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The singlet and triplet potential energy surfaces (PESs) of betarbon-phosphorus (BCP) isomers were
investigated, using various theoretical methods. Geometries of the minima and transition states on the PES
were optimized at the B3LYP/6-3#iG(2df) and CASSCF(12,12)/6-3315(2df) levels, and single-point
calculations were made at the CASPT2/ANO-L level, to consider dynamic electron correlation effects. The
most-stable isomer was linear singlet BCE™); its calculated heat of formatiom\(H°, 0 K) is 150.54 2
kcal/mol. Study of the fragmentation processes in BCP revealed that the bond enthalpies efGhen&

C—P bonds in BCP¥E") at 0 K are 111.7 and 128.9 kcal/mol, respectively, at the CASPT2/ANO-L level.

A possible crossing mechanism between two electronic st&ésifd3A’") is discussed, and Renn€feller

species with’IT state symmetry are investigated.

Introduction it can be made into semiconducting thin films via chemical
vapor depositiod! The electronic structure and band gaps of
BP polymers have been studi#&d?* however, investigations

of monomeric BP are rare. Interest in CP has been sparked by
Ehe discovery of CP in the inner layers of the carbon star envel-

number of valence electrons as materials that have already beei?P® IRC+10216% In addition, aoserlous deviation between the
developed and are widely used in industry. Furthermore, there calculat'ed heat of formatiom\H°) of CP a“?' the experimental
has been much interest in materials composed of boron, carbonY@/ues in the NIST Webbook has been discovéfee Now,
and nitrogen (BCN), because they are expected to have usefult 1S accepted that the recommended valueAgd® (0 K) of
properties as semiconductors, batteries!€tén addition, BCN CP is~124 kcal/mol, rather than 106 kcal/mol.

compounds are known to possess tunable band gaps by changing We report herein a comprehensive study on the singlet and
the elemental composition and by adapting different synthetic triplet potential energy surfaces (PESs) of the hypothetical BCP
methods, which lead to different crystalline structures. Even molecule, using DFT, CASSCF, and CASPT2 methods. Various
though many theoretical studies of BCN are availdblé,to spectroscopic and thermodynamic parameters are also calculated
our knowledge, no experimental or theoretical study of the at each level. For the linear triatomic species that have
boron-carbon-phosphorus (BCP) molecule, which is isoelec- degenerate electronic stat@§Ij, RennerTeller (RT) effects

tronic to G and BCN, has been reported. Because of the were examined, using harmonic vibrational frequency analysis.
similarity of the electronic structures, BCP can be expected to

possess physical properties that are similar to those of BCN
which piqued our interest.

BCP can be formed through the reaction of a diatomic with  The Gaussian98 progréfwas used for density functional
an atom, such as boron carbide (B€)phosphorus, boror- UB3LYP20 calculations, the GAMESS progrdhwas used for
carbon phosphide (CP), and carbénboron phosphide (BP).  complete active space SCF (CASS&Halculations, and the
Although both diatomic molecules BC and CP have been \jo|.CAS 5.43was applied for CAS calculations with dynamic
observed, BQ is best known both theoretically and experiment- gjactron correlation introduced at the MP2 level (CASP¥2).
g!)t/élrlr;zi:]é}]jskr&%trgacssh jgzcggrr?detc;i}gsgc:?;tvigg :rqgrg;-gggrgf All calculations were performed on a cluster of Linux computers.
105 = 10 keallmol?*12 Kuoba and @rm'> established the  \_oTeC PO BRRNTE, N TR B R e
ground state for BC asx . wilh the major configuralion ;5 1) jevels with the 6-31G(2df) basis st Further
sgop(i)c garameters. inirlggir;gotﬁe Z(.]Silibarli:em l;/(;ir:g)?jnﬁhei ro- stability tests and wave function optimizations were performed
1.491 A), by stud;/ing gas-phase emission spectra of\BC. to determine spin-broken symmetry solutions at the UB3LYP

' level. According to harmonic vibrational frequency analyses,

Recently, Tzeli and Mavridis reported multireference configur- h ; h ved g
ation interaction (MRCI) calculations, using a complete basis eac _stat|onary stru.cture was ¢ arggterlze as a minimum (no
imaginary frequencies) or a transition state (one imaginary

limit extrapolation, and argued that their value iy (102.2+ :
0.1 kcal/mol) was more accurate than the experimental value frequency) at the UB3LYP/6-3#G(2df) level. Zero-point
(108 7 kcal/mol)20 BP is another interesting boron compound;  Vibrational energies and heat-capacity corrections were obtained
from UB3LYP/6-311G(2df) frequency calculations. On the
* Author to whom correspondence should be addressed. E-mail: mckee@ triPIet PES, there were intruder state problems, which were
chem.auburn.edu. solved by applying the level shift (LS) techniggfeTransition

