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Energetically low-lying states of the C2P and CNP molecular systems and their cations are studied. Geometries,
harmonic frequencies, and dipole moments have been obtained at the density functional (using the Becke
three-parameter Lee-Yang-Parr B3LYP functional) and coupled cluster theoretical levels in conjunction
with correlation consistent basis sets. Single-point coupled cluster calculations for B3LYP geometries have
been used to compute energy differences for the different states. For the C2P radical, the global minimum
is linear CCP(2Π) followed by cyclic C2P(2B2) at 5.5 kcal/mol, linear CCP(4Σ-) (21.2 kcal/mol), cyclic C2P(4A2)
(38.4 kcal/mol), and linear CPC(2Πg) (88.0 kcal/mol). For the C2P+ cation the following sequence of states
has been established: linear CCP+(1Σ+), cyclic C2P(1A1) (8.7 kcal/mol), cyclic C2P+(3B2) (24.1 kcal/mol),
linear CCP+(3Π) (29.1 kcal/mol), and linear CPC+(1Σ+

g) (104.3 kcal/mol). For neutral PCN and PNC, the
following sequence of states has been computed: linear PCN(3Σ-); linear PNC(3Σ-) (14.2 kcal/mol), linear
PCN(1∆) (25.2 kcal/mol), cyclic CPN(3A′′) (36.2 kcal/mol), cyclic CPN(1A′′) (37.7 kcal/mol), and linear
PNC(1∆) (38.8 kcal/mol). The ground state of the single ionized species is linear PNC+(2Π) followed by
linear PCN+(2Π); the energy difference is very small: 0.8-1.4 kcal/mol. Cyclic CPN+(2A′) lies much higher
in energy (13.9 kcal/mol) and was found to be a local energy minimum at the doublet surface. Predictions
for IR spectra of the species are given. The computed total atomization energies are 261.7( 1 kcal/mol for
CCP(2Π) and 276.0( 1 kcal/mol for PCN(3Σ-). Adiabatic ionization potentials (eV) are as follows: linear
CCP(2Π) 9.05, cyclic C2P(2B2) 9.18, linear PCN(3Σ-) 10.39, and linear PNC(3Σ-) 9.73.

1. Introduction

The detection of phosphine, PH3, in Jupiter’s atmosphere by
Ridgeway et al.1 in 1976 was followed by the observation of
two other phosphorus-bearing molecules in space. Turner and
Bally2 and Ziurys3 detected in 1987 the PN molecule in the
interstellar space; in 1990 Guelin et al.4 reported the observation
of PC in the envelope of a carbon star. The detection of these
phosphorus-containing molecules stimulated the search for other
phosphorus species in space as well as the study of potential
production schemes for these species. Several experimental5-7

and theoretical studies8-14 have been published on ion-molecule
processes which could lead to the interstellar production of
phosphorus compounds (see also ref 15). An important result
from Millar’s study16 is that phosphorus-carbon species such
as C2P and HC2P might be detectable in warm dense clouds
provided they are unreactive with oxygen atoms. Another
phosphorus-carbon compound is the PCN molecule, which can
be produced by the reaction of P+, PH+, and PH2+ with HCN.17

An ab initio study of the PCN and PNC isomers and their cations
has been published by Largo and Barrientos (LB).17 Both
isomers are found to be linear with3Σ- ground states. PCN is
the most stable isomer; PNC lies ca. 15 kcal/mol higher at the
projected MP3 level and the isomerization barrier is estimated
to be ca. 23 kcal/mol. Geometries and harmonic vibrational
frequencies for the linear PCN and PNC isomers were computed
at the UHF/6-31G* level. The singlet surface is characterized

by two linear PCN and PNC structures (1∆) together with a
cyclic one (1A′).
The PCN+ and PNC+ cations are found to be nearly

isoenergetic when projected MP techniques are employed,
although at the nonprojected MP4 level of theory, PCN+ lies
11.7 kcal/mol below PNC+. Geometries and harmonic frequen-
cies for the linear PCN+(2Π) and PNC+(2Π) isomers were
obtained at the UHF/6-31G* level.
The C2P radical and its cation have been studied at the MP2

and MP4 levels of theory by Largo et al. (LBLU).18 Linear
CCP(2Π) was found to be the ground state but with cyclic
C2P(2B2) lying just ca. 6 kcal/mol above. In the case of the
cation, linear CCP+(1Σ+) is predicted to be the ground state
whereas the energy difference with the cyclicC2V symmetric
state (1A1) is now higher than in the case of the neutral system,
ca. 15 kcal/mol. Geometries and harmonic frequencies for the
different C2P and C2P+ states were obtained at the MP2/6-31G*
theoretical level. Concerning the C2P(+) and CNP(+) studies of
Largo and collaborators (LBLU), two points should be raised:
(1) the high degree of spin contamination for some states, and
(2) unphysical MP2/6-31G* harmonic frequencies of C2P (4375
cm-1 for the4A2 state) suggesting a breakdown of perturbation
theory.
In one of our studies, it has been shown19 that at the B3LYP/

[4s3p2d1f] level, bond distances within a few milliangstroms
of the experimental value could be obtained. It has been found
that B3LYP/[3s2p1d] and B3LYP/[4s3p2d1f] harmonic fre-
quencies are frequently in surprising good agreement with those
computed at the CCSD(T) level and with the experimental
values.19-23 Hence, the very expensive CCSD(T) calculations
of the harmonic frequencies could be avoided. However, the
CCSD(T) method, in conjunction with the appropriate basis set,
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was used for calculating the relative energies of the different
structures at the corresponding B3LYP geometries. In view of
all these considerations, we found it worthwhile to reinvestigate
the C2P(+) and CNP(+) species.

