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Abstract. Vibrationally resolved photoelectron spectra of BoeN~ and BsN™ at 266 nm are reported. The
spectroscopy of B3N was studied experimentally for the first time. The spectra allow us to determine adia-
batic detachment energies and vibrational frequencies for several low-lying electronic states of the neutral
species. Both ground state anions are shown to have linear geometries. For BoIN™ transitions to two elec-

tronic states of the neutral are observed. The electron affinity of BoN (5(22{1' ) is 3.098 £0.010 V. The term

energy of the electronically excited state (AzEz{) is 0.785 eV. Transitions to three electronic states of B3N
are observed, of which the first two show vibrational structure. The adiabatic detachment energies for these
two states are 2.919 eV and 3.062 V. Preliminary calculations indicate that the photodetachment transition
between the electronic ground states of BsN™ and B3N is spin-forbidden and therefore not observed in our
spectra.

PACS. 36.40.Mr Spectroscopy and geometrical structure of clusters — 33.60.Cv Ultraviolet and vacuum

ultraviolet photoelectron spectra
1 Introduction

Boron nitride clusters play an important role as precur-
sors in the formation of ultra-hard thin solid boron nitride
films, which have received considerable attention in mate-
rial science [1]. Surprisingly, experimental studies on the
spectroscopy of boron nitride clusters remain scarce. The
diatomic BN has been studied experimentally in some de-
tail [2—7]. BaN, BNy, B3Ny and BN3 have been identified
by matrix isolation spectroscopy combined with ab initio
calculations [8—11]. No spectroscopic data is available for
any of the larger boron nitride clusters. In this contribution
we investigate the ground and low-lying electronic states of
B2N and B3N

Recent experimental studies show that BaN is one of
the most abundant species formed upon laser vaporiza-
tion of solid boron nitride [8,9,12, 13]. Becker, Dietze, and
coworkers studied the formation of boron nitride cluster
anions and cations by mass spectrometry and showed that
the Bx+1Ni/7 series in general and the BoN1/~ ions in
particular are formed preferentially [12,13]. Matrix isola-
tion ESR spectroscopy combined with theoretical investi-
gations suggest the lowest energy structure of BoN to be
the linear symmetric B—N—B species with a 2% ground
state [8]. Andrews et al. [9] observe two BaN species by
matrix infrared (IR) spectroscopy. Based on the observed

frequencies, isotopic shifts and calculated HF /6-31G™ fre-
quencies these two species are assigned to the linear 23}
ground state and a low-lying, cyclic 2By state. Ab ini-
tio calculations (QCISD(T)/6-31G*) predict two low-lying
electronic states, a cyclic Cay structure (?By) and a linear
Doon structure (22;), at 0.069eV and 0.740 €V, respec-
tively, above the 2Y ground state [9]. Various theoretical
models confirm the extraordinary thermodynamical sta-
bility of BoN [14,15]. The anion BsN~ has been studied
at the QCISD(T) level of theory and is predicted to have
a symmetric linear structure with a 12; ground state [15].
A cyclic B, state is calculated to lie 2.0 €V above the 12:{
ground state.

The B3N cation and anion have been observed in mass
spectra, albeit with an order of magnitude less intensity
than the corresponding BN ions [12,13]. B3N has how-
ever eluded spectroscopic characterization up to now. Sev-
eral theoretical studies on its structure, energetics and
harmonic vibrations are available [16—18]. The predicted
lowest energy structure exhibits a linear B—-B—N—B ar-
rangement (!X 7), followed by a D), structure (1A]) 0.5V
above the 'X1 state, with Cs, and linear B—-B—B—N con-
figurations still higher in energy. Neither spectroscopic nor
theoretical data is available on the anion B3N .

We apply anion photoelectron spectroscopy of BoN~
and B3N~ to characterize the electronic structure of the
low-lying electronic states of the corresponding neutral
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species. Anion mass spectra, as well as vibrationally re-
solved photoelectron spectra of BoN~ and BgN™ are pre-
sented. The present study is a continuation of our system-
atic study of III-V compound clusters by anion photoelec-
tron spectroscopy and in particular of our recent study on
diatomic BN [7].