The physical properties of nanomaterials are affected by the
nature of the constitutent elements, their composition, and their
crystalline structure. A great amount of attention has been given
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Figure 1. Optimized geometric parameters of stationary points at the DFT level (values in parentheses are data from the CAS level). Bond lengths
are given in angstroms, and angles are given in degrees. The asterisk symbol (*) indicates that the geometry was obtained at the DFT level using
the 6-31H1G(df) basis set. The square brackets $&indicate values that were obtained with RDFT (i83).

vectors of the transition states were visualized and animatedResults and Discussion
7 .
by the MOLDEN progrant! to ensure that the motions were Important electronic configurations of the diatomic fragments

as expe(_:ted. ] ] o ) and minimum energy species of BCP species are given in Table
For triplet linear isomers, vibrational frequencies at the 1. For the diatomic fragments, only ground states are considered.

CASSCF(12,12)/6-3G(2df) level were also calculated, 1o The ground-state electronic configurations of BC and CP are

investigate the RenneTeller effect?® Dynamic electron cor-  ayailable from the literature, and we obtained the same

relation was considered by means of single-point full-valence configurations for the ground states of B&() and CP &=+).

CASPT2 calculations for every stationary point calculated at The ground state of BP &T with the electronic configuration

the CASSCF(12,12)/6-311G(2df) level with the ANO-L basis  [Core]50260227370, which is the same as that previously

set?® which is a [7s7p5d4f] contraction of the [17s12p5d4f]  reported!445This observation suggests that BP can be obtained

primitive set for the P atom and a [7s7p4d3f] contraction of by combining ground-state B and P atoms without changing

the [14s9p4d3f] primitive set for the B and C atoniote: the electronic configuration. This fact can help explain why BP

Throughout this paper, we will refer to UB3LYP/6-31G(2df) can easily polymerize to form a polymeric film (boron phos-

as DFT, CASSCF(12,12)/6-3tG(2df) as CAS, and CASPT2-  phide), because the diradical is expected to be kinetically

(12,12)/ANO-L//ICASSCF(12,12)/6-3%G(2df) as CASPT2, re-  |abile 2!

spectiely. In the GAMESS and MOLCAS calculations, the,C The ground state of the linear BCB1), the first excited

point group was adapted for linear isomers, because of thelinear triplet isomer T1), and other linear isomers have the

limitations in handling high symmetry. The geometry of the following electronic configurations:

conical intersection was obtained at the CASSCF(6,6)/6+&-1

(2df) level, using Gaussian98, and then single-point calculations  [Core]60*70°80°27*90®  (for S1(*=") andS3(:="))

for both electronic state$4' and3A") were performed at the ) .

CAS level with GAMESS and at the CASPT2 level with [Core]6s?70°80°27"903

MOLCAS. The natural bonding orbital (NB€) program (for T1 (1), T6 (°II), andT34 (°I1))

implemented in the Gaussian98 program was used for the

Wiberg bond index (WBM analysis. Thermodynamic and Triangular G symmetry isomers have the following electronic

spectroscopic properties were calculated from the DFT and configurations:

CASPT?2 results by methods that have been referenced in the

literature*? For comparison, we also performed G3B&alcula- [Core]74%84%04%104%24'“11d®  (for S2(*A"))

tions to obtain the heat of formation of tl&d isomer (Figure Do 12 1D D yD

1). We will use a boldface notation scheme, with a boldface [COre]7a°8d°9d°10d°2a""11d12¢

“S’ for singlets and a boldfaceT” for triplets, followed by (for T2 andT3 (°A"))

one number for minima and two numbers for transition states. Do 12 12 D yD ,

Thus, “T12" is the triplet transition state between tripl&t [Core]7a"8d"9d"104d 24" 1143d

and tripletT2. (for T4 andT5 (PA"))
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TABLE 1: Important Electronic Configurations of SCHEME 1: Lewis Structures of S1 and T1
Ground-State Diatomic Fragments of BCP and

