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Abstract: Reactions of boron atoms and clusters with NO molecules in solid argon have been studied
using matrix isolation infrared absorption spectroscopy. The reaction products were identified by isotopic
substitution (1°B, !B, *>N'60O, N80, and mixtures) and comparison with density functional calculations of
isotopic frequencies. In solid argon, boron atoms spontaneously reacted with NO to form the insertion
molecule NBO. The BNBO and OBNNO molecules were formed by the B and NO addition reactions to
NBO. The linear BBNO and BBBNO nitrosyls also were formed spontaneously on annealing. These
molecules photochemically rearranged to the more stable BNBO and BNBBO isomers, which have linear
polyyne-like structures. The photosensitive OBNNO molecule decomposed to form the NNBO, van der
Waals complex. In addition, the novel OBON diradical was also formed on photolysis in high-concentration
NO experiments.

Introduction Combined matrix isolation infrared absorption spectroscopy and
guantum chemical computations established OCBBCO to be a
linear molecule with some borerboron triple-bond charactér.
The B(CO), molecule is a new aromatic—s diradical which
favors an open-shell singlet over a triplet stat@. contrast,
compounds containing boron and NO are less known. However,
‘the boron nitrosyl BNO and its isomers NBO and BON have
been the subject of a number of previous theoretical investiga-
tions!~14 In contrast to the nitrosyls of the heavier group 13
elements>16BNO is a high-energy isomer. It has been shown
that the BNO molecule forms in an initial step on thetBNO
reaction pathway. Subsequent isomerization yields the NBO
insertion molecule, which is ca. 780 kcal/mol lower in energy
than BNO. The boron isonitrosyl, BON, was predicted to lie

The reactions of boron atoms with small molecules such as
CHa, NHs, CoHy, Np, CO, and H have led to a remarkable
number of fundamental small molecules that provide new insight
into the structure and bonding of boron-containing compotmds.
We have recently prepared several new boron carbonyls, BBCO
OCBBCO, and B(CO), by the reactions of boron atoms or
dimers with CO in a solid-argon matrfx1° These boron
carbonyls exhibit intriguing structural and bonding properties.
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about 90 kcal/mol above NB&.No experimental results have
been published on the boron nitrosyl and its isomers.

Here we report a detailed study of the reactions of boron
atoms and clusters with NO in solid argon. We will show that
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the NO insertion product NBO, in addition to boron nitrosyls,
BBNO and BBBNO, and OBNNO and BNBO, is formed on

deposition and on annealing. Photoinduced rearrangement of

BBNO to BNBO and BBBNO to BNBBO and photoinduced
dissociation of OBNNO to the NNB£van der Waals complex
are also observed. Density functional calculations are used to

corroborate the experimental findings and spectral assignments

and to predict the structure and bonding of the product
molecules.

Experimental and Computational Methods

The apparatus and experimental methods for matrix infrared
investigation of laser-ablated atom reaction products have been
described in detail previoush:'® Briefly, the 1064 nm fundamental
of a Nd:YAG laser was focused on a rotating boron target, and the
laser-ablated boron atoms and clusters were codeposited with NO in
excess argon onto a Csl window cooled normadl8tkK by means of
a closed-cycle helium refrigerator. The matrix gas deposition rate was
typically of 3—5 mmol per hour. Natural abundance bor8B( 19.8%,
11B: 80.2%) and'°B-enriched (97%) targets were used in different
experiments. Nitric oxide (MathesonPN0 (MSD Isotopes, 99%),
and™N*80 (Isotec, 99%) were condensed, and the most volatile fraction
was used to make matrix samples in argon. In general, the matrix
samples were deposited for 1 h. After sample deposition, IR spectra
were recorded on a BIO-RAD FTS-6000e spectrometer at 0.5 cm
resolution using a liquid nitrogen-cooled HgCdTe (MCT) detector for
the spectral range of 508@00 cnT™. Samples were subjected to
broadbandA > 240 nm) photolysis by a mercury arc (Ushio, 100 W)
and annealing cycles using resistance heat.

Quantum chemical calculations were performed to predict the

structures and vibrational frequencies of the observed reaction products

using the Gaussian 98 prografiThe Becke three-parameter hybrid
functional with the Lee-Yang—Parr correlation corrections (B3LYP)
was used??' The 6-31H-G(d) basis sets were used for the B, N, and
O atomg?>2 Geometries were fully optimized and vibrational frequen-
cies calculated with analytical second derivatives. Natural bonding
orbital (NBO) analyses were performed to identify the bonding nature
in selected product moleculés.

