The Journal of Physical Chemistry Letters

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and

delete all copies.

Highly Structured Water Networks in Microhydrated

Dodecaborate Clusters

Journal:

The Journal of Physical Chemistry Letters

Manuscript ID

jz-2022-03077h

Manuscript Type:

Letter

Date Submitted by the
Author:

10-Oct-2022

Complete List of Authors:

Jiang, Yanrong; East China Normal University

Cai, Zhaojie; East China Normal University

Yuan, Qingin; Pacific Northwest National Laboratory

Cao, Wenjin; Pacific Northwest National Laboratory, Physical Sciences
Division

Hu, Zhubin; East China Normal University, State Key Laboratory of
Precision Spectroscopy

Sun, Haitao; State Key Laboratory of Precision Spectroscopy,
Department of Physics

Wang, Xue-Bin; Pacific Northwest National Laboratory, Chemical &
Materials Scienecs Division

Sun, Zhenrong; East China Normal University, Department of Physics

ONE™

ACS Paragon Plus Environment




Page 1 of 19

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

Highly Structured Water Networks in Microhydrated

Dodecaborate Clusters

Yanrong Jiang!**, Zhaojie Cai'*, Qingin Yuan?, Wenjin Cao?, Zhubin Hu',

Haitao Sun'43*, Xue-Bin Wang?* and Zhenrong Sun'#*

I State Key Laboratory of Precision Spectroscopy,
School of Physics and Electronic Science,
East China Normal University, Shanghai 200241, China
2 Physical Sciences Division, Pacific Northwest National Laboratory,
902 Battelle Boulevard, P.O. Box 999, Richland, Washington 99352, USA
3 Center for Transformative Science, ShanghaiTech University,
Shanghai 201210, China
“Collaborative Innovation Center of Extreme Optics, Shanxi University,
Taiyuan, Shanxi 030006, China
SNYU-ECNU Center for Computational Chemistry at NYU Shanghai, Shanghai,
200062, China

#Y. Jiang and Z. Cai contributed equally to this work.
*Corresponding author: htsun@phy.ecnu.edu.cn (H.S.); xuebin.wang@pnnl.gov (X.-

B.W.) and zrsun@phy.ecnu.edu.cn (Z. R. S.).

ACS Paragon Plus Environment

1



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

ABSTRACT: We report a combined negative ion photoelectron spectroscopy and
theoretical investigation on a series of size-selected hydrated closo-dodecaborate
clusters B1,X1,2-nH,O (X = H, F, I; n = 1 — 6). Distinct structural arrangements of
water clusters from monomer to hexamer can be achieved by using different B,X;,>~
bases (X = H, F, 1), illustrating evident solute specificity. Due to the superior strength
of B-H:--H-O dihydrogen bonds (solute — solvent) versus conventional O---H-O
hydrogen bonds in water (solvent — solvent), the added water molecules are arranged
in a unified binding mode by forming highly structured water networks manipulated by
BioH22". As a comparison, the hydrated Bj,F,>" clusters display similar water
evolution patterns for monomer and dimer, but different binding modes for larger
clusters, while the hydrated By,11,>" share similarities with the free water clusters. The
present finding provides a consistent picture of the structural diversity of the hydrogen-
bonding networks in the microhydrated dodecaborate clusters, and a molecular-level

understanding of the microsolvation dynamics in aqueous borate chemistry.
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Ion—water interaction in aqueous solution remains one of the most interesting and
highly debated topics throughout biology, chemistry, atmosphere, and materials
science!-. For example, ion hydration is not only crucial for the conformations and
activities of biomolecules such as membranes, enzymes, and drugs®®, but also

significantly affects the rates of chemical reactions and separations.’!° The nature of
ion—water interactions is often described in terms of the structure maker/kosmotropes”

or breaker/“chaotropes” concept,''"!> which can be related to the well-known
macroscopically observed Hofmeister series.!3-!4 In particular, it is now believed that
solute specific effects® 13-1¢ through the insertion of the solute ions either enhance or
disrupt the water hydrogen-bonding (HB) network according to its internal geometry
and charge distribution. This behavior also accounts for many of the physicochemical
and thermochemical properties of the associated solvation processes, including vapor—
liquid interface effect,!” the entropic signature of the hydrophobic effect,!3-1° and the
associated enthalpic signatures.!! Thus, a molecular-level understanding of the
microstructure of ionic water clusters and its evolution of HB networks remains a grand
challenge.!3- 20-29

