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A comparison of different density functional theory~DFT! and molecular orbital~MO! methods for
calculating molecular and energetic properties of low-coordinated phosphorus compounds is
reported. While DFT methods include both Becke–Lee–Yang–Parr~BLYP and B3LYP! nonlocal
functionals, MO methods involve second-order perturbation theory~MP2!, quadratic configuration
interaction @QCISD~T!#, and coupled-cluster theory@CCSD~T!#, in conjunction with the
6-31G(d,p), 6-31111G(3d f ,2p), and 6-31111G(3d f ,3pd) basis sets. Properties examined
include geometrical parameters of the different CH3P equilibrium structures~phosphaethene,
phosphinocarbene, methylphosphinidene, and a phosphacarbyne! and relevant transition structures
for isomerisations and rearrangements in both the lowest-lying singlet and triplet states, vibrational
wave numbers, relative energies, barrier heights, and singlet–triplet energy gaps. In addition, the
heat of formation, ionization energy, and proton affinity of phosphaethene are also evaluated.
Overall, the B3LYP method, when employed with a large basis set, yields energetic results
comparable to the CCSD~T! results. Nevertheless, both DFT methods fail to predict the behavior of
the addition/elimination reactions of the hydrogen atom in the triplet state. ©1996 American
Institute of Physics.@S0021-9606~96!02429-4#

INTRODUCTION

In recent years, density functional theory~DFT! has
emerged as a practical method in electronic structure calcu-
lations of molecular systems, especially since nonlocal ex-
change and correlation functionals have been introduced.1 It
has proven to be, when the functionals are appropriately cho-
sen, a reliable and versatile tool in calculating different mo-
lecular properties. The increasing popularity of DFT arises
no doubt from its high performance combined with a rela-
tively low computational expense, as compared with more
conventional molecular orbital~MO! theory. Several system-
atic assessments of the performance of various DFT methods
in calculating molecular geometries,2 vibrational fundamen-
tal wave numbers,3 thermochemical parameters,4 activation
barriers,5 ESR and NMR parameters,6 etc. have already ap-
peared in the literature and for each property, some function-
als have been recommended. A brief survey of the recent
literature on the applications of DFT indicates that the stan-
dard local Slater exchange functional and the gradient-
corrected Becke7 ~exchange! and Lee–Yang–Parr8 ~correla-
tion! functionals~denoted as BLYP! turn out to be the most
employed. More recently, the hybrid approach9,10 combining
the Hartree–Fock exchange functional with the BLYP func-
tional and the Vosko–Wilk–Nusair11 correlation functional
~denoted as B3LYP! has been shown to yield improved re-
sults for certain properties.12 When investigating chemical
reactivities of a class of compounds theoretically, it is im-
perative to use a method which is able to treat most, if not
all, chemical properties on an equal footing. In this regard,
only the class of organometallic and transition metal com-
pounds has, up to now, received consistent and appropriate
analyses. In spite of their success in predicting properties of
equilibrium structures, the treatment of transition structures

using DFT methods encounters, in some cases, many diffi-
culties. In an attempt to provide a further assessment and in
connection with our continuing theoretical study of low-
coordinated phosphorus compounds, we have examined in
the present work, both BLYP and B3LYP methods in calcu-
lating a variety of properties related to the~CH3P! isomers,
in both the lowest-lying singlet and triplet states. This system
has been chosen as a test case because it constitutes the sim-
plest representative for this class of P compounds, and, in
addition, its potential energy surface has been
established,13–19 and a limited number of experimental data
are available.20–24To provide reliable references for the pur-
pose of comparison, we have also performed calculations at
different high levels ofab initio molecular orbital theory.

DETAILS OF CALCULATION

All calculations were carried out using a local version of
theGAUSSIAN 92/DFT program,25 exept for the CASPT2 cal-
culations which were carried out with aMOLCAS 3 package.26

For DFT calculations, we have considered both BLYP and
B3LYP functionals in conjunction with the 6-31G(d,p) and
6-31111G(3d f ,3pd) basis sets. Regarding MO calcula-
tions, the methods considered include the second-order per-
turbation theory~MP2!, quadratic configuration interaction
@QCISD~T!# and coupled-cluster theory@CCSD~T!#, together
with the basis sets mentioned above and the 6-3111
1G(3d f ,2p) basis set. Geometrical parameters have been
first determined using the BLYP, B3LYP, MP2, and
CCSD~T! methods with the 6-31G(d,p) basis set. Improved
electronic energies were obtained from single-point calcula-
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tions using a larger basis set at one of the four optimized
geometries. For open-shell systems, the unrestricted formal-
ism has been employed. Throughout this paper, total ener-
gies are given in hartree, zero-point, and relative energies in
kJ/mol, bond lengths in angstro¨ms and bond angles in de-
grees.