2. Computational Methods

All DFT calculations were carried out using the GAUSSIAN
94 package24 running on our two IBM RS/6000 Model 365
workstations. The B3LYP exchange-correlation functional25-27

has been used throughout:

Ex
LDA is the standard local exchange functional,Ex

HF the exact
Hartree-Fock exchange functional,∆Ex

B88 is Becke’s gradient
correction to the exchange functional,25 Ex

VWV is the local
correlation functional of Vosko, Wilk, and Nusair (VWN),26

and Ex
LYP is the Lee-Yang-Parr correlation functional

(LYP)27 which also includes density gradient terms. The
parametersc0, cx, andcc have been optimized by Becke25 by
reference to experimental thermochemical data. The optimum
values arec0 ) 0.20,cx ) 0.72, andcc ) 0.81.
CCSD(T) calculations were performed using the MOLPRO

96 package28 running on our IBM RS/6000 workstations. The
Dunning correlation-consistent basis set family29,30 was em-
ployed in all our calculations.
1. The cc-pVDZ (correlation consistent polarized valence

double zeta) basis set is a [3s2p1d] contraction of a (9s4p1d)
primitive set for C and N, and a [4s3p1d] contraction of a
(12s8p1d) primitive set for P;
2. The cc-pVTZ (correlation consistent polarized valence

triple zeta) basis set is [4s3p2d1f] contraction of a (10s5p2d1f)
primitive set for C and N, and a [5s4p2d1f] contraction of a
(15s9p2d1f) primitive set for P;
3. The cc-pVQZ (correlation consistent polarized valence

quadruple zeta) basis set is [5s4p3d2f1g] contraction of a
(12s6p3d2f1g) primitive set for C and N, and a [6s5p3d2f1g]
contraction of a (16s11p3d2f1g) primitive set for P.
Additionally, some geometry optimizations and harmonic

frequency calculations were carried out at the CASSCF level
(involving 12-14 valence electrons in all 12 valence orbitals)
with the cc-pVDZ basis set using the SIRIUS/ABACUS
program package31 running on the aforementioned RS/6000
workstations.

3. Results and Discussion

3.1. Neutral C2P. The optimized geometrical parameters
and dipole moments for linear CCP(2Π), cyclic C2P(2B2), linear
CCP(4Σ-), cyclic C2P(4A2), and linear CPC(2Πg) at our selected
theoretical levels are presented in Table 1. The relative energies
for the C2P states are shown in Table 2. Harmonic frequencies
for the C2P isomers are collected in Table 3.
Table 2 clearly shows that the linear CCP(2Π) isomer is the

ground state at all selected levels of theory. At the B3LYP/
cc-pVTZ level, the CCP(2Π) ground state is followed by the
following states (in increasing order of energy): cyclic C2P(2B2),
∆ ) 7.5 kcal/mol; linear CCP(4Σ-), ∆ ) 23.6 kcal/mol; cyclic
C2P(4A2), ∆ ) 42.8 kcal/mol; and linear CPC(2Πg), ∆ ) 94.9
kcal/mol. These results are confirmed by our single-point
CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ calculations; the energy
differences do not change greatly from B3LYP to CCSD(T).
We note that the coupled clusterT1 diagnostic,32 giving a
measure of the importance of nondynamical correlation effects,

is well below the critical value of 0.08 for the CCSD(T) level
of theory.33 At the ROHF/cc-pVTZ level, the energy difference
between the linear CCP(4Σ-) and cyclic C2P(2B2) states is only
3.2 kcal/mol compared to 15.7 kcal/mol at the CCSD(T)/cc-
pVTZ level.
It should be noted that even at the ROHF level, our results

are in semiquantitative agreement with our CCSD(T) values;
however, our ROHF values are qualitatively different from the
UHF results of LBLU, due to the high spin contamination for
the 2Π wave function and neglible contamination for the2B2

state (〈S2〉 expection values of LBLU are as follows: 0.916 (2Π),
0.785 (2B2), 1.090 (2Πg), 4.224 (4Σ-), and 3.821 (4A2)). The
problem appears to be remedied in the spin-projected PMP4
results of LBLU. The2B2 - 2Π energy difference at our highest
level of theory, CCSD(T)/cc-pVTZ+∆ZPE(B3LYP/cc-pVTZ),
is found to be 5.0 kcal/mol which is very close to the G1 value
of 6.1 kcal/mol reported by LBLU.
The optimized geometries at our highest theoretical level,

B3LYP/cc-pVTZ (see Table 1), are generally in good agreement
with those at the MP2/6-31G* level obtained by LBLU. At
the B3LYP/cc-pVTZ level we found a substantial shortening
of the CP distance (0.035 Å) in the linear CCP(2Π) ground state
compared to the MP2/6-31G* value. There is also a good
correspondence between the dipole moments at the B3LYP/cc-
pVTZ and MP2/MC-311G* levels. A less good correspondence
is seen for the dipole moments of linear CCP(4Σ-) and cyclic
C2P(4A2).
Harmonic frequencies for the C2P isomers are listed in Table

3. For the linear CCP(2Π) ground state, even when scaled by
0.94,35 the MP2/6-31G* frequencies of LBLU are in poor
agreement with our B3LYP/cc-PVTZ results. This is probably
due in large measure to the high spin contamination which
affects the2Π wave function in the LBLU study. The values
for the two different modes, corresponding to the two Renner-
Teller components, are given in Table 3.
For the linear CCP(4Σ-) isomer, the scaled MP2/6-31G*

frequencies are clearly closer to our B3LYP/cc-pVTZ values.
The a1 frequencies for the cyclic C2P(2B2) isomer agree with
those of LBLU at MP2/6-31G* (scaled).

TABLE 1: Geometrical Parameters (Å, deg) and Dipole
Moments (debyes) for the C2P Structures

geometrical
parameters B3LYP/cc-pVTZ

MP2/6-31G*
(ref 18)

CCP(2Π)
rCC 1.3018 1.294
rCP 1.6114 1.646
dipole moment 3.35 3.612a

Cyclic (2B2)
rCC 1.3276 1.345
rCP 1.7573 1.747
θCPC 44.39 45.3
dipole moment 2.34 2.535a

CCP(4Σ-)
rCC 1.2453 1.236
rCP 1.6750 1.673
dipole moment 0.13 0.502a

Cyclic(4A2)
rCC 1.2854 1.304
rCP 1.9195 1.907
θCPC 39.12 40.0
dipole moment 0.35 0.155a