Minimum-Energy Isomers of BCP at the CASPT2 Levet

e

configurations c?
BC,> (A,) al
30?40?5017y, 0.89
30%4050217,27y 0.02 _C:m
30%4050%1n,27 0.02 i
CP,25+ (2A))
502602277 0.85 . :
5g26§22m27‘703ny2 0.02 component of the degenerate triplet state; however, we give the
502602275,2 7032 0.02 inear electronic state designation in Table 1. Linear species
J . I lect tate d t Table 1. L
50%60%2m,17, 103y 0.01 have some multireference character, as judged by the square of
50°60°2711,* 70371 0.01 the coefficient of the dominant configuration to the wave
BP,*IT (°By) function (C?), which is 0.69-0.85 (see Table 1). The low-
50%60°2m2m," 10 0.90 lying s-orbitals (2r/37/47) are important in this system, where
50%60%2m,703m,? 0.02 ; ot
four to six electrons are distributed among theets.
6770780797100 SL1Z7(*A) 060 All possible linkage isomers of three atoms on singlet and
i ) triplet surfaces were considered. Optimized structures are as
60%70%80°21*3m, Aty 0.01 - . . . - :
602708022703 A, 0.01 shown in Figure 1, and their relative energies are given in Table
60%70%80%271,290%3m,? 0.01 2. Three singlet and six triplet minimum energy structures are
60270280%271,290°3m,? 0.01 characterized from the DFT geometry optimizations and fre-
60%70%80%27,271,90°371,37y 0.01 quency calculations. Among those isomers, singlet linear
S2, A B—C—P (S1) with the =" electronic state proved to be the
7d28d29d210d%24'2114d2 0.78 global minimum.
2 2 2 2 2 2 . ..
;gzggzggziggzﬁ a2132;2 8'8? For most structures, geometries that were optimized at the
i1 ' CAS level had slightly longer bond lengths than those at the
9 202 ) S3 727 (A DFT level (see Figure 1), because of the population of
6077078072700 0.73 antibonding orbitals. The BC bond lengths inS1 and T1
60270%80%27,290°3m,2 0.05 _ g - oL g
60270280227,90°37T,? 0.05 isomers showed larger deviations between DFT and CAS that
60270°8022:1, 27190371371y 0.03 may be attributed to the neglect of dynamic electron correlations
60%70%80°27,27,9037,37 0.02 in the CASSCF method.
60°10°80" 2, 27, 90° 37 0.01 In S1(BCP), the G-P bond is a triple bond (1.552 A, DFT)
60°70°80°27x271*90% 37« 0.01 . \ .
s 1 and is slightly shorter than the experimental bond length of CP
6027028029400 3 T1,°I1 (°By) 0.85 (1.562 A)*6 whereas the BC bond is a single bond (1.515 A,
60270280227[X2903J;X3ny2 0.02 DFT) and is Sllgfllzly longer than the experimental bond length
" in BC (1.491 A)!* The C-P and B-C bond lengths (1.594
74284794210422421 14124 0.86 and 1.393 A,_DFT) inf1 (BCP) are longer a_md shorter than a
74284294210421 14124342 0.01 normal CP triple bond and a normal BC single bond, respec-
T3 300 tively. These bond length changes can be easily rationalized
3,°A ) . h . h
742842942104224'21 14124 0.79 by drawing Lewis structures &landT1. As shown in Scheme
7d?8d29d*104?11d12434d'? 0.01 1, the tripletT1 is formed fromS1 by promoting an electron
T4 A" from the lone pair of B into an empty*-orbital of P. The CP
74284294224'2104211434" 0.80 bond in T1 becomes weaker while the BC bond becomes
7d28d%9d?24d'104%114d34d'4d’ 0.01 stronger. At the CASPTRZPC level,T1 is 16.3 kcal/mol less
T5,3A" stable tharS1
7d28d294224'210421143d’ 0.80 Three triangular planar structureS2 T2, andT5—are found
7d28d?9d 24'10d?114d234’ 0.01 to be the minima, and their electronic states e 3A’, and
T6, 31 (3B,) SA"", respectivelyS2and T2 have very similar geometries, and
60°70280°277*90 3w 0.69 their energy difference is only 2.2 kcal/mol at the CASRZPC
gazgzggzgng;%xzy; 8.82 level. Therefore, it is possible that vibrational excitation may
010 20, ST Tty I0 STy : lead to intersystem crossing. The other triangular isorgj (
60270%802271,27%,903m,237m, 0.02 _ ;
60270°80227,2271,9037,37%, 0.01 has a somewhat different structure fr@@andT2, with a much
60%70280221,2271,90371x371y 0.01 longer P-C bond (1.990 A). All three isomers have relatively

low energies, despite high bond strain, which may be attributed

a Orbitals with a singlgs-spin electron are indicated with a bar over

the orbital designation. to the large size of the P atom and the relatively weak repulsion

among the electron pairs around the P atom.

Excitation from the singlet state to the triplet state can be  Another pair of linear linkage isomerS3T6 (PBC), exhibits
accomplished by exciting one electron from the highest occupied properties that are very similar to thoseS#T1 (PCB), where
molecular orbital (HOMO, 8) to the lowest unoccupied the BC fragment is rotated by 180The triplet T6) can be
molecular orbital (LUMO, ). The other linear isomer on the  formed fromS3by promotirg a P lone-pair electron to an empty
singlet PES (CBP)S3 also has the same configuration@k C a*-orbital, which, in turn, can form a partial BC double
and two triplet linear species (CBP, BPQ)X and T34, have bond. Thus, the BC bond is shorter iT6 (1.396 A) than in
the same configuration &l. In our calculations for the triplet ~ S3 (1.447 A), but the P-B bond is longer in T6 (1.737 A) than
linear, using the & point group, we only calculate one in S3 (1.714 A).
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TABLE 2: Relative Energies of Species on the Potential Energy Surface of BCP

