Theor Chem Acc (2006) 115: 410-426
DOI 10.1007/s00214-006-0122-4

REGULAR ARTICLE

Yang Liu - Xu-Ri Huang - Guang-Tao Yu
Hui-Ling Liu - Chia-Chung Sun

Structure and stability of isomers of the promising interstellar

molecule PC;0

Received: 4 October 2005 / Accepted: 13 January 2006 / Published online: 1 March 2006

© Springer-Verlag 2006

Abstract DFT/B3LYP/6-311G(d)and CCSD(T)/6-311G(2d) 1 Introduction

single-point calculations are carried out for exploring the
doublet potential energy surface (PES) of PC30, a mole-
cule of potential interest in interstellar chemistry. A total of
29 minima connected by 65 interconversion transition states
are located. The structures of the most relevant isomers and
transition states are further optimized at the QCISD level fol-
lowed by CCSD(T) single-point energy calculations. At the
CCSD(T)/6-311G(2df)//QCISD/6-311G(d)+ZPVE level, the
global minimum is the quasi-linear structure PCCCO
1 (0.0 kcal/mol) with a great kinetic stability of 47.9 kcal/mol,

and the cumulenic form 13 =C=C =C = 5 fea-

tures largely in its resonance structures. Moreover, the chain-
like isomer OPCCC 3 (64.5) and five-membered-ring species
cPCCCO 19 (77.8) possess considerable kinetic stability of
about 18.0kcal/mol. All these three isomers are very prom-
ising candidates for future experimental and astrophysical
detection. Additionally, a three-membered-ring isomer CC-
cCOP 10 (69.6) has slightly lower kinetic stability of around
15 kcal/mol and may also be experimentally observable. Pos-
sible formation mechanisms of the four stable isomers in
interstellar space are discussed. The present research is the
first attempt to study the isomerization and dissociation mech-
anisms of PC,, O series. The predicted spectroscopic proper-
ties, including harmonic vibrational frequencies, dipole
moments and rotational constants for the relevant isomers,
are expected to be informative for the identification of PC30
in laboratory and interstellar medium.
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Phosphorus and oxygen chemistry have received consider-
able attention from various fields. One particular interest is
the possible role in astrophysical chemistry. It is well known
that with the rapid development of spectrometric detective
techniques, more than 120 species have so far been identi-
fied in interstellar and circumstellar dust clouds [1]. Among
them, many phosphorus- or oxygen-containing molecules
have been detected, such as C,0 (n=1, 2, 3, 5), CP, PN,
NO, SO and CH3CH,OH [2]. Moreover, extensive experi-
mental and theoretical investigations have been performed
on the larger C,,O [2] and C,P species [2-7]. The mixed
PC,, 0 species may present a bridge between the C,P and
C,,0 clusters and should be of astronomical interest. Under-
standing the properties of the structure, bonding and stability
of PC,,O clusters may be helpful for future identification of
new P, C and O-containing species either in the laboratory or
in interstellar space and also for the elucidation of the for-
mation mechanism of P-doped C,,O clusters or O-doped C,, P
clusters. In particular, it is well known that the CoP and C3P
species may exist in the molecular hot core of star-forming
regions provided oxygen atoms are not injected [8]. On the
contrary, if they are reactive with oxygen atoms, it is reason-
able for us to speculate that many PC,0 and PC30 isomers
will be generated. Here we choose the PC30 radical as our
research object.

On the other hand, it should be mentioned that the analo-
gous NC, 0 [9] and NC,,S [10,11,13] clusters have obtained
a large number of experimental and theoretical studies. De-
spite their potential importance, the PC,, O series has received
little attention. Naturally, it should receive the same attention.
In this paper, we study the penta-atomic PC30O radical, which
is the isoelectronic analogue of the NC3S radical. Very re-
cently, theoretical studies on the NC3S radical showed that
six chainlike isomers and three three-membered-ring species
have considerable kinetic stability and may be observable in
the laboratory [11]. It is worth noting that the predicted lin-
ear species NCCCS has been characterized by experiments
[12,13]. Therefore, it is very possible that various kinetically
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stable PC30 isomers could be located on the potential en-
ergy surface (PES), just like the situation of NC3S. On the
other hand, the second-row elements P and S are well known
to have a much less trend to form w-bonding than the cor-
responding first-row elements N and O. So there should be
some difference in the structure, bonding and stability be-
tween PC30 and NCsS. In view of the rather limited knowl-
edge of the important PC3O radical, we decided to perform a
detailed theoretical study on its PES, which is very significant
for predicting the promising species to be detected.