CPC(2Πg)
rCP 1.6892 1.670
dipole moment 0.0 0.0a

aDipole moments were obtained with the MC-311G* basis set.34

Exc ) Ex
LDA + c0 (Ex

HF - Ex
LDA) + cx∆Ex

B88 + Ex
VWV +

cc(Ex
LYP - Ex

VWV) (1)
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For the cyclic C2P(4A2) isomer, it is not possible to compare
our values with those of LBLU at the MP2/6-31G* level, since
this method produces an anomalous high b2 frequency (4113
cm-1, scaled) suggesting its breakdown. Given that it is well-
known that MP2 is essentially unusable for harmonic frequencies
atT1 ) 0.02 or higher,36,37the anomalous harmonic frequencies
obtained by LBLU are not surprising. It should be remarked
that our values are comparable to those at the Hartree-Fock
(HF) level: 337, 531, and 1885 cm-1 (LBLU). This is in
agreement with the general observation (e.g. ref 38) that HF
tends to give a more balanced treatment than MP2 for systems
which are moderately multireference.
Finally, contrary to the results of LBLU at MP2/6-31G*, we

found two imaginary frequencies for linear CPC(2Πg). This
result has also been confirmed at the CASSCF/cc-pVDZ
theoretical level. This type corresponds to case (d) in the study
of Renner-Teller potential energy surfaces of Lee et al.39

According to the predicted IR intensities, the IR spectrum of
the linear CCP(2Π) ground state isomer will be dominated by
the C-C stretching mode; in the case of cyclic C2P(2B2) the b2
bending mode turns out to be the most intense.
3.2. The C2P+ Cation. The geometrical parameters, opti-

mized at the B3LYP/cc-pVTZ level, and dipole moments for
linear CCP+(1Σ+), cyclic C2P+(1A1), linear CCP+(3Π), cyclic

C2P+(3B2), and linear CPC+(1Σ+
g), are presented in Table 4.

For comparison the MP2/6-31G* results of LBLU are also
given. The relative energies and harmonic frequencies for the
C2P+ isomers at the selected theoretical levels are shown in
Tables 5 and 6, respectively.

Table 5 shows that linear CCP+(1Σ+) is the ground state at
all of our selected levels of theory; next comes cyclic C2P+(1A1)
at our correlated levels, followed by cyclic C2P+(3B2), linear
CCP+(3Π), and linear CPC+(1Σ+

g). This sequence has also been
found by LBLU at the (P)MP4/MC-31G* level of theory; it
should be remarked that there are large deviations between the
relative energies at the PMP4/MC-311G* (LBLU) and at the
CCSD(T)/cc-pVTZ levels: 1A1 - 1Σ+, +78%; 3Π - 1Σ+,
+31%; 3B2 - 1Σ+, +30%; 1Σ+

g - 1Σ+, -22%, relative to the
CCSD(T) values. From the geometrical parameters of C2P and
C2P+, collected in Tables 1 and 4, respectively, it can be seen
that the geometry changes due to ionization show the same
tendency both at the B3LYP/cc-pVTZ and MP2/6-31G* levels
(LBLU). It can also be seen from Table 4 that the dipole
moments for the C2P+ structures at the B3LYP/cc-pVTZ and

TABLE 2: Relative Energies (kcal/mol) for the C2P States at Different Levels of Theory and Electronic Energies (hartrees) (in
Parentheses)

theoretical level 2Π CCP (lin) 2B2 cyclic 4Σ- CCP (lin) 4A2 cyclic 2Πg CPC (lin)

B3LYP/cc-pVTZa 0.0 7.5 23.6 42.8 94.9
(-417.42678)

ROHF/cc-pVTZa 0.0 7.9 11.1 35.2 115.0
(-416.32742)

CCSD(T)/cc-pVTZa 0.0 5.5 21.2 38.4 88.0
(-416.77842)

T1 diagnostic 0.036 0.024 0.051 0.044 0.045
CCSD(T)/cc-pVTZa + ∆ZPEb 0.0 5.0 21.4 37.9 86.1

(-416.77155)
UHF/MC-311G* (ref 18) 0.0 13.0 -13.7 32.4 103.1
MP4/MC-311G* (ref 18) 0.0 2.7 27.3 38.6 92.6
PMP4/MC-311G* (ref 18) 0.0 5.5 23.4 41.0 89.3
PMP4/MC-311G*+ ∆ZPEc (ref 18) 0.0 4.0 (6.1)d 22.3 39.3 86.9

a At B3LYP/cc-pVTZ optimized geometry.b Zero-point vibrational energy differences were obtained from the B3LYP/cc-pVTZ harmonic
frequencies.c Zero-point vibrational energy differences were obtained from scaled MP2/6-31G* harmonic frequencies (factor 0.94, see ref 35).dG1
value in parentheses.

TABLE 3: Harmonic Frequencies (cm-1) of the Different
C2P states and Infrared Intensities (km/mol) (in Parentheses)

theoretical level harmonic freq (IR intensity)

CCP(2Π)
B3LYP/cc-pVTZ 162 (π, 6); 275 (π, 0.6); 849 (σ, 2); 1727 (σ, 299)
MP2/6-31G* (scaled)a,b 286 (π, 0.001); 594 (π, 0.540); 960 (σ, 0.099);

1933 (σ, 1.000)

Cyclic (2B2)
B3LYP/cc-pVTZ 354 (b2, 139); 786 (a1, 7); 1508 (a1, 1)
MP2/6-31G* (scaled)a,b 418 (b2, 1.000); 859 (a1, 0.052); 1435 (a1, 0.120)

CCP(4Σ-)
B3LYP/cc-pVTZ 327 (π, 4); 732 (σ, 17); 1765 (σ, 0.5)
MP2/6-31G* (scaled)a,b 343 (π, 0.113); 695 (σ, 1.000); 1637 (σ, 0.154)

Cyclic (4A2)
B3LYP/cc-pVTZ 451 (b2, 4); 543 (a1, 7); 1697 (a1, 7)
MP2/6-31G* (scaled)a,b 4113 (b2, 1.000); 556 (a1, 0.000); 1559 (a1, 0.000)

CPC(2Πg)
B3LYP/cc-pVTZ 136 i (πu, 9); 64 i (πu, 5); 834 (σg); 881 (σu, 305)
CASSCF/cc-pVDZ 142 i (πu); 71 i (πu); 778 (σg); 803 (σu, 269)
MP2/6-31G* (scaled)a,b 155 (πu, 0.562); 261 (πu, 0.569); 846 (σu, 1.000);

818 (σg, 0.000)

aReference 18; relative intensities are given in parentheses.b Scaled
by 0.94 (ref 35).