ZPC2 Heord AE (kcal/mol) AE + ZPC (kcal/mol)
BCP state  [$3 RwP (kcal/mol) (kcal/mol) DFT CAS CASPT2 DFT CAS CASPT2
S1 = 0.15 0.91 3.6 6.6 0.0 0.0 0.0 0.0 0.0 0.0
S2 A 0.72 0.90 4.0 6.6 12.4 24.7 13.6 12.8 251 14.0
S3F = 0.56 0.90 3.4 6.5 35.6 42.4 35.6 35.4 42.2 35.4
S3¢ = 0.00 3.3 5.5 37.2 36.9
S12 A 0.29 0.90 3.0 5.4 19.8 29.7 19.4 19.2 29.1 18.8
S13 AT 1.10 0.89 3.3 5.7 63.0 83.8 70.3 62.8 83.6 70.0
Tl I 2.02 0.90 4.3 7.0 11.2 19.7 15.6 11.9 20.4 16.3
T2 A 2.01 0.88 4.0 6.5 15.1 28.3 15.8 15.5 28.7 16.2
T3 A 2.06 0.89 2.5 5.5 93.5 97.6 91.2 92.5 96.6 90.2
T4 1 2.08 0.90 3.1 5.5 87.6 93.3 88.5 87.1 92.8 88.0
T5 A 2.03 0.88 3.5 6.3 50.2 61.2 49.2 50.1 61.1 49.1
T6 A" 2.46 0.89 3.7 6.5 52.5 59.2 52.1 52.7 59.4 52.3
T12 A 2.01 0.87 3.5 5.9 30.9 43.4 34.0 30.9 43.4 33.9
T23 A 2.03 0.89 2.2 4.7 94.9 103.2 95.2 93.6 101.9 93.8
T34 1 2.05 0.89 2.5 4.6 93.9 97.7 91.0 92.8 96.6 89.9
T45 A 2.38 0.90 2.0 4.6 99.1 102.1 99.8 97.6 100.5 98.3
T56¢ A" 2.11 0.89 3.3 5.7 56.4 64.1 55.5 56.1 63.9 55.2
T15° A 2.03 0.91 3.2 5.6 50.2 81.3 48.2 49.8 80.9 48.7
T26° A 2.06 0.91 3.0 5.5 73.7 79.4 66.3 73.1 78.8 66.6
Tors 3.1 5.5 96.1 91.4 95.7 91.0

a Spin-squared valueSs?[] zero-point corrections (ZPC), and heat-capacity contributions to enthalpy at 288, (vere calculated at the
B3LYP/6-31HG(2df) level.® Reference weight, which is the fraction of electron correlation energy obtained within the active space; Rw values
were calculated at the CASPT2(12,12)/ANO-L//CASSCF(12,12)/6+33(@df) level.¢ The S3species is determined by UDFT (broken-symmetry),
whereasS3 is determined by RDFT (closed-shel§3is a minimum, whereaS3 is a transition state! DFT results were obtained using B3LYP/
6-311+G(df) geometry optimization with a single-point calculation at the B3LYP/6-3&(2df) level.e CASPT2 results were obtained using the

level shift (LS) method (see Table 3)The geometry of the crossing point was obtained at the CASSCF(6,6)/6&2tf) level. The ZPC from

T4 was used to compute the values und&g“+ ZPC”.

TABLE 3: Energies Relative to T2 (AE) and Reference Weights (Rw) Obtained Using the Level Shift (LS) Techniqde

T1 T15 T5 T2 T26 T6
LS AE(kcal/mol) Rw AE (kcal/mol) Rw AE (kcal/mol) Rw AE (kcal/mol) Rw AE (kcal/mol) Rw AE (kcal/mol) Rw
0.0 1.0 0.90 33.7 0.15 33.8 0.88 0.0 0.88 49.8 0.34 37.0 0.89
0.1 1.0 0.91 32.4 0.90 33.9 0.90 0.0 0.91 44.0 0.82 37.1 0.90
0.2 0.9 0.92 325 0.91 33.9 0.91 0.0 0.91 50.4 0.91 37.1 0.91

aSee ref 36. The reference weight is the fraction of the electron correlation obtained within the active space. A value significantly different from

other species on the PES may indicate an intruder state problem.

The remaining linkage isomer,-B°—C, was not found to

the singlet PESS1andS2are characterized as energy minima.

be a minimum on either the singlet or triplet PES. Singlet linear BetweenS1andS2, a first-order saddle poin§12 is located
B—P—C was observed to be a high-energy transition state 18.8 kcal/mol higher thaB1and 4.8 kcal/mol higher tha®&2

betweenS2 configurations, whereas the triplet linear-B—C
(T34) is a degenerate[l) Renner-Teller state that connects
the T3 ((A") and T4 ((A"”) minima (see below for further
discussion).

