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Abstract

This thesis centers around the structural, electronic, and physicochemical properties of
some nanostructures, polymer electrolytes, and ionic liquids for energy, environmental,
and catalysis applications. A variety of theoretical tools are employed to enable predictive
study, design, and development of the systems. Theoretical concepts are developed for
rational explanation of reaction mechanism, surface activity, ionic conductivity, formation,
and fragmentation of the materials with respect to structure-activity and structure-

selectivity correlations. The outline of this thesis is as follows:

First, the structural stability of isoreticular metal organic frameworks (IRMOFs)
confining ionic liquids (ILs) inside their nano-porous cavities is studied. It is shown the
IRMOFs are structurally unstable and deforms dramatically from its crystal structure in the
presence of ILs. Simulation results also show that metallic parts of IRMOF-1 mainly
interact with anions. These results raise an important question if IL/IRMOF composites are

good candidates for gas storage or separation.

Second, interactions of the lithium bis(trifluoromethane sulfonyl)imide (LiTf2N)
salt with polyethers are investigated to shed light on the origin of difference in ionic
conductivity of the two electrolytes: (1) polyethyleneoxide (PEO) and (2)
perfluoropolyether (PFPE). Results indicate that substitution of hydrogens by fluorines
leads to less interaction of cation Li* with the polymers, which provide an atomistic

understanding of experimental ionic conductivity results.

Third, Auzs(SR)1s nanoclusters with atomic precision is served as a model system

to scrutinize structure-reactivity correlation of thiolate protected gold nanoclusters. In



particular, the promotional catalytic effect by imidazolium-based ILs, transition metal ions,
and aromatic thiolate ligands are studied. Results show the ILs and the ions can
significantly enhance activation of the nanoclusters at relatively low temperatures via
partial removal of “Au-SR” units from Auzs cluster. Further, guidelines are offered for

tailoring nanoclusters’ properties by ligand engineering for specific applications.

Fourth, controllable incorporation of a single dopant metal to specific sites of gold
nanoparticle is studied. A centrally hollow, Auz4 nanoparticle is used to investigate single
atom shuttling in/out of the nanoparticle. Using Ag and Cu as the tracers, the pathways of
single atom shuttling are mapped out. The results not only demonstrate single-atom level

doping via hollow nanoparticles, but also reveal the intriguing atom shuttling behavior.

Finally, mechanistic insights into promotional effects of ionic liquids on
transesterification of cellulose is provides. Results explains IL anions play the most crucial
role to facilitate the reaction. This study provides molecular insights for experimentalists

to optimize reaction conditions of protocols of cellulose modifications using ILs.

I believe a key element to research is collaborating with chemists in other fields, as
complex problems require input from many chemists with different specialties. | have had the
opportunity to collaborate closely with experimental groups at Carnegie Mellon University
(Prof. Rongchao Jin), Anhui University (Prof. Zhu), Dalian Institute of Chemical Physics (Prof.
Gao Li), and Kanazawa University (Prof. Kenji Takahashi) to develop the third-to-fifth
projects mentioned above. Our collaborative works require clearly communicating the intrinsic
principles behind the complex results. This involve regular exchanges of different viewpoints
to establish guidelines for the development of materials with desired performance. This thesis

emphasizes on the computational contribution to the projects.
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Chapter 1: Structural stability of ionic

liquid/IRMOF-1 composites



1.1 Abstract

Structural stability of isoreticular metal organic frameworks, IRMOF-1 and IRMOF-10,
confining ionic liquids (ILs) inside their nano-porous cavities is studied via molecular
dynamics (MD) simulations. Imidazolium- and pyridinium-based ILs, including BMI"PFg
,  BMI'Br, BMI'Tf,N, BMI'DCA’, and BuPy'Tf,N- (BMI* = 1-butyl-3-
methylimidazolium, PFs = hexafluorophosphate, Br- = bromide, TN =
bis(trifluoromethylsulfonyl)imide, DCA"~ = dicyanamide, and BuPy®* = N-
butylpyridinium), at different loadings are considered. It is found that IRMOFs are
structurally unstable and deform dramatically from their crystal structure in the presence
of ILs. The interactions between the metallic parts of IRMOF and IL anions play a major
role in structural disruption and collapse of these MOFs. Thus elongated anions such as
Tf,N and DCA" that can interact with two different metal sites tend to lower IRMOF
stability compared to spherical anions Br and PFe. A further analysis via density
functional theory (DFT) and ab initio molecular dynamics (AIMD) simulations lends

support to the MD results for structural instability of IRMOFs in the presence of ILs.

Keywords: IRMOF-1, lonic Liquid, molecular dynamics simulation, DFT calculations, ab

initio molecular dynamics, structural stability

1.2 Introduction

Metal-organic frameworks (MOFs) are a relatively new class of nano-porous materials in
which metallic components are connected together by organic molecules, called “linkers”.
The use of different building blocks---both metallic parts and linkers of varying lengths

with differing functional groups---results in a wide range of different types of MOFs, which
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vary substantially in geometries and pore size, and thus their physicochemical properties.!?
Thanks to their large surface areas, adjustable pore size and controllable pore surface
properties, IRMOFs, consisting of zinc oxide clusters (ZnsO) connected by organic linkers,
have been studied extensively for applications such as gas storage and separation. One
important example is CO: capture, which has received special attention because of
concerns over greenhouse gas emissions and global warming issues.?”’

ILs have gained overwhelming interest over the last decade or so due to their
attractive properties, such as low melting points, non-volatility, non-flammability as well
as good thermal and chemical stability.®° It has been shown that ILs have good potential
for adsorbing and separating CO from a gas mixture.® Nevertheless, high viscosity of ILs
poses a significant barrier to the diffusion of adsorbates in ILs. This drawback can be
partially addressed by utilizing ILs supported in cavities of porous solids.!! Compared with
neat ILs, supported IL phase reduces the ILs’ viscosity and improves the mechanical
strength and separation efficiency.!*'2 Recent molecular simulations by Jiang and co-
workers!3 suggest that ILs supported in IRMOF-1 (in which the linker is 1,4-
benzenedicarboxylate) might be useful for CO, capture. Their study also indicates that the
increase in the IL concentration in the IL/IRMOF-1 composites may improve CO>
selectivity, i.e., enhancement of CO> adsorption from a CO2/N. mixture.

Another interesting application of ILs in connection with MOFs is ionothermal
synthesis advanced by Morris and co-workers.’>® With ILs used as a solvent and a
template/structure-directing agent in materials synthesis, ionothermal synthesis offers a
versatile and promising approach to prepare many different types of solids, including novel

MOFs.1"2% As such, it has received increasing attention as a robust pathway towards



synthesizing new solids and hence advancing functional materials.?*?” Because of ILs’
roles both as the spectator solvent and as the active reactants, structural building blocks,
and charge-compensating groups, they can influence and even govern the final crystal
structure and morphologies of solids. In this context, the molecular-level insight on IL-
solid interactions is important to understand structure and stability of the materials, such as
MOF in ILs.

Computer simulations are a useful method to probe and analyze IL-MOF
interactions. MOFs are often treated as non-dissociable frameworks in simulation studies
although in reality, they are flexible and dissociable. One important consequence of
flexible and dissociable frameworks is capturing of molecules that are larger than MOF
pore dimension, e.g., toluene inside nickel-pyridine MOF.2®¢ Another is structural and
chemical instability of IRMOFs. For instance, IRMOFs are vulnerable to humid air?®= and
quick hydrolysis of their frameworks leads to a dramatic drop in surface area.®*3* Since
these features cannot be accounted for with a non-dissociable model,*3!* it is both
worthwhile and desirable to re-examine IRMOFs in the presence of ILs using a flexible
and dissociable description and compare with the predictions of the non-dissociable model.
There are a few flexible force field descriptions®#* that correctly capture a range of
structural properties of MOFs, such as thermal expansion, elastic moduli, and vibrational
spectra as well as guest dynamics. In this chapter, we examine the structural stability of
IRMOF-1 and IRMOF-10 in the presence of ILs via MD using the force-field description
proposed by Greathouse and Allendorf.® To assess the results obtained with classical MD,
a further analysis via DFT and ab initio molecular dynamics simulations is performed. Our

study shows that in the presence of ILs, IRMOF structure is unstable or, at least, highly



prone to undergo major changes. This finding indicates that IRMOFs may not provide a
viable system to support ILs inside their pores.

The outline of this chapter is as follows: The models and methods employed in
simulations and DFT calculations are first described briefly. The results for MOF structure

in the presence of ILs are discussed next. Concluding remarks are offered at the end.

1.3 Simulation Method

1.3.1 MD simulations. The unit cell of IRMOF-1 was adopted from its crystal structure
with the lattice spacing 25.67 A.* A 2 x 2 x 2 supercell of this framework with a total of
8 unit cells was constructed and an IL was placed inside the supercell (Figure 1.1). In
addition to imidazolium-based ILs that allow a direct comparison with earlier work with a
non-dissociable MOF description,*** pyridinium-based ILs are considered. We varied the
number of guest ion pairs in the supercell to examine the effect of IL concentration on the
MOF stability (see Table 1.1). For each system, energy optimization, NVT annealing from
800 K to 300 K, and equilibration were first conducted in the presence of rigid MOF
structure. This was followed by energy minimization on the entire system (MOF + IL)
using a dissociable MOF description. MD simulations were carried out for 10 ns on the
resulting structure using NPT ensemble at 1 atm and 300 K. All simulations were
performed using the NAMD package.*® The Langevin dynamics and Nose-Hoover
Langevin piston were used to keep the temperature and pressure constant, respectively.*’
No symmetry constraints were applied, so that lattice parameters were allowed to change

in each direction independently. The particle mesh Ewald (PME) algorithm was used to



Figure 1.1. Snapshot of the IRMOF-1 supercell with 35 ion pairs of BMI"Br". A rigid MOF
framework was employed in the simulation. Bromine, oxygen, nitrogen, carbon, and
hydrogen atoms are shown in green, red, blue, dark gray, and light gray, respectively.

Table 1.1. IRMOF-1 stability in the presence of guest ion pairs in the simulation supercell.?

Number of | BMI"PFs | BMI"Br- | BMI*Tf,N" | BMI"DCA" | BuPy*Tf:N" | BMI*PFs*
ion pairs

7 S S S S S S

9 S S NS S S

11 S S NS S S

13 S S NS NS S S

15 NS NS NS NS NS S

17 NS NS NS NS NS S

35 NS NS NS NS NS S

37 NS NS NS NS NS NS

2S (NS) denotes that the MOF/IL system is stable (unstable). Calculated lattice

parameter of pure IRMOF-1 is 25.61 + 0.03 A.

*Results obtained with the force field parameterization of ref 66.




calculate the long-range electrostatic interactions.*® The van der Waals forces were
truncated using a cutoff of 12 A. Short and long range energy terms were calculated every
0.5 fs and 1.0 fs, respectively. The potential model based on OPLS-AA was employed to
describe interactions involving 1Ls.**°2 We note parenthetically that structure of ILs inside
carbon nanotubes was studied previously using the same model description.*** For
IRMOF, we employed both the dissociable and non-dissociable force field descriptions of
ref 35. The dissociable description,® based on the CVFF force field combined with non-
bonded parameterization of ZnO, successfully predicts® collapse of MOF above a critical
water concentration in concert with experiments.

1.3.2 DFT calculations. A zinc oxide cluster (Zns;O) coordinated by six formate (HCO>)
anions was used as a model IRMOF system for DFT calculations (Figure 1.2). Its molecular
structure in the absence and presence of IL ions was optimized via DFT using the B3LYP
hybrid functional in all-electron 6-31G(d,p) basis set.>®*® According to a prior study, this
method predicts MOF structures reasonably.®” A vibrational frequency analysis was
performed to ensure that optimized structures we obtained are stable states, corresponding
to local energy minima. All calculations were carried out with the Gaussian 09 package.*
1.3.3 Ab initio molecular dynamics. For efficient computations, we considered a model
unit cell consisting of 83 atoms, in which 1,4-benzenedicarboxylate linkers of IRMOF-1
are replaced by 4,4'-biphenyldicarboxylate (Figure 1.3). (For comparison, an IRMOF-1
unit cell contains 424 atoms.*®) We note that this model system resembles IRMOF-10 but
its torsional angle between two biphenyl groups is initially set at 90° (Figure 1.4). This
system was simulated via AIMD in the absence and presence of a guest IL ion pair for 3.5

ps and 4.2 ps, respectively, in the NPT ensemble at 1 atm and 300 K. The Vanderbilt Ultra-



Soft method was used to describe the interaction between the electrons and nuclei.®®%! The
Perdew—Burke—Ernzerhof (PBE) form of the generalized gradient approximation was
employed for electron exchange and correlation.®2® The Grimme-D2 method was used to
incorporate the van der Waals (vdW) interactions into the system with a cutoff of 12 A %4

All calculations were carried out with the Quantum Espresso 5.1 package.®®

Figure 1.2. Molecular structure of ZnsO(HCO2)s. Zinc, oxygen, carbon, and hydrogen
atoms are shown in purple, red, dark gray and light gray, respectively.

1.4 Results and discussions

1.4.1 Classical MD simulations. MD results for IRMOF-1 structure in the presence of ILs
are compiled in Table 1.1. The most noteworthy aspect there is that IRMOF-1 is not stable.
For all ILs we studied, the IRMOF-1 structure was found to collapse completely at IL
loadings as low as about 15 ion pairs in the simulation supercell consisting of 8 MOF unit
cells. We do not exclude the possibility that some of the stable MOF systems in Table 1.1
could become exclude the possibility that some of the stable MOF systems in Table 1.1
could become unstable if simulations are performed considerably longer than 10 ns. This
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finding calls into question the use of rigid or non-dissociable force field parameters for
IRMOFs to study their interactions with ILs.

The radial distribution functions (RDFs) of anions around Zn in Figure 1.5 show
pronounced peak structures at small r. This means that many of the anions are situated
close to Zn4O sites of MOF and interact with its zinc atoms, in agreement with previous
results obtained with a rigid MOF description.®®!* Interestingly, the RDF peaks in the
dissociable MOF description are located at considerably smaller separations than those in
the rigid model. This attributed to the displacement of Zn atoms from their equilibrium
positions in the dissociable model (cf. Figure 1.6). These structural changes allow IL anions
to access Zn atom sites better and more easily (because steric hindrance arising from other

moieties of

Figure 1.3. IRMOF model used in ab initio MD. 1,4-benzenedicarboxylate linkers of
IRMOF-1 are substituted with 4,4'-biphenyldicarboxylate. The color representations are
the same as in Figure 1.2.
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Figure 1.4. Periodic view of the model used in ab initio MD.

the MOF is reduced) than in the rigid model description. We also mention that IL ions
show an inhomogeneous distribution, clustered near the MOF skeleton in a very non-
uniform manner (see Figure 1.1). Some MOF unit cells are occupied by multiple ion pairs,
while some other cells are totally unoccupied.

Another interesting result is that the critical IL density for structural instability of
IRMOF-1 varies with the IL’s anionic species. Specifically, for given cationic species

BMI™, the critical density tends to be lower with anions with an elongated structure. This
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trend is ascribed to interactions of elongated anions with multiple Zn4O sites. To illustrate
this point, two frequently occurring configurations of TfoN™ ions near ZnsO sites are
exhibited in Figure 1.7. Due to its extended structure, Tf2N" can interact with Zn atoms of
two different Zn4O sites simultaneously via its O atoms with a partial negative charge. This
strongly suggests that the effectiveness of Tf2N" in interacting with and thus disrupting the
structure of metal centers is higher than that of smaller spherical anions such as PFs™ and
Br. We also notice in Table 1.1 that DCA™ is more effective in dissolving IRMOF-1 than
TfoN". This is expected because the magnitude of the negative partial charge on two
terminal nitrogen sites (-0.76e) of DCA" is substantially higher than that on oxygen sites (-
0.53e) of Tf2N", and as a result, electrostatic interactions of the former with Zn atoms are
stronger than those of the latter.

Our findings above indicate that interactions of IL anions with MOF play an
important role in driving structural instability of IRMOF-1. Nonetheless, distributions of
cations (Figure 1.8) suggest that they also contribute to MOF collapse by interacting with,
in particular, O atoms of the linkers. This explains why IRMOF-1 is more stable with
BuPy*Tf,N" than with BMI*Tf.N". Since the magnitude of atomic partial charges of BuPy*
is generally smaller than that of BMI", the cation-linker electrostatic interactions are
weaker for the former than for the latter.

In addition to the ILs listed in Table 1.1, we have studied IRMOF-1 stability in the
presence of other ionic liquids consisting of tetrafluoroborate, acetate or cyclopentadienyl
anions paired with either BMI*™ or BuPy" cations. With 17 ion pairs of these ILs present

inside the simulation supercell, IRMOF-1 was found to be unstable in all cases.
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Figure 1.6. Molecular geometry of ZnsO(1,4-benzenedicarboxylate)s: (a) crystal structure
and (b) a snapshot taken from MD with 13 ion pairs of BMI*Br present in the simulation
supercell. For clarity, only three ion pairs closest to the Zn4O site are shown and linkers
are not displayed in (b). The interactions of Br~ (green) with Zn (purple) deform the metal
site, Zn4O, from its tetrahedral symmetry (panel (a)) by pulling a Zn atom towards the
MOF cavity (panel (b)). Analysis shows that the distance between the displaced Zn and the
central O (red) in (b) can reach 4.5 A (the corresponding distance in the crystal structure in
() is 1.93-1.95 A). Three other zinc atoms that are not displaced become nearly co-planar
with the central O as shown in (b). Despite its significant structural disruption, MOF was
found to be stable in this case according to MD (see Table 1.1).

Figure 1.7. Two frequently-occurring configurations of TF2N" near Zn4O groups: a single
anion interacts with (a) one and (b) two ZnsO groups. Color: S (yellow), O (red), C (dark
gray), N (blue), F (light green), and Zn (purple).
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For insight into the dependence of the MOF stability results on IL potential models,
we have considered another model for BMI* PFs", viz., the force field parameterization
proposed by Bhargave and Balarsubramanian.®® Its main difference from the model
description of refs 49-51 is the total ionic charge. Specifically, partial charges of the cations
and anions are scaled by 0.8, so that their respective total charges are 0.8¢ and —0.8¢ in the
model description of ref 66. The MD results obtained with these reduced ion charges are
summarized in Table 1.1. We notice that the critical density for the collapse of IRMOF-1
structure increases to 37 ion pairs with reduced IL charges from 17 with full charges. This
clearly demonstrates the importance of MOF-IL electrostatic interactions in governing
MOF structural stability. Nevertheless, IRMOF-1 becomes unstable even in the case of
reduced charges with significantly weakened electrostatic interactions, suggesting that
IRMOF structural instability we have found in the presence of ILs is independent of the
details of the IL potential models.

Turning to IRMOF-10,°> whose 4,4'-biphenyldicarboxylate linkers afford bigger
pores than 1,4-benzenedicarboxylate linkers of IRMOF-1, we considered two different
loadings of BMI"PFe, 70 and 140 ion pairs, in its (2 x 2 x 2) supercell. We found that in
both cases, IRMOF-10 is structurally unstable just like IRMOF-1. This seems to suggest
that IRMOFs are generally unstable in the presence of ILs regardless of their pore size.

We briefly pause here for perspective. While MD provides key molecular-level
information on structural stability of IRMOF systems in the presence of ILs, several
important features, e.g., variations of partial charges of Zn and other moieties of MOF as
they deform, are not included in the MOF model®® used in our study. A similar

polarizability effect associated with guest molecules (ILs in our case) is also not accounted
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for. According to a prior study, the neglect of electronic polarizability can lead to a
substantial underestimation of transport coefficients; e.g., the simulated diffusion
coefficient of guest molecules like benzene was found to be an order of magnitude lower
than experimental results.®® Since our model description is classical, chemical reactivity,
such as electron and proton transfers, is also not properly accounted for. Another potential
difficulty is the combination of OPLS-AA-based parameters (ILs) with CVVFF-based
parameters (MOFs) invoked in our simulations.®® While we do not believe any of these
assumptions/approximations would have significant impact on our main result, i.e.,
structural instability of IRMOF in the presence of ILs, we have nonetheless attempted to
address them using the DFT and ab initio MD methods. We turn to them next.
1.4.2 DFT calculations. DFT calculations were performed for ZnsO(HCO2)s (Figure 1.2)
as a model fragment of IRMOF-1 in the absence and presence of 1,3-dimethylimidazolium
(DMI*) cations and Br-, SCN", BF4", and PFe™ anions. As presented in Table 1.2 and Figure
1.9, calculated structural parameters of the MOF fragment in the absence of ILs are in
reasonable agreement with previous theoretical and experimental results.>” 6768

DFT calculations predict that structure of the ZnsO(HCO.)s fragment does not
deform significantly in the presence of a DMI™ ion whose ring hydrogen atoms interact
primarily with the linkers’ oxygen atoms. While Zn-O bond lengths do change somewhat
compared to an isolated fragment, the tetrahedral symmetry of four O atoms coordinating
a Zn atom (Figure 1.2) remains largely intact (Figure 1.10).