In this paper, we are going to resolve the following four
problems: (1) Is the chainlike PCCCO the ground state struc-
ture of the PC30 radical just like NCCCS? (2) Are there any
other chainlike species which are kinetically stable enough to
be detected in the laboratory or interstellar space? (3) Does
PC30 have cyclic or cagelike isomers which are kinetical-
ly stable? (4) What is the nature of bonding in the relevant
isomers?

2 Theoretical computational methods

All computations are carried out using the GAUSSIAN 98
[14] and MOLCAS 6.0 [15] (for CASSCF and CASPT2)
program packages. The optimized geometries and harmonic
vibrational frequencies of the isomers and transition states
are initially obtained at the DFT/B3LYP/6-311G(d) level. To
get reliable energies, the CCSD(T)/6-311G(2d) single-point
energy calculations are performed based on the optimized
geometries at the B3LYP/6-311G(d) level. The zero-point
vibrational energies (ZPVE) at the B3LYP/6-311G(d) are
also included for energy correction. The total CCSD(T)/6-
311G(2d)//B3LYP/6-311G(d)+ZPVE is simplified as
CCSD(T)//B3LYP. To confirm the right connective relation-
ship between the isomers and transition states, we perform
the intrinsic reaction coordinate (IRC) calculations at the
B3LYP/6-311G(d) level. Furthermore, for the relevant
isomers, the structures and frequencies are refined at the
QCISD/6-311G(d) level and the energies are obtained at
the CCSD(T)/6-311G(2df)//QCISD/6-311G(d)+ZPVE level
[simplified as CCSD(T)//QCISD]. Finally, the CASSCF
(11,10)/aug-cc-pVDZ  structure optimization followed
by CASPT2/aug-cc-pVDZ single-point energy calculation
is performed for the relevant isomers to investigate the mul-
ticonfigurational effect [simplified as CASPT2//CASSCF].
We also performed the frequency analysis calculation using
the MCKINLEY and MCLR programs of the MOLCAS 6.0
program system.

3 Results and discussion

To include as many isomers as possible, we initially consid-
ered six types of isomers: (I) linear or chainlike species, (II)
three-membered-ring species, (III) four-membered-ring spe-
cies, (IV) five-membered-ring species, (V) cagelike species
and (VI) branched-chain species.

After an exhaustive search, a total of 29 minima (m)
connected by 65 interconversion transition states (TSm/n)
were located and their optimized geometries are shown in
Figs. 1 and 2, respectively. Moreover, the optimized dissoci-
ation fragments of the PC30 radical are shown in Fig. 3. The
calculated spectroscopic properties of the relevant species,
including harmonic vibrational frequencies, dipole moments
and rotational constants, are listed in Table 1. And the relative
energies of all isomers and transition states on different levels
are given in Table 2. The relative energies of various dissoci-
ation fragments of PC30 are collected in Table 3. Finally, the
schematic PES of PC30 radical is shown in Fig.4. The most
plausible pathways involving the lowest energy isomers are
shown in Fig.5.

3.1 PC30 isomers

On the PES of PC30 radical, eight isomers have chainlike
structures and they are PCCCO 1 (0.0, 0.0, 0.0), CCPCO
2 (41.7), OPCCC 3 (63.0, 64.5, 72.3), CPCCO 4 (82.7),
PCOCC 5 (101.8), POCCC 6 (103.2), POCCC 6’ (108.4)
and PCCOC 7 (116.7). Note that the first, second, and third
values in parentheses are obtained at the CCSD(T)//B3LYP,
CCSD(T)//QCISD and CASPT2//CASSCEF levels, respec-
tively, and these values are relative with reference to isomer
1 (0.0, 0.0, 0.0). Among them, six isomers 2, 3,4, 5, 6 and 7
are bent forms, whereas the two remaining species 1 and 6’
are quasi-linear and linear structures, respectively. The pres-
ent B3LYP/6-311G(d) method predicts that the lowest-lying
isomer PCCCO 1 (0.0, 0.0, 0.0) is the linear form with the
lowest bending vibrational mode of about 85cm™!. Its high-
est occupied molecular orbital is a singly occupied m-orbi-
tal, giving rise to a’IT electronic state. However, the higher
QCISD/6-311G(d) method predicts that the linear PCCCO
structure has an imaginary frequency (1171 cm™!). Once we
relax the Coo, sSymmetry, a slightly bent structure with > A”
electronic state is obtained with the lowest vibrational fre-
quency of 72cm™!. The above phenomenon may be caused
by the Renner-Teller effect. However, both the C, and Cy
symmetry optimizations of species 1 at the CASSCF level
have all real frequencies, which indicates that the Renner—
Teller effect could be small. Indeed, the obtained geometry
parameters at B3LYP, QCISD and CASSCF methods are very
close, as shown in Fig. 1.