RESULTS AND DISCUSSION

In what follows, we undertake a systematic comparison
of the performance of both DFT and various MO methods in
computing a number of molecular properties. The latter in-
clude geometrical parameters of equilibrium and transition
structures related to the points on the~CH3P! potential en-
ergy surface, zero-point energies, relative energies, barrier

heights, and in particular for phosphaethene, its vibrational
fundamental wave numbers, heat of formation, proton affin-
ity, and ionization energy have also been examined. When
available, experimental results will be used as references;
otherwise the best MO results will be considered for this
purpose.

Geometries

The~CH3P! energy surface contains a number of station-
ary points, namely the four equilibrium structures, meth-
ylphosphinidene CH3P 1, phosphaethene H2CvPH 2, phos-
phinocarbene HC–PH2 3, and a phosphacarbyne C–PH3 4
and the fragments H2CvP–1H– 5, HCvPH–1H– 6,
HCwP1H2 7 and C1PH3 8 as well as the numerous transi-

FIG. 1. Selected optimized geometries of the singlet~CH3P! structures and fragments using different DFT and MO methods. The entries are: MP2, CCSD~T!,
B3LYP, and BLYP, all with the 6-31G(d,p) basis set. For2, experimental values given in parentheses are taken from Ref. 20.
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tion structures~TS! connecting them. In generalX/Y desig-
nates a TS connecting both equilibrium structuresX andY.
As mentioned above, their geometrical parameters were de-
termined using the BLYP, B3LYP, MP2, and CCSD~T!
methods along with thed,p-polarized 6-31G(d,p) basis set.
Figure 1 shows the geometries of the singlet structures
whereas Fig. 2 displays those of the triplet structures. Among
the isomers, only the geometrical parameters of the singlet
phosphaethene2 were determined from microwave data by
two independent groups.20,21 For this species, all four theo-
retical methods considered reasonably reproduce its geom-
etry ~Fig. 1!. Taking the CCSD~T!/6-31G(d,p) values as ref-
erences, Table I lists the mean absolute deviations observed
for the three other methods. Overall, these deviations are
rather small and the B3LYP method appears to provide the
values closest to the CCSD~T! ones. Note that the parameters
having the largest absolute deviations correspond to the di-
hedral angles in the transition structures.

Another test for the consistency of a calculated geometry
of a species is the comparison of its rotational constants with
different isotopes. Table II summarizes the calculated and
experimental data for phosphaethene2 for which experimen-
tal results for both H2CvPH and H2CvPD are available.
Note that microwave spectroscopy provides theA0 , B0 , and
C0 constants, whereas calculated values correspond to their

Ae , Be , andCe counterparts. Assuming that the anharmonic-
ity around the equilibrium structures is small, both sets of
values are comparable and the relative errors of calculated
values are found to be not larger than 2%. Note that the
B3LYP method yields a more consistent set of rotational
constants than the BLYP or MP2 methods.

Vibrational fundamental wave numbers

Table III records the values calculated at the BLYP,
B3LYP, and MP2 levels for phosphaethene2. CCSD~T! val-
ues are not available due to the lack of analytical gradients
and hessians; numerical calculations of vibrational frequen-
cies with this level go beyond our present computational
resources. Instead, the CISD/TZ2P values given in Ref. 16
are also included for the sake of comparison. The calculated
values are uniformly scaled by the usual scaling factors of
0.94 for MP2/6-31G(d,p), 0.95 for CISD/TZ2P and the re-
cently suggested factors of 0.995 and 0.963 for BLYP and
B3LYP, respectively.3 As expected, the scaled values are
quite close to each other. In fact, relative to the CISD/TZ2P
values, the mean absolute deviations of the other values turn
out to be similar and not larger than 18 cm21. Only two
experimental IR frequencies are available.22 While the P–H

FIG. 1. ~Continued.!
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stretching wave number of 2268 cm21 can be reproduced
either by both DFT methods or by the MP2 method, the
calculated values for the C–P stretching mode remain too
large, being up to 126 cm21 larger than the experimental

value of 850 cm21. This indicates that all uniform scaling
factors employed are not appropriate and that lower factors
need to be considered for this vibrational mode. One should
however bear in mind that adapted individual scaling factors

FIG. 2. Selected optimized geometries of the~CH3P! species in their lowest-lying triplet state, using different DFT and MO methods. The entries are: MP2,
CCSD~T!, B3LYP, and BLYP, all with the 6-31G(d,p) basis set.
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for low-coordinated P compounds are yet to be established,
due to the severe lack of reliable experimental data.

