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Reactions of pulsed laser produced B and N atoms at high dilution in argon favored diboron 
species. At low laser power with minimum radiation, the dominant reaction with Nz gave 
BBNN ( 311). At higher laser power, reactions of N atoms contributed the B,N (2B2), BNB 
(28z), NNBN (ix+), and BNBN (311> species. These new transient molecules were identi- 
fied from mixed isotopic patterns, isotopic shifts, and ab initio calculations of isotopic spectra. 

1. INTRODUCTION 

Solid boron nitride (BN) is a refractory material with 
many applications. The molecular B-N vapor species are .u important because thin films of boron mtride can be grown 
by vapor deposition for high-temperature coatings. ’ A con- 
venient way to produce vapors of refractory materials is by 
pulsed laser vaporization. The vapors so formed have been 
examined by mass spectroscopy2’3 and by matrix electron 
spin resonance (ESR) spectroscopy.” The major species 
characterized by ESR is the linear “8: BNB radical. De- 
tailed ab initio studies of possible binary vapor species in 
the BN system have also been presented.’ 

Pulsed laser evaporation for matrix infrared studies of 
small molecules has been applied in this laboratory to 
phosphorous, boron, and aluminum oxides.6-8 Boron ni- 
tride was explored as a possible source of boron atoms for 
argon matrix reactions; instead intense new infrared ab- 
sorptions, with boron isotopic multiplets, were observed. 
These BxN,, vapor species were also prepared by boron- 
nitrogen reactions in excess argon, which will be charac- 
terized here. 

II. EXPERIMENT 

A closed-cycle helium refrigerator (CT1 Cryogenics 
Model 22) supported in a custom-designed stainless-steel 
chamber was used to cool ( 12h 1 K) a copper block con- 
taining a CsI window. The pulsed YAG laser evaporation 
experiment employed here has been described previously719 
and is similar to the technique employed by Knight and 
co-workers.4 Pieces of solid boron nitride (Johnson 
Mathey/Aesar and Carborundum) were affixed to a rod 
and rotated at 1 r.p.m., and boron nitride was evaporated 
directly into an argon stream by a focused YAG laser 
( 10-60 mJ/pulse at the sample). Complementary experi- 
ments were done by codepositing pulsed laser evaporated B 
atoms with Ar/N2 samples. Natural and enriched isotopic 
nitrogen (Isomet and Cambridge Isotope Laboratories) 
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and isotopic boron samples (Eagle-Pitcher Industries) 
were employed. Infrared spectra were recorded on a Nico- 
let SDXB at 2 cm- ’ and a Nicolet 60SXR at 0.5 cm- ’ 
resolution. Samples were also subjected to annealing and 
medium pressure mercury arc photolysis. 

Ill. RESULTS 

Infrared spectra of boron nitride ablation products and 
boron-atom-nitrogen-atom and molecule reaction prod- 
ucts in solid argon will be presented. 

A. Boron nitride 

Boron nitride is hydroscopic and slowly hydrolyzes to 
NH3, B2O3, and further to B(OH)3. Infrared absorptions 
for B203, B(OH),, BO, B02, BOB, HBO, BO,, and B202 
were observed in all of these experiments.7”0*” These im- 
purity absorptions were minimized to trace levels after pre- 
paring a fresh BN surface and immediately putting the BN 
target under vacuum. Boron nitride ablation targets were 
used for a total of fifteen infrared matrix isolation experi- 
ments. All were characterized by a very strong boron iso- 
topic triplet absorption at 901.6, 891.1, and 882.3 cm-’ 
with l/8/16 relative intensities. These bands were sharper 
at lower laser power and such a spectrum is illustrated in 
Fig. 1 (a) for a 1.5 h codeposition with argon on a 12k 1 K 
substrate. Further sample deposition increased the band 
absorbances and broadened the bands particularly in the 
higher wave-number region. 

Additional weaker absorptions observed in the 2100- 
1700 cm-’ region, shown in Fig. 1, are also of interest 
here. A weak l/8/16 triplet at 1769.2, 1753.5, and 1736.5 
cm-’ (labeled B) decreased on photolysis and on anneal- 
ing. New bands were observed at 1802.2 cm-’ (labeled C), 
1912.5 cm-’ (labeled D), 1958.7 cm-’ (labeled E), 
1998.4 cm-’ (labeled A), and 2091.8 cm-’ (labeled C) as 
listed in Table I. 

The strong triplet (labeled A) was accompanied by a 
series of combination bands also illustrated in Fig. 1 (a) 
and listed in Table II. The combination bands are associ- 
ated with species A by common boron isotopic splittings, 
matrix site patterns, and annealing behavior. Furthermore, 
the same A bands were produced at lower yield by the 
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FIG. 1. Infrared spectra of boron-nitrogen samples in four spectral regions. (a) Boron-nitride sample laser ablated by 20 m.T/pulse at the sample into 
a condensing argon stream for 1.5 h; (b) natural isotopic boron laser ablated by 40 mJ/pulse at the sample into a condensing Ar/I$= 100/l stream for 
6.5 h. 
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TABLE I. Isotopic product absorptions (cm-‘) for the boron-nitrogen 
reaction in solid argon. 

