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Introduction

As a prototypical electron-deficient element in the periodic 
table, boron ([He]2s22p1) exhibits unique structures and 
bonding in chemistry. Persistent joint photoelectron spec-
troscopy and first-principles theory investigations in the 
past two decades indicate that small boron clusters Bm

−/0 
(m = 3-38, 41, 42) adopt planar or quasi-planar structures 
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Abstract
Gas-phase Bn

+ monocations exhibit strong hydrophilicity due to the prototypical electron-deficiency of boron. Joint che-
misorption experiment and first-principles theory investigations performed herein indicate that the experimentally known 
planar magic-number C2v B13

+ can react with H2O at room temperature to form a series of quasi-planar aromatic boron 
water complexes C1 B13(H2O)+ (1), C2 B13(H2O)2

+ (2), and C1 B12H(H2O)+ (3) analogous to benzene C6H6. Extensive 
theoretical calculations and analyses unveil their chemisorption pathways, bonding patterns, and more importantly, the 
effective in-phase LP(H2O:)→LV(B) orbital overlaps between the more electronegative O atom in H2O as lone-pair (LP) 
σ-donor and periphery electron-deficient B atoms in B13

+ (B3@B10
+) and B12H+ (B3@B9H+) with lone vacant (LV) orbitals 

as LP σ-acceptors, evidencing the existence of the newly proposed boron bonds in chemistry. A LP(H2O:)→LV(B) boron 
bond in these boron water complexes possesses about 15 ~ 20% of the dissociation energy of a typical O–B covalent 
bond. Boron bonds are expected to exist in a wide range of boron-based complex systems with typical molecular ligands 
like H2O, CO, and NH3 as effective σ-donors.
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[1–4], except the cage-like borospherenes D2d B40
−/0 and 

C3/C2 B39
− [5, 6] and bilayer D2h B48

−/0 [7]. Combined ion 
mobility spectrometry and density functional theory studies 
reveal that Bm

+ monocations possess planar or quasi-planar 
structures for m = 12-15 and double-ring tubular geometries 
for m = 16-25 [8], with the magic-number B13

+ (B3@B10
+) 

possessing a perfect planar C2v configuration which, as a 
typical Wankel motor molecule with fluxional bonds (FBs), 
proves to be π-aromatic in nature analogous to benzene 
C6H6 [9–12].

Recent joint time-of-flight mass spectrometry (TOF-
MS) and first-principles theory investigations by our group 
reveal that the planar or quasi-planar C2v B13

+, Cs B11
+, and 

C2v B15
+ monocations can react with CO consecutively 

under ambient conditions to form a series of boron car-
bonyl aromatics (BCAs) B13(CO)n

+ (n = 1-7) analogous to 
benzene C6H6 [13] and B11(CO)n

+ (n = 1-6) and B15(CO)n
+ 

(n = 1-5) complexes with σ and π conflicting aromaticity 
analogous to benzene C6H6 and cyclooctatetraene C8H8 in 
π-bonding, respectively [14]. Although chemisorption reac-
tion of B13

+ with D2O was firstly reported by Anderson's 
group using an ion trap instrumentation in 1990 [15] in 
which the dominant reaction channel observed involved the 
elimination of DBO to yield B12D+, detailed structures and 
bonding of the resultant boron water complexes still remain 
unknown to date. Previous theoretical calculations predict 
that the B7 heptagons on metallo-borospherenes M&B40 can 
adsorb H2O molecules and the quasi-planar B36 maintains 
its original quasi-planar configuration after H2O adsorp-
tion [16, 17]. Our group predicted in 2025 the possibility 
of a series of the endohedral borafullerenes X@B32C36 (X 
= CH4, BH4

−, H2O, and NH3) analogous to the experimen-
tally observed endohedral H2O@C60 [18] and proposed the 
concept of boron bonds (BBs) in chemistry which is defined 
as the in-phase LP(A:)-LV(B) orbital overlap between an 
electronegative atom A (A = O or N, here) as lone-pair (LP) 
σ-donor and an electron-deficient B atom with a lone vacant 
(LV) orbital as LP σ-acceptor [19]. However, direct experi-
mental or joint experimental and theoretical investigations 
on LP(A:)-LV(B) boron bonds in boron-based complexes 
still remain elusive to date.

