Ab initio study of the molecules BC and B,C
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The potential energy surface for the B,C molecule and the potential energy curve for the ground
state of BC have been investigated using full-valence complete active space SCF (CASSCF),
augmented coupled cluster [CCSD(T)] and multireference treatments. The ground state of B,C is an
extraordinarily stable ring (£ D,=261.6%1 kcal/mol) with two 2-electron 7 systems. The first
excited state is linear BCB (12;), which is essentially biconfigurational due to a (40,)~(30,) near
degeneracy. Anharmonic spectroscopic constants were obtained from quartic force fields at the
CCSD(T) level with a correlation-consistent basis set of [4s3p2d1f] quality. A severe Fermi
resonance exists between the bending and symmetric stretching modes. All computed intensities are
fairly weak. Spectroscopic constants for BC using elaborate multireference techniques were very
well reproduced using the CCSD(T) method with a spin-restricted Hartree—Fock reference
configuration, but not with an unrestricted Hartree—-Fock reference. This suggests that even
moderate levels of spin contamination that do not significantly affect relative energies may have a

detrimental effect on computed spectroscopic constants.

INTRODUCTION

Considerable interest has been aroused recently by neo-
ceramic materials in the {B,C,N} “magic triangle” of ele-
ments. Special cases of mixed {B,C,N} compounds are the
ultrahard materials boron carbide (BC), carbon nitride! and
B-boron nitride.2? The covalent solid carbon nitride has gen-
erated a lot of interest recently! while boron carbide has
potential in such diverse applications as control rods in
nuclear fission reactors (e.g., Ref. 4), target tiles in nuclear
fusion reactors (e.g., Refs. 5,6) and protective coating of car-
bon fiber materials against atomic oxygen in spacecraft.’

The precursors of these materials in surface coating are
the B,C,N, clusters. Among the heteronuclear clusters,
B,,N,, clusters have been given the most attention, notably
for BN,® B,N,>1° BN,,!%! B,N,'*13 B,N,,* and BN;."* In
the C,N, family, the CN radical is of course very welil
characterized,”” while the C,N and CN, radicals recently
have been the subject of considerable study (Ref. 16 and
references therein), as is the case for cyanogen (CZNZ).”’18
By contrast, much less information is available on the B,,C,
clusters. The available material is basically limited to ab ini-
tio calculations'®?° and an electron spin resonance study?! in
noble gas matrix on BC, and a combined ab initio/
experimental characterization of BC,.”2 To the authors’
knowledge, nothing at all is known on B,C, except that it has
been detected in laser mass spectra of boron carbide® and
that some small basis set Hartree—Fock calculations have
been performed on the linear forms BBC and BCB.?* The
purpose of this paper is therefore to present an accurate ab
initio study of BC and B,C, including arnharmonic force
fields for their respective ground states.

METHODS

Since both the BBC and BCB structures of the B,C mol-
ecule have singlet ground states that are essentially bicon-
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figurational (vide infra), single configuration SCF methods
are essentially useless when it comes to predicting the rela-
tive energy of different structures and states for B,C. There-
fore full-valence CASSCF (complete active space SCF)
calculations® were carried out instead, in which the varia-
tionally optimized wave function is a linear combination of
all configuration state functions (CSFs, i.e., symmetry- and
spin-adapted linear combinations of Slater determinants) that
can be generated by arranging 10 valence electrons in 12
valence orbitals. Since higher angular momentum polariza-
tion functions are essentially intended for external correla-
tion effects and are thus not necessary at this level, the basis
set used for the CASSCF calculations was Dunning’s
correlation-consistent? valence double zeta plus polarization
set, which is a [3s2p1d] contraction of a (9s4p1d) primi-
tive set. Optimizations and harmonic frequency calculations
were carried out using analytical second derivatives.

For the ground state of B,C, which we will see below to
have relatively small nondynamical correlation effects, fur-
ther calculations were carried out using the CCSD(T)
method,”” which is the coupled cluster method®® with all
single and double excitations (CCSD)'*? augmented by a
quasiperturbative  estimate for the effect of triple
excitations.”” For systems dominated by a single reference
configuration, this method has been shown to yield correla-
tion energies very close to the full configuration interaction
(FCI) limit.3%3!

