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A fundamental understanding of cyclodextrin-c/loso-dodecaborate inclusion complexes has
become of great interest in supramolecular chemistry. Herein, we report a systematic
investigation on the electronic structure and intramolecular interactions of perhalogenated
closo-dodecaborate dianions B,X,>" (X=F, Cl, Br and I) binding to a-, -, and y-cyclodextrins
(CDs) in the gas phase using combined negative ion photoelectron spectroscopy (NIPES) and
density functional theory (DFT) calculations. The vertical detachment energy (VDE) of each
complex and electronic stabilization of each dianion due to the CD binding (AVDE, relative to
the corresponding isolated B1,X,%") are determined from the experiments along a-, B-, y-CD
in the form of VDE (AVDE): 4.00 (2.10), 4.33 (2.43), 4.30 (2.40) eV in X = F; 4.09 (1.14),
4.64 (1.69),4.69 (1.74) eV in X = Cl; 4.11 (0.91), 4.58 (1.38), 4.70 (1.50) eV in X = Br; and
3.54 (0.74), 3.88 (1.08), 4.05 (1.25) eV in X = I, respectively. All complexes have significant
higher VDEs than the corresponding isolated dodecaborate dianions with the AVDE spanning
from 0.74 eV at (a, I) to 2.43 eV at (B, F), sensitive to both host CD size and guest substituent
X. DFT optimized complex structures exhibit that all B;,X;,>" prefer binding to the wide
openings of CDs with the insertion depth and binding motif strongly dependent on the CD size
and halogen X. Dodecaborate anions with heavy halogens, i.e. X = Cl, Br, I, are found outside
of a-CD, while B1,F1,>" is completely wrapped by y-CD. Partial embedment of B1,X;,%" into
CDs are observed for the other complexes via multi-pronged B-X:---H-O/C interlocking
patterns. The simulated spectra based on density of states agree well with the experiments and
the calculated VDEs well reproduce the experimental trends. Molecular orbital analyses
suggest that the spectral features at low binding energies originated from electrons detached
from the dodecaborate dianion, while those at higher binding energies derived from electron
detachment from CDs. Energy decomposition analyses reveal the electrostatic interaction plays
a dominating role in contributing to the host-guest interactions for the X = F series partially
due to the formation of O/C-H:--X-B hydrogen bonding network, and the dispersion forces

gradually become important with the increase of halogen size.
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The closo-dodecaborate dianion B,H1,>~ and halogenated derivatives B;,X,>” (X =H, F-
I) belong to the most well-known boron-based molecules with exceptionally high electronic
and structural stability.!-3 These compounds and their derivatives have attracted increasing
research interest due to their importance in numerous applications including those in medical
diagnosis and cancer treatment,*¢ in stabilizing reactive cations,”!? in catalysis,'>!* and in
designing optoelectronic materials.!> A fundamental understanding of molecular interactions
and noncovalent binding of B,X;,?~ with various host molecules may contribute to develop
efficient delivery reagents into targeted cells (relevant for medical applications including
boron-based neutron capture therapy (BNCT) of cancer),'®!” and have recently gained
significant attention as well. Nau and coworkers observed strong affinities of dodecaborate
clusters binding to y-cyclodextrin (CD) in aqueous solution using 'H NMR spectroscopy. The
driving force for such strong bindings of the charged guests to CD cavities was attributed to
the superchaotropic effect,'®!® in which hydrophobic binding pockets of CDs preferentially
interact with chaotropic dodecaborates in solutions. The intrinsic intermolecular interactions
between dianionic halogenated B;X1,>" (X = F-I), macropolyhedral boron hydrides and
several neutral organic receptors including tetrathiafulvalene (TTF)- and CD-based hosts have
been studied in the gas phase using electrospray ionization mass spectrometry.!7-20-21

Very recently, we reported a joint negative ion photoelectron spectroscopy (NIPES) and

Published on 26 April 2021. Downloaded by PNNL Technica Library on 4/26/2021 5:24:17 PM.