Results

Matrix isolation studies of the boron atemitric oxide
reaction were done over an order-of-magnitude range of NO
concentrations (0.020.4%) with different laser powers (ranging
from 5 to 15 mJ/pulse) to control the B to NO ratio in the
reaction products. The infrared spectra in selected regions with
108 and 0.04% NO in argon are illustrated in Figures3l and
the new product absorptions are listed in Table 1. For
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Figure 1. Infrared spectra in the 215850 cn1? region from codeposition

of laser-ablated bororiqB-enriched) and 0.04% NO in Ar. Yd h sample
deposition at 8 K, (b) after 22 K annealing, (c) after 26 K annealing, and
(d) after 20 min broadband photolysis.
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Figure 2. Infrared spectra in the 138160 cn? region from codeposition

of laser-ablated borort{B-enriched) and 0.04% NO in Ar. Yd h sample
deposition at 8 K, (b) after 22 K annealing, (c) after 26 K annealing, and
(d) after 20 min broadband photolysis.
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Figure 3. Infrared spectra in the 93885 and 535495 cn1! regions

from codeposition of laser-ablated bordfR-enriched) and 0.04% NO in
Ar. (a) 1 h sample deposition at 8 K, (b) after 22 K annealing, (c) after 26
K annealing, and (d) after 20 min broadband photolysis.

comparison, the spectra in the 2150650 cnt? region with
10B and 0.4% NO in argon are shown in Figure 4. The stepwise
annealing and photolysis behavior of the product absorptions
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Figure 4. Infrared spectra in the 215550 cnt? region from codeposition
of laser-ablated borort@B-enriched) and 0.4% NO in Ar. Yd h sample
deposition at 8 K, (b) after 22 K annealing, (c) after 26 K annealing, and

(d) after 20 min broadband photolysis.

Table 1. Infrared Absorptions (cm~1) from Codeposition of
Laser-Ablated B with NO in Solid Argon

10B 11B

14N16O 15N16O 14N18O 14N16O 15N16O 1AN18O assignment
907.0 891.7 8940 8974 880.9 884.3 NBO
asym str
2062.3 2061.5 2033.7 1997.4 1996.1 1967.4 OBNNO
B—O str
1627.4 1588.3 1605.9 1627.4 1588.3 1605.9 OBNNO
N—O str
528.1 5252 5248 5109 507.6 507.5 OBNNO
in-plane bend
510.2 507.4 506.8 4935 490.6 489.9 OBNNO
out-of-plane
bend

1339.7 1339.7 1321.6 12914 12914 1272.8 NNBO
OBO asym str
2089.6 2088.4 2062.6 2029.9 2026.0 1989.6 OBON

B—O str
1151.2 11399 1111.8 1148.6 1136.2 1108.5 OBON
N—O str
2130.7 2117.4 21151 2068.8 2052.6 2054.1 BNBO
BO str
518.0 515.3 514.8 500.7 4979 497.3 BNBO
bend
2028.2 2017.5 2013.2 1965.4 1953.5 1950.8 BNBO
BO str
1973.0 1939.1 1963.3 1943.0 1906.4 1930.9 BBNO
NO str
1887.6 1854.4 1878.9 1859.5 18239 1848.5 BBBNO
NO str
1513.3 1507.2 1496.0 1465.0 1461.1 1448.1 BBBNO
BB str
1936.5 1916.3 1918.0 1889.4 1869.0 1869.1 BNBBO
sym str
1181.7 1175.3 1179.8 1138.0 1131.8 1135.7 BNBBO
BB str

are also shown and will be discussed below. Besides the
absorptions listed in the table, absorptions are also observed®
for N2O, NO,, (NO)*, (NO),~, BO, BO,, BO,~, BOB, and

BNB.#418.25Natural abundance boron, different isotopitl160
and*N180 nitric oxides, and thé&*N160 + 15N160 and“N1%O

Wavenumber (cm™)

Figure 5. Infrared spectra in the 92870 cn1! region from codeposition

of laser-ablated boron and NO in excess argon. (a) Natural abundance boron,
0.04%14N160, (b) 19B, 0.04%1“N1O, (c)1°B, 0.025% N0 + 0.025%
I5N160, and (d)19B, 0.025%N160 + 0.025%N180.

5—11, respectively. The product bands reported here all show
boron, nitrogen, and oxygen isotopic displacements as reported
in Table 1.

Density functional calculations were performed on the
potential product molecules. The optimized structures are shown
in Figure 12, and the vibrational frequencies and intensities are
listed in Table 2. Table 3 provides a comparison between
observed and calculated isotopic frequency ratios for the
observed vibrational modes.

Discussion

The new reaction product molecules will be identified from
infrared spectra of isotopic mixtures and DFT calculations of
isotopic frequencies.

