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ABSTRACT: The transient molecular species CN, (CNN, NCN, c(yclic)-CN,) and
CP, (CPP, PCP, c(yclic)-CP,), along with the isoelectronic to CNN and isovalent to
CPP, CCO, have been studied theoretically through the ab initio methodologies NN
multireference configuration interaction (MRCI) and RCCSD(T) coupled with ’
augmented correlation-consistent quintuple and sextuple basis sets. For the CNN,
NCN, and c- CN2 molecules, the examined states are [X°%", 3'A, b'Z*, A1, and &'I1],
) O g and X'A,, respectively. The analogous phosphorous system CPP has been
studled theoretically for the first time. Our results show that the symmetries *X7, 'A,

and 'Z* are not stationary states; thence, the ground state of CPP is of °II symmetry

and of similar electronic structure to that of the A’TI state of CNN. For most of the symmetries studied, we have constructed
fully optimized potential energy profiles or “cuts” through the corresponding surfaces at the MRCI level of theory in an effort to
follow the (valence) electronic distributions from the “selected” adiabatic species to equilibrium. Our numerical results are in
excellent agreement with existing experimental data and previous, although limited, high-level ab initio calculations. Finally, it
should be said that some of our findings like dissociation energies, permanent electric dipole moments, and bonding

considerations are addressed for the first time.

1. INTRODUCTION

The diazocarbene (CNN) molecule has been observed for the
first time in 1960 by Robinson and McCarthy through
irradiation of diazomethane (CH,N,) in krypton matrices at
42 K;' see also ref 2. In 1965, the CNN molecule was
characterized as a linear triplet by electron paramagnetic
resonance in frozen matrices at 4 K.> More than 10 years later
Bondybey and English,” using vibrational spectroscopy in
argon matrices, established that the ground state of CNN is
3%~ locating as well the A°TI excited state at T = 23 597 cm™);
see also ref S. It is fair to mention here that the ground-state
symmetry of CNN, *%7, was predicted for the first time
theoretically by Thomson in 1973 through an ab initio SCF/
DZ + P (Slater basis set) study.’

Since 1965, the fascinating story of CNN unfolded in a long
series of experimental’”>’~'® and ab initio theoretical
studies.”'#'*~** Details on the experimental and theoretical
work on CNN are summarized nicely by Wurfel et al.'?
(1992), Clifford et al.'"® (1998), Yamaguchi and Schaefer”'
(2004), Carter et al.”* (2008), and Ornellas and co-workers™*
(2010) and therefore there is no need to be told again.

Table 1 collects the “best” or more recent pertinent
experimental structural results of the first four (X’Z~, 3'A,
b'Z*, AI) states of CNN, where our interest will be mainly
focused. See also the remarkable compilation of experimental
data by Jacox for about 1700 neutral and ionic transient
molecules.”® Concerning the CNN species, besides the first
four states, data for two more triplets are also listed, ie., the
B*Z7(?) and C’TI(?) in the Jacox article.”® However, common
experimental structural results like equilibrium bond distances,
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r.(C—N,) and r,(CN—N), or electrical dipole moments, .,
are missing from the literature for all (experimentally)
investigated states of CNN, due rather to technical difficulties
of handling this system.

As far as we know, the most recent high-level “standard” ab
initio electronic structure theoretical works on CNN were
presented by Yamaguchl and Schaefer in 2004”" and Ornellas
and co-workers in 2010. Yamaguch1 and Schaefer examined
around equilibrium the X*X~ and A°IT states of CNN using the
coupled-cluster (CC) approach in conjunction with a series of
increasing sized basis sets, the largest being the quadruple
correlation-consistent basis set cc-pVQZ of Dunning.”” They
report geometries, harmonic fundamental vibrational frequen-
cies, electric dipole moments, the ATl « X®T" excitation
energy, and the Renner—Teller splitting parameter & of the
A’TI state.”’ Ornellas et al.** investigated 16 states of CNN
and the ground states of its ions CNN" and CNN™ using the
[internally contracted (ic)] multireference configuration
interaction (MRCI) and/or CC methods, combined with a
series of i 1ncreasmg cardinality augmented correlation-consis-
tent basis sets,” aug—cc—anZ (avnZ, n = D, T, Q, 5), thus
reporting results at the complete basis set (CBST s) limit. They
also examined the effect of including the six ~1s* core
electrons for certain properties and states.”* More specifically,
the three states X°X ™, a'A, and A%II have been examined at the
MRCI+Q/CBSy 5 level (+Q refers to the Davidson correc-
tion), whereas for four more states, namely, bzt I, dixT,
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Table 1. Existing Experimental Data for the First Four States of the CNN Radical

state ,(6*) (em™) @y(r) (em™) @5(6") (cm™) T, (em™) Dy° (kcal/mol) EA (eV) A (em™) £
X3z~ 1230 + 120° 390 + 120 1425 + 120° 0.0 353 + 5° 1.771 + 0.010
1235 396" 1419° 28.1 + 1.15°
i'A 1600 + 120 6830 + 120“
bzt 10 690 + 1207
AT 1386° 525 + 24 1807 + 2 23 850° —26.5° —0.07°

“Ref 13. Gas phase photoelectron spectroscopy. "Ref 12. Laser-induced fluorescence spectroscopy in Ar matrices. “Ref 14. Gas phase

?hotodlssoaatlon dynamics.

“Ref 4. Laser fluorescence spectroscopy in Ar matrices. “Ref 11. Laser-induced fluorescence spectroscopy.

Fundamental vibrational frequencies @ [@,(c"), @,(7), w;(c")], excitation energies T, dissociation energy D,° (C—N,), and electron affinity
(EA) of the X3X~ state, and the spin—orbit parameter A and the Renner—Teller splitting & of the AIT state.

and BZ", they give certain results at the MRCI+Q/aVTZ
level. For the two first triplets X°X~ and A’TI, the CCSD(T)/
CBSt.s method was also applied, while vertical excitation
energies are given at the MRCI+Q/CBSr s level of theory for a
series of excited states; see Table 4 of ref 24. Notice, however,
that all calculations have been performed around equilibrium.
Their results™ as well as those by Yamaguchi and Schafer”’
will be compared with ours in due course. On the collisional
dynamics of the C('D) + NZ(XIZ;’) process, two very recent
papers should be mentioned, that is, the first in 2016 by
Hickson et al.'® (experiment and theory) and the 2019
theoretical study by Guo and co-workers.”

Although the experlmental and theoretical literature on
CNN is quite extensive, ¢ the literature on the phosphorous
analogue of CNN carbon diphosphide, CPP, is scarce. Indeed,
for the CP, species, isovalent to CN,, we are aware of only two
experimental papers published almost half a century ago.”**” A
theoretical study on PCP published in 2000 will be considered
later on. Both studies refer to gas phase Knudsen mass
spectroscopy for a series of carbon—phosphorous molecules.
Concerning CP,, Smoes et al. say the following: “For CP,, the
atomization energy obtained is AH,,° (CP,) = 963 + 1S or
980 + 15 kJ mol™" for the alternate structures CPP or PCP,
respectively”,”® and then, “It is thus likely that the molecule
CP, observed is a mixture of both isomers”. On the other hand,
Kordis and Gingerich appear to be rather certain that they
observe the isomer CPP by giving only one atomization energy
of 231.9 + 4.6 kcal mol™,*” essentially the same as the results
of ref 28, 230.2 + 3.6 or 234.2 + 3.6 kcal/mol.

It should be mentioned though that our highly correlated ab
initio calculations, while confirming essentially the numerical
results of refs 28 and 29, preclude the CPP isomer. Our
findings indicate that the stable isomer of the CP, species
examined by these workers is the centrosymmetrical diradical
PCP (but see below).

The four states X7, 'A, 'Z*, and 31T of the triatomic radicals
CNN and CPP, as well as the IT state of CNN, the third
companion of the singlets, have been investigated by high-level
multireference (MRCI) and coupled-cluster methods. The
ground centrosymmetric diradical state of CN,, NCN, has
been also examined at both MRCI and RCCSD(T) levels of
theory. It should be stressed that one of the purposes of the
present work is to clarify, if possible, the bonding mechanisms
of these unusual molecular systems. This is the reason that, in
addition to CN,, we also studied the X3%~ state of CCO,
isoelectronic to CNN. Bonding in chemistry is of paramount
importance, and the only way of being rationalized to a certain
degree is through the ab initio tackling of the Schrodinger
equation. For both systems, CN, and CP,, we report
geometries, harmonic fundamental vibrational frequencies,

permanent electric dipole moments, energetics, full potential
energy profiles (PEP), and thereby reasonable binding
scenarios.

