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In coordination chemistry, sterically encumbering ligands are often used to control the
coordination number, geometry, and electronic structure of transition-metal complexes. The m-

terphenyl ligand scaffold is particularly effective in isolating reactive, low-coordinate metal
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complexes due to its sterically encumbering nature. In past years, we have employed monotopic
m-terphenyl isocyanide ligands to isolate low coordinate, highly reactive organometallic
complexes. The isolation of these species is possible not only due to the steric pressure of the m-
terphenyl backbone, but also due to the synergistic bonding occurring between electron-rich metal
and isocyanide ligand molecular orbitals. Indeed, isocyanides are isolobal to carbon monoxide
(CO), and both ligands function as both o-donors and m-acceptors with strong z-backbonding
interactions. However, unlike CO, isocyanide ligands can be functionalized, allowing for the
formation of multitopic m-terphenyl isocyanide ligands. By capitalizing on this tunability, we
reported the synthesis of multitopic m-terphenyl isocyanide ligands for the formation of isocyanide
coordination networks (S°CNs).

While isocyanide ligands have been studied extensively in organometallic chemistry, the
study of isocyanide ligands in nano- and materials science remains underdeveloped. This
dissertation will be split into two parts, where chapters 1 through 4 will discuss the history of low-
valent metal-organic frameworks (MOFs) and the impact the multitopic m-terphenyl isocyanide
ligands have in the generation of new low-valent materials. In addition, while the isolation of novel
m-terphenyl-based S°CNs will be discussed, their reactivity will also be detailed. In the second
portion of this dissertation, collaborative work with University of California, San Diego’s
department of nanoengineering will be highlighted. The use of monotopic m-terphenyl isocyanide
ligands as capping reagents on nanomaterial surfaces will be discussed in detail, as well as the
synthesis and isolation of new functionalized ligand scaffolds to characterize their binding on gold

(Au) and silver (Ag) surfaces.
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Chapter 1 Metal Organic Frameworks With Low Valent Metal Nodes

1.1. An Introduction to Low Valent MOFS.

Metal—organic frameworks (MOFs) are self-assembled, crystalline materials with 2- or 3-
dimensional framework structures.! These materials are traditionally synthesized using anionic
linkers (e.g., carboxylates, azolates, etc.) with high-valent metal ions/clusters, referred to as
secondary building units (SBUs).? Strong, but sufficiently reversible, metal-ligand bonding allows
for the formation of robust MOFs using these ligands and metals.> However, the formally oxidized
nature of these SBUs precludes both the reductive chemistry and substrate binding affinity (via nt-
backbonding) that are the hallmark of low-valent metals.* While many MOFs have been shown to
participate in Lewis acid catalysis, those involved in multi-electron catalysis are much more rare.’
To impart MOFs with the ability to mediate multi-electron catalysis, several strategies have been
developed to append low-valent metals to MOFs through ancillary metal binding groups. These
have been extensively reviewed and will not be covered in detail here.>® Incorporation of
nonstructural low-valent metals can be accomplished before, during, or after formation of the MOF
lattice. Most commonly, low-valent metals are incorporated into MOFs by postsynthetic
modification (PSM) approaches,’ specifically post synthetic metalation.!® This involves the
formation of a MOF structure containing free metal-binding groups and subsequent metalation of
these sites using low-valent metal precursors. This has been demonstrated using phosphines,
bipyridines, and other ligands.!''* Generally, incorporation of low-valent metals in MOFs requires
the presence of both electronically soft Lewis basic donors and MOF-forming hard Lewis basic
donors in a single ligand architecture. While this approach has been successful for the realization

of functional MOFs, in these designs the low-valent metals are incorporated as pendant groups and



do not benefit from the stabilization attendant with lattice/network formation. As such, they may
degrade or leach into solution when the materials are used for catalysis or other applications, !> and
the incorporation of these complexes as pendant groups can result in pore blockage, hindering
substrate access to internal metal sites.’ In addition, it is difficult to achieve high metal loadings,
and structural characterization of the low-valent sites can be challenging, particularly by single-
crystal X-ray diffraction (SCXRD) methods.®® To date, there are few examples where low-valent
metals are the main structural component in a MOF lattice. These MOFs will be referred to here
as low-valent MOFs (LVMOFs). It should be noted that the chemistry of low-valent coordination
polymers is well known and predates the emergence of LVMOFs.!% 7 The definition of a MOF
put forth by Matzger in 2017 is used herein, where MOFs are defined as “a class of coordination
polymers comprising organic linkers wherein metal-ligand interaction/bonding leads to 2D or 3D
crystalline network structures.”'® This requires that MOFs be crystalline, while omitting the
qualifier that they must contain “potential voids” as defined by IUPAC.! In this dissertation, low-
valent metals are defined as metals in the +1 or 0 oxidation state, or otherwise in an unusually low,
reactive oxidation state. Additionally, some examples of MOFs containing reactive 4d transition
metal nodes/SBUs in the +2/+3 oxidation state will be highlighted. MOF stability is largely
dictated by the strength of the metal-ligand bonds that form the extended structure.’> Low-valent
metals typically form the strongest coordination bonds with neutral, m-acidic ligands, such as
carbon monoxide (CO), phosphines, and isocyanides.?** Neutral nitrogen donors (e.g., pyridine,

nitriles) may also be used,?* 2 although these ligands are poor m-acceptors,?® and thus are not ideal
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Figure 1.1 Ligands with pyridyl (bpy), nitrile (tctpm), isocyanide ((CNAr™®?), and phosphine (Sil) metal binding
groups that have been used in LVMOF synthesis.

for forming stable LVMOFs. Neutral sulfur donors (e.g., thioethers) are electronically softer than
nitrogen donors and have been employed as ligands for transition-metal-based catalyst
precursors.”’” However, these ligands are both less effective o-donors and m-acceptors when
compared to phosphines. Neutral sulfur donors also frequently form labile metal-ligand bonds,®
thereby hindering their use as linkers for LVMOFs.?*3 The majority of LVMOFs reported to date
have utilized linkers with two or more isocyanide, phosphine, or nitrogen donors, with linker

structure, rigidity, and symmetry often resembling those of traditional MOF linkers that are used

to produce divergent framework structures (Figure 1.1).

1.2. MOFs with Nitrogen Donors.

Some of the earliest coordination networks were synthesized from nitrile- and pyridine-
based ligands with Cul nodes.! In 1989, Robson and co-workers demonstrated the deliberate
design of a diamondoid Cul coordination network featuring a rigid 4,4°,4°,4>°’-
tetracyanotetraphenylmethane (tctpm, Figure 1.1) linker.>* *> The resulting crystalline solid, with
the formula [Cu(tctpm)](BF4), has a SCXRD-estimated pore volume of 700 A* and fits most
definitions of a MOF. The demonstration of rational material design using a rigid, tetrahedral

linker in concert with tetrahedral Cul centers represented an important step toward the emergence
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Figure 1.2. Synthesis of and crystal structure of CuBr MOF with images of A) the asymmetric unit, B) the full CusBr
trimeric SBU, and C) the extended structure along the crystallographic c-axis. Inset: AAC reaction catalyzed by CuBr
MOF with substrate scope and corresponding yields.

of the MOF field. An early example from Yaghi and co-workers, for which the term “metal—
organic framework” was coined, was realized by the solvothermal reaction of 4,4’-bipyridine (bpy,
Figure 1.2) with Cul to give a 3D, interpenetrated framework.’® These early examples of Cul
coordination networks were instrumental in establishing the design principles for MOF synthesis
but did not demonstrate high stability nor reactivity at the Cul centers. Indeed, harnessing the
reactivity of low-valent metals in a heterogeneous setting is one of the primary motivations for the
synthesis of LVMOFs. Since these early reports, several catalytically active Cul coordination
networks have been described.?”-*® One example is a 2015 report by Sun and co-workers, where
the reaction of CuX (X=Cl, Br, I) with 3,3’,5,5’-tetramethyl 4,4’-bipyrazole yielded three new
coordination materials (Figure 1.2).>° CuCl gave a 1D coordination polymer, while CuBr and Cul

gave 3D LVMOFs. These materials demonstrated the ability to catalyze azide—alkyne “click”



(AAC) reactions in good yields. In addition, several studies have reported on unsaturated Cul sites

in MFU-41 (metal—organic framework Ulm University-4large),*® which have been investigated for

Figure 1.3. Synthesis and structure of fac-Mo(CO)3(pz)3» showing close-up of Mo(0) node (center) and space-
filling representation of the extended structure along the crystallographic a-axis (right).

binding to CO, C>Ha, and olefins.*'* LVMOFs with Agl nodes have been synthesized using
neutral N-donors, with one of the first reported by Lee and co-workers in 1995.4 Self-assembly
of 1,3,5-tricyanobenzene (tcb) and 1,3,5-tris(4-ethynylbenzonitrile)benzene (teb) with
Ag(CF3S03) in benzene resulted in the formation of 2D materials with honeycomb sheets. Charged
N-donors have also been used to synthesize Agl MOFs, with one example described in a 2004
publication by Yang and Raptis.* The LVMOF was formed by the reaction of 3,5- diphenyl-1,2,4-
triazole (3,5-Ph2-tz) with Agl salts. SCXRD revealed a 3D cationic framework assembled by the
connection of [Ags(p3-3,5-Ph-tz)s] clusters through two coordinate Agl ions to give the formula

Agi[Ags(p3-3,5-Phs- tz)s]*", with uncoordinated NOs™ or BF4™ balancing the charge.

In 2021, Pedersen and co-workers described a series of LVMOFs, which represented only
the second report of well-defined MOFs with zero-valent nodes (Figure 1.3).*¢ Reaction of
pyrazine (pz) with group 6 metal carbonyls gave 3D MOF structures with Cr(0) , Mo(0) , and W(0)
nodes. The three isostructural MOFs have the formula fac-M(CO)3(pz)32 (M=Cr, Mo, W) and
were characterized by SCXRD, revealing the presence of small open channels. The M(0) nodes

are 3-connected through fac-oriented pyrazine donors, with three fac-oriented CO ligands filling



out the octahedral coordination sphere. Although the Cr(0) and W(0) MOFs were observed to
decompose in air over a period of days, the Mo(0) material remained crystalline after a year in air
and displayed the highest thermal stability of the three. This example demonstrates that, in certain
cases, neutral N-donors can be used for LVMOF synthesis outside of monovalent group 11 cations.
1.3. LVMOFS with Organometallic Linkages.

Organometallic ligands forming metal-carbon bonds are an integral part of catalytic
chemistry.?? While some organometallic species exist only as short-lived intermediates in catalytic
cycles, many are stable, isolable compounds. The most common are metal carbonyls,*” although
these are not suitable for derivatization as previously mentioned, and thus not viable as LVMOF
linkers. Organoisocyanides are isolobal to CO, but can be readily adapted as multitopic ligands for
the formation of organometallic coordination polymers and networks.?* These function as both o-
donors and m-acceptors, with strong n-backbonding interactions allowing them to stabilize low-
valent metals.*® *° In 1985 and 1986, Efraty and co-workers described the synthesis of mixed-
valent Pd”W/Pt"" and zero-valent Pd’ /Pt° coordination polymers based on 4,4’-
diisocyanobiphenyl,*® 3! demonstrating the ability of isocyanides to stabilize low- and zero-valent
metals in solid-state materials.

Some of the first ordered organoisocyanide networks were prepared by Lawrence and co-
workers, who reported Cu' coordination polymers connected through either 4,4’-
diisocyanobenzene or 4,4’-diisocyanobiphenyl.’? The polymers were found to be crystalline by
PXRD and, although precise atomic structures were not determined, X-ray photoelectron
spectroscopy (XPS) confirmed that Cu remained in the +1 oxidation state. Taking inspiration from
these Cu' -isocyanide coordination polymers and the ability of isocyanide ligands to stabilize Cu'

species with a range of geometries,”® Figueroa and co-workers generated a series of Cu!



coordination networks using sterically encumbered m-terphenyl isocyanide ligands.>* Importantly,
the atomic structures of these materials were determined by SCXRD. Reaction of the ditopic
isocyanide linker [CNAr™®2], (Figure 1.4A) with [Cu(MeCN)4](PFs) afforded a 3D coordination
material with tetrahedral, 4-connected Cu' nodes, denoted as Cu°CN-1. This 2-fold
interpenetrated diamondoid network represented the first example of a structurally characterized
3D MOF constructed from diisocyanide linkers. Additional heating of CuS°CN-1 resulted in
exfoliation of 25% of the isocyanide linkers, yielding a 2D, interpenetrated coordination network
with THF-capped tris isocyanide Cu' nodes, CuS°CN-2. An analogous MOF, Cu'*°CN-3, was
obtained directly using a higher reaction temperature under conditions otherwise identical to those
used to synthesize Cu'S°CN-1. This 2D material also displayed THF-capped tris-isocyanide Cu'
nodes but was found to be non-interpenetrated. Accordingly, gas sorption analysis of Cu>°CN-3
using CO> gave a Langmuir surface area of 200 m?/g, demonstrating permanent porosity. The
MOF displayed excellent thermal stability (beyond 450 °C) by thermogravimetric analysis (TGA),

and as also shown to be stable in both acidic and basic environments, highlighting the ability of
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Figure 1.4. A) Synthesis and crystal structure of Cu-S°CN-1 showing tetrahedral Cul nodes;[51] B) synthesis
and crystal structure of Cu-'S°CN-4 highlighting 3-connected Cu' node and extended structure of a single 1D
sheet;[52] C) synthesis and crystal structure of Ni-'S°CN-2 with view of extended structure and tetrahedral Ni°
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bulky isocyanide ligands to form highly stable LVMOFs. More recently, an expanded Cu(I) -
isocyanide framework was reported featuring an extended ditopic m-terphenyl isocyanide linker,
1,4-(CNA™®2),CsH4 (Figure 1.4B).> The addition of a phenylene spacer between the isocyanide
donors resulted in the formation of a MOF structure with large open channels, Cu’>°CN-4. The
structure is 4-fold interpenetrated and consists of interwoven 2D sheets, creating channels that

measure approximately 28x19 A. Although the material was not found to be permanently porous



by gas sorption, Cu'°CN-4 displayed thermal stability up to 400 °C and was shown to extract
pyridine from aqueous media with 85% efficiency.

Having established that bulky m-terphenyl isocyanide linkers could form 2- and 3-
dimensional MOF structures with Cu(I) , this approach was then extended to Ni® , a much more
reactive low-valent metal.’’ Reaction of Ni(COD), (COD=1,5-cyclooctadiene) with [CNArM?],
(Figure 1.4C) in THF yielded a crystalline material, Ni'*°CN-2, which was shown by X-ray
absorption spectroscopy (XAS) to contain Ni’ exclusively. A similar procedure gave a single-
crystalline material, which was determined by SCXRD to be a 3D MOF with tetrahedral Ni’ nodes.
The structure is a doubly interpenetrated diamondoid framework with 4-connected Ni’ nodes
bridged by the ditopic isocyanide linkers (Figure 1.4C). Ni'°CN-2 was found to be permanently
porous by N> sorption experiments with a BET surface area of 580 m?/g. The material displayed
stability in a range of organic solvents under inert atmosphere, as well as thermal stability to ca.
300 °C by TGA. This work described the first example of a MOF with zero-valent metal nodes,
marking an important milestone in the progression of the LVMOF field.

In 2019, Dong and co-workers reported a 2D Pd(II) LVMOF formed by the solvothermal
reaction between a tritopic isocyanide linker and Pdl,.>® This LVMOF was applied as a
heterogeneous catalyst for Suzuki—Miyaura coupling to produce substituted biphenyls.
Significantly, in comparison to molecular Pd-isocyanide catalysts, the LVMOF required lower
reaction temperatures, shorter times, and lower catalyst loadings while giving much higher yields.
N-Heterocyclic carbenes (NHCs) are another popular class of organometallic ligands for low-
valent metals.’” °* Metal-NHC complexes have been incorporated as pendant groups in MOFs to
produce heterogeneous catalysts.®' Additionally, numerous coordination polymers based on metal-

NHC bonds have been reported, including some -catalytically active porous coordination



polymers.®*% Despite this, no crystalline LVMOFs have been described that are connected
through structural metal-NHC bonds. Finally, platinum-acetylide coordination polymers were
reported as early as the 1970’s,'® and gold-acetylide polymers are also well known.!” % Acetylide

ligands act as good 6-donors and moderate m-acceptors,®*5

and thus, metal-acetylide linkages can
be viable for LVMOF synthesis. Mak and co-workers have reported a plethora of 2D and 3D Ag'
-acetylide frameworks employing a mixed donor strategy.®® A similar strategy was demonstrated
in 2017 by Cao and co-workers, where Ag' and (4- ethynylphenyl)diphenylphosphine were used
to synthesize four 2D and 3D MOF structures.®’” The LVMOFs consist of high nuclearity Ag' -
phosphine clusters linked in two or three dimensions through Ag-acetylide bonds. However, the

synthesis of LVMOFs with metal-acetylide linkages remains underdeveloped.

1.4. LVMOFs Based on Metal-Phosphine Bonds.

Organophosphine ligands are among the most widely used ligands in low-valent metal
complexes.®® Their soft, expanded lone pair of electrons (relative to 2p donors) allows for a
significant degree of covalent orbital overlap, and n-backbonding can occur by donation from
metal orbitals into P-C ¢* orbitals.®® Accordingly, a number of phosphine—metal coordination
polymers have been reported,®’* and phosphines have been attached to various solid supports to
heterogenize phosphine—metal complexes.”” Humphrey,”! Lin,” Wade,”> and others” have
pioneered the incorporation of organophosphine ligands into MOFs and the use of such materials
as platforms for low-valent metal complexes. However, there exist only a handful of MOFs in

which metal—phosphine bonds serve as primary structural elements.
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A significant hurdle in the design and synthesis of phosphine-based LVMOFs is linker

design. For example, Lim and Cohen reported a series of di- and tritopic phosphine ligands based

on planar, aromatic cores (Figure 1.5).7478

Agylyly

Figure 1.5. Di- and tri-topic phosphine ligands used for synthesis of 1D coordination polymers and 0D clusters.
Reaction of tritopic phosphine ligand with Ag' results in a 0D tetrahedral cluster.”*7> For clarity, in the crystallographic
representation, the phenyl groups have been removed from all phosphine ligands except one. Color scheme: C = gray,
P =yellow, Ag = silver, I = purple.

The phosphine groups in these ligands were arranged in geometries analogous to the arrangement
of carboxylate groups in common MOF linkers; however, only OD clusters and 1D coordination
polymers were obtained when these ligands were combined with Cu(I), Ag(I), and Au(I). Free
rotation of the P—C bonds allows these ligands to adopt a range of geometries, while the trigonal
pyramidal geometry of the phosphines and steric factors lead to lower symmetry compared to
analogous carboxylate linkers. An additional issue is that many low-valent metals can only
accommodate two or three phosphine ligands, meaning the metal sites in phosphine-based
coordination polymers generally display lower connectivity compared to typical MOF
nodes/SBUs. As early as 2002, James and co-workers prepared a 2D Ag' -phosphine MOF by the
reaction between 1,3, 5- tris(diphenylphosphino)benzene and Ag(OTf).” The material contains Ag'
nodes in both linear and trigonal planar coordination geometries, forming a material with large

open channels (1.60-1.84 nm). Solvent guests in the channels were readily exchanged and
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removed by heating under vacuum, but surface areas were not reported. A Cu' LVMOF based on
the ligand 4-(3,5- bis(diphenylphosphino)phenyl)pyridine was reported by Su and co-workers in
2012.3% The use of mixed pyridyl and phosphine donors allowed the formation of a 3D LVMOF
structure with homochiral 1D channels. Three isostructural materials were synthesized with CI-,
Br~ and PFs™ counterions, CuL-Cl, CuL-Br and CuL- PFs. The coordination networks are based on
3-connected, tetrahedral Cu' centers bearing two phosphine donors, one pyridyl donor, and one
halide (or solvent with weakly coordinating PF¢). CuL- Br and CuL-PFs were effective catalysts
for the ketalization reaction between ethylene glycol and small ketones (e.g., 2- butanone) (Figure
1.6). Little to no conversion was observed for bulkier ketones (e.g., benzophenone), indicating size
selectivity, and the LVMOFs were shown to be recyclable without loss of crystallinity.