On the triplet surface, there are intruder state problems wit
T15andT62 at the CASPT2 level. We observed a low reference
weight (Rw): 0.15 forT15 and 0.34 forT62. By applying the
level shift (LS) technique, we could remove the intrusion and

obtain relative energies, as shown in Table 3. When a LS

parameter of 0.1 was applied, the problem was solvetli
(Rw = 0.90), butT62 was still affected (Rw= 0.82). With an

An alternative mechanism for th®1 — S2 rearrangement is
over theS13 transition state YA'") through S3, which is the
linear P-B—C species. At the UDFT leve§3has al$?[value

of 0.56 and no imaginary frequencies. However, at the RDFT

h level, the energy of the optimized linear structug3] is only

1.5 kcal/mol higher than that of the spin-broken symmetry
UDFT solution and has two imaginary frequenci€® -~ S3-
(RDFT) — S2). Although we are not confident th&3is an
intermediate on the PES, we do feel that the barrier to collapse
to S2 must be very small. In addition$S2 should undergo
rearrangement over a transition state that is very simil&3o
(i.e.,S3(RDFT)). In these two scenarios, the P atom can “orbit”

LS parameter of 0.2, all intruder state problems disappeared.ipo gc fragment (Figure 3). Movement around the C-end gives

The same shifted values were used to calculate both minimay,q global minimunS1, whereas movement around the B-end
that were connected to each transition state for comparison, andgives the P-BC (S3 configuration and then back ©2

then zero-point energy corrections were applied to obtain the

energy differences, relative f62. Finally, we note the strong
structural similarity between the diradical transition st8é&8
andT56 (A" and3A'") at the DFT and CAS levels. The energy
of the tripletT56 is 15.3 kcal/mol higher than that 8f1L3(Figure
2); therefore, intersystem crossing is unlikely.

The triplet PES is somewhat more complicated than the
singlet PES. The triplet surface is composedAf, A", and
3[1T states, and all are connected to each other. From the lowest-
energy isomefT2, the reaction can proceed over a barrier of
17.7 kcal/mol T12) to reach lineam1 by breaking the B-P
bond, over a barrier of 50.4 kcal/madl'§2) to reach lineam6

The singlet and triplet PESs are constructed based on theirby breaking the &P bond, or over a barrier of 77.6 kcal/mol
relative energies after zero-point energy corrections (see Figure(T23) to reachT3 by breaking the B-C bond. Breaking the

2). As mentioned previoush$1 is the global minimum. On

C—P bond T2 — T6) occurs on thelA’ surface to give the
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Figure 2. Schematic potential energy surface (PES) for the BCP system. Relative energies (given in kcal/mol) are obtained at the ZASPT2

level. More details of the PES within the square brackets are given

14.0
s2 1A
P

18.8

S131A" R
) S12 1A'

70.0

s3 !zt P
35.4

S13 A"
Figure 3. Schematic drawing for revolution of the P atom around the

B—C core on the singlet PES. Dashed lines represent the approximate

B—C—P angle for the stationary points with the energy (given in kcal/
mol), relative toS1 The outer circle indicates the''Asurface, whereas
the inner eclipse indicates the surface. The Aand A’ surfaces are
degenerate &1 andS3

linear P-B—C isomer [6), which can then proceed on’A"”
surface, because tHA' and3A" states are degenerate T6.

A small barrier of 2.9 kcal/molT56) separate3 6 from T5 on
the 3A"" surface. Fronil'5, the reaction proceeds without any
barrier (T15 is lower in energy thai5 at the CASPT2ZPC
level).

A higher-energy pathway that connect® and T1 was
calculated; it involves the intermediate speci@&and T4 and
a crossing point ¢s. Although that pathway is not relevant to
the T1/T2 pathway, it may be important in reactions between
the fragments (BC+ P, BP+ C, CP+ B).

As shown in Figure 4a, the energy of specl&s(®A’) is 0.3
kcal/mol higher than that 6f34 and 2.2 kcal/mol higher than
that of T4 (T34, which is a transition state at the CAS level, is
stabilized, relative td'3 andT4, at the CASPT2 level). Similar
to the aforementione@62/T6/T56 pathway, the reactanT8)
starts on théA’ surface and finishes on tRA" surface T4)
while passing througfi'34 (3I1). Distortion along one of the

in Figure 4.