The present study is structured as follows: Section 2, labeled
“Physical Insights”, is a qualitative bonding description of the
3%~ states of CN, (CNN and NCN) and CCO, which is
surmised through valence-bond-Lewis (vbL) diagrams. It is
followed by Section 3 on computational details. Results and
discussion on the linear molecules CNN, NCN, and CPP, PCP
are Eresented in Sections 4.1, 4.2, and 4.4, respectively, while
the X'A, state of the cyclic isomers of CN, (c-CN,) and CP,
(c-CP,) is considered in Sections 4.3 and 4.5. Finally Section 5
epitomizes our results.

2. PHYSICAL INSIGHTS

The formation of the diazocarbene (CNN) radical in its lowest
3% state can be thought as the linear approach of either N(*S)
to CN(X?Z") from the N-side of the latter or in a similar
fashion C(°P) to N,(X! Z*) Scheme 1 shows the two paths
through the valence-bond- Lew15 (vbL) diagrams (a) and (b),
respectively.

Scheme 1. vbL Diagrams of the Interactions (a) CN(X*Z")
+ N(*S) and (b) C(’P; M, = 0) + N,(X'Z})

o .!.
(a) (A—€ D)+ (-2 —> no reaction
O~—0 O

CCS)  N(S) N('S)

(b) + —>

C(PM =0) N(Xz+ C<—N N(X3Z)

Notwithstanding the fact that the reactants of path (b), C +
N,, are about 77 mE,, (=48 kcal/mol) lower in energy than the
corresponding species of (a), CN + N, the latter is precluded
for evident reasons. Path (b) on the other hand, is a possible
mechanism of the CNN formation, conforming as well to
certain experimental results: CNN is linear (C,,) and has a
%" ground state and a weak C—N, bond dissociation energy
of about 28 kcal/mol (see Table 1), as one would expect for a

C < .N, harpoon-like bond. Note, however, that the vbL

picture of Scheme 1b also suggests that both electrons coupled
into a triplet are localized on the carbon atom and that the C—
NN and CN—N bonds are of “single” and “triple” characters,
respectively, while a modest increase of the CN—N “triple”
bond as compared to the bond length of the free NZ(XlZg) is
expected due to the implied C « N, charge transfer.
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Nevertheless, our calculations concerning the bonding
mechanism of the X>Z~ state of CNN should be interpreted
with care (see below).

We would like now to discuss the cyanonitrene radical,
NCN, the centrosymmetric isomer of CNN whose ground
state 5(32; (Dgy,) has been established experimentally; see the
extended compilation by Jacox on the experimental literature
of NCN.”® The most natural way of realizing the NCN
molecule is the approach of a nitrogen atom N(*S) from
infinity to the cyano radical CN(X*Z*) from its C-end in a
linear fashion. The vbL diagram of Scheme 2 depicts the
expected result.

Scheme 2. vbL Diagram of NCN
Q. Gy
XD = N— (=N
N('S) CN(X2) 5

Quantum mechanics, however, requires the identity of the in
situ left and right N atoms (no symmetry breaking), ie.,
symmetry forces us to write down the following vbL diagram as
to the electronic structure of NCN (Scheme 3). It is clear from

Scheme 3. vbL Diagram of NCN(5(3E;) after
“Symmetrization”

—N:C N
gi‘.b«. =N—C=

N('S)  C(S)  N('S) Xz,

the vbL diagrams of Schemes 2 and 3 that the in situ C atom in
NCN(X? 2 ), and of course in CN(X *T*), is in the third
excited °S state, 4.18 eV (=96.4 kcal/mol) above its *P ground
state. Alternatively, the symmetric linear approach of two

N(*S) atoms to a C(°S) atom leads to a *Z; state of NCN.
Our calculations on the X3Z state completely support the
above centrosymmetric equlllbrium structure imposed by
symmetry (vide infra).

For a better understanding of the unusual electronic
structure of CNN, it is instructive to consider the isoelectronic
ketenylidene radical CCO. Recall that CO(X'E") is isoelec-
tronic to N,(X'Z;) and that both species carry “similar”
electronic propertles 0 Experimental results on five CCO
states (X°X7, a'A, b'Z*, A’T], and &'TI) can be found in the
Jacox compllatlon,26 whereas the story from its first
observation by Jacox and her co- -workers is told nicely by
Brown, Yamaguchi, and Schaefer.’’ We are only interested in
the X°E~ state of CCO as contrasted to the X°X~ state of
CNN. Thinking along the same lines as before (see Scheme 2),
the electronic structure of CCO(X3Z™) can be captured by the
vbL diagram shown in Scheme 4.

Scheme 4. vbL Diagram of the Interaction of C(*P; M, = 0)
+ CO(X'TY)

Q. T 0. .
E (<X =C «—:C=0
5 0—"70

CCP; M,=0) COX'T") X’y

This “acid(C)—base(*CO)” diagram clearly suggests the

following as to the electronic structure of CCO: (a) the two
electrons coupled into a triplet are localized on the first C
atom, (b) a modest elongation of the CC—O equilibrium bond
length as compared to the “triple” bond length of the free
CO(X 'Z%), and (c) a relatively high electric dipole moment.

Both (b) and (c) inferences are due to the C « :CO charge

transfer. In addition, Scheme 4 suggests that the potential
energy function of the reaction C(’P) + COX 'z*) —
CCO(X*L7) can be faithfully obtained even at the Hartree—
Fock level and certainly at the single reference RCCSD(T)
level. Our calculations are in agreement with the above
anticipations, confirming the vbL diagram of Scheme 4, making
clear that there are bonding differences between the p'on
stationary states of CNN and CCO.

The carbon diphosphide radical CP, (CPP and PCP)
isovalent to CN, (CNN and NCN) and CCO will be
presented in Section 4. Suffice to say at this point that the CPP
entity is investigated through ab initio calculations for the first
time with rather unexpected results (see below).

3. COMPUTATIONAL DETAILS

The augmented polarized valence correlation-consistent basis
sets of quintuple cardinality aug-cc-pVSZ (=aSZ) by Dunnl ing
and co-workers have been used for the C, N, and O atoms,”””
as well as for the P atom.”® The a6Z basis set32 was used only
for the X*Z~ and A% states of CNN around equilibrium. The
aSZ basis sets employed for the CN, (CNN and NCN), CCO,
and CP, (CPP and PCP) molecules were generally contracted
in the usual way.

CN,, CCO: (15s9p5d4f3g2h)c. o — [7s6pSd4f3g2hlc \ o

CPy: (15s9pSd4f3gah/.21s13pSd4f3g2h/;)
— [7s6pS5d4f3g2h/-8s7pSd4f3g2h/;]

The corresponding a6Z contraction for the CNN molecule is

CNN: (17s11p6d5f4g3h2i). y — [8s7p6dSfag3h2ilc v

spanning a space of spherical Gaussians of order 567. The aSZ
basis set was also used for the brief examination of the cyclic
isomers of CN, and CP,, c-CN, and c-CP,, respectively.
Two general computational routes were taken in the present
work: the complete active space self-consistent field
(CASSCF) + single + double replacement (CASCF + 1 + 2
= MRCI) method and the restricted (open) coupled-cluster +
singles + doubles + quasiperturbative connected triples
[RCCSD(T)].>*7*® The present report is addressed to seven
molecular systems, i.e., CNN(X3E_ 3'A, B! >t A%, ),
NCN(X’Z7), CcCcOo(X’z7), CPP(’xr-, lA 12* 3H), and
PCP(X3Z 3 and the two cyclic “carbenes” ¢-CN, and c¢-CP,
both of A1 symmetry, whose CASSCF wave functions have
been constructed by allotting 14 valence electrons to 12
orbitals. Subsequent internally contracted (ic)*”** MRCI wave
functions were obtained through single and double replace-
ments out of the CASSCF reference space. Core correlation
effects were not taken into account, meaning that the ~1s (C,
N, O) and ~1s2s2p (P) orbitals were kept always doubly
occupied. The state-averaged technique with equal weights was
applied for the two singlets 'A and 'Z*. All calculations were
done under C,, symmetry restrictions and when needed
relaxed to C; symmetry conditions. Fundamental harmonic

DOI: 10.1021/acs.jpca.9b09084
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Table 2. Total Energies E (E,), Bond Distances r, (A), Dissociation Energies D, and D, (kcal/mol), Harmonic Frequenaes W,
(em™),” Electric Dipole Moments g, (D), and Excitation Energies T, (T,) (cm 1) of the Ground X*X" and the excited a A
b'Z*, A%, ¢'II States of CNN at the MRCI/aSZ and RCCSD(T)/aSZ,a6Z Levels®

method —E r(C-N) r,(N-N) D,
MRCI 147.22408 1.2366 1.2041 309
MRCI+Q 147.2537 1.238 1.206 32.6
RCCSD(T)/aSZ 147.25411 1.2367 1.2008 31.7
RCCSD(T)/a6Z 147.25768 1.2364 1.2004 31.8
CCSD(T)/Qz? 147.242519 1.2372 1.2045
MRCI+Q/CBSy.° 147.260346 1.2363 1.2024
expt.

