx is the coupling energy, AE is the H-bond energy, and AE(BSSE) is the BSSE corrected H-bond energy

binding energies (AE®) of the corresponding complexes;
deviations between them are ~0.4, 2.7, and 3.3 kJ mol ™! for
the complexes containing HF, HCI, and HBr, respectively.
This deviation is expected since the energy decomposition
schemes are purely RHF based and therefore, they do not
incorporate dispersion energy contributions expected of
genuine hydrogen bonded systems.

Vibrational analysis

The association of PN with HX originates three new modes
of vibration, viz., the N--H stretching vibration (@) and
two doubly degenerate bending vibrations (w4 and wp).
The N--H stretching vibration is predicted below 200 cm ",
the bending vibration of the proton acceptor molecule (w,)
is below 100 cm™" whilst of the proton donor molecules
(wp) is above 350 cm ' within the series examined (see
Table 4, values are reported only at the highest level). This
observation is in agreement with the experimental frequen-
cies of similar type of complexes. For instance, the reported
values of w, and wp are, respectively, 59.2 [19] and
271 em ' [66] for No--HF, 75 [22] and 348 cm™ ' [67] for
CO---HF, 73.6 and 550 cm ' for HCN--HF [68], 9.1 [69]
and 313 cm ' [67] for CO,--HF, and 45 [70] and 620 [71]
ecm ' for CH;CN--HF. The newly originated frequencies
show a decreasing pattern with increasing size of HX

Table 4 Computed CCSD(fc)/Aug-CC-pVDZ level inter-molecular
harmonic vibrational frequencies® of the PN-+-HX (X = F, Cl, Br)
complexes. Included are also the blue- and red-shifts calculated using

(similar to the trend found for the binding energies of the
complexes) in the series.

Arguing for the presence of a hydrogen bond is a red
shift in the HF stretch of 293 ¢m ' in PN--HF, the HCI
stretch of 139 cm ' in PN-~HCI, and the HBr stretch of
97 cm™ ' in PN-HBr. The observed trend in the HX band
frequency is in agreement with the previously reported
B3LYP/6-311++G(3df,3pd) results of PCCN---HX
(339 cm™ ! for HF, 171 e¢m™' for HCI, and 117 cm™' for
HBr) [4] and ONCCN-~HX (291 c¢m™' for HF, 137 cm '
HCI, and 85 cm™' for HBr) complexes [5]. Moreover, it is
also observed that the PN stretching frequency undergoes a
blue-shift of 34, 20 and 16 cm ', respectively, for the
complexes containing HF, HCI and HBr (expected of a 1:1
hydrogen bonded complex [72]). The red- and blue shifts
parallel with the lengthening of the HX bond and the
shortening of the PN bond, respectively.

Electronic properties

The charge transfer is often presumed to occur when the
monomers find themselves in the proximity of each other
[57]. The reason for this observed effect is due to the
rearrangement of atomic charges on H-bond formation. For
instance, the partial atomic charges computed (at the
CCSD/Aug-CC-pVDZ level) using the natural population

complex monomer

the relation Aw =
and are given in units of cm~

— , where w is the wave number

1

Monomer Aw(PN) s (N-H) Aw(HX) wp(N--H) wa(N--H)
PN...HF 34 166 -293 649 70
PN...HCI 20 104 -139 422 49
PN...HBr 16 79 -97 363 44

*wp and wy are the intermolecular degenerate bending vibrational modes of the proton donor and the proton acceptor molecules, respectively. @,

is the inter-molecular stretching mode.
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analysis (NPA) show that the charge of H atom increases
whilst that of N atom decreases upon complex formation.
The charge on the H atom increased by 0.025¢ for PN---HF,
0.033¢ for PN-*HCl and 0.036¢ for PN--HBr. This result is
in consonant with the Bader’s population analysis (see
Table 5 for Q™).

The charge rearrangement upon hydrogen bond forma-
tion results in the electric dipole moment enhancement
(Ap) that stabilizes these complexes. Ap is calculated by
differentiating between the total dipole moment of the
complex and the sum of the total dipole moments of the
monomers (see Table 2). The B3LYP, X3LYP and MP2
levels computed Ap values are found to agree with each
other, and are ordered as PN---HF < PN---HC] < PN---HBr in
the series. This ordering is in contrast with the computed
binding energies of the complexes. Since DFT methods
alone would not be convincing and that DFT is known to
have problems with the representation of dispersion in
weakly intermolecular interactions [24, 25, 51, 52], we
extended our calculation at the CCSD(fc)/Aug-CC-pVDZ
level. Encouragingly, the dipole moment enhancement
parallels with the BSSE corrected H-bond energy at this
level. It should be understood from this that the choice of
an appropriate correlated method would certainly lead to

the physically meaningful results for complexes of the type
studied here.