When the ZnsO(HCOy)s fragment is exposed to an anion, however, the latter
interacts directly with one of Zn atoms of the former and becomes coordinated with that

Zn atom. This increases the coordination number of the Zn atom to five (or higher) from
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four, resulting in a significant structural change of the Zn site. The optimized structure of

the MOF fragment in the presence of one Br~ion is displayed in Figure 1.11. Br forms a

coordinate bond with one of Zn atoms with bond length of 2.333 A. This Zn-Br- interaction

deforms the tetrahedral (Tq) structure of the Zn atom’s coordination shell (Figure 1.2) in

Table 1.2. Calculated bond lengths (in A) compared to previous experimental and

theoretical results.*

Method Zn-Ocent Zn-Ocarh Ocarb-Cecarb
B3LYP-6-31G(d,p)*’ 1.953 1.948 1.271
X-ray®’ 1.933-1.945 1.937-1.969 1.244-1.267
X-ray® 1.936-1.950 | 1.930-1.950 | 1.234-1.270
B3LYP-6-31G(d,p), current study 1.962 1.952 1.261

* See Figure 1.9 for atom labels

1.261

(b)

Ocarb

Figure 1.9. Optimized structure of the model ZnsO(HCO>)s fragment: (a) bond distances
(in A) and (b) atom labels (O, C and Zn atoms are colored in red, grey, and purple,

respectively).
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Figure 1.10. Two optimized structures of ZnsO(HCO>)s in the presence of one DMI*
cation. Distances are measured in units of A. Configuration (a) is 2.09 kcal/mol lower in
energy than configuration (b).

the crystalline phase to almost a trigonal bipyramidal (Tb) structure with Br™ as an equatorial
ligand as illustrated in Figure 1.11b. This confirms the MD result above that Zn mainly
interacts with IL anions. In the case of BF4’, two of its F atoms can interact with the same
Zn atom, resulting in the coordination number of six for Zn (Figure 1.12). Depending on
electronegativity of the coordinating atom of the anions, the new ligand, i.e., anion, would
prefer equatorial or axial positions of Ty, structure (Figure 1.13). For instance, in the case

of SCN, the highly electronegative nitrogen atom acts as an axial ligand.
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Figure 1.11. Optimized molecular structure of ZnsO(HCO.)s in the presence of one
bromide anion. Two different views of the structure are shown in (a) and (b). In (b), Br
interacting with Zn and its coordinated O atoms form a trigonal bipyramidal structure with
the base consisting of two O atoms and Br". The Zn atom is nearly co-planar with the base.
See Figures 1.2 and 1.6 for color representations of different atom types. Distances are
measured in units of A.

Figure 1.12. Optimized structure of ZnsO(HCO3)s in the presence of one BF4 anion.
Distances are measured in units of A. In (a), bond lengths between Zn and coordinating O
atoms of formate linkers are shown. In (b), distances between Zn and coordinating F atoms
as well as that between Zn and central oxygen Ocent are presented. The bond length between
the anion’s B and two F atoms that do not interact with Zn is 1.369 A.
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(b)

Figure 1.13. Optimized structure of ZnsO(HCO,)s interacting with one SCN-anion. In (a)
and (b), axial and equatorial bond lengths are shown, respectively. Units for distance: A.

While addition of a DMI* cation to ZnsO(HCO2)s-Br- complex in Figure 1.11 does
not introduce significant structural changes, addition of a second Br-, which forms a
coordinate bond with another Zn atom, does. Upon sequential introduction of first Br-, first
DMI*, second Br~ and second DMI" ions to the ZnsO(HCO.)s fragment, the minimal
RMSD (root mean square deviation) from its gas-phase structure generally increases as
0.597, 0.567, 0.830, and 0.839 A according to DFT. This lends support to our MD results
that interactions of anions with zinc oxide clusters (ZnsO) are mainly responsible for
deformation of IRMOF structure and that IRMOF is not stable in the presence of ILs.
1.4.3 Ab initio molecular dynamics. Though DFT calculations provide atomistic insights
into molecular geometry of IRMOF’s metallic part in the presence of ILs, the influence of
system dynamics and of MOF’s structural connectivity on its deformation is not included.
To understand these effects, we simulated the model IRMOF system in Figure 1.3 with the

ab initio method in the absence and presence of a guest ion pair DMI*Br-.
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The AIMD results for temporal variations of the unit-cell volume of the IRMOF
system are shown in Figure 1.14. In the case of pure MOF with no guest ion pair, its volume
fluctuates but does not appear to shift with time. The average volume of the model IRMOF
remains unchanged at around 5105 A3 with lattice parameter a = 17.2 A and unit-cell
parameters o = § =y ~ 90°. We parenthetically note that since the unit-cell of the actual
IRMOF-10 is eight times larger than that of our model, our simulations yield 40840 A3 and
34.4 A for the unit-cell volume and lattice parameter for IRMOF-10, respectively. These

values compare well with the experimental results, 40285.52 A% and 34.28 A®

5100 A
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Figure 1.14. AIMD results for temporal changes of the unit-cell volume of the model
IRMOF system (Figure 1.2) in the absence and presence of a guest DMI*Br- ion pair.

In the presence of an ion pair DMI™Br, the model IRMOF system shows an
oscillatory but steady decrease in volume. During the 4.2 ps simulation period, the volume

decreases by nearly 30% from ~5100 A% to ~3600 A3l Final values of its unit-cell
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parameters at the end of the simulation are o ~ 111°, B ~ 91° and y ~ 83°, which differ
markedly from their initial values o = f =y = 90°. Thus IRMOF structure loses its original
symmetry and rapidly turns into a rhombus shape in the presence of a guest ion pair. This
iIs in striking contrast with pure IRMOF, which retains its crystal structure throughout the
simulation. (Final configurations of AIMD simulations in the absence and presence of the
ion pair are displayed, respectively, in Figures 1.15 and 1.16) Though our AIMD
simulation was performed only for a short period of time, it strongly indicates the onset of
collapse or major re-structuring of MOF framework in the presence of ILs, consonant with
the classical MD results presented above.

For insights into the mechanism of IL-induced disruption on MOF structure, we
monitored positions of the DMI*Br- ion pair with respect to MOF. We found that anion Br-
gradually moves from its initial position (> 4 A from Zn atoms) towards the metallic part
of MOF to form a bond with one of the Zn atoms. The formation of this bond induces the
elongation of the bonds between Zn and three O atoms of the linkers and deforms the
metallic center from its tetrahedral shape. This finding is in line with the DFT (Figure 1.11)
and classical MD results discussed above. It also indicates that despite their limitations
imposed by various approximations, our classical MD results on MOF structural stability

are robust.

1.5 Conclusions
In this article, we have investigated structural stability of IRMOF-1 and IRMOF-
10 in the presence of ILs via classical and ab initio molecular dynamics simulations as well

as DFT calculations. It was found that the original IRMOF structure is not stable in the
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presence of ILs. Both simulation and DFT results suggest that interactions between IL
anions and Zn atoms of MOF play a central role in engendering structural instability of
IRMOF. Therefore, elongated anions, such as Tf.N" and DCA", which can interact with
multiple Zn atoms, are very effective in destabilizing MOF structure, compared to spherical
anions, e.g., Br-and PFs". Our analysis clearly indicates that IRMOF does not offer a good
support system for ILs. It also exposes the limitations of non-dissociable force field models
in describing MOF structure and dynamics in the presence of guest molecules/ions that

interact strongly with MOF via Coulomb forces.
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Figure 1.15. Final snapshot of the model used for ab initio MD in the absence of BMI"Br
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Figure 1.16. Final snapshot of the model used for ab initio MD in the presence of one
BMI*Br ion pair.
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2.1 Abstract

Interactions of a lithium bis(trifluoromethane sulfonyl)imide (Li*Tf,N") ion pair with
oligoethers are investigated via the density functional theory (DFT). As a model for
polymer electrolytes polyethyleneoxide (PEO) and perfluoropolyether (PFPE),
CR3(OCR2CR2)n=150CR3 (R = H or F) are considered. Topographical analysis of the
molecular electrostatic potential (MESP) is performed to determine preferential binding
sites of Li*. Our study shows that the MESP value near oxygen sites of the polymer
backbone is more negative for PEO than for PFPE. This result indicates that substitution
of hydrogen by fluorine in polyethers leads to reduction in Li*—polymer interactions, in
concert with the experimental ionic conductivity results. S-O stretching vibrations of TfoN-
are calculated for the lithium salt in the presence and absence of the electrolytes. The blue
and red shifts predicted for S-O stretching are further explained by natural bond orbital
analysis and molecular electron density topography. The S-O stretching vibrations can be
used as a useful tool to understand the ion pair interactions and thus ion transport
phenomena in the polymer electrolytes.

Keywords: lithium bis(trifluoromethane  sulfonyl)imide, lithium-ion batteries,

nonflammable electrolytes, PEO, PFPE, ionic conductivity, DFT

2.2 Introduction
The stringent demand for portable power sources characterized by high energy and/or high
power densities, good cyclability, reliability, and safety continues to generate a great deal

of research interest from both academia and industry world-wide.}® State-of-the-art
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lithium-ion (Li-ion) batteries are not only in widespread use in consumer electronics but
also playing a key role in the development of technology in aerospace, medicine, and other
elite markets.*® Unfortunately, the thermal instability of the alkyl carbonates which are the
most common electrolytes for the Li-ion batteries tends to restrict the utility of such
batteries at elevated temperatures.>2 The high volatility and flammability of the
conventional organic electrolytes pose a serious safety issue for their use in the consumer
and transportation markets. To address such issues, a significant effort has been focused
on the synthesis and utilization of nonflammable electrolytes, such as ionic liquids, gel-
polymer matrices, and small molecule additives.**%°

Polymer electrolytes show a varying degree of ionic conduction above their glass
transition temperature (Tg) where polymer segments undergo fairly large-amplitude
motions.?>2? Polyethyleneoxide (PEO; Tq= —50 to —57 °C) is one of the most widely
studied host polymer for solvent-free electrolytes.>% It is a nonflammable electrolyte that
can dissolve a high concentration of various lithium salts, such as Li*CF3SO3  and
Li*(CFsSO2):N" (=Li'Tf,N’), to form solid polymer electrolytes (SPE).20232633
Unfortunately, there are two major issues with ion transport of PEO/lithium salts: (1) its
ionic conductivity is lower than that of the conventional organic electrolytes and (2)
transference number of Li* ions is between 0.1 and 0.5, indicating that only a small fraction
of the overall current is carried by the lithium ions.®*3® There has been a significant effort
to improve the electrolyte performance in the transference number. For example,
DeSimone et al. studied a class of nonflammable electrolytes based on functionalized
perfluoropolyethers (PFPESs).>® These new electrolytes exhibit a remarkably high

transference number close to unity, but their ionic conductivity is considerably lower than
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that of PEO. To improve on the ionic conductivity, a series of blends of PFPE, PEO, and
Li*Tf,N" were considered.*® Compared to pure PFPE, these systems show a marked
improvement in ionic conductivity by approximately two orders of magnitude but at the
expense of the transference number.

The ionic/molecular interactions are the key factors that govern transport
phenomena in electrolytes by directly modulating their structures.*** Thus detailed
information on local structures of the polymer matrix is important to understand the ionic
conductivity and transference number. In this context, characterization of the ion-polymer
and ion-ion interactions via computational analysis for PEO oligomers with coordinating
salts offers useful insights at the atomistic/molecular level.®24-%8 For instance, the
coordination of metal ions (e.g., Li") to ether oxygen atoms of polyethers and subsequent
changes in the polymer backbone’s conformation has been very useful to understanding
the transport properties of the electrolytes.*® Furthermore, interaction of the cation with
polyether oxygen atoms leads to weakening of cation-anion interactions,* which facilitates
decoupling of cations and anions and thus increases the ionic conductivity.

Molecular electrostatics potential (MESP) arising from bare nuclear charges and
electronic charge distributions of the system provides helpful insight into the cation-
polymer complex formation. MESP brings about the effective localization of the electron-
rich regions of the molecular system. The strength of such cation-anion interactions to form
a neutral ion pair can also be quantified from the charge enclosed within a given MESP
iso-surface. The MESP topography method has been applied to molecular interactions of
different ion pairs in the solid polymer electrolytes.®>2 In this article, we systematically

investigate and compare the binding patterns of the PEO and PFPE with Li*Tf2N" using the
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MESP topography as a tool to obtain molecular-level understanding of experimental results
for ionic conductivity and lithium transference number. We also examine how the Li*-
polymer and Li*-anion interactions manifest in the vibrational spectra using ab initio
quantum chemical calculations. Natural bond orbital (NBO) analysis and molecular
electron density (MED) topography coupled with different electron density maps are
employed to gain insight into the reorganization of electron density as a consequence of
these molecular interactions.

The outline of this paper is as follows: A brief description of computational
methods employed is first given. DFT results for structure and vibrational frequencies are
analyzed and related to Li*-oligomer and Li*-anion interactions next. Brief contact with

conductivity measurements is also made. Concluding remarks are offered at the end.

2.3 Computational Method

To model PEO systems and their fluorinated counterpart for DFT calculations,
CR3(OCR2CR2)n=1-s0CR3 (R = H or F) was used. PEO is terminated with a methyl group
at either end, so that when fluorinated, it can model PFPE reasonably well. Such methyl-
terminated structures have been widely used in computational investigations of PEO/Li
systems. In a previous study, molecular structures of pure diglyme (i.e., bis(2-
methoxyethyl)ether) in gauche conformation were found to be similar in the presence and
absence of a coordinated lithium ion.>® This suggests that for lithium ion complexation, all-
trans conformations are of minor importance and the gauche conformation provides the
best candidate. Since no large conformation changes are needed for the latter to bind Li*

with its ether oxygen atoms, this will minimize the energy cost for structural reorganization
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of polymers. Therefore we will consider only gauche conformations for CR3(OCR2CR2)n=1-
350CR3z in our study. For n=1 and 2, we studied 1:1:1 and 2:1:1 (ratio of the polymer,
cation and anion numbers) SPE complexes. For n=3 and 5, we considered only 1:1:1
complexes. All structures were optimized via DFT using the B3LYP hybrid functional in
all-electron 6-31G(d,p) basis set.>*>®> All the calculations were carried out with the
GAUSSIANO3 program.®

To shed light on the effective localization of electron—rich regions in the molecular
system, MESP was calculated by summing over all nuclei of the systems using the

following equation

N
Z r)d3r’
LR °)rr

where Za and Ra are the charge and position of nucleus A, p(r) is the electron density and
e is elementary charge. V(r) consists of the bare nuclear potential and the electronic
contributions. The topography of MESP is mapped by examining the eigenvalues of the
Hessian matrix at the point where the gradient V(r) vanishes. The MESP critical points
(CPs) can be characterized by its rank and signature (excess of positive eigenvalues over
negative ones). The minima and maxima are represented by (3, +3) and (3, -3), while (3,
1) and (3, +1) denote two different types of saddle points. The MESP CPs were visualized
by using the package UNIVIS 2000.%’

By checking the eigenvalues of the Hessian matrix, the stationary point geometries
were confirmed to be true local minima on the potential energy surface. Binding energies

have been calculated by subtracting the sum of the energies of the individual polymer and
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the salt from the total energies of the polymer-salt complexes. Normal vibrations were
assigned by visualizing the displacement of atoms around their equilibrium positions using
the program UNIV1S2000.° Finally, natural bond orbital analysis and molecular electron

density topography are performed.

2.4 Results and Discussions

We begin with the DFT results for CR3(OCR2CR2)OCR3 in the absence of a lithium salt.
Geometry optimization of gauche conformation shows that substitution of hydrogen by
fluorine atoms results in a considerable change in the structural parameters (Figure 2.1).
The most noteworthy aspect is that the C-O and C-C inter-atomic distances are shortened
and elongated, respectively, with the replacement of H with F (see a and b in Figure 2.1).
To understand these changes in the inter-atomic distances, we examined the C-O-C and C-
C-0O angles. Our results show that while C-C-O angle, ¢, remains nearly unchanged, C-O-
C angle, 6, increases with the substitution with fluorine; the 8 values are 112.7°and 119.7°
for R = H and F, respectively. This indicates that with the H-to-F substitution, the
hybridization character of oxygen orbitals changes from sp® to sp?. This explains the
change in the C-O bond distance, which tends to become shorter as the contribution of p
orbitals to the hybridization becomes reduced.

The frontier orbitals (HOMO and LUMO) of molecules are the prime determinants
of their chemical reactivity. A maximum overlap of the HOMO and LUMO of reacting
species is desired for reactions and in the non-reactive case, enhanced interactions. For
electrolytes PEO and PFPE, the oxygen atoms of polyether donate lone pair electrons to

Li*. Therefore, the HOMO level of the polymers is of interest. DFT predicts that the
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Figure 2.1. Optimized structure of CR3(OCR2CR2)OCR3 in the absence of lithium salts.
The results for bond lengths (in A) and angles (in degrees) are: a = 1.41 and 1.38, b = 1.52
and 1.55, § = 112.7 and 119.7, and ¢ = 109.3 and 108.0 for R = H and F, respectively.
Oxygen and carbon atoms are shown in red and dark gray, respectively. Hydrogen and
fluorine atoms are not shown for clarity.
HOMO level of PFPE is more stable than that of PEO by 356.85 kJ/mol. This result
indicates that the lone-pair electrons of PFPE are less accessible for the coordination of Li*
than those of PEO. To explore the effective localization of the electron-rich regions of the
molecular systems, and thus to find possible Li* binding sites of PEO and PFPE, the MESP
topography was examined. MESP iso-surfaces (V = 13.13 kJ/mol/e) of gauche conformers
of CR3(OCR2CR2)n=1-350CR3 (R=H or F) are shown in Figure 2.2. It is noteworthy that the
localization of the electron density around oxygen atoms is more pronounced for PEO than
for PFPE. The delocalization of electron density in PFPE is attributed to the electron
withdrawing effect of fluorine atoms. The minimum values of MESP (m-MESP) near
oxygen sites of PEO and PFPE are compiled in Table 2.1. The most prominent feature is
that m-MESP near oxygen of PEO is considerably more negative than those of PFPE. We
thus expect that Li* binds more strongly to oxygen atoms of PEO than those of PFPE,
consonant with the observation above based on orbital hybridization.

To investigate the interactions of model polymers with Li*, we placed lithium salt,

i.e., a Li"Tf2N" ion pair, near oxygen sites of the oligoethers according to the results of m-

MESP. The optimized structures of the models are shown in Figures 2.3 and 2.4. The
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Figure 2.2. MESP iso-surfaces (V = 13.13 kJ/mol/e) of CR3(OCR2CR2)nOCR3 (R=H or F)
with (A) n=1, (B) n=2, (C) n= 3, and (D) n =5. Oxygen, carbon, hydrogen, and fluorine

atoms are shown in red and dark gray, light gray, and light blue respectively.