A quartic force field was calculated at the CCSD(T)
level using Dunning’s cc-pVTZ (correlation consistent va-
lence triple zeta plus polarization) basis set,”> which is a
[45s3p2d1f] contraction of a (10s5p2d1f) primitive set.
Pure spherical harmonics were used and (1s)-like ¢ore or-
bitals constrained to be doubly occupied. A grid was gener-
ated of all points required to generate all nonvanishing qua-
dratic, cubic, and quartic force constants in symmetry
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TABLE 1. Computed total energies (E,), geometries(A), harmonic frequencies (cm™), and (in parentheses)
infrared intensities (km/mol) for B,C, and anharmonic spectroscopic constants (cm™") for BC at different levels

of theory.

CASSCF[10/12)cc-pVDZ

BC(*S7) —62.405 96 Rpo=1.5225

B,C('%]) —87.178 88 Rpc=1.3942

B,C(’Sh) —87.170 19 Rpc=1.3888

B,C(14,) —87.197 05 Rpe=1.4257,Rpa=1.6580
B,C(®B,) —~87.174 50 Rpc=1.4153,Rp3=1.9796
B,C('5) ~87.098 18 Rpc=1.4044,Rp;=1.5605
B,C(5*) —87.086 92 Rpc=1.4012,Rz5=1.5575
UHF-CCSD(T)/TZ2P*

BC(*37) —62.556 11 Rpc=1.5027

B,C('4,) —87.41046 Rpc=1.4069,Rp;=1.5962
CASSCF/ACPF/cc-pVTZ

BC(*3") —62.539 50 Rpc=1.5072
UHF-CCSD(T)/cc-pVTZ ,

BC(*37) —62.533 95 Rpc=1.5078
RHF-CCSD(T)/cc-pVTZ®

BC(*37) —62.534 16 Rpc=1.5015

B,C('A)) —87.377 54 Rpc=1.4142,R55=1.6031
RHF-CCSD(T)/cc-pVQZ®

BC(*z") —62.545 56

B,C('4p) —87.399 01

1131(0,30)
1863(7,,274),1101(0), 204(77,,,15><2)
1886(0,,318),1123(0),163(m,,5X2)
1424(a(,31),1259(5,,27),663(a,,4)
1354(a,,0.6),373(a,,3),1477(b,,59)
1629(,71),900(a,7),202(w,2X2)
1624(0,105),904(0;,1),211(m,1X2)

. 1083(a,43)
1433(a;,5),1237(b,,8),753(a;,2)
0,=1143.6,0,x,=10.2,2,=0.016 28

©,=1092.3,0,x,=28.2,a,=0.024 13

©0,=1147.9,0,x,=10.2,2,=0.016 72
1428(a,),1228(b,),748(a,)

*Core correlation included and Cartesian d functions used for technical reasons.
*CCSD(T)/cc-pVTZ atomic energies: B—24.598 04, C—~37.780 64 E;.
SCCSD(T)/cc-pVQZ atomic energies: B—24.600 77, C—37.786 41 E,,.

adapted internal coordinates. This required a total of 55
points. (Generally, grids in symmetry coordinates require
more points than those in internal coordinates, but the indi-
vidual geometries have higher symmetry on the average and
thus require less CPU time.) Step sizes used were 0.01 A and
radian. The force field thus obtained was transformed to Car-
tesian coordinates using the program INTDER by Allen. The
subsequent anharmonic vibrational analysis was performed
using standard second order rovibrational perturbation
theory®>*? with the aid of the SPECTRO program.>*3>

In order to obtain infrared intensities that include exter-
nal correlation, CCSD(T) gradient calculations were carried
out with the Huzinaga—-Dunning TZ2P (triple zeta plus two
polarization functions) basis set.>®*” For computational rea-
sons, the ls core electrons were correlated and Cartesian
polarization functions were used in these calculations.

