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ABSTRACT: Binary nanoclusters are of great interest for understanding
fundamental phenomena related to applied materials science. Herein,
neutral silicon-rich silicon−boron clusters (SinBm, n = 3−8, m = 1−2) are
characterized by means of resonant infrared-ultraviolet two-color
ionization (IR-UV2CI) spectroscopy, mass spectrometry, and quantum
chemical calculations. Global energy optimizations are employed to ﬁnd
the most stable SinBm structures. By comparing the IR-UV2CI spectrum
with the calculated linear IR absorption spectra of the corresponding lowenergy isomers, the geometries of the observed SinBm clusters are
determined. Based on this structural information, diﬀerent physical
properties of the detected SinBm clusters such as charge distributions and
ionization energies are investigated. Natural bond orbital analysis shows that signiﬁcant negative charge (∼−1e) is localized at the
boron atom(s). As the B−B bond is stronger than the B−Si and Si−Si bonds, boron segregation is observed for SinBm clusters
with m = 2.

1. INTRODUCTION
Silicon-based nanostructures have attracted particular attention
in the current miniaturization trend toward nanophotonics and
nanoelectronics.1−8 In this context, the understanding in the
variation of physical and chemical properties as a function of
structure, composition, and size at the atomic or molecular level
is required. In addition, since the discovery of a superconducting transition in MgB2 near 40 K,9 boron has
increasingly been used as a source for hole doping in promising
superconducting materials, such as boron-doped diamond,10,11
silicon,12 and silicon carbide.13−16 Eﬀorts have been made to
increase the critical temperature (Tc) in B-doped silicon, which
may beneﬁt from understanding of the bonding of the related
atomic clusters at the molecular level.2,17,18
So far, studies on boron-doped silicon nanoclusters have
however been rare. For example, heats of formation of isolated
SinB clusters (n = 1−3) were measured with Knudsen cell mass
spectrometry.19 Ab initio and density functional theory (DFT)
calculations found stable ring-like structures with strong πbonding interactions for the small SiB2, Si2B, and Si2B2
clusters.20,21 SinB− anion clusters (n = 1−6) were studied by
tandem time-of-ﬂight mass spectrometry and DFT calculations.22 Therein, Si6B− was predicted to have C5v symmetry
(1A1), whereas its neutral counterpart was determined to have a
Cs (2A′) geometry.23 Recently, Si6B2− was concluded to possess
a C1 (2A) structure from anion photoelectron spectroscopy and
calculations.24 Very recently, the same group reported photoelectron spectra of B3Sin− clusters with n = 4−10 and derived
cluster structures of the anions by comparison to calculations.25
© 2017 American Chemical Society

We note that anion photoelectron spectroscopy may not
necessarily provide reliable information on the most stable
structure of the neutral cluster, in particular for the situation in
which the structures in both charge states are quite diﬀerent.
Binding energy considerations for SinB cluster growth show
that each SinB cluster is formed by adding a Si atom to Sin‑1B,
rather than adding B to Sin.26 Interestingly, pure boron clusters
with sizes of up to 20 atoms show quasi-planar structures,27
while SiB7 was predicted to have a 3D structure.28
Among available spectroscopic methods for neutral clusters, a
widely applicable approach is the combination of resonant IR
excitation with near threshold photoionization, i.e., IR-UV twocolor ionization (IR-UV2CI). This technique relies on the
resonant absorption of one (or several) IR photons prior to
absorption of a UV photon to lift the total internal energy of
the cluster above the ionization threshold.29−33 This process
leads to emission of a photoelectron, and the created cations
are detected with mass spectrometry. By scanning the IR
photon energy, the ionization eﬃciency of the cluster is
changed upon resonant IR absorption. Consequently, the
detected ion intensity as a function of IR frequency closely
reﬂects the IR absorption spectrum of the respective neutral
cluster. Combined with quantum chemical simulations, this
technique has been successfully applied to determine the
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structures of a variety of inorganic clusters,30,34 including
silicon-based nanoclusters.23,29,32,33,35
Herein, small silicon-rich silicon−boron clusters (SinBm, n =
3−8, m = 1−2) are generated in a dual-target dual-laser ablation
source and characterized with IR-UV2CI laser spectroscopy
coupled to mass spectrometry and quantum chemical
calculations. In contrast to anion photoelectron spectroscopy,
IR spectroscopy of cold neutral clusters provides direct and
reliable information on the structure of the neutral ground
electronic state. For each cluster size, properties of low-energy
isomers found with global optimization techniques are
determined, including vibrational and electronic spectra,
ionization energies, and natural bond orbital (NBO) charge
distributions. By comparing the measured IR-UV2CI and
calculated IR spectra, the geometric structures of the
experimentally observed SinBm clusters are determined. The
systemic study extends our recent initial report23 on Si6B to
diﬀerent cluster sizes and boron concentration, with the main
goal of investigating the impact of the size and composition of
SinBm on their geometric and electronic properties. As the B−B
bond is stronger than the Si−B and Si−Si bonds, one particular
question addresses the possibility of segregation processes for
clusters with more than one B atom. While bare Sin clusters
prefer 3D geometries for n ≥ 5,36 Bm clusters tend to be planar
in the small size regime.27 Hence, sequential substitution of Si
atoms by B raises the interesting question at which composition
the 3D → 2D transition occurs for a given size (n + m).