MRCI 147.19241 1.2607 1.1823 413
MRCI+Q 147.2238 1.262 1.184 42.6
MRCI+Q/CBSy° 147.229096 1.2603 1.1818

expt.h

MRCI 147.17603 1.2729 1.1756 30.8
MRCI+Q 147.2067 1.274 1.177 31.7
MRCI+Q/CBSy° 147.210186" 12716 1.1794

expt.”

MRCI 147.11708 1.2230 1.1815 -36.0
MRCI+Q 147.1464 1.224 1.183 —34.9
RCCSD(T)/aSZ 147.14548 12215 1.1795 -36.5
RCCSD(T)/a6Z 147.14913 1.2218 1.1792 —36.2
CCSD(T)/Qz? 147.132815 1.2232 1.1804
MRCI+Q/CBS.5° 147.151638 1.2227 1.1807

expt.

MRCI 147.07492 1.1823 1.2545 -32.6
MRCI+Q 147.1060 1.185 1255 =311

b

D, w,(c6"), w,(7), w5(c") M T, (T,)
X’z
29.0 1258, 426, 1602 0.88 0.0
30.7 0.82 0.0
302 1207, 403, 1359 0.76 0.0
303 0.0
1253, 405, 1442 0.80 0.0
311 1254, 394, 1451 0.0
281 + 1.155 12352 3962 1419% 0.0
a'a
38.8 1266, 455, 1907 0.63 6951 (7137)
40.1 0.60 6554 (6740)
6965
-, —, 1600 + 120 (6830 + 120)
P
28.7 1222, 440, 1744 0.43 10 546 (10613)
29.6 0.40 10315 (10382)
11 009
(10690 = 120)
AT
—389 1358, 526*/603”, 1896 —2.09 23484 (23800)
—37.8 —2.06 23550 (23866)
—39.3 1365, 513*/6127, 1818 —2.06 23842 (24177)
—39.0 —207 23824 (24159)
1359, 525, 1848 2.06 23960 (24 336)’
1358, 511*/606™, 1840 24074
1386 525 + 2, 1807 + 2™ (~23 850)"
I
-35.3 1128, 512/571, 2058" —2.80 32737 (33015)
-33.8 —2.76 32408 (32686)

“w,(c%; symmetric stretch), (1)2(77.', bend), w,(c"; antisymmetric stretch). bDissociation energy of the X°%~ and A% states with respect to C(°P) +
NZ(XIZ;’) and of the a'A, b'Z*, and I states with respect to C('D) + NZ(XIE;') “Permanent electric dipole moments have been obtained
through the finite field approach; ﬁeld strength, 7 X 107 au. “Ref 21. “Ref 24. Complete basis set limit of MRCI+Q/aTZ — MRCI+Q/ aSZ TRef

14 and Table 1. 8Ref 12 and Table 1.
o(z")/w(x”) =
CCSD(T)/QZ. ™Ref 4 and Table 1.

results from the literature are also included for comparison.

#Ref 13 and Table 1. ‘Obtained at the MRCI+Q/CBS; level. 7Obtained at the MRCI+Q/aTZ level. kRef21.
585/661 cm™! at the cc- pVQZ EOM-CCSD level. IRef 21. T, based on CCSD/QZ//CCSDT-3/QZ and frequencies on
"Harmonic frequencies obtained at the MRCI/aug-cc-pVTZ level. ““Best” theoretical and experimental

vibrational frequencies were calculated by diagonalizing the
corresponding Hessian matrices calculated by numerical
differentiation and using average atomic masses. As an
indication of the magnitude of the present calculations, the
CASSCF, MRCI], and icMRCI wave functions of the X°%~
state of CNN at equilibrium contain 70 746, 19.6 X 10°, and
59.5 X 10° configuration functions (CFs), respectively. Of
course, all our “MRCI” results refer to icMRCI wave functions.
Finally, to mitigate nonextensivity errors, the Davidson
correction (+Q) was applied.””** At this level of theory and
for the purpose of the present work, the basis set superposition
error(s) or other type of corrections like core effects or basis
set incompleteness are deemed as unnecessary.

All calculations were performed with the MOLPRO2015
suite of codes.*!

4. RESULTS AND DISCUSSION

4.1. CNN. Table 2 collects all our numerical results on the
five examined stationary states of the CNN radical, namely,
X*%7, a'A, b'E*, A, and ¢'IT in ascending energy order

along with the “best” ab initio results of the literature as well as
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relevant experimental data. Bear in mind that till now the
experimental geometry of CNN and CCO is not known; the
same holds true for their permanent electric dipole moments.
With the exception of the (harmonic) vibrational frequencies,
which can be considered in fair agreement with the
experiment, our results are in excellent agreement with the
experiment and recent ab initio results from the literature. For
a definitive work on the fundamental vibrational frequencies of
the X3~ state of CNN, see ref 23. Figure 1 shows full,
completely optimized MRCI potential energy profiles (PEP)
or “cuts” through the potential energy surfaces of all five
examined states of CNN, whereas Figure 2 displays the
corresponding PEP of the X°L™ state of CCO at the
RCCSD(T) level. In what follows, the pair of triplets (X>Z7,
A3l_[) is discussed first followed by the three singlets (3'A
b'T, ¢'T), with the triplets correlatmg adiabatically to C(3P)
+ N,(X'%?) and the singlets to C('D) + N,(X'Z}). Along with
the X°Z~ state of CNN, we also refer to the X3E state of
CCO just to contrast the bonding character of two very
“similar” and isoelectronic molecules; even their molecular
weights are identical. Numerical results for the X>Z~ state of
CCO are given in the second part of Table 3.

DOI: 10.1021/acs.jpca.9b09084
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Figure 1. Fully optimized potential energy profiles for the collinear
approaches C(°P) + NZ(XIZg) and C('D) + NZ(XIZ;) at the MRCI/
aSZ level of theory. The RCCSD(T)/aSZ profile is also shown
(dashed line) for the ground state of CNN.
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CCP)+ CO(X 'Th
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-151.02
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w
=

Figure 2. Potential energy profile for the collinear approach C(°P) +
CO(X'E*) at the RCCSD(T)/aSZ level of theory.

4.1.1. X°S, A’IL Recall that the core electrons, 6 for the
CN, and CCO species (~1s*/y0) and 22 for the isovalent
CP, system (1s/¢ 1s?2s?2p°®/;), were kept doubly occupied in
all our post-Hartree—Fock calculations. On including them in
the X°~ and A’ states of the CNN molecule at the
UCCSD(T)/CBSr.s level, bond distances changed by less than
a mere 0.001 A (see Table 2 of ref 24).