TABLE 4: Geometrical Parameters (Å, deg) and Dipole
Moments (debyes) for the C2P+ Structures

geometrical
parameters B3LYP/cc-pVTZ

MP2/6-31G*
(ref 18)

CCP+(1Σ+)
rCC 1.330 1.337
rCP 1.5754 1.604
dipole moment 2.45 2.258a

Cyclic (1A1)
rCC 1.2744 1.296
rCP 1.7278 1.719
θCPC 43.28 44.3
dipole moment 1.57 1.853a

CCP+(3Π)
rCC 1.2495 1.240
rCP 1.6443 1.636
dipole moment 0.26 0.028a

Cyclic (3B2)
rCC 1.3275 1.342
rCP 1.7782 1.775
θCPC 43.83 44.4
dipole moment 0.77 0.543a

CPC+(1Σg
+)

rCP 1.7222 1.749
dipole moment 0.0 0.0a

aDipole moments were obtained with the MC-311G* basis set taking
the center of mass at the origin.
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MP2/6-31G* levels of theory are in good agreement with each
other.
The harmonic frequencies of the C2P+ isomers, collected in

Table 6, show a good correspondence between our B3LYP
values and those of LBLU at the MP2/6-31G* (scaled) level
except for CPC+(1Σ+

g). The IR spectrum of CCP+(1Σ+) will
be dominated by the C-C stretching mode.
At the B3LYP/cc-pVTZ and CASSCF/cc-pVDZ theoretical

levels, two imaginary frequencies have been found for
CPC+(1Σ+

g) in contrast to the MP2/6-31G* level where all
frequencies are real. This shows that CPC+(1Σ+

g) should be
considered as a saddle point of order 2 at our selected theoretical
levels.
3.3. Thermochemistry of CCP(2Π). The direct and cor-

rected total atomization energies (kcal/mol) for CCP in its2Π
ground state are given in Table 7. For CCP(2Π) at the
CCSD)(T)/cc-pVDZ level from a B3LYP/cc-pVDZ reference
geometry, a direct total atomization energy∑De ) 228.1 kcal/
mol has been found. We will now apply Martin’s40 correction
formula

where∆nσ,∆nπ, and∆npair represent the changes of the numbers
of σ-bonds, π-bonds, and valence pairs, respectively; the
coefficientsaσ, bπ, andcpair are specific to the basis set, electron

correlation method, and level of theory for the reference
geometry.
While no coefficients specific for B3LYP/cc-pVDZ geom-

etries are available, we can assume them to be close to the
CCSD(T) ones, and therefore the following values have been
taken: aσ ) 0.346,bπ ) 0.481,cpair ) 9.407. This leads us
here to a correction of 29.88 kcal/mol, or to a corrected∑De )
258.0 kcal/mol. Extending the basis set to cc-pVTZ gives a
direct total atomization energy∑De ) 248.6 kcal/mol, and a
corrected∑De ) 260.2 kcal/mol.
For CCSD(T)/cc-pVQZ with a B3LYP/cc-pVTZ geometry,

a direct∑De ) 256.7 kcal/mol is found, and a corrected∑De

) 261.7 kcal/mol, where 1-2 kcal/mol is probably a realistic
error estimate.
The convergence properties of results obtained with a

sequence of correlation-consistent basis sets have been studied
by Dunning and co-workers.41 These authors have used a
geometric approximation, as discussed in ref 42, to extrapolate
the computed results to the infinite basis set limit. Applying
the approximation to the energy values yields an extrapolated
CCSD(T)/cc-pV∞Z energy of 261.06 kcal/mol, which is in
excellent agreement with the corrected CCSD(T)/cc-pVQZ
value. We therefore propose 261.7( 1 kcal/mol as our best
estimate for the total atomization energy of CCP in its2Π ground
state.
The adiabatic ionization potentials of the two lowest states

of neutral C2P are given in Table 8. At the highest level in our
calculations, CCSD(T)/cc-pVQZ, we find an adiabatic ionization
potential IP) 9.04 eV for the linear CCP(2Π) and 9.15 eV for
the cyclic 2B2 isomer. If we apply the Woon-Dunning
extrapolation,42 we find the following extrapolated IP’s: 9.05
eV for linear CCP(2Π) and 9.18 eV for the cyclic (2B2) isomer;
these values are in excellent agreement with the CCSD(T)/cc-
pVQZ + ∆ZPE values. We therefore propose 9.05 and 9.18
eV as our best estimates for the adiabatic ionization potential
of linear CCP(2Π) and cyclic C2P(2B2), respectively. Our value
for the cyclic structure is in good agreement with that published
by LBLU (9.10 eV); a deviation of 0.70 eV has been found for
linear CCP(2Π).
3.4. Neutral PCN and PNC. The optimized geometrical

parameters and dipole moments for the triplet and singlet states
at the B3LYP/cc-pVTZ theoretical level are given in Table 9.
UHF/6-31G* results of LB are also given for comparison. The
relative energies for the PCN and PNC states at the selected
theoretical levels are listed in Table 10. Harmonic frequencies
can be found in Table 11.
Linear PCN(3Σ-) is the ground state at our selected theoretical

levels, followed by linear PNC(3Σ-). Linear PCN(1∆) comes
next, followed by cyclic PCN(3A′′), cyclic PCN(1A′), and linear
PNC(1∆) at our highest level, CCSD(T)/cc-pVTZ. We remark

TABLE 5: Relative Energies (kcal/mol) for the C2P+ States at Different Levels of Theory and Electronic Energies (hartrees)
(in Parentheses)

theoretical level 1Σ+ CCP+ (lin) 1A1 cyclic 3Π CCP+ (lin) 3B2 cyclic
1Σg

+ CPC+ (lin)

B3LYP/cc-pVTZa 0.0 12.1 26.1 23.6 117.4
(-417.08798)

CCSD(T)/cc-pVTZa 0.0 8.7 29.1 24.1 104.3
(-416.44912)

T1 diagnostic 0.022 0.028 0.048 0.044 0.052
CCSD(T)/cc-pVTZa + ∆ZPEb 0.0 8.8 29.5 24.3 102.7

(-416.44256)
UHF/MC-311G* (ref 18) 0.0 19.0 -6.5 6.8 146.3
MP4/MC-311G* (ref 18) 0.0 15.5 47.2 32.7 81.8
PMP4/MC-311G* (ref 18) 0.0 15.5 38.1 31.3 81.8
PMP4/MC-311G*+ ∆ZPEc (ref 18) 0.0 15.6 38.5 31.6 80.9

a At B3LYP/cc-pVTZ optimized geometry.b Zero-point vibrational energy differences were obtained from the B3LYP/cc-pVTZ harmonic
frequencies.c Zero-point vibrational energy differences were obtained from scaled MP2/6-31G* harmonic frequencies (factor 0.94, see ref 35).