Since the small size and well-defined ground state
(X *37) of the BC molecule allow for more advanced cal-
culations, the above methods were supplemented here with
multireference averaged coupled pair functional (ACPF)3®
results based on a full-valence CASSCF reference wave
function. Anharmonic spectroscopic constants for this system
were generated by a Dunham analysis®® on a sixth-order
polynomial fitted through 11 points around the minimum (a
step size of 0.01 bohr was used). Additionally, since this is an
open-shell  system, both  UHF-CCSD(T)¥’  and
RHF-CCSD(T)**! calculations were performed on this
system~—that is, both unrestricted Hartree—Fock and spin-
restricted Hartree—Fock reference configurations were used.

Finally, in order to obtain accurate total atomization en-
ergies, CCSD(T) single-point calculations were carried out
with the cc-pVQZ (correlation consistent polarized valence

quadruple zeta) basis set,?® which is a [Ss4p3d2f1g] con-
traction of a (1256p3d2f1g) primitive set.

The CASSCF geometry optimizations and frequencies
were obtained using the SIRTUS/ABACUS package on an IBM
RS/6000 model 365 workstation at LUC. The CCSD(T) gra-
dient calculations were performed using ACES II*? on an IBM
RS/6000 model 350 workstation at SDSC. All other calcula-
tions (such as the single-point CCSD(T) and ACPF calcula-
tions) were run using the MOLECULE/SWEDEN/’HTAN program
system*>** with the SEWARD integral package*>*® running on
the Cray Y-MP/864 and Cray C90/8128 computers at SDSC.

RESULTS AND DISCUSSION

For BC, it is well known from previous ab initio studies
that the ground state is X %7, with a
(10)*(20)*(30)*(40)*(50)*(1m)? occupation scheme. We will
therefore focus exclusively on that state. Computed UHF-
CCSD(T) spectroscopic constants with the cc-pVTZ basis set
are given in Table 1. The &7, diagnostic,*’ which is a measure
for the importance of nondynamical. correlation, has a value
of 0.10; one of the largest we have seen and which (based on
our previous experience with BN) should render CCSD(T)
results essentially useless. And indeed, the computed w, of
1092 cm™! is no less than 52 cm™! lower than the result
obtained at the ACPF level using a full-valence CASSCF
reference, and the anharmonicity constant w,x, is almost a
factor of 3 too high. (A large deviation is also seen in the
rotation-vibration coupling constants «,.) Peculiarly, the
computed equilibrium bond distances are in almost perfect
agreement.
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However, since the expectation value of the §% operator
indicates substantial spin contamination ({S%)~4.0) it is
possible that the high .7 is an artifact of the latter. In order
to investigate this, we have repeated the calculation with an
RHF reference wave function, and as Table I shows, this
resolves the discrepancy almost completely. The computed
o, is now 1148 cm™!, only 4 cm™! higher than the CASSCF/
ACPF result. Both w,x, and @, are now in almost perfect
agreement between the two methods. This result also helps
explain the relatively poor agreement between UHFE-
CCSD(T)/TZ2P and experiment that was obtained for
BNN(IT),!! where spin contamination is also high. We ex-
pect @, to be correct to about +10 cm™'. Taking into ac-
count the average overestimation of double bond lengths at
the CCSD(T)/cc-pVTZ level of 0.006-7 A, we give a best
estimate for r, of 1.495::0.002 A.

B,C. Computed spectroscopic constants at various
levels of theory are again given in Table 1. The
valence  occupation scheme for BCB(IE‘;) is
(30)*(20,)*(17,) (40,)*(30,)°. The (40,) HOMO
here corresponds to a symmetric combination of two lone-
pair orbitals, where the antisymmetric combination (3¢,) is
nearly degenerate with it in energy. It is hardly surprising
that, under these circumstances, the wave function for
BCB('S") is almost biconfigurational, and that a single-
configuration SCF treatment produces essentially meaning-
less results. The situation is effectively the same as for a
low-spin coupling in a degenerate orbital; the “high-spin”
case, which comresponds here to the 33 state
-~~(4crg)1(3 o)L, is found to be only slightly higher in en-
ergy. The situation is similar for BBC('3*) and BBC(*S™),
with a (60)—(70) near degeneracy. Here, too, the 33" state
is found to be only slightly above the !5, * state. As predicted
in Thomson’s twenty-year old SCF study,”* BCB(!3,") is in-
deed more stable than BBC('2 ). However, neither is in fact
the lowest energy structure.