(116.4)
93.8

A—

-7 T23 A

T2 A
Figure 4. (a) State crossing from thi&' surface to*A” surface via
linear T34 (3I1). (b) State crossing through a conical intersection; the
geometry ofT s is optimized at the CASSCF(6,6)/6-3tG(2df) level,
and single-point calculations were performed for each state symmetry
(A" and3A") at the CASPT2 level. The relative energy Bfs was
obtained by averaging the two state energies. Energies (given in kcal/
mol) are relative td&S1

two imaginary bending modesz{ and zry) of linear B-P—C
(T34) results in the’A’ or 2A"" electronic surface.

Another interesting finding in this study is the occurrence of
a conical intersection between tR&" and3A" surfaces. The
location is betwee2—T23 on the®A’ surface andr45—T4
on theA" surface (see Figure 4b). The energy of the optimized
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TABLE 4: Calculated Bond Dissociation Energies

De (kcal/mol) Do (kcal/mol)
bond state products DFT CASPT2 G3B3 experimental DFT CASPT2 G3B3
B—-C - P+3p 103.4 102.6 104.3 102.2 101.7 100.9 102.7
C-P >4 3P+ 4S 123.2 119.9 126.2 1235 121.3 118.1 124.4
B—P ST P+14sS 81.7 72.8 78.4 72°6 80.3 71.4 77.1
B—CP 3+ P+ 2zt 117.4 113.4 118.0 115.7 111.7 116.3
BC—-P >+ - +4S 137.2 130.7 139.8 135.4 128.8 138.0
B—-C—-P 3+ P+3P+14S 240.6 233.3 244.2 237.0 229.7 240.7

aFrom ref 20. Theoretical values of 97.0 kcal/Afand 100.1 kcal/mét also have been reportetdFrom ref 25.¢ From ref 45.
TABLE 5: Wiberg Bond Index, Calculated at the Density

Functional Theory (DFT) Level
— | — %Q%@ Wiberg Bond Index, WBI

o ,'r 13a’
N BCP B-C c-p B-P
N S1 0.90 2.67 0.14
QQ S2 1.76 1.74 1.16
(o ® @ S3 1.64 0.64 2.33
—4—’ "‘1—' § T1 1.40 2.06 0.16
12a’ 3a" T2 1.37 1.65 0.92
T3 0.19 2.02 1.53
T4 0.18 1.83 1.51
T5 2.02 0.70 1.34
I | dw\g T6 1.77 0.19 1.85
T |
11a’ 11a’ TABLE 6: NBO Stabilization Energies Associated with
N N Electron Delocalization at the DFT Level
AI Alf
. . . . - . donor acceptor energy (kcal/mol)
Figure 5. Orbital crossing diagram around the conical intersection
(see Figure 4 for details of the crossing). 7« (C—P) P (B) 13.9
7y (C—P) p (B) 14.6
. . . . . B *(C—P 14.3
structure of the crossing point (Figure 4b) is 3.0 kcal/mol higher ggP; g* EB—C)) 16.5
than that ofT4. As the B-P—C angle increases, the energy of
the A" surface also increases, while the energy of & electronst” Without this HLC, the CASPT2 results are very

surface decreases. The orbital interactions that are responsibl&jmilar to the G3B3 results.

for the crossing are given in Figure 5. When the structure is  we report the BDEs and atomization energy of BGR)(n
triangular, the 3aorbital has a strong antibonding interaction Taple 4. Surprisingly, the bond energpd of B—CP (113.4
between the porbitals of B and C, which decreases as the kcal/mol, CASPT2) is larger than that in BC (102.6 kcal/mol,
B—P—C angle increases. At the same time, the bonding CASPT2), even though the DFT-based Wiberg bond index
interaction in the 12eorbital becomes more antibonding as the (WBI) of the B—C bond is only 0.90 (Table 5). Also, the bond
angle increases. The-B>—C angle at the crossinbgs (100.8) dissociation energylYe) of BC—P (130.7 kcal/mol, CASPT2)
is intermediate to the value in2 (74.8’) andT4 (110.0). is larger than that of the diatomic CP molecule (119.6 kcal/
The calculated BDEs are shown in Table 4. Our bond mol, Table 4). These unexpected results can be understood from

dissociation energydo) of B—C (=7) is 100.9 kcal/mol at the the WBI anq the NBQ interaction energy analy_sis._From t_he
CASPT2 level and 101.7 kcal/mol at the DFT level, which is NBO analysis, there is a rather large 1,3-bonding interaction
similar to the experimental value determined by mass spectro-Petween the B and P atoms (0.14), although their atomic
scopy Do = 106 & 7 kcal/mol)1-12 Tzeli and Marvridi€° separation is 3.067 A (DFT). As shown in Table 6, the NBO
reported MRCl/cc-pVnZ-CBS calculations, including scalar Stabilization energy (“2e-stabilization”) between the Rbond-
relativistic corrections (mass velocity Darwin terms) and  Nd -orbitals and empty p-orbitals on B is 28.5 kcal/mol. In
spin—orbit corrections, and suggested a value of 108.8.1 addition, the lone-pair electron donations from the B atom to
kcal/mol for the B-C bond dissociation energy§). Martin the f;ﬁ.q*'org'tallin; fro(;n IgeSPkat?/m t(? the-8C th'oqb't"f}_lh
and Taylo#® used calculations at the CCSD(T) level to obtain IS stabilizing by 14.5 an > Kcaimol, respectively. Thus,
a BDE of B—C of 98.3+ 1 kcal/mol. Our CASPT2 and DET breaking the B-C bond in BCP also breaks the-BP bonding
calculations of the BDE (100.9, 101.7 kcal/mol) are very similar Interaction.