TABLE 6: Harmonic Frequencies (cm-1) of the Different
C2P+ States and Infrared Intensities (km/mol) (in
Parentheses)

theoretical level harmonic freq (IR intensity)

CCP+(1Σ+)
B3LYP/cc-pVTZ 88 (π, 0.54); 878 (σ, 4); 1826 (σ, 822)
MP2/6-31G* (scaled)a,b 156 (π, 0.001); 770 (σ, 0.013); 1728 (σ, 1.000)

Cyclic (1A1)
B3LYP/cc-pVTZ 222 (b2, 135); 937 (a1, 66); 1762 (a1, 43)
MP2/6-31G* (scaled)a,b 353 (b2, 1.000); 917 (a1, 0.304); 1617 (a1, 0.060)

CCP+(3Π)
B3LYP/cc-pVTZ 205 (π, 7); 304 (π, 10); 808 (σ, 29); 1829 (σ, 170)
CASSCF/cc-pVDZ 195 (π, 6); 282 (π, 10); 781 (σ, 22); 1749 (σ, 163)
MP2/6-31G* (scaled)a,b 254 (π, 0.032); 325 (π, 0.034); 785 (σ, 0.080);

1742 (σ, 1.000)

Cyclic (3B2)
B3LYP/cc-pVTZ 757 (b2, 13); 758 (a1, 2); 1535 (a1, 0.51)
MP2/6-31G* (scaled)a,b 738 (b2, 1.000); 782 (a1, 0.239); 1482 (a1, 0.023)

CPC+(1Σg
+)

B3LYP/cc-pVTZ 173 i (πu, 0.55); 812 (σg); 976 (σu, 596)
CASSCF/cc-pVDZ 175 i (πu); 731 (σg); 884 (σu, 397)
MP2/6-31G* (scaled)a,b 299 (πu, 0.509); 665 (σg, 0.0); 938 (σu, 1.00)

aReference 18, relative intensities are given in parentheses.b Scaled
by 0.94 (ref 35).

∆Ecorr ) aσ∆nσ + bπ∆nπ + cpair∆npair (2)
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that the coupled clusterT1 diagnostic,32 giving a measure of
the importance of nondynamical correlation effects, is well
below the critical value of 0.08 for the CCSD(T) level of
theory.33 Our relative energies at CCSD(T)/cc-pVTZ of 14.2
(PNC, 3Σ-) and 36.2 kcal/mol (cyclic3A′′) are in good
agreement with those of LB at the PMP3/MC-311G* level,
namely, 15.0 and 39.4 kcal/mol, respectively. The unprojected
MP values of LB are less reliable due to spin contamination
for PCN in its3Σ- ground state (〈S2〉 ) 2.308).
We note also the small energy difference of 1.1 kcal/mol,

(CCSD(T)/cc-pVTZ) between the cyclic (1A′) and PNC(1∆)
isomers.
Our geometric parameters of PCN(3Σ-) and PNC(3Σ-) at the

B3LYP/cc-pVTZ level are in good agreement with those of LB.
There is also good agreement in the computed dipole moments.

The CN bond distance in the PCN(3Σ-) linear isomer (1.1617
Å at B3LYP/cc-pVTZ) is very close to that observed in the
CN radical, 1.172 Å,43 with a triple bond between the C and N
atoms. Our B3LYP/cc-pVTZ CN distance in PNC(3Σ-) (1.1875
Å) is somewhat longer than that in the CN radical. It is seen
that the PC bond distance in PCN is somewhat shorter than
typical P-C single-bond distances and much longer than PdC
bond lengths (1.665 Å).44 The PN bond distance in PNC(3Σ-)
is that of a typical single bond.45,46 The bond distances are
consistent with the following valence-bond structures:

The CN stretching mode for the PCN(3Σ-) isomer at the B3LYP/
cc-pVTZ level differs+266 cm-1 from the UHF/6-31G* value
of LB. This large difference can be explained by spin
contamination (〈S2〉 ) 2.308) that affects the UHF/6-31G* value
and by neglect of electron correlation; it is well-known that
inclusion of an appropriate electron correlation treatment is a
prerequisite for an accurate treatment of triple bonds.47,48 The
PC stretching and PCN bending modes are in rather good
agreement with those of LB. It is worth noting that according
to our predicted IR intensities, the IR spectrum of the linear
PCN(3Σ-) isomer is dominated by the PC stretching mode,
whereas at the UHF/6-31G* level, the CN stretching mode is
predicted to be the most intense.
For the PNC(3Σ-) isomer, all frequencies appear to be in good

agreement with those of LB, except for the CN stretching mode
where the difference is-236 cm-1. The inclusion of an
adequate electron correlation treatment for obtaining accurate
frequencies for multiple bonds is clearly illustrated for the
PNC(3Σ-) isomer since the wave function at the UHF/6-31G*
level is nearly spin-pure here, namely〈S2〉 ) 2.062.
The cyclic structure (3A′′) on the triplet surface is a transition

state: the imaginary frequency, found at all our theoretical
levels, is associated with the migration of the P atom from N
to C. The geometrical parameters of the3A′′ structure at the
B3LYP/cc-pVTZ level are in rather good agreement with those
of LB at the UHF/6-31G* level.
In the IR spectrum of PCN(1∆), the CP stretching frequency

will prevail over all other modes, whereas the CN stretching
mode in PNC(1∆) is the most intense. The cyclic (1A′) structure
on the singlet surface is a local energy minimum: the vibrational
frequencies are real at our selected theoretical levels.
3.5. The PCN+ and PNC+ Cations. The optimized

geometric parameters and dipole moments for the doublet states
at the B3LYP/cc-pVTZ level are presented in Table 12; the
UHF/6-31G* results of LB are also given for comparison.
Relative energies and harmonic frequencies for the different
structures are listed in Tables 13 and 14, respectively. The CN
bond length in the PCN+ and PNC+ species is increased by
comparison to the neutral molecule; the PC and PN bond lengths
are now noticeably shorter, being more close to PdC or PdN

TABLE 7: Direct and Corrected Total Atomization Energies (kcal/mol) for the Ground State of C2P

C2P(2Π)

∑De

CCSD(T)/cc-pVDZ//
B3LYP/cc-pVDZ

CCSD(T)/cc-pVTZ//
B3LYP/cc-pVTZ

CCSD(T)/cc-pVQZ//
B3LYP/cc-pVTZ CCSD(T)/cc-pV∞Z

direct 228.1 248.6 256.7 261.06a

corrected 258.0 260.2 261.7

aWoon-Dunning extrapolation (ref 42).

