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9 ABSTRACT: A theoretical study of the monoboronyl
10 compounds of second-row elements, [XBO] (X = Na, Si, P,
11 S, Cl), has been carried out. It is observed that the preference
12 for the XBO arrangement is higher when moving to the right
13 of the period. In the case of sodium monoboronyl three
14 minima were characterized, all lying rather close in energy:
15 linear NaBO, linear NaOB, and an L-shaped structure. Linear
16 NaBO and the L-shaped structure are nearly isoenergetic,
17 whereas linear NaOB is located 2.11 kcal/mol above linear
18 NaBO. The barrier for the conversion of the L-shaped
19 structure into linear NaBO is about 5.1 kcal/mol, suggesting
20 that both species could be potential targets for experimental
21 detection. For silicon monoboronyl, two minima, linear SiBO
22 and linear SiOB, are found, the latter lying about 13 kcal/mol above SiBO. The barrier for the isomerization of SiOB into SiBO
23 is estimated to be 11.4 kcal/mol. For phosphorus, sulfur, and chlorine monoboronyls the linear XBO isomer is clearly the most
24 stable one, and the barriers for the conversion into XOB species are relatively high, suggesting that quite likely the linear XBO
25 isomer should be the main experimental target. All studied monoboronyls are relatively stable, with dissociation energies
26 increasing from left to right of the second-row (69.8 kcal/mol for NaBO and 118.98 kcal/mol for ClBO). An analysis of the
27 bonding for second-row monoboronyls has been carried out, emphasizing the different characteristics of the X−B and X−O
28 bonds along the second row.

1. INTRODUCTION

29 Boronyl, BO, has received increased attention in recent years.
30 It was suggested by Ehlers et al.1 as a potential ligand, given its
31 similarity with the well-known isoelectronic analogue cyanide,
32 CN, and its close similarity with CO. In a recent account Zhai
33 et al.2 suggested that boronyl is a robust ligand, exhibiting a
34 strong B−O multiple bond, which could lead potentially to a
35 rich chemistry. However, its use in synthetic chemistry has
36 been hindered by the high reactivity of free monomeric BO,
37 making difficult the preparation of complexes incorporating
38 boronyl ligands. It was not until very recently that
39 Braunschweig et al.3,4 successfully synthesized platinum
40 oxoboryl complexes, followed by the generation of a trinuclear
41 complex of ruthenium capped by a triply bridging oxoboryl
42 ligand by Kaneko et al.5 In addition, other metal−boronyl
43 compounds, such as AuBO−, Au2BO

−, Au3BO
−, and Au-

44 (BO)2
−, have been generated and studied by spectroscopic

45 techniques in the gas phase.6,7 Boronyl compounds with
46 nonmetals, such as boron or diborene, have also been
47 generated.8,9 Organic compounds containing boronyl are also
48 known. CH3BO was studied spectroscopically10,11 a few years

49ago, whereas very recently several boronyl compounds were
50generated through bimolecular reactions of boronyl with
51unsaturated hydrocarbons by Kaiser and Balucani.12 The latter
52work paves the way for generating organo boronyl monomers.
53From the theoretical side, several works13−23 have been
54devoted to the prediction of the molecular structure and
55properties of different complexes of transition metals. These
56studies provided clues about the behavior of boronyl as a
57ligand with different metals. Less extensive is the literature
58about metallic monoboronyls, despite their possible intrinsic
59interest and relationship with the isoelectronic cyanide/
60isocyanide analogues. Theoretical studies have been carried
61out for LiBO,24 ScBO+,25 XBO (X = Li, Na, K),26 RBO (R =
62H, F, Cl, CH3),

27 and PtBO and PdBO.28 We have recently
63performed a theoretical study of metallic monoboronyl
64compounds,29 selecting different types of representative metals,
65namely, Mg (s-type), Al (p-type), and the group 11 metals Cu,
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66 Ag, and Au (d-type). In the present work we provide a
67 theoretical study of monoboronyls of the rest of second-row
68 elements (metals and nonmetals): Na, Si, P, S, and Cl. There
69 are two main objectives in the present work. First, predictions
70 for the molecular structure and spectroscopic parameters of
71 monoboronyl compounds will be made to guide a possible
72 experimental observation of these species. Second, structural
73 trends along the second row will be discussed and compared to
74 their cyanide analogues.

2. THEORETICAL METHODS

75 Explorations of the [XBO] potential energy surfaces, X being a
76 second-row element (Na, Si, P, S, Cl), were performed at the
77 coupled cluster level with single and double substitutions
78 (CCSD) employing the all-electron Dunning’s correlated
79 consistent triple-ζ basis set augmented with diffuse and
80 polarization functions, denoted as aug-cc-pVTZ.30,31 Geometry
81 optimizations for the stationary points on the different
82 potential energy surfaces were then carried out at the CCSD
83 and CCSD(T) levels, where the latter stands for a perturbative
84 inclusion of triple excitations.32 Harmonic vibrational
85 frequencies were computed at the CCSD/aug-cc-pVTZ level,
86 allowing us to check the nature of stationary points according
87 to the number of imaginary frequencies (one imaginary
88 frequency for transition states, and all frequencies real for
89 true minima). For open-shell systems spin contamination was
90 found to be negligible for linear or quasi-linear geometries.
91 Nevertheless, for nonlinear structures (mainly transition states)
92 significant spin contamination was observed when unrestricted
93 Hartree−Fock wave functions were employed. Therefore, to
94 avoid this problem, restricted open-shell Hartree−Fock
95 reference wave functions were employed for the coupled
96 cluster calculations unless otherwise specified. Nevertheless, no
97 significant differences are found between restricted and
98 unrestricted calculations for most structures.
99 The T1 diagnostic33 was applied to check the validity of the
100 single-reference based coupled cluster theory. The T1 values
101 for the different minima found in the present study are
102 summarized in Table S1 of the Supporting Information. As can
103 be seen in all cases, low values are found, suggesting that the
104 coupled cluster calculations are reliable enough.
105 To obtain more reliable predictions, the geometrical
106 parameters and electronic energies were improved through a
107 composite procedure34−36 for the different stable structures. In
108 addition to the geometry optimizations at the CCSD(T)/aug-
109 cc-pVTZ level, optimizations at the CCSD(T) level with the
110 quadruple-ζ basis set aug-cc-pVQZ were also carried out. The
111 complete basis set limit (CBS) was then estimated through the
112 n−3 extrapolation formula37 for the case n = 3, 4. In the case of
113 sodium we observed an erratic behavior when employing the
114 aug-cc-pVQZ, very similar to that observed in the case of
115 magnesium.29 Therefore, for the [NaBO] system no
116 extrapolation was performed, and the CCSD(T)/aug-cc-
117 pVTZ results were employed.
118 Two further corrections have been applied to geometrical
119 parameters and electronic energies. First, core−valence (CV)
120 effects were computed as the difference between a calculation
121 including all electrons and a frozen-core approach at the
122 CCSD level with the aug-cc-pCVTZ basis set,31,38 which is
123 especially designed to incorporate core−valence correlation. In
124 this way, the core−valence corrections for geometrical
125 parameters (r) and energy (E) are estimated as