to those reported previously, whereas the G383 results give a The calculated heats of formation are compared with experi-
slightly stronger B-C bond (102.7 kcal/mol). mental values in Table 7. In the JANAF tablend the NIST

Webbook?® the heat of formation of BCtd K is given as 196

For the BDE of CP, our DFT results agree best with the L 19 kcal/mol, based on the old BDE of BC (18510 kcal/
referenceDe value of 123.5 kcal/mof® with the CASPT2  mol) and heat of formation of boron (1326 2.9 kcal/mol).
calculation being~4 kcal/mol lower and the G3B3 calculation  Using the newer experimental BDE of BO{ = 102.2 kcal/
being~3 kcal/mol higher than the experimeniad values. The  mol)2° with a ZPC correction of 1.7 kcal/mol and a more-recent
difference between the CASPT2 and G3B3 methods for the heat of formation of boronAsH® = 136.2+ 0.2 kcal/mol)*2
calculatedDe value of CP (as well as for thee values of BC ~ we obtained a heat of formation of B& @ K as A{H° = 206
and BP) are mainly due to the higher level correction (HE®), 4 1 kcal/mol, which is in much better agreement with our best
in which deficiencies in the basis set are empirically corrected, results (205.3 kcal/mol, CASPT2 level). DFT and G3B3 results
based on the number of spin-paired electrons and unpeired are also in good agreement.
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TABLE 7: Heats of Formation of Ground-State Diatomic Fragments and S1

A¢H°(0 K) (kcal/mol) A¢H°(298 K) (kcal/mol)
species DFT CASPT2 G3B3 experimental DFT CASPT2 G3B3

B 136.2+ 0.2

C 169.98+ 0.12

P 75.4+ 0.2

BC 204.5 205.3 203.5 206 1° 206.1 206.8 205.0
CP 124.1 127.3 121.0 124 2¢ 124.6 127.9 121.5
BP 131.3 140.2 1345 131.9 140.7 135.0
BCP 144.5 151.9 140.9 145.7 153.0 142.1
BCH 145.3 150.5 143.6 146.8 152.1 145.2

aFrom ref 42.P Revised, based on thg. value from Tzeli and Marvridis and the heats of formation of boron and carbon from réf4am
refs 26-28. 9 Averaged values. See Table 8.

TABLE 8: Heats of Formation of S1 at 0 and 298 K by Different Reactions

AH°(0 K) (kcal/mol) AH°(298 K) (kcal/mol)
reaction DFT CASPT2 G3B3 DFT CASPT2 G3B3
B+ C+P—BCP 144.5 151.9 140.9 145.7 153.0 142.1
BC+P—BCP 146.0 152.6 143.4 148.5 155.0 145.7
B + CP— BCP 144.5 148.5 143.9 146.0 150.0 144.2
BC+ CP—BCP+C 146.0 149.2 146.4 146.9 150.2 148.6
average 145.3+ 0.8 150.5+ 1.9 143.6+ 2.2 146.8+ 1.2 152.1+ 2.4 145.2+2.7
aError is obtained at the 95% confidence interval.
TABLE 9: Vibrational Frequencies and Renner—Teller RT Type A (i.e., thex modes are different and re#l)with
Constants of Triplet Linear Species good agreement between DFT and CAS on the Rerifieller
Vibrational Frequency (cnt) Renner-Teller constant (see Table 9). The linear tripl@t34 is an RT Type
state level 7, 7, o1 oa constant/e |2 D (i.e., bothsr modes are different and imaginary) with less
IsomerT1 agreement on thevalue € = 0.54 via_l DFT_an_ck = 0.74 via
31 DFT 314.5 2259 8596 1577.7 0.319 CAS) At the CASPT2 |eVe|, there is an indication th&4
(B;) CAS 326.3 231.3 826.1 1444.0 0.331 may actually be an RT Type C species (i.e., aneal mode
IsomerT6 and onex imaginary mode). At the CAS levell34 is a
I DET 2737 206.7 683.6 14554 0.274 transition state betwe€erB (°A’) andT4 (°A""), whereas, at the
(®B;)) CAS 265.0 198.8 6716 1379.2 0.280 CASPT2 level, the energy orderT8, T34, T4 (i.e., the energy
lsomerT34 of T34 is intermediate to that of3 andT4). Thus, we expect
M1  DFT —-82.1 -1495 787.4 9405 0.537 that dynamic electron correlation may have an important effect
(B) CAS -54.8 —1420 7232 9370 0.740 around this portion of the PES. To clarify this disagreement,
a Calculated using the equatien= [(*)2 — (0 )A/[(w*)? + (@ )] we performed a series of CASPT2/ANO-L geometry optimiza-
in ref 51. tions2 for the different electronic state34(, A", and3I1I) of