“B + i4N2 “B + “N, “% + t4N2 “% + “N, Identification 

760.3 736.5 765.8 744.3 species C, NNBN 
882.3 862.3 901.6 882.0 species A, cyclic B,N 
929.5 909.6 950.7 930.8 (perturbed A) 

1484.8 1481.3 1549.4 1545.9 species D, BBNN 
1736.5 1701.6 1769.2 1735.2 species B, linear BNB 
1802.0 1782.3 1859.6 1840.6 species C, NNBN 
1846.4 1838.5 1892.5 1885.4 (BO) (N,) 
1854.5 1854.5 1907.7 1907.7 BO 
1912.6 1850.3 1913.7 1851.5 species D, BBNN 
1958.8 1926.0 2004.8 1973.2 species E, BNBN 
1998.4 1977.4 2068.8 2048.1 species A, cyclic B,N iz T 0 
2091.7 2022.4 2092.1 2022.7 species C, NNBN 

pulsed laser assisted reaction of B and N atoms, and a 
natural isotopic spectrum is shown in Fig. 1 (b). The latter 
A bands were increased 20% by 254 nm photolysis and 
were decreased on annealing. The satellite absorptions di- 
minished and the spectrum appeared identical to the spec- 
trum obtained from a sample prepared by ablation of BN. 

Further experiments were done with doping to check 
for possible impurity reactions. Ablated BN vapors code- 
posited with Ar/O,=200/1 gave the same spectrum as 
reported in Fig. 1; the observation of only a trace of BOz 
indicates that atomic B is not a major vapor component. A 
drop of Hz0 was placed on the BN target in a sealed 
container for two weeks, and the spectrum of the ablated 
vapors contained strong B(OH), absorptions that are de- 
scribed elsewhere,” in addition to the bands from BN de- 
scribed above. Similar doping with D20 gave B (OD), 
bands in addition to the same BN evaporation products. 

Boron nitride powder was pressed into a KBr disc and 
the infrared spectrum was recorded; weak 795 and strong 
1370 cm-’ bands were observed (100 cm-’ full width at 
half maximum) with the latter an order of magnitude 
stronger. Boron nitride vapor was trapped in excess argon 
on a sapphire window at 15 f 2 K for examination of ul- 
traviolet and visible spectra to check for B atoms. The 
absorption band for boron atoms12”3 was observed at 208 
mn and a weak band with three vibronic peaks was ob- 
served at 307.2, 302.5, and 298.2 nm; no other bands were 
observed from 300 to 1200 nm. The latter vibronic series 
was not observed with boron as the target. 

I I 
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FIG. 2. Infrared spectra in the 2100-1400 cm-’ region for natural 
isotopic boron and nitrogen. (a) Sample codeposited for 6.5 h at 12* 1 K; 
(b) after 254 nm photolysis for 0.5 h; (c) after annealing to 25*2 K; (d) 
after annealing to 30*2 K; (e) after annealing to 35 *2 K. 

6. Boron plus nitrogen 

Matrix experiments with natural boron atoms evapo- 
rated into argon with trace impurity reagents contained a 
weak 1912.6 cm-’ band and a weak 882.3 and 891.1 cm-’ 
doublet.” These absorptions were observed with Hz0 or 
D,O reagents or dilute O2 but not concentrated O2 doped 
samples.7’10 With rlB atoms only the 1912.6 and 882.3 
cm-’ bands were observed, but with “B, weak new 901.6 
and 1913.7 cm-’ bands were observed. Annealing in- 
creased these bands by a factor of 2 to 3. Very weak bands 
were also observed at 1484, 1736, 1802, 1959, and 2092 
cm-’ with “B. In experiments doped with Nz, the above 
bands increased markedly and provided the basis for the 
following investigation. 

TABLE II. Isotopic absorptions (cm -‘) for the major product of boron 
nitride ablation and boron-nitrogen reaction in solid argon. 

11-15-11 11-14-11 Absorbance v,,ra 11-14-10 10-14-10 10-15-10 

862.3 882.3 (0.40) 1.7 891.1 901.6 882.0 
1977.4 1998.3 (0.05) 1.5 2024.5 2068.8 2048.1 
3259 3330 (0.08) 2.6 3370 3407 3339 
4358 4425 . (0.07) 2.4 4488 4555 4493 
5444 5506 (0.10) 2.3 5587 5685 5630 
5778 5882 (0.54) 5 5935 5972 5887 
6074 6123 (0.60) 8 6152 6191 6134 

%r,r is the full width at half maximum for the 1 l-14-1 1 isotopic bands of 
given absorbance in Fig. 1. 

An extensive series of isotopic B + N, experiments was 
conducted, and representative spectra are illustrated in 
Figs. 1 (b) and 2 (a). After codeposition of natural isotopic 
boron atoms with 1% N2 in argon sample, the spectra 
show weak BO, (not illustrated), BOB, BO, (BO),, and 
BO,; bands.7 New bands include a strong l/2 doublet at 
891X and 882.3 cm-’ with an 898 cm-’ side band (labeled 
A), a sharp 1484.8 band with a broader satellite at 1479.0 
cm-’ (labeled D), sharp weak l/2 doublet at 1753.5 and 
1736.5 cm-’ (labeled B), a l/4 doublet at 1859.6-1802.0 
cm-’ (labeled C), a new band at 1912.6 cm-’ (labeled 
D), _a l/4/4/16 quartet at 2004.8, 1985.0, 1983.1, and 
1958.7 cm-’ (labeled E), the 1998.4 cm-’ band (labeled 
A), and a new band at 2091.8 cm- ’ (labeled C). Addi- 
tional weak bands at 769 and 929 cm- * are also listed in 
Table I. A 30 min 254 nm photolysis increased the strong 
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A bands by 20% and the E quartet by 40%, decreased the 
two D bands by 15% and destroyed the B bands leaving 
other features unchanged as shown in Fig. 2 (b) . Annealing 
to 25 K decreased the A and E bands by 1570, increased 
the D bands by 25% and revealed a shoulder at 1915.0, 
and left the C bands unchanged, Fig. 2 (c) . Further anneal- 
ing to 30 K decreased and substantially sharpened the A 
band, increased the sharp D site at the expense of the 
broader site and revealed a l/4/4/16 quartet at 1549.4, 
1535.8, 1499.1, and 1484.8 cm-‘; a l/4 doublet at 2117- 
2047 cm- ’ previously identified as molecular BOB0 (Ref. 
7) also increased on this annealing [Fig. 2(d)]. The final 
annealing to 40 K decreased all absorptions, left A and D 
as the dominant species, and removed the extra bands 
within the A multiplet leaving a sharp l/8/16 triplet at 
901.6/882.3/891.1 cm-‘. 