of the cluster upon IR absorption enhances the ionization yield.
An IR-UV2CI spectrum is then obtained from the relative
ionization enhancement normalized by the IR photon ﬂux as a
function of the IR laser frequency. Such an IR-UV2CI spectrum
closely reﬂects the linear vibrational absorption spectrum of the
neutral cluster. In cases, where the vertical ionization energy
(VIE) of the cluster is much lower than EF2, the modulation of
the ionization eﬃciency by resonant IR absorption is small,
leading to low signal-to-noise ratios in the IR-UV2CI spectrum.
In cluster cases, where the VIE is much larger than EF2,
resonant IR absorption will also not be eﬀective in changing the
ionization yield.
2.2. Computational Methods. Quantum chemical calculations are performed to aid in the structural assignment and to
provide additional insight into electronic properties of the SinBm
clusters. The most stable structures are located by a genetic
algorithm (GA)41 coupled to DFT calculations, denoted as GADFT. Brieﬂy, the GA-DFT approach begins with an initial
population of 32 candidate structures (individuals). These
candidate structures are generated by randomly distributing the
atoms within a sphere with a radius of 1.0 Å × N1/3 with N =
n + m. The total energy obtained from local optimization at the
RI-BP86/def-SVP level (TURBOMOLE V6.3.142) serves as the
corresponding ﬁtness value. After each generation, a new
population is generated by tournament selection and
subsequent modiﬁcations through crossover (pcross = 0.6) and
mutation (pmut = 0.1) operators.43 Typically, up to thousand
candidate structures are evaluated. The lowest-energy structure
determined with GA-DFT then serves as a seed structure for a
subsequent basin hopping (BH-DFT) search.32,44 The BHDFT algorithm uses a Monte Carlo simulation with thousand
Monte Carlo steps at a temperature of 1200 K. New structures
are created with the signiﬁcant structure variant using singleatom moves, followed by all-atom moves at every ﬁve steps. In
general, the GA-DFT and BH-DFT algorithms agree well in
ﬁnding the lowest-energy isomers. In a further step, the ﬁrst 20
nonequivalent low-energy isomers resulting from the GA-DFT
and BH-DFT approaches are tightly optimized at the TPSSD3/cc-pVTZ, B3LYP-D3/cc-pVTZ, and G4 levels of theory
(GAUSSIAN 09).45 At these levels, vibrational spectra, VIE
values, and natural bond orbital (NBO) populations are
calculated. Relative energies are corrected for zero-point
vibrational energies. If not stated otherwise, the optimized
parameters are given at the TPSS-D3 level. At this level, no
scaling factor is applied for vibrational frequencies.23,32,35

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1. Experimental Approach. The experimental setup
used for IR-UV2CI spectroscopy of boron-doped silicon
clusters, including details of the dual-target dual-laser cluster
source, is described elsewhere.23,37 Brieﬂy, mixed SinBm clusters
are produced by laser ablation of a Si rod (natural isotopic
abundance) and an isotopically enriched 11B rod (99.5%)
within a pulsed ﬂow of helium carrier gas. A solenoid valve
provides short helium carrier gas pulses at a backing pressure of
about 4 bar. Three-body collisions with carrier gas atoms cool
the atomic and molecular species produced in the ablation
plasma down and clusters are formed. By tuning the laser
ﬂuence on each rod, binary cluster distributions with any
desired mixing ratio can be produced.23 The source is extended
with a thermally insulated thermalization channel held at 90 K.
The molecular beam is collimated by a skimmer with 2 mm
diameter. Before passing through a 1 mm aperture located
further downstream and held at ∼200 V to deﬂect charged
clusters, neutral SinBm clusters are irradiated with a counterpropagating IR laser beam from the infrared free electron laser
located at the Fritz Haber Institute of the Max Planck Society in
Berlin, Germany (FHI FEL).38,39 Subsequently, they are
postionized after a delay of 30 μs with photons from an
unfocused F2 excimer laser (EF2 = 7.87 eV) in the extraction
zone of a reﬂectron time-of-ﬂight mass spectrometer. The FHI
FEL delivers pulsed IR radiation in the wavelength range from
3.5 to 48 μm, with up to 100 mJ within a macropulse of ∼7 μs
duration at about 0.4−1% full-width-at-half-maximum (fwhm)
bandwidth. If the frequency of the FEL radiation is resonant
with an IR active mode of a speciﬁc cluster, it absorbs IR
photons followed by rapid intracluster vibrational energy
redistribution, and its internal energy increases. The ionization
eﬃciency typically follows an S-curve behavior as a function of
excitation energy, with a slope depending on the Franck−
Condon factors for ionization.40 An increase in internal energy

3. RESULTS AND DISCUSSION
The most stable SinBm structures with n = 3−8 and m = 1−2
found with the global optimization strategies are shown in
Figure 1. The structures of higher-lying isomers are provided in
Figures S1 and S2 in the Supporting Information (SI). The
notation n.m.α with n = 3−8, m = 1−2, and α = a, b, c, etc., is
used for the diﬀerent low-energy SinBm isomers. Table 1 lists
symmetry, electronic state, relative energy (ΔE in kJ/mol), and
vertical ionization energy (VIE in eV) of the three lowestenergy SinBm structures. Figures 2−13 compare the measured
IR-UV2CI spectra of the various SinBm clusters recorded
between 280 and 1500 cm−1 with the linear IR absorption
spectra of the respective low-energy isomers calculated at the
TPSS-D3/cc-pVTZ level. A comparison of all IR-UV2CI
spectra is available in Figure S3 in SI. The experimental data
points are represented by empty circles, along with ﬁve-point
adjacent averaging curves. In addition, Figures 2−13 reproduce
9561

DOI: 10.1021/acs.jpcc.7b01290
J. Phys. Chem. C 2017, 121, 9560−9571

Article

The Journal of Physical Chemistry C

Table 1. Symmetry, Electronic State, Relative Energy (ΔE),
and Vertical Ionization Energy (VIE) of the Most Stable
Structures of SinBm Calculated at the TPSS-D3/cc-pVTZ,
B3LYP-D3/cc-pVTZ, and G4 Levels
ΔE (kJ/mol)
cluster
Si3B
3.1.a
3.1.b
3.1.c
Si3B2
3.2.a
3.2.b
3.2.c
Si4B
4.1.a
4.1.b
4.1.c
Si4B2
4.2.a
4.2.b
4.2.c
Si5B
5.1.a
5.1.b
5.1.c
Si5B2
5.2.a
5.2.b
5.2.c
Si6B
6.1.a
6.1.b
6.1.c
Si6B2
6.2.a
6.2.b
6.2.c
Si7B
7.1.a
7.1.b
7.1.c
Si7B2
7.2.a
7.2.b
7.2.c
Si8B
8.1.a
8.1.b
8.1.c
Si8B2
8.2.a
8.2.b
8.2.c