Notably, the closo-dodecaborate Bj,Hi,>" and related halogenated derivatives
B1,X 1,2 (X = F-I) were classified as superchaotropic ions'® beyond the traditional
Hoffmeister scale. The delocalized three-center/two-electron bonding pattern of
B12H 2™ making two excess negative charges stabilized in a delocalized o-electron
system renders a specific charge distribution, and high electronic and thermodynamic
stability.’® And the behavior of charge distribution can be inversely tuned through
substitution of various halogen shells.3! Very recently, those dodecaborate clusters have
been demonstrated as excellent anionic inorganic carriers for membrane translocation
of hydrophilic substances®, promising candidates in supramolecular encapsulation for
boron neutron capture therapy application3?-33 and specific and potent inhibitors of HIV
protease inhibitors.3* Peculiar organization of the water molecules in the first solvation
shell of B1,H >~ was observed with the formation of a dihydrogen bond (DHB) of B-

H---H-O between the hydrogen atoms of the anions and the hydrogen atoms of the water
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molecules by molecular dynamics (MD) simulation.?> A recent study by us has also
demonstrated such a hydridic-to-protonic DHB predominance based on the
monohydrated closo-dodecaborate cluster Bj;H,? -H,O compared with its halogenated
derivatives.3¢ However, the nature of the interaction of these dodecaborate clusters with
biological interfaces in aqueous environments has not yet been understood. In particular,
the knowledge of how ion—water interactions behave from the gas phase to bulk has
remained unclear. The influence of incremental hydration of the dodecaborate dianions
and how the predominant DHBs affect the structural evolution of the H-bond networks
in the first water shell remains an open question.

Here we report a systematic investigation on the electronic structures and
intermolecular interactions of a series of size-selected hydrated cl/oso-dodecaborate
clusters B,X,>'nH,O (X = H, F, I; n = 1-6) through combining negative ion
photoelectron spectroscopy and quantum chemical calculations. Due to the subtle
competition existing between B-X:--H-O (solute-solvent) and O-H---O (solvent-
solvent) in water clusters, this series of hydrated clusters with stepwise increases of
water molecules represents an ingenious model to examine various water cluster growth
patterns under the control of different B;,X;,?". Structural optimizations and dynamic
simulations on the whole series of the hydrated clusters reveal that attached water
clusters can be manipulated in an orderly arrangement by B;,H1,>" due to the existence

of the unique superior B-H---H-O DHBs.
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Figure 1. The 20K NIPE spectra of B{,X,> -nH,0 (X = H, F, I; n = 0-6) measured
with 193 nm photons. The dashed gray lines designate the spectral VDEs position. The

noisy spikes in the spectrum of the hydrated F series beyond 4 eV are due to imperfect
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background subtraction originated from weak signals and scaled down by a factor of
0.3 to enhance the presentation clarity. The detailed each individual spectrum is given
in Figure S1(a). Boron, hydrogen, oxygen, fluorine, and iodine atoms are severally
colored in pink, grey, red, green, and magenta. The NIPE spectra of B{,X,2-H,0 (X

= H, F, I) were taken from reference [36].

Table 1 Experimental VDEs (eV) and AVDEs (kcal/mol) in comparison to calculated
VDEs (eV) at DLPNO-CCSD(T)/aug-cc-pVTZ(-pp) level and binding energies (BEs,
in kcal/mol) at SAPT2+/aug-cc-pVDZ(-pp) level for B;xX ;> nH,O (X =H, F, I; n=
1-6).