In 2014, a 3D Ag' MOF structure was reported that was obtained by the solvothermal
reaction of the tetratopic phosphine linker 1,1,2,2-tetrakis((4- diphenylphosphino)phenyl)ethylene
with Ag(BF4) in the presence of air.®! Interestingly, the system was found to fix atmospheric CO2
as carbonate, forming a 3D MOF structure. The same material was not obtained under an Ar
atmosphere, demonstrating that the presence of CO; (and thus, the incorporation of carbonate) is
essential for formation of the 3D structure. The trigonal planar Ag' nodes of the material are 3-
connected through two phosphine linkers and a p-bridging carbonate, where the phosphine linkers
are 4-connected to form a (3,4)-connected net. Open channels are visible in the crystal structure,

although permanent porosity was not demonstrated.
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j\ . /\  Sul)-moF u/_\o

7 qi” gz HO  OH PhMe, Reflux R‘XR?
Substrate Yield (CuL-Br) Yield (CuL-PFg)

i 2-Butanone 67% 93%
Cyclohexanone 36% 93%
Acetophenone 17% 30%
Benzophenone 0% 0%

Figure 1.6. Synthesis of CuL-Br and images of crystal structure showing: A) expanded asymmetric unit with full 3-
connected linker and tetrahedral Cu(I) node; B) space-filling representation of open channel along crystallographic c-
axis; C) dimeric Cu,L, SBU. (D) Ketalization reaction catalyzed by CuL-Br and CuL-PFs with yields for substrates
of varying size.”” Color scheme: C = gray, H = white, N = blue, P = yellow, Cu = orange, Br = red.

In 2021, Humphrey and co-workers published a series of bimetallic MOFs based on a
monometallic parent framework, PCM-102, with trimeric Co" SBUs connected through
carboxylated phosphine linkers and 4,4’-bipyridine.®? PCM-102 was found to contain diphosphine
pockets in which the approximately trans bis(phosphine) sites could coordinate single low-valent
metal ions. This was demonstrated by postsynthetic incorporation of Cu' , Ag' , and Au', while
the Ag' version (Ag-PCM-102) could also be synthesized directly by coordination of the
phosphines to Ag! in situ during MOF growth. In this case, the trans-P2(M) sites (M= Cu!, Ag,
Au') served as secondary 2-connected metal nodes.

Importantly, the installation of these low-valent nodes drastically improved the gas
sorption properties of the bimetallic materials compared to the parent PCM-102. The N> BET
surface areas of Ag- and Au-PCM-102 are over 1500 m*/g, while silver-free PCM-102 is

essentially non-porous. The increase in surface area for Cu-PCM-102 was more modest (N2
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SBET~ 400 m?*/g demonstrating that the porosity of the materials depends directly on the strength
of the phosphine-metal bonds. These MOFs were evaluated for the separation of C2 hydrocarbons,
wherein the selectivity for various C2 gases was found to be tunable based on the identity of the
low-valent nodes. Although these MOFs contain more traditional SBUs in addition to the low-
valent nodes, this work demonstrated that metal-phosphine linkages can serve as robust structural
components to produce porous MOFs.

Phosphine-based coordination polymers of Pd”" and Pt” " are known, as are MOFs
incorporating Pd" and Pt sites, but only recently LVMOFs containing persistent Pd° or Pt° sites
have been described. In 2022, Sikma and Cohen detailed the synthesis of LVMOFs with Pd° and
Pt’ metal nodes stabilized by tetratopic phosphine linkers.®® Tetra-phenylsilane/stanne-based
ligands bearing diphenylphosphino groups in each of the para positions reacted with Pd(PPhs)4 or
Pt(PPh3)4 to form (4,4)-connected diamondoid nets (Figure 1.7). Direct reaction between the
linkers and Pd(PPh3)s4 yielded poorly crystalline solids, which led the authors to develop
triphenylphosphine-modulated syntheses that yielded highly crystalline materials. This
circumvented a common issue in the synthesis of coordination polymers, wherein the formation of
strong coordination bonds leads to kinetically inert linkages and prevents formation of highly
crystalline materials.®* The MOFs generally displayed air stability and good solvent stability under
inert atmosphere and were found to be luminescent in the solid state. These materials represented
the first examples of 3D, crystalline MOFs constructed using only metal-phosphine bonds, and the

first MOFs with Pd® and Pt° metal nodes.
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Figure 1.7. Synthetic scheme for M(0) MOFs using X1 and X2 linkers.

In addition to the isolation and characterization of three dimensional Pd(0) and Pt(0)
LVMOFs, a one dimensional Rh(I) LVMOF (Sn1-Rh) was also reported by Sikma and Cohen
through the use of the tetratopic phosphine linker Snl. Importantly, inspection of the crystal
structure of Sn1-Rh reveals the nodes in the material are coordinatively unsaturated. This provided
evidence that tetratopic phosphine linkers enable the formation of LVMOFs with the ability to
bind substrates for catalytic applications. Indeed, this was further investigated by Griffin and
Cohen, who reported the synthesis of an Ir(I) coordination polymer from the tetratopic phosphine
ligand SnX1 coupled with the use of PPhs as a modulator (Figure 1.8).3* Importantly, the nodes in
the material, denoted Snl-Ir, are effectively analogues of Vaska’s complex and are capable of
reversibly binding O.. Furthermore, the material displays similar reactivity to Vaska’s complex as
it can catalyze the reductive formation of enamines from amides. While Vaska’s complex
outperforms Snl-Ir in terms of catalytic activity, the material is easily recycled between catalytic
reactions. The study of Snl-Ir provides insight towards future development of heterogeneous

analogues of low-valent homogenous catalysts.
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Figure 1.8. (Left) Synthesis of Snl-Ir.(Right) Reaction scheme for the Snl-Ir catalyzed reductive formation of
enamines.

1.5. Conclusions.

Examples of LVMOFs predate even the use of the term “MOF”, with many early LVMOFs
incorporating Cu' or Ag' metal nodes. However, other examples of LVMOFs incorporating zero-
and other low-valent metal nodes remain largely unexplored. While ligand design and synthesis of
these systems may be nontrivial, there remains many opportunities to prepare new LVMOFs.
These may be targeted for catalytic applications and expanding the scope of LVMOFs will
undoubtedly lead to the discovery of emergent properties that could significantly widen the range
of potential applications.
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Chapter 2 Crystalline Hydrogen-Bonding Networks and Mixed-Metal Framework Materials
Enabled by an Electronically Differentiated Heteroditopic Isocyanide/Carboxylate Linker Group.

2.1. Introduction.

Metal-organic frameworks (MOFs) are traditionally designed by capitalizing on hard/soft
Lewis acid-base theory, where formally oxidized, hard Lewis-acidic metal centers are combined
with anionic, hard Lewis-basic linkers to form strong ionic bonds.”!° These ionic metal-ligand
interactions can lead to extremely robust frameworks that often possess permanent porosity and
high internal surface arcas.*®!! However, the reliance on oxidized metal centers for the
construction of structural nodes (i.e. secondary building units; SBUs) in these network
materials often precludes their direct participation in multi-electron redox processes. Such redox
behavior is exemplified by low-valent metal centers, which are electronically mismatched with
hard, anionic ligands for the purpose of network formation.'”!* Accordingly, there have been
increasing efforts aimed at the preparation of mixed-metal MOFs, where hard Lewis-acidic
metal centers comprise the structural portion of the network, while “softer”, more electron-
rich metal centers are appended as reactive sites.'* As such materials find increasing applications
in multi-electron or tandem/cooperative catalysis,* !5 the development of strategies and
methods for their reliable preparation remains desirable.

Several approaches have been reported for the formation of mixed-metal MOFs where
low-valent metal centers are a component. Notable among these include post-synthetic metal-ion
incorporation into multi-functional linkers,'®!” metal deposition onto high-valent SBUs'*?! and
the use of either metalloligands®? or heteroditopic linker groups. Of these strategies,
heteroditopic linkers offer unique advantages for the reliable formation of mixed-metal
framework materials, as two different binding groups can be tuned to match the electronic

requirements attendant between “hard” and “soft” metal centers. Recently, we introduced
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ditopic m-terphenyl isocyanides, [CNAr"*?]; and 1,4-(CNAr"*?),CcHs (ArM*? = 2,6-(2,4,6-
Me;CsH2).CeHz) as  linkers for metal-organic framework materials.*?® Isocyanides are
electronically “soft” neutral ligands that function as good o -donors and effective m-acids in a
manner similar to that of carbon monoxide (CO).?**° While neutral in charge, isocyanides form
robust M-L linkages on account of strong n-backing bonding interactions and are therefore
adept at stabilizing low-valent metal centers.'>*'*> As we have previously reported, ditopic
m-terphenyl isocyanides can be employed for the formation of thermally robust and
crystalline organometallic network materials featuring electron-rich metal centers (e.g. Cu(I)
and Ni(0)) as structural nodes.?**® However, isocyanides are particularly poor ligands for hard
metals (e.g. Mg*", Zn*") or metals in high formal oxidation states (e.g. Zr*"). Seeking to exploit
this disparate coordination behavior, we reasoned that heteroditopic ligands based on an
isocyanide and an anionic binding group could offer a uniquely differentiated electronic
environment for the formation of mixed-metal network materials. Accordingly, here we report
the preparation and use of a heteroditopic isocyanide/carboxylate linker for the formation of
robust mixed-metal network materials. In addition, we show this rigid linker system can also
provide hydrogen-bonding networks*¢-#! that bridge between molecular and extended-network
systems with low-valent metals.

2.2. Results and Discussion.

To retain the encumbering steric properties of the m-terphenyl isocyanide framework, while
also introducing a carboxylate group in a rigid, linear topology, we targeted the heteroditopic
ligand, 1- CNAr"*-4-CsH,COH, (TIB™**; TIB = terphenyl isocyanide benzoate). This linker
features a benzoic acid group appended to the para-position of the monodentate CNAr™*? ligand,
which has been well utilized for the preparation of low-coordinate, low-valent transition- metal

complexes.*>? The synthesis of this heterotopic ligand was straightforward and was accomplished
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by Suzuki coupling of the para-bromo m-terphenyl formamide, HC(O)NH(p-BrArMe?), with 4-
methoxycarbonylphenylboronic acid to provide the methyl-ester-protected heterotopic m-
terphenyl formamide ligand, 1-HC(O)N(H)Ar"=2-4-C¢H4sCO,CH; (Figure 3.1). Subsequent
dehydration of this formamide afforded the protected isocyanide 1,4-

(CNA™=2)CsH4CO-CH3, as an off-white solid. The latter was readily deprotected with aqueous

4 o 6 mol% Pd,dba;
o )k 12mol% PCy; O, )J\
3O+ - T SO

[¢] K3PO4 (¢}

\ \

dioxane/toluene
Ky F ¥

=

5.4 OPCly
95% | 8.0 HN(i-Pr);
CH,Cl

4 8.0 KOH

0 MeOH/H,0

Figure 2.1. Synthesis of the heteroditopic isocyanide/Carboxylate Ligand TIBMe2H,

KOH to provide the target carboxylic acid, TIBM** in 80% yield after an acidic work up
(Scheme 1). The isocyano-carboxylic acid TIBM*? is isolated as colorless microcrystalline solid
and gives rise to a vcy stretching band of 2117 cm™ (ATR-IR) and "*C {'"H NMR chemical shift
of 170.9 ppm for the isocyanide carbon. These spectroscopic features agree well with previously
reported mono- and di-topic m-terphenyl isocyanides.?> 2* 3* Crystallographic structural
determination of 1,4-(CNAr™**)CsHsCO,H revealed that it is indeed an asymmetric rigid
linear organoisocyanide containing a benzoic acid group. In the solid state, the benzoic acid group
is canted ~33° relative to ArM®2 unit (Figure 3.33). This torsion angle is similar to that found
between the CNArM*2 groups and the phenylene spacer in the ditopic isocyanide 1,4-
(CNAM™=?),CsHa,* but differs substantially from the solid-structure of the directly fused ditopic

isocyanide, [CNAr™*?], which adopts a nearly co-planar arrangement of its central biphenyl unit.?
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However, it is important to note that 1,4-(CNA™M=)CH4CO,H packs distinct herringbone
arrangement in the solid state on account of significant hydrogen bonding between the carboxylic
acid groups (Figure 3.34).

To explore the ligation properties of 1,4- (CNAM™**)C¢H4CO,H and determine whether
the isocyanide unit can bind selectively to low-valent metals, we surveyed its coordination
behavior toward Cu(l) centers. There is a long-standing coordination chemistry of Cu(l)
isocyanide complexes,”> and they have been utilized by us and others to assess the relative
binding abilities of derivatized isocyanide ligands.*> ¢ While Cu(I) centers are not the
most effective m-bases, the relatively low +1 formal oxidation state does not lead to an
energetically contracted d-orbital manifold. This feature allows Cu(I) centers to bind
electronically “softer” ligands such as isocyanides, phosphines and thiols readily, which
contrasts with formally Zn(II) centers despite being isoelectronic. However, Cu(I) carboxylates
are also a well-known class of molecular and network materials,>** thereby providing an ideal
test for the ability of a heteroditopic isocyanide/carboxylate ligand for binding selectivity on
the basis of electronic differentiation. The isocyanide unit of TIBM*2 can selectively bind to Cu(])
centers and extent of ligation in the resulting complexes can be controlled by steric pressures
of the m- terphenyl group. For example, treatment of TIBM*2with [Cu(NCMe)s]PFs in a 3:1
ratio within THF solution generates a single new product as assayed by 'H NMR
spectroscopy. Importantly, this '"H NMR spectrum featured a broad resonance at +13.1
ppm which is indicative ofapreserved carboxylic acidunit. FTIR analysis revealed a sharp vey
band centered at 2152 cm™. As we have shown previously for both molecular Cu(l)
trisisocyanide complexes,* as well as isocyanide networks featuring Cu(I) trisisocyanide

SBUs,? 28 such a high-energy vcny band is  diagnostic of a cationic [(L)Cu(CNR)s]"
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coordination environment where the fourth L-type ligand is a weak o -donor. In the presence
of stronger o -donors, a distinctive shift of the vcy to lower energy is observed due to
greater Cu p-orbital participation in bonding.?® Unfortunately, despite multiple attempts,

single crystals suitable for structural determination from this 3:1 TIBM®2/[Cu(NCMe)4]PFs
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Figure 2.2. Coordination studies of TIBM®? with Cu(l) centers.

reaction could not be obtained. However, circumstantial evidence for the formation of tris-
isocyanide [Cu(TIBM*2);]PFs complex comes from the reaction of TIBM®2? and
[Cu(NCMe)4]PFs in a 4:1 ratio (Scheme 2.2). Analysis of this latter reaction mixture by
solution-phase IR spectroscopy resulted in the same 2152 cm™ ven band as the reaction
employing a 3:1 TIBM®2/Cu ratio. However, this band was also accompanied by less intense
band at 2118 cm’! indicative of free TIBM*2, Previously, we have shown that the molecular
salt [(THF)Cu(CNArM®2);]OTf, which features the same m-terphenyl unit as that found in
TIBM®2, resists the binding of a fourth isocyanide ligand in solution.*’ Instead, 1:1

[(THF)Cu(CNArM®2)3]OTf/CNAr™*2 mixtures establish a
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Figure 2.3. Molecular structure of the molecular core of the hydrogen-bonded network [Cu(TIBMeSZ) 4 TPFé6.
Hydrogen atoms other than those on the carboxylate groups and solvent molecules of co-crystallization have been
omitted for clarity.

rapid  isocyanide-exchange  equilibrium  where  the  putative tetra-isocyanide
species[(THF)Cu(CNAr"*?);]JOTf does not build up to an observable extent by either FTIR or
"H NMR spectroscopy. On account of the similar steric profile between TIBM*? and CNArMe?,
we contend that a similar exchange process is likely established in solution and that the 2152 cm-
"ven band arises from the tris-isocyanide complex, [(THF)Cu(TIBM*?);]PFs.  Adding further
credence to this suggestion, is the fact that crystallization of the 4:1 TIBM**/[Cu(NCMe).]PFs
mixture from CH,Cl, solution resulted in colorless single crystals, which were determined
to be the tetra-isocyanide complex [Cu(TIBY*?),]PFs by X-ray crystallography (Figure 2.3).
Most importantly, ATR-IR analysis of single crystals of [Cu(TIBM®2)4]PFs, which possesses a Cu
enter bound by four reasonably strong sigma donating ligands, resulted in a ven band of 2142

cm’!. Accordingly, we believe that the 2152 cm™! obtained in the 3:1 TIBM®2/[Cu(NCMe)4]PFs
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reaction reasonably arises from a tris-isocyanide species.

Figure 2.4. (Left) Perspective view of diamondoid net of [Cu(TIBMeS2)41PF6 with 4-fold interpenetration removed
for clarity. Inset depicts zoomed view of R22(8) hydrogen bonds that assemble the hydrogen-bond network. (right)
Full interpenetrated view of [Cu(TIBMeSZ)4]PF6 down the crystallographic b axis showing internal channel

structure. Solvent molecules of co- crystallization and [PF6]™ ions present within the channels have been omitted for
clarity.