The leading equilibrium MRCI configuration functions of
the X3T~ states of CNN and CCO and their atomic Mulliken
distributions are

CN@)Nw)
[X3E7) & 0.90I(core)* 46256766276 174 21%)

6 0.964__0.6: 0.6. .30. .06. 2 2 9. 13 .06. .06
25"%*2p2%2p” 52py /25" 2p % 2p? 72p; 7 a2 2pt Papt 2p1y )
CwCar©

IX327) & 0.92I(core)’46°56%66> 70> 1x*21%)

251ASSZPZOZZP:GSZPB.éS/C(a)280.952P2,832P2.862P3,86/C<b)251,862P1A442pi.472P;.47/0
where (core) = 16°26°36” and +0.10/¢ +0.10/y(,) —0.20/y)
and —0.26/¢(,) +0.50/ 1) —0.24/ are net Mulliken charges of
CNN and CCO, respectively. At all levels of theory,
equilibrium bond distances are in excellent agreement with
previous high-level calculations,”"** with our “best” RCCSD-
(T)/a6Z numbers being r.(C—NN) = 1.2364 and r.(CN—N)
= 12004 A (Table 2). The e)aperimental dissociation energy,
D,° =281 + 1.15 kcal/mol,1 is in harmony at all levels of
theory MRCI(MRCI+Q)[RCCSD(T)/a6Z], D,° = 29.0(30.7)
[30.3] kcal/mol, in practical agreement with the MRCI+Q/
CBSr. Dy° = 31.1 kcal/mol of ref 24. Finally, the RCCSD(T)/
aSZ finite field dipole moment is y, = 0.76 D (Table 2).

What about the bonding, however, of the X%~ state of
CNN? The CN—N equilibrium bond distance of 1.2004 A is
larger by 0.10 A than that of the free N, (r.(X'Z) = 1.0977
A*"), pointing to a “double” CN-N bond and raising
questions as to the validity of the mechanism suggested by
Scheme 1b. Figure 1 shows the fully optimized potential
energy profile of the C(°P) + NZ(XIE;') interaction at the
MRCI/aSZ level. What is remarkable, however, is that the
same PEP is obtained at the single reference RCCSD(T)/aSZ
level, which, disregarding the energy shift, is identical to the
MRCI one, hence in defense of Scheme 1b. On the other hand,
a detailed analysis of the Mulliken populations along the MRCI
PEP suggests that the best way of representing the equilibrium
electronic structure of the X°X~ state of CNN is by the vbL
diagram of Scheme S.

The numbers 0.70 and 0.20, and 0.60 indicate electron
transfer through the 7 and o systems, respectively. Notice also
that the two triplet-coupled electrons are localized on the C
and N3, end atoms of the molecule not both on the C atom as
indicated in Scheme 1b.

Incidentally, the *£~ PEP of CNN at the r(C—NN) distance
of about 2.6 A shows van der Waals interactions of 380 and
503 cm™' at the MRCI and RCCSD(T)/aSZ levels,
respectively.

Here, we must take up the X>Z~ state of the CCO molecule.
Table 3b lists our numerical findings at the MRCI+Q_and
RCCSD(T)/aSZ levels of theory. At the coupled-cluster level,
we predict r,(C—CO) = 13677 A, r,(CC—0) = 1.1598 A,
D.°(Dy°) = 53.3(50.8) kcal/mol, and p, = 1.52 D, exactly
twice the corresponding . of CNN. Our RCCSD(T) value of
Dy° = 50.8 kcal/mol is in excellent agreement with the
experimental value of the Neumark group Dy° = 51.7 + 0.5
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Table 3. (a) Total Energies E (E,), Bond Distances r, (A), Dissociation Energles D, and D, (kcal/mol), and Harmonic
Frequencies @, (cm™)“ of the Ground X3Z State of the NCN Diradical’; (b) Total Energies E (E,), Bond Distances r, (A),
Dissociation Energies D, and D, (kcal/ mol), Harmonic Frequencies w, (cm 1),% and Electric Dipole Moments g, (D) of the

Ground X3~ State of the CCO Diradical

(a) ground 5(32g_ state of the NCN diradical

method -E r.(N—CN) D} Dy’ wy(6}), wy(m,), ws(o})
MRCI 147.27256 12316 108.2 106.3 1219.4, 420.5, 1321.0
MRCI+Q 147.3014 1232 108.9 107.0°
RCCSD(T) 147.30223 1.2308 110.1 108.2°
MRD-CI+Q“ 147.245676 1.2404 1221, 417, 1329
expt. 1.230944(14)° 105.2 + 0.92" 11972 4372 1466.5%
(b) ground X3%~ state of the CCO diradical
method —-E r.(C—CO) r.(CC—0) D' Dy’ ul’ ,(6%), w,(x), w;(c")
MRCI 151.03615 13571 1.1596 49.4 469 1.58
MRCI+Q 151.0672 1.364 1.163 52.1 49.6 1.47
RCCSD(T) 151.07236 1.3677 1.1598 53.3 50.8 1.52 1077.3, 393.2, 2035.0
RCCSD(T)/TZ3P(2f)’ 151.027818 1.3699 1.1627 52.93 50.3 1.47 1066, 455, 2003
expt. 517 + 0.5° 1063, 379.53, 1970.86°

“w,(c%; symmetric stretch), ,(7; bend), w;(o*; antisymmetric stretch). bDissociation energy of NCN(X3Z ) with respect to C(°P) + CN(X*Z")

and of CCO(X*2") with respect to C(’P) + CO(X'E"). “Zero point energy of NCN; ZPE = 1690.7 cm

"at the MRCI level. “Ref 20. Basis set

[6s4p2d2f]y c. MRD-CI is the Buenker—Peyerimoff multireference method. “Ref 42. JRef 43. 8Ref 26. Dlpole moment of CCO through the finite
field approach ‘Ref 31. TZ3P(2f) = [Ss3p3d2f]c 0. /Dissociation energies through cc-pVQZ//TZ3P(2f). FRef 44. D, with respect to C(°P) +
CO(X'E"). Experimental and most recent theoretical results are also included for comparison.

Scheme 5. Electronic Structure of CNN(XX") through its
vbL Diagram

NCS) 3

C(P) N('S)

kcal/mol.* It is interesting to observe that the equilibrium
bond distance r.,(CC—0) = 1.1598 A is just 0.031 A larger
than that of the free CO(X'S*),*” an expected small bond
lengthening indicating that the vbL diagram of Scheme 4 is a
reasonable zero-order description of the X>Z~ state of CCO. In
contrast to the CNN case, we conclude that both triplet-
coupled electrons are localized on the first carbon atom (Cg,)),
that the in situ CO retains its “triple” bond character, and that
the vbL diagrams of Schemes 4 (CCO) and S (CNN) depict
vividly the bonding differences between the X°X~ states of
CCO and CNN.

We turn now to the next triplet of CNN, AT, about 23 850
cm™" above the ground state.'* The main equilibrium MRCI
configuration function and the Mulliken atomic distributions
are

IA’TI) ~ 0.92I(core)*46°56%66%76 17" 27°)

280.982pg.68zpi.232pg.84/Czsl 272p1 052P1 262p1 35/ NG 251 922P1 IOZPO 91 ;.41/N(b
with net Mulliken charges +0.27/¢ +0.07/y(,) —0.34/x(p)- The
configuration above is the B,(x) component of the IT state and
thus the asymmetry between the 2p, and 2p, atomic electron
distributions. Taking into account the B,(y) component the
pr and 2p, dlStI‘lbuthIlS should read 2p.) 04Zpy1 /¢
sz 302P1 30/ (a) sz 2py 16/N(b)

Accordlng to Table 2, our “best” RCCSD(T)/a6Z
equilibrium bond lengths r.(C—NN) and r,(CN—N) are
12212 and 1.1792 A, respectively, about 0.02 A shorter than
the corresponding bond distances of the X*Z~ state. With

10295

respect to C(°P) + N,(X'Z}), the RCCSD(T)/a6Z dissocia-
tion energy is Dy°(C— NN) = —39.0 kcal/mol, meaning that
the A’ state is unbound with respect to the ground state
asymptotic products. Actually, according to the fully optimized
MRCI PEP of Figure 1, an avoided interaction around r(C—
NN) = 1.6 A is responsible for trapping the molecule in the
A’TI state. At the MRCI/aSZ level of theory and at #(C—NN)
= 1.65 A, a well depth (“barrier” from the left) of 60.7 kcal/
mol is predicted. Depending on the vibrational state of the
CNN spec1es in the AT state, a penetration amplitude (C(°P)
+ N,(x! Z*)ICNN(A3H)) is possible that could give rise to a
predlssoc1atlon during the A « X transition. In a photo-
dissociation dynamics experlment of the CNN radical by
Neumark and co-workers,* it is stated that “our results suggest
that the A’ state is subject to a barrier to dissociation
approximately 1000 cm™" above its vibrational ground state”,
corroborating, albeit qualitatively, our findings. With respect to
C(P)+ NZ(XIZ;'), the barrier is 96.9 kcal/mol.