Bi,H,,? BoF1»? Biol;?
VDE AVDE? BE VDE AVDE® BE VDE AVDE? BE
Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal.
Isolated  1.15 1.36 - - 1.85 2.07 - - 2.80 2.86 - -
7.15 6.00 2.54
1H,0 1.46 1.70 1431 211 234 13.16 2091 3.05 8.74
0.31) (0.26) 0.11)
13.38 11.76 6.69
2H,0 1.73 1.95 2664 236 2.56 2397 3.09 3.17 16.60
(0.58) 0.51) (0.29)
18.91 17.30 8.99
3H,0 1.97 2.18 3783  2.60 2.78 3493  3.19 3.23 20.78
(0.82) (0.75) (0.39)
23.98 21.91 10.15
4H,0 219 242 47.88 2.80 3.01 44.69 324 327 23.41
(1.04) (0.95) (0.44)
26.75 22.60 12.45
5H,0 231 253 53.16 2.83 3.01 4497 334 350 30.63
(1.16) (0.98) (0.54)
31.82 26.06 12.91
6H,0 2.53 2.80 65.73 298  3.18 54.08 336 3.46 35.12
(1.38) (1.13) (0.56)

aSAVDE was experimentally determined as VDE difference between B,X;,? -nH,0 and isolated
B,X»?, i.e., VDE (B,X,* 'nH,0) — VDE (B2X ;%) = [E(B12X;;* 'nH,0) — E(B,X,%)] -
[E(B12X12* 'nH,0) — E(B12X1,*)], and values in parentheses are in eV. The NIPES data of
B1»X,>"H,O (X = H, F, I) were taken from reference [36].

Figure 1 shows the 20 K NIPE spectra of B1,X2> - nH,O (X=H, F,I;n=0—6).
First, the spectral shapes of hydrated B;;X;,>'nH,O (n = 1 — 6) resemble similar
patterns compared to each corresponding isolated B1,X,%", with their electron binding
energies (EBEs) blue shifted upon H,O additions. Due to the existence of repulsive

Coulomb barrier in photodetaching dianions, spectral bands at higher binding energy
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are suppressed and see Figure S1(b) for comparing 193 and 157 nm spectra of
BioH 22 'nH,0O. The Bj,H 2~ with the smallest vertical detachment energy (VDE)
among the three B,X,>" anions exhibits a significant VDE shift of 0.31 eV when one
H,0 molecule is attached, followed by shifts of 0.27, 0.24, and 0.22 eV, respectively,
with the additions of the 2nd, 3rd, and 4th H,O molecules (Table 1). Then only a slightly
smaller VDE shift of 0.12 eV is seen for n = 5, followed by a larger shift of 0.22 eV for
n = 6. The VDE shifts for B,F;,2nH,0 clusters are measured to be 0.26, 0.25, 0.24,
0.20, 0.03, and 0.15 eV for n =1 — 6, respectively, which are slightly smaller compared
to those of Bj,H»> 'nH,0 and similarly exhibit a “plateau” at n = 5. Different from
these two clusters, the Bj,1;2> 'nH,0 clusters have much smaller VDE shifts upon
hydration and do not show a “plateau” at n = 5 neither (Table 1 and Figure 2). The
measured NIPE spectra here provides crucial information in determining the structures
of these clusters when combining with theoretical calculations. Thus, the structural
evolution of lowest-lying hydrated clusters (Figure 3) and corresponding VDEs (Table
1) were computationally located. Three theoretical methods in different levels including
DLPNO-CCSD(T), IP-EOM-DLPNO-CCSD, and PBEO were employed to calculate
the VDEs by comparing with the experimental data (Figure 2). Overall the DLPNO-
CCSD(T) and IP-EOM-DLPNO-CCSD methods are found to well reproduce the
experimental measurements qualitatively and quantitatively, while PBEO fails to give
quantitative predictions for I series. In addition, the structures and corresponding VDEs
of three low-lying isomers were also presented in Figure S2 and Table S2. The small
differences of relative energies and similarity of VDEs indicate that these low-lying
isomers may coexist in the experiments and contribute to a relatively lower spectral

resolution of the measured NIPE spectra (Figure S1).
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Figure 2. Experimental VDEs and calculated VDEs of B1;X,> 'nH,0O (X=H, F, I; n
= 0-6) using DLPNO-CCSD(T) (in black), IP-EOM-DLPNO-CCSD (in purple), and
PBEO (in blue) methods with the aug-cc-pVTZ(-pp) basis set.