Δ Δ = ‐ ‐ ‐

− ‐ ‐

r E r E

r E

/ (CV) / (CCSD full/aug cc pCVTZ)

/ (CCSD/aug cc pCVTZ) 126(1)

127Second, scalar relativistic (Rel) effects were considered
128through the use of Douglas−Kroll-type39−41 calculations
129employing the aug-cc-pVTZ-DK basis set. The difference
130between calculations at the CCSD level employing the aug-cc-
131pVTZ-DK and aug-cc-pVTZ basis sets provides an estimate of
132relativistic corrections:

Δ Δ = ‐ ‐ ‐ ‐

− ‐ ‐

r E r E

r E

/ (Rel) / (CCSD DK/aug cc pVTZ DK)

/ (CCSD/aug cc pVTZ) 133(2)

134Taking into account these two corrections, and assuming
135additivity, the final geometrical parameters and energies for Na
136species are obtained through the composite procedure as

= ‐ ‐ + Δ Δ

+ Δ Δ

r E r E r E

r E

/ / (CCSD(T)/aug cc pVTZ) / (CV)

/ (Rel) Na 137(3)

138whereas for the rest of second-row elements the different
139properties are obtained in a similar way, but extrapolating to
140the CBS limit

= + Δ Δ + Δ Δr E r E r E r E/ / (CBS) / (CV) / (Rel)

Si, P, S, Cl 141(4)

142This procedure has proven to provide excellent agreement with
143the experimental results for the only species observed
144spectroscopically so far, namely, ClBO, as demonstrated in
145our previous work (see Table S2 of ref 29).
146Core−valence and relativistic corrections for some repre-
147sentative structures (linear XBO and XOB species) are given in
148the present work as Supporting Information (Table S2). The
149contributions of core−valence and relativistic corrections to
150the relative energies are generally quite small. However, the
151corrections to the geometrical parameters are not negligible,
152especially the core−valence corrections. In fact, for the only
153species observed experimentally, ClBO, the agreement
154between the theoretical rotational constant (5202.2 MH)
155(including core−valence and relativistic corrections) and the
156experimental value (5202.3960 MHz) is very good.29

157Neglecting core−valence and relativistic corrections leads to
158a deviation of more than 20 MHz from the experimental value.
159Therefore, we think that it is worthwhile to include these
160corrections to obtain more reliable predictions.
161Spin−orbit corrections were computed for open-shell states
162employing CASSCF calculations with the aug-cc-pVTZ basis
163set, taking 10 orbitals as active space and the appropriate
164number of electrons for each case (N = 9, 10, 11 for Si, P, and
165S systems, respectively). Illustrative results are given in Table
166S3 of the Supporting Information. As can be seen, no relevant
167contributions to the relative energies between the different
168isomers are found.
169All calculations were carried out with the Gaussian 0942 and
170CFOUR43 packages. To get further information about the
171bonding in the studied systems, a topological analysis of the
172electronic density within the framework of the quantum theory
173of atoms in molecules (QTAIM)44 was carried out. At this end,
174the AIMAll package45 was employed.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b10482
J. Phys. Chem. A XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b10482/suppl_file/jp7b10482_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b10482/suppl_file/jp7b10482_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b10482/suppl_file/jp7b10482_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b10482


3. RESULTS AND DISCUSSION

175 Detailed scans of the [XBO] potential energy surfaces (X being
176 Na, Si, P, S, and Cl) were carried out at several levels of theory.

f1 177 In Figure 1 we represent the energy obtained after
178 optimizations of the X−B and B−O distances at fixed ∠XBO
179 angles at the (restricted) CCSD/aug-cc-pVTZ level against the
180 ∠XBO angles. The two extremes in the graphic, the angles 0°
181 and 180°, represent XOB and XBO isomers, respectively.
182 Different behaviors are observed, and therefore we will discuss
183 each system separately.

184[NaBO]. For Na, a rather flat potential surface is found.
185Three different minima were characterized at the CCSD level:
186linear NaBO (1Σ+ electronic state), linear NaOB (1Σ+

187electronic state), and a nonlinear structure (1A′). The bond
188angles in the nonlinear species at that level of theory are 57.2°
189(∠NaBO) and 87.2° (∠NaOB), suggesting that this species
190could be described more properly as an L-type structure rather
191than a T-shaped one. We also characterized the two transition
192states connecting the three minima. The observed behavior for
193the [NaBO] system is similar to that found for the analogue

Figure 1. Scans obtained through optimizations at different fixed ∠XBO angles. The relative energies (taking the XBO isomer as reference) at the
CCSD/aug-cc-pVTZ level of theory are given in kcal/mol: (a) X = Na, Si; (b) X = P, S, Cl.

Table 1. Structural Data and Relative Energies (kcal/mol) for the Minima and Transition States on the [NaBO] Potential
Surfacea

species r(Na−B) r(B−O) r(Na−O) ∠NaBO ∠NaOB Ae (Ao) Be (Bo) Ce(Co) μ ΔE
NaBO(1Σ+) 2.3986 1.2263 3855.8 10.659 0.0

(3844.8)
NaOB(1Σ+) 1.2598 1.9772 5782.9 11.570 2.11

(5819.8)
NaOB(1A′) 2.4981 1.2517 2.1118 57.65 92.30 54211.2 8340.9 7228.7 8.871 0.26

(55844.3) (8232.3) (7128.7)
TS1(NaOB(1Σ+)−NaOB(1A′)) 3.2048 1.2622 1.9890 12.19 160.11 1.76
TS2(NaOB(1A′)−NaBO(1Σ+)) 2.3251 1.2348 2.9467 107.77 48.71 5.36

aInternuclear distances, r (Å), bond angles (deg), and rotational constants (MHz) were obtained at the CCSD(T)/aug-cc-pVTZ level. For the
minima, core−valence and relativistic corrections were also included through a composite procedure. Dipole moments (D) for the minima were
computed at the CCSD/aug-cc-pVTZ level on the CCSD(T)/aug-cc-pVTZ optimized geometries.
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194 [NaCN] system, exhibiting a floppy potential surface,
195 characteristic of polytopic systems.46 In fact, theoretical
196 works47,48 found also three minima, predicting a T-shaped
197 structure as the global [NaCN] minimum, in agreement with
198 the experimental evidence.49,50 This T-shaped structure has
199 been observed in the interstellar medium.49 The behavior of
200 the [NaBO] system also resembles the [LiBO] one.24