Whereas the structure of [Cu(TIBM*2)4]PFs confirms that the isocyanide unit selectively
binds to the Cu(I) center, it also provides a rationalization for the isolation of a tetra-isocyanide
complex in the solid state. Inspection of the extended structure of [Cu(TIBM*?)4]PF¢reveals that is
organized into a seven-fold interpenetrated diamondoid (dia) hydrogen-bonding network (Figure
2.4). As shown in Figure 3.4, the free carboxylic acid groups of the coordinated TIBM®? ligand
form R»*(8) hydrogen bonds® to nearest neighbor [Cu(TIBM*?),]" units. This extended lattice
structure reasonably stabilizes the coordination of a fourth isocyanide ligand in a manner that
overcomes the attendant steric pressures between the m-terphenyl groups. Notably, we have
observed this effect previously in the isocyanide coordination network Cu-S°CN-1, which features
the ditopic isocyanide [CNAr®2],.26 In Cu-°CN-1, the formation of an extended lattice similarly
stabilizes tetrahedral [Cu(CNAr™®2)4]" cores by inhibiting ligand dissociation. For the hydrogen-
bonding network formed by [Cu(TIBM®2),]PFs, the seven-fold interpenetrated dia net results in a

densely-packed lattice lacking significant voids. Close inspection of the lattice reveals the presence
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Figure 2.5. Synthesis of the mixed-metal framework Cu/Zn-"S°CN-5.
of ca. 16.5 x 16.1 A rectangular channels along the crystallographic b axis, which is occupied by

the [PF¢] ions as well as CH2Cl> molecules of co-crystallization (Figure 2.3). Notably, this dense
packing of hydrophobic m-terphenyl units results in good stability toward liquid H>O. Indeed,
[Cu(TIBM®2)4]PF¢ can be suspended in water for 24 h without appreciable degradation as assayed
by ATR-IR spectroscopy (Figure 2.27). This dense packing also protects the Cu(I) centers within
[Cu(TIBM*2),]PFs from oxidation, as it has been found to be indefinitely as a solid on the
benchtop. However, the hydrogen bonding network is readily disrupted by non- polar organic
solvents such as CH>Cl, and THF, in which dissolution rapid and an equilibrium between a tris-
isocyanide Cu(I) complex and free TIBM®? is quickly reestablished. Thermogravimetric analysis
(TGA) on crystalline [Cu(TIBM®?)4]PFs revealed a persistent multi- stage decomposition between
150 °C to 500 °C (Figure 2.30), rather than a well-defined process indicative of desolvation
followed by single-step decomposition. Hydrogen-bonding networks, especially those utilizing
Ts-symmetric building blocks, are known to display robust thermal behavior as solids.*’ In
contrast, the ill-defined thermal behavior of [Cu(TIBM®*2)4]PF¢ likely reflects an inherent steric
instability posed by the m- terphenyl groups that is not overcome by the totality of hydrogen

bonding at elevated temperatures.
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With the selectivity of the TIBM®? isocyanide unit for Cu(I) centers established, the ability
of the carboxylate group to bind a second metal center was assessed for the purpose mixed-metal
MOF formation. To ensure that electronic differentiation could be achieved, hard Lewis acidic
Zn(1I) centers were investigated for preferential binding with the TIBM®? carboxylate unit. Most
notably, pre-ligation of the TIBM®? isocyanide group to Cu(l), followed by deprotonation of the
free carboxylic acid group prior to the introduction of a Zn(II) source served as a reliable strategy
for the formation of mixed-metal frameworks (Scheme 2.3). For example, stirring of a 3:1 mixture
of TIBM®2 and [Cu(NCMe)4]PFs for 30 min in THF solution, followed by the addition of NEt;
(3.0 equiv.) results in 'TH NMR and FTIR spectra consistent with carboxylate deprotonation, but
retention of a tris- isocyanide Cu(I) core (Figure 2.17). Treatment of this THF mixture with ZnCl,
prior to solvothermal heating at 120 °C for 48 h resulted in the deposition of large, colorless cubic-
shape single crystals. Crystallographic structural determination revealed these crystals to be a
mixed-metal Cu(I)/Zn(Il) framework (denoted Cu/Zn— 'SOCN-5) that possesses a highly unusual
zwitterionic repeat unit. As shown in Figure 2.3, the carboxylate unit of TIBM®2 is competent for
the binding of Zn(II) and three ligands assembly into a dimeric [Cl,Zn(O2CR)3] paddlewheel that
possesses terminal chloride ligands and an overall negative charge. This Zn»>-based SBU is charge
balanced by an unsolvated [Cu(CNR)s]" cation that adopts a perfect trigonal planar coordination
geometry (£(£(C-Cu-C) = 359.99(1)°). Importantly, residuals within the electron density map of
Cu/Zn"S°-CN-5 do not indicate the presence of either [PFs] anions or triethyl ammonium cations,
thereby providing additional evidence for a zwitterionic formulation between the Cu and Zn based

SBUs. It is important to note that the synthesis of Cu/Zn—S°CN-5 can be viewed as a variant of
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Figure 2.6. Solid-state structure of one hexagonal (6,3) hbc net layer of Cu/Zn-"S°CN-5 showing cationic
[Cu(CNR)3]" and anionic [Cl2Zn2(02CR)3]” SBUs.

the metalloligand approach for accessing mixed-metal MOFs.??* Whereas the vast majority of
metalloligands contain a multidentate chelate unit to sequester the first metal, and a free
carboxylate to bind a second metal, pre- ligation of three monodentate TIBM*? ligands to Cu(I)
achieves the same effect on account of electronic differentiation between isocyanide and
carboxylate donor groups. This latter approach is further validated by ICP- MS analysis on
digested Cu/Zn—'S°CN-5, which resulted in an observed **Cu/*®Zn concentration ratio of 1:2 and
is fully consistent with both the structural motifs present in the solid state and their specific charge-
balancing requirements. Furthermore, the ATR-IR spectrum of crystalline Cu/Zn—"°CN-5
revealed a sharp venyband at 2156 cm!, which provides additional evidence for the presence
of a non-pyramidalized [Cu(CNR);]" node within Cu/Zn—"S°CN-5.2 It is also important to note
that the ven band of Cu/Zn—'S°CN-5 contextualizes the 2152 cm™ vey stretch obtained from
treatment of 3.0 equiv of TIBM*? with [Cu(NCMe)s]PFs and suggests that the trisisocyanide,
[(THF)Cu(CNR);]" fragments are the reactive species in the network formation process. To this

end, dissolution of the hydrogen-bonding network [Cu(TIBM®2)4]PFsin THF followed by
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the addition of NEt; and ZnCl, also produces Cu/Zn-"°CN-5 after solvothermal heating as assayed
by both single crystal and powder X-ray diffraction. As suggested from the solution phase FTIR
data of [Cu(TIBM®*2)4]PFs, dissociation of a TIBM®? ligand more than likely generates a tris-
isocyanide core that can engage with other metal centers through carboxylate units.

Inspection of the extended solid-state structure of Cu/Zn—S°CN-5 revealed that the
Cu(I)/Zn(IT) dual SBUs organize into an AB stacked-layer, two- dimensional (6,3) honeycomb

(heb) network in the Fdd?2 space group (Flgure 2 7) Desplte possessmg a ca. 32 A hexagonal

Figure 2.7. Channel structure of Cu/Zn-S°CN-5 along the diagonal between the crystallographic a and c axes.
Chloride ligands of the Zn> SBU are colored in green and are found to line the channels.

apertures, the layers are not interpenetrated. However, close stacking of the 2D layers, which is
fostered by van der Walls contacts between the m- terphenyl groups, creates an overall densely-
packed material that exhibits good thermal stability. Thermogravimetric analysis (TGA) on a
single crystalline sample of Cu/Zn-"°CN-5 resulted in a well- behaved, single-step decomposition
onset temperature of 390° C. This thermal behavior contrasts significantly with that of the

hydrogen bonding network [Cu(TIBM®2),]PFs and indicates that increased thermal stability can be
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Figure 2.8. View of Cu/Zn-'S°CN-5 along the crystallographic a axis depicting a non-interpenetrated AB stacked-
layer arrangement of two-dimensional (6,3) hbc nets.

achieved for metal-isocyanide nodes by SBU formation at the carboxylate groups.

Whereas Cu/Zn-S°CN-5 exists in the solid state as a densely-packed layered material,
there are narrow (19 A x 17 A)-wide channels that transverse the diagonal between the
crystallographic a and ¢ axes (Figure 2.5). Notably, the trigonal planar [Cu(CNR)]" SBUs run
parallel to these channels, as does one terminal chloride ligand of the Zn paddlewheel nodes. While
this lattice arrangement suggests that exogenous substrates can potentially access the
coordinatively unsaturated Cu(I) centers, the small diameter of these channels, coupled with the
relatively large van der Walls radii of chlorine atoms, is likely to present significant steric
restrictions on substrate penetration. Indeed, this notion was confirmed by gas sorption
measurements Cu/Zn— SOCN-5 samples activated at 115 °C. Attempted measurement of N>
sorption isotherms showed negligible uptake and corresponding surface area. However, CO;
sorption runs resulted in modest uptake and derived BET and Langmuir surface area values 141
m?/g and 191 m?/g, respectively. Accordingly, we presume that the increased polarizability of CO»
enables access to the narrow hydrophobic channels present in Cu/Zn—'"S°CN-5. To this end, O>

sorption measurements on Cu/Zn—'"S°CN-5 also resulted in negligible uptake, despite the presence
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of low- valent and coordinatively-unsaturated [Cu(CNAr)s]" sites along the channel walls. This
was corroborated by ATR- IR spectroscopic analysis, which showed no change in the ven band
after dosing single-crystalline Cu/Zn—"°CN-5 with 1 atm of O, for 24 h. While this latter
observation may indicate a resistance of the Cu centers to either oxidation or O> binding that is
electronic in origin, we currently favor the presence of an inaccessible channel structure within
Cu/Zn—"S°CN-5 as an explanation for this lack of reactivity.

As indicated from its chemical resistance to Oz, Cu-S°CN-5 displays excellent air stability.
Crystalline samples of the material were subject to drying under vacuum for 15 minutes and are
indefinitely stable to ambient atmospheric conditions on the benchtop. Over the course of two
weeks, intermittent ATR-IR spectroscopic analysis showed no change in the ven or the veo bands
of Cu-"°CN-5, and no indication of free TIBM®? was observed that would indicate
decomposition of the Cu(I) center. PXRD analysis of the sample also showed no loss in
crystallinity over the course of two weeks, indicating good stability of the framework to
atmospheric conditions (Figure 2.39). However, while Cu-S°CN-5 displays excellent stability in
air, addition of the material to deionized water resulted in a loss in crystallinity over the course
of 24 hours (Figure 2.40). ATR-IR spectroscopic analysis revealed a broadening of the isocyanide
stretch, in addition to a distinct red shift of the carboxylate vco stretch to 1608 cm™ from 1629
cm’! (Figure 2.24). Accordingly, this loss in crystallinity is likely due to hydrolysis of the metal-
carboxylate SBU, which is not uncommon for Zn/carboxylate paddlewheel- based MOFs %46

2.3. Conclusions.

The development of synthetic methods that can reliably incorporate low-valent metals into
network materials remains attractive as a means of enhancing the physical and chemical properties
of porous solids. In addition, the preparation of mixed-metal networks, where the electronic

attributes of two or more metals are complementary, are finding increased utilization in the area
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of catalysis and separations chemistry.!*!*> Here, we demonstrate that two different donor groups
within an electronically-differentiated heteroditopic ligand can be used to assemble a mixed-metal
MOF that incorporates low-valent metal sites in a predictable and selective fashion. Specifically,
the heteroditopic isocyanide/carboxylic acid ligand, TIBM®2, can selectively bind low-valent Cu(I)
centers through the isocyanide unit, while leaving the carboxylic acid group unperturbed. Without
further elaboration, the free carboxylic acid in Cu(I)/TIBM®? complexes allow for the formation of
solid-state hydrogen-bonding networks. However, upon deprotonation, the resulting carboxylate
can bind to a “hard” Zn(II) center and enable the formation of a mixed-metal framework material.
Whereas the encumbering steric properties of the m- terphenyl group of the TIBM®? linker enables
the incorporation of coordinatively-unsaturated [CuL3]" sites within this Cu(I)/Zn(Il) framework,
its densely-packed AB layer structure does not result in significant porosity or surface area.
However, given the wide range of carboxylate-based SBUs that give rise to permanently- porous
3D framework materials,”® we believe this approach can be effective for reliable incorporation of
low-valent, as well as coordinatively unsaturated, metal centers. Accordingly, synthetic
investigations seeking to expand the use of TIBM®? and related heteroditopic linkers for this

purpose are in progress.

2.4. Experimental Section.
Synthesis of HC(O)NH(p-BrArM®?): Formic acid (3.41g, 74 mmol, 10 equiv) was added

dropwise via syringe to stirring acetic anhydride (6.04 g, 59.2 mmol, 8.0 equiv). The mixture was
warmed to 50 °C for 1 h to generate formyl acetic anhydride. This mixture was allowed to cool,
then transferred to a stirring THF solution of HoNArM*2-p-Br (3.0 g, 7.4 mmol). This mixture was
stirred for 24 h, after which all volatiles were removed by dynamic vacuum at 50 °C to yield

HC(O)NH(p-BrAr™®2) as a colorless solid that was used without further purification. Yield: 3.05
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g, 7.4 mmol, 95%. '"H NMR (300.02 MHz, CDCl3, 20 °C) d = 7.60 (d, 1H, J = 9Hz, NHC(O)H),
7.29 (s, 2H, m-Ar), 6.94 (s, 4H, m-Mes), 6.53 (d, 1H, J=9 Hz, NHC(O)H), 2.30 (s, 6 H, (Mes-p-
CH3)), 2.02 (s, 12H, (Mes-0-CHz)). *C{'H} NMR (125.7 MHz, CDCl;, 20°C) d = 162.5
(HC(O)N), 138.5,135.7,135.3,133.2,132.9, 131.8, 129.1, 118.8, 21.2 (p-Mes-CH3), 20.5 (0-Mes-
CH3) ppm. FTIR-ATR (diamond surface, 20 °C): vco = 1690 cm™! (s), vnu = 3189 (w), also 2917
(m), 1660 (s), 1521 (s), 1380 (w), 1027 (m), 839(s), 694 (w) cm™'. HR-MS (ESI-TOFMS):
Predicted m/z for C2sH26BrNO = 436.1217. Found m/z = 436.1266 [M]".

Synthesis of 1-HC(O)N(H)ArV*2-4-C¢HsCO,CH;: A rescalable ampoule was charged with the
formamide HC(O)NH(p-BrAr™¢?) (0.480 g, 1.10 mmol), Pd>dbas (0.030 g, 0.032 mmol, 3 mol%),
PCys (0.0186 g, 0.064 mmol, 6 mol%), K;POs (0.933 g, 4.39 mmol, 4.0 equiv) and 4-
methoxycarbonylphenylboronic acid (0.198 g, 1.10 mmol, 1.0 equiv). 1,4-Dioxane (25 mL) and
toluene (8 mL) were used to dissolve the solids. The reaction mixture was stirred at 75 °C for 24
h under an atmosphere of dinitrogen. The mixture was cooled, filtered through a medium porosity
fritted funnel packed with silica, and the filter cake was washed with CH>Cl> (3 x 15 mL). The
filtered crude mixture was stripped of all volatiles, washed and sonicated with cold hexanes, and
then filtered. The resulting colorless solid, 1-HC(O)N(H)Ar™*2-4-CsH4CO,CH3, was used without
further purification. Yield: 0.495 g, 1.01 mmol, 91%."H NMR (300.02 MHz, CDCls, 20 °C) d =
8.09 (d, 2H, J=8.4Hz ), 7.70 (d, 1H, J=9.4 Hz, NHC(O)H), 7.69 (d, 2H, J=9Hz ), 7.45 (s, 2H,
m-Ar), 6.99 (s, 4H, m-Mes), 6.67 (d, 1H, J=9.1Hz NHC(O)H), 3.93 (s, 3H, C(O)OCHs), 2.34 (s,
6 H, Mes-p-CH3), 2.07 (s, 12H, Mes-0-CH3). *C{'H} NMR (125.7 MHz, CDCls, 20 °C) d = 167.0
(HC(O)N), 162.5 (C(O)OCHs;), 144.03, 138.4, 137.2, 135.9, 134.2, 133.7, 132.5, 130.3, 129.2,
128.9, 126.8, 53.3 (COOCH3), 21.2 (Mes-p-CHs), 20.5 (Mes-o-CH3) ppm. FTIR-ATR (diamond

surface, 20 °C): vco(ester) = 1720, VO (formamide) = 1685 ecm ™! (s), van= 3368 cm™! (w), also 2913 (m),
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1606 (s), 1271 (s), 1098 (s), 962 (w), 851(s), 752 (w) cm™' . HR-MS (ESI-TOFMS): Predicted m/z
for [M+H]" C33H33NO3 = 492.2533. Found m/z = 492.2533 .

Synthesis of 1,4-(CNArM=2)C¢H,CO,CH;s: To a stirring CH2Cl, solution of 1-HC(O)N(H)ArMe2-4-
CsH4CO,CHj3 (0.500 g, 1.02 mmol) was added diisopropylamine (0.82 g, 8.14 mmol, 8 equiv) via
syringe. After stirring for 5 minutes, POCl; (0.84 g, 5.49 mmol, 5.4 equiv) was added dropwise
via syringe and the solution was stirred for 24 h. Aqueous Na,COs3 (1.5 M, 50 mL) was added and
the resulting mixture was stirred for 5 h. The organic and aqueous layers were then separated and
the organic layer was washed with deionized water. The aqueous layers were combined and
extracted with 3 x 25 mL CH>Cl. The organic extracts were combined, dried over MgSOs, filtered
and volatiles were removed under reduced pressure. The resultant solid was washed with cold
hexanes, collected by filtration and dried under reduced pressure. Yield: 0.460 g, 0.970 mmol,
95%. 'H NMR (300.02 MHz, CDCls, 20 °C): d = 8.11 (d, 2H, J = 8.4 Hz, C¢Hs), 7.68 (d, 2H, J =
8.5Hz, CsHs), 7.51 (s, 2H, m-Ar), 7.00 (s, 4H, m-Mes), 3.94 (s, 3H, COOCH»), 2.34 (s, 6 H, Mes-
p-CHs), 2.08 (s, 12H, Mes-0-CH3). *C{'H} NMR (125.7 MHz, CDCls, 20 °C) d = 168.2 (CN),
167.1 (C(O)OMe), 143.8, 141.2, 140.4, 138.4, 135.9, 134.2, 130.7, 130.1, 128.9, 128.2, 127.5,
52.7 (C(O)OCH3;), 21.6 (Mes-p-CH3), 20.6 (Mes-o-CH3) ppm. FTIR-ATR (diamond surface, 20
°C): ven= 2117 em ™! (s), vco = 1723 (s), also, 2920 (m), 1611 (s), 1434 (m), 1277 (s), 1105 (s),
852(s), 774 (s) cm!. HR-MS (ESI-TOFMS): Predicted m/z for [M+H]" C33H31NO> = 474.2428.
Found m/z = 474.2424.

Synthesis of 1,4-(CNArVe?)CsH4CO:2H (TIBM¢2): Potassium hydroxide (KOH; 0.152 g, 2.71
mmol, 8.0 equiv) was dissolved in a 1:1 mixture of MeOH and deionized water. The mixture was
degassed and transferred to a stirring THF solution of 1,4-(CNArM®? )C¢H4sCO.CH; (0.160 g,

0.338 mmol). This mixture was stirred at 50 °C for 15 h under an atmosphere of nitrogen. Upon
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cooling, all volatiles were removed under dynamic vacuum to yield a solid product. The resulting
solid was washed with 1.0 M HCI (3 x10mL), followed by a rinse with cold hexanes and drying
under reduced pressure. Yield: 0.125g, 0.272 mmol, 80 %. "H NMR (500.16 MHz, CDCl3, 20 °C):
d=28.18 (d, 2H, J = 8.1 Hz, CsH4 ), 7.72 (d, 2H, J = 8.1 Hz, Ce¢H4), 7.53 (s, 2H, m-Ar), 7.00 (s,
4H, m-Mes), 2.34 (s, 6 H, Mes-p-CH3), 2.08 (s, 12H, Mes-0-CH3) ppm. *C{'H} NMR (125.8
MHz, CDCls, 20 °C): d = 170.9 (CN), 144.2 (COOH), 140.6, 140.1, 138.0, 135.5, 133.7, 130.8,
128.7, 128.4, 127.9, 127.1, 125.5, 21.3 (Mes-p-CH3), 20.4 (Mes-o-CH3) ppm. ATR-IR (diamond
surface, 20 °C): ven= 2117 cm™! (s), vco = 1692 (s), also 2917 (m), 1609 (s), 1438 (m), 1277(s),
1017 (m), 907 (w), 849 (s), 770 (s) cm™'. HR-MS (ESI-TOFMS): Predicted m/z for [M-H]
C32H20NO2 = 458.2126, Found m/z = 458.2137.

Synthesis of [Cu(TIBM*2)4]PFs: A THF solution containing TIBM*? (0.050 g, 0.110 mmol, 4.0
equiv) was added to a stirring THF solution containing [Cu(MeCN)4]PFs (0.010 g, 0.025 mmol,
1.0 equiv). The reaction mixture was allowed to stir for 15 minutes, after which all volatiles were
removed under reduced pressure. Dissolution of the resulting colorless powder in CH2Cly,
followed by filtration and storage at room temperature for 24 h resulted in colorless crystals which
were collected and dried in vacuo. Yield: 0.010 g, 0.015 mmol, 59%. FTIR-ATR (diamond
surface, 20 °C, crystalline sample): ven= 2142 cm ™! (s), also vco= 1718 (s), 1984 (s) and 1610 (s),
1244 (m), 852(s), 776 (s), 494 (s) cm™" .

Synthesis of [Cu(TIBMe2)3(THF)]PFs: A THF solution containing TIBM®? (0.040 g, 0.087
mmol, 3.0 equiv) was added to a stirring THF solution containing [Cu(MeCN)4]PFs (0.011 g,
0.030 mmol, 1.0 equiv). The reaction mixture was allowed to stir for 15 minutes, after which all
volatiles were removed under reduced pressure. The colorless powder was then washed in pentane

(3x2mL) and volatiles removed under reduced pressure. Dissolution of the resulting colorless
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powder in difluorobenzene, followed by filtration and storage at room temperature for 24 h resulted
in colorless crystals which were collected and dried in vacuo. Yield: 0.031 g, 0.019 mmol, 60%
"H NMR (499.83 MHz, CD,Cl, 20 °C): d = 8.21 (d, 2H, J = 8.3Hz), 7.79 (d, 2H, J = 8.5Hz), 7.59
(s, 2H, m-Ar), 6.93 (s, 4H, m-Mes), 2.29 (s, 6H, Mes-p-CHs3), 2.00 (s, 12H, Mes-o-CH3) ppm.
BC{'H} NMR (125.7 MHz, CDCl,, 20 °C): 6 = 171.0 (CN), 149.8, 141.8, 139.9, 137.0, 132.3,
130.1, 129.3, 128.11, 68.6 (THF), 27.0 (Mes-p-CH3), 22.4 (THF), 20.7 (Mes-0o-CH3) ppm. "°F
NMR (376.3 MHz, CD2Cly, 20 °C): § = —73.5 ppm (d, 'Jr.p=710.7 Hz). FTIR-ATR (diamond
surface, 20 °C, powder sample): ven = 2155 ecm ! (s), also vco= 1720 (s) and 1689 (s), 1610 (s),
1419 (m), 1244 (m), 835 (s), 555 (s) cm™! .