Moreover, it has been established that the molecular
electrostatic potential of proton acceptor or donor atoms can
be used as reactive descriptors for the hydrogen bonding
process [73, 74]. In the present systems, the electrostatic
potential on the surface of the H-atom (V') becomes less
negative (compared to the isolated molecules) whilst it
becomes more negative on the surface of the N-atom (V™)
on hydrogen bond formation. The changes in the absolute
values of V' (compared to the isolated molecules) are
0.0499, 0.0278, and 0.0227 au while of VN are 0.0264,
0.0201, and 0.0179 au upon the formation of PN--HF,
PN-HCI, and PN--HBr, respectively (see Table 5). The
trend in the changes of these values is in a direction similar
to the order of interaction energies in the series.

Since the NBO theory describes the formation of these
complexes caused by an inter-molecular charge transfer from
the N atom lone-pair, n(N), of the idealized Lewis structure
into the empty anti-bonding orbital BD*(HX), we carried out
NBO analysis to assess #(N) — BD*(HX) delocalization that
can be quantified by the second order perturbative estimates
of E?. E?(E®) = AE; = ti(i,j)z/(a - Ej)c? is associ-
ated with the deloralization i—; where g; is the donor orbital

Table 5 The electronic and topological proper’[iesa’b obtained from the CCSD(fc)/Aug-CC-pVDZ level calculations

Type e V2 Ve Ge VellGe  He Q' B E@ Vv A
Monomers
PN 0.2119 1.4932 —0.6383 0.5058 1.2619 —0.1325 —18.3330
HF 0.3597 —3.0007 —0.9435 0.0966 9.7623 —0.8468 0.714 —0.9016
HCI 0.2399 —0.8138 —0.3254 0.0610 5.3380 —0.2644 0.249 —0.9297
HBr 0.1948 —0.3451 —0.2497 0.0817 3.0559 —0.1680 0.037 —0.9403
Complexes
PN....HF
PN 0.2129 1.5276 —0.6461 0.5140 1.256997 —0.1321
N...H 0.0287 0.1142 -0.0197 0.0241 0.816651 0.0044 0.730 25.86 14.02 -0.9515 —18.3066
HF 0.3388 —2.9492 —0.9201 0.0914 10.06697 —0.8287
PN...HCI
PN 0.2125 1.5145 —0.6432 0.5109 1.258932 —0.1323
N...H 0.0210 0.0630 -0.0128 0.0143 0.897059 0.0015 0.335 16.82 11.28 —0.9575 -18.3129
HCI 0.2350 —0.8532 —0.3184 0.0526 6.05721 —0.2659
PN....HBr
PN 0.2124 1.5097 —0.6420 0.5097 1.259577 —0.1323
N...H 0.0187 0.0530 —0.0111 0.0122 0.912546 0.0011 0.116 14.59 9.59 —0.9630 —-18.3151
HBr 0.1941 —0.3935 —0.2381 0.0699 3.408102 —0.1683

*Electron charge density (p.), the Laplacian of charge density (V* p.), the potential energy density (V.), the kinetic energy density (G.), the ratio |
V /G, the total energy density (H;=G.+V.), Bader charge on H atom (Q"/e), the stabilization energy (E,/ kJ mol ') obtained from the
relationship E,=(1/2) V, [80], the second order perturbation energy lowering (E® /kcal mol™") caused by charge transfer mechanism obtained from a
NBO analysis, and the molecular electrostatic potentials (V"' and VN, in au) at the N- and H-atoms of the isolated molecules and the complexes.

bTopological parameters are given in units of au. 1 au of p.=6.7483 e A3, 1 au of V?p,=24.099 ¢ A, 1 au of V., G, and H,=

627.5095 kcal mol !
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occupancy, F(i,j) is the off diagonal NBO Fock matrix
element, ¢; and ¢; are the diagonal elements representing the
orbital energies, and i represents donor NBO(i) and
acceptor NBO(j), respectively. The value of E® for the n
(N) — BD*(HX) delocalization is found to be the highest
(14.02 kcal mol ') for PN-~HF, 11.28 kcal mol ' for
PN-HCI, and the lowest (9.59 kcal mol ') for PN-+-HBr
(see Table 5). The E® values correlate exponentially with
the red-shift of the HX stretching vibration (see Fig. 1)
demonstrating that E® can be used as a measure of the
hydrogen bond strength. A similar relationship we have
recently explored between E® and the O-H bond distances
in a series of three amino-alcohol ligands [52].