computational study on the electronic structures of CDs'B1,X,>” (X = H, F) complexes in the
gas phase. Strong electronic stabilization effect was observed due to the formation of
B-H:--H-O dihydrogen bonds in CDs-Bj,H;,?~ and B-F---H-O/C traditional hydrogen bonding
in CDs'B1,F,>".22 In this work, we present NIPES study of nine CDs'B,X;,> (a-, B-, y-CD;
X = Cl, Br and I) complexes, whose structures are theoretically modeled by inserting B1,X,%~
into the wide openings of CD cavities. To provide a comprehensive and consistent analysis,
the previous experimental results on isolated B;»X;,>" dianions (X = F-1)? and CDs*B,F 5>
complexes?? are also included, but recalculated at the same level of theory used for those
CDs'B12X 1,2~ of heavier halogens. The calculated vertical detachment energies (VDEs) and

simulated NIPE spectra based on density of states (DOS) of Kohn-Sham orbital energy levels
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agree very well with the experiments. Subsequent intermolecular interaction analyses betWween-Poiisir

CDs and B1,X,? are performed based on symmetry-adapted perturbation theory (SAPT) and
canonical energy decomposition analysis (EDA) formalisms, unravelling detailed component-
specific (i.e. electrostatic, induction, dispersion, and repulsion) contributions. This work thus
completes a comprehensive molecular-level investigation about the direct intermolecular
interactions of CDs with B;X;,>" along the matrix of three different sized CDs and four
different perhalogenated dodecaborates without the perturbation of other solvent molecules,
providing deep insights into their electronic structures and revealing their molecular properties

strongly dependent on the combination of halogen X and CD size.

Experimental Section

The NIPES experiments were carried out using an apparatus consisting of an electrospray
ionization source, a cryogenic ion trap and a magnetic bottle time-of-flight photoelectron
spectrometer.?> The CDs'B,Cl,>” and CDs'B,Br;;2~ complex anions were produced by
spraying 0.1 mM mixture solutions prepared by blending the aqueous corresponding sodium
salts and CDs solutions with a 3:1 ratio, then diluted 3 times in CH;OH. Because of the
extremely low solubility of the organic (EtsNH),B1,1;; salt in H,O, CDs-B,I;,?~ were produced
by spraying 0.1 mM methanolic solution of (Et;NH),B,1;, added with aqueous CD solutions
in 3:1 ratio. All CDs'B,X,%>" dianions generated were guided by two rf-only quadrupoles and
a 90" ion bender into the cryogenic ion trap, where they were accumulated and cooled for 20-
100ms by collisions with cold buffer gas (20% H,; balanced in helium) at 20 K, before being

pulsed out to the extraction zone of a TOF mass spectrometer. Such a cooling process reduces

the influence of hot bands with the appearance of improvement of the spectral energy resolution.

For each NIPES experiment, the targeted CDs-B1,X %>~ complexes were mass selected and
maximally decelerated before being photodetached by 157nm (7.866 ¢V) photons from an F2
excimer laser. The laser was operated at a 20 Hz repetition rate with the ion beam off at
alternating laser shots enabling shot-by-shot background subtraction. Photoelectrons were
collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 5.2 m long

calibrated electron flight tube with 2% energy resolution (i.e., ~20 meV for 1 eV kinetic energy

4
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electrons). The used [B1,X;;]* dianions (X = F-I) were prepared according to procedures/ancroiisir
the literature.?*2° For generation of the corresponding sodium salts the triethylammonium salts
were reacted with sodium hydroxide followed by the removal of evolving triethylamine at

elevated temperature in vacuo.

Computational Details

Due to the complexity of interactions between neutral CD hosts and anionic B;X,>"
guests and expected plethora of conformers, an optimization strategy combining a global semi-
empirical quantum mechanical method and density functional theory was adopted to ensure the
most stable structures being obtained. Initially, more than one hundred of molecular
configurations were generated using Molclus,?” followed by semi-empirical optimization at the
PM6-D3H428-29 level using the MOPAC program.3® Thirty lowest-lying structures were thus
obtained according to their energy levels and re-optimized using more accurate DFT method
at the M06-2X31-D3/def2-SVP3233 level with Grimme’s popular D3 correction employed for
the reliable treatment of dispersion interactions.?* The subsequent single point (SP) energies at
the level of M06-2X-D3/ma-TZVP323333:36 were carried out to ensure the lowest-lying
structures. Those lowest-lying structures were re-optimized at the M06-2X-D3/TZVP37-3 [evel.
The quasi-relativistic energy-adjusted ab initio Stuttgart pseudopotentials (ECP46MWB)

included in TZVP basis and the fully relativistic small-core Stuttgart pseudopotentials

Published on 26 April 2021. Downloaded by PNNL Technica Library on 4/26/2021 5:24:17 PM.