For the three-membered-ring structure, six isomers are
located as minima. They are OC-cCCP 8 (33.2), PC-cCCO 9
(63.9), CC-cCOP 10 (68.7, 69.6, 73.1), OP-cCCC 11(71.3),
PO-cCCC12(99.3) and P-cCOC-C 13 (105.8). Among them,
four isomers 8, 9, 10 and 12 have the CCP ring with exocy-
clic OCC bonding, CCO ring with exocyclic PCC bonding,
COP ring with exocyclic CCC bonding and CCC ring with
exocyclic POC bonding, respectively, as shown in Fig. 1. All
the four isomers have the same electronic state of > A”. Note
that isomer 11 has an enantiomeric mirror image, and both
of them have a CCC ring with exocyclic OPC bonding. The
isomer 13 has a branched COC ring with two exocyclic CP
and CC bondings.



412 Y. Liu et al.

(179.372)
(1.2615) 177.000
(104.520) 12639 177.004

106.697
108.774

(1.6211) (1.3034) (1.2836) (1.1589)
1.5944 1.3170 1.2842 1.1670
1.6090 1.2929_1.2776 1.1684

N
e We e We

180.000 180.000 180.000

1.3162
; 167.476 13379
1.7783 ’ (1.3437)

178.472 164.726 176.487 s045 172.005
(179.602) (177.260) (179.143) (1.5046) (1.7989) (174.485)
1 (C.y) (Cy 3 (Cy

1.2763

4 (Cy 5 (Cy 6 (Cy

1.1595

1.3136

1.7779 1.1892 1.2760 1.2872
C—O—0=0=0 (&
18 147.268 177515
173.834  1.2769%%1.2800 173.678 177684 :
6' (Cuy) 7 (Cy 8 (Cy
(1.2959) (13311) (1.2790) 66.326

132941357, 12832

1.3307 1.2717,
® 1'3213 < 1.8504 104972
1.7917 R\ ul;f
1.7861 / 175.081 13596 Uiy,
(1.8416) 155.239 176.350 1.4765 140.636
437 1.7778 ff55‘358§6)(166‘795 )
43.844 1.7745 ’ D(1235)=-176.443  D(2354)=-96.691
(41.958) (1.7736)
1 (Cy
9 (Cy 10 (Cy)
145.948

1.1756

1.3760
145.872

143.578

150.175

129.27

1.3715 1.7087 13008 13031 1.9859
60.61
150.488  154.078 74.130 0 41.575
13 38.368
12 (Cy 14 (Cy)

65.144  58.490

15 (Cyy) D(5123)=177.858 D(4512)=-98.396 17 (Cy
16 (Cy
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Table 2 Relative energies (kcal/mol) of the PC3O structures and transition states at the B3LYP/6-311G(d) and single-point CCSD(T)/6-311G(2d)