For B1,H > "H,0, the two hydrogens of the 15t water point to the two adjacent
H%—B bonds to form double DHBs as previously revealed.?® For n = 2, one H atom of
the 2"d water interacts with a third H>—B bond that forms an equilateral triangle with
the first two H>-B bonds linked to the 15t water, while the other hydrogen atom
hydrogen bonded to the oxygen atom of the initial water. Interestingly, the isomers with
2nd water binding at the symmetrical opposite sites by forming four DHBs (Figure S2g)
locate less stable. This can be explained by the fact that the most stable configuration
possesses a shortened DHB length of 1.76 A versus normal DHB lengths of 1.83-1.84
A and the binding strength can be obviously enhanced. The third water continues the
previous binding mode without breaking the original binding configuration in
B12H1227-2H,0. Such a binding motif continues for n = 4 and 5. Therefore the water
growth pattern from n = 1 to 5 vividly illustrates that the B;,H 52~ solute can manipulate
water molecules in an orderly queue with a uniform binding motif, due to the superior
strength of B-H---H-O DHBs versus typical O---H-O HBs in water clusters. Especially
for B1,H 2> -5H,0, water pentamer displays an almost coplanar regular five-membered

ring, in which one H atom of each water points to one H node of Bj;H;,>" to form a
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DHB, while the other H binds to the oxygen atom of an adjacent water to form O---H-
O HB. Interestingly, such a cyclic water pentamer was also observed in the hydration
of biomolecular systems, i.e., protein crambin®’ and of a deoxydinucleoside—drug
complex3® through X-ray diffraction analysis. Notably, for B;,H;,?>-6H,0, the added
water molecule tends to bind to the opposite side with respect to the original
Bi,H 2 *5H,0 by preferentially forming a new double DHB.

The hydrated Bi,F2> clusters display similar water evolution patterns as
Bi2H 2 'nH,0 for n = 1 and 2. However, starting from n = 3, a different binding mode
is observed, i.e., there is always one water molecule in the 2" solvation shell without
directly contacting the Bj,F,%>~ base. In contrast to being a planar five-membered ring
for the water pentamer in B,H,?"*5H,0, the five water molecules in B,F,>"-5H,0
display a stereoscopic configuration; while the corresponding isomer with a planar five-
membered ring possesses a relatively higher energy of 0.898 kcal/mol (Figure S2). And

the water hexamer in B1,F,>"-6H,0 shows an irregular cubic structure.
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Figure 3. Structural evolution of water clusters from monomer to hexamer under the
control of B1,X,>" (X = H, F, I) with both top and side views. The bonding networks

of B-X-"H-O in B{,X,> 'nH,O (X = H, F) and O---H-O bond in Bi,1;,> -nH,O are
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labeled in black and blue dashed lines, respectively. The newly added n™ water

molecule in B;»X,2'nH,0 (n > 2) is presented in color gold.

Distinctly different from hydrated B;,H;,?~ and B,F ;2" clusters that have shown
specific water cluster networks manipulated by their Bj,X,>" anions, Bj,l1,> -nH,0
features solvated structures in which the Bi,I;,?~ anion only weakly interacts with the
water clusters without significantly perturbating their own binding patterns. For
instance, for the n =3 and 4 clusters, they tend to have the B,11,> anion bound to cyclic
water trimer and tetramer, both being predicted as the most stable structures for free
(H,0); and (H,0), clusters?? (Figure S2). For By,11,% -5H,0, noncyclic pentamer with
a 3D topological configuration is observed in the most stable structure, echoing with
the recent study of Yang et al. that the low-lying 3D structure for the free water
pentamer can coexist with the lowest-energy cyclic isomer?3. Additionally, the most
stable isomer of B1,1;,2*6H,0 possesses a water cluster structure that shares similarity

with the most stable planar structure of the free (H,O)q cluster.