(ECP280ldMDF) included in ma-TZVP basis were employed for atomic iodine (I),
respectively. The theoretical VDEs were computed as the SP M06-2X-D3/ma-TZVP energy
differences between CDs'B1,X;,” and corresponding CDs-B1,X 5?7, both at the optimized
dianion geometries. The M06-2X functional has been shown as one of the top performers for
main group thermochemistry, kinetics and non-covalent interactions,*’ and is thus employed
here. The suitability of the current theoretical method is confirmed by comparing the
experimental and M06-2X calculated VDEs with an acceptable mean average deviation of 0.13
eV. Note that the combination of basis sets employed herein (TZVP for geometry optimization
and ma-TZVP for SP calculation) is different from that used in our previous work of

CDs'B;xX 2" (X = H, F) (6-311G(d,p) for geometry optimization and 6-311+G(d,p) for SP
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calculation)?> with the current one showing overall better accuracy (see TableoSb).osPhecroiisir

intermolecular binding energies (BEs) between B1,X;,>  and CDs were calculated as the energy
differences between the complexes and unrelaxed CDs and B,X,2", based on the optimized
CDs'B2X,2” geometries including the basis set superposition error (BSSE) correction using
the Boys and Bernardi counterpoise method.#! The DOS of Kohn-Sham orbital energy levels
of CDs'B,X,> complexes were used to simulate theoretical photoelectron spectra. Element-
based partial DOS simulations were calculated by Hirshfeld partition method, where Hirshfeld
weighting of an atom wg¢om(r) was used for decomposing orbital into fragment composition
based on the atomic densities of all atoms in specific fragment, the composition of fragment 4
in orbital i is the sum of compositions of the atoms (J@?(r)wgzom(r)dr X 100%) belong to
the fragment.*>*3 The symmetry-adapted perturbation theory (SAPT)* at the exchange-scaled
SAPTO (sSAPT0)*-47/jun-cc-pVDZ(-pp)***° level is further applied to decompose the BE into
four physically meaningful components, i.e., electrostatic, induction, dispersion and exchange-
repulsion contribution using PSI4 code.’® Complementarily, the canonical energy
decomposition analysis (EDA) using a Morokuma-Ziegler-type energy decomposition scheme
was performed at the B3LYP>'-D3(BJ)/TZ2P level using ADF software.3?>3 The definition of
interaction energy in EDA is slightly different from that of SAPT, and consists of three
physically meaningful terms, including classical electrostatic, orbital interaction and Pauli
repulsion. Note that empirical dispersion was included into the interaction energy as introduced
by Grimme and co-workers.3#>* The independent gradient model (IGM), widely utilized in the
analyses of intra-/intermolecular weak interactions in biology and chemistry,>>>¢ was
employed to intuitively display the non-covalent interaction in the molecular complexes
investigated here. The highest occupied molecular orbitals (HOMO), electrostatic potential
maps, and restrained electrostatic potential (RESP) charges were generated by the Multiwtn
code® and the corresponding isosurfaces were rendered by the VMD program.>” All DFT M06-
2X calculations and natural population analysis (NPA) charges were carried out using the
Gaussian 16 software.’® The topology of the electron density was examined in the frame of a

Quantum Theory of Atoms In Molecules (QTAIM)> analysis with the Multiwfn program.*3
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RESULTS AND DISCUSSION DOI: 10.1039/D1CP01131F

NIPE spectra of CDs B ;X%

a-CD B-CD y-CD

B,F ;>

B,,Cl,,*"

2_
B,;Br,,

B,,1,,7

Electron Binding Energies (eV)

Fig. 1 The 20K NIPE spectra of yCD B, X% (¥ = o~, B-, y-; X = F, Cl, Br, and I) measured
with 157 nm photons. The measured spectra for the X=F series are adapted from reference 2.
The gray dotted and dashed lines designate the spectral EBE positions from which the ADEs

and VDE:s are determined, respectively.