levels
A ZPVE CCSD(T)? A ZPVE CCSD(T)* CASPT2//
Species State B3LYP? B3LYP* //B3LYP? Totall QCISD* QCISD? //QCISD* Total2 CASSCF? Total 3
PCCCO 1¢ I 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CCPCO 2 2A” 552 -1.9 43.6 417
OPCCC 3 2A" 782 -2.6 65.6 63.0  70.9 —22 66.7 64.5 74.4 72.3
CPCCO 4 ZA” 914 -2.1 84.8 82.7
PCOCC 5 ZA 1178 =17 103.5 101.8
POCCC 6 ZA” 1133 =26 105.8 103.2
POCCC ¢’ m 1101 —1.9 110.3 108.4
PCCOC 7 ZA 1167 =22 118.9 116.7
OC-cCCP 8 ZA" 412 -1.0 34.2 33.2
PC-cCCO 9 2ZA" 746 -2.0 65.9 63.9
CC-cCOP 10 ZA” 814 —-1.5 70.2 68.7  73.1 -1.1 70.7 69.6 73.8 73.1
OP-cCCC 11 90.5 -2.8 74.1 71.3
PO-cCCC 12 ZA” 1111 -2.0 101.3 99.3
P-cCOC-C 13 ZA 1184 =22 108.0 105.8
0-cCCCP 14 2A" 557 —15 427 412
0-cCCPC 15 2B, 52.8 -1.2 43.1 41.9
0-cPCCC 16 ZA" 930 -25 75.3 72.8
C-cCCOP 17 ZA” 1120 =27 96.0 93.3
C-cCCOP 17’ ZA 1282 =22 116.0 113.8
P-cCCCO 18 1417 =3.1 131.0 127.9
cPCCCO 19 ZA” 93.6 -23 81.8 795  83.0 —14 79.2 77.8 86.3 85.4
cPCOCC 20 ZA 1188 —14 105.3 103.9
cPCOCC 20/ ZA 1214 —12 109.0 107.8
cPCCOC 21 1339 22 119.0 116.8
cageCCCOP 22 1262 —15 110.8 109.3
cagePCCOC23 2A’ 1284 —1.7 113.1 1114
cagePCCOC24 2 A’ 1433 26 125.4 122.8
cagePCCOC25 2A” 1433  —19 127.4 125.5
CcO---CPC26 2A, 1532 —52 127.3 122.1
PCC+CO 27 f 63.1 -39 44.4 40.5
cPCC+CO 27" f 72.5 —4.4 52.5 48.1
CPC+CO 27" f 154.1 —-55 128.7 123.2
TS1/27 ZA" 626 —34 44.6 412 451 -3.0 50.9 47.9
TS1/8 2A” 63.8 -2.1 60.1 580 593 -1.7 60.2 58.5
TS1/8%8 ZA” 659 -22 63.9 61.7
TS1/8%: ZA” 659 -2.0 64.5 62.5
TS1/2 ZA” 786 —22 67.7 65.5
TS1/8%# 2A” 81.8 -23 71.5 69.2
TS1/9 ZA” 815 -32 75.2 72.0
TS1/15 ZA” 86.0 -27 76.8 74.1
TS1/9% ZA” 90.8 -2.5 77.8 75.3
TS1/27% 2ZA” 95.0 -3.0 78.8 75.8
TS1/1 ZA 1020 =20 90.2 88.2
TS1/3 1206  —33 104.3 101.0
TS1/10 1207 =27 105.4 102.7
TS1/13 ZA 1272 =29 117.3 114.4
TS1/17’ 2AY 1297 —13 118.5 117.2
TS1/3%* ZA" 1403 26 126.9 124.3
TS1/3%:* 1522 =36 135.9 132.3
TS2/14 2N 695 -2.6 54.2 51.6
TS2/14% ZA" 674 -2.0 57.7 55.7
TS2/10 ZA” 1033 =26 93.9 91.3
TS2/10% ZA” 1037 24 97.8 95.4
TS2/13 ZA 1344 =27 120.1 117.4
TS2/21 1351 —26 122.8 120.2
TS2/13* 136.6  —3.0 127.7 124.7
TS2/20 ZA 1437 —14 132.0 130.6
TS3/10 ZA” 965 -26 86.1 835 926 -28 86.2 83.4
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Table 2 (Contd.)

TS3/11 103.5 -33 88.2 84.9
TS3/14 130.7 -28 118.6 115.8
TS4/8 2 A 93.0 —24 84.0 81.6
TS4/8% 2 A 92.9 —24 84.5 82.1
TS4/8%* 2 A 91.5 -22 85.0 82.8
TS5/13 2N 126.0 -28 116.3 113.5
TS6/10 2 A 115.8 -32 108.8 105.6
TS6/6 120.1 -28 113.0 110.2
TS6/10% 2 A 121.2 -32 114.7 111.5
TS6/19 129.4 —24 120.6 118.2
TS6/17 130.6 -28 121.9 119.1
TS6'/10 2 A" 114.3 -27 105.3 102.6
TS6'/6/ 113.5 -29 108.6 105.7
TS6'/10% 2 A 117.6 -1.8 108.8 107.0
TS6'/12 136.7 —3.4 125.6 122.2
TS6'/12% 2 A 130.7 -27 125.6 122.9
TS7/20/ 2 A 147.9 -1.6 134.0 1324
TS8/14 2 A" 56.1 -1.8 44.8 43.0
TS8/15 2 A 59.0 -1.9 49.7 47.8
TS8/8 67.2 -19 53.6 51.7
TS8/8% 69.8 -2.0 55.4 53.4
TS8/27 78.5 —3.4 62.8 59.4
TS8/17 2 A 123.4 —3.4 112.8 109.4
TS8/20 130.7 -3.0 117.2 114.2
TS10/12 27" 125.3 -29 1144 111.5
TS10/17' 2 A 138.9 -2.8 130.6 127.8
TS11/16 93.4 -26 75.3 72.7
TS13/18 148.2 -37 134.0 130.3
TS13/18%* 146.3 -39 134.6 130.7
TS14/16 134.1 -28 62.0 59.2
TS14/23 131.3 -23 116.8 114.5
TS14/25 150.0 -32 132.2 129.0
TS15/20 152.3 —4.0 128.6 124.6
TS17/19 114.8 -28 98.6 95.8 102.0 -2.5 98.1 95.6
TS19/22 128.4 —22 112.6 110.4
TS20/20' 2N 147.9 -3.0 133.7 130.7
TS20'/27 140.5 -3.6 128.3 124.7
TS21/23 135.2 -23 120.1 117.8
TS21/21 150.2 -3.1 141.9 138.8
PCCCO*1 ‘A 46.0 -1.1 43.1 42.0
OPCCC*3 ‘A 108.0 -23 100.4 98.1
CC-cCOP* 10 126.2 -28 115.7 112.9