Joint TOF mass spectrum and first-principles theory 
investigations performed in this work indicate that the 
previously experimentally observed magic-number planar 
C2v B13

+ can react with H2O at room temperature to form 
a series of aromatic boron water complexes C1 B13(H2O)+ 
(1), C2 B13(H2O)2

+ (2), and C1 B12H(H2O)+ (3) analogous 
to benzene, with B13(H2O)+ as the primary product. These 
novel boron water complexes exhibit effective in-phase 
LP(H2O:)→LV(B) orbital overlaps between the electroneg-
ative atom O in H2O as LP σ-donor and periphery electron-
deficient B atoms in B13

+ (B3@B10
+) and B12H+ (B3@B9H+) 

with LV orbitals as LP σ-acceptors, evidencing the existence 
of LP(H2O:)-LV(B) boron bonds for the first time in boron 
water complexes.

Methods

Experimental Methods

A homemade reflection time-of-flight mass spectrom-
eter (TOF-MS) equipped with a laser ablation ion source 
[20, 21], a quadrupole mass filter (QMF) [22], and a lin-
ear ion trap (LIT) reactor [23] was used in this work, as 
schematically illustrated in Fig. S1. Gas-phase boron cluster 
monocations (Bn

+) were prepared by laser ablation of a con-
stantly translating and rotating pure 11B isotope target (99% 
enriched), with 6 atm helium (He) introduced in as a carrier 
gas. Vaporization of the boron target was realized using a 
532 nm pulsed laser (second harmonic of Nd3+: yttrium alu-
minum garnet), with a single-pulse energy of 3-5 mJ and at 
a frequency of 10 Hz. Under these conditions, bare boron 
cluster monocations (Bn

+) were generated and size-selected 
by QMF. The size-selected magic-number B13

+ clusters 
were filtered by QMF and led into the LIT reactor. Con-
strained within LIT, the B13

+ monocations were cooled to 
room temperature by collision with a pulsed cooling gas of 
2 Pa He for 2 ms and subsequently reacted with a pulsed 
injection of a reaction gas of 190 mPa He (99.99% enriched) 
which contains trace amounts of water impurities. B13

+ 
reacted with H2O impurities in the He reaction gas in LIT 
for the reaction time of tr = 30 ms. Ultimately, the resultant 
product monocations were ejected from the LIT and mass-
detected and analyzed by TOF-MS.

Theoretical Methods

Optimized structures of the observed boron water com-
plexes B13(H2O)+ (1), B13(H2O)2

+(2), and B12H(H2O)+ (3) 
are depicted in Fig. 2 at the hybrid PBE0 density functional 
theory level [24] with the 6-311+G(d,p) basis set combined 
with D3 van der Waals corrections implanted in Gaussian 
16 program [25–27], with the corresponding intermedi-
ates (IMs) and transition states (TSs) collectively shown 
on the their chemisorption pathways in Fig. 3. Vibrational 
frequency checks were performed to make ensure that all 
IMs and TSs are the true minima and transition state of the 
systems, respectively. The relative energies were further 
refined by single-point calculations at the CCSD(T)/6-
311+G(d,p) level [28–30], with the small diagnostic factors 
of T1 = 0.010-0.025. Born-Oppenheimer molecular dynam-
ics (BOMD) simulation was performed on C1 B13(H2O)+ 
(1), C2 B13(H2O)2

+ (2) and C1 B12H(H2O)+ (3) at 300 K for 
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50 picoseconds using the CP2K program [31–33] to check 
the dynamic stability of the concerned complexes, with 
the GTH-PBE pseudopotential and the DZVP-MOLOPT-
SR-GTH basis set used for boron, oxygen, and hydrogen. 
Intrinsic reaction coordinates (IRC) were calculated at 
PBE0-D3/6-311+G(d,p) to ensure that each transition state 
is linked to two appropriate intermediates [34, 35]. Detailed 
adaptive natural density partitioning (AdNDP) bonding pat-
tern analyses were performed at PBE0/6-31G(d) on the con-
cerned species [36]. Energy decomposition analyses with 
natural orbitals for chemical valence (EDA-NOCV) [37–
39] were carried out utilizing the ADF 2022 package [40] 
at PBE0/TZ2P-ZORA level [41–43]. Non-covalent interac-
tions reduced density gradient (NCI-RDG) analyses were 
performed to explore the bonding nature and identify the 
types of the non-covalent interactions using the Multiwfn 
program [44–46]. The bonding analysis, orbitals and RDG 
isosurfaces were visualized using the VMD software [47].