TABLE 8: Adiabatic Ionization Potentials (eV) for the Two
Lowest C2P States

C2P(2Π)

state
CCSD(T)/
cc-pVDZ

CCSD(T)/
cc-pVTZ

CCSD(T)/
cc-pVQZ

CCSD(T)/
cc-pV∞Zb
+ ∆ZPEa

PMP4/
MC-311G*
+ ∆ZPEc

CCP(2Π) 8.68 8.96 9.04 9.05 8.35
cyclic (2B2) 8.93 9.10 9.15 9.18 9.10

a Zero-point energy differences were obtained from the B3LYP/cc-
pVTZ harmonic frequencies.bWoon-Dunning extrapolation (ref 42).
c LBLU,18 zero-point energy differences were obtained from scaled
MP2/6-31G* harmonic frequencies (factor 0.94, ref 35).

TABLE 9: Geometrical Parameters (Å, deg) and Dipole
Moments (debyes) for the PCN and PNC States

geometrical parameters B3LYP/cc-pVTZ UHF/6-31G*a

PCN(3Σ-)
rPC 1.7237 1.7224
rCN 1.1697 1.174
dipole moment 2.68 2.42

PCN(3Σ-)
rPN 1.6649 1.680
rNC 1.1875 1.170
dipole moment 2.48 2.16

PCN(1∆)
rPC 1.7019
rCN 1.1756
dipole moment 2.55

Cyclic (3A′′)
rPC 1.8789 1.936
rPN 2.1134 2.110
θCPN 34.07 33.4
dipole moment 1.54

Cyclic (1A′)
rPC 1.8394
rPN 1.7021
θCPN 42.88
dipole moment 2.37

PNC(1∆)
rPN 1.6395
rNC 1.1967
dipole moment 2.32

aReference 17.

:P
‚

‚
sCtN: (3Σ-)

:P
‚

‚
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dC:T :P

‚
dN
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‚
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double bonds, respectively. A typical PdC bond length is 1.665
Å;44 the PdN bond in HPdNH is computed as 1.574 Å (cis)
and 1.584 Å (trans) at the B3LYP/cc-pVTZ level.
The dipole moments are in good agreement with those of

LB. For the linear PCN+(2Π) isomer, we note an important

deviation (-186 cm-1) for the PC stretching mode at the
B3LYP/cc-pVTZ and UHF/6-31G* levels (Table 14) which
seems to be associated with the high degree of spin contamina-
tion in the UHF wave function, namely,〈S2〉 ) 1.260.

TABLE 10: Relative Energies (kcal/mol) for the PCN and PNC States at Different Levels of Theory and Electronic Energies
(hartrees) (in Parentheses)

theoretical level 3Σ- PCN (lin) 3Σ- PNC (lin) 1∆ PCN (lin) 3A′′ cyclic 1A′ cyclic 1∆ PNC (lin)

B3LYP/cc-pVTZ 0.0 12.9 26.1 36.8 40.5 38.9
(-434.19651)

CCSD(T)/cc-pVTZa 0.0 14.2 25.2 36.2 37.7 38.8
(-433.53514)

T1 diagnostic 0.029 0.026 0.021 0.030 0.018 0.019
CCSD(T)/cc-pVTZa + ∆ZPEb 0.0 14.0 25.3 35.0 37.0 38.6

(-433.52750)
UHF/MC-311G*c (ref 17) 0.0 12.4 46.7 44.6 55.3 37.7

(-433.04965)
MP3/MC-311G*c (ref 17) 0.0 8.7 33.0

(-433.40206)
MP4/MC-311G*c (ref 17) 0.0 9.4 22.5 32.2 35.9 38.0

(-433.43070)
PMP3/MC-311G*c (ref 17) 0.0 15.0 39.4

(-433.41489)
a At B3LYP/cc-pVTZ optimized geometry.b Zero-point vibrational energy differences were obtained from the B3LYP/cc-pVTZ harmonic

frequencies.c At the UHF/6-31G* optimized geometry.

TABLE 11: Harmonic Frequencies (cm-1) of the Different
PCN and PNC Isomers and Infrared Intensities (km/mol) (in
Parentheses)

theoretical level harmonic freq (IR intensity)

PCN(3Σ-)
B3LYP/cc-pVTZ 333 (π, 3); 649 (σ, 24), 2037 (σ, 11)
UHF/6-31G*a 332 (π, 4.4); 681 (σ, 45.1); 1771 (σ, 119.6)

PNC(3Σ-)
B3LYP/cc-pVTZ 264 (π, 0.28); 693 (σ, 30); 1974 (σ, 125)
UHF/6-31G*a 275 (π, 0.1); 722 (σ, 81.3); 2210 (σ, 221.7)

PCN(1∆)
B3LYP/cc-pVTZ 255 (π, 6); 420 (π, 0.28); 694 (σ, 16); 2034 (σ, 3)

Cyclic (3A′′)
B3LYP/cc-pVTZ 213 i (a′, 6); 571 (a′, 46); 1938 (a′, 7)
CASSCF/cc-pVDZ 333 i (a′); 467 (a′, 53); 1892 (a′, 5)
UHF/6-31G*a 346 i (a′); 529 (a′); 2200 (a′)

Cyclic (1A′)
B3LYP/cc-pVTZ 624 (a′, 7); 814 (a′, 5); 1415 (a′, 16)
CASSCF/cc-pVDZ 601 (a′, 4); 775 (a′, 5); 1328 (a′, 10)

PNC(1∆)
B3LYP/cc-pVTZ 212 (π, 2); 351 (π, 0.35); 738 (σ, 14); 1904 (σ, 73)
CASSCF/cc-pVDZ 254 (π, 0.41); 663 (σ, 52); 1936 (σ, 210)

aReference 17.