For the relevant isomers, the CCSD(T)/6-311G(2df)//QCISD/6-311G(d) and CASPT2/aug-cc-pVDZ//CASSCF/aug-cc-pVDZ values are also
included

“ The basis set is 6-311G(d) for B3LYP and QCISD

b The basis set is 6-311G(2d) for CCSD(T)

¢ The basis set is 6-311G(2df) for CCSD(T)

4 The basis set is aug-cc-pVDZ and 11 electrons and 10 active orbitals are used for the CASSCF and CASPT2 methods

¢ The total energies of reference isomer 1at the B3LYP/6-311G(d) level is —530.8587006 a.u., at the CCSD(T)/6-311G(2d)//B3LYP/6-311G(d)
level is —529.9108931au, at the QCISD/6-311G(d) level is —529.8253207 a.u., at the CCSD(T)/6-311G(2df)//QCISD/6-311G(d) level is
—529.9923578 a.u., at the CASPT2/aug-cc-pVDZ//CASSCF/aug-cc-pVDZ level is —529.8105754 a.u. The ZPVE at the B3LYP, QCISD and
CASSCEF levels are 11.38434, 11.06832, 11.12kcal/mol, respectively

/ The 27,27', 27" are the dissociation fragments PCC(>{)+CO(! £), cPCC(> B2)+CO(' £) and CPC(> A»)+CO(' ), respectively

8 The “*” is used for distinguishing the transition states correlating the same two isomers.

Six isomers possess four-membered-ring structures. They
are O-cCCCP 14 (41.2), O-cCCPC 15 (41.9), O-cPCCC 16
(72.8), C-cCCOP 17 (93.3), C-cCCOP 17’ (113.8) and P-
cCCCO 18 (127.9). Isomer 14 has a CCCP ring with CP
cross-bonding and exocyclic CO bonding. Isomers 15 and
16 possess the same CCCP ring with CC cross-bonding;
however, each isomer has different exocyclic bonding, i.e.,
respective CO and PO bondings. Different from the three iso-
mers above, the remaining three four-membered-ring species

do not have any cross-bondings. The isomers 17 and 17’ have
the same atomic arrangements, but they belong to different
electronic states of 2A” and %A/, respectively. Isomer 18 has
a CCCO ring with exocyclic CP bonding.

There are four five-membered-ring isomers. The B3LYP
method predicts that the isomer cPCCCO 19 (79.5, 77.8,
85.4) belongs to the Cs point group. However, its optimi-
zation of Cysymmetry at the QCISD level has an obvious
imaginary frequency (314icm™"), then relaxation of the Cj
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Table 3 Relative (kcal/mol) energies of dissociation fragments of the PC30 structures at the B3LYP/6-311G(d) and single-point CCSD(T)/6-

311G(2d) levels

Species B3LYP A ZPVE B3LYP CCSD(T)?//B3LYP Total
PCCOCIT)+C( P) 147.9 -29 134.0 131.1
PCOC( A)+C( P) 237.3 —49 214.1 209.2
OPCC(% A)+C(C P) 219.1 -53 195.7 190.4
PCCCEIN+0C P) 167.5 -39 153.3 149.4
CPCC(2 A)+O(C P) 256.7 —57 237.2 231.5
CCCO('T)+P(2 D) 121.2 -1.6 107.4 105.8
C-cCCO(* AY+P(Z D) 221.8 —4.0 202.8 198.8
0CCCC A)+P(2 D) 190.1 —3.7 176.0 172.3
0-cCCCC By)+P(C D) 192.1 —2.7 177.3 174.6
CCCO('T)+P(* S) 82.6 -1.6 64.5 62.9
C-cCCO(* A)+P(* S) 183.2 —4.0 159.9 155.9
0OCCCE AH+P(* S) 151.5 —3.7 133.2 129.5
0-cCCCC By)+P(* S) 153.5 -2 134.4 131.7
cCCCE A))+OP(IT) 149.3 —4.0 131.7 127.7
CCC(' £,)+OP(IT) 130.2 —45 109.3 104.8
CCC(CI1,)+OP(*1) 180.4 —6.1 159.4 153.3
cCOC(! A)+CP(Y) 187.9 —438 165.1 160.3
CCO('N+CP(2x) 168.9 -39 148.8 144.9
CCOCX)+CP(PY) 143.8 —4.0 128.5 124.5
PCCEIN+CO('x) 63.1 -39 44.4 40.5
CPC( A»)+CO('®) 154.1 -55 128.7 123.2
cPCC( B)+CO(' %) 72.5 —4.4 52.5 48.1
PCC(I)+COCI) 199.4 —45 184.6 180.1
CPC( A2)+COCI) 290.4 —6.2 269.0 262.8
cPCC( B»)+COCTI) 208.8 —5.1 192.7 187.6
PCOCI+CC(' ) 173.3 —3.6 132.0 128.4
cPCOC A"+CC( %) 229.8 —-5.1 184.7 179.6
PCOCII)+CC(CIL,) 150.6 -38 134.3 130.5
cPOC(Z A")+CC(CI1,) 207.2 —5.4 187.0 181.6