The nitrogen concentration in argon was increased 
from trace impurity levels to 0.2%, l%, 5%, 25%, and 
100% (pure nitrogen matrix). In the 0.2% experiment the 
aforementioned bands were, of course, weaker. In contrast, 
annealing to 25 K increased the A bands by 15% and 
further annealing decreased the A band by 30%. The two 
D bands showed an increase in the sharper matrix site 
absorption and a decrease in the broader site band on an- 
nealing to 20 and 25 K then the sharp site decreased on 
annealing to 30 K. The major effect of increasing Nz con- 
centration on the product population was to increase the 
yield of species C relative to the other products. At 5% N2 
the C, D, and A band absorbances were comparable and at 
25% N2, the C bands were three to fourfold more intense. 
In pure N,, the C bands were an order of magnitude stron- 
ger than other product absorptions.g 

Laser power was varied from 10, to 20, 40, and 60 
mJ/pulse at the boron target for experiments with 1% N, 
in argon, One must keep in mind that both photon and 
boron atom flux depend on laser power. With 10 mJ/pulse 
no green emission was observed from the condensing sam- 
ple and the 1913 cm-’ band dominated all other product 
absorptions by factors of 7-9, whereas with 20 and 40 
mJ/pulse the 1913 and 882 cm-’ product bands were com- 
parable and substantial green emission, indicative of the 
presence of N atoms,14 was observed from the condensing 
sample. The overall product yield increased with laser 
power, but sample transmission also decreased faster. 

One sample was subjected to a filtered photolysis study 
using 420, 380, and 340 nm long-wavelength pass filters 
and the full arc including the strong lines near 250 nm. The 
major effect of this study was a pronounced growth of the 
C bands (25 f 3%) with 470 nm cutoff radiation which 
increased to 37% at 380 nm and 41 f 1% at 340 nm fol- 
lowed by a substantial 40% decrease with the full arc. Both 
species D and E showed small gains at 470 and 380 nm but 
340 nm photolysis increased E and decreased D and the 
full arc further increased E at the expense of D. In most 
experiments species A bands increased slightly on full arc 
photolysis. 

A complete isotopic substitution study was done for 
both reagents and spectra in the 2100-1400 cm-’ region 
are compared in Fig. 3 using ‘iB, “B, 14N2, and 15Nz re- 
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FIG. 3. Infrared spectra in the 2100-1400 cm-’ spectral region for 
isotopic boron and nitrogen samples in argon (Ar/N,=lOO/l, 40 mJ/ 
pulse at the sample). (a) “B+14N2; (b) “B+‘5N2; (c) “B+14N2; (d) 
“B+ “N,. 

agent pairs. The boron and nitrogen isotopic absorptions in 
this region are listed in Table I. Note the large nitrogen 
isotopic shift for the higher D band and the large boron 
isotopic shifts for the lower D band. Likewise the higher 
and lower C bands showed large nitrogen and medium 
boron isotopic shifts, respectively. 

Figures 4 and 5 contrast boron isotopic reactions with 
the mixed nitrogen isotopic sample containing 48/42/10 
ratios of 14Nz/14N15N/15N2. In the lower region (Fig. 4) 
the A bands become strong isotopic doublets with site split- 
tings. On annealing to 35 K, minor sites were removed and 
a sharp 7/3 doublet remained in agreement with the 14/15 
isotopic abundance ratio (69/31) for the sample [Figs. 
4(a) and 4(c)]. Band positions were identical with 14N2/ 
14N15N/1sN, and “N2/1sN2 reagents. In the upper region 
(Fig. 5), several mixed isotopic quartets were observed, 
and these absorptions are listed in Tables III-V. In a 14N2/ 
r5Nz experiment with llB, the 1802.0, 1800.6, 1783.7, and 
1782.3 cm-’ quartet was observed identical to that from 
the 14Nz/14N’5N/15N2 sample showing that two different 
N2 molecules provide the N atoms for species C. However, 
the D and E quartets in Fig. 5(a) become doublets with 
14N2/15N2 showing that the N2 reagent molecule remained 
intact. 

Species B exhibited a mixed nitrogen isotopic doublet 
showing the participation of a single N atom. The lower 
species D band at 1484.8 cm-’ showed a small nitrogen 
isotopic shift to 1481.2 cm-’ in the “N,/‘5N, experiment. 
With the “N2/14N15N/15N2 sample, new unresolved shoul- 
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FIG. 4. Infrared spectra of boron atoms codeposited with mixed isotopic 
nitrogen samples (48% 14N2; 42% 14N”N, 10% 15N2) in argon (Ar& 
= 100/l) in the 950-850 cm-’ region. (a) “B after annealing to 35 *2 K 
and retooling to 12A 1 K; (b) lcB after codeposition at 12* 1 K, (c) lcB 
after annealing to 35 *2 K. 

ders appeared at 1484.0 and 1481.9 cm-’ showing the mi- 
nor effect of two inequivalent nitrogen atoms on this vibra- 
tion. 