The true global minimum is actually is a C,,-symmetric
cyclic structure with a 'A; ground state and the valence oc-
cupation scheme ---(3a;)*(2b,)*(4a;)*(1b;)*(5a,)*. In-
spection of the computed geometry quickly shows that both
BC and BB bond distances are near the optimal values for
double bonds. The electronic structure is then probably best
described as the resonance

VANSIVANSIVAN

which involves two aromatic systems with two electrons
each—a “‘conventional” one with the occupation scheme
(1b1)2(1a2)0(2b1)° and an “in-plane” aromatic system (as
is well known in carbon clusters®®) with the occupation
scheme (5a1)2(3b2)0(6a1)°. This makes the molecule
rather unique among neutral triatomics; isoelectronic ions
would be B,N* or BJ . On the triplet surface, too, the cyclic
structure (B, state) is found to be the lowest in energy,
although the separation with the *%; state is much smaller
than the 'A;-'2] separation.

Summarizing, it is fairly clear that only the A state is
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TABLE 1. CCSD(T)/cc-pVTZ quartic force field for B,C ('4;). Units are
al, A, and degree.

Fyu=Fy 6.564 50
Fyp 0.409 23
Fy3=Fp 1.553 04
Fyy 311711
Fi111=Fap —34,749 76
Fo11=Fa —1.31146
F3)3=F33 —1.25301
F3 —4.94576
Fa31=F33, —9.338 52
Fia3 —28.722 61
Fyn=Faa 158.059 21
Fain=Fam —0.058 86
Faan 6.294 60
F3111=F332 —7.67142
F3311=F3pn1 10.348 21
F3311=F332 0.258 76
F3321 27.767 88
F3331=F3332 44.099 85
F333 186.660 85

important for our further spectroscopic investigation. This is
fortunate, since this state has fairly limited multireference
character: the .7, diagnostic*’ is found to be only 0.035,
which indicates a system that has some multireference char-
acter, but should still be tractable at the CCSD(T) level.

As seen from Table I, both CASSCF/cc-pVDZ and
CCSD(T)/TZ2P calculations predict all three bands of
B,C(!4,) to be fairly weak. (It is worth noting here that
there is only very weak coupling between the symmetric
strétching and bending modes.) It could be argued that it is
all the more important to have accurate predictions in such a
case, and we have therefore calculated a quartic force field at
the CCSD(T)/cc-pVTZ level. The internal coordinate force
field can be found in Table II, while predicted spectroscopic
constants using second-order vibrational perturbation theory
are given in Table I for !'B,C, !'BC!B, and '°B,C. One
feature is immediately conspicuous: the severe Fermi reso-
nance between the bending and symmetric stretching vibra-
tions. The resulting states are essentially 50:50 mixtures be-
tween (100) and (020) states; therefore both bands would
probably be observed. One of both Fermi states has a very
pronounced isotopic effect: for the other state and the re-
maining two fundamentals, differences between harmonic
and anharmonic isotopic shifts are only on the order of 3 and
1 em™!, respectively. Regarding the geometry, we know from
experience49 that CCSD(T)/cc-pVTZ will overestimate the
length of double bonds by 0.006—7 A, and that of single
bonds by about 0.002 A. From the computed r, geometry of
ro=1.421 A and 6,=69.2°, we then propose a best estimate
for the geometry of B,C of ro=1.414 A and 6=69.5°,
which we expect to be accurate to within +0.002 A and 0.3°.