The total energies of reference isomer 1 at the B3LYP and single-point CCSD(T) levels as well as the ZPVE at the B3LYP level are listed in the
Footnote e of Table2. The symbols in parentheses of the column denote the electronic states

“ The basis set is 6-311G(d) for B3LYP
b The basis set is 6-311G(2d) for CCSD(T)

symmetry of the cyclic species 19 leads to a C; symmetry
minimum with small dihedral angles, which is consistent with
the results of CASSCF method, as shown in Fig. 1. Both five-
membered-ring isomers, cPCOCC 20 (103.9) and cPCOCC
20’ (107.8), belong to C; point group with > A’ electronic
state. Isomer cPCCOC 21 (116.8) is a cyclic three-dimen-
sional structure with two CC cross-bondings.

Four isomers 22 (109.3), 23 (111.4), 24 (122.8) and 25
(125.5) may be described as interesting cagelike forms. Ex-
cept for the isomer 22 belonging to the C; point group, the
others all have C; symmetry. Obviously, all the four cagelike
isomers are very high-lying and kinetically unstable which
will be introduced in the following section. Unsurprisingly,
for such a small molecule involving only five atoms, the cage-
like species is generally rather compact with acute bonding
angles and few multiple bonds. Finally, the isomer 26 (122.1),
which is a weakly bound complex between the CPC radical
and the CO molecule, will directly dissociate to the corre-
sponding fragments. The branched-chain species could not
be located.

3.2 PC30 isomerization and dissociation stability

To discuss the kinetic stability, one needs to consider as many
isomerization and dissociation pathways as possible. The
lowest dissociation or isomerization barrier governs the ki-
netic stability of an isomer. In general, with higher barrier, an
isomer could have higher kinetic stability. For simplicity, we
will give no details of the obtained 65 transition states. The
relative energies of the dissociation fragments of PC30 are
shown in Table 3. On the PES of PC30, four isomers 1, 3, 19
and 10 attract much interest with relatively high kinetic stabil-
ity. Interestingly, for species 1, the lowest dissociation barrier
41.2 (47.9) (1— 27) is lower than the lowest isomerization
barrier 58.0 (58.5) (1— 8); therefore, the former governs its
kinetic stability. However, for the remaining three isomers
3, 19 and 10, the lowest isomerization barriers govern the
kinetic stability of them, and the corresponding lowest isom-
erization barriers are as follows: 20.5 (18.9) (3 — 10), 16.3
(17.8) (19— 17) and 14.8 (13.8) (10 — 3) kcal/mol, respec-
tively. Note that the italic values in parentheses are obtained at
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Fig. 4 Schematic potential energy surface of PC30 at the CCSD(T)/6-3

P—C—C—C-0

11G(2d)//B3LYP/6-311G(d)+ZPVE level. The relative values in paren-

theses are at the CCSD(T)/6-311G(2df)//QCISD/6-311G(d)+ZPVE level

the CCSD(T)//QCISD level. Three isomers 1, 3 and 19 with
considerable kinetic stability are expected to be observable
in the laboratory and in interstellar space. Compared with
the three isomers 1, 3 and 19, the species 10 shows relatively
lower kinetic stability. Such kinetic stability is high enough
to allow its existence under low-temperature conditions such
as dense interstellar clouds.

Apart from 1, 3, 19 and 10, the other isomers generally
have much lower kinetic stability due to the barrier energies
of less than 10kcal/mol or the high energies of themselves.
As shown in Fig. 4, at the CCSD(T)//B3LYP level, the lowest
barriers of the remaining species are 9.9 (2,2 — 14), —1.1 4,
4—8),2.4(6,6 ~>10), —5.8 (6,6’ —10),9.8 (8,8—14),8.1
9,9—1),1.4(11,11-16),7.7(13,13—5), 1.8 (14,14—8),
5.9 (15, 15—38), —13.6 (16, 16—14),2.5 (17,17—19), 3.4
17,17 —1),2.4 (18,18—13), 1.0 (21, 21—23), 1.1 (22,
22—19), 3.1 (23, 23— 14), 3.5 (25, 25—~14), 1.1 (26, 26—
277, 11.7 (5, 5—13), 15.7 (7, 7—20'), 12.2 (12, 12— 10),
10.3 (20, 20— 8) and 16.9 (20’, 20’ —27) kcal/mol, respec-
tively. For the latter five isomers5, 7, 12, 20 and 20, their