201 Papakondylis and Mavridis24 found also a polytopic behavior
202 in [LiBO] with three minima on the potential energy surface:
203 linear LiBO, linear LiOB and a bent structure.
204 The geometrical parameters, spectroscopic constants, and

t1 205 relative energies for the [NaBO] species are given in Table 1,
206 whereas the vibrational frequencies and IR intensities are

t2 207 provided in Table 2. A relatively long Na−B bond distance is
208 observed for the linear NaBO isomer, whereas the Na−O
209 distance for the linear NaOB species is much shorter.
210 However, the B−O bond distance is shorter for the NaBO
211 species (1.2263 Å) and closer to the distance observed in the
212 isolated BO molecule (1.2043 Å at the same level of theory).
213 This may suggest that the bonding through the boron atom
214 (where the unpaired electron in BO is mainly localized) has a
215 smaller effect in the strength of the B−O bond than the
216 bonding through the oxygen atom. It is also worth pointing out
217 that the corrected value for the ∠NaOB angle (including
218 core−valence and relativistic effects) in the nonlinear species is
219 92.3°, further supporting that it could be an L-type structure.
220 The relative energies shown in Table 1 reflect the
221 characteristics of a rather flat potential energy surface.
222 According to these values, the linear NaBO species and the
223 nonlinear structure are nearly isoenergetic, with the former
224 lying just 0.26 kcal/mol lower in energy. This makes it difficult
225 to draw a final conclusion. However, there are some clues that
226 may help. In fact, the nonlinear species is found below the
227 linear NaBO isomer at the CCSD/aug-cc-pVTZ level by 0.28
228 kcal/mol. Incorporating the triple substitutions in the CCSD
229 treatment places linear NaBO 0.1 kcal/mol below the
230 nonlinear species, and the final relative energy prediction of
231 −0.26 kcal/mol is reached after incorporation of core−valence
232 and relativistic corrections. Therefore, it seems that improving
233 the level of calculation slightly favors the linear NaBO
234 structure. In any case, it seems that both species should be
235 very close in energy. The estimated barrier for the isomer-
236 ization of Cs-NaOB into linear NaBO is 5.16 kcal/mol, and it
237 should not be discarded that both species could eventually be
238 observed experimentally. There are some subtle but important
239 differences between the [NaBO] system and its isoelectronic
240 [NaCN] one. For the latter the nonlinear species is found to
241 be the global minimum, with linear NaNC and linear NaCN
242 lying 2.21 and 2.70 kcal/mol, respectively, higher in energy
243 according to the theoretical predictions.48 The nonlinear
244 structure is the only one observed experimentally.49,50 The
245 barriers for isomerization into the nonlinear species are 0.04
246 and 1.25 kcal/mol, respectively for linear NaNC and NaCN.

247Such small barriers probably imply that, even if any of the
248linear species is eventually formed, surely it would isomerize
249into the nonlinear global minimum. That could be certainly the
250case also for linear NaOB. The relative energy for linear NaOB
251at the CCSD(T)/aug-cc-pVTZ+ZPE level is 1.91 kcal/mol,
252which is already slightly higher than the relative energy of TS1
253(1.76 kcal/mol) at the same level of theory, suggesting that
254quite likely the linear NaOB should not be a true minimum at
255higher levels of theory. On the CCSD/aug-cc-pVTZ potential
256surface linear NaOB is found as a minimum, of course with an
257electronic energy lower than TS1, but upon addition of the
258ZPE correction, the relative order is reversed and linear NaOB
259is placed slightly above TS1. Its very low bending frequency, 63
260cm−1 (Table 2), also points to a very facile conversion into the
261nonlinear species. However, the energy barrier existing
262between NaBO and the nonlinear species, around 5 kcal/
263mol, could be high enough to prevent isomerization under
264appropriate experimental conditions. Therefore, it seems that
265these two species are nearly isoenergetic and both could be
266possible targets for experimental observation. It seems that for
267[LiBO] the isomerization barrier could be even higher.
268Papakondylis and Mavridis24 report an energy barrier for the
269Li−OB → Li−BO isomerization of 10.5 kcal/mol, nearly twice
270the one found for [NaBO].
271All [NaBO] species show very high dipole moments (from
2728.871 to 11.570 D) reflecting a high ionic character. Being
273closed-shell species, and the linear structures not subject to
274Renner−Teller splitting, we were able to successfully apply a
275second-order perturbative treatment to account for anhar-
276monic corrections in the vibrational frequencies and
277vibration−rotation interactions. Therefore, Bo (Ao and Co for
278the nonlinear species) values for rotational constants are given
279in Table 1, whereas both harmonic and anharmonic vibrational
280frequencies and IR intensities are collected in Table 2. Very
281different rotational constants are observed for NaBO and
282NaOB. As can be seen in Table 2, the anharmonic frequencies
283are slightly lower than the harmonic ones, the most noticeable
284difference observed for the bending motion in linear NaOB.
285The harmonic value is rather low, 63 cm−1, and the
286anharmonic frequency even lower, taking a value of just 17
287cm−1. These values confirm the low stability of this species,
288suggesting a facile conversion into the nonlinear structure. For
289both NaBO and NaOB(1A′) the IR spectrum should be
290dominated by the B−O stretching.
291[SiBO]. In the case of [SiBO] only two minima were found,
292as can be seen in Figure 1. Both minima correspond to the
293linear isomers, SiBO and SiOB, and have 2Π electronic ground
294states. Thus, a very similar behavior to that found for the
295isoelectronic [SiCN] system is found. For the latter system
296different theoretical works48,51,52 have shown that both SiCN
297and SiNC are linear molecules, silicon isocyanide lying less
298than 2 kcal/mol above silicon cyanide. The rotational spectra
299of both SiCN and SiNC were experimentally observed53,54 by

Table 2. Harmonic, ω, and Anharmonic, ν (in Parentheses) Vibrational Frequencies (cm−1) for [NaBO] Species Evaluated at
the CCSD/aug-cc-pVTZ Levela

NaBO(1Σ+) NaOB(1Σ+) NaOB(1A′) TS1 TS2

mode ω I ω I ω I ω ω

bending 188 (187) 14.59 (14.55) 63 (17) 0.00 (0.01) 154 (136) 45.44 (42.61) 73i 176 i
Na−B/Na−O stretching 322 (306) 43.83 (37.32) 447 (433) 67.17 (64.8) 388 (385) 50.43 (49.24) 442 386
B−O stretching 1869 (1847) 94.7 (92.26) 1661 (1638) 229.38 (212.18) 1684 (1661) 132.49 (131.56) 1660 1812

aIR intensities (I, km/mol) are also given for predicted minima.
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300 Fourier transform microwave and millimeter-wave absorption
301 spectroscopy. Furthermore, both species have been detected in
302 an astronomical source.55,56

303 The geometrical parameters, spectroscopic constants, and
304 relative energies obtained for the [SiBO] species are given in

t3 305 Table 3. The corresponding harmonic vibrational frequencies
t4 306 and IR intensities are provided in Table 4. No attempt was