The question from where this barrier comes from arises
naturally. Figure 3 shows large state-averaged (B, and B,
components) CASSCF/aSZ PEP calculations (71 860 CFs)
of four 311 states, namely, A, 2°T1, 3%, and 4°T], correlating
to CCP) + N,(X'Zy, A’ B3H, and w?A,), respectively.
Observe first that at large r(C NN) distances the T,
experlmental energy differences N,(A’Z, BIl, w’A,) —
N,(X'E}) = 50203.6, 59619.3, and 59908 T are
compared favorably with the CASSCF numbers 46217,
58777, and 59469 cm™}, respectively. Relatively small
discrepancies between experiment and theory are due mainly
to the absence of dynamical correlation differential effects.

The CASSCEF potential energy proﬁles look “messy”, but
one thing is clear: the barrier of the AT state is the result of
consecutive “avoided crossings” among the 3°TI, 2°TI, and A%
states, which means that the structural electronic features of
the 3°I1 and perhaps those of 4°I1 states are conveyed to the
equilibrium structure of AL

A final word should be added as to the electrical dipole
moment of the ATT state. Both MRCI+Q and coupled-cluster
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Figure 3. Potential energy profiles of four °Il states of CNN
correlating to C(°P) + NZ(XIZg, AT B3Hg, w?A,) at the CASSCF/
aSZ level; see the text.

calculations predict its magnitude to be y, = 2.06—2.07 D, in
complete agreement with ref 21, but with opposite sign with
respect to the y, (=0.76 D) of the X>%~ state (Table 2), while
the ratio p (AM)/u (X°27) ~ 3 points to a much polar Al
state. Our finite field calculations leave no doubt that the
polarity of the A% state is VC—NN in agreement with the
Mulliken populatlon analysis.

4.1.2.a'A, b'S*, and €'TL All singlets correlate adiabatically
to C('D) + NZ(X12+) The leading MRCI equilibrium
configuration of the a'A state and its atomic Mulliken
distributions are

la'A) ~ 0.66l(core)’ 4675676670 1n* (212 — 271:;'))

167, 093, 0.65, 065 130, 1064 127, 127 192, 113, 108, 108
2s 2pz sz 2py /c2s sz pr 2py /N(B)ZS sz pr 2py /N(b)

The correct description of the i'A symmetry, however,
requires also the intermingling of the “open” singlet
conﬁguratlon 76°17*(2xl2n, — 27}27)) (see below). Now,
in the b'X" state, the “—” sign becomes d +” and of course “the
open singlet” component is missing. The net Mulliken charges
are identical for both the a'A and b'Z* states, ie., +0.1/c
+0.1/x¢) —0.2/x(p)- The dlpole moment diminishes by about
0.2 D as we move from the X>Z~ state to a'A and b'X*. The
MRCI(+Q) geometries are in complete agreement with
Ornellas and co-workers,>* while adiabatic dissociation
energies D, (D), fundamental harmonic frequencies (®;, ®,,
and w;), and dipole moments have been computed for the first
time; see Table 2. Experimental energy gaps (T) a'A — X3z~
and b'X* — X*X~ recorded for the first time by Clifford at al."®
are 6830 + 120 and 10690 + 120 cm™, respectively, are in

harmony with the present MRCI+Q T, numbers; see Table 2.
The w;(c*) experimental® asymmetric stretching of 1600 +
120 cm™ is in relative agreement with our (harmonic) 1907
cm™ value. Finally, we would like to make some comments on
the fully optimized PEPs of the 3'A and b'Z* states of Figure
1.

As was already mentioned, the three singlets correlate
adiabatically to the first excited state of the carbon atom 'D
(25*2p?), experimentally 29.14 kcal/mol** above the ground P
state, and N,(X'Z}). At “infinity” (~10 A), the MRCI 'D—°P
gap is calculated to be 30.1 kcal/mol. The axial (C,,)
projection of the 'D symmetry state gives rise to A, I1, and X
symmetries. Therefore, the linear approach of the Xlzg state of
N, to the 'D state of carbon gives rise to the singlets 'A, '],
and 'E* with IAl = 2, 1, and 0, respectlvely The formation of
the 3'A and b'Z* states from C('D; M = +2, 0) + N,(X' )
is shown in the vbL diagrams of Scheme 6.

Scheme 6. VbL Diagrams Referring to the Formation of the
3'A and b'T* States of CNN

(G- o§0)+,(o§o o§o)]+NN S NN

C(D:M,= X's:
[(o§©+o§o) -2 o%@] + :N=N: > CNN
C('D;M,= 0) X'z, b's

Notice the imaginary component of the “open singlet” of the
C('D; My = +2) vbL diagram of the 3'A state. Observe the
sizeable energy barrier of 18.0 kcal/mol of the b'S* state
around r(C—NN) = 2.0 A to be contrasted with the barrierless
PEP of the a'A state; Figure 1. Taking into account the 3a'A
vbL diagram of Scheme 6 and that the bond lengths r.(C—
NN) and r,(CN—N) do not differ substantially from those of
the X°L™ state, we dare suggest that the electronic equilibrium
structure of a'A could be represented by the diagram of
Scheme 5 but with the two end-electrons coupled into a
singlet.

The situation of the b'Z* singlet is different. The approach
of NZ(XIZ+) to the carbon D(ML = 0) state from “infinity” up
to r(C— NN) of about 2.0 A is repulsive, while the r(CN N)
distance remains essentially constant and equal to 1.10 A, the
bond length of the free N,.* Having past the r(C—NN) = 2.0
A point, the potential energy function becomes attractive with
the in situ (CN—N) distance increasing gradually to the final
equilibrium value of 1.18 A at r(C—NN) = 1.27 A; see Figure 1
and Table 2. The cause of the barrier is rather due to the
repulsive interaction of the 6> (~2s*) electron distribution of
N, and the 2p? part of the C('D;M; = 0) along the b'E*
profile; see Scheme 6. Pushing further the N, moiety, the
interaction becomes attractive, forming a “dative” bond.

The equilibrium bond lengthening of CN—N by 0.08 A
relative to the bond distance of free N, could be attributed to,
perhaps, the nonbonding interaction of the x,, systems of C
and N,.

The third of the singlets, ¢'I1, correlating adiabatically to
C('D; My, = £1) + Ny(X'Z}), lies 26.5 keal/mol above the
A’ state at the MRCI/ aSZ level. We are not aware of any
experimental information on the E'II state. Theoretically, the
only result known is the vertical excitation energy T,(S'IT «
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X’27) = 34085 cm™' at the MRCI+Q/CBS; level of
theory.”

The main MRCI equilibrium configuration function and
corresponding atomic Mulliken populations are

I&'TT) ~ 0.88I(core)* 40756260270 11 2%)
280.992p2.702pi172p2.75/C 251.292131 062p1 362pl 28/ NG) 251 952pl Olzpl 47

200" ’nw)

with Mulliken charges +0.39/c —0.01/y(,) —0.38/n@). Our
MRCI(+Q) results given in Table 2 read r,(C—NN) =
1.1823(1.185) A, r,(CN-N) = 1.2545(1.255) A, and D, =
—32.6(—33.8) kcal/mol with respect to C('D) + NZ(XIE;’);
for technical reasons, fundamental vibrational frequencies have
been obtained at the MRCI/aug-cc-pVTZ level. The potential
energy function shown in Figure 1 is very similar to that of the
AT state. Indeed, as the N, molecule approaches the C('D;
M, = #1) atom from infinity in a linear fashion, its PEP is
strongly repulsive up to r(C—NN) = 1.60 A where it suffers a
“repulsive interaction” possibly with a 'TI state correlating to
C('D) + N,(a''%y), experimentally 8.45 eV above the C('D)
+ N,(X'Z)) asymptote.’ It is interesting to observe that the
experlmental bond length of the a’'Z] state of free N, is equal
to 1.2755 A,** a mere 0.021 A longer than the MRCI r,(CN—
N) value of the ¢'IT state. Having past the r(C—NN) = 1.60 A
point, the “repulsive interaction” with the higher-lying
incoming 'IT state creates a potential well of 70.3 kcal/mol,
trapping the CNN molecule in the ¢'IT state. The barrier with
respect to the asymptote C('D) + N(X'Z}) is 103.4 keal/mol.
These two numbers should be compared w1th those of the AT
state, 60.7 and 96.9 kcal/mol, respectively (vide supra). The
MRCI excitation energy T, (Ell—I X*¥7) is 32737 em™! in
logical accord w1th the corresponding vertical value of the
Ornellas group,” T, = 34085 cm™".