TABLE 12: Geometrical Parameters (Å, deg) and Dipole
Moments (debyes) for the PCN+ and PNC+ States

geometrical parameters B3LYP/cc-pVTZ UHF/6-31G*a

PNC+(2Π)
rPN 1.5888 1.579
rNC 1.2213 1.203
dipole moment 2.90 2.81a

PCN+(2Π)
rPC 1.6901 1.675
rCN 1.1783 1.193
dipole moment 3.67 3.85a

Cyclic Cation (2A′)
rPC 1.7937 1.950
rPN 1.7364 1.817
θCPN 41.25 35.1
dipole moment 2.20

aDipole moments were obtained with the 6-31G* basis set taking
the center of mass at the origin.

TABLE 13: Relative Energies (in kcal/mol) for the PCN+

and PNC+ States at Different Levels of Theory and
Electronic Energies (hartrees) (in Parentheses) for the
PCN+(2Π) and PNC+(2Π) Isomers

theoretical level 2Π PNC+ 2Π PCN+

2A′
cyclic
cation

B3LYP/cc-pVTZ 0.0 1.8 16.1
(-433.818534) (-433.815732)

CCSD(T)/cc-pVTZa 0.0 0.8 13.9
(-433.157163) (-433.155825)

T1 diagnostic 0.027 0.032 0.024
CCSD(T)/cc-pVTZa + ∆ZPEb 0.0 1.1 13.6

(-433.150169) (-433.148428)
CCSD(T)/cc-pVQZa 0.0 1.4

(-433.191846) (-433.189540)
T1 diagnostic 0.027 0.031
CCSD(T)/cc-pVQZa + ∆ZPEb 0.0 1.7

(-433.184852) (-433.182143)
UHF/MC-311G*c (ref 17) 0.0 7.5 42.1

(-432.68807) (-432.67616)
MP3/MC-311G*c (ref 17) 0.0 13.2 36.4

(-433.04040) (-433.01939)
MP4/MC-311G* (ref 17) 0.0 11.7 33.8

(-433.06883) (-433.05014)
PMP3/MC-311G*c (ref 17) 0.0 -0.7 32.6

(-433.04266) (-433.4338)
a At B3LYP/cc-pVTZ optimized geometry.b Zero-point vibrational

energy differences were obtained from the B3LYP/cc-pVTZ harmonic
frequencies.c At the UHF/6-31G* optimized geometry.

TABLE 14: Harmonic Frequencies (cm-1) of the Different
PCN+ and PNC+ Structures and Infrared Intensities
(km/mol) (in Parentheses)

theoretical level harmonic freq (IR intensity)

PNC+ (2Π)
B3LYP/cc-pVTZ 169 (π, 0.01); 247 (π, 1); 838 (σ, 28); 1816 (σ, 521)
UHF/6-31G*a 209 (π); 278 (π); 777 (σ); 1660 (σ)

PCN+(2Π)
B3LYP/cc-pVTZ 186 (π, 3); 291 (π, 1); 725 (σ, 55); 2045 (σ, 290)
UHF/6-31G*a 243 (π); 278 (π); 911 (σ); 2030 (σ)

Cyclic Cation (2A′)
B3LYP/cc-pVTZ 508 (a′, 39); 683 (a′, 19); 1654 (a′, 10)
CASSCF/cc-pVDZ 363 i (a′); 724 (a′, 39); 1598 (a′, 37)
UHF/6-31G*a 710 i (a′); 696 (a′); 2078 (a′)

aReference 17.
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A good correspondence between the calculated vibrational
frequencies of linear PNC+(2Π) is also observed (Table 14).
We note here a deviation of 156 cm-1 for the CN stretching
mode between the B3LYP/cc-pVTZ and UHF/6-31G* levels.
It should be remarked here that spin contamination of the UHF
wave function is almost negligible (〈S2〉 ) 0.783). Thus, it
appears once again that inclusion of an adequate electron
correlation treatment is necessary in order to obtain accurate
stretching frequencies for multiple bonded systems.
All the vibrational frequencies are real for the cyclic CPN+

cation (2A′) at the B3LYP/cc-pVTZ level, indicating that this
structure is a true energy minimum. This result is contradictory
to that of LB who found a transition state with an imaginary
frequency of 710 i cm-1 (UHF/6-31G*) associated to the
migration of the P atom from C to N. A transition state is also
found by us at the CASSCF/cc-pVDZ level with an imaginary
frequency of 363 i cm-1. A great difference of 424 cm-1 is
seen for the a′ mode at the B3LYP/cc-pVTZ and UHF/6-31G*
levels, indicating some problems with the last theoretical level.
Relative energies for the cations are given in Table 13. It

has already been mentioned by LB, on the basis of their spin-
projected PMP2 and PMP3 relative energies, that the two linear
isomers are nearly isoenergetic. They conclude that “it is
difficult to definitively establish which one is the ground state,
and higher level calculations should be necessary to draw a final
conclusion”. At the CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ level
we found that PNC+(2Π) is the ground state, followed by
PCN+(2Π) at 0.84 kcal/mol and by cyclic CPN+(1A′) at 13.9
kcal/mol. When the basis set is expanded to cc-pVQZ in the
CCSD(T) treatment, the energy separation becomes now 1.4
kcal/mol. We note in passing that the coupled clusterT1
diagnostic values are well below the critical value of 0.08 for
CCSD(T). We also mention that at the CASSCF/cc-pVDZ and
CCSD(T)/cc-pVDZ//B3LYP/cc-pVDZ levels PCN+(2Π) is the
ground state followed by PNC+(2Π) at 3.7 and 1.72 kcal/mol,
respectively.
3.6. Thermochemistry. The direct and corrected total

atomization energies (kcal/mol) for PCN in its3Σ- ground state
are given in Table 15.
For PCN(3Σ-) at the CCSD(T)/cc-pVDZ level from a B3LYP/

cc-pVDZ reference geometry, a direct total atomization energy
∑De ) 242.0 kcal/mol has been obtained. With the correction
formula, mentioned in section 3.3, a corrected total atomization
energy of 271.9 kcal/mol is found. At the CCSD(T)/cc-pVTZ
level, the following values are obtained:∑De(direct)) 262.9
and∑De(corrected)) 274.5 kcal/mol. At the CCSD(T)/cc-
pVQZ: ∑De(direct)) 271.2 and∑De(corrected)) 276.1 kcal/
mol.
The Woon-Dunning extrapolation procedure42 yields a value