Zero-point energies

As seen in Table IV, the zero-point energy values ob-
tained by the BLYP, B3LYP, and MP2 methods, when cor-
rected by appropriate scaling factors, are comparable to each
other. The largest difference amounts to 4 kJ/mol, concern-
ing mainly the transition structures. This is further confirmed
by the results shown in Table V which point out that for
small equilibrium structures, the agreement between the
three scaled values is much better for either zero-point ener-
gies or thermal corrections~TC!. It is obvious that the dif-
ference in ZPE is another source of deviation in computing
energy barriers, and in general, in evaluating thermochemical
parameters.

Relative energies and barrier heights

Some selected total energies are summarized in Table
IV. The best calculated energies, which will be used hereaf-
ter as references, refer to the CCSD~T!/6-3111
1G(3d f ,3pd) values based on CCSD~T!/6-31G(d,p) ge-
ometries. To facilitate comparison, both BLYP and B3LYP
energies are also obtained with the larger basis set. Concern-

ing QCISD~T! calculations, the 6-31111G(3d f ,2p) basis
set and MP2/6-31G(d,p) geometries have been used, be-
cause this level corresponds to the G2 approach without as-
suming any basis set additivity. Table VI lists the relative
energies obtained at various levels of theory whereas Figs. 3
and 4 display schematically the potential energy profiles
showing the isomerization and fragmentation processes in
both singlet and triplet states, respectively. A few interesting
points can be noted.

~1! In general, the relative energy ordering of all stationary
points is well predicted by each of the levels considered.

~2! Expansion of the basis set tends to reduce the energies of
stationary points relative to phosphaethene2.

~3! The triple substitution in the evaluation of the correlation
energy apparently does not play a crucial role in deter-
mining relative energies. The largest absolute difference
between both CCSD and CCSD~T! amounts to 8 kJ/mol.

~4! The variations between QCISD~T! and CCSD~T! values
are more significant in particular for the energies of the
fragments. This might however be due to the basis set
difference.

~5! Except for a few special cases which will be mentioned
hereafter, the agreement between both DFT relative en-
ergies and the CCSD~T! estimates is overall quite rea-

TABLE I. Mean absolute deviations of relative energies and geometrical parameters.

Mean absolute deviations from CCSD~T!/6-31G(d,p) results
Method B3LYPa BLYPa MP2a

Bond lengths~36!b 0.011 Å 0.016 Å 0.017 Å
Bond angles~44!b 1.0° 1.3° 0.9°
Dihedral angles~16!b 1.7° 3.5° 3.2°

Method
Basis set

B3LYP BLYP QCISD~T!

6-31111G(3d f,3pd) 6-31111G(3d f,2p)

Deviation in relative
energies~kJ/mol!

9.5 14.9 3.1

aUsing the 6-31G(d,p) basis set.
bIn parentheses are the numbers of parameters calculated.

TABLE II. Comparison of calculated and experimental rotational constants of phosphaethene~in MHz!.

Method
Basis set

BLYP B3LYP MP2 CCSD~T! Experimenta

6-31G(d,p)

H2C5PH
A 136 391 138 612 140 638 139 568 138 503
B 16 018 16 326 16 370 16 136 16 418
C 14 334 14 606 14 663 14 464 14 649

H2C5PD
A 91 494 93 126 94 710 93 786 93 514
B 15 700 15 997 16 060 15 839 16 099
C 13 401 13 652 13 732 13 550 13 702

Mean absolute
deviation from
experiment

925 131 577 369

aMicrowave values from Ref. 20.
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sonable. With reference to the CCSD~T! values, the ab-
solute errors of DFT range from 4 to 28 kJ/mol. The
largest error corresponds in fact to the position of the
triplet TS 3/4 involving a carbyne structure. In this re-
gard, it appears that the B3LYP functional provides es-
timates closer to the CCSD~T! values than the BLYP
functional.

~6! Within each type of functional, the DFT relative energies
are found to be sensitive to basis set expansion. Never-
theless, such a sensitivity remains far smaller than that of
the CCSD~T! method.

~7! Concerning the transition structures and barrier heights,
while both DFT methods provide good results for the 1,2
shifts of the hydrogen, it appears that they both fail to
account for the behavior of the addition/elimination re-
actions of the hydrogen atom in the triplet state. In the
one case, both DFT methods are not able to identify the
corresponding transition structures~structures TS1/5
and TS2/5!, in the other case~TS 2/6!, the transition
structure can be located by both DFT methods, but the
associated energy barriers turn out to be too low, with
respect to MP2 or CCSD~T! values. Difficulties of DFT
methods in treating hydrogen transfer reactions has been
pointed out recently by different authors.27–29 Similarly
to the cases studied here, the current DFT methods tend
to underestimate their barrier heights. Details of this
point will be discussed in a following section.