NBO. In natural abundance boron experiments, absorptions
at 907.0 and 897.4 cm appeared together on annealing. The
upper band is about 25% intensity of the lower band, which
clearly indicates that only one boron atom is involved in this
mode. When thé%B-enriched boron target was used, only the
907.0 cnt! band was observed. These two bands shifted to
891.7 and 880.9 cmt with 15N160 and to 894.0 and 884.3 cth
with N80, The mixed“N60 + 15N160 andN60 + 14N180
spectra (Figure 5) clearly indicate that only one N and one O
atom are involved in the mode. These two bands are assigned
to the N°BO and N'BO isotopomers.

The geometry and vibrational frequencies of four different
geometric BNO isomers have been recently addressed by using
different DFT and MP2 method4.The most stable NBO isomer
was predicted to have a triplet ground state with a linear
structure. The B3LYP/6-31G*-level calculations predicted
the B—O and B-N stretching and the bending frequencies at
1895.7, 913.6, and 395.4 cthfor N11BO. The two stretching
modes are strongly coupled and, therefore, are better described
s the symmetric and antisymmetric stretching vibrations. The
bending frequency is out of the detection range of our IR
spectrometer, while the symmetric stretching mode was pre-
dicted to have zero IR intensity. The antisymmetric stretching
frequency is in good agreement with the observed value. The

+ 19N180 mixtures were employed for product identification lecule is isoel ic with k i hich
through isotopic shifts and splittings. The spectra in selected NBO molecule Is 1soe ectronlg W't, etenylidene (CCO)_’ whic
has a triplet ground state with linear geomeéefylhe triplet

regions using these isotopic counterparts are shown in Figures o
g g P P g ground state NBO molecule can also be regarded as a diradical,

(25) Andrews, L.; Zhou, M. F.; Willson, S. P.; Kushto, G. P.Chem. Phys.

1998 109 177 and references therein. (26) Devilliers, C.; Ramsay, D. ACan. J. Phys1971, 49, 2839.
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Figure 6. Infrared spectra in the 1640540 cnt?! region from codeposition of laser-ablated boron and NO in excess argon. (a) Natural abundance boron,
0.4% 14N160, (b) 19B, 0.4% 4N6O, (c) 1%B, 0.2% N0 + 0.29% N0, and (d)1%B, 0.2% NSO + 0.2% 14N18O.
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Figure 7. Infrared spectra in the 53090 cnt? region from codeposition Figure 8. Infrared spectra in the 214060 cn? region from codeposition
of laser-ablated boron and NO in excess argon. (a) Natural abundance boronof laser-ablated boron and NO in excess argoni9g)0.04%“N1¢0, (b)
0.04%14N160, (b) 198, 0.04%N160, (c) 9B, 0.025%!N0 + 0.025% 10B, 0.025%N6O + 0.025%!5N60, (c) 1B, 0.025%N€O + 0.025%
15N160, and (d)'°B, 0.025%'*NO + 0.025%*N€0. 14N180, and (d) natural abundance boron, 0.0494'60.

for which the spin density is mainly located on the N at¥m. 15N ratio of 1.0246 and®0/*%0 ratio of 1.0134, significantly
The Lewis structure can be drawn as-R=0, which satisfies larger and smaller than the ratios of diatomic NO, suggesting a
the valence of B. N—O stretching vibration with strong coupling with another N
OBNNO. Absorptions at 2062.3, 1627.4, 528.1, and 510.2 atom. The mixed“N1%0 + 15N160 isotopic spectrum (Figure
cm~1in the 1B experiments increased together on annealing 6) reveals a quartet at 1627.4, 1622.4, 1593.4, and 1588.8 cm
and were destroyed on photolysis (Figures 1 and 3). These bandsvhich shows that this vibration involves two inequivalent N
are assigned to the OBNNO molecule. The 2062.3cband atoms. The mixed*N1%0 + 14N80 isotopic spectrum reveals
splits into a doublet at 2062.3 and 1997.4 ¢énwith ap- only two isotopic bands and indicates the involvement of one
proximately 1:4 relative intensities in the natural abundance O atom. These data point to the involvement of-a®subunit
boron experiments, which characterizes the vibration of one and a NNO subunit in the molecule. The 528.1 and 510.2'cm
boron atom. The isotopit’B/1B ratio of 1.0325 and thé&*O/ bands are assigned to the in-plane and out-of-plane bending
180 ratio of 1.0141 {°B) indicate that this mode is a-BO vibrations of the OBNNO molecule based on their isotopic
stretching vibration. The 1627.4 cthband shows no boron  frequency shifts (Table 1).
isotopic shift. It shifted to 1588.3 cm with 15N1%O and to The assignment is strongly supported by the density functional
1605.9 cm! with 1“N80. These values give the isotopit\/ calculations. As shown in Figure 12, the molecule was predicted