307 made in this case to obtain the anharmonic corrections to
308 vibrational frequencies and IR intensities, because both SiBO
309 and SiOB are linear molecules subject to Renner−Teller
310 splitting, given their 2Π electronic state. It can be readily seen
311 in Table 3 that the B−O distance in SiBO, namely, 1.2081 Å, is
312 very similar to that found for isolated BO, whereas the Si−B
313 bond distance is rather large, about 2.0154 Å. It seems that in
314 SiBO the BO unit is unaffected by the silicon atom. However,
315 in the case of SiOB the B−O distance is lengthened compared
316 to that found in isolated BO, taking a value larger than 1.29 Å,
317 whereas the Si−O bond distance is relatively short, 1.6731 Å.
318 Therefore, there is a large difference between the Si−B and
319 Si−O distances found in each isomer. This is in contrast with
320 the bond distances found for the isoelectronic pair SiCN/
321 SiNC. Senent et al.48 and Richardson et al.52 found a Si−C
322 bond length around 1.85 Å for linear SiCN and a Si−O bond

323distance of 1.74 Å in the case of linear SiOB. As a consequence
324of the rather different bond lengths, the corresponding
325rotational constants are very different for SiBO (4512.3
326MHz) and SiOB (6529.6 MHz). It is interesting to note that
327both SiBO and SiOB have noticeable dipole moments, 3.411
328and 2.971 D, but much smaller than those exhibited by the
329[NaBO] species.
330The theoretical calculations predict that SiBO should be the
331global minimum, thus favoring bonding of silicon to the less
332electronegative atom of the B/O pair. This result is similar to
333the observation of SiCN as the global minimum for the
334[SiCN] system. Nevertheless, SiOB is found to lie about 13
335kcal/mol above SiBO, an energy difference much larger than
336that found between SiNC and SiCN, namely less than 2 kcal/
337mol.48,51,52

338In Cs symmetry the 2Π electronic state splits into 2A′ and
339

2A″ electronic states, depending on the orbital (in-plane and
340out-of-plane, respectively) where the unpaired electron is
341allocated. The corresponding potential energy surfaces, for
342different ∠SiBO angles, are shown in Figure 1. The shape of
343the potential surfaces confirms that there are no other minima
344apart from the linear species. As in the case of [SiCN],52 two
345transition states are found for the SiOB → SiBO isomerization
346process, one for each potential surface, TS1(2A′) and
347TS2(2A″). The corresponding geometrical parameters of the
348transition states are also provided in Table 3. It is readily seen
349that TS1(2A′) has a slightly longer Si−O distance than
350TS2(2A″), whereas the B−O distances are slightly longer in
351TS2(2A″). The ∠SiBO angle (85.85) illustrates that TS1(2A′)
352is closer to the SiBO species, whereas TS2(2A″) appears at a
353smaller ∠SiBO angle (60.72°) and it is located closer to SiOB.
354It is found at all levels that TS2(2A″) is located clearly lower in
355energy than TS1(2A′). This behavior parallels that found for
356the [SiCN] system and, in a similar way as suggested by
357Richardson et al.,52 is probably due to the possibility of
358interaction of a lone pair of oxygen with the empty a′ orbital in
359TS2(2A″). The main difference with the situation found in the

Table 3. Structural Data and Relative Energies (kcal/mol) for the Minima and Transition States on the [SiBO] Potential
Surfacea

species r(Si−B) r(B−O) r(Si−O) ∠SiBO ∠SiOB Be μ ΔE
SiBO(2Π) 2.0154 1.2081 4512.3 3.411 0.0
SiOB(2Π) 1.2924 1.6731 6529.6 2.971 13.15
TS1(2A′) 2.1114 1.2442 2.3720 85.85 62.60 34.43
TS2(2A″) 2.207 1.2664 1.9340 60.72 84.46 24.59

aInternuclear distances, r (Å), bond angles (deg), and equilibrium rotational constants (MHz) were obtained at the CCSD(T)/aug-cc-pVTZ level.
For the minima CBS, core−valence and relativistic corrections were also included through a composite procedure. Dipole moments (D) for the
minima were computed at the CCSD/aug-cc-pVTZ level on the CCSD(T)/aug-cc-pVTZ optimized geometries.

Table 4. Harmonic Vibrational Frequencies (ω, cm−1) for
[SiBO] Species Evaluated at the CCSD/aug-cc-pVTZ
Levela

SiBO(2Π) SiOB(2Π)
TS1(2(A′)
TS2(2A″)

mode ω I ω I ω ω

bending 188 14.59 63 0.01 439 i 281 i
Si−B/Si−O
stretching

322 43.83 447 67.17 546 476

B−O stretching 1869 94.7 1661 229.38 1727 1625
aIR intensities (I, km/mol) are also given for predicted minima.

Table 5. Structural Data and Relative Energies (kcal/mol) for the Minima and Transition States on the [PBO] Potential
Surfacea

species r(P−B) r(B−O) r(P−O) ∠PBO ∠POB Ae Be Ce μ ΔE

PBO(3Σ−) 1.8717 1.2063 4767.9 2.989 0.00
POB(3Σ−) 1.2930 1.6385 6431.5 2.852 46.44
POB(3A″) 1.2928 1.6376 178.01 8307918.3 6415.0 6405.5 2.768 46.45
PBO(3A″) 1.9067 1.3012 1.8142 65.76 73.41 45769.9 11585.1 9245.3 0.719 48.05
TS1(POB(3A″)−PBO(3A″)) 2.2369 1.7675 1.3110 52.16 91.99 51.67
TS2(PBO(3A″)−PBO(3Σ−)) 1.9701 2.1463 1.2571 80.06 64.71 51.58

aInternuclear distances, r (Å), bond angles (deg), and equilibrium rotational constants (MHz) were obtained at the CCSD(T)/aug-cc-pVTZ level.
For the minima CBS, core−valence and relativistic corrections were also included through a composite procedure. Dipole moments (D) for the
minima were computed at the CCSD/aug-cc-pVTZ level on the CCSD(T)/aug-cc-pVTZ optimized geometries.
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360 [SiCN] system52 is that in the present case the energy barrier
361 is much higher on the 2A′ potential surface, whereas for
362 [SiCN] the barriers on each surface differ in less than 1 kcal/
363 mol.52

364 The energetic results suggest that SiBO is clearly favored
365 over SiOB, with an energy difference of 13 kcal/mol. However,
366 the energy barrier for the SiOB → SiBO isomerization is about
367 11.4 kcal/mol on the more favorable 2A″ potential surface.
368 Therefore, SiOB could retain its identity and cannot be
369 discarded as a possible target for experimental observation.
370 The data shown in Table 4 show that both SiBO and SiOB IR
371 spectra should be dominated mainly by the B−O stretching.
372 The corresponding frequency for such mode is predicted to be
373 considerably higher for SiBO (1869 cm−1) than for SiOB
374 (1661 cm−1).
375 [PBO]. Three minima have been located on the potential
376 energy surface of [PBO]. The scan can be seen in Figure 1b,
377 and in this case the UHF wave function was employed as
378 reference for the subsequent CCSD calculations. The most
379 relevant geometrical parameters, spectroscopic constants, and

t5 380 relative energies of these isomers have been collected in Table
t5 381 5 whereas vibrational frequencies and IR intensities are shown
t6 382 in Table 6. The lowest energy minimum is linear PBO, which