Topological analysis

According to the Bader’s QTAIM theory [42], the distinct
interatomic interactions display characteristic features of
electron charge density, p, at the (3, —1) critical point (CP).
A necessary condition for a bond is that there must exist a
(3, —1) CP in the inter-atomic region with electron density,
pc (c refers BCP), such that the path connecting between
them, the so-called bond path, defines the unique axis of the
BCP and the two atoms share an interatomic surface. The
Laplacian of electron charge density V?p. determines the
nature of the (3, —1) CP whether it is shared or close shell
or a mixed interaction. For a predominantly covalent
(“shared”) interaction, p. is usually >0.1 au and V?p.<0
[75] (V*p.>0 for highly polar bonds [76]), and for a
predominantly ionic interaction (“closed shell”), the value
of p. is usually small (~102au for a H-bond and ~10>au
for a van der Waals interaction [75]) and V?p.>0. At the
boundary where V2p.=0, the interaction is mixed in nature.

r — ' —0.030
-100
Jo.028
150 10.026
‘s s
J0.024
2 200 ¢
X {o.022 =
< -250
< Jo.020
-300 J0.018

9 10 11 12 13 14
E? / kcal mol”

Fig. 1 Dependence of the second order perturbation lowering energy
(E®) caused by charge transfer between the N-atom lone-pair (n(N))
and the H-X anti-bonding orbitals (BD*(HX)) (a) with the red-shift of
the HX stretches (Aw, @), and (b) with the electron charge density at
the N---H BCPs (p., m) of the PN--HX complexes. The data were
fitted with an exponential function

@ Springer

First of all, Table 5 shows that p. decreases at the HX
BCPs passing from F through Br in the series. This
indicates that the longer bonds correspond to a smaller
accumulation of p. at the BCP. Of all the monomers
studied, p. values are in this order: HF > HCI > PN > HBr.
An examination of the Laplacian values at the BCP
suggests that the bonds in hydrogen halides are predomi-
nantly covalent, and that the covalency decreases with a
partial gain of ionic character with increasing size of the
halogen atoms in HX. However, the value of VZp, at the
P-N BCP is found to be positive. The reason for this
observation is that the bond between P and N is largely
polar due to the electronegative difference between the two
atoms (3.04 for N and 2.19 for P on the Pauling scale).
Therefore, it associates V2p0>0 with a high p. value
indicating both a substantial accumulation of p. near the
inter-atomic surface and a transfer of p. to the N atomic
basin resulting in concentration there and depletion in the
other. Similar results were reported previously for carbon
oxides and carbon sulfides [42].

Upon the hydrogen bond formation, the magnitude of
p. values decreases at the HX BCPs whilst their values
increase at the PN BCP. This electronic change is in
agreement with the concomitant lengthening and shorten-
ing of the corresponding bonds, respectively. At the N---H
BCP there is a small accumulation of p.; values are
0.0287, 0.0210, and 0. 0187 au for PN---HF, PN---HCI, and
PN--HBr, respectively. Figure 1 shows an exponential
correlation of E® with p,.

The V?p. value exhibits a decreasing order of charge
concentration among the halogen halides in this order: HF >
HCI > HBr irrespective of whether we consider isolated
halogen halides or their association in the complex. The
smaller values of p. at the BCP is consistent with the fact
that the Pauli exclusion principle operates to remove electron
density from the interatomic surface resulting in a positive
Laplacian and low electron density at the BCP [77]. The
magnitudes of p. (p.<0.10) together with the sign of V*p,
(V?p.>0) at the N--H bond BCP are collectively indicative
of a closed-shell interaction [42, 75-78].