Figure 1. Most stable SinBm structures calculated at the TPSS-D3/ccpVTZ level (Table 1), along with their relative energy (ΔE in kJ/mol),
symmetry, and electronic state. Structures 5.2.c and 7.2.b are
predicted as global minima at the B3LYP-D3/cc-pVTZ level.

the geometric structures with their symmetry, electronic state,
VIE, and ΔE. Cartesian coordinates of all structures are
provided in Table S1 in SI. Experimental band positions
determined using Gaussian ﬁtting (where applicable) are listed
in Table 2 along with their suggested vibrational and isomer
assignment. In the following, we separately discuss each
individual SinBm cluster size and composition.
3.1. Si3B. The three most stable structures of Si3B are found
within a relative energy of 35 kJ/mol (Figure 2). Interestingly,
they all have a distorted rhomboid-like structure. At the TPSSD3 level, isomers 3.1.a and 3.1.b have a planar C2v (2A1)
geometry, with Si−B−Si angles of β = 145.3° and 78.2°,
respectively. Isomer 3.1.c is similar in energy as 3.1.b (35 and
33 kJ/mol) and has Cs (2A″) symmetry arising from an out-ofplane B atom. At the B3LYP-D3 level, all three structures are
planar, with β = 146.5° (3.1.a), 79.0° (3.1.b), and 172.6°
(3.1.c), respectively, but 3.1.b is a transition state with a
vibrational frequency of i774 cm−1. Their VIE values of about
7.8−8.3 eV are well suited for the application of the IR-UV2CI
scheme. Our theoretical work supports earlier calculations,26
which predict structures 3.1.a and 3.1.b as the most stable
ones. The three considered isomers might be formed through
substitution of Si by B in the ground state structure of Si4 (D2h,
1
Ag).46,47 For all Si3B structures, a large geometrical distortion is
induced, because the Si−B bond is stronger and shorter than
the Si−Si bond. Hence, in the most stable Si3B isomer, B forms

VIE (eV)

sym. (state)

TPSS

B3LYP

G4

TPSS

B3LYP

C2v (2A1)
C2v (2A1)
Cs (2A″)

0.00
33.3
35.2

0.00
45.6
21.7

0.00
29.0
10.7

8.16
7.83
8.26

7.78
8.31
8.27

C1 (1A)
Cs (1A′)
C2 (1A)

0.0
0.6
9.0

0.0
21.9
11.9

0.0
3.2
18.2

7.89
8.38
7.87

7.99
8.30
7.88

C2v (2B1)
C2v (2A2)
C2 (2B)

0.0
32.7
33.4

0.0
18.2
30.3

0.0
39.6
48.7

7.79
7.35
7.69

7.55
7.13
7.55

C2v (1A1)
Cs (1A′)
Cs (1A′)

0.0
47.9
50.1

0.0
27.9
27.9

0.0
58.7
63.5

7.99
8.47
8.09

8.03
8.45
8.12

C2v (2B1)
Cs (2A′)
Cs (2A′)

0.0
31.2
48.1

0.0
26.0
31.4

0.0
39.8
62.1

7.88
7.82
7.47

7.97
7.80
7.43

Cs (1A′)
C2 (1A)
C2v (1A1)

0.0
5.2
5.7

13.3
5.6
0.0

3.5
12.3
0.0

8.08
8.04
8.02

8.12
8.14
8.14

Cs (2A′)
C2v (2A1)
C2 (2B)

0.0
42.0
42.2

0.0
48.9
29.9

0.0
39.9
43.6

8.07
7.17
7.22

8.05
7.01
7.12

C1 (1A)
Cs (1A′)
C2 (1A)

0.0
56.1
69.9

0.0
79.6
74.1

0.0
56.6
85.7

8.01
7.78
7.39

8.09
7.87
7.35

Cs (2A′)
Cs (2A′)
C1 (2A)

0.0
8.2
10.9

0.0
8.0
23.0

0.0
10.9
4.3

6.98
6.99
7.11

6.89
6.84
7.09

C1 (1A)
C1 (1A)
C1 (1A)

0.0
1.2
24.7

3.6
0.0
24.8

0.0
9.1
36.3

7.87
7.24
7.33

7.35
7.21
7.30

C2v (2B1)
C1 (2A)
C1 (2A)

0.0
24.1
43.0

0.0
8.8
28.7

0.0
34.2
56.8

7.34
7.18
7.32

7.21
7.12
7.21

C2 (1A)
Cs (1A′)
C2 (1A)

0.0
7.1
12.7

0.0
14.8
2.4

0.0
19.9
23.2

7.51
7.42
7.43

7.44
7.73
7.47

bonds to all three Si atoms. While the three lowest energy
structures all have doublet electronic ground states, the two
lowest-energy quartet states 3.1.d and 3.1.e are very high in
energy (130 and 150 kJ/mol).
A close look at the experimental spectrum in Figure 2 reveals
three peaks at 686 (A), 739 (B), and 783 cm−1 (C). Clearly,
none of the individual predicted spectra can explain the
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experimental one. However, one possibility may be the
coexistence of 3.1.a and 3.1.c, although the relative intensities
in the experimental and predicted spectra diﬀer somewhat.
Following this scenario, band A is assigned to the Si−B stretch
of 3.1.a at 687 cm−1 (a) and 3.1.c at 651 (a′) cm−1, and bands
B and C are attributed to the antisymmetric Si−B−Si stretch of
3.1.a at 757 cm−1 (b2) and of 3.1.c at 801 cm−1 (a″),
respectively. Although 3.1.b and 3.1.c are close in energy, the
IR cross sections of the strongest transitions of 3.1.b are weaker
by 1 order of magnitude which may explain why this structure
is not detected (if present).
3.2. Si3B2. At the TPSS-D3 level, the most stable structure
3.2.a has a C1 (1A) geometry with a B−B bond length of 1.663
Å (Figure 3). This B2 unit is connected to all other Si atoms.
This behavior arises from the bond strength order B−B > B−Si
> Si−Si and is observed in almost all SinB2 structures found in
this work. Structure 3.2.a can be thought of being produced by
adding a Si atom to rhombic Si2B2 (C2v, 1A1).20 At the B3LYPD3 level, structure 3.2.a is planar (Cs), while a strongly
nonplanar geometry (C1) is obtained at the TPSS-D3 level.
Eﬀorts in calculating a Cs geometry at the TPSS-D3 level lead
to a transition state with a low vibrational frequency of i91 cm−1
and a rather small barrier to planarity of ΔE = +1.2 kJ/mol. The
next stable structure 3.2.b (Cs, 1A′), which is essentially
isoenergetic with 3.2.a (+0.6 kJ/mol), also has a B2 unit.
Structure 3.2.c (C2, 1A) is 9 kJ/mol higher in energy, with a
nonplanar fan-like shape and the two B atoms lying above and
below the Si3 plane, respectively. In addition, calculations of
structure 3.2.c with the constraint of C2v symmetry result in a
low-energy transition state at ΔE = +2.4 kJ/mol and a