Thermochemistry. From the energies in Tables I and III,
we can obtain accurate total atomization energies using the
correction formula published by Maxtin,49 which has the
form

AE=n,a,+n.b  +npgiCpmie
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TABLE Ifl. Anharmonic spectroscopic constants (cm ™) for B,C and some
isotopomers.

llBllBIZC llBIOBIZC IOBIOBIZC
ro(B;,0) 1.4210 1.4210 14212
ro(B2,C) 1.4210 1.4212 14212
6y 69.2361 69.2461 69.2557
@ 1427.82 1448.51 1465.91
w, 1228.11 1245.38 1265.98
wy 747.65 762.47 776.88
Fy3 —56.79 —61.42 ~66.30
v, (deperturbed) 1404.76 1424.92 1442.03
v, 1203.84 1220.65 1240.55
s 719.05 732.56 745.68
204 1461.58 1489.21 1515.41
vy (corr) 1348.00 1366.25 1382.12
X, ~5.38 —5.68 —5.54
X1y —22.06 —21.89 —22.83
X1 —2.54 —-2.57 —-2.76
X —9.60 —9.87 —-10.01
Xo3 1192 11.89 12.04
X3 —16.64 —17.29 ~17.92
ZPE (kcal/mol) 4.83 491 4.98
A, 1.598 79 1.63123 1.654 92
B, 1.191 59 1.246 51 131017
C, 0.68274 . 0.706 58 0.731 25
ala 0.011 25 0.012 00 0.011 74
a2a 0.022 72 0.022 47 0.024 05
a3a —0.032 04 —-0.032 50 —0.034 35
olb 0.002 71 0.002 63 0.003 35
a2b —0.01049 —0.010 32 —0.011 76
a3b 0.025 39 0.026 42 0.028 85
ele 0.002 33 0.002 53 0.002 81
a2c 0.000 01 0.000 01 —0.000 06
a3c 0.009 77 0.010 16 0.010 57
10%D, 5.1616 55227 6.2020
105D, 21.232 8 21,1775 23.7339
108Dy -12.2219 —12.2512 —14.7510
10%d, 2.2008 2.3612 2.679 6
10%d, 19745 22285 1.7255
10°R, —0.394 0 ~0.4279 —0.497 2
10'°H, —0.293 9 —0.3542 —0.3892
10190 17.526 5 182375 20.438 8
10'°H,, 5.180 1 5.7842 6.445 4
10%%H,, —18.064 6 ~19.2306 —21.672 8
10'%,, —0.1447 ~0.175 1 —0.193 1
101, 0.902 3 1.060 3 12120
10107, —0.0518 —0.066 5 ~04751

in which n,., n,,, and pair TEPresent the number of ¢ bonds,
ar bonds, and lone pairs, respectively, and @, b, and ¢ are
constants specific to the basis set, electron correlation, and
level of theory for the reference geometry. More specifically,
these constants are obtained by a fitting procedure in which
calculated binding energies are adjusted to obtain best agree-
ment with experimental values for a series of well-
characterized molecules. Full details are given in Ref. 49.
For CCSD(T)/cc-pVTZ energies at a CCSD(T)/cc-pVTZ ref-
erence geometry, a=—0.706, 6=0.784, and ¢=3.798
kcal/mol;* for CCSD(T)/cc-pVQZ energies, these constants
become a=—0.089, »=0.668, and ¢=1.277 kcal/mol.*’
There is some ambiguity involved here, in that it is not very
clear whether the two high-spin coupled electrons in the 7
orbital should be counted as one 7r bond, but in view of the
rather large uncorrected D, value (97.6 kcal/mol with the
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cc-pVTZ and 99.4 kcal/mol with the cc-pVQZ basis set), we
are inclined to assert that they should be. With the cc-pVTZ
basis set, the corrected D, is then found to be 97.6 kcal/mol,
with an expected accuracy of %1 to 2 kcal/mol. {The agree-

‘ment between uncorrected and corrected values results from

a fortuitous cancellation between a and b, and the fact that
no new electron pairs are formed in the molecule.) With the
cc-pVQZ basis set, however, the value increases to 100.0
kcal/mol, with an expected error of 0.5 to 1 kcal/mol. This
rather large D, value is somewhat less than that for BN® but
shows that a boron—carbon bond can be fairly strong. From
the calculated w, and w,x, in Table I, we find a zero-point
energy {(ZPE) of 1.63 kcal/mol [both at the CAS-ACPF and
RHF-CCSD(T) levels], which finally leads to Dy(BC)=98.3
kcal/mol.