Table 2.1. MESP minimum (in kJ/mol/e) near oxygen in different chain length of PEO

and PFPE structures®

monoPEO | diPEO | triPEO | pentaPEO | monoPFPE | diPFPE | triPFPE | pentaPFPE

-221.5 -233.0 | -2416 |-232.1 -36.5 -30.2 -36.3 -40.8
-221.5 -242.3 | -2225 | -244.8 -36.5 -31.3 -34.0 -31.4
-233.0 | -225.3 | -226.5 -21.3 -28.1 -29.3
-231.8 | -231.0 -25.4 -28.4
-228.0 | -228.1 -28.1
-233.1 -24.1

-244.9

-235.7

8CR3(OCR2CR2)n-1.50CR3 where R = H is for PEO and R=F for PFPE; mono (n=1), di (n=2), tri

(n=3), and penta(n=5).
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interaction of Li* with oxygen atoms of the oligoethers engenders elongation of the
oligoethers’” C-O bonds compared to those in the absence of the lithium salt. DFT predicts
that in the presence of one monoglyme (CH3(OCH2CH2)OCHzs) unit (viz., 1:1:1 SPE
complex), the lithium cation interacts with two oxygen atoms of the monoglyme with AE
= -151.88 kJ/mol (Figure 2.3A), where AE is the energy difference between the SPE
complex and the free PEO plus an isolated ion pair. Thus an energy is released upon
complexation. The Li*—Opeo distance is found to be 1.993 A. In the presence of two
monoglyme units (2:1:1 complex), Li* interacts with three oxygen atoms of the oligomer
units with AE = -197.90 kJ/mol (Figure 2.3B). The average Li*—Opeo distance in this case
is2.120 A, about 0.13 A longer than the case of a single monoglyme. For the 1:1:1 complex
with one diglyme (CH3(OCH2CH2)>OCHz3) unit, the lithium cation couples to all three
oxygen atoms of the diglyme with the average Li*~Opeo distance 2.131 A and AE=-171.96
kJ/mol (Figure 2.3D). When two diglyme units are available (i.e., 2:1:1 complex), Li* still
interacts with only three of six oxygen atoms of the oligomer backbones (Figure 2.3E). The
resulting AE value and average Li*—Opeo distance are -207.94 kJ/mol and 2.124 A.
Analogous to diglyme, complexation of Li* with triglyme (CH3(OCH2CH2)3s0OCHz) and
pentaglyme (CH3(OCH.CH>)sOCHz3) occurs via coupling to three oxygen atoms of the
oligomer chains with average Li*—Opgo distances of 2.111 and 2.089 A, respectively
(Figures 2.3C and 2.3F). To avoid any confusion, we mention that in real SPE, Li" ions,
when fully dissociated from anions, will interact with more than 3 oxygen atoms of
oligomers.

Turning to Li*-anion interactions, we first note that Li* interacts with two oxygen

atoms of the Tf,N" anion with Li*—O* atomic distances of 1.810 A in the isolated ion pair
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Figure 2.3. Optimized molecular structure of Li*TfoN" in the presence of (A) one
monoglyme unit, (B) two monoglyme units, (C) one triglyme unit, (D) one diglyme unit,
(E) two diglyme units, and (F) one pentaglyme unit of PEO. Lithium, sulfur, nitrogen atoms
are shown in black, yellow, and dark blue, respectively. The other color representations are
the same as in Figure 2.2.

case (Figure 2.5). Here and hereafter, O* denotes oxygen atoms of TfoN", which interact
directly with Li*. Upon the formation of an SPE complex, Li*-oligomer interactions pull
the Li* ion away from the anion towards the oligomer. This leads to elongation of Li*~O*
distance, which in turn results in the contraction of S-O* bonds of the anion (Table 2.2).
The overall cation-oligomer interaction strength depends on both the strength of the
interaction of individual oligoether oxygen with Li* and the number of oxygen atoms
interacting with Li*. Both factors contribute to Li*~O* and S-O* distances. Thus changes
in these inter-atomic distances can serve as a reasonable measure of the strength of Li*-
anion and thus Li*-oligomer interactions; viz., the stronger the Li*-oligomer interactions

and therefore the weaker Li*-anion interactions, the longer (and thus weaker) and shorter
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Figure 2.4. Optimized molecular structure of Li*TfoN" in the presence of (A) one
monoglyme unit, (B) two monoglyme units, (C) one triglyme unit, (D) one diglyme unit,
(E) two diglyme units, and (F) one pentaglyme unit of PFPE. The color representations are
the same as in Figure 2.3.
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(and thus stronger) the Li*~O* and S-O* bonds, respectively. It is worth noting that the
Li*—O* and S- O*distances are, respectively, longer and shorter in the 2:1:1 SPE complex
with two diglyme units than in the 1:1:1 complex with one diglyme unit. Thus Li*-anion
interactions are weakened in the former compared to the latter even though Li* interacts
with three O atoms of PEO in both cases. This suggests that increase in the extent of
solvation of the Li*Tf,N" ion pair in PEO reduces the ion pair interactions and facilitates
its dissociation. In this context, among six different SPE complexes of PEO and Li* we
studied here (Figure 2.3), the presence of two diglyme units appears to provide the best

environment for dissociation of the ion pair, according to the results in Table 2.2.
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Figure 2.5. Optimized molecular structure of Li*TfoN" in gas phase. The color
representations are the same as in Figure 2.3.

Table 2.2. Selected bond lengths (in A) for different CH3(OCH2CH2)n=150CH3-Li* TN

complexes®?

monoPEO | 2monoPEO | diPEO 2diPEO triPEO pentaPEO
CO 1.430 1.430 1.430 1.433 1.430 1.433
1.426 1.421 1.421 1.420 1.422 1.417
1.426 1.422 1.423 1.428 1.426 1.413
1.430 1.427 1.423 1.429 1.429 1.418
1.421 1.421 1.415 1.425 1.432
1.428 1.430 1.418 1.432 1.427
1.420 1.428 1.420 1.427
1.414 1.431 1.414 1.425
1.420 1.431
1.417 1.433
1.415 1416
1412 1418
SO* 1.494 1.490 1.491 1.489 1.486 1.492
1.493 1.488 1.492 1.490 1.492 1.487
SO 1.455 1.463 1.461 1.459 1.459 1.463
1.455 1.456 1.465 1.466 1.457 1.455
SN 1.610 1.612 1.617 1.618 1.607 1.609
1.610 1.604 1.605 1.606 1.614 1.611
Li*—Opeo | 1.991 2.098 2.128 2.149 2.035 2.095
1.994 2.141 2.094 2.165 2.153 2.157
2.048 2.170 2.057 2.146 2.014
Li*—Oapnion | 1.889 1.977 1.951 2.033 1.969 1.987
1.892 2.012 1.982 2.073 1.979 1.994

3%Free anion: SN =1.620; SO= 1.468, 1.469, 1.468, 1.469.
PLi*T,N- ion pair in vacuum: SN = 1.606; SO* = 1.504; SO =1.452; Li*-0=1.810.
®Average CO bond distance of pure PEO = 1.413
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We now proceed to PFPE systems and consider the effect of the replacement of H
by F in oligomers on SPE complexes. The conformers of PFPE we studied (Figure 2.4) are
similar to those of PEO discussed above (Figure 2.3). Two aspects are noteworthy. First,
Li* interacts with two oxygen and one fluorine atoms of PFPE in contrast to three oxygen
atoms in the case of PEO. Second, Li*—Oprpe distances are longer than those of Li*—Opeo
(Tables 2.2 and 2.3). The latter indicates that cation-polymer interactions are weakened in
the presence of PFPE compared to the PEO case. This is in good agreement with the
analysis of the MESP topography above. The weakened cation-oligomer interactions result
in (relatively) strong cation-anion interactions in PFPE, compared to those in PEO. This is
manifested in S-O* bond lengths and Li*—O* distances, which are, respectively, elongated
and shortened in PFPE with respect to the PEO case. This means that the dissociation of
Li*-Tf2N"ion pairs will be less energetically favorable and thus less probable in PFPE-type
electrolytes than in PEO. As a result, there will be fewer free ions available for ion
conduction in the former than in the latter. This provides a theoretical explanation for low
ionic conductivity observed experimentally in PFPE electrolytes, compared to PEQ.3940
However, we think that Li*—Opolymer interactions are a “double-edged sword” in that while
they facilitate the lithium salt dissociation by weakening Li*-anion interactions as
discussed above, their enhancement would hinder Li* transport by strongly binding Li*
ions to polymers. This aspect of Li*—Opoymer interactions explains why the lithium
transference number is considerably lower in PEO than in PFPE.3940

For additional insight into interactions of Li* ions with anions and oligoethers, we
have analyzed vibrational spectra of Li*Tf2N"-oligomer complexes. Though approximate,

theoretically calculated harmonic vibrational frequencies are useful to understanding
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Table 2.3. Selected bond lengths (in A) for different CF3(OCF2CF2)n=1s0CF3-Li*Tf,N-
complexes*P<

monoPFPE | 2monoPFPE | diPFPE 2diPFPE | triPFPE pentaPFPE
CO 1.407 1.400 1.399 1.402 1.410 1.389
1.395 1.393 1.368 1.391 1.390 1.374
1.396 1.393 1.500 1.379 1.399 1.382
1.407 1.401 1.399 1.390 1.401 1.386
1.375 1.408 1.376 1.399 1.379
1.390 1.391 1.386 1.368 1.388
1.381 1.388 1.381 1.368
1.386 1.377 1.392 1.393
1.389 1.378
1.379 1.390
1.387 1.380
1.408 1.386
SO* 1.501 1.497 1.501 1.499 1.501 1.497
1.499 1.498 1.499 1.498 1.500 1.497
SO 1.454 1.455 1.455 1.455 1.456 1.454
1.457 1.454 1.459 1.461 1.460 1.454
SN 1.601 1.605 1.602 1.601 1.601 1.605
1.611 1.607 1.613 1.613 1.616 1.607
Li*—Oprpe | 2.117 2.230 2.259 2.325 2.210 2.922
2.105 2.213 2.170 2.249 2.221
Li*—Fprre | - 2.340 2.395 2.642 2.363 2.040
Li*—Oanion | 1.835 1.876 1.853 1.860 1.852 1.852
1.837 1.862 1.852 1.874 1.853 1.856

For bond distances for the free anion and ion pair in vacuum, see footnotes of Table 2.2
bAverage CO bond distance of pure PFEF = 1.383

structural changes induced by molecular interactions, in particular, between metal ions and
oligomers as they are manifested as spectral changes. Selected stretching vibrations of PEO
and PFPE in the absence and presence of Li*Tf,N" are presented in Tables 2.4 and 2.5,
respectively. The vibrations in the frequency range of 1155-1185 cm™ (1125-1175 cm™)
are assigned to C-Opolymer Stretching vibrations of PEO (PFPE) in the absence of Li*. For
clarity, we note that these normal stretching vibrational modes have CH: bending
components, such as wagging, twisting, and scissoring, due to coupling of local vibrational
modes. In the presence of Li*, the C-Opolymer Vibrations, especially those involving Opolymer
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atoms that interact directly with Li*, become red shifted with respect to those in pure
PEO/PFPE. These red shifts correlate reasonably well with the Li*-oligoether interaction

strength.

Table 2.4. Selected vibrational frequencies for isolated PEOs and CH3(OCH2CH2)n=1-
sOCHas-Li*Tf2N" complexes

Mono Li- Li- diPEO Li- Li- triPEO Li- pentaPEO | Li-
PEO monoPEO 2monoPEO diPEO | 2diPEO triPEO pentaPEO
CO str 1181 1152 1171 1175 1172 1179 1183 1173 1183 1182
A7) (68) (51) (68) (74) (33) (76) (66) (99) (67)
1159 1118 1157 1158 1140 1171 1171 1168 1175 1179
(252) (256) (58) (259) (243) (23) (130) (57) (99) (91)
1172
(56)
1149 1157 1159 1162 1167
(202) (319) (54) (240) (56)
1136 1148 1149 1156 1163
(228) (187) (70) (282) (94)
1124 1133 1139 1152
(204) (103) (124) (213)
1122 1116
(52) (298)
1106
(54)
SO str 1321 1303 1283 1302 1321 1283
(481) (414) (510) (413) (463) (308)
1302 1286 1269 1280 1298 1261
(299) (420) (391) (1280) (310) (225)
SO* str 1086 1098 1095 1095 1093 1099
(96) (206) (392) (177) (93 (201)
1072 1077 1068 1065 1076 1073
(280) (206) (27) (191) (237) (210)
SN str 1011 1017 1010 1005 1011 1009
(519) (476) (488) (490) (470) (240)

Free anion: SO str = 1324 (444), 1300 (71); SN str = 999 (582).
Li*Tf,N ion pair in vacuum: SO str = 1324 (396), 1305 (354); SO* str = 1069 (161), 1062 (536);
SN str = 1011 (429).

In the case of S-O* stretching vibrations, a blue shift is obtained in SPE, compared
to an isolated Li*Tf2N" ion pair. Additionally, S-O* stretching vibrations are higher in
frequencies in PEO than in PFPE. As mentioned above, the Li*-oligomer interactions
weaken the Li*-anion interactions and as result strengthen S-O* bonds. For better
understanding of this aspect, we carried out NBO (Natural Bond Orbital) analysis to

examine changes in the strength of anion bonds, caused by the Li*-oligomer and Li*-anion

interactions. The electron density in the antibonding orbital of the S-O* and S-O bonds of
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Table 2.5. Selected vibrational frequencies for isolated PFPES and CF3(OCF,CF2)n=1.-
sOCFs- Li*Tf,N" (units: cm™)

monoPFPE Li- Li- diPFPE | Li- Li- triPFPE | Li- pentaPFPE | Li-
mono | 2monoPFPE diPFPE | 2diPFPE triPFPE pentaPFPE
PFPE
CO str 1172 1134 1170 1171 1159 1173 1170 1170 1175 1178
(160) (356) | (174) (750) (413) (204) (317) (363) (335) (214)
1132 1161 1162 1171 1171 1171
(442) | (204) (1214) | (599) (599) (245)
1154 1092 1151 1116 1155 1125 1166 1166 1163
(1165) (1219) | (882) (61) (591) (726) (99) (99) (349)
1138 1137 1090 1151 1161 1161 1162
(706) (1021) | (493) (589) (736) (736) (746)
1100 1120 1141 1141 1151
(808) (518) (1080) | (1080) (756)
1109 1130
(855) (553)
1105 1110(143)
(52)
SO str 1309 1320 1311 1307 1307 1323
(1149) | (875) (359) (857) (209) (402)
1295 1301 1289 1295 1292 1303
(565) | (360) (1015) | (350) (92) (339)
SO* str 1083 1081 1086 1082 1080 1082
(354) | (172) (878) (289) (822) (230)
1064 1071 1058 1058 1055 1070
(330) | (322) (218) (237) (215) (285)
SN str 1016 1016 1012 1013 1011 1016
(315) | (327) (301) (314) (336) (362)

the anion in various SPE complexes are summarized in Tables 2.6 and 2.7. Compared to
an isolated anion, the Li*-anion interactions yield an increase in the electron density in the
localized antibonding orbital of the S-O* bonds of the anion, due to charge transfer mainly
from O* to the alkali metal. This results in weakening of the S-O* bonds, concomitantly
with the elongation of their bond lengths and a red shift of their stretching vibrations
compared to the corresponding vibration in the infrared spectrum of the free anion. In
addition, the resulting anion electron density redistribution leads to transfer of electron
density to its non-interacting S-O bonds in these SPEs. This increases the strength of these
S-O bonds, accompanied by bond contraction and hence an upshift of their vibrational

frequencies.
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Table 2.6. Electron density (in au) of anti-bonding orbitals of selected bonds in the

anions
Bond Li-monoPEO Li-2monoPEO | Li-diPEO Li-2diPEO Li-triPEO Li-pentaPEO
SO* 0.1971 0.1909 0.1909 0.1902 0.1967 0.1905
0.1966 0.1871 0.1874 0.1852 0.1897 0.1897
SO 0.1380 0.1455 0.1490 0.1482 0.1397 0.1447
0.1386 0.1610 0.1654 0.1684 0.1435 0.1578

Free Anion:; SO = 0.15875, 0.17503, 0.15875, 0.17503

Li*Tf,N" in pair in vacuum: SO* = 0.20594, 0.20592; SO = 0.13433, 0.13431

Table 2.7. Electron density (in au) of anti-bonding orbitals of selected bonds in the

anions
Bond Li-monoPFPE | Li-2monoPFPE | Li-diPFPE Li-2diPFPE Li-triPFPE Li-pentaPFPE
SO* 0.2021 0.2003 0.2001 0.2010 0.1932 0.1985
0.1971 0.1967 0.1954 0.1959 0.1997 0.1975
SO 0.1325 0.1362 0.1373 0.1359 0.1390 0.1436
0.1518 0.1423 0.1570 0.1566 0.1597 0.1413

One of the potential advantages of S-O* stretching vibrations, though limited to
anions with sulfonyl groups, over C-Opoymer Vibrations from experimental perspective is
that the former are relatively more intense and are not strongly coupled with other local
vibration modes. As such, S-O* vibrations would be hard to miss in the experimental
spectra, thereby offering a good empirical measure for Li*-oligomer and Li*-anion
interaction strengths. For instance, the S-O* stretching frequencies of SPE complexes in
which Li* interacts with three oxygen atoms of PEO (i.e, complexes with di-, tri- and penta-
glymes as well as the 2:1:1 complex with two mono-glyme units) are generally shifted
towards higher frequencies compared to those of the 1:1:1 complex with a single mono-
glyme unit in which Li* interacts with just two oxygen atoms. This indicates that the
strength of Li*-PEO interactions increases as more oxygen atoms of PEO become

coordinated with Li*. Between PFPE- and PEO-based electrolytes, the S-O* stretching
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frequencies in PFPE are red shifted with respect to those in PEO. This provides another
evidence that Li*-oligoether interactions are weaker in the former than in the latter.
Finally we consider the MED critical point (cf. section 2) topography for our model
SPE complexes. As demonstrated in previous work on ion pair interactions, the strength of
the short-range intermolecular interactions can be well correlated to the electron density at
the bond critical point (BCP) of their interaction path (“bond path”).>3%° (BCP is a saddle
point of type (3,-1), viz., its value is a maximum in two directions and a minimum in the
third direction in three-dimensional space.) Therefore, they can provide additional insight
into the bond strengths and the direction of vibration frequency shifts, caused by the
changes in the anion-cation interactions. The DFT results are presented in Tables 2.8 and
2.9. The BCP values for interionic/intermolecular Li*—O bond paths for both anion and
oligoether oxygen atoms are in the range of 0.02-0.035 au, which are about one order of
magnitude smaller than the typical BCP values of chemical bonds. Nonetheless, the
presence of BCPs between Li* and PEO and (Li* and PFPE) indicates that their Li*—O
interactions resemble bonded interactions. The absence of a BCP in interactions of Li* with
some O atoms of PFPE suggests that they are non-bonded interactions and thus are not as
strong as their bonded interaction counterparts. Another noteworthy feature is that the
magnitude of BCP for Li*—Opoymer for PEO is considerably larger than that for PFPE. This
confirms our findings based on the Li*—O distances and the S-O* stretching frequencies
above that Li*—Opolymer interactions in SPE complexes are stronger with PEO than with
PFPE. Similarly, the BCP results for Li*—Oanion confirm that Li*-anion interactions become

weakened in the presence of PEO, compared to PFPE.