Synthesis of Cu/Zn-"S°CN-5. A THF solution containing TIBM*? (0.015 g, 0.033 mmol, 3.0
equiv) was added to a stirring THF solution containing [Cu(MeCN)4]PFs (0.004 g, 0.011 mmol,
1.1 equiv). Triethylamine (6.0 mL, 0.044 mmol, 4.0 equiv) was then added and allowed to stir for
10 min. ZnCl; (0.0044 g, 0.01 1mmol, 4.0 equiv) was dissolved in 1.5 mL of THF and added to the
Cu/TIBM*2 solution. Upon addition a white solid formed and was transferred to a 15 mL pressure
tube. The solid was heated at 120 °C for 12 h and cooled to 40 °C over the course of 48 h. Colorless
single crystals formed on the bottom of the pressure tube, which were washed with 3 x 5 mL THF
and then collected. Yield: 0.008 g, 0.009 mmol (based on the Cu-based repeat unit), 80 %. FTIR-
ATR (diamond surface, 20 °C) ven= 2156 cm™! (s), also vco= 1716 (s) and 1610 (s), 1244 (m),

778 (s), 557 (s) em™..
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'H NMR and IR Spectroscopic Data for TIBM*2 and Precursors
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Figure 2.9. 'H NMR spectrum (CDCl3, 300 MHz, 20 °C) of HC(O)NH(p-BrArMe?),
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Figure 2.11. 'H NMR spectrum (CDCls, 300 MHz, 20 °C) of 1-HC(O)N(H)ArV2-4-C¢H4CO,CHs.
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Spectroscopic Data for Cu(Il) Hydrogen Bonding Networks and Cu/Zn-"SOCN-5.
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Figure 2.17. '"H NMR Spectrum (500 MHz, CD,Cl,, 20 °C) from reaction of 3.0 equiv TIBM*2 and [Cu(NCMe)4]PFe.
THF present is suggestive of [Cu(TIBM®2);(THF) ]PFs environment in solution.
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Figure 2.18. F NMR Spectrum (282.3 MHz, CD,Cl,, 20 °C) from reaction of 3.0 equiv TIBM®? and
Cu(NCMe)4]PF6.
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Figure 2.22. Solid State ATR-IR spectrum of the single-crystalline hydrogen-bonding network [Cu(TIB)4]PFs.
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Figure 2.23. ATR-IR spectrum of single-crystalline [Cu(TIB)4]PF¢ after exposure to deionized water for 24 h.
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Figure 2.29. ATR-IR spectrum of Cu/Zn-S°CN-5 after exposure to 1 atm O, for 24 hours.

TGA and Gas Sorption Analysis.

Thermal Analysis. Thermogravimetric analysis was performed on ~5—15 mg of material that had

been dried under dynamic vacuum for 30 minutes. Analysis was conducted under a stream of dry
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dinitrogen gas (80 mL/min) using a Mettler Toledo TGA/DSC 1 STARe System running from 30

°C to 800 °C with a ramping rate of 5 “C/min.
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Figure 2.30. Thermogravimetric Analysis of [Cu(TIBM®?),]PFs indicating a multi-step mass loss as a function of
temperature.
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Figure 2.31. Thermogravimetric Analysis of Cu/Zn-"S°CN-5. Significant mass loss occurred at the onset
temperature of ~310 °C.

Gas Sorption and Surface Area Analysis

Gas sorption measurements were performed using a Micrometrics ASAP 2020

Adsorption Analyzer. Approximately 54 mg of material was transferred to a pre-weighed sample
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tube and degassed at 80 °C for at least 24 hours or until the outgas rate was below 5 mmHg. The
sample tube was reweighed to obtain a mass for the sample. Analyses performed on Cu/Zn-
SOCN-5 degassed at 80 °C revealed insignificant surface areas in response to N2 sorption, but

showed marginally greater sorption and surface area in the case CO».
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Figure 2.32. N, sorption isotherm of activated Cu-"S°CN-5 showing negligible gas uptake; blue= adsorption, orange
= desorption.
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Figure 2.33. First run of CO, sorption isotherm of activated Cu-S°CN-5; blue = adsorption, orange = desorption.
100

90 +

80 1

70 -

60 -

50 +

40 1

Vads (cm3 9-1)

30 +

20 A

10

0 0.1 02 03 04 05 06 07 08 09 1
PIP,

Figure 2.34. Second independent run of CO; sorption isotherm of activated Cu-"S°CN-5; blue = adsorption, orange =
desorption.
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Figure 2.35. O, sorption isotherm of activated Cu-S°CN-5, showing negligible gas uptake; red = adsorption, black =
desorption.

Results of Single Crystal X-ray Diffraction Studies.

Single crystal X-ray structure determinations were carried out at low temperature on Platform
Diffractometers equipped with either Cu Ka radiation sources and Bruker APEX II detectors. All
structures were solved by direct methods with SHELXS! and refined by full-matrix least-squares
procedures utilizing SHELXL within Olex2 small-molecule solution, refinement, and analysis
software package.’ Crystallographic data collection and refinement information are listed in Table
S5.1. Powder X-ray diffraction studies on Cu/Zn-"S°CN-5 were performed at room temperature on
a Bruker D8 Advanced LynxEye CCD diffractometer, equipped with Cu Ka radiation (A=1.54178

A) and K8 filter. Diffraction measurements were set to 40V and 40 mA.



Details of Single-Crystal Refinement.

[Cu(TIB)4]PFs. The [PFs]™ counterion is located on a special position in the P4,/n space group,
which results in significant positional disorder. Due to the fact that 0.25 [PFs] units are present in
the asymmetric unit, the anion was modeled with hard SADI and RIGU restraints on the P-F bonds
to account for the disorder. This structure was also found to contain disordered, sub-stoichiometric
molecules of CH>Cl, of co-crystallization which could not be modeled as discrete entities. To
account for the disorder, the residual electron density fitted and refined as floating CI and C atoms,
which gave better refinement statistics than structure factor elimination using the
Platon/SQUEEZE procedure.

Cu'SOCN-5. The benzoate unit one TIBM®? linker possesses positional disorder, which was
modeled and refined anisotropically. Significant positional disorder was also observed for THF
molecules of co-crystallization and could not be reasonably modeled. These were treated with

Platon/SQUEEZE to remove structure factors/electron density prior to refinement.
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Table 2.1. Crystallographic data collection and refinement information.

Name 1,4-(CNAMes)CsH4,COH [Cu(TIB)4]PFs Cu/Zn-S°CN-5
Formula C3H2oNO; Ci33.06H122.20Cli5.10CuFgN4Os |  CosHgaCloCuN306Zn2
P
Crystal System Monoclinic Tetragonal Orthorhombic
Space Group P2/c P4y/n Fdd2
a, A 19.5157(7) 16.4879(4) 21.9954(7)
b, A 8.0632(3) 16.4879(4) 27.005(8)
A 16.3195(6) 26.0255(8) 43.0962(11)
a, deg 90 90 90
b, deg 106.966(2) 90 90
g, deg 90 90 90
v, A3 2456.25(16) 7075.1(4) 26257.8(13)
VA 4 2 8
Radiation (A, A) Cu-Ka, 1.54178 Cu-Ka, 1.54178 Cu-Ka, 1.54178
p (caled.), g/cm? 1.243 1.245 0.830
p (Mo Ka), mm! 0.599 3.457 1.266
Temp, K 100 100 100
0 max, deg 72.782 63.232 49.549
data/parameters 4670/0 /324 5761/111/499 6487/17/514
R, 0.0434(4339) 0.0771 0.0506(5243)
wR: 0.1152(4887) 0.2258 0.1372(6487)
GOF 1.080 1.075 1.000
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Figure 2.36 Molecular structure of 1,4-(CNAr®2)CsH4CO,H (TIBM*2H).
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Figure 2.37. Packing Diagram for 1,4-(CNArM®? )C¢HsCO.H (TIBM*2) showing

intermolecular hydrogen bonding interactions (top). View down crystallographic b axis
(bottom) showing herringbone structure.
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Figure 2.38 Structure of the Molecular Core for [Cu(TIBM®2H)4]PFs.
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Figure 2.39. Structure Dual-SBU Repeat Unit in Cu/Zn-'S°CN-5 containing a tris-isocyanide Cu(l) core and Zn
paddlewheel unit with axial Cl ligands.
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Figure 2.40. PXRD overlay of solid material obtained from the reaction between [Cu(NCMe)4]PFs and 3.0 equiv of
TIBMe? (blue trace) and simulated powder pattern from single-crystalline [Cu(TIBM*2)4]PF¢ (orange trace). The
difference between the powder patterns indicates differing phases for these materials.
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Figure 2.41. Powder X-ray Diffraction Pattern of Cu/Zn-"S°CN-5, experimental (black) and simulated from single
crystal diffraction (orange).
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Figure 2.42. Powder X-ray diffraction pattern of Cu-"S°CN-5 as synthesized (black) and after exposure to air for 20
days (blue).
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Figure 2.43. Powder X-ray diffraction pattern of Cu-'S°CN-5 as synthesized (black) and after suspension in water for
24 hrs (red). A loss of crystallinity is observed over the course of 24 hours.
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Chapter 3 A Permanently Porous Crystalline Ni(0) Hydrogen Bonding Network.

3.1. Introduction.

Hydrogen-bonded organic frameworks (HOFs) are two- or three-dimensional frameworks
constructed by intermolecular hydrogen bonding interactions between organic or metal-organic
molecules.! Importantly, HOFs are soluble in polar solvents, allowing for their regeneration upon
successive dissolution and recrystallization cycles, which is not a characteristic of other
permanently porous materials, such as metal-organic frameworks (MOFs) or covalent-organic
frameworks (COFs).?* In addition to facile crystallization and regeneration, HOFs can be used in
areas such as catalysis and in gas storage and separations.>* While the first HOF structure was
isolated from trimesic acid (1,3,5-benzenetricarboxylic acid) in 1969, little was known about the
application of these materials until the isolation of HOF-1 from the linker 4,4°,4>°,4°"’-tetra(4,6-
diamino-s-triazin-2-yl)tetraphenylmethane.>® This is because the trimesic acid HOF was not stable
or permanently porous, as its structure collapsed upon removal of solvent molecules.” HOF-1,
however, was reported as the first known permanently porous HOF material despite removal of
solvent molecules.®” Moreover, HOF-1 is capable of facilitating the separation of ethylene and
acetylene (C2H2/CoH4) and had the highest BETco» surface area of any HOF material when
reported.

The isolation of HOF-1 led to an increased interest in permanently porous HOFs, and new
ligand designs featuring hydrogen-bonding groups (carboxylic acids, pyridines, amines and
porphyrin derivatives) were reported.!®!! Many of these multitopic ligand scaffolds are also
precursors to MOF formation, as they feature functional groups capable of binding higher-valent
metals. Interestingly, heteroditopic ligands featuring two or more functional groups capable of

binding different metals enable step-wise synthesis of mixed-metal MOF materials. Since they
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feature different functional groups appended to an organic backbone, heteroditopic ligands can
also be used to isolate metal-containing HOFs.!? One popular scaffold used to generate these
materials is the porphyrin-type ligand, where higher-valent metals can be incorporated into the
pyrrole core, and the second functional group can be used to generate either a HOF or a mixed-
metal MOF upon addition of a second metal ion. Another heteroditopic ligand with the potential
to form unique HOFs and mixed-metal MOFs is one featuring an isocyanide group (CN-R) and a
functional group capable of hydrogen-bonding. For example, a metal-containing HOF featuring
Pd(IT) and Fe(Il) nodes was isolated using a heteroditopic ligand featuring an isocyanide and an
oxime (RHC=N-OH) group.'*!* Importantly, the isocyanide group in this heteroditopic ligand
selectively binds Pd(IT) and Fe(IT) metals while the oxime groups participate in hydrogen-bonding
interactions to form a 2-D network. While these metal-organic HOFs were characterized by single
crystal X-ray diffraction (sc-XRD), their materials properties, such as surface area measurements
and thermal stability, were not assessed.

While HOF materials featuring isocyanide groups have been previously reported, to our
knowledge, few feature low-valent metal centers. Importantly, isocyanides have been extensively
studied in organometallic chemistry and are excellent at stabilizing reduced, electron-rich metals
on account of their ability to function as good o-donors and effective m-acids. Due to this this
synergistic bonding, we have previously utilized m-terphenyl isocyanide ligands to kinetically
stabilize low-valent, coordinatively unsaturated organometallic complexes. More recently, we
have utilized the same m-terphenyl backbone to isolate a HOF featuring Cu(I) nodal centers using
the heteroditopic ligand 1,4-CNArM*2C¢H4CO.H (TIBM®2H; TIB = terphenyl isocyanide
benzoate; ArM®? = 2,6-(2,4,6-Me3CsH2)2CsHz). Indeed, addition of four equivalents of TIBM®?H

to one equivalent of [Cu(NCMe)4]PFs leads to the generation of a seven fold-interpenetrated Cu(I)
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HOF network, [Cu(TIBM®?H)4]PFg, featuring tetrakis isocyanide Cu(I) nodal centers and free
carboxylic acid groups participating in hydrogen bonding. Importantly, [Cu(TIBM®2H)4]PFs was
found to have negligible surface area due to its high level of interpenetration and the presence of
PF¢ counter-anions occupying the 6.5 x 16.1 A rectangular channels in the material. However, it
was thermally stable up to 500 °C. Due to the ability of isocyanides to bind low-valent metals, we
reasoned formation of a Ni(0) HOF was possible through the use of TIBM®2H.!5-18 Herein, we
report the synthesis and characterization of the permanently porous hydrogen-bonding network
Ni(TIBM2H),, featuring tetrakis-isocyanide Ni(0) nodes.

3.2. Results and Discussion.

While we previously determined isocyanides in TIBM®?H selectively bind Cu(I) metals,
we did not establish its ability to bind zero-valent metal centers. To determine if the isolation of
zero-valent HOFs was possible, we assessed the ability of TIBM*?H to bind Ni(0) centers. The
ability of isocyanides to bind Ni(0) has been well-studied by us and others, however the use of a
heteroditopic ligand featuring a carboxylic acid group has never been explored, especially since
zero-valent metal centers are known to react with carboxylic acid groups to form metal-hydrides.
Addition of a tetrahydrofuran (THF) solution containing 4 equivalents of TIBM®?H to a stirring
THEF solution containing one equivalent of Ni(PPh3)s (PPhs = Ci1sHis5P) (Scheme 3.1), followed by
crystallization from a THF/ difluorobenzene mixture resulted in dark pink needle-like single
crystals of Ni(TIBM®?H), Importantly, single crystal quality material was isolated exclusively
from the reaction of Ni(PPhs)s with TIBM®2H. Attempts at isolating single crystals from the
reaction of TIBM®?H with another Ni(0) source, Ni(COD), (COD= 1,5-cyclo-octadiene) were
unsuccessful, however the powder pattern obtained from this reaction was consistent with the
powder pattern obtained from the reaction with Ni(PPhs)4 as a starting material. We reasoned use

of Ni(COD); resulted in the isolation of Ni(TIBM*2H)4 as a microcrystalline solid because COD
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is an extremely labile ligand, unlike PPhs. Due to the increased stabilization of zero-valent nickel
from the use of m-acidic phosphine ligands, ligand substitution kinetics are slowed substantially

during the reaction with TIBM®2H, allowing for the formation of single-crystal quality material.

1/3 Ni(PPhj)4
THF

Figure 3.1. Synthetic Route to Ni(TIBMe2H),.

X-ray crystallographic analysis of single crystals of Ni(TIBM®?H), revealed a hydrogen
bonding network (HOF) featuring tetrakis-isocyanide Ni(0) nodes (Figure 4.1). Attenuated total
reflectance-infrared (ATR-IR) analysis of single crystals of Ni(TIBM®2H)4 revealed a significantly
red shifted isocyanide stretching frequency (ven) at 1950 cm! from free TIBM®?H (ven =2117 e
). As we have previously shown for both the molecular tetrakis-isocyanide Ni(0) molecular
complex Ni(CNAr™®2), and the isocyanide coordination network (°CN) featuring tetrahedral
Ni(0) nodes, this lower energy band is diagnostic of a zero-valent NilLs4 coordination
environment.'>?’ The isolation of a four-coordinate Ni(0) hydrogen bonding network confirms the
isocyano-group of TIBM®2H selectively binds to low-valent, electron-rich metal centers.
Furthermore, inspection of the single crystal X-ray structure of Ni(TIBM®?H), indicates an average
Ni-C bond length of 1.78(21) A. This is significantly shorter than both molecular Ni(CNArM®?),

(Ni-Cave= 1.84(14) A) and Ni-'SOCN-2-([CNAM™2],).5 (Ni-Cave=1.84(64) A).!%20 This contracted

70



M-C bond length, accompanied by the red shifted isocyanide stretching frequency seen in
Ni(TIBM®2H), , suggests an increase in m back-bonding from the Ni(0) metal center into m*
molecular orbitals of the isocyanide.?! In addition, simple calculation of the Houser T4, (t4 =0.95)
value suggests a near idealized (t4=1) tetrahedral geometry about Ni(0) centers in Ni(TIBM2H),.2°
We attribute this lack of distortion about Ni(0) nodal centers to constraints from lattice formation,
whereas molecular Ni(CNAr"®?), (14=0.85) is free to adopt non-negligible structural distortions

from an idealized tetrahedral geometry in the solid state.

Figure 3.2. X-ray crystal structure of the molecular core of the hydrogen bonded network Ni(TIBM®2H)4 along the

crystallographic ¢ axis. H atoms aside from those associated with the carboxylic acids and co-crystallized solvent
molecules have been omitted for clarity.

Zero-valent metal centers are known to react with carboxylic acid groups to form metal-
hydrides. Since the formation of Ni(TIBM®2H)4 is possible as determined by sc-XRD and no
reaction with the carboxylic acid groups in TIBM®2H were observed by ATR-IR spectroscopy or
"H-NMR spectroscopy, we reasoned use of encumbering m-terphenyl isocyanide ligand scaffolds
inhibit the reactivity of Ni(0) with carboxylic acid groups. To test this hypothesis, a THF solution
containing Ni(COD), (1 equivalent, 50 mg) was added to THF solution containing benzoic acid

(1 equivalent, 22 mg). Due to the lability of COD as a ligand, a reaction was expected to occur
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upon addition of benzoic acid. After 30 minutes, the reaction mixture turned from a light yellow
to a dark orange and was analyzed using 'H-NMR spectroscopy. The 'H-NMR spectrum
confirmed the reaction of Ni(COD); with benzoic acid, providing evidence of the reactivity of
Ni(0) centers with aryl carboxylic acids (Figure 3.23).

To provide further rationale that the sterically encumbering m-terphenyl groups of the
isocyanide ligands CNAr™®? and TIBM®?H inhibit the reactivity of zero-valent nickel centers with
aryl carboxylic acids, a THF solution containing the molecular Ni(0) tetrakis-isocyanide system,
Ni(CNArMe2), (1 equivalent, 50 mg), was added to a THF solution containing benzoic acid (1
equivalent, 4.3 mg). After 30 minutes, ATR-IR analysis of the reaction mixture revealed

1

isocyanide stretching frequencies of ven=1969c¢m ! and 2009 cm ! which correlate the previously

reported isocyanide frequencies of the starting material, Ni(CNAr™®2),. 'TH-NMR analysis in C¢De,

revealed benzoic acid starting material as well as the presence of Ni(CNAr™?),,

The presence of
the starting material Ni(CNAr™®?2), in both IR and 'H-NMR spectrums indicate the encumbering
m-terphenyl groups limit the reactivity of the Ni (0) centers in both Ni(CNArM*2); and
Ni(TIBM*?H)s, thereby allowing the formation of the Ni(0) hydrogen-bonding network,
Ni(TIBMes2H),.