Singlet-triplet energy gaps

One of the most important properties of carbenes, phos-
phinidenes, and related reactive intermediates, is the singlet–
triplet energy separation. In order to find out whether the
structures and energies of singlet phosphinidenes could be
described by single-reference wave functions, we have also
computed this quantity of CH3P 1 using multireference MO
methods. The CASPT2 method has been used with an active
space varying from 6 electrons/9 active orbitals to 10
electrons/12 active orbitals and a medium-size atomic natural
orbital ~ANO! basis. In conjunction with both DFT methods,
atomic basis sets of different sizes have also been employed.
The obtained results summarized in Table VII indicate that
both CCSD~T! and QCISD~T! results agree well with the
CASPT2 values. It can thus be concluded that the best esti-
mate for this quantity of methylphosphinidene is
DES–T~CH3P!510765 kJ/mol. A previous study using the
CISDQ/TZ2P1f level16 with a two-configuration wave
function for the singlet state, derived a value of 92 kJ/mol. It
seems that the latter is significantly underestimated, which
arises presumably from an overestimation of the singlet en-
ergy. The present result points out that both singlet and trip-
let phosphinidenes can be treated on an equal footing either
by coupled-cluster or quadratic configuration interaction
methods. Regarding the DFT results, both functionals show a
small dependency on the atomic basis set. When the latter
goes beyond the 6-31G(d,p) quality, the BLYP functional

seems to provide better estimates than the hybrid B3LYP
approach. However, the difference is small, amounting to
only 6 kJ/mol.

A singlet–triplet energy gap of2179 kJ/mol is obtained
for phosphaethene2 from both QCISD~T! and CCSD~T! cal-
culations, with a probable error of65 kJ/mol, a value con-
sistent with an earlier estimate of2176 kJ/mol16 from
CISDQ/TZ2P1f calculations. Again the BLYP method pro-
vides a better value than the B3LYP method for this prop-
erty.

Concerning phosphinocarbene3, both QCISD~T! and
CCSD~T! methods also consistently predict a singlet–triplet
energy gap of244 kJ/mol, which turns out to be signifi-
cantly larger than a previous value of228 kJ/mol deter-
mined using MR-CISD/DZP calculations.17 In this case, the
BLYP functional seems to overestimate the gap~251 kJ/
mol!, whereas the B3LYP functional tends to underestimate
it ~238 kJ/mol!. Overall, it is tentative to suggest that, as far
as the singlet–triplet energy separation is concerned, the
BLYP method yields a better agreement with the CCSD~T!
results than does the B3LYP method.

Heat of formation of phosphaethene

This is undoubtedly the most useful and universal ther-
mochemical parameter. The heat of formation of an un-
known molecule can usually be evaluated by considering a
working chemical reaction and combining both calculated
reaction energy with accurate experimental data of reference
species. In order to ensure the consistency of the new value
with the established ones, the number of working reactions
to be used has to be as large as possible. For phopshaethene
2, we have considered three exchange reactions involving
unsaturated analogues. The calculated results are summa-
rized in Table VIII. This property is apparently sensitive to
both working reaction and level of theory. As expected, only
the coupled-cluster method, either with or without triple sub-
stitutions, along with a large basis set, is able to provide a
consistent set of values. The other levels yield scattered re-
sults even though the average values are comparable to each
other. The CCSD~T! results suggest that the standard heat of
formation of phosphaethene2, is DHf

0~H2CvPH!5120 kJ/
mol at 298 K, with a probable error of68 kJ/mol. The
present result differs thus slightly from an earlier theoretical
estimate of 110 kJ/mol derived from MP4/6-3111
1G(3d f ,2p) calculations,18 but is in good agreement with
the experimental value of 117628 kJ/mol derived from mea-
surement of its appearance potential.23 Relative to the
CCSD~T! value, both DFT techniques tend to overestimate
the heat of formation of2 by an average of 7–8 kJ/mol.

Proton affinity and ionization energy of
phosphaethene

The vertical ionization energies of phosphaethene2 have
been determined independently by photoelectron24 and mass
spectroscopic-based techniques.23 Accordingly, the vertical
p~CvP! and n~P! ionization energies of2 are observed at
10.3 and 10.7 eV. The calculated values are shown in Table
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TABLE III. Vibrational wave numbers of phosphaethene.