2 Experiment

The negative ion time-of-flight (TOF) photoelectron spec-
trometer used in this study has been described previ-
ously [19,20]. Boron nitride clusters are generated in
a pulsed molecular beam/laser ablation source, in which
a rotating and translating disc of “hot-pressed” boron
nitride (Carborundum Corp.) is ablated using the sec-
ond harmonic of a Nd:YAG laser. The resulting plasma
is entrained in a pulse of argon carrier gas and expanded
through a clustering channel. Ions are extracted perpen-
dicularly to the expansion by means of a pulsed electric
field into a linear reflectron TOF mass spectrometer. At
the spatial focus of the mass spectrometer, mass-selected
ions are photodetached by a 266 nm laser pulse from
a Nd:YAG laser. The photoelectron kinetic energy (eKE)
is determined by field-free time-of-flight in a 100 cm flight
tube. All photoelectron spectra presented here are plotted
as a function of the electron binding energy (eBE), defined
as,

eBE = hv — eKE (1)

where hr denotes the photon energy of the detachment
laser. This apparatus also yields the angular distribution
of the detached photoelectrons. Spectra at two laser polar-
izations (f = 0° and 0 = 90° with respect to the direction
of the ejected electron) were recorded for both species.
This allows one to distinguish overlapping transitions with
different photoelectron angular distributions [7,21]. The
angular distribution can also indicate the atomic orbital
parentage of the molecular orbital from which the electron
is detached [22].

3 Results and discussion

3.1 Mass spectra

Two representative mass spectra of boron nitride cluster
anions formed by laser ablation of a disc of “hot-pressed”
boron nitride are shown in Fig. 1. The top spectrum (la-
beled a) was recorded at a laser fluence slightly above the
threshold for the formation of significant amounts of small
boron nitride clusters. Due to the natural isotope distri-
bution of boron atoms in the sample (1°B 20%, 1B 80%)
a cluster of given stoichiometry leads to series of lines
of characteristic relative intensity in the mass spectrum.
The dominant species formed is BoN~ followed by larger
members of the series B, N (B3N; and B,N3). The
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Fig. 1. Mass spectra of boron nitride cluster anions formed
by laser ablation of “hot-pressed” boron nitride. The two mass
spectra shown, labeled (a) and (b), were recorded under differ-
ent source conditions (see text).

monomer BN~ is also observed, albeit with very low in-
tensity. The bottom spectrum in Fig. 1 (labeled b) was
recorded at 50% higher laser fluence and under source con-
ditions optimized for the formation of boron richer clus-
ters. The formation of the clusters BsN—, B,N; and B;N5
was enhanced considerably. Throughout our studies we
were not able to observe any formation of nitrogen rich
clusters or of any stoichiometric clusters other than the
monomer BN™. This is in part due to the instability of
clusters containing adjacent nitrogen atoms with respect
to dissociation [13].

3.2 B;N

Vibrationally resolved photoelectron spectra of BoN™ are
shown in Fig. 2. The spectra were recorded at vertical
(0 =0°, top spectrum) and horizontal laser polarizations
(8 =90°, bottom spectrum). We assign the observed fea-
tures to photodetachment transitions from the electronic
ground state of BoN™ to two electronic states of neu-
tral BoN (see Table 1). The origin of the first transition
(band labeled X in Fig. 1) lies at 3.098¢eV. Two vibra-
tional progressions are observed. The peak at 3.239 eV and
the shoulder at 3.381¢€V in the 6 = 90° spectrum com-
prise one progression, characterized by a peak spacing of
~ 1140 cm~!. These peaks show the same angular depen-
dence as the origin. The second progression consists of
peaks at 3.206eV, 3.353¢eV and 3.506 V. Note that the
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Fig. 2. Anion photoelectron spectra at 266 nm of BoN™ meas-
ured at vertical (§ = 0°) and horizontal (6 = 90°) laser polariza-
tions. The origins and vibrational progressions of the electronic
ground (X) and first excited states (A) are marked. Dotted
lines indicate transitions from vibrationally excited levels of the
anion.