Fig. 1 shows the 20 K 157 nm NIPE spectra for a complete series of xCD-B1,X %>~ (x =
a-, B-, y-; X = F, Cl, Br, and I). The electron binding energies (EBEs) of CDs'B»X ;%
complexes are significantly larger than the corresponding isolated Bj,X,>", indicating strong

electronic stabilization of B,X,> upon complex formation with CDs, but to a varying degree.
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The experimental adiabatic detachment energies (ADEs) were estimated from the: speettal-roiisir
onset threshold, while the vertical detachment energies (VDEs) were measured from the
spectral peak of the first resolved band, as indicated by the gray dotted and dashed lines,
respectively in Fig. 1. As listed in Table 1, the ADEs are consistently smaller than the
corresponding VDEs, by 0.4, 0.4, 0.3, and 0.2 eV on average for X = F, Cl, Br, and I,
respectively. For a given X, the VDE increases from a- to - and y-CD; while for given CD,
the VDE noticeably increases from X = F to X = CI, Br, followed by appreciable decrease at
X =1 (Fig. 2a), similar to the VDE trend of isolated B;,X;,2". The largest binding stabilization
is observed for the fluorine series for all CDs. The measured VDEs of B-CD-B»X;,>" and y-
CD'B,X ;2" are close to each other and both larger than those of a-CD-B,X;,2” by 0.47 eV
on average. The highest VDE measured among all 12 complexes amounts to 4.70 eV for y-
CD'B,Br},?, a value that is exceptionally high in the context of gaseous multiply charged
anions but still 1 eV lower than the VDE of the record holder — isolated [Bi2(CN)2]*
dianion.®® The VDE increases of CDsB1,X,%>~ with respect to the isolated dodecaborate anions,

i.e., AVDEs, are largest for X =F, and gradually decrease with the increase in halide size (Fig.

2¢).
(a) (b) (e)
55 50 3.0
— @ o-CD ® DFT
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Fig. 2 (a) Experimental (filled circles) and calculated (semi-solid circles) VDEs of isolated
B12X1,2” dodecdaborate anions and CDs'B;X,?" complexes (X = F — I); (b) Calculated

binding energies of CDs'B1,X %" at the levels of M06-2X-D3/ma-TZVP (solid circles),
sSAPTO/jun-cc-pVDZ(-pp) (open circles), and B3LYP-D3(BJ)/TZ2P (EDA) (stars); (c)
Experimental AVDEs determined as VDE differences between CDs'B,X;,>” and the

corresponding isolated B, X 52"
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Table 1 (a) Experimental adiabatic / vertical detachment energies (ADEs / VDEs), and
calculated VDEs of CDs'B,X1,> (X = F — I); (b) Binding energies (BEs) of CDs'B,X,>"
calculated at the MO06-2X-D3/ma-TZVP, sSAPTO/jun-cc-pVDZ(-pp), and B3LYP-
D3(BJ)/TZ2P (EDA) levels of theory. All energies are in eV.

(a)

BoF 2% B,Clyn% B,Br> Bolp?

Expt.2 Calc. Expt.2 Calc. Expt.® Calc. Expt.2 Calc.

(1.70)1.90 225  (2.77)2.95° 327  (2.98)320° 347  (2.75)2.80>  3.08
a-CD  (3.60)4.00¢ 3.89  (3.75)4.09 424  (3.80)4.11 432  (3.35)3.54  3.79
B-CD  (3.95)4.33¢ 459  (420)4.64 466  (4.25)458 469  (3.70)3.88  4.14

y-CD  (3.85)4.30° 435  (430)4.69 466 (435470 469  (3.90)4.05  4.10

a Experimental (ADE) VDE with 0.1 eV uncertainty for all complexes; ® from reference 2; ©
from reference 2.