Moreover, the sign of V?p,. together with the values of p.
at BCP is not sufficient to characterize an interaction.
Cremer and Kraka [79], therefore, have considered the total
energy density, H., which is the sum of the local electron
potential (V.) and kinetic energy (G.) densities, as an
indicator of a bonded interaction by its sign and magnitude.
Espinosa et al. [80] have established a correlation of the
H-bond energy with the pressure exerted on the electrons
around the critical point V(r.) given by the relation
Ep=1/2 |V(r.)|. The estimated values of E,, are 25.86 (for
PN--HF), 16.82 (for PN--HCI), and 14.59 kJ mol " (for
PN:--HBr). Interestingly, these values parallel with the
binding energies of the complexes.
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Jenkins and Morrison [81] and subsequently Espinosa et
al. [82] have suggested using the ratio |V,|/G, to character-
ize a bond. Interactions with |V |/G.<1 and H.>0 are
characteristic of closed shell interactions (electrostatic);
those with |V |/G.>2 and H.<—G, are typically open-shell
interactions; and those with 1<|V |/G.<2 and -G, < H.<0
are diagnostic of interactions stabilized by local concentra-
tion of the charge of intermediate character. In the studied
systems, the ratio |V|/G. ranges from 3 to 10 indicating that
the H-X bond in the monomers and the complexes are
predominantly covalent in character. The value of |V |/G.
(~1.26, satisfy the condition 1<|V |/G.<2) along with H,
(~0.13 au) shows that the bond P-N is of intermediate
character whilst the ratio |V|/G.<1 (values range between
0.8-0.9) and H.>0 at the N---H BCPs clarifies the close-
shell nature of the interaction. The results are in consistent
with the observations made by Nakanishi et al. [83] where
they have reported that for hydrogen bonding 0.01<p.<
0.04, 0.04<V?p.<0.12, and —0.004<H.<0.002 au.

Conclusions

In this paper, we have studied theoretically the linear
complexes of PN--HX (£N--H-X=180°), which were
formed by considering the nitrogen end of phosphorous
nitride PN as the proton accepting molecular center and the
halogen halides HX (X = F, Cl, Br) as proton donors. The
correlated methods B3LYP, X3LYP, MP2(fc), and CCSD
(fc) in conjunction with the basis sets Aug-CC-pVDZ and
Aug-CC-pVTZ were applied to determine various physical
parameters with a view to investigate the accuracy of the
selected correlated levels and to investigate complex
stability upon formation. All the correlated methods
successfully reproduce experimental values of the mono-
mers; however, the over-all performance of the CCSD level
is better.

The predicted binding energies of the complexes are
ordered as: PN--HF > PN--HCl > PN---HBr. The B3LYP
functional underestimate the interaction energy significantly
for PN---HCl and PN---HBr whilst the MP2 method over-
estimates for the same compared to the CCSD level. The
BSSE and the zero-point vibrational energy corrections
reduce the interaction energies as expected. Nevertheless,
the H-bond energy values are typical for moderate
hydrogen bonds (energies are in the range 12-60 kJ mol
and H-bond distances are in the range 1.5-2.5 angstrom
[1]). The energy components derived from the KM and the
RVS-SCF schemes indicate that the interaction between PN
and HX is predominantly electrostatic, and that the
polarization and charge transfer contribution to over-all
interaction energy, AE, cannot be neglected. The energetic
preference of the complexes in the series is in consonant

with the electronic structure change of the PN and HX
subunits (see A, values), the blue- and red shifts of the
harmonic vibrational frequencies of the PN and HX
stretching modes, and the appearance of inter-molecular
vibrational modes. Our result shows that the complex
formation is accompanied by the dipole moment enhance-
ment (Ap) at all the levels of theory. The observed trend in
the values of Ap at the CCSD level is in this order:
PN--HF > PN---HCI >PN---HBr, however, the DFT (X3LYP
and B3LYP) and MP2 levels incorrectly predict Ap values
in a reverse order.

Furthermore, a clear indication of the nature of bonding
in the monomers and the complexes emerges from an
explanation of various topological properties based on the
Bader’s QTAIM theory. From an analysis of the electron
charge density, the Laplacian of charge density, and the
energy densities it is found that p.>0, V2p.<0, V.<0, G.>
0, |V /G.>2, and H<O at the covalently shared HX BCPs,
p.>0, VZp>0, 1<V |/G.<2, and H.<0 at the PN BCP
whilst p.>0, V2p.>0, [Vo[/Ge<1 and H.>0 at the N-+-H
BCP. The origin of the inter-molecular interaction between
PN and HX has been explained by means of n(N) — BD*
(HX) delocalization and is quantified by the second order
energy lowering E® caused by charge transfer. It is found
that the E® values correlate with the red-shift of the HX
stretches, and with the electron charge density, p., at the
N-H BCPs of the complexes indicating that E? may be
treated a measure of the hydrogen strength.
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