383 has a 3Σ− electronic ground state. The isoelectronic molecule
384 PCN also has a 3Σ− ground state as anticipated by theoretical
385 studies57,58 and confirmed by its pure rotational spectrum.59

386 Besides the PBO linear isomer, two bent structures (Cs

387 symmetry) have been identified: a quasi-linear POB isomer
388 and a T-shaped structure. Both have 3A″ ground states.
389 Location of a quasi-linear isomer in the PES of [PBO] is due to
390 the fact that linear POB (3Σ−) has a small imaginary frequency
391 (38i cm−1) at the CCSD level associated with the bending
392 normal mode. The calculated ∠POB angle in the quasi-linear
393 structure (178°) departs actually very little from its linear
394 value. Furthermore, after extrapolation at the CCSD(T) level
395 and incorporation of the core−valence and relativistic
396 corrections, the linear and quasi-linear POB species are nearly
397 isoenergetic. This fact reflects the very flat form of the PES in
398 the surroundings of the linear POB linear isomer. In any case,

399if either linear or nonlinear, this isomer lies 46.45 kcal/mol
400above the lowest lying linear PBO isomer. However, the T-
401shaped isomer lies 1.60 kcal/mol above the quasi-linear POB
402one and 48.05 kcal/mol above linear PBO. The two transition
403structures with Cs symmetry located on the CCSD PES show
404small barriers for the conversion of the quasi-linear isomer with
405the T-shaped structure (5.12 kcal/mol) and of the T-shaped
406isomer with linear PBO (3.53 kcal/mol). On the other side,
407the energy barrier required to reach the T-shaped structure
408from PBO is, as expected, very large: 51.58 kcal/mol. Thus, the
409relatively complex potential energy surface of [PBO] suggests
410that, even if three minima are found, quite likely the clear
411target for experimental observation should be linear PBO.
412Table 5 shows the most relevant geometrical parameters of
413the three isomers of [PBO]. Linear PBO has a P−B bond
414length of 1.8717 Å, much shorter than the Si−B bond length in
415SiBO, 2.3986 Å. This is striking because similar bond distances
416were found in the isoelectronic cyanide analogs: Si−CN (1.844
417Å) and P−CN (1.732 Å). The B−O bond distance (1.2063 Å)
418is very close to the isolated B−O value (1.2043 Å), showing
419that in PBO the BO moiety is only slightly perturbed by the
420phosphorus atom. However, the P−O distance in linear POB is
4211.6385 Å (the Si−O distance is 1.6731 Å for SiOB, Table 3),
422about 0.2 Å shorter than P−B bond distance in PBO. Quasi-
423linear POB(3A″) displays geometrical parameters very similar
424to those of linear POB(3Σ−), Table 5. This is expected because
425quasi-linear POB(3A″) is only slightly distorted from the linear
426arrangement (∠POB = 178°). However, T-shaped PBO has
427similar P−B and P−O bond distances, 1.9067 and 1.8142 Å,
428respectively, and a BO distance of 1.3012 Å. The dipole
429moments of PBO and quasi-linear POB(3A″) are relatively
430large (2.989 and 2.768 D, respectively) whereas T-shaped PBO
431shows a much smaller moment, namely, 0.719 D.
432As commented above, quasi-linear POB(3A″) and T-shaped
433PBO lie more than 46 kcal/mol above linear PBO. This follows
434the expected trend through the periodic row of increasing
435energy differences between both isomers. Also, this probably
436makes PBO as the sole target for experimental observation.
437The vibrational frequencies and infrared intensities of PBO are

Table 6. Harmonic Vibrational Frequencies (ω, cm−1) for [PBO] Species Evaluated at the CCSD/aug-cc-pVTZ Levela

PBO(3Σ−) POB(3Σ−) POB(3A″) PBO(3A″) TS1 TS2

mode ω I ω ω I ω I ω ω

bending 329 23.97 38 i 57 3.41 480 27.05 373 i 457 i
P−B/P−O stretching 550 5.45 687 694 77.24 503 37.20 580 619
P−O stretching 1957 105.85 1454 1439 850.99 1407 38.53 1380 1599

aIR intensities (I, km/mol) are also given for predicted minima.

Table 7. Structural Data and Relative Energies (kcal/mol) for the Minima and Transition States on the [SBO] Potential
Surfacea

species r(S−B) r(B−O) r(S−O) ∠OSB ∠SOB Ae Be Ce μ ΔE

SBO(2Π) 1.7503 1.2093 5125.3 2.759 0.00
SOB(2Π) 1.2952 1.6212 6431.8 2.649 83.61
SOB(Cs,

2A″) 1.3391 1.6814 100.42 58545.8 9442.7 8113.9 1.769 80.96
SOB(Cs,

2A′) 1.3022 1.6356 148.00 304142.7 6801.8 6655.7 2.362 83.25
TS(2A″) 2.0343 1.2918 1.9395 67.086 75.05 86.34
TS(2A′) 1.3075 1.7541 100.14 87.11

aInternuclear distances, r (Å), bond angles (deg), and equilibrium rotational constants (MHz) were obtained at the CCSD(T)/aug-cc-pVTZ level.
For the minima CBS, core−valence and relativistic corrections were also included through a composite procedure. Dipole moments (D) for the
minima were computed at the CCSD/aug-cc-pVTZ level on the CCSD(T)/aug-cc-pVTZ optimized geometries.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b10482
J. Phys. Chem. A XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acs.jpca.7b10482


438 shown in Table 6. The spectra of PBO should be dominated by
439 the B−O stretching with a corresponding frequency of 1957
440 cm−1.
441 [SBO]. In the case of the system containing sulfur, [SBO],
442 the linear isomer SBO(2Π) is a true minimum, whereas linear
443 SOB(2Π) corresponds to a transition state. The analysis of the
444 scan connecting these two linear structures reported in Figure
445 1b shows the presence of an angular SOB minimum and a
446 transition state, which connects this minimum with linear SBO,
447 which is clearly the global minimum (located about 80 kcal/
448 mol below the angular structures). The same behavior is found
449 on the two surfaces, 2A′ and 2A″ surfaces, correlating with the
450

2Π state. We can also see that the potential surface is rather flat
451 in the area close to SOB(2Π) isomer. However, in the case of
452 the isoelectronic system [SCN] theoretical studies of the
453 potential energy surface60,61 find a different profile with three
454 minima, two linear, SCN and SNC, and a cyclic structure, and
455 two transition states connecting them.
456 The geometrical parameters, spectroscopic constants, and
457 relative energies obtained for the [SBO] species are given in

t7 458 Table 7. The corresponding harmonic vibrational frequencies
t8 459 and IR intensities are provided in Table 8. As for the systems