C. Calculations IV. DISCUSSION 
Ab initio calculations were performed using the GAUSS- 

IAN go program packageI on the NASA Ames Central 
Computing Facility Cray Y-MP/8643 and the Computa- 
tional Chemistry Branch Convex C-210. The standard 
Pople 6-3 lG* and Huzinaga-Dunning DZP (double-zeta 
plus polarization) basis sets were used throughout.‘61’7 
Harmonic frequencies and double-harmonic IR intensities 
were obtained as analytical second derivatives of the en- 
ergy. l8 Although this level of theory is certainly inadequate 
for quantitative purposes, it should be sufficient for pre- 
dicting isotopic shift patterns, as was clearly shown to be 
the case for the comparable C, clusters.” In some cases, 
frequencies were also computed at the MP2 (second-order 
Mnrller-Plesset*‘) level, by numerical differentiation of an 
analytical gradient. l8 The Hartree-Fock wave functions 
were always tested for internal stability.*l The relative sta- 
bility of different structures and electronic states was com- 
puted using QCISD (T) (quadratic configuration interac- 
tion**), an approximate coupled cluster23 method that is a 
very good approximation to full CI even for fairly prob- 

The new binary boron-nitrogen intermediate species 
will be identified based on observed and calculated isotopic 
frequencies and reaction mechanisms will be discussed. 

TABLE III. Observed and calculated (cm-‘) strongest bond stretching 
fundamentals in NNBN in solid argon. 

Isotope Observed 

14-14-11-14 2091.7 2093.1 1802.0 1802.8 
14-15-11-14 2055.6 2056.3 1800.6 1802.7 
15-14-11-15 2059.8 2060.0 1783.7 1780.6 
15-15-11-15 2022.4 2022.4 1782.3 1780.5 
14-14-10-14 2092.1 2093.3 1859.6 1858.6 
14-15-10-14 2056.1 2056.4 1858.0 1858.5 
15-14-10-15 2060.1 2060.2 1842.1 1837.2 
15-15-10-15 2022.7 2022.6 1840.6 1837.1 

aFactor 0.77 1. 
bFactor 0.827. 

. 
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FIG. 5-. Infrared spectra of boron atoms codeposited with mixed isotopic 
nitrogen samples (48% 14N,; 42% 14N15N; 10% 15N2) in argon (AU& 
=100/l) in the 211X-1700 cm-’ region after codeposition at 12* 1 Kz 
(a) I’& (b) “B. 

lematic molecules.24 Although the basis set used here is too 
small to compute reliable isomerization energies, it is suf- 
ficient to establish which structures are energetically fa- 
vored and which are not, thus narrowing the scope for the 
experimental assignments. 

Scaled” 
calculated Observed 

Scaledb 
calculated 
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TABLE IV. Observed and calculated (cm-‘) isotopic stretching fun- 
damentals for linear BBNN in solid argon. 

Scaled” Scaledb 
Isotope Observed calculated Observed calculated 

11-11-14-14 1912.6 1912.6 1484.8 1483.8 
11-11-14-15 1886.5 1887.4 1481.8 1480.1 
1 l-l l-15-14 1877.2 1875.4 1484.0 1483.5 
11-11-15-15 1850.3 1849.3 1481.2 1479.9 
10-10-14-14 1913.7 1914.6 1549.4 1550.3 
10-10-14-15 1887.9 1889.7 1546br 1546.2 
10-10-15-14 1878.1 1877.2 1549br 1550.1 
10-10-15-15 1851.6 1851.7 1545.9 1546.1 
1 l-10-14-14 1913 1914.6 1535.8 1535.5 
10-l l-14-14 1913 1912.7 1499.1 1499.3 

“Factor 0.919. 
bFactor 0.939. 

A. Species A: cyclic B,N 

The strong sharp bands in Table II all show natural 
boron isotopic triplets with the l/8/16 relative intensity 
characteristic of two equivalent boron atoms and sharp 7/3 
relative intensity doublets in the 48% 14N2, 42% 14N15N, 
and 10% 15N2 experiments indicative of a single nitrogen 
atom. Clearly species A has the B2N stoichiometry but is 
not linear BNB because the strong 882.3 cm-’ fundamen- 
tal is too low5 and has inappropriate isotopic shifts for 
linear BNB. In fact, the 15N shift is too large for the har- 
monic vibration of any reasonable species, which led to the 
consideration of other molecules such as NNBz. However, 
preliminary ab initio calculations show that the second N 
atom contributes to the NB, normal coordinate, and the 
observed mixed nitrogen isotopic doublet pattern is not 
appropriate for NNB,. If species A is cyclic B,N, then the 
882.3 cm-’ vibration must be considerably anharmonic. 

This possibility receives substantial support from the 
five combination bands observed in the 3000-6500 cm-’ 
region that are due to species A. Note the marked increase 
in intensity for the last two “combination bands,” which is 
indicative of vibronic mixing with a low-lying excited elec- 
tronic state of B,N. The strong fundamental at 882.3 cm-’ 
is assigned to the antisymmetric B-N stretching fundamen- 

TABLE V. Observed and calculated (cm-‘) strongest isotopic antisym- 
metric stretching fundamental of linear BNBN in solid argon. 