46



Table 2.8. Electron density (in au) at the BCP of Li*—O interaction paths in

CH3(OCH2CH2)n=1-s0CH3-Li-Tf>N

Bond Li- monoPEO | Li-2monoPEO | Li-diPEO Li-2diPEO Li-triPEO Li-pentaPEO
Li*—Oreo 0.02449 0.01795 0.01731 0.01679 0.02168 0.01627
0.02436 0.01699 0.01560 0.01155 0.01653 0.01861
0.02023 0.01882 0.01483 0.01632 0.02226
Li*—Oanion 0.02997 0.02114 0.02310 0.01816 0.02328 0.02231
0.02973 0.02318 0.02535 0.02001 0.02363 0.02256

Table 2.9. Electron density (in au) at the BCP of Li*—O interaction paths in

CF3(OCF2CF2)n=1.50CFs-Li-TfoN

Bond Li- monoPFPE | Li-2monoPFPE | Li-diPFPE Li-2diPFPE Li-triPFPE Li-pentaPFPE
Li*—Oreo 0.01612 0.01188 0.01208 0.009082 0.01273
0.01676 0.01267 0.01323 0.01278
Li*—Oanion | 0.03508 0.03238 0.03372 0.03200 0.03377 0.03312
0.03498 0.03119 0.03346 0.03284 0.03389 0.03335

2.5 Conclusions

In this study, we have investigated molecular interactions between oligoethers
CR3(OCR2CR2)n-150CR3 (where R = H or F) and a Li*Tf2N"ion pair via DFT calculations.
Our results indicate that replacement of H with F in oligoethers results in change of
hybridization of their oxygen atoms from sp® to sp?. This stabilizes the C-O bonds of the
oligoethers and lowers the HOMO energy, which in turn reduces interactions of the
oligoethers with Li* ion. Further, we analyzed the molecular electrostatic potential and
natural bond orbital of the oligoethers in the presence and absence of the lithium salt. These
analyses along with the S-O stretching vibrations of the anion show fluorination of PEO
leads to a strong reduction of Li*-affinity of the polymer. This finding provides a theoretical
explanation for low ionic conductivity observed experimentally for PFPE electrolytes,
compared to PEO. It also explains why the lithium transference number is much higher in

PFPE than in PEO. Thus our study here offers helpful insight into the Li*-polymer complex

47



formation to design and synthesize new solid electrolyte polymers with improved ionic
conductivity and transference number to meet the ever increasing demand of high
performance and safe energy storage devices. Therefore, it would be worthwhile in the
future to extend this study to investigate actual kinetics of Li* transport at the first

principles level.
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3.1 Abstract

The catalytic activity of Aus(SR)1s nanoclusters (—SR = thiolate ligands) for different
reactions, including aldehyde hydrogenation, the Suzuki cross-coupling, and the Ullmann
hetero-coupling reactions, are studied. This chapter shows the addition of transition-metal
ions as a Lewis acid (M?" = Cu*, Cu?*, Ni?*, and Co?*) and imidazolium-based ionic liquids
(ILs) can significantly promote the catalytic activity of Auzs(SR)1s nanoclusters. Using
density functional theory calculations, generation of new species, Auzs-n(SR)1s-n, in the
presence of the promoters (i.e, Lewis-acid and IL) is investigated. The pathways for the
speciation of Auz4(SR)17 from its parent Auzs(SR)1s nanocluster as well as its structure are
investigated via DFT method. The adsorption of M*" or imidazolium-based cation onto a
thiolate ligand “—SR—" of Au2s(SR)1s, followed by detachment of “Au-SR” units is found
to be the most likely mechanism for the Auzs.n(SR)18-n generation. This in turn exposes the
Auzz-core of Au24(SR)17 to reactants, providing active sites for the catalytic reactions. DFT
calculations indicate that M** is also capable of adsorbing onto the Auis-core surface,
producing a possible active metal site of a different kind to catalyze the reactions. This
study suggests, for the first time, that species with an open metal site like adducts
[nanoparticle-M]@Y* or fragments Auzs.n(SR)1s-n function as the catalysts rather than the
intact Auzs(SR)1s. Further, it is shown that the activity and selectivity of the catalyst are
largely influenced by the chemical nature of the protecting thiolate ligands. This study
highlights that the aromatic ligands lead to not only a higher conversion in catalytic
reaction but also markedly increase the yield of the hetero-coupling product of the Ullmann

hetero-coupling reactions.

Keywords: Gold, Nanoclusters, Auzs, Catalysis, Reaction Mechanism

52



3.2 Introduction
Ever since the catalytic manufacture of lead chamber sulfuric acid by J. Roebuck in 1746,
chemical catalysis has played a vital role in the industrial applications and development of
the modern society.® Currently, almost all of the manufactured materials rely on catalytic
reaction technology. However, design and development of environmentally more friendly
processes in the chemical industry is a must due to the vast amount of industrial waste
stream produced each year.5'% The “Green Chemistry”, with principles formulated by the
U.S. Environmental Protection Agency, is the design of novel chemical processes to
minimize the use/generation of hazardous substances which ultimately enter to the waste
stream.! In this regard, a key technology development effort is the research on catalytic
technology for green manufacture and application of fuel and chemicals. For examples,
green catalysts are used in biomass feedstocks,!*'* organic synthesis,®® olefin
metathesis,'”® medicines development,'® and biodegradable plastics.?°

Catalysts can be divided into two main categories: heterogeneous and
homogeneous. The major advantage of heterogeneous catalysts over the homogenous ones
are simpler and cheaper separation and re-utilization of the catalysts after chemical
reactions.?2 In this regard, a variety of transition metals in different forms have been
examined for chemical syntheses, petroleum refinery, and environmental protection.?434
Unfortunately, heterogeneous catalysis often suffers from low specificity that leads to the
formation of side products. This poses a serious challenge from the environmental and
economic perspectives for their applications in chemical industries. Despite many
transition metals, gold is found to be highly specific in many heterogeneous catalytic

reactions, providing an exciting opportunity for their green use in large scales. 3
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The surface chemistry of the bulk materials is generally considered to be negligible
due to their low surface-to-volume ratios. However, the chemical potential of materials
increases as their size deceases. This often results in superior surface effects that dominates
the overall material behavior. Therefore, materials in nanosize such as nanoparticles,
nanowires, and nanolayers have gained overwhelming interest for their use in a wide range
of fields, including organic light-emitting diodes (OLEDs), petroleum processing, energy
conversion, and pollutant removal.3">® Nanosized gold materials at different oxidation
states, e.g., Au(l), Au(lll), and Au(0), have received considerable attention as a new
promising class of catalytic systems for green chemical transformations.>*°® However, the
polydispersity issue of bare gold nanoparticles makes it challenging to study structure—
reactivity relationships for the gold catalysis. This hinders systematic development of gold
nanoparticles for their applications in chemical synthesis. In this regard, extensive efforts
have been made for the synthesis of atomically well-defined gold nanoclusters protected
by organic ligands. Such particles can provide reliable structural frameworks to pursue the
fundamental understanding of heterogeneous catalysis over the gold systems.>"

Recent successes in the preparation of monodispersed gold nanoclusters protected
by thiolate ligands, Aun(SR)m (—SR represents thiolate ligand, n and m varied from 15 to
99 and from 14 to 42), raise significant hope to shed light on the long puzzling area of gold
catalysis. The atomic precision and monodispersity of the Aun(SR)m nanoclusters provide
an exciting opportunity to correlate structures of gold systems with their catalytic
performance.>”°862 Although research on this topic is still in its early stages, the catalytic
efficiency and selectivity of such nanoparticles, especially Auzs(SR)1g nanoclusters (Figure

3.1), have been studied in several reactions including coupling, hydrogenation, oxidation,
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etc.53% The non-metallic behavior of the nanoclusters due to the energy quantization
arising from their ultrasmall size exerts a strong influence on their catalytic properties.

As shown in Figure 3.1, the Auzs(SR)1s nanoclusters is composed of six staple shell
motifs Auz(SR)3 (“~SR-Au-SR-Au-SR-") that cover a 13-atom icosahedral core (Auis).
Crystal structure of this nanoparticle enables efficient quantum chemistry calculations to
understand their catalytic properties. Previous theoretical studies on the Auzs(SR)s
nanocluster show that the Aus sites on the staple motifs (Figure 3.1) are associated with the
catalytic behavior of the nanocluster. For instance, density functional theory calculations
predict that, in the Sonogashira cross-coupling reaction between phenylacetylene and
iodobenzene, both aromatic molecules can be adsorbed on a Aus site of the Auzs(SR)1s

nanoclusters.%®

Figure 3.1. Crystal structure of Auzs(SR)1s (= Auzs(SR1)s(SR2)12) nanoclusters indicates
two types of thiolate ligands on the staple motif “-(SR2)-Au-(SR1)-Au-(SR2)-". Color
code: Au on the staple shell (green); Au in the Auzs core (orange); sulfur (yellow). Carbon
and hydrogen atoms are not shown for clarity. The triangle shown in a dashed cyan line
represents an Aus site.
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Experimental investigations show the thiolate protected gold nanoclusters require
relatively high temperatures (T > 130 °C) to be activated and function as catalysts.>">870-72
This makes it difficult for applications of the catalysts in a wide range of systems which
require to be maintained at low temperatures. Thus it is highly valuable and desirable to
activate the catalysts at lower temperature with the help of some promoters. Lewis-acids,
in particular, transition-metal ions M?*, such as Cu*, Cu?*, Ni?*, and Co?*, are known for
their promotional effect on Au nanoparticle-catalyzed reactions. However, the mechanism
for the promotion is poorly understood.”>"® For example, the presence of Co?* is shown to
improve the hydrogenation rate and allylic alcohol chemoselectivity for the chemoselective
hydrogenation of «,f-unsaturated carbonyl compounds, catalyzed by PVP-protected Au®

nanoparticles (PVP = polyvinylpyrrolidone).

Systematic development of catalytic systems to function at relatively low
temperatures requires molecular understanding of activation mechanisms of the gold
nanoclusters in the presence of chemical promoters. In this chapter, computational tools
are applied to study the Lewis-acid-promoted hydrogenation of aldehyde to alcohol
catalyzed by Auzs(SR)1s (hereafter, SR = SC2H4Ph) in the presence of a base (NHz) and
H. Using DFT calculations, it is rationalized that Au2s(SR)1s nanoclusters can undergo
fragmentation in the presence of a Lewis-acid, resulting in the formation of Auzs.n(SR)18-n
species with catalytic active sites for the aldehyde-to-alcohol hydrogenation. Possible
configurations of Au24(SR)17 are examined using DFT and time-dependent DFT (TD-DFT)
methods. Our calculations indicate that the catalytic active site located on the Auis-core of

Auzsn(SR)1sn is capable of activating the covalent bond of H» heterolytically. To our
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knowledge, this is the first study that proposes the catalytic activity of the nanoclusters are

associated with exposed Augs-core rather than the intact nanoclusters.

Further, potential activation of the god nanoclusters in the presence of imidazolium-
based ionic liquids (ILs) is studied. DFT calculations indicate that the acidic proton at the
position-2 of the imidazolium ions can play an important role in the detachment of -SR
ligands and Au atoms from the nanocluster surface for generation of Auzs-n(SR)1s-n. This

in turn exposes the Auis-core of the nanoclusters for catalytic reactions.

Finally, electronic and catalytic properties of aromatic-thiolate-protected gold
nanocluster are investigated. Results indicate the catalytic activity and selectivity of the
Auzs(SR)1s nanoclusters in reactions can be largely enhanced by the aromatic nature of the

thiolate ligands.

3.3 Computational Method

3.3.1 A) Auzs Nanoclusters with Lewis-Acids for Aldehyde Hydrogenation. DFT
optimization was performed using the B3PW91 hybrid density functional. The 6-31G**
basis set was employed for H, C, N, O and S,”®"° while the valence aug-cc-pVDZ basis set
together with the appropriate Stuttgart-Dresden effective core potentials (ECPs) was used
for transition metal ions, Cu*, Cu®*, Ni?*, and Co?*.8-%2 For gold atoms, the LANL2DZ
basis set was used.®® The B3PW91 functional with the LANL2DZ basis set has been shown
to predict accurately the structure of Au nanoclusters.®+®" The reaction energy is
determined as the energy difference AE = X Epro — X Erea , Where X Epro and X Erea are total
energies of the products and reactants, respectively. The integral equation formalism

polarizable continuum model (IEFPCM) was applied to study the solvation effect on
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reaction energetics.3 TD-DFT calculations of optical absorption spectra were also
performed and compared with experimental UV-Vis results. All calculations were carried
out with the Gaussian09 package.”® The crystal structure of Auzs(SR)1s was employed as a

starting point for DFT calculations for nanoclusters.8®

3.3.2 B) Auzs Nanoclusters with ILs for the Suzuki Cross Coupling Reaction. DFT
calculations were performed to investigate oxidative addition of Auzs(SCH3)1s to a halide.
All ground state geometry optimizations were carried out with the B3PW91 hybrid density
functional and 6-31G(d,p) (H, C, N, O, S) and LANL2DZ (Au and I) basis sets.”®"%%% We
have also used MIDI! basis set for | to examine the effect of basis sets on the iodine-
incorporated structures.®® The integral equation formalism polarizable continuum model
(IEFPCM) was applied to study how solvation may influence the stabilization of a complex
formed by a removed thiolate ligand and DMI (1,3-Dimethylimidazolium), EtOH, or

DMF.88 All calculations were carried out with the Gaussian 09 package.”

Solvation structure of BMIM-BF; in ethanol was studied via MD. Four different IL
concentrations, 0.083, 0.057, 0.029, 0.014 M, were considered. The number of ethanol
molecules in the simulation system was 500 in all cases. At each IL concentration, energy
optimization, annealing from 800 K to 363 K and equilibration for 2 ns were first
conducted, followed by a 10 ns production run in the NPT ensemble at 1 atm and 363 K.
All simulations were performed using the NAMD package.®* The Langevin dynamics and
Nose-Hoover Langevin piston methods were used to keep the temperature and pressure
constant, respectively.®? The particle mesh Ewald (PME) algorithm was used to calculate

the long-range electrostatic interactions.®® The van der Waals forces were truncated using
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a cutoff of 12 A. The all-atom potential model based on OPLS-AA parameters was

employed to compute intermolecular forces.**%

3.3.3 C) Auzs Nanoclusters Protected with Aromatic and Aliphatic Ligands. DFT
optimization and TD-DFT calculations of optical absorption spectra of nanoclusters were
carried out using Gaussian09 package and TPSS functional.”® The basis sets 6-31G** were
employed for H, C, and S.”®" For gold atom, the LANL2DZ basis set was used.®® To
investigate the proposed reaction mechanisms, Quantum Espresso package was used.*® The
Projector Augmented-Wave (PAW) method was applied to describe the interaction
between the electrons and nuclei.®” The Perdew—Burke—Ernzerhof (PBE) form of the
generalized gradient approximation was employed for electron exchange and correlation.%
The gold cluster was placed at the center of a cubic box of 25.0 A x 25.0 A x 25.0 A. The
kinetic energy cutoff was chosen to be 450 eV and integration in the reciprocal space was

carried out at the I" k-point of the Brillouin zone.

3.4 Results and Discussions
3.4.1 A) Auzs Nanoclusters with Lewis-Acids for Aldehyde Hydrogenation

Extensive studies on bare gold clusters with no ligands attached have revealed that
low-coordinated naked gold atoms on the surface are the main active sites for catalytic
reactions. According to recent studies, however, their catalytic activity diminishes when
they are protected by ligands, such as thiolate —SR groups.®*% This raises an important
question as to the nature of the active sites for reactions catalyzed by thiolate protected

gold nanoclusters, which is the main focus of this section.
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As a case study, the catalytic activity of Auzs(SR)1s nanoclusters is investigated for
hydrogenation reaction of aldehydes for synthesis of alcohol. The small size and crystal
structure of the Au2s(SR)1s nanoclusters enable efficient and accurate electronic structure
calculations.®® This allows quantitative comparison of theoretical predictions with
experiments without introducing any simple approximate model descriptions to study
reaction mechanisms, such as the adsorption of reactant molecules onto the nanocluster
surface. Thus, small and atomically-precise nanoclusters provide an excellent molecular
system to investigate catalytic mechanisms and to understand relationships between the
structure and catalytic properties of catalysts in, e.g., aldehydes hydrogenation.

We first investigate possible active sites on Aus(SCHa)is, as a model of the
Auzs(SCH2CH:Ph)1g nanocluster, for the adsorption of reactants, i.e., benzaldehyde and H>
as a reducing agent. DFT predicts that gold atoms of the nanoclusters do not interact
strongly with the reactants, in agreement with previous theoretical studies on related
reaction systems.’291% Thjs result shows the inert nature of the protected Auzs(SCHs)is
cluster toward the adsorption of the reactants and subsequent hydrogenation of aldehydes.
In this context, it is hypothesized that the gold nanoclusters are subject to some structural
changes induced by high reaction temperature or the presence of chemical promoters. To
provide low-coordinated naked gold atoms on the surface of the nanocluster, a mechanism
based on the removal of thiolate groups would be prudent to consider. To test this, our
experimental collaborators in Prof. Jin’s research group, performed the Lewis-acid-
promoted hydrogenation of aldehyde to alcohol catalyzed by Au2s(SR)18/CeO- (hereafter,
SR = SC2H4Ph) in the presence of a base (pyridine or NHz-H>0O) under mild conditions (18

bar Ha at 323K).53
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The experimental results, provided by Prof. Jin’s research group, are given in Table
3.1.%% Frist, we note that Aus(SR)1s/CeO- catalyst gives a very low conversion at 323 K in
the absence of Lewis-acid (13.4%, Table 3.1, entry 1), although it reaches to ~93% if the
temperature is raised up to 353K. Second, the conversion improves markedly to 90.1% if
Co?* is added to the reaction medium (Table 3.1, entry 2). The degree of promotion of the
catalytic activity of Auzs(SR)18/CeO> by other transition metal ions is found to be in the
order Co?* > Ni** = Cr¥* > Cu* > Cu®". It is worthwhile to note that no conversion was
detected if the nanoclusters are absent and only Lewis-acid and CeO; oxide are present
(Table 3.1, entries 12-15). This confirms that catalytic activity arises from the gold
nanoclusters. Using UV-vis spectroscopy in conjunction with MALDI and ESI mass
spectrometry, Prof. Jin’s research group found that Au.s(SR)1s nanoclusters undergo
fragmentation in the presence of the Lewis-acids, resulting in the formation of Augs
n(SR)1s-n (n = 1-4) species (Figures 3.2 and 3.3).%

The mass spectrometry results as well as the data in Table 3.1 suggest that the catalytic
activity is associated with the newly generated Auzs.n(SR)1s-n Species such as Auz4(SR)17.
This means that Lewis-acids may be not only directly involved in the hydrogenation
reaction, but also responsible for the generation of Au.4(SR)17 species with active sites for
catalysis. As a consequence, a better adsorption of Lewis-acids onto the nanoclusters
and/or a faster generation of Au24(SR)17 would lead to a higher promotion of the
hydrogenation reaction (e.g., Co?* > Cu?"). In what follows, it is considered in detail the
structure of Au24(SR)17, its production pathways from the parent Auzs(SR)1s nanoclusters
in the presence of a Lewis-acid and a base, and potential mechanisms for ensuing

hydrogenation reactions.
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Table 3.1. Influence of different Lewis acids (M*"X;) on the chemoselective hydrogenation
of 4-nitrobenzaldehyde (1) to 4-nitrobenzyl alcohol (2) catalyzed by AU25(SR)18/C€OZ.a’ 63

Catalyst
OHC 2—>HOH2C NO,+OHC NH,+HOH,C

1

Entry  Catalyst Mz Conv.  Selectivity [%]°
% 2 3 4

1 Auzs(SR)1s - 134  ~100
2 Auxs(SR)1s  Co(OAc), 90.1  ~100
3 Auxs(SR)1s  Cr(NOs);  75.8  ~100
4 Auzs(SR)1s NiCl 78.2 ~100
5 Auxs(SR)1s  Cu(OAc): 611  ~100
6 Auzs(SR)1s  Cu(OAc), 50.0 ~100
7 Auxs(SR)1s Cu(NOs), 50.8 ~100
8 Auzs(SR)1s CoCl; 90.8 ~100
9 Auzs(SR)18¢ Co(OAc), 825 >99.5
10 [AuzsCo]¢ - 87.3 ~100
11 [AuzsCol® - 88.4 ~100
12 none Co(OAc), nur.

13 none Cr(NOs)s n.r.

14 none NiCl, n.r.

15 none Cu(OAc); nur.

16  Auxs(SR)is” Co(OAc), ~100 ~100

aReaction conditions: 100 mg Auzs(SR)1s/CeO> catalyst (~1 wt% Auzs(SR)1s loading) in 1
mL water, M**/Auzs(SR)1s = 2:1 (mol/mol), 0.1 mmol 4-nitrobenzaldehyde, 5 uL pyridine,
18 bar H. at 323K, 10 hrs. ®The conversion (conv.) of 4-nitrobenzaldehyde and selectivity
were determined by *H NMR spectrum. n.r. = no reaction. Reaction conditions: 4 g
Auzs(SR)18/CeO> catalyst (~ 40 mg Auzs(SR)1s loading) in 30 mL water, 1.05 mmol
Co(OAC)2, 5 mmol 4-nitrobenzaldehyde, 300 uL pyridine, 18 bar Hz at 323K, 10 hrs. 92"
and ¢ 3" reuses of the catalyst recovered from entry 2. ““No M?* was added to the reaction
system. 'For entry 16, NHs is used instead of pyridine.