Due to the encumbering nature of the m-terphenyl isocyanide zero-valent nickel does not
react with the carboxylic acids in TIBM®?H. Instead, carboxylic acid groups of the Ni(0)-
coordinated TIBM®?H ligand form R»%(8) hydrogen-bonds to the nearest neighbor Ni(TIBM®2H),
units (Figure 3.2).22 Inspection of the extended structure of Ni(TIBM®?H), indicates it organizes
diamondoid (dia) structure in the P4,/n space group. Notably, five independent three-dimensional

networks are generated by these hydrogen-bonding interactions to form a five-fold interpenetrated

extended structure. This is significantly different than the seven-fold interpenetrated structure
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generated by hydrogen-bonding interactions in the HOF [Cu(TIBM®?H)4]PFs. Additionally, while
the extended lattice in [Cu(TIBM®2H)4]PFs has rectangular channels of ca. 16.5 x 16.1 A along the
crystallographic b axis, examination of the void space in Ni(TIBM®2H), reveals circular channels
of 31 A x 32 A along the crystallographic ¢ axis (Figure 3.3). Inspection of Ni(TIBM*?H)4 along
the crystallographic a and b axes reveal smaller channels of ca. 13 A x 10 A. We attribute the
larger channels in this Ni(0) HOF to the decreased interpenetration observed in the structure of
Ni(TIBM®2H),. Furthermore, we theorized these channels would be accessible to guest molecules,
and surface area measurements were performed using N> and CO> gases. While Ni(TIBM®2H),
exhibits a negligible Brunauer-Emmett-Teller (BET) surface area to N, it does exhibit a BET
surface area of 246 m%/g to CO, (Figure 3.16). Due to the polarizability of CO2, Ni(TIBM®?H),
displays significantly higher surface area to CO,. Furthermore, this BETco2 surface area
demonstrates Ni(TIBM®2H), is a permanently porous HOF. Indeed, a major disadvantage of many
HOF materials is their structural fragility, and most are known to collapse upon activation due to
loss of solvent molecules in addition to weak hydrogen bonding interactions.* We attribute the
permanently porous nature of Ni(TIBM®2H)4 to several factors. Most significantly, THF solvent

molecules do not participate in the hydrogen-bonding interactions between Ni(TIBM®?H), units as
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determined by sc-XRD. Additionally, Ni(TIBM®2H), degree of interpenetration, which leads to
an increase in structural stability.?

In addition to exhibiting structural stability upon activation, the Ni(TIBM*2H)4 exhibits
high thermal stability as well. The HOF displays multistage decomposition beginning at ~ 250 °C
(Figure 3.28). This is significantly higher than the previously reported [Cu(TIBM*?H)4]PFs HOF

which displays a multi-step decomposition process between 150 and 500 °C.>* Additionally, unlike

caxis N WIS P a axis

Figure 3.3. Full interpenetrated views of the extended structure of the hydrogen bonding network, Ni(TIBM2H),,
along the crystallographic c axis (left) and the crystallographic a axis (right). The diameter of the channels observed
down the crystallographic c axis are ~30 A. Co-crystallized solvent molecules have been omitted for clarity.

[Cu(TIBM®2H)4]PFs , Ni(TIBM*2H), is not indefinitely stable on the benchtop, and a rapid color
change from pink to yellow is observed. Indeed, ATR-IR analysis on a sample of Ni(TIBM®2H),
after 60 seconds of air exposure indicates the generation of free TIBM*?H and the isocyanide
stretching frequency indicative of a low valent NiL4 species is no longer detected (Figure 3.9).
This rapid decomposition upon air exposure is expected since Ni(TIBM®?H)4 contains Ni(0) centers
and contains large pores.?

In a similar manner to other HOF materials, Ni(TIBM®?H)4 can be readily dissolved in polar
organic solvents, such as THF, however it is insoluble in non-polar solvents such as benzene.?®

Subsequent dissolution of microcrystalline Ni(TIBM®2H); and recrystallization from THF
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generates the same Ni(TIBM*?H), HOF as determined by ATR-IR spectroscopy and pXRD
analysis. This solubility in polar solvents enables the facile regeneration of the framework upon
re-crystallization.! Dissolution of the previously reported HOF, [Cu(TIBM®2H)4]PFs, exhibits an
isocyanide-exchange equilibrium in solution as a result of the sterically encumbering nature of
TIBM®?H, where ligand dissociation produces an equivalent of free TIBM®?H and
[(THF)Cu(TIBM®2H);]PFs. Therefore, we reasoned the ligation properties of TIBM®?H could lead
to a similar equilibrium in Ni(TIBM*?H), Indeed, Fourier transform infrared (FT-IR) analysis of a
THF solution containing Ni(TIBM®2H), reveals isocyanide stretching frequencies (ven) of 1944
cm, 2025 ecm™ and 2117 ecm!. These isocyanide stretching frequencies observed in solution are
characteristic of a trigonal planar NiL3 coordination environment, where vVenssym) = 1944cm™!, and
Vengym) = 2025 eml. The free isocyanide at ven = 2117 ecm™! indicates dissociation of one
equivalent of ligand from the Ni(0) centers upon dissolution. As such, the presence of free
TIBM®?H is indicative of an isocyanide exchange equilibrium, which was further assayed by
variable temperature (VT) 'H nuclear magnetic resonance (NMR) spectroscopy from 298K to
338K (Figure 3.3A). Importantly, as temperature increased, the singlet at 6 6.91 ppm, correlating
to protons on the benzoic acid backbone of TIBM®?H in Ni(TIBM*?H);, increased in intensity
(Figure 3.3B). Moreover, a concomitant decrease in intensity was observed in the singlet
associated the species Ni(TIBM®2H)4 (§ 6.86 ppm), thereby implicating a dynamic equilibrium
process where ligand dissociation produces an equivalent of Ni(TIBM*?H); and free TIBM®?H
from Ni(TIBM*2H),. Unfortunately, strong overlap of the chemical shifts for Ni(TIBM®?H)s,
Ni(TIBM®?H);, and TIBM®?H prevented meaningful integrations required for a Van’t Hoff

analysis.
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Figure 3.4. Ligand dissociation/association equilibrium observed for nickel(0) m-terphenyl isocyanide complexes in

THF-ds.
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Figure 3.5. Variable temperature 'H NMR of Ni(TIBM*2H), in THF-ds between 298 K to 333 K for the (A) full

window, (B) aryl region, and (C) H-bonding region. (*) in panel B represents signal at § 6.91 ppm indicating the
dynamic equilibrium process where ligand dissociation produces an equivalent of Ni(TIBM®2H); and free TIBM®2H.
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Despite the inability to perform a Van’t Hoff analysis on Ni(TIBM*?H),, we reasoned
insight into the equilibrium process in Ni(TIBM®?H); could be obtained through analysis of
Ni(CNArMe2), since both ligands feature similar steric properties. Indeed, Ni(CNArM®?), exhibits
a similar isocyanide equilibrium exchange process in solution and can be fully characterized using
both ATR-IR and 'H-NMR spectroscopies. Single crystals of Ni(CNArM®?), give rise to an
isocyanide stretching frequency of 1950 cm™ by ATR-IR spectroscopy. However, FT-IR analysis
of a THF solution containing Ni(CNAr™®2), indicates isocyanide stretching frequencies at 1985
cm™ and 2117 em’™!, respectively.!” The presence of free isocyanide at 2117 cm™! suggests an
isocyanide exchange equilibrium between Ni(CNArM®?), and Ni(CNAr¥®?); in solution. In
addition, "H-NMR spectroscopy on a sample of Ni(CNAr™®2), at room temperature provides
further evidence of a dynamic equilibrium process occurring in solution, where a chemical shift at

Mes2 s observed. Moreover, this

o 2.30 ppm, corresponding to the o-Me group on free CNAr
equilibrium is further characterized by VT 'H-NMR experiments (Figure 3.25.). In solution,
Ni(CNArMe2), rapidly establishes an equilibrium processes wherein a ligand dissociation event
produces an equivalent of Ni(CNArM®?); and free CNAr™*2, and a ligand association reaction
reforms Ni(CNAr™®2), (Scheme 3.2). As such, Van’t Hoff analysis of the VT 'H-NMR spectra
indicate the ligand dissociation/association equilibrium process is endothermic, with the
dissociation of ligand from Ni(CNAr™*?), to form Ni(CNArM®?); and CNAr™*? being favored at
higher temperatures.

When comparing data from the association/dissociation equilibrium process in
Ni(CNArMe2), it is evident Ni(TIBM®?H), exhibits a similar isocyanide exchange equilibrium in

solution where the tris-isocyanide complex, Ni(TIBM*2H);, and an equivalent of free ligand are

favored even at room temperature. However, crystallization of both complexes at room
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temperature leads to the isolation of products, Ni(CNArM®?), and Ni(TIBM*?H),, as determined by
single crystal X-ray diffraction. Evidently, lattice formation prefers the generation of the tetrakis-
isocyanide Ni(0) HOF, despite the dynamic equilibrium process taking place in solution.

3.3. Conclusions.

Isolation of permanently porous hydrogen bonding networks (HOFs) remains a challenge
due to their structural fragility. Furthermore, incorporation of low valent metal centers into these
frameworks is even more challenging, as most HOFs are synthesized exclusively from organic
building blocks. We have previously reported a linker, TIBM2H, capable of stabilizing lower
valent metal centers, like Cu(I), enabling the formation of lower valent HOF materials. Using the
approach described above, here, we demonstrate TIBM®?H is capable of stabilizing Ni(0) metal
centers, allowing the formation of the permanently porous HOF, Ni(TIBM®?H)4. In solution, this
HOF undergoes a dynamic isocyanide equilibrium exchange process similar to that observed in its
model system, Ni(CNAr™®2),. Inspection of the extended structure reveals Ni(TIBM®?H)4 is a five-
fold interpenetrated, diamondoid network with a measurable BETco2 surface area following
activation. Accordingly, we believe the linker TIBM®?H can reliably generate many permanently
porous HOF materials featuring low valent metal centers. As such, synthetic investigations using
two different carboxylic acids are underway to increase pore size and accessibility.

3.4 Experimental Section.

General Procedures. Unless otherwise stated, all manipulations were performed under an
atmosphere of dry dinitrogen using standard Schlenk and glovebox techniques. Solvents were
dried and degassed according to standard procedures.?” Unless otherwise stated, reagent grade
starting materials were purchased from commercial sources and purified where necessary
according to standard procedures.?® Solid-state IR spectra were collected at 2 cm ™! resolution as

either a KBr pellet or using a Bruker Platinum Alpha ATR-IR equipped with a diamond crystal.
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The following abbreviations are used to describe the intensity and characteristics of important IR
absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very weak, b = broad,
vb = very broad, sh = shoulder.

Synthesis of Ni(TIBM*2H)4. A THF solution containing TIBM**H (0.050 g, 0.110 mmol, 4.0
equiv) was added to a stirring THF solution containing Ni(PPh3)4 (0.010 g, 0.025 mmol, 1.0 equiv).
The reaction mixture was allowed to stir for 15 min, after which the sample was filtered through
celite and all volatiles were removed under reduced pressure. The resultant red powder was
redissolved in minimal THF and recrystallized from n-hexane and 1,3 difluorobenzene at room
temperature through slow evaporation. Dark pink single crystalline needles of Ni(TIBM®?H)4 were
obtained and filtered through a fine fritted funnel. Yield: 0.010 g, 0.015 mmol, 59%. FTIR-ATR
(diamond surface, 20 °C, crystalline sample): ven 1950(s), also veo 1718 (s), 1984 (s), 1610 (s),
1244 (m), 852(s), 776 (s), 494 (s) cm™!.

Dissolution of Ni(TIBM®2H), in THF resulted in spectroscopic signatures indicative of the product

resulting from a 3:1 Ni/TIBM®?H mixture and free TIBM®2,
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IR Spectroscopic Data.
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Figure 3.6. ATR-IR spectra of a single crystalline sample of Ni(TIBM®?H),. The diagnostic isocyanide stretching
frequency at ven=1950 cm! is characteristic of four- coordinate m-terphenyl isocyanide Ni(0) complexes.
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Figure 3.7. FT-IR spectrum of a THF solution containing 3 equivalents of TIBM*?H and 1 equivalent of Ni(PPhs)a.
No free ligand is observed and the diagnostic isocyanide stretching frequencies observed appear at 1944 cm™! and
2023 cm’!, suggesting a NiL; coordination environment.
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Figure 3.9. ATR-IR spectrum of a sample of single crystalline Ni(TIBM®2H), after 2 minutes of air exposure. Free
TIBMe2H isocyanide is observed in the spectra at 2112 cm™.
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Figure 3.11. ATR-IR spectrum of the THF reaction mixture containing one equivalent of Ni(DMP)4 and one
equivalent of benzoic acid after 30 minutes. The isocyanide stretching frequencies correlating to the starting material,
Ni(CNArMe2),, are still present. This indicates no reaction took place.
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Crystallographic Structure Determination. Single X-ray structure determinations were
performed at 100 K on Bruker Kappa Diffractometers equipped with either Cu-Ka or Mo-Ka
radiation sources and an APEX-II CCD area detector. All structures were solved via direct methods
with SHELXS13 and refined by full-matrix least-squares procedures using SHELXL1 within the
Olex214 software. In cases of highly disordered solvent molecules, the Platon routine
SQUEEZET1S5 was used to account for the corresponding electrons as a diffuse contribution to the
overall scattering without specific atom positions. Crystallographic data collection and refinement

information is listed in Table S3.1.
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Table 3.1. X-ray crystallographic data of Ni(TIBM*2H),.

Name Ni(TIBMe2H),
Formula Ci92H276N4NiO24
Crystal System tetragonal
Space Group P4,/n
a, A 30.925(3)
b, A 30.925(3)
c, A 12.8489(18)
o, deg 90
B, deg 90
7, deg 90
v, A3 12288(3)
VA 2
Radiation (A, A)
MoKa (A =0.71073)
p (caled.), g/em?
0.833
p (Mo Ka), mm!
0.127
Temp, K 100.15
0 max, deg 39.836
data/parameters 5621/325
R;: 0.0694
wR: 0.2172
GOF 1.033
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Figure 3.12. X-ray crystal structure of the molecular core of the hydrogen bonded network Ni(TIBM*2H), along the
crystallographic ¢ axis. H atoms aside from those associated with the carboxylic acids and co-crystallized solvent
molecules have been omitted for clarity.
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a axis

Figure 3.13. Full interpenetrated views of the extended structure of the hydrogen bonding network, Ni(TIBM®2H),,
along the crystallographic ¢ axis (top) and the crystallographic a axis (bottom). The diameter of the channels observed
down the crystallographic ¢ axis are ~30 A in diameter. Co-crystallized solvent molecules have been omitted for

clarity.
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Figure 3.14. Zoomed in view of the extended structure of the hydrogen bonding network, Ni(TIBM®2H),, along the
crystallographic c axis. Interpenetration, H atoms not associated with carboxylic acids and co-crystallized solvent

molecules have been omitted for clarity.
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Figure 3.15. Powder X-ray diffraction pattern of simulated (orange) and experimental (blue) spectra of
Ni(TIBM*?H),. Broadness of the experimental spectrum is likely due to defects in the extended structure and oil
impurity.
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Surface Area Measurements.

Samples were prepared on and measured using a Micrometrics ASAP 2020 Adsorption Analyzer.
Approximately 40-60 mg of material was transferred to a pre-weighed sample tube under inert
atmosphere and degassed at 50°C for at least 24 hours or until the outgas rate was below 5 mmHg.
The sample tube was reweighed to obtain sample mass. Measurements were collected on three

independent samples at 77 K employing N> of 99.999% purity using the volumetric technique.
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Figure 3.16. CO; sorption isotherm of a crystalline sample of Ni(TIBM*2H), The measured Brunauer-Emmett-Teller
(BET) surface area is 246 m%/g.
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TH-NMR Spectra.
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Figure 3.18. 'H-NMR Spectra of Ni(CNArM®2), in C¢De.
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Figure 3.19. 'H-NMR Spectra of benzoic acid in C¢De.
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Figure 3.20. 'H-NMR spectra of the reaction mixture containing 1.0 equiv. Ni(CNAr™*2), and 1.0 equiv. benzoic
acid in C¢Dg. No reaction appears to have occurred, as indicated by the presence of the starting material benzoic acid
peaks in the aromatic region.
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Figure 3.21. Overlay of the 'H-NMR Spectra of the reaction mixture containing 1.0 equiv. Ni(CNAr™*2),and 1.0
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Figure 3.22. 'H-NMR spectra of Ni(COD), in C¢Ds.
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Figure 3.23. '"H-NMR spectra of the reaction mixture containing 1.0 equiv. Ni(COD); and 1.0 equiv. benzoic acid in
CsDs after 30 minutes. A reaction between benzoic acid and Ni(COD); occurs rapidly.
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Figure 3.24. 'H-NMR spectrum of free TIBM*2H in THF-d8.

Variable Temperature '"H NMR of Ni(TIBM¢2H)4. Ni(TIBM*?H)4 (21.1 mg, 0.0111 mmol) was
solubilized in THF-ds (1.8 mL, 0.0062 M) and transferred into a sealed J. Young NMR tube. The
tube was inserted into a temperature-controlled probe set to an initial temperature of 298 K. 'H
NMR spectra (402 MHz) were collected at 5 K intervals from 298 K to 338 K (Figure 4.3). Before
taking each measurement, 10 minutes were given to allow for equilibration. Importantly, as
temperature increased, the chemical shift at  6.91 ppm increased in intensity. Moreover, a
concomitant decrease in intensity was observed in the chemical shift appearing at & 6.86 ppm,
thereby implicating a dynamic equilibrium process where ligand dissociation produces an

equivalent of Ni(TIBM*?H); and free TIBM®?H. Unfortunately, strong overlap of the chemical
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shifts for Ni(TIBM®2H)4, Ni(TIBM*?H);, and TIBM®?H prevented us from obtaining meaningful
integrations and performing a Van’t Hoff analysis.

Variable Temperature '"H NMR of Ni(CNArMe?),, To gain a better understanding of the
equilibrium observed for Ni(TIBM®2H)s, Ni(CNArM*?); was used as a model system.
Ni(CNArMe?), (7.9 mg, 0.0056 mmol) was dissolved in THF-ds (0.9 mL, 0.0062 M) and
transferred to a sealed J. Young NMR tube. The tube was inserted into a temperature-controlled
probe set to an initial temperature of 295.5 K. "H NMR spectra (402 MHz) were collected at 2.5
K intervals from 295.5 K to 320.5 K (Figure 4.23). Before taking each measurement, 10 minutes
were given to allow for equilibration. Notably, an increase in Ni(CNAr™®?); could be observed by
intensification of the chemical shift at & 2.20 ppm. This increase in intensity coincides with the

decrease in intensity of the signal corresponding to Ni(CNArM®?), at § 2.21 ppm.

96



e | Lr'd_ L mesK

) J; ri\_}uUl__,JsL
| I o sk
e | IV Y
I L Jodu . wesk
ke | Y T
_ \ I Jo 065K
k L e
" ) JJJMM
o\ ) L e

\ J_LMJL 2955K

80 75 O 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
(ppm)
|

B N
7¥/\,,% AN w{\ . T{ 205K

" \ A\
/AN N 7j\\\,74‘/\ ~_ U ek

I

_ /\,J‘“ N N J‘( o y/{\ a5k

o JL/\/ ’LiJLJ‘“'\ [ A
74j LJ\?JP{ Rf{ \_ s
7JL,j\\Ji/A (VNI s

Y. e

1 X 1. 18 17 16 15
(ppm)

Figure 3.25. Variable temperature 'H NMR of Ni(CNAr¥2?), in THF-ds between 295.5 K to 320.5 K for the (A) full
window and (B) DMP-Me region.

Van’t Hoff Analysis of Variable Temperature 'H NMR Studies on Ni(CNArMes2)4, In solution,

Ni(CNArMe2), rapidly establishes an equilibrium processes wherein a ligand dissociation event
produces an equivalent of Ni(CNArM®?); and free CNAr™*2, and a ligand association reaction

reforms Ni(CNAr™*?), (Scheme 3.3).
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Figure 3.26. Ligand dissociation/association equilibrium observed for nickel(0) m-terphenyl isocyanide complexes
in THF-dj.