Figure 2. Comparison of IR-UV2CI spectrum of Si3B with IR
absorption spectra calculated for the low-energy structures 3.1.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

Table 2. Comparison of Observed Vibrational Frequencies in the IR-UV2CI Spectra of SinBm (n = 3−8, m = 1−2) with Values
Calculated at the TPSS-D3/cc-pVTZ Level
cluster

νexp (cm−1)

Si3B

686 (A)
739
783
491
698
661
758

(B)
(C)
(A)
(B)
(A)
(B)

Si5B

621
681
711
591

(A)
(B)
(C)
(A)

Si5B2

681
728
817
570

(B)
(C)
(D)
(A)

Si3B2
Si4B

Si4B2

693 (B)

Si6B

a

423 (A)
535 (B)
661 (C)

νcalc (cm−1)a
687
651
757
801
463
699
638
741
764
637
658
691
597
605
674
747
815
571
592
665
709
651
421
540
649
663

(a1, 5, 3.1.a)
(a′, 30, 3.1.c)
(b2, 80, 3.1.a)
(a″, 151, 3.1.c)
(a, 21, 3.2.a)
(a, 28, 3.2.a)
(a1, 5, 4.1.a)
(b2, 73, 4.1.a)
(b1, 26, 4.1.a)
(b2, 5, 4.2.a)
(b1, 23, 4.2.a)
(a1, 17, 4.2.a)
(a1, 7, 5.1.a)
(a′, 3, 5.1.b)
(b2, 24, 5.1.a)
(b1, 4, 5.1.a)
(a′, 4, 5.1.b)
(a1, 12, 5.2.c)
(a′, 32, 5.2.a)
(b2, 40, 5.2.c)
(b1, 79, 5.2.c)
(a″, 42, 5.2.a)
(a′, 9, 6.1.a)
(a′, 29, 6.1.a)
(a″, 20, 6.1.a)
(a′, 25, 6.1.a)

cluster

νexp (cm−1)

νcalc (cm−1)a

Si6B2

464 (A)

473 (a, 11, 6.2.a)

Si7B

506 (B)
564 (C)
627 (D)
724 (E)
1000 (F)
319 (A)

514
567
627
727
986
313
326
377
378
439
466
676
717
444
495
612
692
504
525
660
637
663
672
769

375 (B)

Si7B2

Si8B

Si8B2

442
463
683
720
442
504
621
691
486

(C)
(D)
(E)
(F)
(A)
(B)
(C)
(D)
(A)

666 (B)
628 (A)
664 (B)
750 (C)

(a, 25, 6.2.a)
(a, 23, 6.2.a)
(a, 15, 6.2.a)
(a, 33, 6.2.a)
(a, 6, 6.2.a)
(a′, 3, 7.1.a)
(a″, 2, 7.1.a)
(a′, 8, 7.1.a)
(a″, 2, 7.1.a)
(a′, 12, 7.1.a)
(a′, 5, 7.1.a)
(a″, 30, 7.1.a)
(a′, 9, 7.1.a)
(a, 36, 7.2.a)
(a, 9, 7.2.a)
(a, 34, 7.2.a)
(a, 16, 7.2.a)
(a1, 16, 8.1.a)
(b2, 23, 8.1.a)
(b1, 41, 8.1.a)
(b, 21, 8.2.a)
(b, 22, 8.2.a)
(a, 31, 8.2.a)
(a, 13, 8.2.a)

Symmetries, IR intensities (km/mol), and assigned structures are given in parentheses.
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Figure 3. Comparison of IR-UV2CI spectrum of Si3B2 with IR
absorption spectra calculated for the low-energy structures 3.2.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

Figure 4. Comparison of IR-UV2CI spectrum of Si4B with IR
absorption spectra calculated for the low-energy structures 4.1.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

vibrational frequency of i172 cm−1. Structure 3.2.d is a triplet
state (Cs, 3A″) lying 35 kJ/mol above the ground state. It has a
similar topology as 3.2.a but a planar geometry. While the three
lowest energy structures all have singlet electronic ground
states, the two lowest-energy triplet states 3.2.d and 3.2.e are
relatively high in energy (35 and 76 kJ/mol).
The IR-UV2CI spectrum for Si3B2 is compared in Figure 3 to
the calculated absorption spectra of the ﬁve lowest-energy
structures 3.2.a−e. Although the signal-to-noise ratio of the
measured spectrum is low, the observed features in the lowfrequency part of the spectrum are consistent with the
spectrum predicted for the global minimum 3.2.a. Following
this interpretation, the two clear absorption bands peaking at
491 (A) and 698 cm−1 (B) are assigned to coupled Si−B and
B−B stretch modes predicted at 463 and 699 cm−1,
respectively. Apparently, the strong transitions predicted
above 800 cm−1 are not observed experimentally, and we
currently cannot oﬀer any obvious explanation for this
discrepancy. At ﬁrst glance, based on the peak pattern also an
assignment to the low-energy isomer 3.2.c (+9 kJ/mol) may be
possible. However, the splitting of the two intense bands
predicted at 407 and 741 cm−1 (334 cm−1) is much larger than
the observed one (207 cm−1) and also the absolute frequency
deviation from the experimental band A at 491 cm−1 is
unusually large. At this stage, a clear-cut assignment to a certain
structural isomer is not possible.
3.3. Si4B. Figure 4 compares the IR-UV2CI spectrum
recorded for Si4B with linear IR absorption spectra computed
for the ﬁrst ﬁve low-energy isomers 4.1.a−e. The experimental
spectrum reveals two bands peaking at ∼661 (A) and 758 cm−1
(B). Despite the limited quality of the experimental spectrum,