Results and discussion

Chemisorption Experiments

Previous gas-phase experiments indicated that B13
+ is inert 

towards He, but reactive with H2O [13]. Figure 1 shows the 
TOF mass spectrum of the size-selected B13

+ reacting with 
trace amount of H2O in the He reaction gas. The background 
TOF mass spectrum in Fig. 1(a) with a pulsed 2 Pa cool-
ing He gas for 2 ms in the LIT shows a strong B13

+ mass 
intensity at m/z = 143 and a weak B13(H2O)+ peak at m/z 
= 161 due to the trace amounts of H2O in the carrier gas. 
When the 190 mPa reaction gas was introduced into the LIT 
reactor with the reaction time of tr = 30 ms after He cooling, 
four product signals are observed in the mass spectrum in 
Fig. 1(b): one effectively enhanced signal at m/z = 161 cor-
responding to B13(H2O)+, two weak peaks at m/z = 133 and 
151 corresponding to B12H+ and B12H(H2O)+, respectively, 
and one weak but discernible signal at m/z = 179 evidenc-
ing the appearance of the bi-H2O-chemisorption product 
B13(H2O)2

+. The experimental results observed above indi-
cate that B13

+ can react with H2O to produce B13(H2O)+, 
B13(H2O)2

+, B12H+ and B12H(H2O)+ spontaneously in 

Fig. 1  (a) Background TOF mass spectrum of 
the mass-selected B13

+ in He colling gas and (b) 
Measured TOF mass spectrum for the reactions 
of mass-selected B13

+ with H2O impurities in He 
reaction gas after He colling, with the mass signal 
of B13(H2O)2

+ enlarged by 15 times. The cooling 
time is 2 ms and reaction time is 30 ms, with the 
reaction gas (He) pressure of 190 mPa
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also favors to be chemisorbed molecularly at a tricoordinate 
periphery B atom in B13(H2O)+ (1) to produce the axially 
chiral C2 B13(H2O)2

+ (2) which is found to be 0.15 eV more 
stable than the second lowest-lying isomer (2b) at CCSD(T) 
(Fig. S2(b)). The H2O ligand in C1 B12H(H2O)+ (3) gener-
ated from reaction (4) is also chemisorbed to a tricoordinate 
periphery B atom of the quasi-planar B12 core next to the 
terminal H. Detailed natural atomic charge and electrostatic 
potential surface analyses in Fig. S3 indicate that the most 
reactive sites in C2v B13

+ and C1B12H(H2O)+ towards H2O 
possess the highest natural atomic charges on the B10 and B9 
outer rings to produce C1 B13(H2O)+ (1) and C1 B12H(H2O)+ 
(3), respectively, while, as shown in Fig. S2, the second H2O 
ligand in the axially chiral C2 B13(H2O)2

+ (2) is adsorbed 
onto the second most electron-depleted periphery B atom 
which appears to be 0.28 eV and 0.38 eV more stable than 
the sixth isomer C1 B13(H2O)2

+ (2g) and seventh isomer C1 
B13(H2O)2

+ (2i) at CCSD(T) level, respectively, possibly 
due to sterical effects. H2O molecules adsorbed on the sur-
face rather than on the edges of B13 and B12 cores prove to 
be obviously less favorable thermodynamically, as shown in 
Fig. S2 in the cases of 1c, 2l, and 4h.

Extensive BOMD simulations in Fig. S4 indicate that, 
with the small calculated root mean square deviations of 
RMSD = 0.05, 0.05 and 0.05 Å and maximum bond length 
deviations of MAXD = 0.13, 0.15 and 0.12Å, respec-
tively, the experimentally observed boron water complexes 
B13(H2O)+ (1), B13(H2O)2

+ (2), and B12H(H2O)+ (3) are all 
dynamically stable at 300 K. No chemical bond breakages, 
structural distortions, or more stable low-lying isomers 
were observed during BOMD simulations in 50 ps at room 
temperature.

Chemisorption Pathways

The optimized chemisorption pathways and potential 
energy profiles of the experimentally observed B13(H2O)+ 
(1), B13(H2O)2