The equilibrium constant (k,) for a given temperature can be calculated using the equation:

[CNArMes2][Ni(CNAr™Mes?),]

eq = [Ni(CNArMes2),] 1)

Although there is a strong overlap between the chemical shifts of the o-Me group on the flanking
rings for Ni(CNArM®?), (§ 2.21 ppm, 24H) and Ni(CNAr™®2); (§ 2.20 ppm 18H), the chemical
shift for CNArM®? has a distinct chemical shift for the 0-Me group (8 2.30 ppm, 6H). Since the
reaction system is closed, the moles and concentration can be calculated by relative integration of

the signal at 2.32-2.27 ppm vs. the signal at 2.24-2.16 ppm using the following equations:

OniL3
8232-227 =08, = 31 =1 )
SniLa = 0224-216 — (5NiL3 - 8L) =08324-216 — 3 3)

Snii

EquivyiLe =, )

Equivyir
Xniir g = . : 5)

N ™ (Equivyie + Equivyisyy)

NyiLa = XniLa * Myirai = Xniza * 0.0056 (6)
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, Nyir4  NNiL4
[Ni(CNAr™es?),] = == = —= )
Nyirz = N, = Nyizai — Nyize = 0.0056 — 114 ®)
n n
[Ni(CNArMes?),] = [CNArMes?] = L = L )
vV 09
_ [CNArMesZ)[Ni(CNAr™Mes?),] 10)
e [Ni(CNArMesz),]

Plotting In(ke,) against 1/T produced a linear trend of the form (Figure 3.27):

1 (k ) —AH 4 AS
n =—4—
eq RT R
2
y=-6.18x + 16.8
R2=0.9926
-2.5 -
— -3 7
._g’f o
£
-3.5
o
_4 -
4.5 T T T T T
31 3.2 3.3 3.4

1000/T (1/K)

Figure 3.27. Van’t Hoff plot derived from variable temperature 'H NMR spectra of the equilibrium ligand
dissociation/association for Ni(CNArMe2),.

The enthalpy (AH = 0.178 kcalsmol™') and entropy (AS = 0.482 caleK-'smol™) of the reaction were
then calculated from the slope and the intercept, respectively. Variable temperature and Van’t Hoff
analysis of the ligand dissociation/association equilibrium indicates the process is endothermic,
with the dissociation of ligand from Ni(CNAr"®?), to form Ni(CNAr™®?); and CNAr"®? being

favored at higher temperatures.
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Figure 3.28. Thermogravimetric analysis curve on a crystalline sample of Ni(TIBM®?H), under N, gas. Multi-step
decomposition is observed in the sample, however decomposition begins at roughly 250 °C.
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Chapter 4 A Porous Crystalline Ni(0) Organometallic Framework with Redox Properties

4.1. Introduction

Metal-organic frameworks (MOFs) are a class of coordination networks recognized for
their high surface areas, porosities, and well-defined crystalline lattices.!”> Traditionally, MOFs
are synthesized using multitopic anionic linker groups (i.e. carboxylates or imidazolates) and high-
valent metal centers to form secondary building units (SBUs). As a result of their strong, ionic
metal-ligand bonding interactions, MOFs formed using these precursors are often structurally
robust, making them ideal targets for applications in gas separations, chemical storage, and
heterogenous catalysis.®! While MOFs containing high-oxidation state metal centers have found
use in a variety of applications due to their structural stability, their metal-based chemical reactivity
is often limited to Lewis-acid/base reactions at the oxidized metal centers.'!"'* In contrast, multi-
electron chemical transformations, which are the hallmark of organometallic complexes, are often
precluded in MOF-based materials due to the high oxidation states of their metal centers.

To access multi-electron reactivity within MOFs, incorporation of low valent, electron-
rich metal centers has been targeted. This is commonly accomplished by pre-assembly of a
molecular organometallic complex on a linker group prior to MOF formation, or by post-synthetic
addition of low-valent metal centers to SBUs or pendant ligands anchored to the linker groups.'*
19 However, these approaches have limitations that often lead the reactivity of the low-valent
metals to be degraded.??* For example, in the pendant-group approach, the low-valent metal
complex does not benefit from the added stability gained from lattice formation, and is therefore
subject to the same fundamental ligand substitution processes as coordination complexes in
solution. Accordingly, high levels of metal expulsion (i.e. leaching) are often observed from
pendant-linker groups within MOF pores. Similarly, low-valent metals adsorbed onto high-valent

SBUs often lack stability due to the inherent electronic mismatch of placing highly-reduced metal
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centers in a coordination environment consisting of hard anionic ligands. A third, less-explored,
approach entails the incorporation of low-valent metal centers directly into MOF structural
nodes.?*?® This approach can potentially allow for direct multi-electron reactions and redox
behaviors to occur at the metal-nodes, in a manner similar to molecular organometallic complexes
in solution. However, this latter approach requires the use of linking ligands that are electronically
matched with low-valent metal centers (i.e. electronically “soft” ligands).

In recent years, we have pursued the latter approach, seeking to develop a class of
coordination networks featuring low-valent metal structural nodes using sterically encumbering
multi-topic isocyanide ligands.?’?° Importantly, the dual s-donor/p-acid bonding character
exhibited by isocyanide linkers, in conjunction with their structural rigidity, allows for the
incorporation of low-valent metal centers into the nodes of organometallic coordination
networks.’*3! The zero-valent nickel isocyanide coordination network (°CN), NiOCN-
2-([CNA™*2]) 5 (ArMe2 = 2,6-(2,4,6,Me3CsH2)CsH3), was prepared using this approach by
utilizing the ditopic isocyanide ligand [CNAr™®2],. This linker is a directly coupled ditopic variant

Mes2 which has been well-established to

of the monotopic m-terphenyl isocyanide ligand CNAr
stabilize highly reduced low-valent transition metal centers. However, as [CNArM*?], has a
relatively short linker length (12.19 A) between the isocyanide donor groups, NiISOCN-
2-([CNA™®2],)g 5 exhibited negligible porosity due to a free equivalent of [CNAT™®2], being
trapped within its pores. Accordingly, the pore-blocked nature of Ni'SOCCN-2:([CNArM®?],)os
limited our ability to investigate the redox behavior of its Ni(0) nodes.*? Therefore, we postulated
that increasing the length of the diisocyanide linker would allow for the generation of larger pores

and/or channels, potentially leading to increased accessibility to low-valent metal centers within

an isocyanide-based network material. Indeed, substrate accessible porosity properties was

105


https://docs.google.com/document/d/1s5A7j90VaelrRVwoQCwvgfdpey6PxNGf/edit#heading=h.1ci93xb
https://docs.google.com/document/d/1s5A7j90VaelrRVwoQCwvgfdpey6PxNGf/edit#heading=h.qsh70q
https://docs.google.com/document/d/1s5A7j90VaelrRVwoQCwvgfdpey6PxNGf/edit#heading=h.49x2ik5
https://docs.google.com/document/d/1s5A7j90VaelrRVwoQCwvgfdpey6PxNGf/edit#heading=h.2p2csry
https://docs.google.com/document/d/1s5A7j90VaelrRVwoQCwvgfdpey6PxNGf/edit#heading=h.147n2zr

observed previously for the Cu(I) isocyanide coordination network Cu'S°CN-4, which was formed
using the expanded, phenylene-spaced diisocyanide linker 1,4-(CNArM®?),C¢H4 (16.5 A).?’
Accordingly, here we report the use of 1,4-(CNAr™®2),C¢Ha4 to prepare Ni'°CN-3, which is a
porous, crystalline isocyanide coordination network featuring tetrahedral Ni(0) nodes.
Importantly, Ni-S°CN-3 exhibits significantly enhanced in porosity relative to Ni-°CN-
2-([CNA™M®$2],)0 5, thereby allowing a systematic exploration of the redox properties of the Ni(0)
structural nodes. We show through a combination of spectroscopic and material characterization
studies that these Ni(0) nodes can undergo le™ oxidation via a close-proximity, outer-sphere
process rather than oxidative events at the surface of the MOF crystallite. Moreover, these
oxidation events are fully reversible, which has allowed for a detailed understanding of the
consequences of multiple redox cycles on framework structure and porosity.

4.2. Results and Discussion
Similar to Ni-SOCN-2-([CNArM®2],)ys, Ni-S°CN-3 was obtained by solvothermal

synthesis under anaerobic conditions. Addition of an acetonitrile (MeCN) solution of
Ni(COD), (COD = 1,5-cyclooctadiene) to a MeCN solution containing the ditopic 1,4-

(CNA™®2),CsHa, leads to the precipitation of an amorphous red solid. Subsequent heating of the
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resultant slurry at 100 °C in a pressure tube under N> for 24 hours leads to the formation of dark

red single crystals of Ni-'S°CN-3 (Figure 5.1).

1) 0.33 Ni(COD),
MeCN

A
2) Heat 100°C, 24 hrs qﬁ—‘ _ 4

1,4-(CNArM®s2),CcH,y

Figure 4.1. Synthesis of Ni'S°CN-3.

X-ray crystallographic analysis on these single crystals indicated Ni"°CN-3 adopts a three-
dimensional diamondoid structure in the solid state, featuring Ni(0) nodes coordinated to four
isocyanide ligands (Figure 4.2). ATR-IR analysis on single crystals of Ni-S°CN-3 revealed a broad
isocyanide stretching band (vcen) at 1950 em™, which is significantly red shifted when compared
to free isocyanide (ven = 2114 cm™) and indicative of the presence of zero-valent Ni centers
(Figure 4.15).27323% Inspection of the extended solid-state structure revealed a four-fold-
interpenetrated framework in the tetragonal P4b2 space group, with the extended linker providing

a Ni-Ni separation of 30 A between direct neighbors (Figure 4.42, Figure 4.43).
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Figure 4.2. Crystal structure of Ni-'S°CN-3. Inset (right) of Ni(0) node demonstrating coordinated isocyanide linkers.
Inset (left) the void space available within the pore of the framework of Ni-'SOCN-3.

Additionally, examination of void space in Ni"®°CN-3 reveals accessible micropores of
approximately 12 A x 7 A in diameter along the crystallographic c axis (Figure 4.43). These pores
are significantly larger in size compared to those found in Ni-SOCN-2-([CNArM®?]5)05 (4.2 A x
3.6 A and 6.3 x 4.5 A) which are fully obstructed by free [CNArM®?],. This indicates an increased
linker length is effective at increasing pore size. Despite its four-fold interpenetration, Ni'*°CN-3

exhibits modest porosity to both N> and CO,, with Brunauer—-Emmett-Teller (BET) surface areas

of 160 m?/g and 324 m?/g, respectively (Figure 4.6, Figure 4.7).

Table 4.1. Structural and spectroscopic comparison across four-coordinate Ni(0) centers containing isocyanide
ligands.

NilSOCN-3 Ni-SOCN-2-(JCNAIMe2] ), Ni(CNArMe2),
Interpenetration Four-fold Two-fold N/A
Houser 7, 0.96 0.98 0.85
Avg. Ni-C Bond 1.830(18) A 1.84(64) A 1.84(14) A
Ven 1950 cm! 1950 cm'! 1984 cm!

Notably, the isolation and characterization of Ni'°CN-3 allows for comparison of the

structural and electronic properties across a series of tetrahedral Ni(0) isocyanide centers in both
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molecular and network-material contexts (Table 5.1). Indeed, the nodal structure of both Ni-'SOCN-
2-([CNA™*2]y)o s and Ni'°CN-3 are direct analogues to the previously reported molecular
complex, Ni(CNArM®2),, which contains monodentate m-terphenyl isocyanide ligands. As seen
in Table 1, the average Ni-C bond length in Ni"®°CN-3 is in good agreement with both Ni-S°CN-
2-([CNA™*2]y)o s and Ni(CNArM*2?),, thereby indicating that network formation does not
significantly affect the core metrical parameters of the mononuclear Ni(0) centers. Additionally,
simple calculation of the Houser 4 values of NiS°CN-3, Ni-SOCN-2:([CNArM®?],)o5 and
Ni(CNArMe2), demonstrate the Ni centers within the framework materials are closer to an
idealized tetrahedral coordination geometry (t4=1). We attribute this lack of distortion about Ni(0)
nodal centers to constraints from lattice formation, whereas Ni(CNArM®?), is free to adopt non-
negligible structural distortions from an idealized tetrahedral geometry in the solid state. In
addition, this lack of structural distortion affects the spectroscopic properties of the isocyanide
network materials when compared to their molecular counterpart. Comparison of the isocyanide
stretching frequencies of Ni'S°CN-3, Ni-'S0CN-2-([CNAr™®2],)0 5 and Ni(CNAr*?), shows Ni(0)
isocyanide coordination networks are significantly more red-shifted when compared to
Ni(CNArMe2),. We associate this red-shift with more effective orbital overlap between -
symmetric Ni(0) d-orbitals and the isocyanide (C-N) m* orbitals in the more idealized tetrahedral
geometry. Due to the increased pore accessibility displayed by Ni'S°CN-3, we reasoned the
framework could be accessed by mild chemical oxidants and reductants to screen redox events at
Ni- nodal centers in a manner analogous to those observed in low-valent metal isocyanide
coordination complexes.*>* While frequently observed in organometallic complexes, redox
reactions in MOFs are not as common or well-studied.>>*® Furthermore, even fewer examples are

reported in which oxidation/reduction processes occur at the metal nodes of the framework instead
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of at organic linkers.*'*®° To further understand multi-electron transformations in MOFs, the redox

behavior of Ni(0) nodes in Ni'*°CN-3 was investigated.

& = 1950 cm’”

— vey= 2107 cm”

<« vgy= 1950 cm’”

2200 2150 2100 2050 2000 1950 1900 1850 1800 1750 1700

Frequency (cm-1)

Figure 4.3. Stacked ATR-IRs of the one electron chemical redox cycle for Ni-ISOCN-3. (bottom) As-prepared
sample with one vCN stretch observable. (middle) One-electron oxidation of sample with 100 mM of ferrocenium
triflate blue shifted ~ 160 cm-1. (top) Subsequent one-electron reduction with 100 mM of cobaltocene shifted back
to the original vCN frequency.

Accordingly, a 100 mM solution of ferrocenium triflate (FcOTf, FcOTf =
[Fe(CsHs)2][SO3CF3], 1 equiv.) in MeCN was added to a stirring suspension of Ni"S°CN-3 and left
for 30 minutes at room temperature under N>, whereafter the framework changed color from bright
red to yellow. Spectroscopic analysis via ATR-IR demonstrates a blue-shift of ~160 cm™ (Figure
4.3) from the as-prepared sample to ven=2107 cm’!, a one-electron oxidation from Ni(0) to Ni(I)
as similar energy shifts have been seen from previously reported mononucelar nickel (I)
systems.*>¥2 To confirm the observed blue shift is a result of a one-electron oxidation event at
nickel nodes, excess FcOTf (5 equiv.) was added to a separate crystalline Ni">°CN-3 sample. Rapid
and full dissolution of Ni'S°CN-3 occurred after only 60 seconds, and a green MeCN solution was

observed. Analysis of the ATR-IR spectrum obtained from the reaction revealed an isocyanide
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stretching frequency at ven = 2183 cm™!, indicating formation of a molecular Ni(II) isocyanide
species in solution (Figure 4.19).%!

Additionally, Ni K-edge X-ray absorption spectroscopy was performed on an oxidized
sample of Ni"®°CN-3 (2) and provides evidence of Ni(I) metal centers throughout the material.
Two pre-edge features were observed in the experimentally acquired spectrum of 2 at 8332.4 eV

and 8334.4 eV (Figure 4.4). These features can be compared to the previously reported spectra
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Figure 4.4. Overlay of the calculated pre-edge features of [Ni(CNAr™®2),]JOTf (2-L), Ni'S°CN-3 (3-L),
and the measured Ni K-edge XAS of oxidized Ni"S°CN-3 (2).

obtained for [Ni(CNAr™®2),JOTf (2-L) and provide further evidence of Ni(I) nodes in the
framework.? The first pre-edge feature of 2-L was calculated to correspond to an excitation from
the Ni /s — SOMO (orbital 377b, Figure 4.52, Figure 4.53). Significant mixing of Ni 4p orbitals
(14.4% character) with the Ni 3d orbitals (33.2% character) accounts for the strong intensity of
this transition and is consistent with a tetrahedral geometry. The second pre-edge transition is

calculated to be shifted blue by ca. 3 eV relative to the experimentally observed feature. Inspection
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of the principal components of the transitions associated with this feature revealed that these
largely correspond to Ni /s — L #* orbital transitions. The discrepancy between the observed and
calculated positions for this pre-edge feature likely originates in the truncation of the isocyanide
linker, where 2-L has monotopic ligands and 2 features multitopic ligands. These conclusions are
supported by comparison to the measured and calculated Ni K-edge XAS spectrum of the neutral
framework, Ni'S°CN-3 (3-L) and its molecular mimic, Ni(CNAr™*?), (3) (Figure 4.54, Figure
4.55). In the spectrum of the neutral species, only a single pre-edge feature corresponding to Ni /s
— L #* orbitals are calculated. The intensity of this pre-edge feature is both observed and
calculated to be diminished when compared to the cationic system, providing further confidence
in the assignment of the Ni nodes of Ni"S°CN-3 as cationic after treatment with FcOTT.

Attempts to obtain a single crystal X-ray structure of Ni'S°CN-3 post-oxidation failed due
to cracking and broadening of diffraction spots. This cracking is attributed to the change in
coordination environment around Ni(0) nodes upon oxidation. Through X-ray crystallographic
analysis, we have previously demonstrated the molecular mimic of Ni nodes in Ni'*°CN-3,
Ni(CNArMe2), undergoes a change from Jahn-Teller unstable tetrahedral symmetry to D -
symmetry upon one electron oxidation using FcOTf to form [Ni(CNArM*2),]JOTf. This distortion
is also observed in the isoelectronic molecule, Na[Co(CNAr™®2),], which modulates between D24
and Cay-symmetric forms upon oxidation to the neutral Co(CNAr™®?), species.®® In a similar
manner to these molecular species, we theorize Ni-nodal centers in the framework distort from
tetrahedral to D2s-symmetry upon oxidation. This transition to lower symmetry causes significant
changes about Ni-nodal centers and in lattice structure, leading to crystal cracking. While scXRD
did not provide interpretable results on the structure of the oxidized material, powder X-ray

diffraction (pXRD) patterns suggest the material undergoes a structural change yet maintains
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crystallinity upon oxidation (Figure 4.47). This structural change is further confirmed by gas
sorption analysis, where oxidized Ni'*°CN-3 becomes non-porous to Nz (Figure 4.8), and its BET
COs surface area decreases from ~324 m?/g to ~111 m*/g (Figure 4.9).%” This reduction in porosity
is attributed to the triflate counterions (OTf) now occupying pores of oxidized Ni'*°CN-3. To
confirm the observed surface area reduction is not a result of ferrocene blocking the pores, a sample
of the oxidized material was analyzed by inductively coupled plasma-mass spectrometry (ICP-
MS). No *’Fe was detected in the sample, confirming the reduction in surface area is due to triflate
ions occupying pores and not due to the presence of ferrocene (Table 4.2). Importantly, a full one-
electron reduction of the oxidized material back to Ni"S°CN-3 is possible with the addition of a
100 mM solution of cobaltocene (1 equiv.). The reduced material has a spectroscopic signal of ven
= 1950 cm™' and maintains crystallinity as seen by pXRD (Figure 4.3, Figure 4.45). Remarkably,
the reduced material remains porous to CO; after undergoing a one electron redox cycle, displaying
a BET surface area of 183 m?/g (Figure 4.11.). To determine if the decrease in surface area
(BETco2) of reduced Ni'S°CN-3 when compared to its original counterpart is a result of decreased
pore accessibility, a digested sample of reduced Ni'°CN-3 after the first redox cycle was analyzed
by ICP-MS. The concentrations of °*Ni and *°Co were measured to determine if cobaltocenium
triflate was present in the sample. Evidently, no cobalt was detected in the ICP-MS data, indicating
the change in surface area was not due to cobaltocenium triflate remaining in the pores, but due to
degradation of the framework (Table 4.3). This decomposition was also confirmed through pXRD
experiments, where an increase in peak broadness, accompanied with a decrease in peak intensity,
was observed (Figure 4.45).