3.4.1.1 Structure of Au24(SR)17 species. There are three non-equivalent Au-SR pairs on
the Auzs(SR)1s nanoclusters®® (denoted as Auzs NC in Figure 3.4A) that can be removed

upon exposure to Lewis-acids: two different pairings of Au of a “~SR—AuU-SR-" staple
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motif with —SR (i.e., o and g fragments), and one for Au of the Auis-core (y pairing). Since
the removal of a y unit from the Auzs-core is likely to induce strong disruptions of Auos
NC’s structure and characteristics (e.g., cluster re-arrangement and major electronic
property changes), we consider here only the removal of fragments « and £ that results in
the formation of new species Auzs NC-1 (Figure 3.4B) and Au2s NC-2 (Figure 3.4C),
respectively. DFT predicts that the optimized Au24(SCH3)17 structure of Auzs NC-1 is
more stable than that of Auzs NC-2 by 21.2 kcal/mol. This is in good agreement with

previous studies®®1°1192 and also with our Au-S bond length results (Table 3.2).
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Figure 3.2. (A) UV-vis and (B) MALDI mass spectra of Auzs(SR)1s nanoclusters at room
temperature stirring for 10h in a mixed dichloromethane/methanol solution: i) in the
presence of only ammonia (black line), and ii) in the presence of Co(OAc)2
(Co%**:Auzs(SR)1s = 2:1, mol/mol) and ammonia (red line). The peak marked with an
asterisk (*) is the fragment Au21(SR)14 caused by MALDI, rather than an impurity. (C)
Positive mode ESI mass spectrum of Auzs(SR)1g nanoclusters in the presence of Co(OAC):
(Co%*:Auzs(SR)1s = 2:1, mol/mol) and pyridine.
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Figure 3.3. UV-vis spectra tracing of a methanol solution of Au2s(SR)1s nanoclusters in
the presence of (A) only Co(OAc)2, (B) Co(OAc), and ammonia, (C) NiClz and ammonia,
and (D) Cu(OAc)2 and ammonia. (E) UV-vis spectra of Auzs(SR)1s with M**X; at 10 mins
(and at 5 mins in the case of Co(OAc)2). (F) MALDI mass spectra of the Auzs(SR)1s
nanoclusters in the presence of Cu(OAc). and ammonia. In all cases, M**:Auzs(SR)1s = 2:1
(mol/mol). In (F), the peak marked with an asterisk (*) is a fragment caused by MALDI,
rather than an impurity.®3

The calculated optical absorption spectra of Auzs NC, Auz4 NC-1, and Auz4 NC-2 are
shown in Figure 3.4. We considered only the two lowest absorption bands. The maximum
intensity lines of these absorption bands of Auzs NC are located at 1.72 eV (720 nm) and
2.74 eV (452 nm), consonant with measurements (1.80 and 2.75 eV).8° Perhaps the most
salient aspect of our results is that that the lowest absorption band nearly disappears for
Auzs NC-1, while it remains as a shoulder in the case of Auzs NC-2 (Figure 3.4). The
calculated spectrum of Auzs NC-1 agrees well with the experimental UV-vis results in
Figure 3.3A-C. It is also possible that the absence of specific band structures in the UV—vis

spectra is due to the presence of different complexes. However, in view of TD-DFT as well
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Figure 3.4. (A) Framework of Auzs(SR)1s nanoclusters (Auzs NC) based on the results of
Ref 10 and three different “~Au-SR—" fragments (denoted as Au-S: «, £, y) for possible
removal. Detachment of fragments o and £ results in Auz4(SR)17 with configurations (B)
Auzs NC-1 and (C) Au2s NC-2, respectively. Theoretical absorption spectra of
Auzs(SCH3)1s™ (Au25 NC) and Au24(SCH3)17~ in configurations Au24 NC-1 and Au24 NC-
2 are presented in (D), (E) and (F), respectively. Color code: green, Au on the staple shell;
orange, Au atoms in the Auiz core; yellow, sulfur atoms. Other atoms are not shown for

clarity.

Table 3.2. Average Au-S bond lengths in the [Au2s(SR)1s] ~ nanoclusters.

Entry Au-SBond  Average length (A  Range ()  Differenct

1 a 2.315 2.303 t0 2.33¢ -
2 p 2.308 2.300t0 2.317  -3.0%
3 y 2.371 2.362102.38: 24.2%

Bond length difference is calculated using the Au-S: « as the reference.
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as the DFT results for the relative stability above, we believe the structure of the Au24SR17
species generated in the solution of Lewis-acids is mainly characterized by Auz4 NC-1 in

Figure 3.4B.
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Figure 3.5. Proposed mechanisms for speciation of Auzs(SR)i7 (Mechanism 1) and
formation of adduct [nanoparticle-M]@* (Mechanism 2) in the presence of M?* salt and
ammonia. A gold atom (Aul) from the Auis-core becomes exposed to the solvent in
Mechanism 1 (upper pathway), while the transition metal ion at M1 becomes an active site
in Mechanism 2 (lower pathway). The calculated energies for different steps are given in
Table 3.3. Color code: Au, green; S, yellow. The orange section represents the Auiz core
and Im2* denotes [M(NH3)3SCHz] @D+,

3.4.1.2 Mechanism of Au24(SR)17 generation. To rationalize the removal mechanism of
a “~Au-SR-" pair unit from the Auzs(SCHz)1s~ nanoclusters, we investigated possible
adsorption sites of a Lewis-acid (M*" ion) on Auzs(SCH3)1s~ using the DFT method. We

considered Cu*, Cu?*, Ni?*, and Co?" for M** in the calculations. In Mechanism 1 (upper
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pathway in Figure 3.5), the sulfur atom of unit a (Figure 3.4) forms a bond with M** (Re
- Im1). This adsorption process is energetically exothermic in the gas phase by 66.9,
197.6, 188.0, and 183.6 kcal/mol with M*—S bond length 2.29, 2.30, 2.36 and 2.45 A for

Cu*, Cu?*, Ni%*, and Co?", respectively (Table 3.3). In aqueous solution, the exothermicity

Table 3.3. DFT results for energies (kcal/mol) for elementary steps of Mechanism 1 and 2
in Figure 3.4. Solution-phase energetics estimated using the IEFPCM and Born solvation
free energies are given in parentheses. All energy values are relative to the reactant state
Re.

Cut Cu? Ni2* Co?*
E1=AE(Re 2 Im1l) -66.9 -197.6 -188.0 -183.6
AE(Im1 > Im2) +60.2 +69.9 +55.2 +42.5
AE(Im2 > Im3) -20.8 (~-14) -20.8 (~-14) -20.8 (~-14) -20.8 (~ -14)
AE(Im3 = Pr) +64.1 (~0) +64.1 (~ 0) +64.1 (~0) +64.1 (~0)
Ez -6.7 (~ +25) -127.7 (~ +15) -132.8 (~ +14) -141.1 (~ +18)
Es -27.5 (~ +11) -148.5 (~ +1) -153.6 (~ 0) -161.9 (~ +4)
Es +36.6 (~ +11) -84.4 (~ +1) -89.5 (~ 0) -97.8 (~ +4)
E2* -59.3 - - -
Es* -65.5

Table 3.4. Stabilization energy (in kcal/mol) of different species in solution with respect
to the gas phase. For the charged nanocluster NP1, the Born solvation free energy, %2(1-
1/¢)e?/a, was employed with the cluster diameter 2a = 25 A and solvent dielectric constant
¢ = 80 (e = elementary charge).

[Cu(NHs)a]* 524 [Ni(NHzs)sSCH]?* -69.5
[Cu(NHs)4]?* -198.4 [Co(NH3)sSCHs]?* -68.0
[Ni(NHa)]?* -207.2 [Au(NHs),]* -55.5
[Co(NH3)a]?* -217.2 NPt -13.0
[Cu(NH3)sSCH;] -28.6 NP2 -52.0
[Cu(NH3)sSCH3]** -65.5 NH,* -72.6
PhCHOH* -50.5 PhCH,OH -4.4
NHs -3.7
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is expected to decrease due to the solvation stabilization of the charged reactants. For
insight into solvation effects, the IEFPCM results for solution-phase energetics are given
in Tables 3.3 and 3.4. For clarity, we mention that the coordination number (CN) was
assumed to be 4 for the isolated metal complex, i.e., M(NH3)4**, and one of the four NH3
moieties was assumed to be displaced from the coordination shell as the complex attaches
itself to the cluster. As a result, the Lewis-acid (M*" ion) adsorbed on the cluster surface is
coordinated to three NHs molecules. Though we do not exclude possibilities of CN higher
or lower than 4 for the isolated metal complex, our results for CN = 4 clearly show that a
considerable amount of energy is released with the formation of a M**—S bond. This excess
energy can facilitate the removal of the entire M*—S moiety (Im2*), i.e., thiolate group
plus metal complex, from the gold nanocluster and thus the formation of Auzs(SCHz)17
(Im1 = Im2). The removal of M**-S is an endothermic process with AE = +60.2, +69.9,
+55.2, and +42.5 kcal/mol for Cu*, Cu?*, Ni?*, and Co?*, respectively. We parenthetically
note that AE for Im1 - Im2 in the gas phase decreases in the order Cu?* > Cu* > Ni?* >
Co?*, in concert with the experimental trend of the conversion rate of hydrogenation (Table
3.1). One potential explanation is that the thiolate group removal is a key step of the
hydrogenation reaction. The resulting nanoclusters Auzs(SCH3)17 have a gold atom that is
bonded to only one thiolate group. Two ammonia (NH3) molecules can coordinate to this
gold atom exothermically with the Au-N distance of 2.39 A and energy release of 20.8
kcal/mol (Im2 - Im3). The coordinating NHs molecules eventually detach the gold atom
from the nanocluster, resulting in the formation of Au(NHs)2" and Auz4(SCH3)17~ (Im3 >
Pr, Figure 3.5). While the final step is endothermic by +64.1 kcal/mol in the gas phase,

endothermicity becomes negligible in aqueous solutions because of significant solvation
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stabilization of the charged products. The overall reaction of the inorganic complex with

the gold nanoclusters based on Mechanism 1 can be written as:
[AUzs(SCH3)1s]7 + |\/|(N|‘|3)4Pr + NHjs 9[AU24(SCH3)17]7 + [M(NH3)3(SCH:;z)](z'l)Jr + AU(NHa)z+

with AE= +36.6, -84.4, -89.5, and -97.8 kcal/mol (gas-phase) and ~11, ~1, ~0 and ~4
kcal/mol (solution-phase) for Cu*, Cu?*, Ni?*, and Co?*, respectively.

Mechanism 1 proposed here explains our experimental finding that the presence of
base NHz-H20 accelerates the disappearance of the absorption band at ~670 nm (Figure
3.3Avs. 3.3B). NHs is usually a better lone-pair donor than CHsOH to coordinate and form
a complex with Au. Similarly, it can also explain another experimental finding above, i.e.,
NH3 leads to a higher conversion than pyridine (see Hydrogenation mechanism below), in

that NHz is a better lone-pair donor than pyridine to coordinate to gold.

We briefly pause here for perspective. While our DFT results indicate that Auzs NC-1
(Figure 3.4B) is the dominant configuration of Au24SR17 species generated in the solution
of Lewis acids, the effect of the CeO, support was not accounted for in the calculations.
CeO- can play a crucial role to, for example, rearrange the structure of the nanoparticles
and change the active sites. Therefore, even if the direct generation of Auz4 NC-2 from its
parent Auzxs NC via removal of a £ unit may be suppressed (see Figure 3.4 above), it can
be produced from Auzs4 NC-1 via, e.g., ligand exchange on the support. The formation of
Auz4 NC-2 yields an active gold site (Au2) on a staple motif rather than on the core (Figure

3.6).
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Figure 3.6. Ligand exchange mechanism to from Auz4 NC-1 with a cationic active site
(Au2) from Auzs NC-2. Relative to Eex1, Eex2 = 0.9 and Eex3 = 20.3 kcal/mol.

3.4.1.3 Mechanism of the adduct [nanoparticle-M]@D* formation. In Mechanism 2, i.e.,
lower pathway in Figure 3.5, a considerable energy release via M**-S bond formation (Re
- Im1) can result in the removal of coordinating ammonia molecules (Im1 = Im2* >
Im3*) rather than the interacting thiolate group. AE for Im1 = Im2* and Im2*-> Im3* steps
are +7.6 and -6.2 kcal/mol, respectively, for M** = Cu®. As illustrated in Figure 3.5, M**
becomes adsorbed on the Auis-core surface by coordinating to three core Au atoms (Im3¥).
This in turn can induce a considerable elongation (0.05 A) of nearby Au-S bonds, exposing
their thiolate groups even more to the Lewis-acids in the solvent. Therefore, it is also
possible that Im3* follows the pathway of Mechanism 1 discussed above, i.e., Im3* > Im2

- Im3 - Pr, by losing one of the “~Au-SR-" pair units.

The net charge of Auxs NC in the present study was -1. Since the charge state of
nanoclusters can modulate their solvation energy and spin multiplicity, it could exert a
considerable influence on reaction kinetics and thermodynamics of the Au-SR removal
(Mechanism 1) and/or adduct formation (Mechanism 2). For example, we expect that the
solvation effect on overall reaction thermodynamics of the adduct formation would vary
significantly with the charge state because the reactant and product nanocluster states, i.e.,

Auzs NC and Im3* of Mechanism 2, are characterized by different electric charges. By
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contrast, in the case of Mechanism 1, the corresponding change of the solvation effect with
the charge state would not be as significant because Auzs NC and Auz4 NC-1 have the same
charge. It would thus be both interesting and worthwhile to study in the future how the

charge state of nanoclusters influences their catalytic activity in hydrogenation reactions.

3.4.1.4 Hydrogenation mechanism. Since essentially all surface gold atoms of
Auzs(SC2H4Ph)1g™ are protected by thiolate groups, the Auzs NC nanoclusters are inert
toward adsorption of non-radical molecules on their surface. Our calculations indeed show
that there are no strong interactions of Au.s(SCHas)is~ with possible adsorbates (e.g.,
PhCHO, NHs, and H2), in accordance with recent theoretical studies.®®'%° However, the
removal of an Au-SR fragment or the formation of an adduct exposes open metal atoms (a
gold atom of the core Auzs, staple shell, or the Lewis acids) to the solvent (Figures 3.5 and
3-6). DFT predicts that these sites, i.e., Aul, Au2, and M1 in Figures 3.5 and 3.6, are active
towards adsorption of reactants. In view of these results, we propose hydrogenation
mechanisms (Figure 3.7), in which bond activation of H> on these metal sites is the first

step.

Upon removal of the capping NHs from the metal site (Aul or M1), the H-H bond
of a H2 molecule becomes activated with the aid of a base (Figure 3.7). Specifically, the
base (NHs3) abstracts a proton from H, to form NH4* with H™ on the active metal site (Re*”!%
> Im1*A, Re*M 5> Im1*M, Re* 2 = Im1*A“2), The removal of capping NHs and
adsorption of a H2---NH3 unit are endothermic and exothermic, respectively. Overall, this
two-step process at the Aul and M1 active sites is endothermic by +4.9 and +19.7 kcal/mol,
respectively. For the case of Au2, this step is found to be exothermic by -3.5 kcal/mol. In

a polar solvent like water, however, the product state would become considerably stabilized
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Figure 3.7. Proposed mechanism for hydrogenation of benzaldehyde in the presence of H:
and NHs on (A) site Aul, (B) site M1, and (C) site Au2. The values of inter-atomic
distances are: a* = 2.26, a=2.56,b =1.82,¢c=1.05,d=1.64,c*=1.03,d*=1.63, e =
2.85,f=1.87,a**=2.03,9=0.80,h=2.04,i=1.74,i*=153,j=1.73,k=1.04, I=1.61,
and I* = 1.59 A. (For comparison, the equilibrium bond length of an isolated H, molecule
is 0.74 A.) The same color code is used as in Figure 3.5.
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compared to the reactant because of the highly charge-separated nature of the NH4*...H
moiety. DFT calculations indicate that the presence of a base, such as NHs, is crucial for
the activation of H,. Without a base, the interaction of H> with M1 and Au2 is mainly
physical and that with Aul is rather weak, so that H. tends to stay away from Aul. Thus a
base is needed for chemical adsorption of H, and ensuing H—H bond activation on Aul and
MZ1. This participation of a base in the H> activation as well as in the removal of a gold
atom discussed above (Mechanism 1) provides a theoretical explanation for experimental
findings that no hydrogenation reaction occurred in the absence of a base and that a stronger

base (NHsvs. pyridine, Table 3.1, entry 16) yields a higher conversion efficiency. Of note,

the lone-pair on nitrogen is in sp® and sp? orbitals in the cases of NHs and pyridine,
respectively. In the case of the Aul active site, PhRCHO becomes physically adsorbed on
the surface of the nanoclusters via interactions of its O and C (-CHO group) with NH4* and
H-, respectively, in an exothermic step with AE = -5.3 kcal/mol (Im1*A1 > |m2*Aul,
Figure 3.7A). Finally, H* (of NH4") and H™ will transfer to PhCHO and produce PhCH,OH

exorthemically with energy release of 15.4 kcal/mol (Im2*A"1 - Re* "1 Figure 3.7A).

In the case of hydrogenation catalyzed by the M1 and Au2 sites (Figure 3.7B and
3.7C), the ammonium ion formed (Im1*M and Im1*A"?) may become solvated in the
reaction media and act as a donor for protonation of aldehyde (Im1*™ = Im2*M and
Im1*A42 > Im2*A42) For M1 and Au2, respectively, this step is found to be endothermic
by +26.0 and +46.8 kcal/mol in water, while it is +111.6 and +158.4 kcal/mol in the gas
phase. Since the products, NH4*, AuzsSR1sCuH™, and Auz4SR17H? are charged, they are
strongly stabilized in water, compared to the gas phase (see Table 3.4). This means that

solvation can facilitate (or even induce) the elongation of the H—H bond (g in Figure 3.7B)
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to produce charged species (NH4* and H°). This is followed by the reduction of protonated
benzaldehyde to benzyl alcohol (Im2*M - Re*M and Im2*A¥2 > Re* "2, Figure 3.7B and
3-7C). This final reduction step is exothermic with AE =-152.1 and -175.6 kcal/mol in the
gas phase, while -89.3 and -86.8 kcal/mol in the solution phases, respectively, for the cases

of M1 and Au2 sites.

We briefly pause here for perspective. DFT results indicate that the surface gold
atoms on the Auiz-core or staple shell, or the Lewis acids bound on the Auis-core can
provide catalytic active sites for hydrogenation. Despite the significant effect of transition-
metal ions (M**) as a promoter for the reactions catalyzed by the Au clusters, M** can be
toxic even at low concentrations. Thus, it would be extremely worthwhile and desirable to

develop new, less toxic promoters in the concept of “Green Chemistry”.!

3.4.2 B) Auzs Nanoclusters with ILs for the Suzuki Cross Coupling Reaction

In recent years, ionic liquids (ILs) consisting of organic cations, e.g., 1-butyl-3-
methylimidazolium, paired with various anions (Figure 3.8) have received much attention
as green and designable solvents due to their unique properties, such as non-volatility, non-
flammability, high chemical and thermal stability, low toxicity, high ion conductivity and
wide electrochemical window.1%1% |Ls have been extensively used in many researches
and industry fields, including synthesis, catalysis, separation, CO capture, diesel fuel
desulfurization, and biomass processing.1%1% |t is known that the hydrogen atom at the
position-2 of imidazolium ions, hereafter referred to as H2, carries positive charge. It is
acidic and thus tends to interact strongly with negatively charged sites of reactants via

formation of a hydrogen bond. The acidic characteristic of the imidazolium based ionic
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Figure 3.8. Imidazolium-based ILs. Top panel: 1-butyl-3-methylimidazolium (BMIM).
Bottom panel: 1-butyl-2,3-dimethylimidazolium (BDiMIM).

liquids is believed to play an important role in, for example, CO. capture with the
ethylmethylimidazolium acetate.*'%!!! It also opens up the possibility of activating the
thiolate-protected gold nanoclusters by removing of thiolate ligands, which has potential
applications in heterogeneous catalysis (see results shown above for the use of Lewis
acids). Herein we pursue this possibility further and consider the activation of Auzs(SR)1s
nanoclusters for catalytic reactions.

To investigate potential application of imidazolium based ionic liquids for
activation of the thiolate-protected gold nanoclusters, the Suzuki cross-coupling reaction
between p-iodoanisole and phenylboronic acid catalyzed by Auzs(SR)1s nanoclusters is
considered. To test this, our experimental collaborators in Prof. Jin’s research group studied
the reaction in the presence of some ionic liquids.®® They have discovered that the addition
of imidazolium-based ILs can markedly enhance the product conversion at mild
temperatures (e.g., at 90 °C, Table 3.5).% Their experimental results indicate the
Auzs(SR)1g nanoclusters undergo structural changes after the treatment with BMIM:-BF4

(Figure 3.8).% These results suggest that the presence of the ILs may assist the formation
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of active gold species from the parent nanoclusters, thereby providing open gold sites for
catalytic reactions.