only the spectrum predicted for the doublet ground state 4.1.a
(C2v, 2B1) shows good agreement. Although the predicted
isomer 4.1.b has a similar spectral pattern as the one observed
experimentally, the absolute frequencies show an unusally large
deviation of around 16.5 and 12% (109 and 90 cm−1),
respectively, which cannot readily be accounted for by
anharmonicity. Following the assignment to 4.1.a, band A is
assigned to the breathing (i.e., symmetric Si−B stretch) mode
at 638 cm−1 (a1), and band B is attributed to the overlap of the
antisymmetric Si−B stretch modes at 741 (b2) and 764 cm−1
(b1). Structure 4.1.a is a distorted triangular bipyramid, formed
by either adding a B atom to the most stable Si4 structure (D2h,
1
Ag) or by substituting a Si atom with B in the triangular base of
the Si5 bipyramid (D3h, 1A1′). The next four higher energy
structures are all located between 30 and 40 kJ/mol. Structure
4.1.b (C2v, 2A2) has a planar trapezoidal geometry with a central
B atom. Structure 4.1.c (C2, 2B) is a distorted form of 4.1.a and
4.1.b, obtained by diﬀerent rotations of the Si−B−Si motif.
Isomer 4.1.d with Cs (2A′) geometry can be formed by Bsubstitution of a Si atom at the apex of the triangular Si5
bipyramid (D3h, 1A1′). Finally, 4.1.e (Cs, 2A″) is obtained by
adding a Si atom to structure 3.1.b (C2v). The low signal-tonoise ratio of the IR-UV2CI spectrum might be related to the
large deviation of the VIE values of all considered Si4B isomers
from EF2 (Figure 4). Similar to Si3B, B forms bonds to all
available Si atoms in the most stable Si4B isomer.
3.4. Si4B2. The ground state structure 4.2.a in Figure 5 is a
distorted bipyramid (C2v, 1A1), formed by either substituting
two neighboring Si atoms (Si2) in Si6 (D4h, 1A1g) with two B
atoms or by adding the B−B motif to Si4 (D2h, 1Ag).46,47 The
B−B bond length is about 1.610 Å, and thus substantially
9564

DOI: 10.1021/acs.jpcc.7b01290
J. Phys. Chem. C 2017, 121, 9560−9571

Article

The Journal of Physical Chemistry C

Figure 5. Comparison of IR-UV2CI spectrum of Si4B2 with IR
absorption spectra calculated for the low-energy structures 4.2.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

Figure 6. Comparison of IR-UV2CI spectrum of Si5B with IR
absorption spectra calculated for the low-energy structures 5.1.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

shorter than in 3.2.a (1.663 Å). Its VIE value of 7.99 eV is
suitable for the IR-UV2CI scheme. As further structures
4.2.b−e are at least 47 kJ/mol above the minimum, their
contribution to the measured spectrum is not expected. Indeed,
the broad observed feature with three peaks at 621 (A), 681
(B), and 711 cm−1 (C) can be explained with the three
vibrational modes of the ground state structure 4.2.a predicted
with rather low IR intensity at 637 cm−1 (antisymmetric Si−B
stretch (b2), 5 km/mol), 658 cm−1 (antisymmetric Si−B stretch
(b1), 23 km/mol), and 691 cm−1 (symmetric Si−B stretch (a1),
17 km/mol), respectively.
3.5. Si5B. Similar to 4.2.a, the ground state structure 5.1.a is
a strongly distorted tetragonal bipyramid (C2v, 2B1), formed by
substituting an apex of the tetragonal bipyramid Si6 (D4h, 1A1g)
by B.47 The next isomer 5.1.b (Cs, 2A′), lying at 31.2 kJ/mol,
can be derived by capping a Si4 rhomb with a Si−B unit. Figure
6 compares the experimental IR-UV2CI spectrum of Si5B with
IR spectra calculated for the ﬁrst ﬁve low-energy isomers
5.1.a−e. The four absorption bands observed (A−D) can
mostly be explained with 5.1.a. Band A at 591 cm−1 is assigned
to the breathing (symmetric Si−B stretch) mode at 597 cm−1
(a1), and bands B and C at 681 and 728 cm−1 are attributed to
the antisymmetric Si−B stretch modes at 674 cm−1 (b2) and
747 cm−1 (b1) of 5.1.a, respectively. Two scenarios are possible
for band D at 817 cm−1. First, it may arise from an overtone or
combination band of 5.1.a. Second, it may also be explained by
the contribution of structure 5.1.b to the IR-UV2CI spectrum
with a predicted antisymmetric Si−B stretch mode at 815 cm−1
(a′), although this isomer is calculated to be relatively high in
energy (31 kJ/mol). In this case, the in-plane symmetric Si−B
stretch mode (a′) of 5.1.b at 605 cm−1 contributes to band A.