Isotope Observed 

10-14-10-14 2004.8 
10-14-11-14 1985.0 
11-14-10-14 1983.1 
11-14-11-14 1958.7 
10-15-10-15 1973.2 
11-15-10-15 1954.3 
10-15-11-15 1950.0 
11-15-11-15 1926.0 
10-14-10-15 2002.3 
10-15-10-14 1976.3 
11-14-11-15 1956.5 
11-15-11-14 1928.8 

Ab initio Scaled 
Calculated (0.9062) A 

2213.2 2005.6 -0.8 
2190.2 1984.8 +0.2 
2189.1 1983.8 -0.7 
2160.8 1958.1 +0.6 
2177.7 1973.4 -0.2 
2154.6 1952.5 +1.8 
2153.2 1951.2 - 1.2 
2124.0 1924.8 1.2 
2210.4 2003.1 -0.8 
2181.2 1976.6 -0.3 
2158.4 1955.9 +0.6 
2127.0 1927.5 +1.3 
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tal v3(b2) of cyclic B,N. The 1998.4 cm-’ combination 
band is the sum of y1 (al), the symmetric B-N stretching 
fundamental, and ‘v3. The difference 1998-882= 1116 cm-’ 
provides a measure of vl. A preliminary assignment25 of 
the 882.3 and 1998.4 cm-’ bands to other species is shown 
here to be incorrect. Differences between the third, fourth, 
and fifth bands are 1095 and 1081 cm-‘, which are clearly 
intervals for the y1 mode. The second-third band difference 
of 1332 cm-’ is more difficult to explain; this interval is 
probably 2 quanta of the v2(al) B-B stretching mode. The 
much smaller intervals among the last three bands are not 
fundamentals of the ground-state B2N molecule; these in- 
tervals must be heavily influenced by the perturbing ex- 
cited electronic state. The vibronic band at 307.2 nm with 
5OOh20 cm-’ spacings is most likely due to B2N, which is 
the major species present, although we cannot be certain. 

In addition to the linear 22z ground state found for 
BNB in previous work,5 a potential-energy surface search 
revealed another stationary point on the doublet surface 
which corresponds to a *B2 state. (There is no such sta- 
tionary point on the UHF/3-21G surface, which was used 
for the initial geometry searches to save on CPU time.)5 
This situation is similar to that for the isoelectronic C; 
cation.26 The computed frequencies (Table VI) differ 
rather substantially from those for the linear isomer. Un- 
fortunately, attempts to compute the harmonic force field 
at a higher level of theory met with failure. 

Since the highest o, and as orbitals are nearly degen- 
erate, one expects the presence of a low-lying *Xi state, 
which is obtained by a single ~~-+a,, excitation. As seen in 
Table VI, this electronic transition energy is less than 6000 
cm -l, which indicates that the higher overtones of the 
cyclic B,N (*B2 state) vibrations will display significant 
vibronic interaction effects. The observed combination 
bands involve v3 (b,) and the symmetric vibrational 
modes. The failure to observe cyclic B2N in the *B2 state by 
ESR (Ref. 4) is most likely due to differences in produc- 
tion and relaxation of the energized evaporated species. 

B. Species B: linear B-N-B 

The species B band shows isotopic data characteristic 
of two equivalent B atoms and one N atom. The lo/11 
boron isotopic ratio 1769.2/1736.5= 1.0188 and 14/15 ni- 
trogen isotopic ratio 1736.5/1701.6=1.0205 are near the 
calculated harmonic values for v3 of linear B-N-B, namely 
1.0192 and 1.0202, and substantiate the infrared identifi- 
cation of linear BNB. 

Unrestricted Hartree+Fock (UHF) ab initio calcula- 
tions using the 6-31G* basis set have predicted an ex- 
tremely intense v3 mode for linear BNB at 2271 cm-1.5 A 
scale factor of 0.76 is required to relate the ab initio and 
observed matrix fundamentals. The similar BOB mole- 
culez5 was predicted at 1900 cm- * by UHF/6-3 lG* cal- 
culations, which requires a similar 0.75 scale factor to give 
the observed 1420 cm-’ ‘v3 fundamental.” 

Isotopic v3 fundamentals can be used to calculate the 
valence angle for a C,, molecule as described for the sim- 
ilar BOB molecule.” Central isotopic substitution 10-14- 
10/10-15-10 and 1 l-14-11/1 I-15-11 predicts valence angle 
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lower limits of 15 1” and 154” and terminal isotopic substi- 
tution lo-14-lO/ll-14-11 and lo-15lO/ll-15-11 predicts 
upper limit cosine values of - 1.057 and - 1.037 which 
are, of course, not defined. The average cosine value, where 
anharmonicity effects are minimized, predicts a valence an- 
gle of 165” with sufficient uncertainty to include a linear 
molecule. Interestingly, virtually the same valence angle 
predictions were calculated from isotopic y3 fundamentals 
for BOB. lo Unfortunately, frequency accuracy, anharmo- 
nicity, (which can be large for linear molecules with low- 
frequency bending modes), and small matrix effects pre- 
vent the exclusion of linear structures for BNB and BOB. 
In the near linear structural range, isotopic y3 predictions 
of valence angle have a large uncertainty. The best struc- 
tural conclusion is that isotopic y3 fundamentals are in 
accord with linear structures for BNB and BOB, which is 
in agreement with the ESR spectrum and theoretical cal- 
culations4’5 for BNB and recent calculations25Y27 for BOB. 

C. Species C: NNBN 

Isotopic splittings for the two strong species C bands at 
1802.0 and 2091.7 cm-’ identify species C as NNBN. 
First, natural boron experiments reveal a l/4 doublet at 
1859.6/1802.0 cm-‘, which characterizes the vibration of 
one boron atom. The 10/l 1 boron isotopic ratio 1.03 19 and 
the 14/15 nitrogen isotopic ratio 1.0111 show more boron 
and less nitrogen involvement than BN diatomic. Mixed 
nitrogen isotopic experiments reveal a quartet at 1802.0, 
1800.6, 1783.7, and 1782.3 cm-‘, which shows that this 
vibration involves primarily one nitrogen atom with a 
small interaction with a second nitrogen atom. Second, the 
2091.7 cm-’ band shows a small boron isotopic effect (0.4 
cm-‘) and a large 15N2 shift (69.3 cm-‘). The 2091.7, 
2059.8, 2055.6, and 2022.4 cm-’ quartet pattern demon- 
strates the involvement of two inequivalent (but almost 
equivalent) nitrogen atoms, and the 14/15 ratio 1.0343 is 
slightly below the harmonic 1.0350 value for the N2 di- 
atomic. 