peak spacing of the second progression increases with the
level of excitation and the angular dependence for each
member of the progression varies. The features observed
below the origin of band X are attributed to transitions
originating from vibrationally excited levels of the anion
electronic ground state (hot and sequence bands). The ori-
gin of the second electronic transition (band labeled A in
Fig. 1) lies at 3.883eV. The intensity of this peak is en-
hanced relative to the intensity of the origin of band X in
the 6 = 0° spectrum. The peak at 4.029 eV and the shoul-
der at 4.175 eV belong to one vibrational progression and
the peaks at 4.193 eV and 4.502 €V to a second progression,
characterized by vibrational frequencies of ~ 1180 cm™!
and ~ 2500 cm ™!, respectively. Hot and sequence bands
are again observed, in particular in the region below the
origin.

We assign the two electronic transitions observed in
the photoelectron spectra of BoN" to photodetachment
to the electronic ground state (X Y, EA =3.098¢V)
and lowest excited state (A F, To =0.7856V) of linear
B—N-B. This assignment is 1n agreement with previ-
ous experimental and theoretical studies. The ESR-matrix
study found a 23} ground state for neutral BoN. Ab ini-
tio calculations at the QCISD(T)/6-31G™ level of theory [9,
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15] predict linear symmetric electromc ground states (Dooh
symmetry) for both BoN~ (X ¥F) and BoN (X ¥1). The
first electronically excited state of linear B-N—B is calcu-
lated at 0.740 eV above the ground state. G1 theory gives
a value of 3.34 €V for the electron affinity [15].

Ab initio calculations predict only a small change in
the N—B bond distance for both photodetachment transi-
tions [9, 15]. Accor%hng to th? Franck- Condon prl{mlple one
thus expects the X" X} < X' X} and A° Y5« X' B/ tran-
sitions to result in two relatlvely narrow bands each char-
acterized by a strong 0 — 0 transition and a short progres-
sion in the symmetric stretch mode (v1). This accounts
for two of the four vinrational modes obserxged. We as-
sign the 1140 cm ™! (X X}) and 1180 cm ™! (A"X}) vibra-
tional frequencies to the symmetric stretch mode (v) in
the ground and excited state, respectively, in good agree-
ment with the scaled HF /6-31G" harmonic frequencies [23]
of 1108 cm ™! and 1203 cm ™! [9]. Considering the photode-
tachment selection rules in combination with the predicted
small change in geometry upon photodetachment, progres-
sions in the bending (v2) and antisymmetric stretch (v3)
should not be observed. Therefore it is unexpected that we
observe a second progression.

We attribute the second progression for both transi-
tions to excitation of the antisymmetric stretch vibra-
tion (v3). Preliminary electronic structure calculations
support this assignmen‘g%nd indica‘5e2 a strong vibronic in-
teraction between the X X} and A"X [ states along the
antisymmetric stretch normal coordinate. This interaction
has two consequences: (1) Stabilization of the lower state
and destabilization of the upper state results in consid-
erable lowering of the “harmonic” frequency for the vg
mode in the ground state and raising of the frequency in
the first excited state. The potential of the v3 mode for
the ground state is actually highly non-harmonic and re-
sembles more a square well than a harmonic potential.
This explains the increase in the spacing with the level
of excitation of the peaks assigned to the v3 mode in the
X Z+ state. (2) The two electronic states are vibronically
coupled allowing forbidden transitions to borrow intensity
from allowed transitions. This accounts for the irregular
angular dependence of the peaks associated with the v
modes. We will discuss details of these calculations in an
upcoming paper. Although a cyclic BoN species has been
indicated in the previous matrix-IR study [9], no evidence
for such a species is found in our photoelectron spectra or
in our preliminary calculations at the CCSD(T) level of
theory.