3.6. Si5B2. The ﬁve most stable structures 5.2.a−e are found
within a small energy range of about 20 kJ/mol, and the three
lowest ones are even within 6 kJ/mol (Figure 6). At the TPSSD3 level, 5.2.a is found most stable, whereas at both the
B3LYP-D3 and G4 levels, structure 5.2.c is found lowest in
energy. At the latter level, structure 5.2.a is very close in energy
to the global minimum (ΔE ≈ 4 kJ/mol), while structure 5.2.b
is 12 kJ/mol above. Both structures 5.2.a and 5.2.c can be
considered as originating from the pentagonal bipyramid Si7
(D5h, 1A1′)32,48 by B-substitution. For 5.2.a, one Si atom is
replaced at an apex and the second in the pentagonal ring. For
5.2.c, however, two neighboring Si atoms in the ring are
substituted by B.
A comparison between the IR absorption spectra calculated
for 5.2.a−e and the IR-UV2CI spectrum measured for Si5B2 is
provided in Figure 7. The broad features in the experimental
spectrum suggest the possible contribution of several isomers.
The two peaks identiﬁed at 570 (A) and 693 cm−1 (B) can be
explained with the coexistence of 5.2.a (Cs, 1A′) and 5.2.c (C2v,
1
A1). At ﬁrst glance, the overall appearance of the experimental
spectrum agrees well with the spectrum calculated for 5.2.c.
Namely, band A is assigned to the symmetric Si−B stretch
(breathing) mode at 571 cm−1 (a1) and band B to the two
antisymmetric Si−B stretch modes at 665 (b2) and 709 cm−1
(b1). In addition, structure 5.2.a might also contribute to bands
A and B with its symmetric and antisymmetric Si−B stretch
modes at 592 (a′) and 651 cm−1 (a″), respectively. In addition,
the VIE values of about 8 eV predicted for all ﬁve considered
isomers are favorable for the IR-UV2CI scheme. Although
isomer 5.2.b is also low in energy and has a similar VIE, its
presence may be excluded from the absence of its intense
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Figure 7. Comparison of IR-UV2CI spectrum of Si5B2 with IR
absorption spectra calculated for the low-energy structures 5.2.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

Figure 8. Comparison of IR-UV2CI spectrum of Si6B with IR
absorption spectra calculated for the low-energy structures 6.1.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

predicted high-frequency band at 809 cm−1 in the measured
spectrum.
3.7. Si6B. Most results for Si6B have already been provided
in our recent works23,32 but are included here for completeness
(Figure 8). Brieﬂy, the by far most stable structure 6.1.a is a
distorted pentagonal bipyramid (Cs, 2A′) formed by substituting
a Si atom at an apex of the most stable Si7 structure (D5h, 1A1′)
by B. The VIE value of about 8.0 eV indicates that 6.1.a should
be detected if present in our molecular beam. The next stable
structure 6.1.b with C2v (2A1) symmetry is about 42.0 kJ/mol
higher in energy and formed by B-substitution of a Si atom at
the equator of the pentagonal Si7 bipyramid. These most
preferable locations of dopant atoms have been observed
previously for, e.g., Si6C (C5v),32 Si6V (C2v), and Si6Mn (C2v).49
The IR-UV2CI spectrum of Si6B is compared in Figure 8
with the IR absorption spectra of structures 6.1.a−e. Within the
available spectral range, the three experimental bands observed
at 423 (A), 535 (B), and 661 cm−1 (C) are attributed solely to
6.1.a. Namely, band A is assigned to the equatorial breathing
mode at 421 cm−1 (a′), band B to the axial Si−B stretch mode
at 540 cm−1 (a′), and band C to the overlapping antisymmetric
Si−B stretch modes at 649 (a″) and 663 cm−1 (a′), respectively.
3.8. Si6B2. The ground state of Si6B2 (6.2.a) has a C1 (1A)
structure with a VIE value of about 8 eV (Figure 9) and can be
obtained by adding a Si atom to 5.2.a. When compared to the
pristine silicon counterpart, 6.2.a is closer to cationic Si8+ (C2v)
than to neutral Si8 (C2h).29 In Figure 9, the IR-UV2CI spectrum
of Si6B2 is compared to IR absorption spectra of the ﬁrst ﬁve
low-energy isomers 6.2.a−e. Six experimental bands are
observed at 468 (A), 506 (B), 564 (C), 627 (D), 724 (E),
and 1000 cm−1 (F), which can fully be explained by the 6.2.a

Figure 9. Comparison of IR-UV2CI spectrum of Si6B2 with IR
absorption spectra calculated for the low-energy structures 6.2.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).
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modes calculated at 439 (a′), 466 (a′), 676 (a″), and 717 cm−1
(a′), all of which have Si−B stretch character. Apparently, there
is no clear spectral signature of any of the higher-energy
isomers 7.1.b−e in the measured IR spectrum. Although 7.1.b
and 7.1.c show similar vibrational pattern as the experimental
spectrum, the lack of their strong absorptions predicted at 530
and 627 cm−1, respectively, in the IR-UV2CI spectrum strongly
suggests that 7.1.a is indeed the dominant carrier of the
experimental spectrum.
3.10. Si7B2. At the TPSS-D3 and G4 levels, the most stable
structure of Si7B2 is 7.2.a (C1, 1A). The second most stable
structure 7.2.b (C1, 1A) is only +1.2 kJ/mol (TPSS-D3) above
the minimum. However, at the B3LYP-D3 level, 7.2.b is
predicted as the lowest-energy structure, whereas 7.2.a is +3.6
kJ/mol higher in energy. These two low-energy structures can
be considered as a combination of two common motifs, namely,
a deformed pentagonal bipyramid Si5B2 (5.2.a) and Si2. The Si2
motif points closer to the B atom at the apex for 7.2.a, and to
the Si atom at the other apex for 7.2.b. Figure 11 compares the

global minimum structure. Speciﬁcally, bands A−E are assigned
to the symmetric and antisymmetric Si−B stretch modes
predicted at 473, 514, 567, 627, and 727 cm−1, respectively,
with deviations below 10 cm−1. Interestingly, band F is the ﬁrst
observation of the high-frequency B−B stretch vibration
predicted at 986 cm−1. Although 6.2.b has a VIE of 7.78 eV
well suited for the IR-UV2CI scheme, none of its intense
absorption bands are observed. The structures 6.2.b−e are at
least 56 kJ/mol above the global minimum, and thus their
contribution to the experimental spectrum of Si6B2 can be
excluded not only for spectroscopic but also for energetic
reasons. The structure 6.2.a. has also been predicted as global
minimum for the neutral and cationic cluster by a recent study
combining photoelectron spectroscopy of the Si6B2− anion and
computations.24
3.9. Si7B. The ground state structure of Si7B (7.1.a) has Cs
(2A′) symmetry and is quite similar to that of 6.2.a of Si6B2.
Isomer 7.1.a might also be formed by adding a Si atom to the
ground state of Si6B (6.1.a), or by B-substitution of the
bicapped octahedron Si8 (D3d, 3A2g). Note that the calculated
VIE value of 6.98 eV for 7.1.a (and those of all considered
higher-energy isomers) is clearly far below the UV photon
energy. Figure 10 compares the measured IR-UV2CI spectrum