11374 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003
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(b) BNBO  —179.72395  2119.5(886), 1893.4 (2), 861.7 (10),
> 514.4 (1247), 168.6 (2,7)
O 'BON BNBO-  —179.84034  2014.3 (1588), 1661.2 (72¢), 860.7
(@) (2,0), 543.6(10277), 123.0 (5177)
0.00 . . BBBNO  —204.30797  1911.0 (473), 1490.7 (342¢), 1193.5
1160 1140 1120 1100 (2,0), 570.0 (10p), 444.7 (1,7), 317.2
Wavenumber (cm™) (1,7), 114.8 (1.7)
BNBBO —204.56651 2115.1 (91b), 1948.2 (888¢), 1163.5

Figure 11. Infrared spectra in the 1160100 cnt? region from codepo-
sition of laser-ablated boron and NO in excess argon (after 20 min
photolysis). (a)°B, 0.4%N1€0, (b) natural abundance boron, 0.4% NO,
(c) natural abundance boron, 0.290160 + 0.2%15N60, and (d) natural
abundance boron, 0.298N60 +0.29% 4N*80.

(243,0), 547.0 (30), 495.6 (17), 225.0
(46, 7), 88.0 (52,7)

2). As listed in Table 3, the boron, nitrogen, and oxygen isotopic
shifts also were predicted correctly.

BBNO. The 1973.0 cm! absorption appeared on annealing
N—O stretching and the bending vibrational frequencies fér O and decreased on photolysis (Figure 1). This band is favored in
BNNO were predicted at 2050.1, 1718.7, 524.8, and 508:6,cm  low NO concentration and high laser power experiments and is
respectively. These modes were calculated to be intense (Tableassigned to the BBNO molecule on the basis of isotopic

to have &A’ ground state with a bent structure. The-® and
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Table 3. Comparison between the Observed and Calculated The calculated frequencies at the optimized geometry of

Isotopic Frequency Ratios for the Product Molecules BNBO provide excellent support for the assignment. The two
BB HNTEN 1070 experimentally observed modes were calculated at 2119.5 and

molecule  mode cad  obsd  caled  obsd  caled  obsd 514.4 cntlin UBNIBI6Q, just 50.7 and 13.7 cnd from the

NBO  asymstr 1.0028 1.0107 1.0220 1.0187 1.0177 1.014g8 Observed values (2068.8 and 500.7€nrespectively). Both
BOstr  1.0337 1.0325 1.0010 1.0007 1.0159 1.0152 of these modes were predicted to be intense (886 and 124 km/
OBNNO Eg]jit;g 118339? 1183930? 11-85655’ 11802356 11-83%3 118(}2;‘ mol; the other modes have intensities less than 2 km/mol). The
bending 1.0344 10338 1.0057 1.0059 10073 1.0073 Doron, nitrogen, and oxygen isotopic shifts also were predicted
BOstr 1.0345 1.0294 1.0000 1.0019 1.0168 1.0203 correctly (Table 3). The BNBO molecule has a linear doublet
o 0% L L 0 Lol L 0 o e e 1) i e (6 6110
BNBo  BOSt 10298 10299 10082 10079 1.0071 1.0072 (1”14(2”)4(9‘7)1 electronic conﬂ_gurau_on. Theds 60, and &
bending 1.0342 1.0346 1.0061 1.0056 1.0067 1.0068 MO’s are B-O and two B-N o-bonding orbitals, and theo8

BNBO~ BOstr  1.0322 1.0320 1.0067 1.0061 1.0073 1.0075 MO is nonbonding and is predominantly oxygen-based. The
BBBNO ’g‘gssttr' i-g;ig i-gég(l) i-gégg i-gég? i-g?i’g i-g??‘; doubly degeneraterIMO’s are conjugated bondingorbitals.
symstr 10250 10249 10116 1.0109 1.0106 10109 1nhe doubly degeneratezMO's are B-N and B-O bonding
BBstr 1.0401 1.0384 1.0050 1.0055 1.0016 1.0020 but BN—B antibonding orbitals. The singly occupied 810
also is a nonbonding orbital and is mainly terminal B 2s orbital

@ In-plane bending? Out-of-plane bending. in character. The population analysis also shows that the spin
substitutions. In natural abundance boron experiments, a quarte{s predominantly on the terminal boron atom. Therefore, doublet
at 1973.0, 1972.0, 1944.0, and 1943.0émith approximately ~ BNBO is a linear univalent radical. The calculated terminal
1:4:4:16 relative intensities was observed, while in the mixed B—N bond length, 1.254 A in BNBO, is a formal-&\ triple
N0 + NP0 and'N™O + N80 experiments, only pure  pond2® The Wiberg bond indices of terminal-B\N and B-O
isotopic counterparts were presented. These data indicate thagnd BN-B are 2.9, 2.9, and 1.0, respectively. The Lewis
the molecule involves two inequivalent B atoms and one N atom strycture can be drawn aB=N—B=O0.
and one O atom. The band position and isotopic frequency ratios BNBO~. A weak band at 2028.2 cr increased on sample
(Table 3) are indicative of a terminal BND stretching vibration.  deposition and disappeared on broadband photolysis. This band