We believe multiple redox cycles, consisting of one complete oxidation and one complete

reduction at nickel nodal centers, lead to a loss of structural integrity in the framework of Ni'S°CN-
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3. To determine the onset of structural degradation, a sample of Ni'S°CN-3 was characterized by
ATR-IR, gas sorption and pXRD measurements throughout multiple redox cycles. More
specifically, pXRD measurements confirm Ni'°CN-3 continues to lose crystallinity after the fifth
redox cycle (Figure 4.49, Figure 4.50). The ability of the material to undergo an oxidation and
reduction cycle stops at the sixth cycle, where the framework collapses and free ligand is observed
in solution by ATR-IR (Figure 4.33). Remarkably, up to this point, the reduced product after the
fifth cycle remains porous to CO2, with a BET surface area of 147 m?/g (Figure 4.13). This is less
than both the reported CO, surface area of both the original material and the material after the first
redox cycle, indicating multiple reduction cycles impact porosity as well as crystallinity. Despite
this observed decomposition, Ni'S°CN-3 is the first low-valent MOF to exhibit redox activity.
Ni°CN-3 withstanding a one-electron redox cycle while maintaining structural integrity is
attributed to the chemical and physical stability of an isocyanide-based

framework.

After 5 days <« vep= 1950 cmr?

s — After 24 hours
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Ni'SOCN-3 b
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Figure 4.5. ATR-IR spectra (bottom) after 24 hours since the addition of Fc*OTf to NiISOCN-3 and (top) after 5 days
since the addition of Fc*OTf. No change is observed in the IR spectra, suggesting Fc*OTf cannot access Ni(0) nodes
in the framework. NiISOCN-3 starting material has a isocyanide stretching frequency at 1950 cm’'.

To determine if the mechanism of oxidation of Ni(0) nodes was through an outer sphere

close-proximity electron transfer process or due to the intrinsic conductivity of Ni'°CN-3, a
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derivative of FcOTf, decamethylferrocenium triflate (Fc"OTf) was synthesized according to a
previously published procedure.®®%® Due to its bulky nature when compared to FcOTT (centroid
diameter = 6.60A), we theorized Fc"OTf (centroid-Me diameter = 8.48A) would be unable to
access the pores of Ni"®°CN-3 (12 A x 7 A), and if oxidation was observed, it would be a result of
intrinsic conductivity in the material. Upon addition of 1.05 equivalents of Fc*OTf to a MeCN
suspension of Ni'®°CN-3, no change was observed in the ATR-IR spectrum of Ni'S°CN-3 after 5
days (Figure 4.17). To ensure reduction potential was not the reason for Ni'°CN-3’s lack of
oxidation ([Fc*]" = -0.59V vs. [Fc]"), a benzene solution containing the molecular mimic,
Ni(CNArMe2),, was added to a benzene suspension containing 1 eq. of Fc*OTf. Over the course
of an hour, a yellow color was observed, and FT-IR spectroscopic analysis revealed a blue shift in
the isocyanide stretching frequency from ven = 2017 and 1984 cm™ to ven = 2111 ecm™ (Figure
4.18), representing a one electron oxidation event consistent with the reported oxidized species,
[Ni(CNA™®2)4]OTf. In addition to the blue-shifted IR spectroscopic signal obtained, a broadened
"H-NMR spectra of the sample indicated the presence of a paramagnetic Ni(I) species in solution,
confirming the presence of previously reported [Ni(CNAr™*2),]JOTf. This confirmed the lack of
oxidation observed at Ni(0) nodal centers in Ni'°CN-3 is not due to the reduction potential of
Fc*OTf but is a result of its inability to access pores. Evidently, oxidation occurs through an outer
sphere, close-proximity electron transfer process in this material.

To further probe the reactivity of this Ni(0) system, we assessed Ni'°CN-3’s ability to
perform le™ and 2e” reductions of organic substrates. Molecular Ni(0) compounds are known to
catalyze sp’/sp® C-C bond formations using alkyl halides as the electrophile.’’*’! Specifically,
Ni0CN-3’s one electron chemistry was probed by soaking the material in an MeCN solution

containing benzyl bromide (BnBr, 3 equiv. per Ni center) at room temperature. Analysis of the
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reaction after 24 hours indicates complete decomposition of the material, as determined by the
presence of free ligand in both IR and 'H-NMR spectra and dissolution of the material (Figure
4.27, Figure 4.28, Figure 4.36). Additionally, Ni'S°CN-3’s ability to oxidatively add small
molecule substrates was probed through addition of methyl iodide (Mel, 3 equiv. per Ni, 20mM
in MeCN) to a MeCN suspension containing Ni'°CN-3 at room temperature (30 “C). Interestingly,
no reaction is observed upon inspection of the ATR-IR spectrum obtained after 24 hours (Figure
5.29). However, when heat is applied (80 ‘C), the material dissolves within two hours. ATR-IR
analysis of the yellow solution displays a sharp isocyanide stretching frequency at 2115 cm™,
characteristic of free 1,4-(CNAr™*?),CsHa) (Figure 4.30). The presence of free ligand suggests
decomposition of the framework material upon addition of the substrate. As expected, while
NiOCN-3 can facilitate electrochemical redox cycling, it is coordinatively saturated and is unable
to display reactivity towards small molecule substrates while maintaining structural integrity.

4.3. Conclusion.

In conclusion, a novel 3-D diamondoid isocyanide-based coordination network featuring
Ni(0) nodal centers was reported. Notably, NiseCN-3 chemically endures a one-electron redox
cycle, speaking to the chemical tolerance found between a zero-valent metal center and a neutral
isocyanide ligand. While the material performs redox cycling, it is unable to mediate 1e and 2e
reductions of organic substrates without losing structural integrity. Nonetheless, we believe these
studies support isocyanide-based frameworks as being chemically and structurally stable
alternatives to anionic ligands for exploration into low-valent metal centers.

4.4. Experimental Section.

General Considerations. Unless otherwise stated, all manipulations were performed under an
atmosphere of dry dinitrogen using standard Schlenk and glovebox techniques. Solvents were

dried and degassed according to standard procedures.! Unless otherwise stated, reagent grade
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starting materials were purchased from commercial sources and purified where necessary
according to standard procedures.? Solid-state IR spectra were collected at 2 cm™! resolution as
either a KBr pellet or using a Bruker Platinum Alpha ATR-IR equipped with a diamond crystal.
The following abbreviations are used to describe the intensity and characteristics of important IR
absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very weak, b = broad,

vb = very broad, sh = shoulder.

Synthesis of Ni-'’SCCN-3. To a warm pressure tube, a previously stirred Ni(COD)2 (0.012 g, 0.045
mmol, 1 eq) solution in MeCN for 15 minutes was added. Followed by the quick addition of a
MeCN solution of (1,4-(CNAr™®2),C¢Hs) (0.061 g, 0.090 mmol, 2 eq). The dark red mixture was
quickly sealed with a Teflon screw cap equipped with a Viton O-ring and placed in the oven for a
temperature program that was set to heat at 120 °C for 24 hrs. Red single crystals of diffraction
quality are produced. Gentle washing with MeCN 5 times produces material for further analysis.

FTIR-ATR (diamond surface, 20 °C) ven =1950 cm™.

Synthesis of Oxidized Ni-'SOCN-3. An MeCN FcOTf solution (100mM, 1 equiv.) was added
dropwise to an MeCN suspension containing Ni-S°CN-3 (1 equiv.). The suspension was left
overnight and washed once with MeCN, and twice with benzene to extract ferrocene, yielding a
yellow powder. FTIR-ATR (diamond surface, 20 °C) ven =2107cm .

Synthesis of decamethyl ferrocenium triflate (Fc*OTf). To a THF solution containing
decamethylferrocene (1 equiv.) (purchased from Aldrich), a suspension of silver(I)
trifluoromethanesulfonate (1 equiv.) was added. The reaction was covered with aluminum foil and
left to stir overnight at room temperature. The resultant green solution was filtered through a

medium fritted funnel to remove silver metal and washed with THF. Volatiles were removed under
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dynamic vacuum to yield a green powder. Analytically pure crystals were obtained from a
concentrated solution of MeCN at room temperature over the course of 5 days.

Synthesis of [Ni(CNArMe2),]JOTf using Fc*OTf. A solution containing Ni(CNAr™*?), was
added to a benzene suspension of decamethyl ferrocenium triflate. Over the course of an hour, the
solution turned from dark red to yellow. The resultant solution was filtered through a fiberglass
plug, and volatiles were removed under reduced pressure. The dark yellow solid obtained was
washed with pentane (5 x 5 mL) to remove ferrocene, providing a light yellow solid. The product
was then placed under dynamic vacuum for 3 h to remove trace solvent. FTIR-ATR (diamond
surface, 20 °C) ven =2111,2122 cm ™.

Reduction of Oxidized Ni-'’SOCN-3. An MeCN solution containing cobaltocene (100mM, 1
equiv.) was added to a MeCN suspension of oxidized Ni-S°CN-3. The yellow solid immediately
turned to red and was washed three times with MeCN before drying, yielding a dark red powder.
FTIR-ATR (diamond surface, 20 °C) ven =1950 cm™ .

Reactivity Studies on Ni-'SCCN-3 with benzyl bromide (BnBr). To a 20mL scintillation vial
containing an MeCN suspension of Ni-0CN-3 (10mg, 1 equiv.), neat benzyl bromide (x uL, 3
equiv.) was added. The suspension was stirred at room temperature overnight and turned yellow.
No solid remained in the vial. FTIR-ATR (diamond surface, 20 °C) ven =2116 cm™!.

Reactivity Studies on Ni-'°CN-3 with methyliodide (Mel). To a 20mL scintillation vial
containing an MeCN suspension of Ni-°CN-3 (10mg, 1 equiv.), an MeCN solution of Mel
(20mM 1, 3 equiv.) was added. The suspension was stirred at room temperature and no reaction
occured. The same procedure was followed and the sample was heated at 80C, yielding dissolution

of the material. FTIR-ATR (diamond surface, 20 °C) ven =2115cm™ L.
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Surface Area Analysis. Samples were prepared on and measured using a Micrometrics ASAP
2020 Adsorption Analyzer. Approximately 40-60 mg of material was transferred to a pre-weighed
sample tube under inert atmosphere and degassed at 50°C for at least 24 hours or until the outgas
rate was below 5 mmHg. The sample tube was reweighed to obtain sample mass. Measurements
were collected on three independent samples at 77 K employing N2 of 99.999% purity using the

volumetric technique.
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Figure 4.6. N, isotherm collected at 77 K of Ni-S°CN-3. Black curve is adsorption and orange curve is desorption.
BET surface area reported is 160 m?/g.
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Figure 4.7. CO; isotherm collected at 195 K of Ni-"S°CN-3. Black curve is adsorption and the orange curve is
desorption. The BET surface area reported is 324 m?/g.
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Figure 4.8. N, isotherm collected at 77 K of oxidized Ni-S°CN-3. Black curve is adsorption and orange curve is
desorption. There is negligible surface area.
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Figure 4.9. CO, isotherm collected at 195 K of oxidized Ni-S°CN-3. Black curve is adsorption and orange curve is

desorption. BET surface area is ~111 m%/g.
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Figure 4.10. N, isotherm collected at 77 K of reduced Ni-'SOCN-3 after one oxidation cycle. Black curve is
adsorption and orange curve is desorption. BET surface area is ~69 m?/g.
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Figure 4.11. CO; isotherm collected at 195 K of reduced Ni-'S°CN-3. Black curve is adsorption and orange curve is
desorption. BET surface area reported is ~183 m*/g.
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Figure 4.12. N isotherm collected at 77K of reduced Ni-S°CN-3 after the 5" redox cycle. Black curve represents
adsorption and orange curve is desorption. BET surface area reported is ~34 m%/g.
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Figure 4.13. CO; sorption isotherm at 195K of reduced Ni'S°CN-3 after the 5" redox cycle. Black curve represents

adsorption and orange curve is desorption. BET surface area reported is ~147 m%/g.
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Figure 4.14. ATR-IR of as prepared sample of Ni-'OCN-3. Sharp bands at 2250 and 2294 cm! correlate to

acetonitrile and benzonitrile, respectively.
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Figure 4.15. ATR-IR spectra of Ni'S°CN-3 after 24 hours of pure water exposure (bottom) and 72 hours of pure water
exposure (top). Free isocyanide is observed in the spectra after 72 hours, indicating decomposition of the material.
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Figure 4.16. ATR-IR of oxidized Ni-'SOCN-3 (first cycle) prior to gas sorption analysis. Material was treated with
FcOTY.
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Figure 4.17. ATR-IR of crystalline Ni"S°CN-3 5 days after addition of Fc*OTf (top) and 24 hours after addition of
Fc*OTf (bottom). No change in the IR is observed.
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Figure 4.18. ATR-IR of crystalline Ni(CNArM2), (top) and [Ni(CNAr™®2),]OTf (bottom). Oxidation was done
using Fc*OTf.

125



2182.74

% Transmittance
110845
570.87

515,26

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumbers (cm-1)

Figure 4.19. ATR-IR of the reaction of Ni'S°CN-3 with excess FcOTT. Dissolution of material suggests formation of
molecular species and decomposition of the framework.
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Figure 4.20. ATR-IR of oxidized Ni-S°CN-3 used for gas sorption analysis. IR was taken post analysis, indicating
material is unchanged at the Ni(0) centers.
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Figure 4.21. ATR-IR of Ni-'SOCN-3 treated with 1 atm of O; (g) after 24hr. No decomposition of material observed.
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Figure 4.22. ATR-IR of Ni-'S°CN-3 treated with 1 atm of O, (g) after 72 hr.
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Figure 4.23. ATR-IR of Ni-"S°CN-3 after being treated with 3 mL of Millipore water for 24 hours. No change is
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Figure 4.24. ATR-IR of Ni-'SOCN-3 after being treated with 3 mL of Millipore water for 72 hours. The presence of

both free isocyanide and isocyanate are now detected.
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Figure 4.25. Ni-S0CN-3 in an ampoule with 3 mL of Millipore water. The red sample floats on top and sticks to the
walls of ampoule and does not mix with the water.
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Figure 4.26. ATR-IR of a sample of Ni-'S°CN-3 after a N isotherm analysis run. No change in the IR.
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Figure 4.27. ATR-IR of a sample of Ni'S°CN-3 after treatment with 3 eqvt. BnBr at room temperature for three
hours. Oxidation of the Ni(0) nodes is observed by the presence of the broad peak at ven =2116 cm™.
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Figure 4.28. ATR-IR of a sample of Ni'S°CN-3 after treatment with 3 eqvt. BnBr at room temperature over the course
of 24 hours. Decomposition of the material is observed as free ligand is the only present isocyanide stretch.
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Figure 4.29. ATR-IR of a sample of solid NiISOCN-3 after treatment with 3 eqvt. Mel at room temperature for 24
hours. No change in the starting material is detected.
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Figure 4.30. ATR-IR of a sample of Ni'SOCN-3 after treatment with 3 eqvt. Mel at 80°C for 24 hours.
Decomposition of the material is observed as free ligand is the only present isocyanide stretch.
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Figure 4.31. Zoomed in ATR-IR measurements of a sample of Ni"S°CN-3 as prepared (red, bottom), after the
second oxidation of Ni'SOCN-3 (blue, middle), and second reduction of oxidized Ni'S°CN-3 (purple, top). IR shifts
are consistent with one electron oxidation and reductions, respectively.
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Figure 4.32. Zoomed in ATR-IR spectra of a sample of Ni'S°CN-3 undergoing multiple redox cycles. The bottom
spectra is the IR of Ni'S®CN-3 after its second oxidation, followed by the IR of reduced Ni'SCCN-3 after its second
reduction (second spectra from bottom). The following spectra consist of the third oxidation and third reduction
products through the fifth reduction of Ni'SOCN-3 (top spectra). ATR-IR data indicates the material undergoes a
minimum of five cycles of full oxidation and reduction before decomposing.
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Figure 4.33. Zoomed in ATR-IR spectra of a sample of re-reduced Ni'S°CN-3 (fifth cycle) once treated with
Fc*OT{. Oxidation of the metal nodes occurs, indicating the material is no longer structurally ordered.
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Figure 4.34. ATR-IR spectra of solution after oxidation of Ni'S°CN-3 (sixth cycle). Free ligand is observed in the
spectra, indicating degradation of the material.
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1H-NMR Spectra
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Figure 4.35. '"H-NMR of free 1,4-(CNArM®*2),C¢Hy4 in CeDs.
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Figure 4.36. 'H-NMR spectrum of product from reaction between Ni'S°CN-3 and 3 EQVT BnBr after 24 hours at
room temperature in C¢Ds. Free ligand is present. The solution is red.

EPR Experimental Data and Simulations.

The X-Band continuous wave (CW) EPR spectrum of oxidized Ni'°CN-3 was measured on a
Bruker ES00 spectrometer equipped with a Bruker ER 041 X Microwave Bridge and a liquid
nitrogen cooling system. The spectrum was recorded in a 4 mm quartz tube at 10 K, and the
magnetic field was calibrated with DPPH. The sample was prepared in an argon-filled glovebox.

Data were fitted using EasySpin package.’
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Figure 4.37. 10K X-band CW EPR spectrum (black trace) of the metalloradical generated from oxidation of
Ni'SOCN-3 compared to simulated spectrum (red).

Input File for Easyspin EPR Simulation of Oxidized Ni'SCCN-3.

Exp.mwFreq = 9.360;

Sys1.Nucs = 'Ni';

Sys1.S =1/2;

Sysl.g=[2.292.13 2.129];
Sys1.gStrain =[0.075 0.09 0.008];

A Ni=[80.4811 74.9897 123.3078];
Sys1.AStrain =[5 5 2.009];

pepper(Sys1,Exp);
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Figure 4.38. 10K X-band CW EPR spectrum (black trace) of the metalloradical generated from [Ni(CNArM®2),]JOTf
compared to simulated spectrum (red).

Input File for Easyspin EPR Simulation of [Ni(CNArM¢2),OTf.

Exp.mwFreq = 9.363;

Sys1.Nucs = 'Ni';

Sys1.S =1/2;

Sysl.g =[2.3619 2.0695 2.065]
Sys1.gStrain = [0.06 0.05 0.03]

A Ni=[150.5852172.9414 101.8574];
Sys1.AStrain = [5.02 5 22];

pepper(Sys1,Exp)
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Figure 4.39. 10K X-band CW EPR spectrum (black trace) of the metalloradical generated from
[Ni(CNArM®2);10Tf compared to simulated spectrum (red).

Input File for Easyspin EPR Simulation of [Ni(CNArM2);]OTf.
Exp.mwFreq = 9.366;

Sys1.Nucs = 'Ni';

Sysl.S =1/2;

Sysl.g =[2.3619 2.1354 2.1381]

Sys1.gStrain = [0.0358 0.06 0.04]

A Ni=[202.585234.9414 211.8574];

Sys1.AStrain = [5.02 12 22];

pepper(Sys1,Exp)

Thermal Analysis. Thermogravimetric analysis was performed on ~5—15 mg of material been

dried under dynamic vacuum. Analysis was conducted under a stream of dry dinitrogen gas (80
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mL/min) using a Mettler Toledo TGA/DSC 1 STARe System running from 30 °C to 800 °C with

a ramping rate of 5 °C/min.
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Figure 4.40. Thermogravimetric analysis (TGA) (black trace) of Ni-SOCN-3.

General Crystallographic Information. Single X-ray structure determinations were performed
at 100 K on Bruker Platform Diffractometers equipped with Mo-K, or Cu-K,, radiation source and
an APEX-II CCD area detector. All structures were solved via direct methods with SHELXS*?
and refined by full-matrix least-squares procedures using SHELXL within the Olex2 software
package® Crystallographic data collection and refinement information are listed in Table 4.2.
MeCN solvent molecules of co-crystallization are present within the solvent-accessible channels.
The Platon routine SQUEEZE’ was used to account for the electron density of this disordered
solvent as a diffuse contribution to the overall scattering without specific atom positions. Powder
X-ray diffraction studies on Ni-S°CN-3 were performed at 100 K on a Bruker D8 Advanced
LynxEye CCD diffractometer, equipped with Cu-K, radiation (A = 1.54178 A) and Kg filter.