lowest barrier energies lie between 10 and 17 kcal/mol and
they seem to have moderate kinetic stability. However, they
may not be detected in interstellar space because of their high-
lying relative energies (about or more than 100kcal/mol). In
addition, several energy barriers mentioned above are nega-
tive, and it means those corresponding isomers are so unsta-
ble that they could convert to others easily. Despite many
attempts, the transition state connecting with isomer 24 can-
not be located. Nevertheless, species 24 is expected to be of
little importance for the identification of PC30 in experiment
because of its high-lying energy (122.8 kcal/mol).

3.3 Properties and implications of the relevant isomers

From above, we know that four isomers 1,3,19 and 10 have
higher kinetic stability and more possibilities to be detected
by the experiment. In this section, we analyze their structural
and bonding properties with the NBO (Natural Bond Orbital)
analysis programs [16], mainly based on the B3LYP results.
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For the ground-state species PCCCO 1, at the B3LYP/6-
311G(d) level, its calculated PC bond length (1.6090 A) lies
between the typical P=C triple bond (1.5395A in HC=P ')
and P=C double bond (1.6704 A, see footnote 1). Similarly,
the calculated two CC (1.2929 and 1.2776 A) lengths and one
CO (1.1684 A) bond length also lie between their correspond-
ing triple bond and double bond (see footnote 1). The spin

NCCCS s just opposite as (1)<(2)<(3). The difference can be
explained by the fact that C=P triple bonding and C=S dou-

ble bonding are much weaker than the corresponding C=N
bonding and C=0 bonding, respectively.

For the bent OPCCC 3, the spin density distribution is
0.190, —0.004, 0.411, —0.102 and 0.506 ¢ for O, P, C, C, and

density distribution is 0.600, —0.126,0.359,0.001 and 0.165¢
for P, C, C, C and O, respectively. With many references to
the Wiberg bond index matrix, the specieslmay be described

by the three resonance forms: (1)[.’ =C=C=C= 5, 2)

P=C—-C=C=0,a0d@)P=C—-C=C—0eo,

and their weights are degressive from (1) to (3). The symbols
“e” and “-” represent the single electron and lone-pair elec-
trons, respectively. Especially, the cuamulenic form (1) should
contribute largely to the stability of species 1. It should be
mentioned that for the analogous NC3S radical [11], the rela-
tive weight order of the three resonant forms of ground-state

! For parallel comparison, the bond distances C—P (1.8728 A), C=P
(1.6704 A), C=P (1.5395A), C-C (1.5308 A), C=C (1.3270A), C=C
(1.1982 ), C-O(1.4199A), C=0 (1.2002A), C=0 (1.1271A), P-
0 (1.6797A), P=0 (1.4939A), P=0 (1.4915A) are calculated at
the B3LYP/6-311G(d,p) (p for H-atom) level, for the model systems

CH3PH;,, CH,PH, CHP, CH3CH3, CH,CH,, CHCH, CH30OH, CH;O,
CO, PH>O0H, PHO and PO, respectively.

C, respectively. Combined with the bond lengths shown in

Fig. 1 and the Wiberg bond index matrix, we can express its
resonance structures as follows:

Ce o}
= _—=C

P

_C

— °

Cl

_ Z
3) *0 C

c=
\P/

The weights of the three forms decrease from (1) to (3).
The bent structure of species3may result from its internal P-
atom. It is noticeable that the analogous SNCCC [11] is a
linear form with 211 electronic state, which indicates that the
p—p overlaps among nitrogen, carbon and sulfur are much
more effective than that among phosphorus, carbon and oxy-
gen. A similar situation also occurs between the bent isomer
CCPCC [17] and the linear species CCNCC [18].
Isomer 19 has a five-membered-ring structure. Its spin
density distribution (0.874, —0.146, 0.271, 0.007 and
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—0.006¢ for P, C, C, C and O, respectively) indicates that
the single electron resides primarily on the P atom. Based on
the bond lengths shown in Fig. 1, isomer 19could be viewed
as resonating between the following two structures:

| P— Ol | P—Q
1 \ /7
(D o @ ¢ Cl
N X7

The form (1) has much more weight than (2). It should be
mentioned that for NC3S radical, no stable five-membered-
ring isomer is reported [11].