The same calculation for B,C shows that it is surpris-
ingly strongly bound: with the cc-pVTZ basis set, the cor-

‘rected 2 D, is found to be no less than 258.6 kcal/mol, a

value that is similar to the very strongly bound B,N mol-
ecule. With the cc-pVQZ basis set, this value even increases
to 261.6 kcal/mol, with an expected error of 0.5 to 1 kcal/
mol. For species with more than one multiple bond, this kind
of difference between the corrected cc-pVTZ and cc-pVQZ
results is by no means unusual.*® Using the anharmonic zero-
point energy (ZPE) in Table I, we find £ Dy=256.8*1
kcal/mol.

- Given the low D, of B,,” it is obvious that the thermo-
dynamically preferred channel for fragmentation would be
B,C(!A;)—BC(*Z ") +B(*P). Since the reaction from
ground state to ground state is spin-forbidden, however, it is
possible that dissociation actually goes to C(CP)+B,(3%7).

The only experimental observations with which we can
correlate these data, so far, are the mass spectrometric ex-
periments of Becker and Dietze,?® who describe the cluster
distribution in a laser plasma of boron carbide. They find
B,C™, followed closely by BC,, to be by far the most abun-
dant small cluster in the anion spectrum (the most abundant
cluster overall is BCy ), while B,C" is among the most abun-
dant species in the cation spectrum. Since cation and anion
spectra are quite different, the relative abundances are prob-
ably more a function of the relative stabilities of the ions
than of the neutral species: it is then readily seen why B,C™
(isoelectronic with the very stable molecules C; , BC,, and
B,N) will be more prominent than B,C* (isoelectronic with
Bs). '

CONCLUSIONS

The ground state of B,C is an extraordinarily stable ring
(2 D,=261.6%=1 kcal/mol) with two 2-electron 7 systems.
Second lowest in energy is linear BCB (12; ), which is es-
sentially biconfigurational due to a (40,)—(30,) near de-
generacy. Best estimates for the spectroscopic constants are
w;=1428, ©,=1228, and ;=748 cm™!; v (deperturbed)
=1405, 1,=1204, and ;=719 cm™'; ro(BC)=1.414 A, and
6,=69.5°. A severe Fermi resonance exists between 2w; and
w;; ?est estimates for the Fermi levels are 1462 and 1348
cm” . .
Best estimates for the molecular constants of BC(*27)
are D,=100.0x1 kcal/mol, ,=1147.9%10, w.x,
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=10.2, @,=0.01672 cm™}, and r,=1.495+0.002 A.
Computed spectroscopic constants using elaborate multiref-
erence methods are well reproduced at the CCSD(T) level
with an RHF, but not with a UHF, reference, implying that
moderate levels of spin contamination may not substantially
affect relative energies but may compromise the quality of
computed spectroscopic constants.

Note added in proof. After acceptance of this article, we
discovered Knudsen cell experimental vaiues for 3 D,
(B,C)=254 kcal/mol [G. Verhaegen, F. E. Stafford, and J.
Drowart, J. Chem. Phys. 40, 1622 (1964)] and 260%10 kcal/
mol [G. Verhaegen, F. E. Stafford, M. Ackerman, and J. Dro-
wart, technical report quoted in previous reference], in agree-
ment with our computed value of 256.8*+1 kcal/mol. These
authors note that substantial resonance energy is present,
which they estimate at about 20% of the total atomization
energy. The same references list D (BC)=106 and 10510
kcal/mol, respectively, substantially higher than our com-
puted value of 98.3x1 kcal/mol; this is probably not signifi-
cant, however, given the large experimental uncertainty. Ad-
ditionally, the following experimental spectroscopic
constants are given for BC (X “37™) in W. T. M. L.
Fernando, L. C. O’Brien, and P. F. Bernath, J. Chem. Phys.
93, 8482 (1990); r,=1.49116(34) A, «,=0.017 33(46)
cm”!; compared to our RCCSD(T)/cc=pVTZ computed val-
ues of 1.5015 A and 0.016 72 cm ™. The error in the bond
distance is somewhat bigger than the expected overestima-
tion of a double bond length by 0.006-0.007 A at this level
of theory.®® '
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