The BBNO molecule was predicted to have a doublet ground ajso splits into a 1:4:4:16 quartet at 2028.2, 2026.0, 1968.8,
state with a linear structure (Figure 12). The B3LYP/6-8GE and 1965.4 cm® with the natural abundance boron target,
harmonic frequency analysis indicates that the NO stretching jndicating that two inequivalent boron atoms are involved in
mode has the largest IR intensity (1103 km/mol, versus |ess this mode. The mixed*N6O + 15N60 and4N16O + 14N180
than 27 km/mol for the other vibrational modes). The frequency experiments each reveal On|y two isotopic bands and C|ear|y
of the NO stretching mode iHB*'BN€0, 2020.3 cm*, is in indicate that only one N atom and one O atom are involved.
good agreement with the experimental value. The boron, The boron, nitrogen, and oxygen isotopic ratios (Table 3) are
nitrogen, and oxygen isotopic frequency ratios also were yery similar to those for the BO stretching mode of BNBO,
predicted correctly (Table 3). RE* BBNO, the computed BB which is 102.5 cm? higher. The photosensitive behavior and
bond |ength, 1.509 A, is about the same as the formal BB doublefrequency reduction relative to BNBO Strong|y Suggest assign_
bond of HBBH' and is slightly longer than the BB length of  ment to the BNBO anion®° As has been discussed, the BNBO
1.499 A in BBCO! The NO bond length is elongated from neytral is a univalent radical and can be regarded as a
1.148 Ain free NO to 1.189 A in BBNO. The binding energy pseudohalogen, which is expected to be able to form stable
of BBNO with respect to ground-state BZ4~) 28 and NO {I1) anions3! The BNBO™ anion was predicted to have a closed-
was predicted to be 96.0 kcal/mol, significantly higher than that shell singlet ground state with a linear structure (Figure 12) and
of BBCO (66.9 kcal/mol}? has slightly longer B-N and B-O bond lengths than BNBO.

BNBO. The present experiments provide evidence for other As the extra electron is added in the nonbondingpgbital of
products of the BNO stoichiometry. The strong bands at 2130.7 BNBO, the Lewis structure of the BNBQanion can be drawn
and 518.0 cm* increased markedly on annealing and slightly as B=N—B=0-, which satisfies the octet rule. The electron
increased on photolysis (Figures 1 and 3) and are assigned toxffinity of BNBO was estimated to be 73.0 kcal/mol (3.2 eV).
the B-O Stl’etChIng a.nd bendlng Vibrations Of BNBO. The BBBNO. Two Weak bands at 1887.6 and 15133fém
natural abundance boron experiments and the mi%etO + increased together on annealing and greatly decreased on
N0 and N0 + N80 experiments (Figures 7 and 8)  proadband photolysis. These two bands are favored in low NO
clearly indicate that two inequivalent B atoms, one N atom, concentration and high laser power experiments. The 1887.6
and one O atom are involved in the molecule. For the upper cm-1 pand exhibits very similar isotopic shifts to the—D
mode, two bands were observed for tBN'BO and''BN*’- stretching mode of BBNO observed at 1973.0&nimplying
BO isotopomers, whereas only one band was observed for thethat the 1887.6 cmt band is also due to a-NO stretching
1BNBO andBN!BO isotopomers. This suggests that the yipration. The mixedN6O + 15N60 and14N60 + 14N180
B—O stretching mode of th#’BN'°BO and!!BN1°BO isoto-
pomers is in an anharmonic resonance with a combination of (29)

OBON

BNBBO

(a) Paetzold, FPure Appl. Chem1991], 63, 345. (b) Leroy, G.; Sana, M,;
Wilante, C.Theor. Chim. Acta 993 85, 155. (c) Dill, J. D.; Schleyer, P.