+ (2), and B12H(H2O)+ (3) boron water com-
plexes with respect to reactions (1), (2), and (4) are collec-
tively shown in Fig. 3, respectively, with the intermediate 
and transition-state structures optimized at PBE0 and their 

the following four reactions under ambient conditions, 
respectively,

B13
+ + H2O → B13(H2O)+ (1) ∆ E = −1.34 eV

B13(H2O)+ + H2O → B13(H2O)2
+ (2) ∆ E = −1.29 eV

B13
+ + H2O → B12H+ + HBO (3) ∆ E = −1.33 eV

B12H+ + H2O → B12H(H2O)+ (4) ∆ E = −1.69 eV

The negative calculated exothermicities of ∆E= −1.34, 
−1.29, −1.33, and −1.69 eV for reactions (1), (2), (3), and 
(4) at CCSD(T) level, respectively, indicate that the four 
observed products are all favorable in thermodynamics. Fur-
ther analyses show that the H2O-chemisorption reaction (1) 
and H2O-activation reaction (3) have the comparable exo-
thermicities of ∆E= −1.34 and −1.33 eV, respectively, con-
sistent with the coexistence of both B13(H2O)+ and B12H+ 
signals in the mass spectrum of the system in Fig.  1(b), 
with the former being partially converted to B13(H2O)2

+ by 
chemisorption of the second H2O through reaction (2) with 
the exothermicity of ∆E = −1.29 eV, while the latter being 
mostly converted to B12H(H2O)+ via the chemisorption 
reaction (4) which has the largest calculated ∆E = −1.69 eV 
at CCSD(T) in the series.

Optimized Structures

Figure 2 depicts the optimized structures of C1 B13(H2O)+ 
(1), C2 B13(H2O)2

+ (2), C1 B12H(H2O)+ (3), and C1 B12H+ 
(4) at PBE0-D3/6-311+G(d,p) which all prove to be true 
minima of the systems with the smallest calculated vibration 
frequencies of 67.14, 69.42, 91.30, and 136.59 cm−1, respec-
tively. With the large calculated HOMO-LUMO energy 
gaps of ΔEgap = 3.32, 3.50, 3.46 eV, and 3.68 eV respec-
tively, these observed species all appear to be chemically 
stable in thermodynamics at room temperatures. More alter-
native low-lying isomers with a chemisorbed H2O ligand 
are collectively shown in Fig. S2, with the relative energies 
indicated in eV at CCSD(T). As shown in Fig. 2 and Fig. 
S2(a), the first H2O coordinates the B13

+ (B3@B10
+) core at 

a tricoordinate periphery B atom in the outer B10 ring, form-
ing the most stable isomer C1 B13(H2O)+ (1) which lies 0.09 
eV more stable than Cs B13(H2O)+ (1b). The second H2O 

Fig. 2  Optimized structures of the experimentally observed C1 B13(H2O)+ (1), C2 B13(H2O)2
+ (2), C1 B12H(H2O)+ (3), and C1 B12H+ (4) at PBE0-

D3/6-311+G(d,p) level
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relative Gibbs free energies indicated at CCSD(T) level 
with entropy effects considered. As shown in Fig. 3a and 
Fig. S5(a), the more electronegative O atom in H2O ligand 
is chemisorbed onto a tricoordinate periphery B atom in the 
B13

+ core in a barrierless process, resulting in C1 B13(H2O)+ 
(1) with the chemisorption energy of 0.76 eV. However, 
activation of the H2O ligand in B13(H2O)+ (1) to form the 
transition state TS1/2 requires to overcome an energy bar-
rier of +0.44 eV to produce IM2 which contains a H termi-
nal and an OH

group around the B13
+ core (Fig. 3a), indicating that B13

+ 
cannot activate H2O under ambient condition to form IM2. 
The mass peak observed at m/z = 161 in Fig. 1(b) therefore 
corresponds to the H2O-chemisorption product of B13(H2O)+ 
(1). Similarly, B13(H2O)2

+ (2) can also be formed from 
B13(H2O)+ (1) in a barrier-less process (Fig. S5(b)), while, 
as shown in Fig. 3(b), activation of the second H2O ligand 
in B13(H2O)2

+ (2) with a chemisorption energy of 0.61 eV 
encounters an energy barrier of +0.54 eV at TS3/4 to form 
IM4. B13(H2O)2

+ (2) thus represents the mass peak at m/z 
= 179. As shown in Fig. 3c, activation of the H2O ligand in 
B12H(H2O)+ (3) encounters an energy barrier of +0.15 eV at 
TS5/6 to produce IM6, the mass signal at m/z = 151 should 
therefore originate from B12H(H2O)+ (3). These results 
show that the H2O ligands in B13(H2O)+ (1), B13(H2O)2

+ (2), 
and B12H(H2O)+ (3) are all molecularly chemisorbed to the 
quasi-planar B13 or B12 moieties. No H2O activations are 
kinetically favorable in these boron water complexes.