Using computational studies, the catalytic mechanisms, in particular, the roles
played by ILs, are studied. While the mechanism of the Suzuki cross-coupling reactions
catalyzed by gold nanoclusters is not fully understood yet, oxidative addition (in which the
catalyst is oxidized by dissociation of a carbon-halogen bond on the catalyst) is believed
to be the first key process that is often rate-limiting.12-114 We therefore restrict our attention
to oxidative addition of the Suzuki coupling reaction and analyze the roles played by
imidazolium-based ILs via the DFT method. For efficient calculations,
Auzs(SCH2CH2Ph)1g, iodoanisole, and BMIM are modeled as Auzs(SCH3)1s, iodobenzene,
and 1,3-dimethylimidazolium (DMI—H2%), respectively.

We first investigated possible active sites on Auos(SCHa)1s for oxidative addition.
DFT results indicate that the protected Auas cluster is inert toward the activation of the C—
| bond. This strongly suggests that structural/electronic changes are necessary to activate
the gold cluster towards the oxidative addition.

In Mechanism A, we consider removal of fragments of Auzs cluster such as thiolate
ligands and “-Au-SR” units via imidazolium cations. We first examine how a DMI—H2"

cation interacts with and removes the fragments of the nanocluster, thereby producing
low-coordinated gold atoms for iodobenzene adsorption. We should also note that Corma
and coworkers reported the detection of Hz formation during homo-coupling reaction on
nanoclusters, indicating the possibility of gold oxidation.!*® In view of the protic nature of
the solvents employed in the present work, it would be prudent to consider similar gold

oxidation by H* for our system, especially at high temperatures, because the proton activity
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Table 3.5. Catalytic performance of thiolate-capped Auzs cluster supported on titania as
catalysts for Suzuki cross-coupling reaction of iodoanisole and phenylboronic acid.® %

AU,s(SR)15/TiO,
(HO),B-Ph + MeO—@—I > Ph—@—OMe
Solvent

Entry Solvent Con[\ol/i]r E fon
1 EtOH:H20 <0.5
2 o-xylene + EtOH:H20 <0.5
3 PhCH3z + EtOH:H20 <0.5
4 DMF + EtOH:H20 4
5 BMIM-Br + EtOH 89
6 BMIM-CI + EtOH 90
7 BMIM-BF4 + EtOH 94
8 BMIM-BF4 + EtOH:H0 >99
9 BDiMIM-BF4 + EtOH <0.5

@Reaction conditions: 0.1 mmol iodoanisole, 0.12 mmol phenylboronic acid, 0.36
mmol K>COs, 100 mg Auzs(SR)1s/TiO2 (-1 wt.% cluster loading), solvents (1 mL
EtOH or EtOH:H20 (10:1, v/v), and 0.2 mL IL or other organic solvents), 90 °C,
18h. PThe conversion of iodoanisole was determined by *H NMR.

>
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Figure 3.8. (A) UV-vis absorption spectra and (B) Positive mode MALDI mass spectra of
the initial [Auzs(SR)1g]” (in dichloromethane) and samples after the treatment with
BMIM<BF; or with BMIM<BF; and K>COs. (C) Zoom-in of the MALDI mass spectrum of
the sample after the treatment of [Au2s(SR)1g8]” with BMIM<BF4. The peak, in B, marked
with an asterisk (*) is a fragment (i.e., the Au21(SR)14 species) caused by MALDI method,
rather than an impurity. Of note, the laser intensity in the MALDI-MS of the three samples
is the same.%®

77



(chemical potential) increases with temperature. Thus in Mechanism B, two different
pathways for protonation of gold nanoclusters that can also produce active sites for

iodobenzene adsorption are considered.

3.4.2.1 Mechanism A for Au24(SR)17 generation. As illustrated in Figure 3.1, there are
two types of thiolate ligands on the staple motifs of Auzs(SR)1s = Aus(SR1)s(SR2)12, i.e.,
—SR ligands bridging two exterior Au atoms (SR1) and those bridging an exterior Au atom
and Auiz icosahedral core (SR2). The average Au-S bond lengths in the
Auzs(SCH2CH,Ph)1s nanocluster are 2.372 and 2.308 A for Au(core)-S(R2) and
Au(staple)-S(R1), respectively (Table 3.2). The DFT results for optimized
Auzs(SR1)5(SR2)12 and Auzs(SR1)s(SR2)11 (R = CH3) in the gas phase indicate that the
removal of —SR2 is energetically favored by 18.6 kcal/mol over that of —-SR1, as expected
from the Au-S bond length differences (Table 3.2).

With these results in mind, we consider Mechanism A in Figure 3.9. The first step
(Reac = Intl) is adsorption of DMI—H2" onto —SR2 through the interaction between H2
of the former and S of the latter with interatomic distance of 2.47 A. This in turn induces a
considerable elongation (0.04 A) of the Au(core)—SR2 bond. According to DFT
calculations, the adsorption energy AEaq (defined as E(NC/ad) — E(NC) — E(ad)) is -59.0
kcal/mol, where E(NC/ad), E(NC), and E(ad) are the energies of the adsorbed system,
isolated gold nanocluster and isolated adsorbate, respectively (Table 3.6). The energy
released from this exothermic step can assist the removal of the interacting ~-SR2/DMIM
pair and thus the formation of Auzs(SR1)s(SR2)11 = Auzs(SR)17 in the ensuing step (Intl

- Int2), which is 45.5 kcal/mol endothermic. In Figure 3.10, another pathway of thiolate
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Figure 3.9. Proposed reaction Mechanism A for the formation of catalytic active sites on
Auys cluster promoted by imidazolium-based ionic liquids. Placement of the gold species
in this schematic diagram is not based on their relative energies. The calculated energies
for different steps are given in Table 3.6. Color code: Au, cyan; SR2, yellow; SR1, orange.
The purple section represents the icosahedral Auiz core. The thiolate carbon tails are
omitted for clarity.

Table 3.6. DFT results for AE (kcal/mol) for elementary steps of Mechanism A (Figure
3.9) in the gas and solution phase (PCM calculations, solvent = ethanol)

Steps Gas phase Solution phases
Reac — Intl -59.0 +0.9
Intl — Int2 +45.5 +34.3
Int2 — Int3 -178.3 -111.6
Int3 — Int4 2.9 +12.1
Intl — Int4 +6.0 -28.2
Reac — Int5 -22.1 -23.1
IntS — Int4 +26.4 +15.5
Int4 — Int6 +0.9 +5.9
Int6 — Int7 +20.2 +13.4

Hydrolysis of 11030 204

DMI—Au—SCHj3
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removal assisted by DMI—H2" is considered. Upon DMI—H2" adsorption, the thiolate
group is first protonated (Intl - Int1*), and then detached from the nanoparticle (Int1* ->
Int2). DFT predicts that this stepwise ligand removal is about 7 kcal/mol more endothermic
than the single-step removal Int1-> Int2 in Figure 3.9. The higher endothermicity, in the
stepwise process, is mainly because of the complete proton transfer from DMI—H2" to the
thiolate group. The thiolate group removal yields a gold atom site, G1 (Figure 3.9), with
only one ligand attached to it. Two hydroxide ([OH]") ions produced in the reaction media
by K2COs (or IL anions) can coordinate to G1 with Au—O distance of 2.02 A and energy
release of 178.3 kcal/mol (Int2 = Int3). The coordinating [OH]~ ions (or IL anions)
eventually displace the Au atom from the nanocluster in an exothermic step with AE = -
2.9 kcal/mol, where AE is the energy difference between the product and reactant states.
This results in the formation of [Au(OH)2]~ and [Au24(SCHs)17]~ with a possible active
metal site, G2, on the icosahedral Auiz core (Int3 = Int4).

Upon adsorption of DMI—H2* onto —~SR2 (Int1), a hydroxide (or other anion) can
attack the gold atom bonded to the —SR2 on the same staple motif. This step, which yields
DMI—H2", [HOAUSCHj3], and [Au24(SCH3)17]” (Intl = Int4, Figure 3.9), is found to be
endothermic by 6.0 kcal/mol. Comparison with Intl = Int2 suggests that the Intl - Int4
step is more favorable from energetics point of view, in good agreement with the MALDI-
MS results of the unsupported gold nanoclusters, i.e., [Au2s(SR)17]™ is detected but not
Auzs(SR)17. Furthermore, DFT shows that site G1, if produced, is not stable and thus is
likely to react with the solvent media and ultimately detach from the nanocluster to form
[Au24(SR)17]". Nonetheless, since the catalyst’s support can stabilize the nanoclusters

which are not stable thermodynamically in the solution phase, we do not rule out the
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Figure 3.10. Proposed reaction based on thiolate group removal in the form of H—SCHs.
All energy values reported here are the DFT results in the gas phase, relative to the reactant
state. Color code: Au, cyan; SR2, yellow; SR1, orange. The purple section represent Au1z
kernel. The thiolate carbon tails are omitted for clarity.

possibility that G1 functions as a catalytically active site (see Table 3.7 below). Of note,
the exposed gold atom in the core (Int2) that was bonded to the (removed) thiolate group
becomes partially shielded by another staple motif situated nearby (cf. Figure 3.1). As such,
it becomes less exposed and thus less active than the low-coordinated Au atom on the staple
motif.

For completeness, we also considered the possibility of “-Au-SR” removal via N-
heterocyclic carbene that can be formed from the imidazolium cation (Figure 3.11).116:117
DFT results obtained with the all-electron 6-31G(d,p) basis set for sulfur indicate that 1,3-
dimethylimidazol (DMI) does not show appreciable interactions with —SR groups or with
Au atoms. However, when the corresponding valence basis set 6-31G(d,p) together with

the appropriate Stuttgart-Dresden effective core potentials (ECPs) is employed for S,*811
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DMI can interact strongly with Au on the staple motif. This can lead to cleavage of the Au-
SR1 bond with AE = -22.1 kcal/mol (Reac = Int5, Figure 3.9). The DMI—AuU—SCHj3
moiety eventually detaches from the nanoparticle with AE = +26.4 kcal/mol (Int5 - Int4).
The detached complex may undergo a hydrolysis to form DMI—H2" and [HOAuSCH;s]
with AE = +103.0 kcal/mol. In view of their strong basis-set dependence, however, care
should be taken in the interpretation of the results for the carbene pathway presented here.

While [Au24(SR)17]~ with G2 (Int4) can catalyze cross-coupling reactions, it can
also interact with DMI—H2" and form [Auzs.(SR)1s-n]” through a sequential removal of

“-Au-SR” units. Among different thiolate groups of Int4, the —SR1 group of the staple

-~
N N
QHZ + QH~™ > @: + HQO
/

Figure 3.11. Formation of 1,3-dimethylimidazol (DMI) by treatment of the imidazolium
ionic liquid DMI-H2" with a base (OH ). DFT shows that AE for the reaction is -159.4 and
-39.1 kcal/mol in the gas and solution phase (ethanol), respectively.

motif with a “-Au-SR2” unit removed probably provides the best site for DMI—H2* to
interact with in the formation of [Auzs(SR)16]". Because it is linked to only one Au, it is
well exposed to the solvent media. Furthermore, the partial atomic charge for sulfur of the
—SR1 group determined with the electro-static potential (ESP) method is -0.51, while that
of the —-SR2 groups is on average -0.34 (Figure 3.12). Thus the Coulomb interaction of the
former with positively charged DMI—H2" will be stronger than that of the latter. The

resulting [Au23(SR)16]” nanocluster can lose two more “-Au-SR” units from a nearby stable
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motif in the same way and become [Au21(SR)14]” (Int4 - Int8) with an active site, G4
(Figure 3.13).

It is possible that [Au24(SR)17]” with G2 can undergo a structural change via ligand
exchange (Int4 = Int6 = Int7) as shown in Figure 3.9. In good agreement with the
previous study discussed above, DFT predicts that the energy change AE of Int4 = Int6
and Int6—> Int7 steps is +0.9 and +20.2 kcal/mol, respectively. The formation of Int7
provides a metal site on a staple shell (G3), which can be active for the catalytic reaction.

While the gas-phase results provide useful insight into reactions’ mechanisms,
proper account of solvation effects is necessary for both qualitative and quantitative
understanding of the catalytic activity in solution. Specifically, in a polar environment like
ethanol, charged species become stabilized through electrostatic interactions with the
solvent. As such, solvation can exert a strong influence on energetics of the Suzuki
coupling reaction. We estimated the effect of solvent (ethanol) on AE for different steps
shown in Figure 3.9 using PCM (polarizable continuum model) calculations. It should be
mentioned that the small complexes were fully re-optimized using DFT/PCM calculations.
Due to the high computational cost for the models containing the gold nanoclusters, only
single point DFT/PCM calculation was conducted on the gas-phase optimized structures.
Because of this approximation and due to the fact that the continuum approach tends to
overestimate the solvation effect,'?® our results offer qualitative insights rather than
accurately quantifying the actual exothermicity/endothermicity in the solution phase. As
Table 3.6 indicates, solvation in a highly polar solvent can stabilize charged species like
DMI—H2" and [Auzs-n(SR)18-n]~ significantly. For example, the Reac = Intl-> Int2 step

becomes 35.2 kcal/mol endothermic in a polar solvent even though it is 13.5 kcal/mol
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Figure 3.12. SR1-Au group of the same motif has less steric hindrance and more negative
partial charge to interact with DMI-H2" better compared to the thiolate groups of other
motifs to from Au23(SR)is . As shown, the partial atomic charge driven via the electro-
static potential (ESP) method for sulfur of —-SR1 group of the same motif is -0.51, while it
is -0.34 on average for the —SR2 groups.

Active site G4

Figure 3.13. Molecular structure of Auz1(SR)14 with a possible active site (G4) on the
Auziz-core.

exothermic in the gas phase! A considerably lesser solvation effect is expected for steps
where the charge species are not produced or consumed (e.g. Reac = Int5, Int4-> Int6, and
Int6> Int7). Consistent with the gas phase calculations and experimental results,

DFT/PCM also indicates that the Intl = Int2 step is less favorable than Intl - Int4.
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We also examined the ligand removal by regular solvents, in particular, ethanol and
DMEF. The adsorption energies are AEag = -4.9 and -1.9 kcal/mol for EtOH and DMF,
respectively. Comparison with the DMI—H2" case (AEad = -59.0 kcal/mol) shows that the
adsorption of DMI—H2" is strongly favored over that of EtOH or DMF. As for the
interaction of the removed thiolate group ([-SCH3]") with the solvents, we found that its
bond energy is 19.3 kcal/mol with an EtOH molecule and 13.8 kcal/mol with a DMF
molecule. This is much weaker than the interaction of the removed thiolate group with
DMI—H2*, which has a bond energy of 101.9 kcal/mol. The results for the adsorption and
bond energies thus indicate that imidazolium cations are much more effective in removing
thiolate ligands than polar solvent molecules. Even with the inclusion of the solvation
effect, this conclusion appears to be valid.

To gain insight into ion pairing of BMIM and X (X= ClI, Br, BF4) and its influence
on BMIM reactivity towards thiolate ligands, we analyzed the distribution of anions X
around H2 of BMIM using molecular dynamics (MD) simulations. The results for X= BF4
(Figure 3.14) show that ion pairing via H2 is reduced substantially in EtOH, compared to
pure IL. This suggests that solvation in polar solvents tends to break IL ion pairs and make
H2 of BMIM available to interact with thiolate ligands of the nanoclusters; viz., solvation
enhances BMIM’s adsorption capability.

The low-coordinated Au atoms (G1, G2, G3, and G4) on the nanoclusters that are
produced with the help of ionic liquids may act as active sites to adsorb iodobenzene. For
insight into their catalytic activity, we examined adsorption energy, AEaq, Of iodobenzene
on these sites. DFT with the LANL2DZ basis set for iodine (and gold) yields AEaq of -3.5,

-3.5, -7.5, and -9.1 kcal/mol for G1, G2, G3, and G4, respectively (Table 3.7). With the
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Figure 3.14. Average coordination number of H2 (BMIM) with respect to BF4~ obtained
from MD simulations. Coordination number (CN) is defined as number of BF4 found in
the first solvation shell around H2 (BMIM).

MIDI! basis set employed for iodine, AEad becomes -10.8, -12.3, -18.5, and -19.1 kcal/mol,
respectively. This increase in the magnitude of AEaq is attributed to the polarization
functions included in the MIDI! basis set, which allow iodine to be hypervalent (with
carbon and gold). We note that with the exception of [Auzs(SR)17]® which is neutral,
nanoclusters carry a net charge of -1 (see Figure 3.9). However, in a protic solvent such as
ethanol and water, it would be prudent to consider the oxidation of Au particles. Although
the redox potential (Eo) for such a reaction is not high enough for spontaneous oxidation
of bulk gold, previous studies indicate that the oxidation potential of metal nanoclusters is
usually size-dependent and tends to decrease as they become smaller.t21-124 This decrease
is attributed to change in Gibbs free energy, which is associated with a high surface-to-
volume ratio and chemical potential of the particles. Such a change in the oxidation
potential is shown for small metal clusters that can reduce organics.*?® Our analysis shows

that the oxidation of the Au nanoclusters usually leads to a superior interaction between
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Table 3.7. Adsorption energy (AEad, kcal/mol) of iodobenzene on different active sites
shown in Figure 3.9 at different oxidation states. Units for Au—I: A. The stronger
interaction between iodine and the active gold sites can be tracked by the shorter Au—I
bond length.

Active site Cluster AEaq Au—1
Gl [Aus(SR)17]°  -3.5(-10.8)  3.116(2.859)
[AUZS(SR)17]+ 5.7 2.992

[Au4(SR)y]  -3.5(-123)  3.025(2.802)

G2 [Au24(SR)17]° 4.8 2.974
[/A\U24(SR)17]+ -6.6 2.946

3 [Au4(SR)]  -7.5(-18.9)  2.920 (2.686)
[AU24(SR)17]0 -13.3 2.759

[Au(SR)  9.1(-19.1)  2.912 (2.754)
G4 [Auz1(SR)14]° -11.8 2.854
[AUzl(SR)14]+ -5.2 3.375

iodobenzene and the active sites (see Table 3.7). Among all active sites studied here, G3
and G4 on the neutral Au nanoclusters, [Au24(SR)17]° and [Au21(SR)14]°, show the strongest
interaction with iodobenzene.

We also studied how oxidation of the gold cluster may influence the interaction
between the IL cations and nanoclusters. DFT predicts that the interaction of DMI—H2*
with -SR2 group of [Auzs(SR)1¢]° and [Auzs(SR)1s]* in the gas phase is -20.3 and +23.2
kcal/mol, respectively. These interactions are considerably weaker than that between
DMI—H2" and -SR2 group of [Au25(SR)18] (-59.0 kcal/mol, Reac — Int1, Table 3.3). We
can qualitatively understand the results as follows: All other things being equal, the

interaction of two opposite charges (DMI—H2" and [Auzs(SR)1s]™ ) is stronger than that
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of two like charges (DMI—H2* and [Auzs(SR)1s]*) or of a neutral ([Auzs(SR)1s]%) and a
charge (DMI—H2"). Our analysis indicates that oxidation of the Au nanoclusters may
prevent further fragmentation of the nanoparticles induced by ILs.