Method
Basis set

MP2 BLYP B3LYP
CISDa

TZ2Pa6-31G(d,p)

Scaling factor 0.94 0.995 0.963 0.95 Experimentb

Vibrational mode

a8 CH2 rock 731 728 725 723
a8 CP str 954 949 963 976 850
a8 CPH bend 1013 1010 1008 1017
a8 HCH bend 1429 1422 1416 1430
a8 PH str 2351 2195 2222 2282 2260
a8 CH str (s) 3042 3054 3035 3063
a8 CH str (as) 3141 3144 3124 3151
a9 H3 bend 829 834 837 839
a9 CH2 wag 886 882 889 891

aSee Ref. 16.
bExperimental values from Ref. 22.

TABLE IV. Calculated total energies~hartree! and zero-point energies~kJ/mol! of the ~CH3P! stationary points considered.

Method
Basis set

Total energies Scaled ZPEe

CCSD~T!a BLYPb B3LYPc
QCISD~T!d

6-31111G(3d f,2p)

MP2 BLYP B3LYP

6-31111G(3d f,3pd) 6-31G(d,p)

SINGLET

1 H3C–P 2380.630 97 2381.157 06 2381.200 83 2380.626 33 89 88 88
2 H2CvPH 2380.699 36 2381.228 91 2381.271 07 2380.693 86 86 85 85
3 HCvPH2 2380.609 93 2381.142 91 2381.182 59 2380.603 84 77 74 74
4 C–PH3 2380.495 42 2381.027 51 2381.067 19 2380.488 52 70 66 68
5 H2CP

–1H– 2380.569 76 2381.102 40 2381.142 48 2380.565 88 60 60 60
6 HCvPH–1H– 2380.522 12 2381.058 34 2381.095 94 2380.519 00 52 51 51
7 HCwP1H2 2380.653 43 2381.185 49 2381.221 80 2380.650 58 60 62 61
8 C1PH3 2380.415 65 2380.924 81 2380.972 09 2380.408 16 62 60 61
TS 1/2 2380.611 87 2381.143 43 2381.184 36 2380.606 05 80 78 79
TS 2/3 2380.574 59 2381.107 02 2381.148 09 2380.567 91 70 66 67
TS 3/4 2380.493 35 2381.027 09 2381.065 37 2380.486 61 65 61 63
TS 2/7 2380.540 42 2381.078 52 2381.115 15 2380.534 44 65 63 64
TS 1/7 2380.564 31 2381.103 88 2381.140 89 2380.559 79 71 67 69
TS 3/7 2380.538 64 2381.075 34 2381.113 24 2380.532 74 65 63 63

TRIPLET

1 H3C–P 2380.673 24 2381.199 35 2381.245 55 2380.668 70 92 91 91
2 H2C–PH 2380.628 32 2381.160 66 2381.205 68 2380.622 83 79 77 77
3 HC–PH2 2380.592 10 2381.122 80 2381.167 70 2380.585 76 74 72 72
4 C–PH3 2380.528 40 2381.060 83 2381.103 93 2380.521 78 71 67 68
TS 1/2 2380.592 34 2381.127 21 2381.169 14 2380.586 21 74 73 73
TS 2/3 2380.541 88 2381.076 98 2381.118 24 2380.534 81 65 63 63
TS 3/4 2380.472 39 2381.011 53 2381.049 61 2380.465 66 60 56 57
8 C1PH3 2380.468 93 2380.991 29 2381.037 10 2380.461 51 62 60 61
TS 2/5 2380.569 23 ••• ••• 2380.566 26 64 ••• •••
TS 1/5 2380.568 87 ••• ••• 2380.565 74 63 ••• •••
TS 2/6 2380.520 59 2381.057 72 2381.095 81 2380.517 42 58 52 53

aBased on CCSD~T!/6-31G(d,p) geometries given in Figs. 1 and 2.
bBased on BLYP/6-31G(d,p) geometries given in Figs. 1 and 2.
cBased on B3LYP/6-31G(d,p) geometries given in Figs. 1 and 2.
dBased on MP2/6-31G(d,p) geometries given in Figs. 1 and 2.
eUsing the scaling factors listed in Table III.
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IX. It is clear that the best estimates result from the CCSD~T!
method using a large basis set: differences of only 0.06 to
0.11 eV from experimental values. As expected, all other
methods underestimate the vertical ionization potentials. The
CCSD~T! values of 10.24 eV (2A9) and 10.59 eV (2A8)
represent thus a serious improvement over the values re-