_ ) _ T34 and found that the energy of a slightly be¥t' state is
Previous studies have reported a disagreement between theorpigher than that of a line&f1 state and the energy of a slightly

and experiment for the heat of formation of &P?® The bent 3A" state is lower than that of th&81 state, thereby
CalCUIatedAfHo(o K) values for CP-124.1 kcal/mol (DFT), Confirming thatT34 must be an RT Type C Species_
127.3 kcal/mol (CASPT2), and 121.0 kcal/mol (G3B&)e in We report the vibrational frequencies and IR intensities for

good agreement with the best computational heat of formation 51, S2 T1, and T2 calculated at the DFT and CAS levels in
(124 £ 2 kcal/mol). The variation between the CASPT2 and Taple 10. These are the lowest-energy species on the BCP PESs
G3B3 calculations for the heats of formation (0 K) of CP (6.3 and may be observable in a low-temperature matrix. The most

kcal/mol) and BP (5.7 kcal/mol) can be attributed largely to |ikely species for observation B1, which has very intense BC
the empirical HLC in the G3B3 method. and CP IR stretching frequencies_

The heat of formation 081 was calculated in two ways; (i) )
directly from atoms (B+ C + P— BCP) and (ii) by averaging ~ Conclusions
the heats of formation calculated from reactions that are shown On the boror-carbor-phosphorus (BCP) potential energy
in Table 8 using reference heats of formation of the reactants. surface (PES), three singlet and six triplet minima were found.
The two methods give similar results at the DFT and CASPT2 The singlet linear BCP 1, 1=*) is the global minimum,
levels, but the G3B3 results show more variation. Our best whereas the energies of both the triplet triangdlar®A’) and
estimate ofA{H°(0 K) of BCP (=*) is 150.5+ 2 kcal/mol at the triplet linearT1 are~16 kcal/mol higher. Rearrangements
the CASPT2 level. of triplets on the3A’ and 3A" PES can occur via two
We note that all three linear triplet specidd( T6, andT34) mechanisms: either by going through a linear specie¥bf
have a degenerate electronic stdfé)( thus, these are Renner symmetry, where théA' and3A" states are degenerate, or by
Teller species® The vibration frequencies of the linear triplet going through a conical intersection. On the singlet surface, the
species were calculated at the DFT and CAS levels, to determinelowest-energy pathways involve a# core with the P atom
the nature of ther bending modes (Table 9). Although a more revolving around the core on th€ BurfaceS1— S2— S3or
sophisticated study of the PES is required for a full analysis of on the A' surfaceS1— S3
the RennerTeller effect, we note that DFT and CAS give Calculation of thermodynamic data at the DFT, CASPT2, and
similar results for ther bending modes. Botfil andT6 are G3B3 levels are in good agreement with each other and with
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TABLE 10: Calculated Vibrational Frequencies and IR

Intensities of S1, S2, T1, and T2

DFT CAS
s1

" 130.0 (9.2) 180.7 (3.5)

Vs 135.3 (9.7) 180.7 (3.5)

Vs 739.2 (20.4) 714.6 (122.7)

V4 1449.6 (23.0) 1466.8 (341.6)
S2

" 606.6 (21.7) 645.6 (75.2)

V2 929.6 (21.7) 885.9 (40.0)

Vs 1308.4 (16.3) 1350.0 (16.4)
T1

" 225.9 (5.9) 231.3 (3.5)

V2 314.5 (16.1) 326.3 (11.2)

Vs 859.6 (0.3) 826.1 (0.6)

Vs 1577.7 (52.1) 1444.0 (15.2)
T2

v 590.6 (19.8) 594.9 (15.2)

V2 932.3 (8.8) 892.8 (7.3)

Vs 1243.8 (10.2) 1193.2 (7.5)

aVibrational frequencies (in units of cri are given in regular type.
IR intensities (in units of km/mol) are given in parentheses.

experimental values. The-BC and C-P bond dissociation
energies Dg) in B—C—P are 111.7 and 128.9 kcal/mol by

CASPT2, respectively, which are larger than the bond dissocia-
tion energies in the BC and CP diatomics (100.9 and 118.1 kcal/

mol, respectively). The stronger8C and C-P bonds in BCP
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