lower-lying levels. v. R.; Pople, J. AJ. Am. Chem. Sod 975 97, 3402.
(30) See for example: (a) Zhou, M. F.; Andrews,J..Am. Chem. S0d.998
(27) (a) Breboux, G.; Barthelat, J. @. Am. Chem. S0d 993 115, 4870. (b) 120, 11499. (b) Zhou, M. F.; Andrews, L1. Am. Chem. Sod 999 121,
Knight, L. B., Jr.; Kerr, K.; Miller, P. K.; Arrington, C. AJ. Phys. Chem 9171.
1995 99, 16842. (31) (a) Birkenbach, L.; Kellermann, Ber. 1925 58B, 786. (b) Crawford, M.
(28) (a) Langhoff, S. R.; Bauschlicher, C. \W. Chem. Phys1991], 95, 5882. J.; Klapotke, T. M.; Klufers, P.; Mayer, P.; White, P.B5Am. Chem. Soc
(b) Bruna, P. J.; Wright, J. S.. Phys. Chem199Q 94, 1774. 200Q 122, 9052.
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isotopic spectra only give the sum of pure isotopic bands and are very close to that in BNBO. The Wiberg bond indices of
indicate single N and O atom involvement. The 1513.3km  terminal B-N, BN—B, B—B, and B-O are 1.0, 2.9, 1.0, and
band shows small nitrogen (6.1 cf and oxygen (17.3 cn) 3.0, respectively.
isotopic shifts and a large boron isotopic shift (48.3¢mand NNBO,. Absorption at 1339.7 cni was observed only after
it is largely a B-B stretching vibration. For both bands, the broadband photolysis. In natural abundance boron experiments,
boron isotopic splittings cannot be resolved because of weak-two bands were observed at 1339.7 and 1291.4'amith 1:4
ness. We assign it to the next higher boron clustesN® relative intensities. Both bands exhibited no nitrogen isotopic
molecule. shifts with15N160 but shifted to 1321.6 and 1272.8 chusing

DFT calculations were also performed to support the assign- the N80 sample. When a 1:1 mixture N0 + N80
ment. Two geometries were considered: a linear BBBNO was used, both bands led to triplets with intensity ratios of
structure and &, structure with cyclic B arrangement. Both ~ approximately 1:2:1, indicating that two equivalent O atoms
structures were predicted to have triplet ground states3The  are involved. The isotopié®0/*#0 ratios 1.0137 and 1.0146
state of linear BBBNO is 4.8 kcal/mol lower in energy than and!B/MB ratio of 1.0374 are almost the same as that 06BO
the triplet Cy, structure. The B3LYP/6-3HG* harmonic in solid argon, whereas the band positions are about 18.3 and
frequency analysis indicated that the NO and BB stretching 17.4 cm* blue-shifted from that of B@'® The 1339.7 and
modes have the largest IR intensities (762 and 296 km/mol, 1291.4 cm* bands appeared upon photolysis while the OBNNO
respectively, versus less than 25 km/mol for the other vibrational absorptions greatly decreased. Therefore, we assign these two
modes; see Table 2). The calculated boron, carbon, and oxygerbands to the antisymmetric OBO stretching vibrations of the

isotopic shifts were in excellent agreement with the observed NNBO, complex.
values (Table 3). Our DFT calculations on NNB@predicted a van der Waals

BNBBO. Split bands at 1936.5/1945.4 and 1181.7/1195.6 complex with a T-shape@,, symmetry (Figure 12). The BN
cmLin 198 experiments are assigned to the BNBBO molecule distance was predicted to be 3.237 A; the bond lengths in both
at two trapping sites. These bands appeared together onfn€® Neand BQ units are very close to that of free;nd BG
photolysis and were strong in low concentration NO and high Molecules. The calculated antisymmetric OBO stretching vi-
laser power experiments. As shown in Figures 9 and 10, in brational freguency is slightly shifted f.rom that of BOThe
natural abundance boron experiments, both the site absorptiond N stretching mode has very low IR intensity (Table 2) and
of the upper mode split into octets with approximately 1:4:4; Was not observed. B
4:16:16:16:64 relative intensities which clearly indicates that ~OBON. Sharp bands at 2089.6 and 1151.2 érappeareq
three inequivalent boron atoms are involved in this mode. The t0gether after photolysis in relatively high NO concentration
two site absorptions of the low mode split into quartets with €xperiments. Both bands split into doublets at 2089.6/2029.9
approximately 1:4:4:16 relative intensities, indicating the in- and 1151.2/1148.6 cm with intensity ratios of approximately
volvement of two inequivalent boron atoms. The mix&dO 1:4 in natural abundance boron experiments (Figure 11),
+ 15NO and NO + N80 spectra clearly demonstrate that only indicating that one boron atom is involved in this molecule.
one N atom and one O atom are involved in both modes. The The upPper mode shows very small nitrogen isotopic shifts. The
isotopic frequency shifts (Table 1) show that the upper mode iSOtopic *%B/*B and **0/*%0 ratios (Table 3) suggest a0

is a symmetric stretching vibration with all five atoms involved ~ Strétching vibration. The lower doublet shifted to 1139.9 and

and that the lower mode is a8 stretching mode. 1136.2 cm? with 15N160 and to 1111.8 and 1108.5 ciwith
14N80. These values give the isotopitN/*>N ratios of 1.0099