ported in previous theoretical studies, namely 10.18 and
10.42 eV from a MR-CCSD study,19 and 10.09 and 10.30 eV
from MRD-CI values.13 Concerning the DFT methods, while
the BLYP functional most seriously underestimates the ion-
ization energies, the B3LYP method yields improved values
as compared to the CCSD~T! results. It is clear that a fairly
large basis set is needed to give reliable results. The basis set
dependence is, however, found to be less severe for the DFT
methods than for the MO methods. Regarding the adiabatic
ionization energy, again the B3LYP functional is found to
yield better results as compared to the CCSD~T! ones. No
experimental values are available for this quantity. On the
basis of both CCSD~T! and QCISD~T! values we would sug-
gest the adiabatic ionization energy of phosphaethene2 to be
IEa~CH2vPH!59.960.1 eV.

The proton affinity of phosphaethene2 is estimated by
the CCSD~T! method to be 75868 kJ/mol, which improves a
previous result from a MP4/6-31G(d,p)//HF/6-31G(d,p)
study of 769 kJ/mol.14 For the proton affinity both DFT
methods perform well: while BLYP slightly underestimates
it by 2 kJ/mol, relative to the CCSD~T! value, B3LYP over-
estimates it by the same amount. Again, the basis set depen-
dence is much more severe for MO methods than for DFT.

TABLE V. Zero-point energies and thermal corrections for some small
reference molecules~kJ/mol!.

Scaling factor
Methoda

Zero point energy~scaled! Thermal correctionb

0.94
MP2

0.995
BLYP

0.963
B3LYP

0.94
MP2

0.995
BLYP

0.963
B3LYP

H2C5PH 86.0 85.0 85.0 7.6 8.2 7.9
H2 25.9 26.1 25.7 5.8 6.2 6.0
H2O 54.0 53.8 54.0 7.0 7.4 7.2
CH4 115.0 114.8 113.8 7.1 7.5 7.2
NH3 87.6 87.2 87.1 7.1 7.5 7.2
PH3 62.4 60.5 60.7 7.1 7.6 7.3
H2C5NH 101.1 101.0 101.1 7.2 7.7 7.4
H2C5CH2 129.4 129.9 129.2 7.5 8.0 7.7
H2C5O 67.7 67.3 67.6 7.1 7.5 7.2

aUsing the 6-31G(d,p) basis set.
bUsing scaled vibrational wave numbers.

TABLE VI. Relative energies of~CH3P! stationary points calculated at different levels of DFT and MO theory~kJ/mol, including ZPE corrections!.

Method
Basis set

MP2a CCSD~T!b BLYPc B3LYPd QCISD~T!a CCSDb CCSD~T!b BLYPc B3LYPd

6-31G(d,p) 6-31111G(3d f,2p) 6-31111G(3d f,3pd)

SINGLET

1 H3C–P 196 181 185 178 181 178 183 192 187
2 H2CvPH 0 0 0 0 0 0 0 0 0
3 HCvPH2 259 252 227 236 227 229 226 215 221
4 C–PH3 591 564 531 543 523 516 519 509 518
5 H2CP

•1H• 325 298 306 311 310 312 315 307 312
6 HCvPH•1H• 464 425 421 431 425 428 432 414 426
7 HCwP1H2 137 84 91 106 88 102 95 91 106
8 C1PH3 802 731 783 772 727 706 721 774 761
TS 1/2 239 237 217 220 225 225 224 218 221
TS 2/3 361 345 319 323 314 308 311 301 305
TS 3/4 591 568 530 545 523 521 520 506 518
TS 2/7 448 440 394 412 397 404 396 373 388
TS 1/7 365 358 313 328 337 344 340 310 325
TS 3/7 457 438 400 413 402 404 401 381 393

TRIPLET

1 H3C–P 49 55 68 55 72 62 75 84 73
2 H2C–PH 182 178 171 161 179 166 179 171 164
3 HC–PH2 284 278 272 263 272 255 270 266 259
4 C–PH3 488 476 445 448 437 423 434 423 422
TS 1/2 283 276 254 254 271 263 269 255 255
TS 2/3 423 411 385 387 397 386 393 376 379
TS 3/4 636 615 562 577 573 568 570 542 553
8 C1PH3 597 573 599 587 586 559 581 599 590
TS 2/5 339 310 ••• ••• 313 317 320 ••• •••
TS 1/5 330 306 ••• ••• 314 315 320 ••• •••
TS 2/6 482 444 422 434 435 442 441 416 429

aBased on MP2 geometry and ZPE~MP2! correction.
bBased on CCSD~T! geometry and ZPE~MP2! correction.
cBased on BLYP geometry and ZPE~BLYP! correction.
dBased on B3LYP geometry and ZPE~B3LYP! correction.
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Isomerization and rearrangements of (CH 3P) species