Before leaving the ¢ 'TT state, a comment is in order for the
(finite field) dipole moment, its MRCI value being —2.80 D
(Table 2). The polarity of the molecule is “)C—N§~ in
agreement with the Mulliken charges, suggesting a strongly
polar state.

4.2. NCN. Experimental results on seven states of the

centrosymmetrical isomer of CN,, NCN(X3Zg, alA b12+
A, B, I, d'A,), mainly vibrational frequenc1es
(wl(a ), wy(my), 0)3(6 )) and energy separations (T,)
among the states above, can be found in the Jacox
compilation.”® Here, we are only interested in the X* 2, state
of NCN and its relation to the X*X~ state of CNN. The X-state
symmetry of NCN was predicted theoretically at the SCF/DZ
+P (Slater basis set) level by Thomson in 1973,° whereas the
best ab initio calculations so far around the equilibrium at the
MRD-CI/[6s4p2d2f]y ¢ level are those of Pd and Chandra in
2001;*" see also Table 3.

The leading equilibrium MRCI configuration function of the
X3 2, state of NCN and its atomic Mulliken populations are

IX°S;) ~ 0.8951(core)’ 30740720230, Img172)

250.882P3902p2.982p3.98 /C251.732Pi382p1 012p1 Ol/
where (core)® = 16320316, and —0.13/y +0.26/ —0.13/ are
the net Mulliken charges. The vbL diagram of Scheme 3 shows
succinctly the electronic structure of the ground state with the
triplet-coupled electrons localized on the nitrogen atoms. It is
important to be realized that the in situ C atom in NCN is in
the (third) excited °S (2s'2p?) state 96.4 kcal/mol above its *P

ground state,” as opposed to the C atom of CNN(X*L") with
the in situ C atom in the ground °P state (vide supra). Apart
from the nonbondlng triplet-coupled electrons, the bonding
in NCN is “identical” to that of the O=C=0 (X'Z)
molecule; recall that the in situ C atom in CO, is in the §
state as well.*®

The relatively high electron affinities (EA) of NCN(X’Z;)
and HNCN(X?A”) according to the photoelectron spectro-
scopic results of Clifford et al.,*” EA = 2.484 + 0.006 and 2.622
+ 0.005 eV, respectively, are in support of the electronic
structure of NCN shown in the diagram of Scheme 3.

Table 3 collects our numerical results on the stg state of
NCN, and Figure 4 shows the CASSCF(142000 CFs)/aSZ

0.0 T 7T T T T

X’z)

0.00 e
- ()
)
e
on
5}
s

0.05 F_

NCN

-0.10

"PCP ()?3z;)
_015 I 1 " 1 I 1 " 1 1 1 I 1 " 1 I 1

0 20 40 60 80 100 120 140 160 180
6 (deg)

Figure 4. Fully optimized potential energy profiles of the isomer-
ization process CXX to XCX, where X = N and P at the CASSCF/aSZ
level; see the text.

PEP of the isomerization process CNN(X’Z") — NCN-
Xz ), as the angle 0 (ACN(Q)N(b)) sweeps out the range
180. 0 (CNN) to 0.0° (NCN) on the triplet C, surface. As the
N, atom swings from @ = 180 to 73°, the barrler is 50 kcal/
mol, whereas from 0.0 to 73°, the well depth is 81 kcal/mol.
The stability of NCN(X’Z;) over CNN(X’Z") by about 30—
31 kcal/mol is confirmed at all levels of highly correlated
methods; see Tables 2 and 3. Therefore, between the two
isomers of CN,, CNN and NCN, the latter is the global
minimum. The 50 kcal/mol energy barrier is the result of the
C atom transformation from “divalent” (°P) to “tetravalent”
(°S) and to the concomitant bond breaking and forming
through this path.

With the exception of the antisymmetric stretch w;(c})
calculated 146 cm™' lower than the experimental value, our
results are in excellent agreement with the experiment (Table
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3). The MRCI (MRCI+Q) [RCCSD(T)] r.(N—CN) is
1.2316 (1.232) [1.2308] A consistent within 0.001 A in all
methods and in perfect agreement with the experimental value
of Beaton et al. of 1.230944(14) A.*> The PEP CN(X?Z")+N-
(*S) is given in Figure S. According to Table 3, the NC—N

CN (X=h) + N(*S)
CP (X" + P(*S)

D, (kcal/mol)

-100

PCP (X 3%})

| NCN (X 3Z§)

-120 1 " 1 L 1 " 1 L 1 "
1 2 3 4 5 6

T\@-one) (A)

Figure $. Fully optimized potential energy proﬁles of the dissociation
processes XCX(X’Zy) to CX(X *Z*) + X(*S), where X = N and P at
the MRCI/aSZ level

dissociation energy D.°/D,° at the MRCI (MRCI+Q)
[RCCSD(T)] methodologies is 108.2 (108.9) [110.1]/106.3
(107.0) [108.2] kcal/mol, as compared to the experimental
value Dy° = 1052 + 0.92 kcal/mol of Neumark and co-
workers.”” Finally, an atomization energy (NCN — C(°P) +

2N(*S)) D = 282.9 kcal/mol is obtained at the RCCSD(T)/
aSZ level (Table 4).

4.3. c-CN,. The cyclic isomer c-CN, (cyclic “carbene”) has
a singlet ground state and a geometry of C,, symmetry.'® The
purpose of its study in the present report at the RCCSD(T)/
aSZ level is, mainly, for reasons of completeness and
uniformity. The best ab initio calculations so far on the X'A,
state of c-CN, are those of Martin et al.'® at the CASSCF/
pVDZ and CCSD(T)/TZ2P levels. The singlet c-CN, carbene
has been observed recently in solution® and in the gas
phase,” thus confirming the previous'® and present ab initio
calculations.

It is useful to draw a vbL diagram of the 'A; state of c-CN,,
predicting, at least in principle, its stability on the singlet
potential surface; Scheme 7.

Scheme 7. vbL Diagram of c-CN,(X'A,)

C(‘P) 625

= /\
NN

N('S) N('S) X'A,

Our results at the RCCSD(T)/aSZ (valence) level are given
in Table S along with the results of Martin et al.'® for easy
comparison. It is interesting that the X*%~ and X'A; states of
CNN and c-CN,, respectively, are practically isoenergetic. In
fact, the latter is more stable than the former by 2.5 mE;, (=1.7
kcal/mol) at the RCCSD(T)/aSZ level (Tables 2 and S), but
remember that we are referring to potential surfaces of
different spin multiplicities. It should also be mentioned that
the polarity of ¢-CN, is clearly (V'C—N,® according to the
dipole moment finite field calculations.

A final word as to the bonding of ¢-CN, is needed. This
cyclic species is isoelectronic to the cyclopropene carbene
C(CH),. The C(CH), molecule was examined through ab
initio calculations, namely, QCISD(T)//MP2/6-31G(d’) and
MP4(SDQ)/CBS4, MP2/CBS3//MP2/6-31G(d’) methods
by Jursic in 1999.°° The conventional geometrical structure
of the singlet (C,,; X'A,) cyclopropene carbene according to
Jursic is shown in Scheme 8.