The weak band at 760.3 cm-’ is appropriate for the 
N2-BN stretching fundamental. The 2092, 1802, and 760 
cm - ’ bands increased together as the N, concentration 
was increased in successive experiments. Furthermore, 
these bands increased together with near UV irradiation of 
the sample. 

Ab initio calculations (HF/6-31G*) predict the three 
stretching fundamentals for ground- (lx+) state NNBN at 
2715,2180, and 732 cm-l. A scale factor 0.771 relates the 
calculated isotopic N-N stretching frequencies to the ob- 
served values with an average difference of 0.6 cm-‘, 
whereas a scale factor 0.827 is required to fit the calculated 
isotopic B-N stretching frequencies with an average differ- 
ence of 2 cm-’ (Table III). The calculated value for the 
N2-BN mode is, however, too low. 

The fundamentals for N,BN show matrix shifts akin to 
N20. The stretching fundamentals are blue shifted in solid 
N2 as compared to solid argon [for N20 in solid N2 (2236 
and 1291 cm-‘) and in solid argon (2219 and 1283 
cm-1)].28 The NNBN species absorbs at 2125, 1806, and 
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750 cm-’ in solid N2 where it is the major product spe- 
cies.g 

Based on experience with BN2 and N3, only linear 
structures have been considered for NNBN. Of the two 
possible arrangements, NNBN and NNNB, one normally 
expects the former to be more stable because of the great 
strength of the NN and BN bonds and the relatively 
weakly bound29 N,, compared to N2. Indeed, the NNBN 
arrangement is by far the preferred one (Table VI). Cal- 
culations also show that the ‘Xf ground state is definitely 
preferred over the 3H state: the latter might be an interme- 
diate in the formation of NNBN from ground-state 
BN( 3H) and N2(‘B+). (It was recently demonstrated by 
extensive multireference calculations that BN has a 311 
ground state, even though the ‘Bf state is only 380 cm-’ 
higher in energy.)30 Test calculations showed that the for- 
mation of NNBN( ‘B+) from N2 and BN( lx+) proceeds 
with zero activation. 

Although the computed isotopic shifts are in good 
agreement with the experimental ones for the bands as- 
signed to NNBN, the band origins require smaller than 
normal scale factors. Redoing the frequencies at the MP2 
level produced a somewhat nonsensical force field: This is 
not surprising given the misperformance of MP2 for the N2 
molecule.31 Additionally, it was observed previously2’ that 
the 6-31G* basis set is really too small for N-N bonds. 
Hence, the experimental assignments are consistent with 
the computed results. 

D. Species D: BBNN 

The strong sharp 1912.6 cm-’ band and 1915 cm-’ 
shoulder and the weaker sharp 1484.8 cm-’ band with 
broader 1479.0 cm-’ satellite are assigned to BBNN on the 
basis of isotopic substitution. The sharp 1912.6 cm-’ band 
shows a small ( 1.1 cm-‘) boron isotopic shift and a larger 
(62.2 cm-‘) nitrogen isotopic shift. The 14/15 ratio 
1912.5/1850.3=1.0336 is just below the harmonic N, 
value. The 14N/14N15N/15N2 quartet shows two slightly 
inequivalent nitrogen atoms in this vibration. The sharp 
1484.8 cm-’ band shows a small (3.6 cm-‘) 15N2 shift and 
a very large (64.6 cm-‘) boron isotopic shift. The lO/ll 
ratio 1549.4/1484.8= 1.0435 is just below the harmonic B, 
value of 1.0486. The mixed natural boron isotopic l/4/ 
4/16 quartet at 1549.5, 1535.8, 1499.1, and 1484.8 cm-’ 
indicates the vibration of two inequivalent boron atoms. 
Hence, the identification of BBNN is substantiated. 

In order to be complete, reasons for rejecting the BNN 
possibility for the 1912.6 cm-’ band must be given. Of 
course, association of the 1484.8 cm-’ band, which clearly 
involves two inequivalent boron atoms is paramount. In 
addition, UHF calculations predict the N-N stretching 
fundamental of BNN to be a weak band at 2003 cm-‘, 
which should scale to 1783 cm-‘, too low for assignment 
of the 1912.6 cm-’ band. Finally, the strongest fundamen- 
tal of BNN has been observed at 958 cm-’ in nitrogen 
matrix studies,’ and this absorption was not observed in 
argon matrix experiments. 

Annealing these samples to 30 K destroyed the broad 
D bands and increased the sharp D component. Photolysis 
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with 470 and 380 nm cutoff filters slightly increased the 
species D bands, subsequent 340 nm cutoff radiation 
slightly decreased these bands, and final 254 nm radiation 
substantially decreased species D and increased species E 
bands. Species E is identified as the more stable BNBN 
isomer. 

Ab initio calculations (HF/6-3 lG*) predict stretching 
fundamentals at 2081, 1580, and 831 cm-’ for the 311 state 
of linear BBNN (Table VI). Scale factors of 0.919 and 
0.939 are required to relate the calculated and observed 
N-N and B-B stretching fundamentals, respectively. The 
lower BB-NN stretching fundamental calculated at 831 
cm-’ was not observed. 

Table IV lists the observed isotopic fundamentals for 
BBNN and the values from scaled ab initio calculations. 
Note that the average difference between calculated and 
observed frequencies is 0.8 cm-‘. This excellent frequency 
fit for two fundamentals confirms the identification of lin- 
ear BBNN. 