Figures 3 and 4 display the schematic energy profiles for
the singlet and triplet electronic states of the~CH3P! species,
respectively, including the BLYP, B3LYP, and CCSD~T! en-
ergies obtained using the large 6-31111G(3d f ,3pd) basis
set. The shape of the potential energy surface is, overall, well
reproduced, both qualitatively and quantitatively, by DFT
methods, except for TS1/5, TS2/5 and TS2/6 on the triplet
surface mentioned above. It emerges that the DFT methods
tend to push the transition structures and the fragment prod-
ucts to lower energy positions than the ones suggested by
CCSD~T! calculations. However, the resulting energy differ-
ences are not very large. A particular exception concerns the
triplet structures TS1/5, TS 2/5, and TS2/6. All three of
them are triplet transition structures for the addition/

elimination of a hydrogen atom. While existent at the MP2
and CCSD~T! level, both transition structures TS1/5 and TS
2/5 simply disappear using both DFT methods. Such a be-
havior is probably caused by the rather low barrier heights.
TS 2/6 is found at all levels under consideration, but large
geometrical differences are seen between MO and DFT re-
sults: BLYP and B3LYP greatly overestimate the dissociat-
ing bond distance and thereby severely underestimate the
corresponding barrier height. The disappearance of transition
states when using the BLYP method for H-atom reactions
has already been encountered in earlier work,27 as well as the
underestimation of barrier heights by B3LYP and BLYP.28,29

From Figs. 3 and 4 it is clear that both DFT methods suffer
from a systematic underestimation of the barrier heights. In
cases where very low barrier heights are involved, this could

FIG. 3. Schematic energy profile showing the rearrangement and fragmentation reactions of singlet~CH3P! species, using different DFT and MO methods.

FIG. 4. Schematic energy profile showing the rearrangement and fragmentation reactions of triplet~CH3P! species, using different DFT and MO methods.
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be fatal. This incorrect behavior has been tentatively attrib-
uted to the Slater exchange term employed in the current
DFT methods.29 Figures 3 and 4 also include a number of
novel chemical features, which has not been found in earlier
work. The following points are worth noting.

~1! In the singlet manifold, the elimination of H2 from phos-
phaethene2 could occur through five distinct channels:
~a! direct 1,2 elimination via TS2/7, ~b! initial isomer-
ization to methylphosphinidene1 and subsequent 1,1
elimination of H2 from 1, ~c! initial isomerization to
phosphinocarbene3 and subsequent 1,2 H2 elimination
of 3, and~d! two successive single bond cleavages giv-
ing H atoms: H2CvPH→H–1H2CP

–→H–1HCwP and
H2CvPH→H–1HCvPH–→H–1HCwP. It appears that
the direct 1,2-elimination path~a! requires an activation
energy larger than by the path involving CH3P and the
P–H bond homolytic dissociation. The two channels~a!
and ~d! appear to be competitive in the formation of
HCwP.

~2! The triplet energy surface shows a cascade of isomeriza-
tion processes in which each of the four possible isomers
lies in a relatively deep potential well.

~3! The carbyne C–PH3 4 does not exist as a discrete isomer
in the singlet state but does so in the triplet state. The
reaction of atomic carbon with phosphine is almost
spontaneous in the singlet state giving rise to phospha-
ethene2 and/or phosphaethyne~HCwP! as the end
products. In the triplet state, methylphosphinidene1 is
the most likely product.

CONCLUDING REMARKS

In summary, we present the results of a systematic study
of properties of~CH3P! isomers by two DFT and a variety of
ab initio MO methods. In general, the B3LYP functional
appears to yield a more consistent set of results as compared
with the CCSD~T! calculations. This holds for geometries,
vibrational wave numbers and zero-point energies, relative
energies, and barrier heights for interconnections between
~CH3P! isomers, and vibrational wave numbers, heat of for-
mation, proton affinity and ionization energies of phospha-
ethene. In one case, namely the singlet–triplet energy gap,
the BLYP method seems to perform slightly better than
B3LYP; the differences are however very small. While in

TABLE VII. Singlet–triplet energy splitting of methylphosphinidene1 ~kJ/mol!.

Method Basis Set Geometry E(1A8) E(3A2) DE~S–T! ~ZPE correcteda!