3.3 B3N

Vibrationally resolved photoelectron spectra of BsN™ at
0 = 0° and 6 = 90° are shown in Fig. 3. Our assignment of
the peaks observed in the spectra is indicated in Fig. 3 and
summarized in Table 1. At least three electronic transitions
are observed in both spectra. The band labeled A is most
intense in the § = 90° spectrum, exhibiting an adiabatic
detachment energy of 2.919eV. A pronounced vibrational
progression with a frequency of 1900 cm ™! is observed and



260

The European Physical Journal D

Table 1. Experimental adiabatic detachment energies ADE (in €V), term energies Ty (in €V) and vibrational frequencies v; (in

1) for low-lying electronic states of BoN and BgN.

cm-
Species  Band ADE (V) Ty (V) v (cm™1)
BN X (X°s7) 3.098% 0.000 1140 (o), 870 (ou)°
A(A2z;) 3.883 0.785 2500 (o), 1180 (o)
B3N A 2.919 1900 (o), 750 (o)
B 3.062 1875 (o), 1550 (o), 750 (o)
C 4.40°

& Electron affinity (+0.010 €V).
b Vertical detachment energy.

¢ First quanta of the (non-harmonic) v3 mode.

accounts for the three peaks observed at 3.153 eV, 3.392 eV
and 3.617 eV. A second vibrational mode with a frequency
of 750cm™! is also observed, although the progression
in this mode is shorter. In addition, combination bands
of these two vibrational modes are observed at 3.243 eV,
3.486 €V and 3.714 V.

A second electronic state (labeled B in Fig. 3) with an
origin at 3.062eV also contributes to the signal in this
region. Band B is enhanced relative to band A at 6 = (°
(upper spectrum of Fig.3). Similar to band A an ex-
tended progression is observed in a high frequency mode
(1875 cm™1). The first three members of this progression
lie at 3.295 €V, 3.523 eV and 3.750 eV. The remaining unas-
signed bands below 4.2 €V can be attributed to fundamen-
tal and combination bands involving two more vibrational
modes with frequencies of 1550 cm ™! and 750 cm™!. Inter-
estingly, the relative intensity of the combination bands
involving the 1875 cm ™! and 1550 cm ™! vibrational modes
increases relative to the corresponding members of the
1875cm™~! progression with increasing eBE. At the mo-
ment we have no satisfactory explanation for this obser-
vation. Peaks associated with the 750 cm~! mode overlap
with the main progression of band A, but it is clear from
the relative intensity of the peak at 3.156 €V in the 8 = 0°
spectrum (top spectrum in Fig. 3) that this mode con-
tributes to the observed signal. Finally a broad, unstruc-
tured band (labeled C in Fig. 3) centered at 4.40 €V in the
0 = 0° spectrum is assigned to a higher-lying excited state.
This band is characterized by a sharp peak at 4.416 €V in
the 6 = 90° spectrum.

Previous ab initio calculations predict that the low-
est potential energy structure found for B3N exhibits
a linear B-B—N—B arrangement (Csy) [16-18]. The
scaled MP2/6-31G™ frequencies of the minimum energy
Coov structure (1X7) are 1845cm~! (0), 1044 cm™! (o),
561 cm~! (0), 231 cm™? (7) and 100 cm~? (7) [18]. Other
possible candidates, including a Dgj, structure and a linear
B—B—B—N structure, are calculated to be considerably
higher in energy and to have a highest vibrational fre-
quency considerably lower than the observed peak spacings
0f 1900 cm ™! (band A) and 1875 cm ™! (band B). We there-
fore assign bands A and B to transitions between linear
B—B—N-B species of the anion and the neutral. However,
we are hesitant to assign band A to the !X * ground state of
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Fig. 3. Anion photoelectron spectra at 266 nm of B3N~ meas-
ured at vertical (6 = 0°) and horizontal (6 = 90°) laser polariza-
tion. Origins and vibrational progressions are marked.

B3N. Our preliminary calculations at the CCSD(T) level of
theory indicate that the ground state of the anion BsN™ is
not the expected 2II state, attained by the addition of an
electron to the 7* lowest unoccupied molecular orbital of
B3N (1X7), but rather a X~ state. In this case, the tran-
sition to the '31 state is forbidden, because the change in
total spin (AS) violates the one-electron transition selec-
tion rule (AS = +1/2) for photodetachment.

Additional information is needed to make a more re-
fined assignment of the photoelectron spectra of BaN™ and
B3N~ and to interpret the observed photoelectron angular
distributions. To this end a theoretical study is currently in
progress in our laboratory.
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