E. Species E: BNBN 

The sharp band at 1958.8 cm-’ is assigned to linear 
BNBN on the basis of isotopic substitution. In natural 
boron isotopic studies a l/4/4/16 quartet was observed at 
2004.8, 1985.0, 1983.1, and 1958.8 cm-* and with 14N2/ 
*4N”N/‘5N2 a 5/2/2/l quartet was observed at 1958.8, 
1956.5, 1928.8, and 1926.0 cm-‘. This vibrational mode 
involves two inequivalent boron atoms and two inequiva- 
lent nitrogen atoms. The small separation between the 
mixed boron isotopic bands at 1985.0 and 1983.1 cm-’ 
shows that the boron atoms are almost equivalent in this 
motion and, on the other hand, the large separation be- 
tween mixed nitrogen isotopic bands at 1956.5 and 1928.8 
cm-‘, shows that the nitrogen atoms clearly are not equiv- 
alent as one N atom is heavily involved and the other 
couples a very small amount. This mode can be described 
as the antisymmetric B-N-B stretching mode in B-N- 
B-N. Species E shows a steady increase on visible and near 
W photolysis and a marked increase with 254 nm radia- 
tion at the expense of the less stable BBNN isomer. 

Ab initio calculations (HF/6-31G”) predict the most 
intense mode for linear BNBN (311) ‘by an order of mag- 
nitude to be 2161 cm-’ (Table VI). The scale factor 
0.9062 relates all of the calculated isotopic fundamentals to 
the observed values, Table V, with an average difference of 
0.8 cm-*, which confirms the observation of linear BNBN. 

Electronic structure for B2N2 species is much less 
straightforward than for BN3. The subject molecule is iso- 
electronic with C4, and one expects linear and rhombic 
structures, the latter having closed-shell singlet groynd 
states and the former having the following low-lying states: 

38-,1A,18:(5u)2(6a)2(70)2( lrr)4(8a)2(9a)2(2z-)2, 

In C4, the ground state is ‘2;; however, like in BN, the 
near-degeneracy effects in B2N2 are such that 311 states are 
apparently favored (Table VI), except for the case of 
BNNB. As to be expected here, the closed-shell ‘Bf states 
are often essentially biconfigurational, exhibiting a large 
contribution from an (8~) + (9~) dduble excitation. Un- 
der these circumstances, it is to be expected that 
QCISD(T) overestimates the stability of these states. 

Given the high strength of alternating B-N-B 
bonds5*25 and the well-known strong N-N bond, as well as 
the relatively weak B-B bond, one expects the BNBN ar- 
rangement to be the most stable one, followed by BNNB 
and BBNN of comparable stability and, finally, NBBN. As 
is seen from Table VI, this pattern is largely obeyed. 

Given the fairly substantial energy difference between 
BNBN and BBNN, it is somewhat surprising that the ex- 
perimental data indicate the presence of BBNN in addition 
to the more stable BNBN. The explanation for this is prob- 
ably kinetic: BBNN iS readily formed from B2 and N2 and 
there should be a high barrier to rearrangement to BNBN. 
The fact that the BNBN absorption increases on photolysis 
at the expense of BBNN points in this direction. Note that, 
under these circumstances, one might also expect to ob- 
serve BNNB. The lack of BNNB in these experiments is 
probably kinetic as well. 

For the rhombic B2N2 structure of D2,, symmetry, two 
distinct arrangements are possible with either B atoms, or 
the N atoms, along the shorter diagonal. Apparently (Ta- 
ble VI), the former arrangement is the more stable one. 
Somewhat surprisingly, it has a triplet state that is pre- 
dicted to fall below BNBN(311) in energy. The SCF fre- 
quencies exhibit one negative eigenvalue; however, this is 
probably an artifact of the Hartree-Fock approximation as 
an MP2 frequency calculation yields all positive eigenval- 
ues. More elaborate calculations will be required to deter- 
mine which structure is actually the lowest in energy. Al- 
though rhombic B2N2 was not observed here, it was a 
minor product in similar nitrogen matrix experiments 
where more of the reactive BN intermediate was formed.g 

F. Mechanisms 

The major pulsed laser evaporated species from solid 
BN is cyclic B,N with a smaller quantity of linear BNB. In 
addition, a low yield of B and N atoms give a trace of the 
B + N atom reaction products described: 

BN (solid) +pulsed laser-+B2N(2B2) and 

BNB(28,+). (1) 

The major reaction product of laser evaporated boron 
and nitrogen with low laser power and minimum radiation 
is BBNN, which probably arises from the reaction of ex- 
cited B2( 311), made from the B +B reaction and N2: 

B(2P)+B(2P)+N;(1Zg+)&2(31-I)+N2(1X:g+) 

+BBNN( 311) (2) 
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TABLE VI. HF/6-31G* geometries and harmonic frequencies, and QCISD(T)/6-31G* total (hartree) and relative (kcal/mol) energies, for various 

structures of B,N, B,N,, and BN,. IR intensities for active modes are given in parentheses after the frequencies. 