Bonding Pattern Analyses

To better comprehend the high stability of the observed spe-
cies, detailed AdNDP bonding analyses are performed on 
B13(H2O)+ (1), B13(H2O)2

+ (2), B12H(H2O)+ (3), and B12H+ 
(4) in Fig. 4. Figure 4a shows that B13(H2O)+ (1) possesses 
1 1c-2e lone pair on the O atom in H2O ligand, 1 2c-2e B-O 
σ-bond between the H2O ligand and B13

+ core, 2 2c-2e O-H 
σ-bonds on H2O ligand, 10 2c-2e B-B σ-bonds along the 
B10 outer ring in the B13

+ core, 4 3c-2e, 1 4c-2e, and 1 5c-2e 
σ-bonds on the B13

+ moiety. The remaining six valence 
electrons are completely delocalized in 3 13c-2e delocal-
ized π-bonds over the B13 framework, making B13(H2O)+ 
(1) π-aromatic in nature analogous to benzene C6H6. As 
shown in Fig. 4b, with one more H2O ligand introduced in, 
B13(H2O)2

+ (2) exhibits 2 1c-2e lone pair on two O atoms, 
2 2c-2e B-O σ-bonds between the B13

+ core and two H2O 
ligands, 4 2c-2e O-H σ-bonds on two H2O ligands,10 2c-2e 
B-B σ-bonds along the B10 outer ring, 5 3c-2e and 1 4c-2e 
σ-bonds on the B13

+ core, and 3 13c-2e π-bonds over the 
slightly wrinkled B13

+ core, again rendering π-aromaticity 
and extra stability to the system. Similarly, B12H(H2O)+ 
(3) has 1 1c-2e lone pair on O atom, 2 2c-2e O-H σ-bonds 

Fig. 3  Optimized chemisorption pathways and potential energy profiles 
of (a) C1 B13(H2O)+ (1), (b) C2 B13(H2O)2

+ (2), and (c) C1 B12H(H2O)+ 
(3), with the relative Gibbs free energies indicated in eV at CCSD(T) 
with the entropy effects considered at 298 K
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As shown in Fig. 5(a), the effective σ-donation from the 
HOMO-1 of H2O to LUMO of B13

+ occupies 70.56% of 
the overall orbital interaction between B13

+ and H2O in 
B13(H2O)+ (1). The weak π-donation from the HOMO of 
H2O to LUMO+3 of B13

+, σ-donation from the HOMO-1 
of H2O to LUMO+5 of B13

+, and π-back-donation from 
HOMO-5 of B13

+ to LUMO+3 of H2O contribute 13.56%, 
10.34%, and 5.58% to the overall interaction, respectively. 
Similar in-phase orbital interactions exist in B13(H2O)2

+ (2) 
(Fig. 5(b)) and B12H(H2O)+(3) (Fig. 5(c)), with the domi-
nant σ-donations from the HOMO-1 of H2O to LUMO of 
B13(H2O)+ and from the HOMO-1 of H2O to LUMO of 
B12H+ contribute 73.88% in B13(H2O)2

+ (2) and 70.80% in 
B12H(H2O)+(3), respectively. These σ-donation interactions 
are well reflected in the AdNDP 2c-2e B-O σ-bonds in Fig. 4 
which mainly originate from the in-phase LP(H2O:)→LV(B) 
orbital overlaps between the electronegative O atom in H2O 
as lone-pair (LP) σ-donor and periphery electron-deficient 
B atoms in B13

+ (B3@B10
+) and B12H+ (B3@B9H+) with 

on H2O ligand, 1 2c-2e B-H σ-bond, 1 2c-2e B-O σ-bond, 
8 2c-2e σ-bonds on the B9 outer ring, 6 3c-2e σ bonds on 
the B12 moiety, and more interestingly, 3 12c-2e π-bonds 
totally delocalized over the slightly buckled B12 core (Fig. 
4c), making the monocation π-aromatic in nature analogous 
to benzene. Similar to B12H(H2O)+ (3), the experimentally 
observed B12H+ (4) in Fig. 1b also appears to possess 3 
12c-2e delocalized π-bonds over the B12 moiety (Fig. 4d). 
Thus, all the four species B13(H2O)+ (1), B13(H2O)2

+ (2), 
B12H(H2O)+ (3), and B12H+ (4) observed in experiments are 
π-aromatic in nature analogous to benzene C6H6.

Boron Bonds Analyses

Detailed EDA-NOCV analyses in Fig. 5 and Table S1 reveal 
the coordination bonding patterns in these complexes more 
specifically, with the corresponding deformation densi-
ties ∆ρ and shapes of the most important interacting orbit-
als of the pairwise orbital interactions extracted in Fig. 5. 