(b)

BE BioF > B1,Cl* B,Br»* Boln*

M062X SAPTO EDA MO062X SAPTO EDA M062X SAPTO EDA MO062X SAPTO EDA

a-CD  3.16 3.01 335 225 2.08 228 2.09 191 226 229 1.99 255
B-CD  4.60 437 460 3.61 340 3.62  3.50 328 3.67 3.46 324 385

y-CD  4.24 4.16 437  3.69 345 382  3.56 337 395 332 3.09 3.1

Low-lying structures and energetics of CDs-B;,X;,2~ complexes

Table 2 Calculated penetrating distance (P index) between CDs and B,X > (X =F — 1)

P index /A BioF1p? B12Clyp% B1oBr?” Biol?”
a-CD -1.96 -3.26 -3.79 -4.18
B-CD -0.02 -1.88 -2.23 -3.06
v-CD 2.34 -0.75 -1.15 -1.76

3see Fig. S1 for P index definition.
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Bl > DOI: 10.1039/D1CPO1131F

Side
view

Top
view

Side

view

Top
view

Side
view

y-CD

Top
view

Fig. 3 M062X-D3/TZVP optimized structures of CDs'B,X ;%" (X = F — I) with side and top

views. Pink, green, yellow, brown, magenta, silver, red, and white balls denote boron (B),
fluorine (F), chlorine (Cl), bromine (Br), iodine (I), carbon (C), oxygen (O), hydrogen (H)

atoms, respectively.

The complexity of the systems studied here demands three questions to be first answered
before conducting full theoretical investigations: 1) which opening of CDs that B1,X;,? prefers

to bind to; 2) what kind of basis set is sufficient to depict the complex structures; and 3) which

10
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DFT functional performs well with respect to the experimental results? Our M06-2X-DB3/mawcroiisir
TZVP calculations for -CD-B,F ;% show that the dodecaborate anion prefers interacting with
the wide opening of B-CD (4.9 kcal/mol more stable, Table S2). Noticeable conformation
changes were seen by increasing the basis set from def2-SVP to TZVP for M06-2X-D3
optimizations (Fig. S2). Further increasing basis set from TZVP to def2TZVPP, however,
results in marginal structural variations (Fig. S3). Optimized geometries obtained using three
different functionals, i.e., PBE0+GD3BJ, B3LYP+GD3BJ, M06-2X-D3, all with TZVP basis
set lead to very similar structures (Fig. S4). The structural differences have minor effect on the
calculated VDEs done with a particular functional (e.g. M06-2X-D3/ma-TZVP level (Table
S3)). However, the VDE calculated with the different methods on the same geometry shows
strong deviations — both B3LYP and PBEO underestimate the VDEs compared to the
experimental values, while M06-2X gives relatively the best results (Table S4, S5). Therefore,
in the following sections, we present computational results based on M06-2X-D3/TZVP
optimization and SP M062X-D3/ma-TZVP energy calculations unless otherwise noticed.

Fig. 3 shows the optimized structures of CDs*B,X,?" (X = F-1). Apparently, a-, B- and y-
CD hosts tend to have different binding affinities to halogenated dodecaborate anion guests.
For a-CD, B1,X >~ (X = Cl, Br, 1) cannot penetrate into the o-CD ring but Bj,F,% is partly
embedded. Only for the combination of y-CD and B,F,>", the dianion guest is maximally

penetrated into the host molecule and appears fully “wrapped”, while even for y-CD all larger

Published on 26 April 2021. Downloaded by PNNL Technica Library on 4/26/2021 5:24:17 PM.

B12X ;2 are only partly embedded to varying degrees according to their size. To quantify the
degree of penetration of B1,X;,>~ into the CD opening, we define the penetrating distance (P
index), which was measured as the distance between the best-fit plane (i.e. least-squares plane
defined in Fig. S1) of 2,3-oxygens of the wide opening of CDs and the mass center of B, X 5%~
dianions that have penetrated through the defined plane. As shown in Table 2, the P index
values are ranged from -4.18 to 2.34 A. The P values decrease as the size of halogen atom
increases from a- to y-CD series. The negative P values indicate that these larger dodecaborate
anions suspend above the CDs wide opening at low degree of penetrating. Interestingly, except
for a-CD-B,I,% and y-CD-Bj,F,%, in which B-X bond is approximatively perpendicular to
the CD opening, all other complexes exhibit B1,X,>~ being rotated with respect to CDs in a

fashion that enables multi-pronged interlocking binding motifs that was previously proposed
11
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in binding with C¢F¢Hg.%' Specifically, for a-CD-B,F 2>, B-CD-B,F 52, and B-CD: Byghgbicroiisie

four prongs with two deeply embedded halogen atoms were placed into the cavity; while for
the remaining complexes, three-point interlocking binding motifs driven by the host-guest
fields are formed. As expected, the largest penetrating depth is observed for the y-CD-B,F 2
complex, where the B1,F1,>~ guest is completely wrapped inside the y-CD cage with only the
top and bottom fluorine atoms pointing to the outside.