Figure 11. Comparison of IR-UV2CI spectrum of Si7B2 with IR
absorption spectra calculated for the low-energy structures 7.2.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).
Figure 10. Comparison of IR-UV2CI spectrum of Si7B with IR
absorption spectra calculated for the low-energy structures 7.1.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

measured IR-UV2CI spectrum of Si7B2 with calculated IR
absorption spectra of the ﬁve lowest-energy isomers. Despite
the low signal-to-noise ratio, four bands can be determined at
442 (A), 504 (B), 621 (C), and 691 cm−1 (D). At ﬁrst glance,
bands A−D can be assigned to the vibrational modes of 7.2.a
predicted at 444, 495, 612, and 692 cm−1, respectively.
Although some of the transitions of 7.2.b−d are quite close
to those of the global minimum, competitive bands at 937
(7.2.b), 950 (7.2.c), and 840 cm−1 (7.2.d) are not visible in the
experimental spectrum, although at least 7.2.b is predicted to
be very close in energy to the assigned 7.2.a isomer. Hence,

of Si7B with IR absorption spectra of the ﬁrst ﬁve low-energy
structures 7.1.a−e. Six transitions are observed at 319 (A), 375
(B), 442 (C), 463 (D), 683 (E), and 720 cm−1 (F), which all
can be explained by the IR spectrum predicted for 7.1.a.
Namely, band A is assigned to the a′ mode at 313 cm−1 and a″
mode at 326 cm−1. Band B is composed of the a′ and a″ modes
at 377 and 378 cm−1, respectively. Bands C−F are assigned to
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there is no clear-cut signature of their presence in the
experimental spectrum.
3.11. Si8B. The ground state structure 8.1.a has C2v (2B1)
symmetry with VIE = 7.34 eV. The next stable structure 8.1.b
(C1, 2A) is 24.1 kJ/mol at the TPSS-D3 level (8.8 kJ/mol at the
B3LYP-D3 level, 34.2 kJ/mol at the G4 level) higher in energy.
On the other hand, 8.1.b has been predicted as the minimum at
the G4 level in recent simulations.26 Structures 8.1.a and 8.1.b
are formed by adding Si2 to 6.1.a. For 8.1.a, the Si−Si motif is
perpendicular to the Si−B apexes. The measured IR-UV2CI
spectrum shows two distinct bands at 486 (A) and 666 cm−1
(B), which can readily be explained by the 8.1.a global
minimum. Structure 8.1.b may be excluded because its intense
transition at 724 cm−1 is not observed. All other isomers are
very high in energy (>40 kJ/mol).

Figure 13. Comparison of IR-UV2CI spectrum of Si8B2 with IR
absorption spectra calculated for the low-energy structures 8.2.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

reveals also good agreement with the Si−Si stretch modes
predicted at 301 (b) and 389 cm−1 (b) and the weak features
measured at 308 and 378 cm−1. Isomer 8.2.b has strong
vibrations calculated at 507 and 724 cm−1, which are not
observed experimentally. Similarly, 8.2.c has intense vibrational
modes predicted at 502 and 711 cm−1, which are not observed
in the experimental spectrum. Structure 8.2.d (Ci, 1Ag) has
vibrational modes at 616 cm−1 (au) and 729 cm−1 (au) closer to
bands A and C, respectively but the strong mode at 432 cm−1
(au) is not resolved.

4. FURTHER DISCUSSION
The combined approach of size-selective IR spectroscopy and
quantum chemical calculations based on global optimization
schemes yields a consistent picture of the cluster growth of Bdoped silicon clusters, SinBm, in the size range n = 3−8 and m =
1−2. For most cluster sizes, there is good correspondence
between the experimental IR-UV2CI spectra and the linear IR
absorption spectra calculated for the most stable structures. To
this end, this study provides a ﬁrst experimental impression of
the eﬀects of doping bare silicon clusters with the more
electronegative B atoms in neutral mixed SinBm clusters.
Comparison with previous computational studies for SinB (n
= 1−10)26 and Si6B224 reveals good agreement with the lowest
energy structures for most cluster sizes. Often, the observed
spectrum can be explained by the presence of only the
predicted most stable structure. Nonetheless, we ﬁnd
substantially more low-energy isomers than previous computations, possibly due to diﬀerent computational levels and the
current application of eﬀective global optimization procedures.
For example, the extensive computational study26 on SinB

Figure 12. Comparison of IR-UV2CI spectrum of Si8B with IR
absorption spectra calculated for the low-energy structures 8.1.a−e at
the TPSS-D3/cc-pVTZ level (Tables 1 and 2).