460 [SiBO] and [PBO], no attempt was made in this case to obtain
461 the anharmonic corrections to vibrational frequencies and IR
462 intensities. In Table 7 we can see that if we compare the BO
463 distance in the two linear structures with that of BO ligand,
464 this distance is slightly increased (0.005 Å) when sulfur is
465 bonded through the boron atom whereas in the case of SOB
466 the B−O distance is lengthened by 0.0909 Å. We can also see
467 that the distance S−B is larger than the S−O. These facts
468 indicate that the interaction of sulfur atom through boron has a
469 slight effect on the BO unit. The two angular minima,
470 SOB(2A″) and SOB(2A′), show an increase in the two
471 distances S−O and B−O respect to the linear structure,
472 SOB(2Π).
473 The relative energies given in Table 7 show that the global
474 minimum is clearly the linear isomer SBO (2Π), which is
475 located 80.96 kcal/mol below the most stable angular
476 structure, SOB (2A″). We can also see that 2A″ and 2A′
477 potential energy surfaces are very close in energy. The
478 minimum and transition state located on the 2A″ surface are
479 slightly more stable (energy differences are less than 3 kcal/
480 mol). The isomerization barrier for SOB (2A″, 2A′) → SBO
481 (2Π) is only 5.38 and 3.86 kcal/mol, respectively. Comparing
482 these results with those reported for the isoelectronic
483 system,60,61 [SCN], we find that the energy difference between
484 the two isomers increases and the isomerization barrier
485 decreases. Diehr et al.60 found at the MRCI level that SNC
486 lies 29.7 kcal/mol above SCN, and the isomerization barriers
487 are 27.4 and 32.7 kcal/mol on the 2A″ and 2A′ potential energy
488 surface, respectively.
489 The relative energies reported in Table 7 show that SBO is
490 clearly favored over the most stable angular structure SOB
491 (2A″), with an energy difference of 80.96 kcal/mol. In addition,

492the energy barrier for the SOB (2A″) → SBO (2Π)
493isomerization is only 5.38 kcal/mol, on the more favorable
494

2A″ potential surface. Therefore, SBO seems to be the target
495for experimental observation. The data for the vibrational
496frequencies are shown in Table 8, where it can be seen that the
497IR spectra of SBO should be dominated mainly by the B−O
498stretching (1931 cm−1).
499[ClBO]. This is the only [XBO] species containing a second-
500row element that has been observed experimentally so far. In
501particular, different spectroscopic studies62−65 have charac-
502terized linear ClBO. For that reason we employed this species
503as a test case for validating the theoretical methods employed
504in our previous study on some metallic monoboronyl
505compounds,29 as well as in the present work. A very good
506agreement between the theoretical vibrational frequencies and
507rotational constant and the experimental values was
508observed,27 lending support to the employment of the
509theoretical methods. The theoretical results for ClBO can be
510found in the Supporting Information of ref 27, so in the
511present work we will just briefly comment on the character-
512istics of the rest of stationary points.
513We have explored the potential energy surface for the
514[ClBO] system computing the energy at different ∠ClBO
515angles. The resulting energy profile is shown in Figure 1. It can
516be seen that the linear ClOB species lies very high in energy,
517about 124 kcal/mol above linear ClBO. Furthermore, it is
518found to be a transition state, an observation confirmed by the
519calculation of vibrational frequencies. Two degenerate
520imaginary frequencies (188i cm−1) are found for linear
521ClOB. Following this bending mode a shallow minimum,
522ClOB(1A′), is reached at ∠ClBO angle of 39.37° and ∠ClOB
523angle of 111.28° (CCSD(T)/aug-cc-pVTZ level). This
524minimum lies 119.5 kcal/mol above ClBO at the same level
525of theory. In addition, the transition state for the isomerization
526into ClBO is located at 120.3 kcal/mol, suggesting that the
527energy barrier for the isomerization of ClOB(1A′) into linear
528ClBO is 0.8 kcal/mol. Therefore, it seems that this minimum
529should be quite unstable and should lead eventually to the
530most stable isomer ClBO or even dissociate into Cl and BO. In
531fact, spontaneous dissociation seems to be the fate of this
532species if eventually formed, because it lies 3.68 kcal/mol
533above the Cl(2P) + BO(2Σ+) limit. For that reason no further
534details of its structure will be discussed.
535Stability of [XBO] Systems. As mentioned before, for
536[NaBO] there is a small difference in stability among the
537different isomers. In fact, linear NaBO and the nonlinear
538species are nearly isoenergetic. For the rest of second-row
539monoboronyls the preference for the XBO arrangement is
540more marked as one moves to the right of the second row, as
541can be seen by analyzing the relative energies shown in the
542preceding tables. A similar behavior is observed for the
543isoelectronic [XCN] compounds, but in the case of
544monoboronyls there seems to be a larger difference in stability
545between the XBO/XOB isomers than for the XCN/XNC pairs.

Table 8. Harmonic Vibrational Frequencies (ω, cm−1) for [SBO] Species Evaluated at the CCSD/aug-cc-pVTZ Levela

SBO(2Π) SOB(2A″) SOB(2A′) SOB(2Π) TS(2A″) TS(2A′)

mode ω I ω I ω I ω ω ω

bending 379 27.77 123 3.3 145 5.42 122i 502i 607i
S−B/S−O stretching 635 0.10 763 64.78 719 28.29 696 623 493
B−O stretching 1931 104.7 1284 335.74 1404 622.8 1460 1348 1491

aIR intensities (I, km/mol) are also given for predicted minima.
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546 An interesting property to analyze is the dissociation energy
547 associated with the process XBO/XOB → X + BO. The
548 computed dissociation energies for the different minima

t9 549 characterized in the present work are summarized in Table
t9 550 9. In all cases the dissociation limits are the ground states of

551 the atoms (Na(2S), Si(3P), P(4S), S(3P), Cl(2P)) and the BO
552 ground state (2Σ+), correlating for all studied systems with the
553 ground electronic states of the [XBO] systems. For Na and Si
554 both XBO and XOB arrangements have moderate dissociation
555 energies, suggesting that the bonding of the second-row
556 element to the BO unit could be strong enough to maintain
557 the identity of the monoboronyl for both connectivities.
558 However, for second-row elements with electronegativities
559 higher than that of boron (P, S, Cl), the dissociation energy of
560 XOB species is very low, suggesting rather unstable structures.
561 Focusing on XBO isomers, which seem to be the most stable
562 ones, it can be seen that dissociation energies tend to increase
563 along the second row from left to right. In all cases, relatively
564 large dissociation energies are found, and especially for SBO
565 and ClBO these values are certainly high, 97.55 and 118.98
566 kcal/mol, respectively, suggesting the formation of potentially
567 stable compounds. In fact, as mentioned before, the closed-
568 shell species ClBO has been produced in experiments.62−65

569Bonding Analysis of [XBO] Systems. To provide further
570insight into the bonding in [XBO] species, we have employed
571the natural bond orbital (NBO) formalism66 and the atoms in
572molecules (AIM) theory.31 Some of the main results from the
573 t10NBO analysis are provided in Table 10, and a summary of the
574 t11AIM analysis is shown in Table 11.