(a) ByyHy# -5H,0 (b) BysF 1% -5H,0 (c) By2ly2? -5H,0
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Figure 4. The schematic diagram of decomposed fragment dipole moments for isolated
B1xX 1,2 (X =H, F, I) and five water molecules. The blue and yellow arrows represent

the dipole moment of fragment of B1,X,%>~ and water molecule, respectively.
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In addition, we take the B1,X;,>"5H,O (X = H, F, I) clusters as a representative
model to study the effect of different B,X;,>~ bases on the orientation of each
surrounding water molecule. Thus the decomposed fragment dipole moments and the
resulting included angles (#) between those of isolated B1,X,>~ and each water
molecule were calculated as shown in Figure 4 and Table S3. The orientation of water
molecules is found to strongly depend on the specific Bj>X;,?~ bases. The negligible
value of standard deviation of # indicates a highly structured water network formed in
hydrated Bj,H 5?7 -5H,0, while a less structured water network with more freedom is
observed for Bi,F,> -5H,0 and Bi,I;,> -5H,0. Interestingly, attaching five water
molecules on Bj,X;,>" bases can induce additional dipole moment of different
magnitudes for Bj,H,>~ (5.55), BioFp?2™ (4.55), and Byplp* (2.78), since the

nonattached isolated B1,X,> bases possess no dipole due to their high icosahedral (I},)

symmetry.
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Figure 5. (a, b, c¢) Electrostatic (Elst.), exchange (Exch.), induction (Ind.), and

dispersion (Disp.) terms (kcal/mol) derived from energy decomposition analysis for
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B12X 122 'nH,O (X =H, F, I; n =1 — 6) at the SAPT2+/aug-cc-pVDZ(-pp) level. (d)
Percentages (in %) of the attractive parts, i.e. electrostatic (Eg) term (in solid line), the
sum of induction (Epg) and dispersion (Eg;sp) terms (in dotted line) contributed to the

total attraction.

The above differences of water growth pathways observed in hydrated
dodecaborate clusters can be traced back to the competition between solute — solvent
and solvent — solvent interactions. First, the numbers of the formed B-X---H-O bonds
and O---H-O bonds within these hydrated clusters are checked (Figure S3). For
BioH 22 nH,O (n =1 — 6), it possesses 2, 3, 4, 5, 5, 7 B-H---H-O bonds, respectively,
colored in dash black in Figure 3, and 0, 1, 2, 3, 5, 5 O---H-O bonds. In comparison,
the hydrated B1,F,%> clusters hold 2, 3,4, 5, 5,6 B-F---H-O and 0, 1, 2, 3, 5,6 O---H-O
bonds for n =1 — 6, respectively. As a result, the electronic stabilization is found to be
particularly related to the number of intermolecular B-X:--H-O HBs formed in the
clusters and herein such a “plateau” also exists at n = 5 as observed for VDE shifts.

Next, the experimental AVDE — the VDE difference between a hydrated
complex and corresponding isolated fragments, can be regarded as a direct
measurement of their intrinsic binding energy (BE)**#0. As shown in Table 1, among
three B1,X %" investigated here, the total interaction energy of B1,X;,?>~ with water is
X = H > F >> 1. The calculated total BEs by energy decomposition analysis at
SAPT2+/aug-cc-pVDZ(-pp) level well reproduce the experimental trends of AVDE
(Table S4). Further, the total BEs were decomposed into four physically meaningful
components, including electrostatic (Elst.), exchange (Exch.), induction (Ind.), and
dispersion (Disp.) terms (Figure 5). The larger BEs in the Bj,H;,> 'nH,O series arise
from their larger electrostatic, induction and dispersion contributions compared to those
of B1,F1,2'nH,0 and By,1;,2'nH,0. Although the electrostatic interaction is found to
still play a dominant role, the induction and dispersion interactions make increasing
appreciable contributions, particularly as the water cluster size increases. As shown in
Figure 5d and Table S5, the averaged contribution of induction plus dispersion terms

to the total attraction for the H series achieves 38%, which is larger than that of 33%
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for the F series due to the large polarization effect for the former. The induction plus
dispersion contribution reaches to 41% for the I series, which can be attributed to their
relatively smaller electrostatic contributions combined with their larger polarizabilities.
The results are also confirmed by the noncovalent interaction analysis based on
independent gradient model (IGM), where considerable green areas in H series
suggesting the more contributions from van der Waals interactions (Figure S4).