The CC-cCOP 10 species has a three-membered-ring
structure. Based on the bond lengths and the spin density
distribution (0.904, 0.145, —0.038, 0.013, and —0.023 ¢ for
P, O, C, C and C, respectively), the species 10 can be viewed
as having three resonant forms:

10 10-
M Ne=c=cl @ | ._—c=cl
I P~ | p7
10 .
3 ?\C/C:CI
1=

The distribution of spin density indicates the single elec-
tron is mainly localized on the P atom. So we give the highest
priority to the first form.

3.4 Interstellar and laboratory implications

On the PES of PC30, three sets of dissociation products 27,
27',27" attract much attention. It is well known that the CoP
species may exist in the molecular hot core of star-forming
regions provided the oxygen atoms are not injected [8]. The
CO molecule exists popularly in interstellar medium [1,2].
Therefore the association reaction between C,P and CO is
expected to produce the titled molecule PC30. From the PES,
we can see that with a very small barrier of 0.7 kcal/mol, the
linear CCP and CO can also lead to the products of species
PCCCO 1. It should be mentioned that the linear CCP was
predicted to be ground state on the PES of C,P. From ener-
getic considerations, the formation of isomer 1 may easily
occur under laboratory and interstellar conditions.

Up to now, many interstellar molecules with chainlike
or cyclic structures have actually been reported. However, a
cyclic phosphorus-containing species has not been detected
in interstellar space. So we expect that the two cyclic species
10 and 19 could give good examples for experimental and
interstellar detection. In order to identify the isomers of PC30
better in the laboratory, the calculated vibrational frequen-
cies, dipole moments and rotational constants for the four rel-
evant isomers are shown in Table 1. At the QCISD/6-311G(d)
level, the dominant frequencies of four isomers 1, 3,19 and 10
are 2,254,1,264,848 and 2,052 cm !, with the corresponding

infrared intensities 2,296, 202, 85 and 1,174 km/mol, respec-
tively. They are very helpful for spectroscopic research on the
PC30 radical. Moreover, the isomers3, 19 and 10have large
dipole moments of 2.4195, 2.1495 and 5.7433 D, respec-
tively, which are also a benefit for future microwave detec-
tion.

It is worth mentioning that for the four isomers (1, 3, 19,
10) and relevant transition states (TS1/8, TS1/27, TS3/10,
TS17/19), their calculated results at the B3LYP/6-311G(d)
generally accord with those at higher QCISD/6-311G(d) level,
as shown in Figs.1,2 and3 and Tables 1 and 2. Further-
more, the CASPT2//CASSCEF calculations are carried out to
check the multiconfigurational properties of the above four
relevant species, considering 10 frontier orbitals as active
space and allowing 11 electrons to be excited within them,
denoted as (11,10). The calculated relative energies, struc-
tures and spectroscopic values of the four species are close to
the CCSD(T)//B3LYP and CCSD(T)//QCISD results. Espe-
cially, the leading electronic configurations occupied by 1,
3, 19 and 10 have come to 82.7, 83.3, 88.0, and 88.9%,
respectively, at the CASSCF level. It indicates that the multi-
configurational effect could be ignored in PC30 system and
the CCSD(T)//B3LYP method is adequate for its calculation
of the structures, energies and spectra. In addition, we also
investigated the quartet species *1, 3, 10 and *19(number
4 means quartet state) corresponding to the stable doublet
isomers 1, 3, 10 and 19, respectively. Note that the quartet
isomer #19 could not be located. The geometrical structures
of the obtained quartet isomers are shown in Fig. 1. The com-
puted results showed that quartet isomers 1, *3 and 10 are
much higher in energy than the corresponding doublet spe-
cies with large doublet—quartet energy gap of 42.0, 35.1 and
44 .2 kcal/mol, respectively, at the CCSD(T)//B3LYP level.
Thus the quartet PC30 isomers were not considered
further.

4 Summary

At the CCSD(T)//B3LYP, CCSD(T)//QCISD and CASPT2//
CASSCEF levels, the doublet PES of PC30 radical is estab-
lished, including 29 minimum isomers and 65 interconver-
sion transition states. At the CCSD(T)// QCISD level, the
quasi-linear isomer PCCCO 1(0.0, 0.0, 0.0) has a great ki-
netic stability of 47.9kcal/mol. Additionally, both bent iso-
mer OPCCC 3(63.0, 64.5, 72.3) and five-membered-ring spe-
cies cPCCCO 19 (79.5, 77.8, 85.4) have considerable kinetic
stability of around 18kcal/mol. All three isomers could be
produced under certain laboratory and interstellar conditions.
In particular, the isomer 19 should represent an interesting
cyclic phosphorus-containing radical in the laboratory or in
interstellar space. Moreover, the three-membered-ring CC-
cCOP10 (68.7, 69.6, 73.1) with slightly lower kinetic stabil-
ity is possible to observe. The present study is expected to
help in the identification of PC30 radical in the laboratory
and in interstellar space.
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