3.4.2.2 Mechanism B for Auza(SR)17 generation. Finally, we consider the activation of
Au nanoclusters via protonation (Figure 3.15). There are three different possible sites on
the Au nanocluster that can adsorb protons generated in the media: sulfur atoms of two
different thiolate groups (-SR1 and -SR2) and the surface gold atoms. According to the
DFT calculations, protonation of —SR2 is more favorable by 12.4 and 17.0 kcal/mol than
the protonation of -SR1 and surface gold atoms, respectively. Removal of protonated -SR1
and —SR2 was found to be endothermic by 7.7 and 1.5 kcal/mol, respectively. As such,
protonated thiolate groups (-SR2) may eventually be dissociated from the nanocluster,
yielding low coordinated gold atoms for the catalytic reaction (Figure 3.15A), similar to
Int2 in Figure 3.9. Since the increase in temperature lowers proton adsorption selectivity,
one should also consider protonation of gold atoms, especially at elevated temperatures
(Reac* in Figure 3.15B). The adsorbed H* on the gold is capable of interacting with iodine
of iodobenzene with energy release 3.2 kcal/mol (Reac* = Int11). With MIDI! basis set
for 1, the result becomes AE = -5.9 kcal/mol. Since any protic solvent molecules can be the
source of proton, our theoretical analysis here predicts that a weak acid, such as acetic acid,
is a better promoter than regular solvents. Specifically, the DFT result for interaction
energy between CH3COOH and a removed thiolate group ([-SCHs]") is -25.0 kcal/mol.
Although this interaction is considerably weaker than that of the removed thiolate group
with DMI—H2" (-101.9 kcal/mol), it is stronger than the interaction of DMF, EtOH, or

water with [-SCHz]™. Therefore, CH3COOH would promote the cross
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Figure 3.15. Proposed reaction Mechanism B based on protonation of (A) SR2 and (B)
gold nanoclusters. Notations are the same as in Figures 3.9 and 3.11. In A, DFT with the
LANL2DZ basis set for iodine (and gold) yields AEaqg 0Of -3.50 kcal/mol for Int2 = Int9.
With the MIDI! basis set employed for iodine, the magnitude of AEaq increases to 10.8
kcal/mol. This increase is attributed to the polarization functions included in the MIDI!
basis set, which allow iodine to be hypervalent (with carbon and gold). The adsorption of
iodobenzene is followed by the dissociation of its C-I bond on the gold atom site (Int9 >
Int10), which is 5.37 kcal/mol endothermic (6.7 kcal/mol with the MIDI! basis set). lodine
occupies the sulfur position of the removed SR2. In B, the adsorbed H* on the gold is
capable of interacting with iodine of iodobenzene exothermically (Reac* - Intl11). This
step is followed by C-I bond dissociation, adsorption of phenyl on the gold, and then
formation of HI (Intl1 = Int12). Results obtained with the MIDI! basis set for iodine are
given in parentheses.

coupling reaction better than the regular solvents, even though not as well as ILs. To test
this, we asked Prof. Jin’s research group to proceed: The Auzs(SR)18/TiO2 catalyst was

stirred for 12h at room temperature in a solution of ethanol/acetic acid
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(Auzs(SR)18:CH3COOH = 1:100, mol/mol). Next, the Au2s(SR)1s/TiO2 catalyst was
separated by centrifugation and washed with ethanol for three times. The treated catalyst
was then examined for the coupling reaction in a mixture solution of DMF/EtOH/water
(same as entry 4 of Table 3.5). Their results show the reaction conversion reach 9%, more
than twice the result in entry 4 of Table 3.5, in good agreement with our theoretical
predictions. This indicates that our computational analysis via DFT/PCM, though

qualitative, properly captures energetics of Suzuki cross coupling reactions in solution.

3.4.3 C) Auzs Nanoclusters Protected with Aromatic and Aliphatic Ligands.

Chemical nature of the protecting ligands can influence the properties of a nanocluster. For
example, the redox potentials of Auzs(SR)1s clusters are reported to be affected by the side
chain of protected —SPhX ligands (where X = NO2, Br, H, CH3, and OCH3).1% Electron-
withdrawing ligands are shown to energetically favor reduction and disfavor oxidation.*?®
DFT calculations indicate an electron donating group like —-OCHjs at the para-position of
Auzs(SPhX)1s decreases HOMO-LUMO gap of the nanoclusters.*?” Optical properties of
the Auss(SR)24 nanoclusters are also shown to be influenced by surface-protecting ligands
(i.e., aliphatic thiolate, cyclopentanethiolate (-SCsHq) vs. aromatic thiolate, 4-tert-
butylbenzenethiolate (-SPh'Bu)).*?8 For example, UV-vis spectra of the Auss(SCsHo)24 and
Auss(SPh'Bu)24 nanoclusters are found to have similar a general feature, but the spectrum
of the Auss(SPh'Bu)24 is overall red-shifted in comparison to that of the Auss(SCsHo)24

nanocluster.t?®

To precisely correlate the electronic properties of the gold nanoclusters with their
molecular structure, synthesis and crystallization of the nanoclusters with different
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protecting thiolate ligands are necessary. As mentioned above, new properties can possibly
be imparted by aromatic thiolate ligands to the [Auzs(SR)1s]~ nanoclusters. Therefore, it is
both highly desirable and valuable to study the nanoclusters capped by the aromatic
thiolates. Furthermore, this may also unveil how to tune the catalytic properties of Auzs

nanoclusters for specific reactions via ligand engineering.

We herein report the electronic and catalytic properties of an aromatic-thiolate-
protected [Auzs(SNap)1g]~ nanocluster (where, SNap = 1-naphthalenethiolate). The results
show that the aromatic ligands can largely improve the stabilities of the Auzs nanoclusters.
The nanocluster is further explored for catalytic application in the Ullmann hetero-
coupling reaction between 4-methyl-iodobenzene and 4-nitro-iodobenzene. Our results
indicate that aromatic ligands notably increase the conversion of substrate and the

selectivity for the hetero-coupling product.

3.4.3.1 Electronic and structural properties. To gain insights into the electronic properties
of the nanoclusters capped by aromatic ligands vs. aliphatic ones, we performed density
functional theory (DFT) calculations of Auzs(SCHa3)1s and Auas(SPh)is, which act as
models of the aliphatic and aromatic ligands-protected clusters. The replacement of -SCH3
ligands with -SPh leads to a slight decrease (0.03 eV) of the HOMO-LUMO gap of the
gold nanoclusters. This is expected to induce a red-shift of the optical spectrum of the
clusters protected by aromatic ligands (-SPh). To test this, the time-dependent density
functional theory (TD-DFT) was applied to calculate the theoretical optical absorption
spectra of the clusters. We considered only the first (lowest energy) absorption peak. The
maximume-intensity lines of the absorption peak of the Au2s(SCHz3)1s and the Auzs(SPh)1s

are located at 844 and 868 nm, respectively (Figure 3.16a, insets). The most salient aspect
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of our results is that the first theoretical peak of the Au2s(SPh)usg is red-shifted by ~24 nm
compared to that of the Auzs(SCHa)1s, which is in good agreement with the experimental
result provided by our collaborators in Prof. Jin’s research group (27 nm, Figure 3.16).%
DFT calculations also show that HOMO and LUMO levels of [Au2s(SCHa)1g]™ are higher
by 0.28 and 0.31 eV respectively than those of [Auzs(SPh)ig]. Therefore, from the
electronic point of view, the [Au2s(SCHa)1s]~ is more accessible to react with an oxidizing
agents like H2O2 and TBHP or loses electrons at the surface of the anode compared to the
aromatic-thiolate-protected nanoclusters. This indicates the nanoclusters capped with

aromatic ligands should have higher thermal and anti-oxidative properties.

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) of the
Auzs(SCH2CH2Ph)1g nanocluster, performed by Prof. Jin’s research group, shows two

peaks, which are assigned to the intact nanocluster (m/z: 7394.3, theoretical m/z: 7394.2)
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Figure 3.16. (a) Comparison of the optical spectra of the Auzs(SCH2CH2Ph)is,
Auzs(SPh)1s and Auzs(SNap)is nanoclusters. The spectra are up-shifted for the ease of
comparison. Inset: the calculated lowest-energy peaks of Auzs(SCH3)1s and Auzs(SPh)ss.
(b) Positive-mode MADLI spectrum of Auzs(SNap)1s nanoclusters. The asterisks (*) in (b)
indicate the fragments (i.e., Auz1(SNap)14 and Auzs(SNap)16) caused by MALDI method.®®
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and its fragment Au21(SCH2CH:Ph)is at m/z = 6057.2 (i.e., after loss of
Aus(SCH2CH,Ph)4).%° The main peak of MALDI-MS of the Auzs(SNap)1s is found to be
at m/z = 7789.30, which is assigned to the intact nanocluster (Figure 3.16b).%°> The MALDI-
MS of the aromatic protected nanocluster shows two fragment ions at m/z = 6365.0
(assigned to Au21(SNap)a4, i.e., losing a unit of Aus(SNap)a) and at m/z = 7471.4 (assigned
to Auzs(SNap)is, which indicates the loss of two protecting thiolate ligands).®® We
attempted to explain the fragmentation results using DFT calculations. A -SCHs group
bridging an exterior Au atom and Auiz kernel of the Auzs(SCH3)1s model was replaced
with -SNap, resulting in Auzs(SCH3)17(SNap)1. DFT shows the replacement of -SCH3 with
-SNap leads to elongation of Auemen—S bond by 0.032 A. Results also indicate that the
formation of Auzs(SCHz3)17 species via removal of -SNap group in forms of anion or radical
is energetically favored by 27.6 and 12.3 kcal/mol over that of SCH3, as expected from the
change in the Augemen—S bond length. These findings are in line with the fact that
naphthalene group of -SNap is more capable of stabilizing the electrons of sulfur atom
through n-resonance than the alkyl group of -SCHa. Therefore, losing -SNap groups during

MALDI-MS is more probable than -SCH3 as confirmed by our experimental results

We rationalize that the Auzs(SNap)1s and Auzs(SCH2CH2Ph)1g nanoclusters would
exhibit different catalytic activities given their differences in electronic properties caused
by the ligands. To test this, we choose a carbon—carbon coupling reaction. Our
experimental collaborators in Prof. Jin’s group reported the catalytic properties of the Auzs
nanoclusters protected by different ligands (-SCeH13, -SCH2CH2Ph, -SPh, and -SNap) in
the Ullmann hetero-coupling reaction.®® Their results are compiled in Table 3.8.%° The most

salient aspect of their results is that the use of Auzs nanoclusters protected by the aromatic
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ligands dramatically increases the selectivity towards the hetero-coupling product,
indicating that the chemical nature of the protecting ligands exerts a major influence on

the catalytic properties of the nanoclusters.

3.4.3.2 Catalysis mechanism. To explain the catalytic results, we carried out DFT
calculations. All surface gold atoms of Auxs(SR)1s are protected by thiolate groups;
therefore, the nanoclusters are shown to be inert toward adsorption of non-radical
molecules, as expected. According to our previous studies, we hypothesize that a thiolate is
lost and two gold atoms of the staple motif are thus exposed to reactants (Figure 3.17). To
account for the effects of protecting ligands on the catalytic activity of the nanoclusters, two
remaining thiolate ligands on the same staple motif are set to be either —-SNap or —SCHs.
The rest of thiolate ligands are —SH in order to reduce the computational costs (Figure 3.17).
DFT calculations show that the interaction energy of 4-nitro-iodobenzene with the exposed
gold atoms of Aus(SCHz3)2(SH)1s and Auzs(SNap)2(SH)1s is -4.3 and -7.2 kcal/mol with
Au-1 bond length of 2.87 and 2.82 A (Figure 3.18). These results indicate that replacement
of aliphatic thiolate ligands with aromatic ones leads to a better activation of the C—I bond
in the substrate, thereby increasing the reaction conversion. These finding are in good
agreement with the experimental results. To shed light on the catalytic selectivity results,
the nudged elastic band (NEB) approach was used to calculate transition states and
activation energy of homo- and hetero-coupling reactions.*?® For efficient calculations, only
the staple motif and four gold atoms of the Auis kernel that are closely bound to the motif
are taken into account (Figures 3.19-3.21). Of note, the later four gold atoms were kept
fixed during the NEB calculations. Results indicate the activation energy for the homo- and

hetero-coupling reactions with -SCHz3 ligands are comparable (Figure 3.22a). Interestingly,
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Table 3.8. The catalytic performance of Auzs(SR)18/CeO- catalysts for Ullmann hetero-
coupling between 4-methyl-iodobenzene and 4-nitro-iodobenzene.® %

Catalyst

Entry Catalyst Conv. [%]P Selectivity [%]°

1 Auzs(SCsH13)18/CeO2 69 16
2 Auzs(SCH2CH2Ph)1s/CeO2 72 19
3 Auzs(SPh)18/CeO2 80 50
4 Auzs(SNap)1s/CeO2 91 82
5 CeO2 n.r.

6 “Au-SNap” polymer/CeO: 21 14
7° Auzs(SNap)1s/CeO2 79 47
gd Auzs(SNap)1s/CeO2 50 15

#Reaction conditions: 0.06 mmol 4-methyl iodobenzene, 0.05 mmol 4-nitroiodobenzene,
0.3 mmol k.COsz, 100 mg Auzs(SR)18/CeO2 (~ 1wt.% Auzs(SR)1s loading), 1 mL DMF,
130 °C, 24 h. PThe conversion based on 4-nitroiodobenzene and selectivity for the hetero-
coupling product 4-methyl-4'-nitro-1,1'-biphenyl were determined by *H NMR. 2" and
3 reuses of the catalyst recovered from entry 4. n.r. represents no reaction.

Figure 3.17. Optimized molecular structure of (A) Auzs(SCH3)2(SH)1s and (B)
Auzs(SNap)2(SH)ss.
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Figure 3.18. Interaction of 4-nitro-iodobenzene with the exposed gold atoms of (A)
Auzs(SCH3)2(SH)15 and (B) Auzs(SNap)2(SH)1s.

Figure 3.19. Models used for NEB calculation: (A) with -SCHjs ligands and (B) with -SNap
ligands.

the activation energy of hetero-coupling reaction is 2.7 kcal/mol less than that of homo-
coupling if -SNap ligands are used (Figure 3.22b). These results altogether show that
replacement of aliphatic thiolate ligands with aromatic ones not only increases the
conversion rate of the reaction but also favors formation of hetero-coupled product over
the homo-coupled one, consistent with our experimental results. Though our DFT
calculations proposed that removal of some protecting ligands are required to provide

catalytic active sites, the -SR ligands nearby the open metal sites play a key role in catalytic
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efficiency and selectivity. In other words, DFT calculations suggest that Auzs(SR)1s-x

where 0 <x <<18 is the active catalyst.
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Figure 3.20. Proposed mechanism for (A) homo- and (B) hetero-coupling reactions with -
SCHa ligands.
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Figure 3.21. Proposed mechanism for (A) homo- and (B) hetero-coupling reactions with -
SNap ligands.
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Figure 3.22. Energy vs. reaction coordinate of the hetero- and homo-coupling reactions
with (@) -SCH3 and (b) -SNap ligands.
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3.5 Conclusions

In this study, computational tools are employed to investigate the activation of the
Auzs(SR)1 catalyst in the presence of transition metal Lewis-acids and imidazolium-based
ionic liquids. Results show the presence of the promoters in solution can significantly
enhance the catalytic activity of Auzs(SR)1s nanoclusters via generation of new nanocluster
species Auzsn(SR)1s.n. The mechanisms of the removal of “~Au-SR-" fragments to
produce Auzsn(SR)isn from the Auzs(SR)1s parent nanoclusters in the presence of the
promoters are proposed. DFT results indicate that either the surface gold atoms on the
Auzs-core, staple shell, or the Lewis-acids bound on the Auzs-core provide catalytic active
sites for the catalytic reactions. Using DFT calculations, we also resolved the effects of
protecting thiolate ligands on the activation of the catalyst. Results show the activity and

selectivity of the catalysts are largely enhanced by the nature of aromatic thiolate ligands.
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Chapter 4: Mechanistic insights iInto
preparation of single doped gold nanoparticles
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4.1 Abstract

Doping of metal nanoparticles with a specific number of hetero-metal atoms at specific
positions has been a major challenge. We utilize density functional theory calculations to
offer atomistic insight into preparation of gold nanoclusters doped with a single metal atom.
The formation of rod shaped Auz4 nanoparticle with a central cavity from its parent Auzs
nanoparticle in the presence of phosphine ligands is studied. The Auzs nanoparticle is
shown to be able to host a single silver (Ag) or copper (Cu) atom via a highly controllable
fashion. The single Ag and Cu dopants are found to prefer different sites of the nanocluster
to occupy. The preferred site for the dopants are mainly determined by their initial
interactions with the protecting ligands. While doping of gold nanoparticles with Ag or Cu
typically results in alloys with a non-specific number (i.e. a distribution) of Ag or Cu
dopants, in this work a new strategy for single doping is offered based on preparation of

hollow nanoparticles.

Keywords: Nanoclusters, Single Doping, DFT, NEB
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4.2 Introduction

The research on metal alloy nanoparticles represents one of the key technology efforts for
development of green sources of energy with a wide range of applications, including fuel
cells,** Li batteries,® and catalysis.® A special attention should be given to controlling
composition, size, and structure of alloy nanoparticles for systematic development of their
properties toward target activity and selectivity.”! The composition of an alloy in bulk
limit is usually deemed to be the most important parameter to determine the alloy
properties.!! However, as the size of an alloy decreases, the physical, chemical, and
catalytic properties of the alloy are not only dependent on the composition, but also the
size, shape, and atomic configuration. For example, catalytic performance is shown to be

influenced by surface atomic arrangement or coordination.t?4

Single-atom doping of nanoparticles is a rational approach to develop and design
novel bi-functional heterogeneous catalysts with superior or new properties.™ For example,
previous studies demonstrated that thermal stability, optical, and catalytic properties of
gold nanoparticles are significantly enhanced if the particles are doped by a single atom of
Pd, Pt, Cd, and Hg.'*?° Unfortunately, single-atom doping of gold nanoparticles is mainly
limited to the use of heterometals from a different group of elements rather than the group
IB (i.e., Cu and Ag). The synthesis of gold nanoparticles in the presence of Cu or Ag atom
leads to the formation of a range of alloy nanoparticles with various numbers of Cu or Ag
dopants, i.e., AuzsxCux and AuzsxAgx With 0 < x < 25.212% This is mainly because of similar

configuration of outmost electrons (d*°st) of Cu and Ag with Au.

Although the similarity in electronic structure of Ag and Cu with Au (d'°s?) makes it

difficult to dope a single-atom of coper and silver into gold nanopatrticles, they should be
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able to fill easily a pre-formed vacancy within the gold nanoparticle. We rationalize this
method can overcome the limitation rising from the similar electron configuration of the
same group metals. In this regard, we note Das et al. reported
[Au24(PPh3)10(SC2H4Ph)sCl2]* nanoparticles with a central vacancy can be synthesized via
thermal treatment of [Auazs(PPhs)10(SC2H4Ph)sCl2]?* nanoparticles in the presence of
excess triphenylphosphine (PPhs).?® Single crystal X-ray diffraction analysis shows that
the [Au24(PPhz)10(SC2H4Ph)sCl2] " nanoparticle is composed of two incomplete icosahedral
Ausz, units that are linked by five thiolate linkages.?® The later Auz4 nanocluster lacks the
central Au atom in comparison to the [Auzs(PPhs)10(SC2H4Ph)sX2]?* nanocluster. The
vacancy shows to exert a major influence on the optical properties of the nanoparticle.?
Re-filling the central vacancy of the Aux4 nanoparticle by a metal atom from 1B group (i.e.,
Cu, Ag, and Au) would be prudent to consider. It is expected that single-atom doping by
Cu or Ag can be achieved by using the Auzs as a template because this nanocluster
possesses only one vacancy. Furthermore, via a sequential hollowing and re-filling of
resultant nanocluster, atom-by-atom doping in a highly controlled fashion is achievable.
Using density functional theory (DFT) calculations, this chapter presents the shuttling
pathway of an Ag or Cu atom in to gold nanoparticles. The Auzs nanocluster is used as a

model for this study.

4.3 Computational Method
DFT calculations were carried out using the Quantum Espresso package.?’” The Projector
Augmented-Wave (PAW) method was applied to describe the interaction between

the electrons and nuclei.?® The Perdew—Burke-Ernzerhof (PBE) form of the
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generalized gradient approximation was employed for electron exchange and
correlation.?® The gold cluster was placed at the center of a cubic box of 30.0 A x 30.0 A
x 30.0 A. The Kinetic energy cutoff was chosen to be 450 eV and integration in the
reciprocal space was carried out at the I" k-point of the Brillouin zone. The nudged elastic

band (NEB) approach was used for finding minimum energy path of transitions.*

4.4 Results and Discussions

Experimental studies of Prof. Jin’s group showed that reaction of Auzs4 with Au(l)Cl readily
restores Auzs within a few seconds. Results show that addition of CuCl or AgCl to a
solution of Auz4 leads to the formation of new products doped with Cu or Ag. X-ray
crystallography analysis show that Cu can occupy two different types of sites: i) at the apex
of the rod-shaped nanoparticle, and ii) at the waist position of the nanoparticle, while silver
was only found at the apex of the nanoparticle (Figure 4.1). Interestingly, the central
position of the nanoparticle is 100% occupied by gold atom in both products, rather than a

Cu or Ag atom as one would expect since the central vacancy is ready for filling.