Table 9. Dissociation Energies (D0, kcal/mol) of the [XBO]
(X = Na, Si, P, S, Cl) Speciesa

species D0

NaBO(1Σ+) 69.80
NaOB(1A′) 69.71
NaOB(1Σ+) 67.90
SiBO(2Π) 79.24
SiOB(2Π) 66.37
PBO(3Σ−) 78.97
POB(3A″) 34.38
SBO(2Π) 97.55
SOB(2A″) 18.48
SOB(2A′) 13.37
ClBO(1Σ+) 118.98

aThey were obtained at the extrapolated CCSD(T) level, employing
the aug-cc-pVTZ and aug-cc-pVQZ basis sets. Zero-point vibrational
energy (ZPVE) corrections are also taken into account at the CCSD/
aug-cc-pVTZ level. Dissociation energies correspond to the XBO/
XOB → X + BO fragmentation process. Both fragments are in their
respective ground states.

Table 10. Natural Atomic Charges (q), Bond Order Indices (b), and Populations of the Second-Row Element Valence Orbitals
(ns, np, nd) for the XBO and XOB Species Obtained at the CCSD/aug-cc-pVTZ Level (BO Values Also Given as Reference)

species q(X) q(B) q(O) b(X−B) b(B−O) b(X−O) ns(X) np(X) nd(X)

NaBO(1Σ+) 0.760 0.160 −0.920 0.37 1.59 0.01 0.20 0.04 0.00
SiBO(2Π) 0.407 0.364 −0.771 0.90 1.71 0.02 1.79 1.72 0.06
PBO(3Σ−) 0.193 0.556 −0.749 1.06 1.71 0.01 1.80 2.90 0.08
SBO(2Π) 0.023 0.708 −0.731 1.18 1.69 0.06 1.80 4.04 0.10
ClBO(1Σ+) −0.126 0.896 −0.770 1.06 1.41 0.00 1.83 5.15 0.11
NaOB(1Σ+) 0.975 0.290 −1.265 0.01 1.12 0.01 0.01 0.11 0.00
SiOB(2Π) 0.776 0.518 −1.294 0.05 0.752 0.37 1.78 1.37 0.05
POB(3Σ−) 0.644 0.525 −1.169 0.05 0.746 0.53 1.81 2.44 0.01
SOB(2Π) 0.507 0.536 −1.043 0.10 0.75 0.67 1.83 3.53 0.08
ClOB(1Σ+) 0.358 0.563 −0.921 0.16 0.86 0.68 1.88 4.62 0.04
BO 0.869 −0.869 1.62

Table 11. Local Topological Propertiesa (au) of the
Electronic Charge Density Distribution Calculated at the
Position of the Bond Critical Points for the Different XBO/
XOB Species (Level of Calculation CCSD/aug-cc-pVTZ)

species bond ρ(r) ∇2ρ(r) |V(r)|/G(r) H(r)

NaBO(1Σ+) Na−B 0.029 0.117 0.965 0.001
B−O 0.298 1.852 1.384 −0.288

NaOB(1A′) Na−O 0.037 0.281 0.875 0.008
B−O 0.277 1.565 1.402 −0.263

NaOB(1Σ+) Na−O 0.050 0.403 0.914 0.008
B−O 0.269 1.497 1.400 −0.249

SiBO(2Π) Si−B 0.098 0.041 1.865 −0.065
B−O 0.305 1.979 1.375 −0.297

SiOB(2Π) Si−O 0.114 0.825 1.138 −0.033
B−O 0.227 1.263 1.371 −0.186

PBO(3Σ−) P−B 0.148 −0.316 4.361 −0.113
B−O 0.306 2.006 1.373 −0.298

PBO(3A″) P−O 0.118 0.263 1.577 −0.0897
B−O 0.243 1.204 1.432 −0.228

POB(3Σ−) P−O 0.144 0.723 1.344 −0.095
B−O 0.219 1.312 1.341 −0.170

SBO(2Π) S−B 0.169 −0.290 2.684 −0.178
B−O 0.304 1.993 1.373 0.296

SOB(2A″) S−O 0.178 0.106 1.883 −0.227
B−O 0.223 0.954 1.455 −0.438

SOB(2Π) S−O 0.182 0.397 1.661 −0.194
B−O 0.210 1.366 1.307 −0.151

ClBO(1Σ+) Cl−B 0.170 −0.008 2.012 −0.176
B−O 0.301 1.976 1.373 −0.295

ClOB(1A′) Cl−O 0.189 −0.094 2.196 −0.144
B−O 0.222 0.968 1.450 −0.198

ClOB(1Σ+) Cl−O 0.199 −0.143 2.253 −0.177
B−O 0.198 1.447 1.264 −0.130

aThe electronic charge density [ρ(r)], the Laplacian [∇2ρ(r)], the
relationship between the potential energy density V(r) and the
Lagrangian form of kinetic energy G(r) and the total energy density
H(r).
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575 Boronyl, BO, has clearly a multiple bond. There is
576 experimental evidence,67 as well as theoretical studies,25

577 suggesting that the boron−oxygen bond in BO can be
578 described as a triple bond. Our NBO analysis29 is also
579 compatible with a •BO: structure. The qualitative picture
580 resulting from the NBO analysis corresponds to two bonds
581 coming from the sharing of unpaired electrons at boron and
582 oxygen atoms (the boron atom being formally in a 4P state)
583 and a third bond being in fact of a dative nature from oxygen
584 toward the boron atom, in agreement with the pioneering work
585 of Papakondylis and Mavridis on BO and related systems.24,25

586 The relatively low value (for a triple bond) of the bond index
587 in BO (1.62) could be due to the large difference in
588 electronegativity between oxygen and boron resulting in a
589 strong polarization of the bonds. As can be seen in Table 10,
590 the bond indices for the B−O bonds in XBO isomers remain
591 close to that of isolated boronyl, reflecting that the B−O bond
592 is only slightly affected by the bonding of the X atom through
593 the unpaired electron at the boron atom in boronyl. However,
594 the B−O bond index is noticeably reduced in XOB isomers,
595 reflecting the weakening of the B−O bond (in accordance with
596 the structural and vibrational frequencies data). In addition,
597 the X−O bond indices for XOB structures are lower than the
598 X−B indices for XBO isomers. This is probably related to the
599 more covalent contribution in the X−B bonding as a
600 consequence of the unpaired electron localized at the boron
601 atom in isolated BO. In both types of isomers the bond indices
602 tend to increase from left to right along the second row,
603 probably as a consequence of the variation in electronegativity,
604 which anticipates more ionic character for less electronegative
605 X elements. It is also worth pointing out that non-negligible
606 values for the X−B bond indices in XOB compounds are
607 observed, especially for the XOB isomers of sulfur and chlorine
608 (0.10 and 0.16, respectively). These bond indices for
609 nonadjacent atoms reflect through-atom antibonding inter-
610 actions29,68,69 and are observed for triatomic systems usually
611 when the central atom is more electronegative than the other
612 two atoms.
613 The NBO atomic charges, q, might provide some clues
614 about the ionic/covalent contributions in the different bonds.
615 Obviously, q(X) decreases from left to right along the second
616 row, following the variation of electronegativity and, as
617 expected, indicating the larger ionic character of X−B and
618 X−O bonds for more electropositive atoms. The larger q(X)
619 values found for XOB isomers than for XBO structures also
620 reflect the difference in electronegativity between the bonded
621 atoms. It is worth pointing out the value of q(Na) = 0.975 for
622 NaOB, together with a Na−O bond index of just 0.01, which
623 suggests nearly a complete transfer of an electron from sodium
624 to oxygen approaching a clearly ionic interaction. In all cases
625 the charges of the second-row atoms, as well as the charge at
626 the oxygen atom, are clearly larger for the XOB species than
627 for the XBO ones, suggesting a high degree of ionic character
628 for the X−O bonds. The amounts of charge transfer from the
629 valence 3s orbital are rather similar for both XBO and XOB
630 species, whereas the populations of 3p orbitals are clearly
631 smaller in the XOB structures than in the XBO ones.
632 Therefore, it seems that the extra charge transfer in XOB
633 isomers comes from the 3p orbitals. The role of 3d orbitals is
634 rather limited, although always slightly larger for XBO isomers.
635 The data from the AIM analysis in Table 11 for the B−O
636 bonds are in accordance with previous theoretical works on
637 monoboronyls29 and borates.70 The low values of the