In summary, a series of hydrated closo-dodecaborate dianion B1;X;,? -nH,0 (X =
H, F, I; n = 1-6) have been investigated by combining experimental NIPES and
multiscale theoretical simulations. The VDEs determined by NIPES measurements
agree well with the theoretical predictions. The strength advantage of B-H---H-O DHBs
over strong B-F---H-O HBs still holds even disturbed by the competition of solvent —
solvent. Furthermore, the structural evolution of water clusters from monomer to
hexamer reveals that water cluster growth patterns can be finely manipulated by various
B12X 1,2~ due to the subtle competition between B-X:--H-O (solute — solvent) and
O---H-O (solvent — solvent) HBs. Water monomer to hexamer can be arranged with a
uniform binding mode in Bj;H ;2> 'nH,0, as a result of the existence of superior B-
H---H-O DHBs. The present finding provides an interesting and consistent picture for
the structural diversity of the hydrogen-bonding networks in the microhydrated
dodecaborate clusters, and a molecular-level understanding of different chemical
reactivity and solvation dynamics in aqueous borate chemistry. Moreover, the structural
coding of water clusters through the unique dihydrogen interaction of ion — water is

worth looking forward to in the future.

Methodology

NIPE spectra measurement. The experiment was carried out using a magnetic-bottle
NIPES apparatus equipped with an electrospray ionization source (ESI), a quadruple
mass spectrometer, a temperature-controlled cryogenic ion trap and a time-of-flight
(TOF) spectrometer*!. Desired hydrated anion clusters with different sizes
B12X 122 'nH,O (X = H, F, I, n = 1-6) were generated from the ESI source, cooled by

collisions with a cold buffer gas (20% H, balanced in He) to the cryogenic temperature
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of 20K, and then mass-selected to be photodetached by 193 nm photons (6.424 eV,
from an ArF laser) or 157 nm photons (7.866 eV) in the interaction zone of the
magnetic-bottle photoelectron analyzer. The energy resolution (AE/E) was about 2%,
1.e., ~20 meV full width at half maximum (FWHM) for 1 eV kinetic energy electrons.
Electron binding energies (EBEs) were obtained by subtracting the electron kinetic
energies from the detachment photon energy. More experimental details can be found
elsewhere?!3¢,

Quantum chemical calculation. A systematic procedure of optimization was carried
out to obtain the global minimum and low-lying isomers of B,X,> -nH,O (X =H, F,
I, n = 1-6). First, 50000 initial structures were generated by Molclus code*?, and then
optimized and screened efficiently by semi-empirical method of GFN2-xTB*-44 and
PBE0%/def2SVP*. An energetically sorting for rational structures was performed at
the PBEO/TZVP# level and re-optimized at the PBEO/aug-cc-pVTZ(-pp)*"*® level with
Grimme’s dispersion corrections**>°, Finally, the 20K Gibbs free energy was
comprised by electronic energy at the DLPNO-CCSD(T)>!-3%/aug-cc-pVTZ(-pp) level
using ORCA 5.0.1 codes® and thermal correction energy at the PBEO/aug-cc-pVTZ(-
pp) level to establish the most stable structure and related isomers without imaginary
frequencies (Figure S2). The scaled factor for zero-point energy were set as 0.977134,
The calculated vertical detachment energies (VDEs) were obtained by the energy
differences between the corresponding monoanions and dianions based on the dianions’
optimized geometries. The energy decomposition analysis was performed by the
symmetry adapted perturbation theory (SAPT) at the SAPT2+%-3%/aug-cc-pVDZ(-pp)
level using PSI4 code’. Independent gradient model (IGM) plots were generated by
the Multiwfn code and rendered by the VMD program. All DFT calculations were

carried out using the Gaussian 168 software.
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Calculated VDEs using the PBEO, DLPNO-CCSD(T), and IP-EOM-DLPNO-
CCSD methods; Energy decomposition analysis (EDA) of different components for
B12X1,2'nH,0; Calculated binding energies by SAPT2+/aug-cc-pVDZ(-pp) method
for the three lowest-lying isomers; 20K NIPE spectra measured with 193 nm (6.424
eV) photons versus 157 nm (7.866 eV). Optimized structures of the three lowest
isomers; Numbers of B-X---H-O (solute-solvent) bonds and O---H-O (solvent-solvent)

HBs in B1,X 1, 'nH,0; Plots of the independent gradient model (IGM).
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