3.12. Si8B2. Structure 8.2.a (C2, 1A) is found as the ground
state at all computational levels. In this structure the eight Si
atoms are located on a helix around the B−B dimer. Structure
8.2.b can be thought as formed from Si10 (C3v, 1A1) by Bsubstitution. Similar to 7.2.a and 7.2.b, structure 8.2.c (8.2.d)
might be generated by adding a Si atom to 7.2.b (7.2.a). The
VIEs of all low-energy structures are quite low (7.33−7.51 eV).
The IR-UV2CI spectrum of Si8B2 exhibits three clear
absorption features at 628 (A), 664 (B), and 750 cm−1 (C),
which are close to the vibrational modes of structure 8.2.a, with
respect to both frequency and IR intensity. Band A is assigned
to the Si−B mode at 637 cm−1 (b), band B corresponds to the
overlapping Si−B stretch modes at 663 (b) and 672 cm−1 (a),
while band C arises from the B−B stretch mode at 769 cm−1
(a). Closer inspection of the spectra in the low-frequency range
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scale). There is substantial intraatomic electron transfer from 2s
of B to 2p of B, as well as interatomic electron transfer from 3s
of Si to 2p of B, which is promoting s-p hybridization of the B
atoms.25

relevant for the present work completely avoids any global
optimization technique.
The B−B bond is signiﬁcantly stronger than the B−Si and
Si−Si bonds. For example, binding energies of the elemental
crystals are tabulated as 5.77 and 4.63 eV for B and Si,
respectively. Corresponding data for a BSi crystal are not
available. In addition, bond lengths and stretching frequencies
of the diatomic homodimers B2 and Si2 in their 3Σg− ground
electronic states are listed as re = 1.590 and 2.246 Å and ωe =
1051 and 511 cm−1, respectively,50 consistent with the smaller
atomic size and mass and the stronger chemical bond in B2.
Corresponding experimental data for the BSi heterodimer in its
4 −
Σ ground state yield intermediate values of r0 = 1.920 Å and
ωe = 750 cm−1.51 These data of the crystals and dimer
molecules are in line with the parameters observed here for the
mixed SinBm clusters. First, the average Si−Si, Si−B, and B−B
distances of the most stable SinBm isomers are 2.34−2.56, 1.97−
2.21, and 1.66−1.85 Å (Table S2 in SI). They monotonically
increase with the cluster size and reﬂect the order Si−Si > Si−B
> B−B expected from the dimer values. Second, the vibrational
stretch frequencies appear in the opposite order, Si−Si < Si−B
< B−B. Indeed, most of the vibrational modes detected in the
IR-UV2CI spectra are Si−B stretch modes occurring in the
400−700 cm−1 range. In the SinB2 clusters, the B−B stretch
mode has either the highest or second highest frequency, with
predicted values of 985, 1005, 827, 986, 692, and 769 cm−1 for
the most stable n.2.a isomers with n = 3−8, respectively.
Experimentally, the B−B stretch has only been detected for n =
6 (band F at 1000 cm−1), n = 7 (band D at 691 cm−1), and n =
8 (band C at 746 cm−1), in good agreement with the theoretical
predictions. For the other cluster sizes, the IR activity of this
mode is below the detection limit. Signiﬁcantly, all low-energy
isomers of SinB2 have a strong B−B bond, i.e., B segregation is
observed in SinBm clusters with m ≥ 2. Similar results have been
obtained for SinB3− anions.25
A natural bond orbital analysis performed for the most stable
SinBm structures (Table 3, Figure S3 in SI) reveals a high

5. CONCLUSIONS
Boron−silicon mixed clusters are generated with a dual-target
dual-laser ablation source and characterized by means of mass
spectrometry, IR-UV2CI spectroscopy, and quantum chemical
simulations to provide a ﬁrst impression of the eﬀects of doping
bare neutral silicon clusters with one or two B atoms. The
geometric structures of the most stable mixed SinBm clusters (n
= 3−8, m = 1−2) are determined by comparison between the
calculated and measured IR spectra. For most cluster sizes,
there is good correspondence between the measured IR-UV2CI
spectra and the IR spectra calculated for the global minimum
structures. Due to the low signal-to-noise ratio of some of the
IR-UV2CI spectra, some bands are not clear enough to exclude
the contribution of other isomers and their coexistence is
possible. With the exception of Si3B and Si3B2, convincing
agreement is observed between the experimental IR-UV2CI
spectrum and the calculated spectra of the isomers lying within
10 kJ/mol of the global minimum. As the B−B bond is stronger
than the Si−B and Si−Si bonds, all low-energy SinB2 clusters
exhibit a B−B bond. A similar segregation eﬀect has recently
been documented for SinCm clusters for doping silicon clusters
with carbon.31 The present study provides for the ﬁrst time
experimental information on Si−B and B−B stretch frequencies
in neutral mixed SinBm clusters. These are in accord with the
corresponding bond lengths, which vary as Si−Si > Si−B > B−
B because of the atomic size, mass, and force constants.
Although boron atoms prefer planar cluster structures, up to
two B atoms are not suﬃcient to enforce planar structures in
SinBm with n ≥ 3 and m ≤ 2. Similarly, although the B atoms
tend to maximize the number of bonds to neighboring Si
atoms, no endohedral structures are observed up to n + m = 10.
In contrast to the high-spin 4Σ− electronic ground state of the
SiB dimer,51,52 the larger SinBm clusters prefer the lowest
possible spin state, i.e., singlets for m = even and triplets for m =
odd. Interestingly, we show for the ﬁrst time that the IR-UV2CI
technique can be applied to certain Si-containing clusters,
which have calculated VIEs well below the postionizing laser
photon energy. This might trigger further theoretical eﬀorts to
understanding the multiple IR photon absorption mechanism.

Table 3. NBO Charges (in e) on B Atom(s) in Selected SinBm
Clusters (Figure S3 in the SI)
cluster

isomer

Si3B
Si3B2
Si4B
Si4B2
Si5B
Si5B2

3.1.a
3.2.a
4.1.a
4.2.a
5.1.a
5.2.a
5.2.c
6.1.a
6.2.a
7.1.a
7.2.a
7.2.b
8.1.a
8.2.a

Si6B
Si6B2
Si7B
Si7B2
Si8B
Si8B2

qB
−0.933
−0.664;
−1.332
−0.714;
−1.222
−1.103;
−1.052;
−1.407
−1.107;
−1.531
−1.464;
−1.105;
−1.737
−1.377;

−1.049

■

−0.714
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−0.835
−1.052

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b01290.
Cartesian coordinates and structures of all isomers;
comparison of all experimental IR-UV2CI spectra; NBO
charge distribution and average bond distances of most
stable isomers. (PDF)

−1.064
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■

−1.377
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