Fig. 4  AdNDP bonding patterns of (a) B13(H2O)+ (1), (b) B13(H2O)2
+ (2), (c) B12H(H2O)+ (3), and (d) B12H+ (4), with the occupation numbers 

(ON) indicated
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an even better separated blue spike 1 with a small negative 
sign(λ2)ρ = −0.105 a.u. in Fig. 6(b) which corresponds to 
the color-filled blue isosurfaces between the two equivalent 
H2O ligands and B13

+ core in Fig. 6(b´), again confirming 
the existence of LP(H2O:)→LV(B) boron bond in the com-
plex system. The blue spike with a slightly more negative 
sign(λ2)ρ = −0.125 a.u. in B12H(H2O)+ (3) also corresponds 
to the isosurface between B12H+ and H2O in Fig. 6(c'). The 
blue spikes between sin(λ2)ρ = −0.105 ~ −0.125 a.u. in Fig. 5 
thus well support the existence of LP(H2O:)→LV(B) boron 
bonds in these experimentally observed boron water com-
plexes. These LP(H2O:)→LV(B) boron bonds which pos-
sess about 15 ~ 20% of the dissociation energy of a typical 
O–B covalent bond appear to be much stronger than both 
typical hydrogen bonds (HBs) and halogen bonds (XBs), 
with the latter possessing obviously smaller negative sin(λ2)
ρ values [48, 49] than the former.

Conclusion

Combined experimental and theoretical investigations per-
formed in this work show that the perfect planar C2v B13

+ 
can react with H2O in gas phase to form a series of quasi-
planar aromatic boron water complexes C1 B13(H2O)+ (1), 
C2 B13(H2O)2

+ (2), and C1 B12H(H2O)+ (3) analogous to 
benzene, evidencing the existence of LP(H2O:)→LV(B) 
boron bonds in chemistry which occupy about 15 ~ 20% 
of the dissociation energy of a typical O–B covalent bond. 

lone vacant (LV) orbitals as LP σ-acceptors. As shown in 
Fig. 5(b) and Fig. 5(c), weak π-donation, σ-donation, and 
π-back-donation also exist in both B13(H2O)2

+ (2) and 
B12H(H2O)+(3). With the bond dissociation energies of 
1.34, 1.29, 1.69 eV in B13(H2O)+ (1), B13(H2O)2

+ (2), and 
B12H(H2O)+ (3) at CCSD(T), respectively, the LP(H2O:)-
LV(B) interactions in these boron water complexes occupy 
only 16.0%, 15.4%, and 20.2% of the bond dissociation 
energy (8.35 eV) of a typical O–B covalent bond, indicat-
ing the existence of the newly proposed boron bonds [19] 
in these experimentally observed boron water complexes.

The NCI-RDG approach which enables the weak inter-
actions to be graphically visualized has been widely used 
to identify the types of weak interactions in concerned sys-
tems. Johnson et al. developed the reduced density gradi-
ent (RDG) approach and defined RDG(r) in the following 
equation [44]:

RDG(r) = 1|∇ρ (r) |
2(3π2)

1
3 ρ(r)

4
3

Figure 6 shows the detailed RDG~sin(λ2)ρ plots and color-
filled RDG isosurfaces of C1 B13(H2O)+ (1), C2 B13(H2O)2

+ 
(2), and B12H(H2O)+ (3). The blue spike 1 around sin(λ2)ρ ≈ 
−0.122 a.u. for B13(H2O)+ (1) in Fig. 6(a) corresponds to the 
color-filled blue RDG isosurface 1 between H2O and B13

+ in 
Fig. 6(a'), indicating the existence of the LP(H2O:)→LV(B) 
boron bond between the O atom in H2O and a tricoordi-
nate B atom in B13

+ core, while C2 B13(H2O)2
+ (2) exhibits 

Fig. 5  Plots of the deformation densities Δρ and shapes of the interact-
ing orbitals of the pairwise orbital interactions between (a) B13

+ and 
H2O in C1 B13(H2O)+ (1), (b) B13(H2O)+ and H2O in C2 B13(H2O)2

+ 
(2), and (c) B12H+ and H2O in C1 B12H(H2O)+ (3), with the orbital 

interaction energies ΔEorb in kcal·mol−1 and their percentage contribu-
tions to the overall orbital interactions indicated. The color code of the 
charge flow is from red to blue
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