The BNBBO molecule was predicted to have a closed-shell .
singlet ground state with linear structure (Figure 12), which is and 1.0109 and®O/O ratios of 1.0354 and 1.0362, respec-

i i AN 1 15N\ 1 i i i
162.2 kcal/mol lower in energy than the ground-state BBBNO g'_\ielsl' In the mllxiﬂl N0 + tN 60 |sototp|c sptectrum (F|guret d
isomer. The computed vibrational frequencies (Table 2) and ~ race c) only the pure isotopic counterparts were presented,

isotopic frequency ratios (Table 3) strongly support our experi- while a quartet at 1148.6, 1143.7, 1112.9, and 110851W“h
mental assignments. The ground state has a (€d6)%(70) approximately 1:1:1:1 relative intensities was produced in the
(80)2(90)%(100)%(1)*(21)*(110)? electronic configuration. The mixed 1“N1%0 + 1“N180 isotopic spectrum (Figure 11, trace d),
60, 70, 85, and 9 MO's are fouro-bonding orbitals. The 10 indicating that this mode is mainly a-ND stretching vibration

MO is nonbonding and is predominantly oxygen-based. The coupled with one more inequivalent O atom. The band position

doubly degeneraterlMQ's are conjugated bondingorbitals. IS tqo Ig)w for the ‘e”‘."”a' P.QLO stretching .Of a nitrosyl
The doubly degeneratet2MO’s are B-N and B—O bonding species? The obs.e.rveq 'Sthp'F frequency ratios §how Igss N
but B—B antibonding orbitals. The HIHOMO is nonbonding and more O participation in this mode than the diatomic NO
which is largely B 2s in character. Therefore, the BNBéO molecule. This suggests an isonitrosyl structural arrangement.

molecule exhibits a polyyne-like structure,BI=B—B=0. The Therefore, assignment to an OBON molecule is proposed.

observed vibrational frequencies and the predicted bond Iengths':urther confirmation of the assignment is found in the DFT-

are consistent with this structure. There is only about 86.7'cm predicted frequencies at 2073.2 and 1191.8(#8) and the .
difference between the BB stretching frequencies ofl- good agreement between the observed and calculated isotopic
BNIB11BO (1138.0 cml) and B (1051.3 cml).32 The BB frequency ratios for both stretching modes of OBON (Table 3)

bond length of 1.628 A is slightly longer than that of @.59 and the lack of agreement for the OBNO isomer.

A).32 The BN=B (1.260 A) and B-O (1.199 A) bond lenaths OBON is potentially a very interesting molecule. It was
) ( ) ( ) g predicted to have a triplet ground stat&\'() with a bent

structure (Figure 12). The spin density is predominately located

(32) (a) Herzberg, GMolecular Spectra and Molecular Structyréol. 1; Van
Nostrand: New York, 1950. (b) Huber, K. P.; Herzberg, \&olecular
Spectra and Molecular Structur¥ol. 4; Van Nostrand: New York, 1979. (33) Andrews, L.; Citra, AChem. Re. 2002 102, 885.
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on the terminal N atom, therefore the OBON molecule is a
diradical. The N-O bond length was predicted to be 1.341 A,
significantly longer than that of bent nitrosyls formally regarded
as exhibiting an N-O double bond. It is a higher-energy isomer
of OBNO. The ground state of OBNO was found to be a bent
triplet GA""), which is 11.8 kcal/mol lower in energy than triplet
OBON. No evidence was found for the OBNO molecule in the
experiments.

Reaction MechanismsThe codeposition of laser-ablated

The observation of BBNO indicates that BNBO does not directly
come from B reaction. The BBNO and BBBNO absorptions
decreased on photolysis, during which the BNBO and BNBBO
absorptions increased. These observations suggest that BBNO
and BBBNO undergo photoinduced isomerism to BNBO and
BNBBO, as shown in reactions 6 and 7. Our B3LYP calcula-
tions predicted that the linear BNBO and BNBBO molecules
are 137.4 and 162.2 kcal/mol more stable than the linear BBNO
and BBBNO isomers. Both BNBO and BNBBO are global

boron atoms and clusters with NO in excess argon producedminima on the BNO and BNO potential energy surfaces. We

NBO, OBNNO, BNBO, BBNO, and BBBNO. The NBO
molecule is formally the result of the insertiorh @ B atom
into the NO bond. There are two possible reactions to form the

also computed a number of other structural isomers with B
NO and BNO formulas, such as the linear BOBN, OBBN,
BNOB, and BBON, the linear BBNBO, BNBOB, BBOBN, and

NBO molecule in our experiments: direct B atom insertion into cyclic structural isomers of BNBBO. All of these isomers are
the NO bond (reaction 1), which was predicted to be quite higher in energy than BNBO and BNBBO. The linear BNBO
exothermic, and the reaction between BO and atomic N. The and BNBBO arrangement is favored over the other structural

BNB, BOB, and BO absorptions were observed in the experi-
ments, which showed that some of the NO molecules were

dissociated during the ablation/condensation process. As shown

in Figures 1 and 3, the NBO, BO, and BNB absorptions all
increased on 22 K annealing, but the BO and BNB absorptions

decreased, whereas the NBO absorption still increased on 26

isomers to maximize the BN and B-O s bonding.