Note that the in situ unique C atom is in the *P ground
state, the isoelectronic to N(*S) in situ CH moieties in the
a*Y" state 17.5 kcal/mol above the X T state,®" while the in

Table 4. Total Energies E (E,), Bond Distances r, (A), Dissociation Energies D, and D, (kcal/mol), Harmonic Frequencies @,
(em™),” and Electric Dipole Moments g, (D) of the Ground States of the CPP(X3H) and PCP(X3E ) Diradicals at the

MRCI/a5Z and RCCSD(T)/a5Z Levels

method —E r.(C—P) r.(P—P) Del’ Dob U ,(6%), w,(7), w;(c")

CPP(X’I)

MRCI 719.60044 1.5711 1.9906 7.0 5.0 021 s11,% 229/254,% 11799

MRCI+Q 719.6394 1.574 1.991 82 6.2 0.32

RCCSD(T) 719.63971 1.5718 1.9771 9.3 7.3 0.305 532,% 248,% 11207
PCP(X’E;)

MRCI 719.77169 1.6289 102.7 101.6 0.0 582,%¢ 264,%¢ 909%¢

MRCI+Q 719.8087 1.630 103.8 102.7 0.0

RCCSD(T) 719.81204 1.6276 105.1 104.0 0.0

“@,(c"; symmetric stretch), w,(7; bend), w;(c*; antisymmetric stretch). “Dissociation energy of CPP(XIT) w1th respect to C(°P) + P,(X'Z*) and
of PCP(X3Z ) wnh respect to CP(X*T*) + P(4S) “Dipole moment of CPP through the finite field approach. 97PE of CPP, 1087 (MRCI), 1074

(RCCSD(T)) cm™Y; ZPE of PCP, 1010 cm™'. *CASSCF values.
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Table 5. Total Energies E (E;), Geometry r, (A) and 6 (£NCN) (degrees), Bond Dissociation Energies D, and D, (kcal/mol),
Harmonic Frequencies ®,, ®,, @; (cm™"), and Electric Dipole Moments y, (D) of the Ground X'A, State of the c-CN2

Molecule at the RCCSD(T)/aSZ Level?

method —E r.(C—N) ro(N—N)
RCCSD(T) 147.25662 13907 12844 55.0
CCSD(T)* 147.21607 13979 12921 55.05

D Dy* ﬂeb @,(ay), @,(b,), 3(ay)
332 313 0.55 1117, 1007, 1560
1084.3, 973.5, 1521.9

Dlssoc1atlon energy with respect to C(°P) + NZ(XIZ“*) bElectric dipole moment through the finite field approach. “Ref 18; TZ2P basis set.

9Theoretical results are also included from the hterature

Scheme 8. Conventional Chemical Formula of C(CH),(*A,)

~25

/5540 1488 A
148.2% losz

H/C 1.338 A
C(CH), ('A))

situ C-atoms (of the CH groups) trace their ancestry to their
third °S excited state. The comparison of Schemes 7 and 8 and
the geometries of c-CN, (Table 5) and C(CH), (Scheme 8)
shows that the bonding of both species is of similar nature.

4.4. CPP and PCP. 4.4.1. CPP. As was already mentioned
for the phosphorous isovalent analogue of CN,, carbon
diphosphide, CP,, we are aware of only two experimental
studies published some S0 years ago.”” Independently on
their conclusions as to the stability of the two isomers (see the
“Introduction”), the atomization energy given by both groups
is quite realistic (see below).

Concerning now the CPP isomer, and by analogy to CNN
(see also Section 2), we examined by the MRCI/aSZ approach
the symmetries *X~, 'A, ', and °IL The potential energy
profiles of %~ [C(3P) + PZ(XIZ+) = [Cc('D) +
PZ(XIEQ)], and 3T [C(°P) + P,(X! Zg> ] are dlsplayed in Figure
6; notice that the ﬁrst three PEPs are shown in dashed lines
but the fourth one (’II) in solid line (but see below).
Disregarding the energy shifts (P, instead of N,), the similar
morphologies of the CPP and CNN PEPs are indeed striking
in every respect; compare Figures 1 and 6. There is a catch
however: the three CPP “states” *X~ (correlating to the
ground-state fragments), 'A, and 'E* have one imaginary
fundamental frequency, specifically the bending one, @,(7),
referring to saddle points of order one. This in turn means that
the lowest stationary state of the CPP molecule with all three
fundamental frequencies real (Table 1) is of X°IT symmetry
with its PEP similar to the A’TI PEP of CNN, but with
interesting numerical differences. Recall that the well depths of
AT (CNN) are 60.7 kcal/mol and 96.9 kcal/mol from the
right and up to 1.65 A, hence unbound with respect to the

asymptotic products C(3P) + N,(X'Z;). On the contrary the
corresponding well depth of CPP is 40 0 kcal/mol (onset of
the “repulsive interaction” at 2.0 A) and with D,°(D,°) =
7.0(5.0) kcal/mol at the MRCI/aSZ level with respect to the
asymptotic products C(°P) + P5(X'Z}). As our “best” estimate
of the C—P, dissociation energy D °(Dy°), we suggest the
values 9.3(7.3) kcal/mol; see Table 4.

Now the leading equilibrium MRCI configuration and
atomic Mulliken distribution of the X°IT (IT; B, component)

state of CP(,)P,) are
IX’) ~ 0.86(core)**86°96°106°116"31'4n’)
251.362P2,782P:922P;.18/C381,303P2.793Pi.163p'ly.26/P(a)g’sl 823P0 943P0 953p1 54/ o)

-719.54 -

-719.56

-719.58 -

cc P)+P, X'z )

Energy (E,)

[
1
71960 - uM
[N
[}

-719.62

-719.64

-719.66 * L

Figure 6. Fully optimized potential energy profiles for the collinear
approaches C(°P) + PZ(XlZg) and C('D) + PZ(XIE;) at the MRCI/
aSZ level of theory; see the text concerning dashed curves.

where (core)? = 16%206%36%40°56°66°76°1x*2n*, with net
Mulliken charges +0.24/¢ +0.49/p(,) —0.25/p(1,). In agreement
with the net Mulliken charges, a small dipole moment is
expected, and this is what was found; p, = 0.31—0.32 D at the
MRCI+Q or RCCSD(T) level of theory, about 7 times smaller
and of opposite polarity to that of the A’ state of CNN.
Finally, the CP—P bond length, r, = 1.9771 A, is larger by 0.08
A relative to the bond length of free P,(X'X}), r, = 1.8934 A, 0
equal to the CN—N(AI) bond lengthenmg relative to free
N,(X'Z;) at the same level of theory; see Tables 2 and 4.
4.4.2. PCP. According to our calculations, the symmetry of
the ground state of the centrosymmetric isomer of CP,, PCP,
is 3. Tts electronic structure is represented succinctly by the
vbL diagram of Scheme 3 with the P(*S) atom replacing
N(*S). As in NCN(X3Z ), the in situ C atom is in the °S state
and the two nonbondlng electrons coupled into a triplet are
localized on the two P atoms. Within 2 mE, at all levels of
theory of the present study, the X3Z state of PCP is 107 kcal/
mol lower than the X°II state of CPP (Table 4). Mutatis-
mutandis NCN is stabler than CNN, the corresponding energy
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difference E(NCN; 5(32;) — E(CNN; A’) being —98 kcal/
mol (Tables 2 and 3).

Figure 4 shows at the CASSCF/aSZ level the completely
optimized energy profile of the isomerization procedure
CPP(*Z7) to PCP(X3Z ) as a function of the angle 6
(ACXX), X=NorP. The comparison with CNN(X?Z7) to
NCN(X Z ) isomerization is quite mterestmg As the P,
atom swmgs from 6 = 180° (CP(Q)P(b), 37) to about 100°, the
energy remains almost constant; a negligible energy dip of less
than 1 mE;, around 155° is insignificant. From 6 = 100 to 0.0°
(PCP; 5(323_), the energy plummets barrierlessly and more or
less linearly to the ground state of PCP, 107 mE, (=67 kcal/
mol) lower than the unstable (saddle point) CPP(*L"); see
Figure 4.

Figure S displays the MRCI dissociation profile D, of
PCP(X’Z;) with respect to P(*S) + CP(X’Z"). Notice that the
morphologies of the P—CP and N—CN PEPs are in essence
identical, the MRCI/aSZ dissociation energies D.°(D,°) being
102.7(101.6) and 108.2(106.3) kcal/mol, respectively.

Within reason the Mulliken population analysis of the
fourteen valence electrons of PCP (X32 ) is pretty close to that
of NCN(X3E ), while the net Mulliken charges are —0.09/p
+0.18/ —0. 09/P as compared to —0.13/y +0.26/ —0.13/y of
NCN (vide supra).

After the previous exposition, the electronic structure
similarity of the bonding between the X-states of PCP and
NCN is rather obvious.