The BEs between CD and B,X;,?” complexes were calculated using M06-2X-D3/ma-
TZVP, sSAPTO0/jun-cc-pVDZ (jun-cc-pVDZ-pp for I atom) and EDA scheme (Table 1b), all
showing similar trends (Fig. 2b). The fluorine series possesses higher BEs with respect to other
halogen series, particularly, the B-CD-B,F,>” complex has the largest BE (4.60 eV at M06-
2X/ma-TZVP). The smallest BE of 2.09 eV is observed for a-CD-B;,Br,>", correlated to the
larger negative penetrating index of -3.79 A. By tuning the halogen series from F to I, the
calculated BEs decrease by 0.87 ~ 1.08 eV for the a-CD series, by 0.98 ~ 1.14 eV for the -
CD series and by 0.54 ~ 0.92 eV for the y-CD series. Alternatively, the BEs increase by 1.02 ~
1.48 eV by replacing the small a-CD with wider B-CD/y-CD, confirming a more significant
stabilization effect of B-CD/y-CD. The differences of experimental VDEs between
CDs'B,X,?” complexes and isolated B|,X,?>” (X =F, Cl, Br and I), i.e., AVDEs show similar
trends as the BEs among different CDs — both values for B-CD/y-CD being substantially larger
than those for a-CD. However, AVDE exhibits a monotonic decrease along the halogen series
for all CDs (Fig. 2¢), different from the corresponding curves for BEs, which display a slight
increase from Br to I for the a-CD series and plateaus from Cl to I for f-CD/y-CD.

It should be noted that for complexes with singly charged ions incorporated in a host, the
experimental AVDEs often match reasonably well with the BEs.?>%2 Here, the absolute AVDE
values of the dianionic complexes (Table S6) are significantly smaller than the calculated BEs.
This is expected because there is still appreciable interaction between CDs and the singly
charged [B1,X,]"" species after photodetachment. The detailed discussions on the connection
and difference between BE and AVDE are given in our previous publications.?>%? In addition,
the second lowest-lying structures for a-CD-B,X;,>" (X = F, Cl, Br, and I) were calculated to

be 1.71 ~ 2.91 kcal/mol higher in energy, and their VDEs were found to be very close to the

12
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most stable structures (Table S7). These results indicate marginal contributions ofbtheseokowicroiisie

lying isomers to the experimental spectra which were taken under low temperature conditions.

a-CD'B,F ;-

a-CD*B,,Cl,, otal

«-CD-B,,Br ;>

— Total
—— Br
—B
— aCD
n M
: - ; e
2 3 4 5 6 7 2 3 4 5 6 7
—— Total
—_—
—B
— aCD
L
T T T T T T T
2 3 4 5 6 7 2 3 4 5 6 7

Electron Binding Energies (eV)

Fig. 4 (Left) Measured (red) and simulated total DOS (black) NIPE spectra of a-CD-B,X/,>~
(X=F, Cl, Brand I). (Right) Simulated stick spectrum for each complex with the HOMO being
shifted to match the experimental VDE. The total DOS and partial DOS (assigned according
to the dominant component in specific occupied MOs) spectra were first obtained by

13
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convoluting each stick with a linewidth of 0.30 eV (full width at half maximum) and unit AE6a oo

Due to the existence of repulsive coulomb barrier (RCB) in photodetaching these dianionic
complexes,53-63 all simulated bands beyond 6 eV are severely suppressed or completely cut off
in the experiments. For X = Br and I, partial DOS curves indicate dominant spectral bands
below 6 eV coming from halides, therefore no intensity adjustment is applied for these two
cases in the simulated DOS. However, for X =F, Cl, different elements are involved in bands
in EBE = 0-6 eV. Considering different ionization cross sections for different elements, the
simulated spectral intensity was manually adjusted for overall better match with the
experimental intensities. For X = F, the intensity due to CD oxygen is scaled up by 1.5 relative
to B and F; while for X = Cl, the intensity due to Cl DOS is scaled up by 4.5 relative to B and
O. The DOS of B-CD and y-CD series based on the same treatment are provided in Fig. S5.