K annealing. This suggests that reaction 1 does proceed in solid

argon. Previous theoretical investigations showed that the BNO
molecule formed in an initial step on the B8 NO reaction
pathway without energy barriét.BNO underwent molecular
bending via transition state to form NBO. At the B3LYP/6-
311+G* level, the transition state was predicted to be 23.7 kcal/
mol higher in energy than BNO. The NO addition to form BNO
is initially exothermic by 60.6 kcal/mol, which significantly
surmounts the energy barrier for the isomerization reaction. The
BNO molecule was not observed in the experiments, which also
supports the spontaneous insertion reaction 1.

B(®P) + NO(II) — NBO(2") (1)

The BBNO and BBBNO nitrosyls increased on annealing in

low NO concentration and high laser power experiments. These

molecules were formed by addition reactions 2 and 3, which
are exothermic with minimal activation energy. Both the BBCO
and BBNN molecules have been observed in our previous
experiments, and they both were formed fromrBactions in
solid argont® The B cluster also has been produced by laser
evaporation and has been trapped in solid mé&trin electron

NBOEZ") + NOCII) — OBNNOEA') (4)
NBO(Z") + B(?P)— BNBO(=Y) (5)
BBNO(=") + hv — BNBO(*=") (6)

BBBNOCX") + hv — BNBBO('=") 7)

The OBNNO molecule also is photosensitive: It decreased
on broadband photolysis. In the experiments with lower NO
concentrations, the dominant photolysis product is the NNBO
van der Waals complex. This implies photoisomerization
reaction 8, which was calculated to be exothermic by 52.4 kcal/
mol. In higher NO concentration experiments, the OBON
diradical was formed on photolysis. It appears that this diradical
was produced on photoinduced dissociation of the OBNNO
complex, reaction 9. Strong® absorptions also were produced
on photolysis, along with the OBON absorptions.

OBNNOCA") + hv — NNBO,(*A")
OBNNO(NO)+ hy — OBON + N,O

(8)
9)
Conclusions

Reactions of laser-ablated boron atoms and clusters with NO
molecules have been studied using matrix isolation infrared
absorption spectroscopy and quantum chemical calculations.

spin resonance spectroscopic study provided evidence that thegoron atoms and clusters reacted with NO to form the NBO,

ground state of Bis a doublet with cyclicDz, symmetry, in
agreement with theoretical calculatiof¥sBinding by a NO
molecule favors the linear arrangement.

B,(°Z,") + NO(II) —~ BBNO(=") 2)

®3)

The absorptions due to the OBNNO and BNBO molecules
increased on annealing, which indicates that OBNNO and
BNBO can be formed by the simple addition reactions 4 and 5.

B, + NO (IT) — BBBNO (*2")

(34) (a) Hamrick, Y. M.; Van Zee, R. J.; Weltner, W., Jr.Chem. Phys1992
96, 1767. (b) Li, S.; Van Zee, R. J.; Weltner, W., &hem. Phys. Lett
1996 262 298.

(35) (a) Martin, J. M. L.; Francois, J. P.; Gijbels, R.Chem. Phys1989 90,
6469. (b) Hanley, L.; Whitten, J. L.; Anderson, S.1..Phys. Chen1988
92, 5803. (c) Kato, H.; Kamashita, Y.; Morokuma, Khem. Phys. Lett.
1992 190 361. (d) Boustani, IPhys. Re. B 1997, 55, 16426.
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OBNNO, BBNO, BNBO, and BBBNO molecules spontane-
ously on annealing in solid argon. The boron nitrosyls BBNO
and BBBNO are linear molecules. They underwent photochemi-
cal rearrangement to the BNBO and BNBBO molecules, which
have linear polyyne-like structures. Photoinduced dissociation
of OBNNO and higher complex to the NNB®@an der Waals
complex and the OBON diradical were also observed. Evidence
is also presented for the linear BNB@nion. The aforemen-
tioned product molecules were characterized via isotopic
substitution {°B, 1B, N80, N80, and mixtures) as well as
DFT isotopic frequency calculations.

Acknowledgment. This work is supported by N.S.F.C. and
the N.K.B.R.S.F. of China, the N.E.D.O. of Japan, and the
A.F.O.S.R. of the United States.

JA0367187