MP2 6-31G(d,p) MP2 2380.48970 2380.54666 146.7
CCSD 6-31111G(3d f,3pd) CCSD~T! 2380.61547 2380.66071 116.0
CCSD~T! 6-31111G(3d f,3pd) CCSD~T! 2380.63097 2380.67324 108.2
QCISD~T! 6-31111G(3d f,2p) MP2 2380.62633 2380.66870 108.4
CASPT2 6/9 ANO small CCSD~T! 2380.57408 2380.61595 107.1
CASPT2 6/13 ANO small CCSD~T! 2380.57878 2380.62016 105.8
CASPT2 10/12 ANO small CCSD~T! 2380.57688 2380.61863 106.8
B3LYP 6-31G(d,p) B3LYP 2381.15775 2381.20549 122.4
B3LYP 6-311G(d,p) B3LYP 2381.19263 2381.23806 116.3
B3LYP 6-31111G(d,p) B3LYP 2381.19350 2381.23934 117.4
B3LYP 6-31111G(2d,2p) B3LYP 2381.19720 2381.24257 116.2
B3LYP 6-31111G(2d f,2p) B3LYP 2381.19951 2381.24444 115.0
B3LYP 6-31111G(3d f,3p) B3LYP 2381.20012 2381.24481 114.4
B3LYP 6-31111G(3d f,3pd) B3LYP 2381.20083 2381.24555 114.5
BLYP 6-31G(d,p) BLYP 2381.10963 2381.15534 116.7
BLYP 6-311G(d,p) BLYP 2381.14905 2381.19216 109.9
BLYP 6-31111G(d,p) BLYP 2381.14983 2381.19329 110.8
BLYP 6-31111G(2d,2p) BLYP 2381.15349 2381.19628 109.0
BLYP 6-31111G(2d f,2p) BLYP 2381.15561 2381.19814 108.3
BLYP 6-31111G(3d f,3p) BLYP 2381.15618 2381.19845 107.7
BLYP 6-31111G(3d f,3pd) BLYP 2381.15706 2381.19935 107.7

aMP2, CCSD, CCSD~T!, CASPT2: corrected with ZPE~MP2/6-31G(d,p)!. B3LYP and BLYP values with the
ZPE at B3LYP/6-31G(d,p) and BLYP/6-31G(d,p), respectively.

TABLE VIII. Calculated heat of formation~DHf ,298
0 , kJ/mol! of phosphaethene2.

Methoda

Basis set

MP2 CCSD~T! QCISD~T! CCSD CCSD~T! BLYP B3LYP

6-31G(d,p) 6-31111G(3d f,2p) 6-31111G(3d f,3pd)

Working reaction
CH25PH1NH3→H2C5NH1PH3 122.3 126.6 118.1 124.5 120.4 126.8 126.9
CH25PH1CH4→H2C5CH21PH3 101.5 105.6 113.2 124.3 119.6 119.8 124.2
CH25PH1H2O→H2C5O1PH3 137.8 137.4 123.1 124.8 119.9 134.4 132.5

aAll values are corrected using appropriate ZPE corrections~see Table VI!.
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most cases the BLYP results are comparable to the MP2, the
B3LYP is often better than the MP2 and approaching the
CCSD~T!. Although the results are encouraging, we should
not forget that both DFT methods considered in this work,
suffer from serious difficulties when dealing with low-lying
transition structures. It can be concluded that, as far as low-
coordinated phosphorus compounds are concerned, the DFT
approach using the hybrid B3LYP nonlocal functional, is
able to provide results comparable to higher-quality MO
methods, but much care must be taken when calculating bar-
rier heights for reactions with low activation energies.
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TABLE IX. Proton affinity and ionization energies of phosphaethene2.

Method Basis set
PA ~kJ/mol!

P siteb

Vertical I.P. ~eV!
Adiabatic I.P.~eV!

2AnP(
2A8) pC5P(

2A9)

MP2 6-31G(d,p) 765 10.56 9.98 9.75
B3LYP 6-31G(d,p) 764 10.43 10.11 9.68
BLYP 6-31G(d,p) 763 10.19 9.96 9.48
CCSD~T! 6-31G(d,p) 770 10.20 9.92 9.56
QCISD~T! 6-31111G(3d f,2p) 753 10.53 10.27 9.92
CCSD~T! 6-31111G(3d f,3pd) 758 10.59 10.24 9.93
CCSD 6-31111G(3d f,3pd) 763 10.53 10.06 9.81
B3LYP 6-31111G(3d f,3pd) 760 10.51 10.19 9.80
BLYP 6-31111G(3d f,3pd) 756 10.31 10.06 9.62

Experimenta 10.70 10.30

aValues taken from Refs. 23 and 24.
bGeometry of the protonated species is given in Fig. 1, structure9. Values include ZPE corrections.
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