Molecular orbital analyses and spectral simulations

The positions of the bands in photoelectron spectra generally reflect the energy differences
between various electronic states of the final species after ionization relative to the initial
electronic ground state before ionization.®>%¢ Under the Koopmans’ theorem,®’ the negative
eigenvalue of the highest occupied molecular orbital (HOMO) obtained from exact Kohn-Sham
DFT should be a good approximation to the experimental VDE, and the spectral bands at high
EBE correspond to remove electrons from successive deeper occupied MOs if fully ignoring
the orbital relaxation effects. Therefore, we generated the total density of states (DOS) curves
to have direct comparison with the experimental spectra, as shown in Fig. 4 and Fig. S5. Overall,
the simulated DOS spectra show good agreement with the measured spectra for all
CDs'B2X 52" (X = F - I) complexes studied here.

The corresponding contribution of each fragment to the HOMOs of CDs'BxX %"
complexes were calculated as shown in Fig. S7 and listed in Table S8. For a given X, the
HOMO composition of each CD-B,X1,>~ complex is nearly independent of the CD type, and
in fact almost the same as the isolated B;,X;,2". Along the halogen series HOMO composition
varies significantly with X: the contribution from B atoms gradually decrease (75%, 53%, 43%,
and 3%) and the contribution from halogen shell increases accordingly (24%, 46%, 56%, and
96%) for X =F, Cl, Br, and I, respectively. Although the host CD contributes marginally to the
HOMOs of each complex, it destroys the highly icosahedral (I,) symmetry of Bi,X;,%,
resulting in splitting up the original degenerate orbitals (HOMO levels for CDs B,X;,>" are

pseudo-degenerate within ~ 0.14 eV, see Fig. 4 and Fig. S5). Additionally, MO analysis clearly

14
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reveals that high-lying MOs are mainly composed of elements boron and halogensowhilesthe-roiisir
oxygens from CDs largely contribute to the deeper MOs, corresponding to the high EBE
spectral bands. It is also clear that along the halogen series from F to I, the halogen shells play
an increasingly dominant role in contributing to the low EBE bands. Based on the above MO
composition analyses, element-based partial DOS spectra are generated (Fig. 4, right),
illustrating how each element contributes to the observed spectra. It is evident that
progressively more structured spectral features are resolved in the low EBE region from X =
Cl to Br and I, which originates from the fact that these low EBE bands are dominated by
contributions from Br and I elements, both with large spin-orbit coupling splittings.%:6
Furthermore, as shown in Fig. S6, the anisotropic characters of occupied molecular orbitals
and particularly the fact that halides far away from CDs contribute to low EBE bands and the
ones close to CD correspond to high EBE features are the reason for observing more structural
halide-dominant bands in low EBE region.

Both natural population analysis (NPA) and restrained electrostatic potential (RESP)
confirm that the general development of partial charges along the halogen series in B2 X 5%~
is qualitatively the same in the host-guest complex (Fig. S9) as found for the free dodecaborate
dianions,? i.e., along the halogen series from F to I, the halogen shell becomes more positive
and the inner boron region becomes more negative, with the sign of charge for boron core and

halogen shell switched from X = Br to X =I. The combination of HOMO spatial location and

Published on 26 April 2021. Downloaded by PNNL Technica Library on 4/26/2021 5:24:17 PM.

charge distribution suggest the most loosely bound electrons being detached for the complexes
is progressively shifted from the boron core to halogen shell from F to I, in a similar fashion as

for isolated B, X,
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Fig. 5 Components of two different decomposition analysis for CDs'B;,X;,?>~ dianions (X =
F-I) (a) exchange, electrostatic, induction and dispersion terms from SAPT analysis at the
sSAPTO/jun-cc-pVDZ-(pp) level; and (b) Pauli repulsive, electrostatic, orbital interaction, and
dispersion derived from EDA (B3LYP-D3(BJ)/TZ2P) analysis.