638electronic charge density, ρ(r), and positive values of its
639Laplacian, ∇2ρ(r), are indicative of a closed-shell interaction,
640whereas the negative value of the total energy density, H(r),
641suggests a certain character of covalent interaction. Therefore,
642as in previous studies,29,70 the B−O bonds in the present case
643of second-row monoboronyls can be classified as mixed
644covalent/ionic interactions. As pointed out in a previous
645study,29 this behavior is in contrast with that observed for the
646C−N bonds in cyanide/isocyanide compounds, which exhibits
647clear characteristics of mainly shared (covalent) interaction:
648high values of ρ(r), negative values of ∇2ρ(r), negative values
649of H(r), and also relationships between the potential energy
650density and the kinetic energy density, V(r)/G(r), greater than
6512. Thus, although isoelectronic, CN and BO species show
652important differences in nature.
653Concerning the X−B and X−O bonds in the XBO and XOB
654species we can find a gradual change from sodium to chlorine
655compounds. The Na−B bond in NaBO and the Na−O bond
656in NaOB exhibit characteristics of essentially closed-shell
657(ionic) interactions: very low electronic densities, positive
658Laplacians. and small, but positive, energy densities. The
659corresponding bonds in the silicon compounds, SiBO and
660SiOB, are both of an intermediate nature: low values of ρ(r),
661positive values of ∇2ρ(r), but small negative values of H(r). In
662this case the bonds can be classified as intermediate between
663closed-shell and shared interactions. The compounds contain-
664ing sulfur and phosphorus, with electronegativities not too far
665from that of boron, exhibit a different behavior depending on
666the connectivity. Both P−B and S−B bonds in PBO and SBO,
667respectively, are mainly shared interactions, indicating a
668predominant covalent bond (even the relationship between
669V(r)/G(r) is greater than 2). However, both P−O and S−O
670bonds in POB and SOB show characteristics of intermediate
671interactions (positive Laplacian but negative energy density).
672Finally, for chlorine compounds both Cl−B and Cl−O
673correspond mainly to shared interactions.
674The molecular graphs and contour maps of the Laplacian of
675the electronic charge density, ∇2ρ, for XBO/XOB species,
676calculated at the CCSD/aug-cc-pVTZ level of theory, are
677provided as Supporting Information (Figure S1). In that figure
678it can be seen the change in the interaction between the
679second-row atom and the B atom for XBO isomers, from a
680main closed-shell interaction (Na) to a mainly shared one
681(Cl). It is also worth mentioning that the nonlinear species for
682[NaBO] shows only a Na−O bond critical point, supporting
683the description of this species as an L-shaped structure.

4. CONCLUSIONS
684A computational study of the monoboronyl compounds of the
685second-row elements Na, Si, P, S, and Cl has been carried out.
686It has been shown that [NaBO] exhibits a rather flat PES.
687Three minima were characterized, linear NaBO, linear NaOB,
688and an L-shaped structure with a ∠NaOB angle of 92.3°. The
689NaBO isomer and the L-shaped structure are nearly
690isoenergetic, the former lying slightly lower in energy (0.26
691kcal/mol) at the highest level of theory. Linear NaOB is
692located 2.11 kcal/mol above linear NaBO. The barrier for the
693conversion of the L-shaped structure into linear NaBO is about
6945.1 kcal/mol. Therefore, it seems that both species could be
695potential targets for experimental detection. In the case of
696silicon monoboronyl only two minima, linear SiBO and linear
697SiOB, are found. SiOB lies about 13 kcal/mol above SiOB, and
698the barrier for the isomerization of SiOB into SiBO is
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699 estimated to be 11.4 kcal/mol. Although SiBO seems the main
700 target for experimental observation, SiOB should not be
701 discarded.
702 For the rest of second-row monoboronyls the preference for
703 the XBO arrangement is much clearer. In fact, for
704 monoboronyls of phosphorus, sulfur, and chlorine the linear
705 XOB species is shown to be a transition state, because in all
706 cases imaginary frequencies are found for the degenerate
707 bending mode. Nonlinear minima are found in these cases,
708 although all of them lying quite high in energy above linear
709 XBO: 46.45 (P), 80.96 (S), and 119.5 (Cl) kcal/mol,
710 respectively. Furthermore, in all cases small barriers for their
711 conversion into the XBO isomer are found, suggesting that
712 quite likely the linear XBO isomer should be the main
713 experimental target.
714 Dissociation energies of monoboronyls tend to increase
715 when moving from left to right of the second row. Linear
716 XBOs, which are the most stable isomers for the different
717 [XBO] species, have moderate dissociation energies for Na
718 (69.8 kcal/mol), Si (79.24 kcal/mol), and P (78.97 kcal/mol).
719 However, relatively large dissociation energies are found for
720 SBO (97.55 kcal/mol) and ClBO (118.98 kcal/mol).
721 An analysis of the bonding situation for second-row
722 monoboronyls has also been carried out, emphasizing the
723 different characteristics of the X−B and X−O bonds along the
724 second-row.
725 Compared to their isoelectronic [XCN] analogues, second-
726 row monoboronyls exhibit similar behaviors, favoring the XBO
727 species over the XOB ones, and this preference is more marked
728 as one moves from Na to Cl. The main difference resides in the
729 stability difference between both types of species. The energy
730 differences found between the XBO/XOB isomers are much
731 larger than those found for the isoelectronic XCN/XNC
732 species.
733 It is hoped that the structural data provided by the
734 theoretical calculations for the most stable structures of
735 second-row monoboronyls might help in a possible exper-
736 imental observation.
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