A final word is still needed. At the RCCSD(T)/aSZ level,
the atomization energy of PCP(X"’Z;) — 2P(*S) + C(’P) is
D,° (at) = D,° (at) — ZPE = 228.6 — 2.9 = 225.7 kcal/mol.
The D,° (at) value combined with the experimental AH°
values of P and C, 75.62 and 171.29 kcal/mol, respectively,’”
gives AH,° (PCP) = 171.29 + 2 X 75.62—225.7 = 96.82 kcal/
mol. Now, according to Smoes et al,”® the D,° (at) values of
CPP and PCP are 230.2 + 3.6 and 234.2 + 3.6 kcal/mol,
respectively, both numbers in good agreement with the
theoretical Dy° (at) = 225.7 kcal/mol given above. The
authors suggest, however, that “it is likely that the molecule
CP, observed is a mixture of both isomers”.”® One year later,
Kordis and Gingerich, using essentially the same experimental
thermochemical approach, reported Dy° (at) = 231.9 + 4.6
kcal/mol and AH,° = 96.7 + 2.5 kcal/mol.*” It is important to
say though that these authors favor, albeit mildly, the CPP
isomer over the PCP one. Clearly, their D,° (at) is in accord
with that of ref 28 and the present RCCSD(T) value. Observe
that the experimental AFH,°*” is in perfect agreement with the
RCCSD(T) value, AH,°> = 96.82 kcal/mol. The complete
agreement between the experimental and theoretical AH® and
the previous discussion on CPP and PCP show that the
measurements of both experimental groups (refs 28 and 29)
concern the centrosymmetric PCP isomer and clearly at the
5(32; state.

A theoretical work on AH® and the ionization energies of
CP, PCP, and PCCP was published in 2000 by Fleming et al>?
For the ground state of PCP, 5(32;, at the RCCSD(T)/cc-
pVSZ//UQCISD/6-311G(2d) level, they report AH,° = 96 +
2 kcal/mol quite in harmony with the present RCCSD(T)/
aSZ result.

4.5. ¢-CP,. We would like now to examine briefly the singlet
cyclic isomer of CP, ¢-CP,, a cyclic phosphorous “carbene”.
We are not aware of any previous work on c-CP, either
experimental or theoretical.
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By analogy to c-CN,, we surmise a stable species (real
fundamental vibrational frequencies), with a bonding structure
represented by the vbL diagram of Scheme 7 (“P” instead of
“N”). Our RCCSD(T)/aSZ (valence) calculations support the
above conjectures.

The total equilibrium energy E; C,, geometry r,(C—P),
r.(P—P), and 6 (£PCP); dissociation energy D, (and D,) with
respect to C(°P) + P,(X'Z}); harmonic vibrational frequencies
(a)l, ®,, and w,); and the ﬁmte field dipole moment y, of the
'A, state of c-CP, are as follows: E = —719.78540 E,, r.(C—P)
= 1.7860 and r,(P—P) = 2.0454 A, 0 (£PCP) = 69.9°, D.(D,)
= 45.2(43.2) kcal/mol, w,(a,) = 601, w,(b,) = 658, w;(a;) =
872 cm™, and y, = 2.17 D.

The calculations of the finite field dipole moment show, with
no doubt, that the polarity of the molecule is )c—p,™), the
same as that of c-CN, (vide supra).

5. CONCLUSIONS

Through variational multireference (MRCI) and coupled-
cluster (RCCSD(T)) techniques and large cc basis sets
(augmented quintuple and sextuple (), we studied the rather
quixotic isovalent molecular systems CN, (CNN, NCN, c-
CN,) and CP, (CPP, PCP, c-CP,), the latter, in essence, for
the first time. The ground state of CCO(X?L"), isoelectronic
to CNN, was also examined for comparative reasons. Although
these species cannot be considered as “chemically” very
interesting, their bonding is intriguing and motivated the
present work.

Specifically, for CNN, we have studied the states X3x7, a'A,
b'Z*, A%, and &1, for NCN (the centrosymmetric isomer of
CN,), the X3 X, state, and for c-CN, (the cyclic isomer of
CN,), its X'A, state The same symmetries, save the ¢'T1, have
been examined for CPP, PCP, and c¢-CP,, respectively. Our
results are summarized below.

(i) For all linear symmetries examined, we have constructed
fully optimized MRCI, and in certain cases RCCSD(T),
potential energy profiles (“cuts” through the correspond-
ing potential surfaces) of C + X, or CX+ X, X =N or P,
in an effort to follow the (valence) electronic
distributions upon the bonding process.

For the X°Y~ state of CNN in particular, our
calculations indicate that its electronic structure is best

(i)

described by the conventional formula é=N(a)=N(b),

i.e., with the triplet-coupled electrons located on the C
and the Ny, atoms and two double bonds, as contrasted

to the X®T~ state of CCO, C — C = O, with the triplet-

coupled electrons localized on the first C atom and with
a single and a triple bond. Interestingly enough, the
PEPs of both molecules, CNN(X*Z") and CCO(X*E"),
are well described at the single reference RCCSD(T)
level. This is obvious for the latter but not for the
former.

The construction of MRCI/aSZ PEPs of the first five
states of CNN shows clearly their energetic behavior
with respect to the asymptotic products C(°P) +
NZ(XIZg) and C('D) + NZ(XIZg), which reveals their
bonding complexity, and it is in agreement with certain
experimental data.

(iii)

(iv)

For the first time, an effort was made to better
understand the bonding and energetics of the first
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excited triplet AT through the construction of the first
four PEPs of °I1 symmetry at the CASSCF/aSZ level.

(v) With the exceptions of the fundamental vibrational
frequencies @, ,, and @;, which are in fair agreement
with the experiment, all our numerical results on CNN
are in excellent agreement with existing experimental
numbers and with previous theoretical results obtained
at a level of theory similar to the present. We refer to the
states X°X 7, 3'A, and A’IL It should be stressed that all
five states have been examined at a uniform high level of
theory, while certain properties like dipole moments
(3'A, b'Z*, ¢'I) and binding energies (3'A, biz*, A1,
¢'TI) are reported for the first time at this level of theory
and could be considered as definitive.

(vi) Concerning the centrosymmetrical isomer of CN,,

NCN, we have only studied its ground state, 5(3Zg_. Its

bonding has been clarified, while its calculated geometry

and binding energy with respect to N(*S) + CN(X *X*)

are in excellent agreement with the experiment. On the

triplet surface, the NCN(S@Zg_ ) isomer is more stable
than CNN(X3Z7) by 48 mE, (=30.1 kcal/mol) at the

MRCI or RCCSD(T)/aSZ levels of theory. The

isomerization process CNN(X’Z™) — NCN(S@Eg_) on

the triplet C; surface through the ZNCN angle from

180.0 (CNN) to 0.0° (NCN) amounts to a barrier of

about 30 kcal/mol at the CASSCF/aSZ level.

(vii) The stability of the cyclic isomer of CN,, c-CN, (cyclic

“carbene”), its symmetry being X'A;, was confirmed at

the RCCSD(T)/aSZ level. Its electronic structure is

similar to that of cyclopropene carbene, C(CH),('A,).

Its geometrical structure is very close to previous

theoretical calculations at the CCSD(T)/TZ2P level,

but its dipole moment y, = 0.55 D and dissociation

energy with respect to C(°P) + N,(X'E}) D,° = 31.3

kcal/mol have been calculated for the first time.

The PEPs %7, 'A, ', and °II of the phosphorous
analogue of CNN, CPP, show a striking similarity with
the corresponding PEPs of CNN; however, only the *IT
symmetry is a stationary state. Symmetries *X~, 'A, and
'T* have one imaginary frequency, the bending one
w,(m). Hence, the ground state of CPP is X3 and
bound with respect to C(°P) + PZ(XIZ;’) by 7.3 kcal/
mol at the RCCSD(T)/aSZ level. The corresponding
C—NN value is —39.3 kcal/mol.

(viii)

(ix) The CPP species on the triplet C, surface slips
barrierlessly to its centrosymmetric isomer PCP(X3Z; )
some 107 kcal/mol lower at the CASSCF/aSZ level. It
should be stressed here that for the first time high level
MRCI and coupled-cluster results clarified that the
previous experimental results on A¢H of CP, concerned

the PCP 5(3Eg isomer.

(x) Finally, the cyclic isomer of CP,, c-CP,, was studied for
the first time at the RCCSD(T)/aSZ level. It is a singlet
of 'A; symmetry, its electronic structure being similar to
that of the isovalent c-CN, and with Dy° = 43.2 kcal/

mol with respect to C(°P) + PZ(XIZQ).

It is hoped that the present study will motivate further
experimental and theoretical studies on these unusual and
interesting systems.
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