Analysis of the nature of intermolecular interactions between CDs and B;X;,2~
The interaction between the CDs and Bj,X;,?~ anions was further investigated using two

different methods (i) symmetry-adapted perturbation theory (SAPT)**70 at the sSSAPTO level,
16
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and (ii) the canonical energy decomposition analysis (EDA).>>>3 Both analyses decompogesthe-roisir
total interaction energies into four physically meaningful components. In both cases the
electrostatic and the dispersion (although using different approaches) are calculated.
Destabilizing exchange interactions are also considered in both methods (SAPT: exchange term,
EDA: Pauli Repulsion). The fourth component, the orbital interaction energy provided by the
EDA, may be considered qualitatively comparable to the SAPT induction term and the
destabilizing Pauli repulsion from the EDA may be compared with the exchange term provided
by the SAPT analysis. Fig. 5 compares the three attractive components electrostatic,
induction/orbital interaction and dispersion interactions, respectively (also listed in Table S9).
The trend for the total binding energies calculated with both methods agree well with the DFT
results at the M06-2X-D3/ma-TZVP level (see Fig. 2b). As shown in Fig. 5, the electrostatic
interaction E. is the most attractive force. Interestingly, compared to a-CD-B,X;,> and y-
CD-B2X 2%, the series of B-CD-B,X,> always possess the largest E values. This is mainly
attributed to the wide opening of B-CD possessing the optimal ring diameter, and such size
matching principle leads to more contact opportunities with the halogen atoms of dodecaborate
dianions and stronger electrostatic interaction. Meanwhile, the largest BE of B-CD-Bi,F 5>~
complex derives from the significant contribution of electrostatics due to the formation of
magnificent hydrogen bonding networks. More C-H---X-B and O-H---X-B acting sites

between F atoms and secondary hydroxyl groups of B-CD are assembled as intuitively revealed

Published on 26 April 2021. Downloaded by PNNL Technica Library on 4/26/2021 5:24:17 PM.

by independent gradient model (IGM) (Fig. S8). To further explore the binding motifs in the
host-guest systems, the numbers of two types of hydrogen bond, (C-H:--X-B) and (O-H---X-
B), in CDs'B,X;,>", were counted (shown in Table S10). The criteria to define a hydrogen
bond herein is: (i) within a cutoff distance of 3.9 A between the donor (C/O in CDs) and
acceptor (X in B1,X ;%) and (ii) the bond angle of (D-H---A) larger than 140°. Thirteen C-
H---F-B and five O-H---F-B hydrogen bonds of B-CD-B,F,?>" are found that are more than
that of y-CD-B,F,2". A QTAIM analysis of the topology of the electron density revealed 16
(a-CD), 40 (B-CD) and 35 (y -CD) bond paths with a bond critical point between the respective
CD and [B,F,]*, which is qualitatively in line with the mentioned explanation. Notably, the
dispersion contribution becomes gradually important from F to I, particularly for y-CD-B 115>~

complex. This can be attributed to their increasing polarizabilities.? Last, for B-CD B ;X 2>~
17
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complexes, the significant reduction of BEs from fluorine to other halogen series iscattribisted-roiisir

to the greatly decreased electrostatic interaction. Meanwhile, the significantly increased BEs
from o-CD to B-CD/y-CD mainly benefits from the simultaneous increased electrostatic,

induction, and dispersion interactions.

5. CONCLUSION AND OUTLOOK

In this work, electronic stability, and non-covalent interactions between three differently
sized CD hosts and four different perhalogenated dodecaborate guests B1,X;,?>” (X=F, Cl, Br,
I) have been systematically studied employing NIPES and DFT calculations. Our results clearly
indicate remarkable size- and molecular specific interactions, viz, B-/y-CDs have significantly
stronger affinity than a-CD when binding to each B;,X/,2", and B,F,% is preferred over other
larger halogenated dodecaborates when binding to each CD. DFT optimized low-lying
structures confirm the observed staircase of interactions. Energy decomposition analyses of the
host-guest interactions reveal the electrostatic attraction plays a dominant role, driven by the
formation of extensive O/C-H:--X-B hydrogen bonding network in these complexes. Element-
based partial DOS simulations enable distinguishing contributions of Bj,X;,>~ and CDs that
are responsible for the low and high EBE parts of spectra, respectively. Taken together, this
work represents a comprehensive experimental and theoretical study on the electronic and
geometric structures over the whole series of CDs'B,X;,>" complexes at the fundamental
molecular level, and provides insightful perspectives on understanding the intrinsic nature of
intermolecular interactions in CDs'B;X;,>" host-guest molecular systems that have been

widely applied in biomedicinal treatments, separation sciences, and supramolecular chemistry.
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