Relative Frequencies (cm-‘); 
Structure State Total energy energy Geometry (A, deg) intensities (km/mol) 

BNB 2P+ 
2B; 

31 
-104.009 - 104.006 76 

0.0 1.309 8782), 5) 
1.6 r,,= rsN=1.325, 6,,,=81.5 2271(a,, 1608(a,, 102), 1178(b2, 1245(or), 388), 82(rr”, 643(a,, 8) 

2x+ 
(BN), ‘is 

- 103.982 10 17.1 raN= 1.292 2224(u,,, 5153), 1352(@, 44O(q,, 99) 
- 158.635 53 0.0 rs,=1.417, 8,,,=68.8 1366(u,), 1081(u,), 986(6,,, 50), 

(hi) 962(b& 498(b,,, W, 67Wb,,) , 
BNBN ‘II - 158.630 48 3.2 raN= 1.245, rNB= 1.362, 2161(u, 1045), 1862(u, 75), 

r,,= 1.301 897(u, 3), 525 and 499(rr, 59 and 124), 
196 and 191(7r, 1 and 0) 

(BN), ‘A, - 158.595 20 25.3 rBN= 1.386, OBNa= 65.1 1588&J, 1266(b,,, 840), 1178(as), 
(4,) 1086(b*, 2331, 715(b3”, 136), 560(b3,) 
BNNB ‘z+ 
BNNB 39 

- 158.579 39 35.2 r,,= 1.225, r,,= 1.288 2332(us), 1683(u”, 15267), 1009(0,), 584(rr,), 204(rru, 28) 

BBNN 311” 
- 158.556 72 49.5 r,,=1.224, +,=1.286 2337(0,), 2039(u”, 55), 1042(uJ, 464(rJ, 242(~,,, 17) 
- 158.556 29 49.7 r,,= 1.504, raN= 1.360, 2081(u, 345), 158O(u, 4), 831(u, 12), 

rN,=1.143 495 and 366(rr, 0 and l), 226 and 215(rr, 1 and 4) 
NBBN 311u - 158.533 22 64.2 rs,=1.318, r,,= 1.590 1767(u,), 1458(u,, 439), 64O(ur), 406 and 342(~& 

185 and 167(rr,, 22 and 20) 
(BN), ‘A, - 158.508 45 79.7 reN= 1.592, 6$.,a~=46.3 167O(aJ, 9Wb,,, 962), 72l(as), 309(b,,, 17), 197(b,J, 
(Dzh) 1Wbd) 
NBBN ‘Zf 

1x5 
- 158.445 22 119.4 rBN= 1.255, raB= 1.713 1982(u,), 608(u,, > KHlOOO), 531(u,), 38O(rrJ, 162(rr, 22) 

BNBN - 158.42(48)a (132) raN= 1.198,, r,,= 1.437, ra,=1.234 228O(u, 59), 2135(u, 0), 784(u, 35), 537(~, 47), 223(~, 13) 
NNBN ‘Zf - 188.524 36 0.0 rN,=1.080, r,,=1.446, rs,=1.227 2715(u, 210), 218O(u, 69), 732(~, 47), 5Wn; 4), 185(~, 17) 
NNNB ‘2f - 188.464’53 37.5 r,,=1.095, +,,=1.199, r,,=1.366 2644(u, 1134), 1786(u, 1150), 987(u, 95), 64l(?r, 34), 172i(r, 

0.03) 
NNBN 311 - 188.46120 39.6 rN,=1.162, r,s=1.339, rs,=1.340 2236(u, 351), 1746(0, 49), 858(o, 12), 

512 and 339(s-, 78 and 35), 221 and 296i(r, 31 and 3) 

*Unsatisfactory QCISD(T) convergence- (see text). 

The involvement of an intact N, molecule is demonstrated 
by the observation of only pure isotopic product absorp- 
tions in the 14N2/15N2 experiments. This reaction occurs on 
deposition and on annealing the cold sample to 20 and 25 
K. The B2(311) state is only 3500 cm-’ above the ground 
3X; state,32 and its ready reaction with N2 is suggested. 

With increasing laser power, the green glow of N( 2D) 
emission appears, providing evidence for the presence of N 
atoms14 and cyclic B,N becomes a major product. The 
reaction probably goes through BN, although the BN spe- 
cies was not directly detected, excited BN also reacts di- 
rectly with N2 to give NNBN, which was a major product. 
Excited BN is made by irradiation or reaction (3). Recall 
the growth of NNBN on near ultraviolet photolysis in the 
region of the allowed A 311+X 311 absorption of BN;33 re- 
laxation in the matrix can produce the more reactive in- 
termediate a ‘2+ state. The more stable BNBN(311) spe- 
cies is made from rearrangement or photolysis of BBNN, 
reaction (6). Again the isotopic doublet absorptions with 
14N2/15N2 reagent show that BNBN is produced from a 
single N2 molecule: 

B(2P) +N(4S) YBN(~II and ‘I;+), (3) 

B(2P) +BN(31T) -+B2N(2B) and BNB(22+), (4) 

N2(‘2,+) +BN( ‘Z+) +NNBN(‘Z+), (5) 

BBNN(311) +hv(254 nm) +BNBN(31T). (6) 

V. CONCLUSIONS 

Pulsed laser evaporation of boron atoms into a con- 
densing argon stream doped with N2 produced new boron- 
nitrogen species and gave evidence for dissociation of mo- 
lecular nitrogen into atoms. Reactions of B and N atoms at 
high dilution in argon favored diboron species and, in con- 
trast, the same experiments done with boron and pure ni- 
trogen produced primarily monoboron species. 

At low laser power, the dominant product was BBNN 
involving an intact N, molecule. At higher laser power, 
dissociation of N2 by hyperthermal boron atom reactions 
and/or radiation from the laser produced target emission 
was evidenced by the intense green glow of N ( 2 D) atoms. 
Nitrogen atom reactions involving BN gave NNBN, B,N, 
and BNB in addition to BBNN and its rearrangement or 
photolysis product BNBN. 

The major species pulsed laser evaporated from solid 
BN was the cyclic B,N radical with a smaller quantity of 
liner BNB. These species were identified from boron and 
nitrogen isotopic multiplets and agreement between the ob- 
served isotopic frequencies and isotopic frequencies from 
scaled ab initio calculations. This work emphasizes the im- 
portance of ab initio calculations in the search for new 
transient molecular species in a complicated binary system 
such as boron and nitrogen. 
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