The experimental results clearly demonstrate the success in single atom doping into
the gold nanoparticle. The reactions of Au.s with AgCl and CuCl show that the copper or
silver atom does not directly take the central empty position as one would initially expect,
instead the Cu or Ag dopant should squeeze one surface gold atom into the central vacancy.
To map out the mechanistic details, we carried out DFT simulations on the formation of

Auz4 from the Auzs nanoparticle and the back filling of Auzs4 to form MAu24 (M=Cu or Ag).
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Excess PPh,
40 °C

100% L ~30% 0%
[Ag1Au24(PPh3)10(SR)sCl2]%* [Cu1Au24(PPh3)10(SR)sCl2]%*

Figure 4.1. Shuttling out of the central gold atom of [Auzs(PPhs)10(SR)sCl2]?* nanoparticle
to form24-atom hollow gold nanoparticle. Shuttling in one Ag or Cu atom into the Auzs
nanoparticle: pathways of single Ag/Cu entering the hollow Au.s nanoparticle. Color
codes: Au, yellow; Ag, blue; Cu, orange; S, red; Cl, green; P, orange. Other non-metal
atoms and bonds are not shown for clarity. In the lower panel, the protecting ligands are
skipped for clarity.

4.4.1 Formation mechanism of the hollow Auzs. As mentioned above, it is found
experimentally that excess phosphine ligands play a key role in the formation of hollow
Auz4 nanoparticle from its parent Auzs nanoparticle. DFT calculations were performed

using [Auzs(PHs)10(SH)sCl2]?* as a model of the experimental nanoparticle by simplifying
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@/6L/6=Au ©=SH @=PH;
Figure 4.2. Mechanisms for the formation of hollow Auzs cluster. The values of
interatomic distancesarea=b=c=2.97,a’=3.23,b’=2.90, and ¢’ =2.86 A. DFT results
show AE; = 25.9, AE2 = 7.1, AE3 = -5.2, AE4 = 34.4, and AEs = -30.7 kcal/mol. Color

codes: Aul, green; Au2, gray; other Au, yellow; S, red. Other atoms and bonds are not
shown for clarity.

PPhs to PH3 and SC2H4Ph to SH. Results show that adsorption of a PHz onto a gold atom
located at the waist position (Aul, Figure 4.2, green ball) of the nanoparticle is the most
likely mechanism to initiate the reaction. A PH3 of the rod via a migration process (Reac
- Intl) may form a bond with the Aul. Of note, the Au—PPhz bond is flexible, which

allows rapid exchange between the free and bound PPh3.%

Upon the formation of Au—PHz3 bond and subsequent Au—S bond breaking (Int1,
Figure 4.2), the gold atom at the center of the nanoparticle (Au2, Figure 4.2, grey ball)
dislocates towards the surface of the nanoparticle, evidenced by changes in the Au—Au
atomic distances (Figure 4.2). The Aul—Au2 bond distance becomes 2.90 A (b’ in Figure
4.2) which is considerably less than the bond distance between Au2 and gold atoms located
at the lower side of the waist position («’ = 3.23 A, Figure 4.2). Next, the Au2 is completely
pulled up to the surface of the nanoparticle (Intl - Int2). In turn, this exposes the Aul to
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PH3 ligands in the reaction medium to form Au(PHz). on the surface of the nanoparticle
(Int2 = Int3). The Au(PH3)2" moiety eventually detaches from the nanoparticle to result
in the [Au24(PPh3)e(SR)sCl2]* nanoparticle (Int3 = Int4). The generation of Au(PPhs),"
ion is indeed experimentally confirmed later by our experimental collaborators using ESI-
MS. Finally, the as-formed [Au24(PPhz)e(SR)sCl2]* nanoparticle reacts with a PHz to result

in the hollow [Au24(PPhs)10(SR)sCl2]" nanoparticle (Int4 > Pr).

4.4.2 Formation mechanism of MAuzs4 (M=Cu or Ag). The MAu24 nanoparticle has five
non-equivalent types of metal positions (P1 to P5 as indicated in Figure 4.3a). Geometry
optimizations of MAu24 with M located at the different positions show that both Cu and
Ag energetically disfavor to occupy positions of P2 and P4 (Table 4.1), in good agreement
with the X-ray crystallography analysis. However, relative energetics of the nanoparticles
with M at positions P1, P3, and P5 are not in line with the experimental results. DFT results
show that Cu prefers to occupy the sites in the order of P1 = P5 > P3, while for the case of
Ag, the order is P5 > P3 > P1 (Table 4.1). For completeness, the Grimme-D2 (36) and the
Exchange-hole dipole-moment (XDM) methods were used to incorporate the van der
Waals (vdW) interactions into the systems.3>34 As Table 4.1 shows, DFT-D2 and DFT-
XDM calculations yield almost the same conclusions as DFT does. The X-ray
crystallography analysis indicates that Ag prefers to locate at site P1 and Cu at P3 (Figure
4.1); therefore, our calculations reveal that in addition to the relative stability of the
nanoparticles based on their energetics, other factors such as reaction kinetics and entropy

effects (ten P3 sites vs two P1 sites) also play significant roles in the formation of MAu24.

We next considered whether the location of incoming M (Cu or Ag) is dictated by the initial

interaction of M™ with the capping ligands of the nanoparticle (-SR and CI-Au, see Figure
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a)

o)

C/@/@/@=Au ©=Cu ¢=Ag e=SH e=C

Figure 4.3. a) Designation of P1 to P5 sites in the MAu2s structure. DFT-calculated
mechanisms for MAuz4 (M = Cu or Ag) formation with M at b) waist and c) apex positions.
Color code: Au, yellow; S, green; CI, cyan; Ag, blue; Cu, orange. Other atoms and bonds
are not shown for clarity.

Table 4.1. Energy (kcal/mol) of optimized AgAu24 nanoclusters with Ag located at the
different positions (see Figure 4.3a). The energy of the most stable system is set to 0.00.
Energy of the other systems are reported relative to the most stable system. Results of DFT
with van der Waals (vdW) corrections using the Grimme-D2 and the Exchange-hole
dipole-moment (XDM) methods are also presented.

Position DFT DFT-D2 DFT-XDM
P1 5.69 (0.00) 2.89 (2.44) 6.12 (0.00)
P2 9.09 (6.53) 7.91 (7.64) 9.62 (6.77)
P3 3.97 (2.29) 4.09 (6.42) 3.87 (2.04)
P4 20.12 (10.22) 16.83 (8.42) 21.24 (9.28)
P5 0.00 (0.22) 0.00 (0.00) 0.00 (0.13)
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Figure 4.4. There are two possible sites for M-Cl or M* (M = Cu or Ag) with the capping
ligands of the nanoparticle. Color code: Au, yellow; S, green; Cl, cyan; P, pink.

Figure 4.5. The bigger vdW radii of Ag (in comparison to that of Cu) prevents the silver
atoms to interact efficiently with S atom (green) of —SR groups.

4.4). Interaction energy of Ag™ and Cu* with CI-Au is found to be 9.6 and 8.0 kcal/mol,
respectively, more favorable than those with —SR. These results show that the interaction
of ClI-Au with Ag is stronger than with Cu. This may indicate the single atom transfer and
its possible location is determined by the interaction of the M (Cu or Ag) with capping

ligands of the nanoparticle, in agreement with our experimental trend. In addition,
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compared to Cu, the larger vdW radius of Ag also prevents the silver atoms from interacting
efficiently with —S— due to steric hindrance. Of note, the protecting ligands of the
nanoparticle make the particle surface considerably packed, which causes high spatial
hindrance for Ag" to pass through and approach the —SR group (see Figure 4.5). However,
Cu has a smaller vdW radius and can interact with surface thiolate ligand which eventually
pushes a gold atom at the waist position into the vacancy at the center of Auzs to form

CuAuzs.

Further, we consider possible mechanisms to from AgAu.s4 with Ag located at the
apical site of the nanoparticle. An Ag™ may interact with the Cl atom at the apex of the
nanoparticle (Int6, Figure 4.3c), which eventually moves to interact with three gold atoms
located at the apical as well as the end positions of the nanoparticle (Int6 = Int7 - Int8,
Figure 4.3c). There are two possible pathways for the Ag at this position to locate at the
apical site by squeezing a gold atom at sites of 1) icosahedral center (Figure 4.3c, Pathl,
shown by blue arrows) and I1) waist (Figure 4.3c, Path 2, shown by red arrows). Our
calculations using the nudged elastic band (NEB) approach®® show barrier energy of
mechanism 11 is 19.8 kcal/mol lower than that for mechanism I. This result indicates metal
mobility is most likely to happen through the surface of the nanoparticle rather than the

core of the icosahedron, in agreement with the mechanism for the Auz4 formation.

4.5 Conclusion

In summary, we have successfully demonstrated the single-metal-atom shuttling in

atomically precise metal nanoparticle, i.e., the conversion between Auzs and Augs
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nanoparticles. Our results provide a clear map of how single metal atom transfer occurs
between two atomically precise nanoparticles. Based on the theoretical results, the driven
force of single atom transfer is caused by the ligand. i.e., the free PPhgz for the shuttling-out
process, and the surface —Cl and —SR ligands for the shuttling-in process. The stronger
binding between Ag and -Cl compared with Ag-SR leads to the exclusive Ag atom doping
at the apex of the nanoparticle, while the similar energy of Cu-Cl and Cu-SR leads to the
Cu atom doping into both the apex and waist positions. This work provides fundamental
understanding of how to shuttle single atom in and out of metal nanoparticles by a chemical
method. The ligand-induced single atom shuttling process also provides a new strategy for
controlling the doping position and the doping number of heteroatoms in alloy

nanoparticles.
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Chapter 5: Mechanistic insights into
organocatalytic properties of imidazolium-

based ionic liquids
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5.1 Abstract

This chapter presents molecular insights into promotional effects of imidazolium-
based ionic liquids on transesterification of cellulose. As a model for the reaction,
we studied methanol transesterification with isopropenyl acetate in the presence of
dialkylimidazolium acetate. Results show that acetate anions of the IL play the most
essential role to promote chemical rate of the reaction. The mechanistic insights
offered via this study could lead our experimental collaborators in Kanazawa
University to optimize protocol of IL-catalyzed transesterification reactions with a

considerable high conversion rate.

Keywords: organocatalysis, imidazolium-based ionic liquid, transesterification,

cellulose
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5.2 Introduction
Biomass-derived chemicals have received much attention because of ever growing
importance of “Sustainability” and “Green Chemistry” in the chemical industry. 2
Wood-biomass, also known as lignocellulose, is one of the most important biomass-
based resources for chemical feedstock due to its natural availability in large scales.
Although cellulose, hemicellulose, and lignin comprise the main components of
lignocellulose, cellulose is commonly considered as the most important chemical
resource. This is mainly due to higher abundance of cellulose and its clear and
homogenous structures that enable a rational molecular design of derivatives
materials. Unfortunately, application of cellulose and its derivatives has been
minimal because of their processing difficulties, including poor solubility in a wide
range of aqueous and organic solvents.

lonic liquids have received overwhelming interests in biomass processing ever
since Rogers et al. reported the solubility of cellulose in ILs.*® Because of ILs’ unique
properties, they have been extensively used in organocatalytic synthetic chemistry.®3 A
key advantage of application of ILs in synthetic chemistry is their simultaneous roles as
solvents for reactants and catalysts for chemical transformation.'® For example, Kakuchi
et al. reported that 1-ethyl-3-methylimidazolium acetate (EmimOAc) is able to not only
facilitate cellulose solubility but also accelerate transesterification reaction of cellulose
with isopropenyl acetate (IPA, Figure 5.1).1* The reported synthetic protocol offers
cellulose transesterification reactions in the absence of any activating reagents. However,
a fairly large amount of reactants is required in comparison to the reaction in the presence

of activated chemical reagents. As this significantly limits the applicability of ILs in
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Figure 5.1. Schematic representation of the transesterification reaction of cellulose in
EmimOAc.»®

synthetic polymer chemistry, it is both desirable and valuable to improve the reaction

conditions for practical applications.

A molecular understanding of transesterification reaction in the presence of
imidazolium-based ionic liquids is required to improve the synthetic protocol,*
Mechanistic insights into reactions can shed lights on potentials roles played by anions and
cations, which in turn help to find greener conditions for cellulose modification reactions.
Herein, we investigate the catalytic activities of imidazolium-based ionic by employing a
model reaction system. Our results indicate the promotional effects of the ILs is mainly
due to the hydrogen bond interactions of anions with hydroxyl group of cellulose. Based
on this understanding, our experimental collaborators in Kanazawa University in Japan

rationally optimize the transesterification reaction processes.™

5.3 Computational Method
Density functional theory (DFT) calculations were performed to investigate possible

mechanisms of transesterification reaction promoted by imidazolium-based ionic liquids.
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The Synchronous Transit-Guided Quasi-Newton (STQN) Method is used for locating of
transition states.’®!” The partial atomic charges are determined with the electro-static
potential (ESP) method.*®?° The Gaussian 09 package is used for geometry optimizations

with the B3LYP hybrid density functional and 6-31G(d,p) basis sets.?!2*

5.4 Results and Discussions

For efficient calculations, the imidazolium cation and the alcohol were modelled as 1,3-
dimethylimidazolium (DMIM) and methanol, respectively. We first investigated the
reaction pathway in the absence of the ILs. DFT results indicate that barrier height for the
reaction is rather high, 30.9 kcal/mol (Reac — 1TS1, Figure 5.2), which explains no
conversion in the absence of catalysts. Next, we studied the effect of IL anion, acetate, on
the energy profile of the reaction. As illustrated in Figure 5.2, acetate interacts strongly
with proton of methanol’s hydroxy group (26.5 kcal/mol, Reac — 1Intl). This leads to
significant elongation of O—H bond by 0.04 A, which in turn changes the partial charge
of the alcohol’s oxygen from -0.60 to -0.70 (Figure 5.3). We would thus expect that the
alcohol’s oxygen becomes “activated” and hence enabled to react with carbonyl group of
the ester. As expected, DFT predicts that the barrier height for the reaction between the
[CH30H...OAc] complex and ester is 2.6 kcal/mol, markedly lower than 30.9 kcal/mol
in the absence of the anion above (1Intl — 1TS2, Figure 5.2). This result is in good
agreement with the experimental observation of our collaborators,™ i.e., an increase in the

basicity of IL anions leads to a higher reaction conversion (Table 5.1).%° The transition state
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1TS2 eventually converts to products through an exothermic step of 1.1 kcal/mol (1TS2 —

Pro).

Me. _H.
ol I
Me>\0

1Int, Ao
Step AE(kcal/mol)
Reac — 1TS, +30.9
ITS, — Pro -55.9
Reac — 1Int, -26.5
lInt, — 1TS, +2.6
ITS, — Pro -1.1

Figure 5.2. Proposed reaction Mechanism 1 for transesterification reactions in the absence
(upper pathway) and presence (lower pathway) of acetate anion of the ionic liquids along
with the calculated energies for different elementary steps.

(A) (B)

167A 1.00A
N EE—

Figure 5.3. Optimized structure of (A) an isolated methanol molecule and (B) an acetate-
methanol complex. Color code: O, C and H atoms are shown in red, dark grey, and light

grey, respectively. The partial charge for the oxygen atom of methanol is given in green.
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Table 5.1. An effect of anion structures on the transesterification reaction of 2-PA and IPA
catalyzed by imidazolium based ILs with diverse anions.? 1°

IPA

OH iok o
S O

® X
2-PA NN

Im-ILs

[2-PAJ/TIPA)/[Im-ILs] = 1/1.5/0.1

Run Anion (X)) pPKP Conv. (%)¢
1 CH5COO" 12.3 63
2 cr 1.8 1
3 Br 0.9 1
4 CFsCO0" 3.45 2

@The reaction conditions for the transesterification reaction of PA and IPA are as follows;
neat condition; the reaction was conducted for 16 hours; Ar atmosphere. "The pKa values
in DMSO.?° °Determined by 1H NMR in CDCI3.

Turning to imidazolium cations, we mainly focus on the acidic hydrogen at the C-2
position, which tends to interact strongly with negatively charged sites compared to other
ring or alkyl chain hydrogen atoms. As demonstrated above, it plays a significant role in
transesterification reaction kinetics, whereas chemical substitutions at other positions have
only aminor effect. DFT predicts that the interaction of the acidic proton at the C-2 position
of DMIM with the carbonyl oxygen of the ester induces a pronounced conformational
deformation of the ester’s skeleton—i.e., the latter changes from a planar to a twisted
geometry (Figure 5.4). As such, the cation-ester interaction via the acidic proton and
carbonyl oxygen is expected to exert a considerable influence on the reaction energetics

(Figure 5.5). According to DFT calculations, this interaction reduces the transesterification
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reaction activation energy by 2.8 kcal/mol (2Int — 2TS, Figure 5.5, Table 5.2), compared
to that in its absence (Reac — 1TS1, Figure 5.2). This result is in concert with findings of
our experimental collaborators, i.e., methylation of C-2 lowers the reaction conversion
from 63% to 29%. It is also noteworthy that the effect of the acidic proton is considerably
weaker than that of the anion, as evidenced by the DFT results (2.8 vs. 28.3 kcal/mol in the

barrier height reduction) and confirmed by experimental results.

DMIM

Figure 5.4. Deformation of isopropenyl acetate structure upon interaction with 1,3-
dimethylimidazolium (DMIM). In the absence of DMIM, all carbon and oxygen atoms of
the ester lie on a single plane; i.e., the plane defined by three C atoms of the isopropenyl
group and the plane defined by two O and two C atoms of the acetate group are co-planar.
Upon interaction with DMIM, the isopropenyl group twists along the O-C bond such that
the two planes become perpendicular. Color code: O, N, C and H atoms are shown in red,
blue, dark grey, and light grey, respectively.

In view of the experimental and computational results discussed above, we propose a
reaction mechanism for the transesterification reaction of alcohol and ester catalyzed by
imidazolium based ILs as follows (Figure 5.6): First, the O—H group of alcohol is

activated by acetate anions, while the carbonyl group of ester is activated by interacting
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with acidic proton of the ILs. Next, alcohol and ester thus activated couple to form a
transition state, characterized by a strong C---O interaction between the two. Eventually,
this activated complex becomes a product with the conversion of the C---O interaction to
a new ester bond and the release of ions for the regeneration of the catalytic species (Figure

5.6).

Figure 5.5. Proposed reaction Mechanism 2 for transesterification reactions in the presence
of a 1,3-dimethylimidazolium cation. The calculated energies for different steps are given
in Table 5.2.

Table 5.2. DFT results for AE for elementary steps of Mechanism 2 (Figure 5.4).

Step AE(kcal/mol)
Reac — 2Int -15.8
2Int — 2TS 28.1
2TS — Pro -37.3
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R® H
N=
K/N\Rz

Figure 5.6. Plausible reaction mechanism for the transesterification reaction of 2-PA and
IPA catalyzed by imidazolium acetates.

According to the proposed reaction mechanism, the promotional effects of the ILs
is mainly because of hydrogen bond formation between IL anions and alcoholic species.
This mechanism suggest that the addition of an aprotic solvent, such as DMSO, that
interacts with ILs cations would have a large influence on the reactions conversion.
Isolation of cations by DMSO would facilitate the generation of ‘“naked” anions by
dissociation of ion pairs.?®2?’ This, based on the proposed mechanism, would promote the
reactivity of hydroxyl group of reactants. To test this, our experimental collaborators
performed the reactions in the presence of DMSO. As expected, conversion of
transesterification reaction between 2-PA and IPA was considerably increased with the

127



addition of DMSO, compared to the reaction in the absence of the co-solvent (Figure 5.7).%°
This indicates that our computational analysis via DFT, though qualitative, properly

captures energetics of transesterification reaction.

]00 T T 1 T l T T T 1 | T T
O : with DMSO |
([2-PAJ/[DMSO] = 1/1, v/v)
-~ 80 0O : without DMSO
= - 0
g 60 O -
g L 4
2 40+ o -
8 | 0’."’ .-"!]
Q.- g
20 — o,' —‘D.-"— —
. o_qgO" i
B:i:rﬂ'c'
0 2% 1 1 1 | 1 1 1 1 ] 1 1
0 5 10

reaction time (hour)

Figure 5.7. An effect of DMSO addition on the transesterification reaction of the 2-PA and
IPA catalyzed by EmimOAc (line; guidance).®®

5.5 Conclusions

Using DFT calculations, molecular insights are provided into the organocatalytic
properties of imidazolium salts for transesterification reactions. Our results on a model
reaction system show that reactions are most probably facilitated by anionic species of ILs.
The computational analysis could successfully lead our experimental collaborators to
strategically apply co-solvent effect to increase conversion rate of the cellulose
modification reactions in the presence of ILs.
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