of 275.8 kcal/mol for the direct atomization energy (CCSD(T)/
cc-pV∞Z level). This value is in excellent agreement with the
corrected CCSD(T)/cc-pVQZ value of 276.1 kcal/mol. We
therefore propose 276.0( 1 kcal/mol as our best estimate for
the total atomization energy of PCN in its3Σ- ground state.
The adiabatic ionization potentials (eV) for the two lowest
PCN(3Σ-) and PNC(3Σ-) states are collected in Table 16. At
the highest level in our calculations, CCSD(T)/cc-pVQZ, we

find adiabatic ionization potentials IP of 10.38 eV for PCN(3Σ-)
and 9.72 for PNC(3Σ-). If we apply the Woon-Dunning
extrapolation, we find the following extrapolated IP’s: 10.39
eV for PCN(3Σ-) and 9.73 eV for PNC(3Σ-). These values
are in excellent agreement with the CCSD(T)/cc-pVQZ+∆ZPE
values. We propose therefore 10.39 and 9.73 eV as our best
estimate for the adiabatic ionization potentials of linear PCN(3Σ-)
and PNC(3Σ-), respectively.

4. Conclusions

In the present work an ab initio molecular orbital study of
the C2P(+) and CNP(+) species has been carried out. The
following theoretical levels were selected: CCSD(T), DFT (with
the B3LYP exchange-correlation functional), and CASSCF in
conjunction with Dunning’s correlation consistent basis set
family.
Our results concerning the C2P(+) system are largely the same

as those of Largo and collaborators (LBLU). Significant
differences are the following:
1. The scaled MP2/6-31G* frequencies of LBLU for

CCP(2Π) are in poor agreement with our B3LYP/cc-pVTZ
values. The high spin contamination which affects the2Π wave
function in the LBLU study is probably the main reason for
the deviation.
2. For the b2 mode of the cyclic C2P(4A2) isomer, a realistic

value of 451 cm-1 has been obtained (compared to 4113 cm-1

(scaled) at the MP2/6-31G* level by LBLU).
3. Contrary to the results of LBLU at MP2/6-31G*, two

imaginary frequencies have been found for linear CPC(2Πg) at
both the B3LYP/cc-pVTZ and CASSCF-pVDZ levels of theory.
4. Large deviations are seen between the relative energies

of the C2P+ states at the PMP4/MC-311G* (LBLU) and
CCSD(T)/cc-pVTZ (ours) theoretical levels.
5. At the B3LYP/cc-pVTZ and CASSCF/cc-pVDZ theoreti-

cal levels two imaginary frequencies have been found for
CPC+(1Σ+

g) in contrast to the MP2/6-31G* level (LBLU) where
all the frequencies are real. Therefore, CPC+(1Σ+

g) should be
considered as a saddle point of order two.
6. Our value for the adiabatic ionization potential of the

CCP(2Π) state (9.05 eV) differs by+0.7 eV from that proposed
by LBLU.
Our main results for the CNP(+) system can be summarized

as follows:
1. For neutral PCN and PNC, the following sequence of

states has been computed at the CCSD(T)/cc-pVTZ//B3LYP/

TABLE 15: Direct and Corrected Total Atomization Energies (kcal/mol) for the Ground State of PCN

PCN(3Σ-)

∑De

CCSD(T)/cc-pVDZ//
B3LYP/cc-pVDZ

CCSD(T)/cc-pVTZ//
B3LYP/cc-pVTZ

CCSD(T)/cc-pVQZ//
B3LYP/cc-pVTZ CCSD(T)/cc-pV∞Z

direct 242.0 262.9 271.2 275.8a

corrected 271.9 274.5 276.1

aWoon-Dunning extrapolation (ref 42).

TABLE 16: Adiabatic Ionization Potentials (eV) for the
Two Lowest PCN and PNC States

C2P(2Π)

state
CCSD(T)/
cc-pVDZ

CCSD(T)/
cc-pVTZ

CCSD(T)/
cc-pVQZ

CCSD(T)/
cc-pV∞Za + ∆ZPEb

PCN(3Σ-) 10.10 10.32 10.38 10.39
PNC(3Σ-) 9.46 9.67 9.72 9.73

aWoon-Dunning extrapolation (ref 42).b Zero-point energy dif-
ferences were obtained from the B3LYP/cc-pVTZ harmonic frequen-
cies.
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cc-pVTZ level: linear PCN(3Σ-); linear PNC(3Σ-) 14.2 kcal/
mol, linear PCN(1∆) 25.2 kcal/mol, cyclic CPN(3A′′) 36.2 kcal/
mol, cyclic CPN(1A′′) 37.7 kcal/mol, and linear PNC(1∆) 38.8
kcal/mol.
2. The ground state of the single ionized species is linear

PNC+(2Π) followed by linear PCN+(2Π). The energy differ-
ence is very small: 0.8 (CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ)
to 1.4 kcal/mol (CCSD(T)/cc-pVQZ//B3LYP/cc-pVTZ). Cyclic
CPN+(2A′) lies much higher in energy (13.9 kcal/mol) and was
found to be a local energy minimum at the doublet surface
(B3LYP/cc-pVTZ level).
3. The IR spectrum at the B3PYP/cc-pVTZ level of the linear

PCN(3Σ-) isomer is dominated by the PC stretching mode,
whereas at the UHF/6-31G* level (Largo and Barrientos (LB)),
the CN stretching mode is predicted to be the most intense.
4. The IR spectra of both linear PNC+(2Π) and PCN+(2Π)

are dominated by the CN stretching mode.
5. All the vibrational frequencies are real for the cyclic CPN+

cation (2A′) at the B3LYP/cc-pVTZ level, indicating that this
structure is a true energy minimum. This result is contradictory
to that of LB who found a transition state at the UHF/6-31G*
level.
6. A total atomization energy of 276.0( 1 kcal/mol has

been calculated for PCN(3Σ-).
7. Adiabatic ionization potentials (eV) are: linear PCN(3Σ-)

10.39, and linear PNC(3Σ-) 9.73.
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