Diffraction measurements were set to 40V and 40 mA.
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Figure 4.41. View of an individual network of the diamondoid Ni-'S°CN-3.
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Figure 4.43. View along the b-axis of Ni-'SOCN-3 of an individual framework of Ni-SCCN-3.
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Table 4.2. Crystallographic refinement information for Ni'S°CN-3.

Name Ni'S°CN-3
Formula Ci12H104N4Ni
Crystal System Tetragonal
Space Group P-4b2
a, A 20.5707(8)
b, A 20.5707(8)
c, A 13.3409(8)
a, deg 90
P, deg 90
Y, deg 90
v, A3 5645.36
4 2

Radiation (), A)

Cu-Ka, 1.54178

p (caled.), g/cm? 0.984
w(Mo Ka), mm™! 0.552
Temp. K 100

® max, deg 134.52
Data/parameters 2419/288

Ry 0.0906

wR, 0.2245

GOF 1.0722
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Figure 4.44. Powder X-Ray Diffraction pattern of as synthesized Ni-S°CN-3 (red) and simulated (black).
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Figure 4.45. Powder X-Ray Diffraction patterns of oxidized Ni-'S°CN-3 (black) and reduced Ni-"S°CN-3 (orange).
As displayed by the figure, it is evident the material stays crystalline.
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Figure 4.46. Powder X-Ray Diffraction patterns of Ni-'S°CN-3 (black) post gas-sorption measurements. The
material remains crystalline, there is no indication of collapse.
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Figure 4.47. Powder X-Ray diffraction patterns of oxidized Ni-S°CN-3 (black) post gas-sorption measurements.
The material maintains crystallinity.
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Figure 4.48. Powder X-Ray Diffraction patterns of re-reduced Ni-S°CN-3 (black) post gas-sorption measurements.
The material maintains some crystallinity, however defects are more prominent.
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Figure 4.49. Powder X-ray Diffraction pattern of re-reduced Ni-'S°CN-3 after two redox cycles. Loss of crystallinity
observed.
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Figure 4.50. Powder X-ray Diffraction pattern of re-reduced Ni-'S°CN-3 after the fifth redox cycle.
Ni K-Edge X-ray Absorption Spectroscopy (XAS) Measurements and Analysis.

Experimental details.

Solid samples for X-ray spectroscopic analysis were prepared in an inert-atmosphere
glovebox. Solid samples were finely ground using an agate mortar and pestle with boron nitride
(BN) into a homogeneous mixture comprising 5% (w/w) Ni. These mixtures were pressed into 1
mm Al spacers and sealed with 38 um Kapton tape. XAS data were obtained at the Stanford
Synchrotron Radiation Lightsource (SSRL) at beamline 9-3 under ring conditions of 3 GeV and
500 mA. Incident X-ray radiation was monochromated using a double Si(220) crystal
monochromator and a Rh-coated mirror (set to an energy cutoff of 13 keV) was used for harmonic
rejection. Spectra were collected in fluorescence mode, with X-rays detected by a PIPs detector
placed at a 90° angle to the sample. A Ni foil and a third ionization chamber upstream of the
sample were used for internal energy calibration, setting the first inflection point of the Ni foil

scan to 8331.6 eV.
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Data were collected from 8010 eV to 8730 eV. Four scans were measured and averaged
with the Athena software package® No spectral changes due to photodamage were observed after
multiple scans for these complexes. Eo was set at 8350 eV, and the region below 8300 eV was
used to fit a linear background, while the region above 8350 eV was flattened with a piecewise
spline and set to an average intensity of 1.0.

DFT Calculations.

All calculations were performed in Orca 4.2.0° TDDFT calculations were performed at
the def2-tzvpp(C,H,N,I)/CP(PPP)(N1)//B3LYP level of theory. UB3LYP was used for the open
shell species 2. The RIJCOSX approximation and associated auxiliary basis sets were used.
Relativistic corrections were performed with the Zeroth Order Relativistic Approximation
(ZORA). The Lebedev 302 point integration grid (Orca Grid4) was selected for C, H, and N atoms,
while the Lebedev 770 point integration grid (Orca Grid7) was used for Ni and I atoms. Solvent
corrections were applied with the continuous polarizable continuum model (CPCM).! Calculated
spectra were shifted by a scalar correction, derived from the average of the difference between the

calculated and measured first pre-edge feature.

147



1.2 —

1.0

0.8 —

0.6 —

0.4 —

NORMALIZED ABSORBANCE

0.2

0.0 = | | | | |
8320 8330 8340 8350 8360 8370
ENERGY (eV)

Figure 4.51. XAS experimental spectra of oxidized Ni"S°CN-3 (2), [Ni(CNAr™®2),]JOTf (2-L) and neutral
Ni(CNArMes2), (3-L).
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Figure 4.52. Calculated pre-edge features on structure 2-L, with associated orbitals annotated for major transitions.
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Figure 4.55. Overlay of the calculated pre-edge features of neutral Ni(CNAr™®?), (3-L) with the measured Ni K-
edge XAS of neutral Ni"°CN-3 (3).
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ICP-MS Analysis.

General Considerations.
Inductively Coupled Plasma-Mass Spectrometry measurements were carried out at

UCSD’s Environmental and Complex Analysis Laboratory (ECAL) on a single Quadrupole
Thermo iCAP RQ ICP-MS. Samples of Ni'S°CN-3 was washed three times with dry THF and n-
hexanes, dried in vacuo and dissolved in commercially available trace metal HNO3 (67-69%) from
Fisher. The sample was then filtered and diluted to 10-100 ppb of Ni metal in 10mL of a solution
containing 1% HNO; in S-15 MilliQ water. 4 x 10 mL calibration solutions containing 1ppb, 10
ppb, 100 ppb, 1000 ppb of respectively were prepared using a solution containing 1% HNO3 in
ultrapure MilliQ water. These calibration solutions were prepared with the ICP-MS Complete
Standard reagent (3% v/v HNO3) purchased from Inorganic Ventures containing various metals,
including 10 pg/mL Ni, Fe and Co. 50 puL of the commercially available Internal Standard from
Inorganic Ventures were added to all calibration solutions in addition to the sample solution
prepared. A 10 mL blank solution was also prepared containing 1% HNO3 in MilliQ water and the
internal standard. All sample centrifuge tubes were cleaned beforehand by soaking in 2% HNO;

(aq) overnight, then rinsed with ultrapure MilliQ water.

Table 4.3. ICP- MS Results for oxidized Ni'S°CN-3.

T L

Mean 1392.782936 -18.09850052
RSD [%] 0.584457605 7.286140306
SD 8.14022579 1.318682141

No *’Fe detected in ICP-MS sample, indicating ferrocene is not occupying the pores and leading to decreased surface
area.
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Table 4.4. ICP-MS Results for reduced Ni'S°CN-3.

Mean 32.22794953 -0.258621642
RSD [%] 1.318131988 1.859611425
SD 0.424806912 0.004809358

No *°Co detected in ICP-MS sample, indicating cobaltocenium triflate is not the cause of decreased surface area upon
reduction.
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Chapter 5 Curvature Selective Nanocrystal Surface Ligation Using Sterically Encumbered
Metal-Coordinating Ligands.

5.1. Introduction.

Inorganic nanocrystals are bound by crystalline facets that present highly undercoordinated
surface sites at the corners and edges of the nanocrystal. Chemical modification of these surface
sites can have a profound effect on the distinctive properties of a nanocrystal, including its
optoelectronic function,' catalytic reactivity,” and ability to self-assemble.> Ligands that feature
anchoring groups with favorable nanocrystal binding energies typically result in indiscriminate
binding to all available surface sites, as exemplified by thiolated molecules where strong metal-
sulfur bonds facilitate the formation of a molecular monolayer.® Nanocrystal surface ligation is
further complicated by the consideration of solvent interactions, which can significantly alter both
the thermodynamics and dynamics of surface-ligand interactions and, thus, interfere with binding
site selectivity. As a result, very few strategies are successful in anchoring ligands with precision
to specific nanocrystal features.

In contrast, ligand-design strategies — often implemented through synthetic organic
chemistry — are routinely employed to control the coordination number, geometry and overall
electronic structure of molecular transition-metal complexes.”” As a general principle, ligands
featuring encumbering steric profiles can enforce and stabilize low coordination numbers for
transition metal centers. A particularly effective scaffold used in the synthesis and stabilization of
reactive, low-coordinate metal centers is the m-terphenyl ligand class,'*'* in which two sterically-
encumbering arene groups flank a metal-binding group on a central aryl ring. This specific
molecular topology places considerable steric demands in the direction pointing toward the metal

primary coordination sphere and, as a result, can promote low coordination numbers in molecular

complexes through ligand-ligand steric interference. (Fig. 5.1A) We reasoned that the m-terphenyl

157



backbone, when attached to the surface of a nanocrystal, could serve to differentiate
undercoordinated binding sites via surface-ligand steric interference. For surfaces with high
nanocurvature such as nanocrystal corners and edges, binding should result in low steric
interference from neighboring surface atoms in the vicinity of ligand anchoring. Surfaces with low
nanocurvature, such as nanocrystal facets, more closely approximate a planar surface where the
steric pressure from neighboring surface atoms becomes more significant and potentially great
enough to inhibit ligand binding. (Figure 5.1B,C)

5.2. Results and Discussion.

Here, we demonstrate that m-terphenyl-based anchoring groups can discriminately bind to
colloidal Au nanocrystals of varying diameter (Fig. 5.1D) based on this concept of curvature-
dependent steric pressure. We specifically employ encumbering m-terphenyl isocyanide ligands, '
14 which provide a three-atom linker between a surface Au binding atom and the central aryl ring
of the m-terphenyl backbone. This allows the organic substituents of the m-terphenyl isocyanide
ligands to be synthetically tuned to either maximize or relieve steric pressures across a wide degree
of nanocurvature. Nanocurvature-selective ligand binding is confirmed through nanocrystal
extraction experiments and atomistic modelling, employing quantum mechanical (QM) electronic-
structure calculations, and molecular dynamics (MD) simulations. We conclusively demonstrate
how the steric differentiation of ligand anchoring groups can be engineered, paving the way for a
new class of nanocrystal ligand chemistries for improved nanocrystal synthesis and

nanomanufacturing.
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Ligand exchange reactions using pseudospherical Au nanocrystals (AuNSs) and the m-
terphenyl isocyanide ligand CNArM®? (ArMe? = 2,6-(2,4,6-Me;CeH2)2CeH3)'> ' indicate that
ligand binding is selective for nanocurvature and is consistent with ligand-surface steric

interference as the dominant mechanism for selectivity. We first carried out ligand exchange of 10
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Figure 5.1. Nanocurvature selectivity enabled by surface-ligand sterics. Schematic of A) a tetrahedral coordination
complex formed by m-terphenyl isocyanide ligation to a metal center. B) Computational model of m-terphenyl
isocyanide ligands binding to an Au nanocrystal, where Au(100) and Au(111) surface facets generate planar, edge, and
corner sites. C) Schematic of m-terphenyl isocyanide selectivity for high-curvature surface binding sites due to the
molecular topology of the ligand anchoring group. D) TEM image of Au nanocrystals showing regions of high and low
curvature. Scale bar = 100 nm. E) Surface-enhanced Raman spectra for the AuNSs before and after ligand exchange
with CNArM®2 indicating complete displacement of citrate. F) UV-Vis extinction spectra of the aqueous raffinate before
and after ligand exchange showing near complete transfer of the AuNSs into the solvent phase. G,H) Photo showing the
ligand exchange and solvent transfer of AuNSs of varying diameters, where the top phase is the aqueous raffinate and
the bottom phase is chloroform. 1) Plot comparing the extraction efficiencies for CNAr™®? and for the unencumbered

CNXyl ligand. J) Plot of the equilibrium distribution coefficient for extraction of the AuNSs into chloroform by
CNA™s2 binding.

nm citrate-stabilized AuNSs using the CNAr™®? Jigand to facilitate nanocrystal transfer from an
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aqueous phase to chloroform. Importantly, unencumbered alkyl and aryl isocyanides have been

well established to bind to Au surfaces and nanoparticles,!>%!

and can exhibit surface binding
energies competitive with thiols.'® 2! Successful CNArM®? complexation to the AuNSs was
accompanied by a corresponding color change of the aqueous phase (raffinate) from red to
colorless. Upon transfer into chloroform, the CNA™*2-bound AuNSs aggregated to form a grey
precipitate that was readily extracted via solvent evaporation or centrifugation. Transmission
electron microscopy (TEM) images of the extracted precipitate showed well-separated AuNSs

Mes2

with no changes in the core nanocrystal sizes (Figure ). Binding of CNAr"**“ was characterized by

zeta potential measurements (Figure 5.9) and surface-enhanced Raman spectroscopy (Figure

Mes2

5.1E), which shows complete displacement of citrate by CNAr™®? and a sharp peak at 2166 cm™!

corresponding to the n(CN) stretching vibrations of Au-bound isocyanide.!> 13 15 16, 19, 22, 23
Complete transfer of the AuNSs into chloroform was confirmed by extinction measurements
(Figure 5.1F) of the raffinate, where the optical density (OD) goes to near-zero after ligand
exchange.

The metal-proximal steric properties of CNAr™®s?

are expected to result in less favorable
binding energies for larger AuNSs, for which surface curvature is lower and steric interactions
begin to dominate surface-ligand interactions. Because AuNSs possess pseudospherical
morphologies with irregular faceting, the surface selectivity of CNAr™®? is expected to depend
not only on AuNS size, but the relative number of edge and corner sites to facet sites available for
ligand adsorption, with larger AuNSs possessing a lower ratio for edge and corner sites than
smaller AuNSs. To confirm this, we measured the phase transfer efficiencies for AuNSs with

varying diameters, which is dictated by the ligand exchange equilibrium between citrate and

CNAMe2 at the water/chloroform interface. (Fig. 5.1G — I) The equilibrium distribution
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coefficient (D) exhibits an asymptotic decay with AuNS diameter consistent with inhibition of

isocyanide binding to low-curvature Au surface sites. (Figure 5.1J) In contrast, phase transfer

using 2,6-dimethylphenyl isocyanide (CNXyl; Xyl = 2,6-Me2Ce¢H3), which possesses an
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Figure 5.2. CNArM*? binding to Au nanocrystals. QM/DFT interaction energy plots of binding to (A) a flat
Au(001) surface and (B) an Au edge site. The data (solid circles) are connected with a dashed line to guide the
eye. The most favorable distance and energy are indicated in red. (Inset) atomistic model of the lowest energy
configuration. (C) Final snapshot from the equilibrium MD simulation at 298K in CHCls. (D) Zoom-in of the Au
nanocrystal with bound CNAr®2 and (E) an overlay of the last 50 frames of the MD trajectory, illustrating edge-
specific binding and diffusion. (F) Radial distribution function of CNAr™*? (green) and CHCl; (blue) taken with
the AuNS center of mass as the origin. AuNS facets are located at 21-24 A away and AuNS edges are located at
26-27 A away. The peaks for CNArM®2 at 29-30 A correspond to adsorbed CNArM®? at edge sites, consistent with

our DFT results. The peaks for CNA™®2 at <28 A correspond to diffusive motion of CNAr™®2 on the AuNS

surface, which results in some CNAr™M®2 mass crossing over to the flat surface, as seen in (E).

unencumbered isocyanide head group, exhibits a high exchange efficiency for all AuNS sizes,

consistent with indiscriminate Au surface binding.

To pinpoint how the molecular topology of CNArM®? leads to this curvature selectivity,

we performed QM calculations employing density functional theory at the PBE/GGA level with
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dispersion corrections. A planar Au surface was modeled as either perfect Au(100) or Au(111)
slabs, while a curved surface was modeled as an edge site at the intersection of the slabs. The
binding energy was taken as the lowest energy for the CNArM®? approach to each surface. We

Mes2

found that in vacuum, CNAr exhibited a larger binding energy for edge sites (E =-1.22 eV)

than for the Au(100) surface (E =-0.17 eV). (Figure 5.2A, B) Closer examination shows that the

Mes2 allows for a closer approach of the isocyanide

steric profile of the flanking arenes on CNAr
group at the Au edge sites, with a C-Au distance of 2.0 A. In contrast, steric interactions between
these arenes and neighboring Au atoms on the Au(100) slab enforce a longer C-Au bond distance
of 3.6 A and thus weaker metal-ligand binding.

The presence of solvent modulates isocyanide ligand binding to the Au surface, as
expected, an effect we quantify by means of extensive MD simulations. Here, we modeled a 5-nm
diameter AuNS as a chamfered cube bound by Au(100) and Au(111) facets with edge lengths of
1.7 nm (Figure 5.12). Snapshots of the system solvated in CHCI3 and structural analysis by means
of radial distribution functions showed that CNAr™®? selectively binds to the edges of the Au
nanocrystal (Figure 5.2C- F). Our simulations also reveal that while the binding of CNArM®? to
the solvated nanocrystal is strong (with no observed CNAr"®? desorption), the molecules
selectively diffuse along the edge sites. (Figure 5.2E) Along with accelerated MD simulations
(Figure 5.15), these computational results confirm a predicted 150-fold increased CNAr™es2
binding to the edge sites.

Microscopic insights into the ligand exchange process were also quantified, using
accelerated MD simulations of CNArM®? bound to AuNSs in water. These simulations revealed

that CNArM®2 binding free energies in water are reduced on the edge sites, in sharp contrast to the

energetics in chloroform. We also calculated an unfavorable free energy of CNAr™®? transfer from
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chloroform to water based on the solvation free energies of the solvated ligand (Table 5.2). Thus,
the solvent-philic forces between CNAr™®?2 and chloroform are the major thermodynamic driving
force for the complete transfer of CNA™*2-bound AuNSs into the chloroform phase and our
calculations support our hypothesis that it is unlikely that that any CNAr™*2-bound AuNSs remain
in the aqueous phase.

Based on these results, we used CNArM®? to carry out liquid-liquid extraction (LLE) of
AuNSs based on the observed selectivity for nanocurvature (Figure 5.3). Classical LLE is often
used to separate molecular transition-metal complexes based on their relative solubilities, and
involves transfer/partitioning of the desired isolate from liquid phases of differing polarity.?* In
our LLE method, AuNSs serve as the isolate and are partitioned between immiscible aqueous and
chloroform phases using CNAr™®2 to facilitate selective solvent transfer based on nanocrystal size.
We approximated an equilibrium binding threshold for CNA™®? at D=1, corresponding to 55 nm
AuNSs based on the decay fit in Figure 5.1J. Nanocrystal size-focusing and size-separation
experiments were designed with this size threshold in mind. For size-focusing, we used a starting

feedstock of citrate-capped AuNSs with an average particle diameter of 56 + 6 nm, as obtained by
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Figure 5.3. Size-selective LLE of AuNS dispersions. (A) TEM images of a AuNS dispersion before and after size-
focusing. The final AuNS population is extracted from the chloroform phase. (B) Size distributions for an AuNS
dispersion before (citrate-bound) and after (CNAr™*2-bound) size-focusing. Tick labels denote a bin size of 4 nm.
(C) TEM images of AuNSs in the raffinate and extract after LLE was carried out on a binary feedstock of 10 nm and
80 nm citrate-coated AuNSs. (D) Plot of separation efficiencies for LLE experiments carried out with the following
binary feedstocks: 10/80, 20/80, 10/50, and 20/50 nm AuNS mixtures. Scale bars = 100 nm.

TEM image analysis (Figure 5.3A). After LLE, the extracted AuNSs show a significant reduction
in the average diameter and distribution at 54 + 2 nm. In addition, no AuNSs larger than 64 nm
are observed in the chloroform extract, demonstrating the ability to selectively retain larger AuNSs
in the aqueous raffinate (Figure 5.3B). For size-separation, we used an aqueous feedstock
containing a mixture of two AuNS populations with different average sizes. For a 10/80 nm
feedstock, TEM analysis showed that 10 nm particles were the predominant population in the
chloroform extract, while 80 nm AuNSs were the exclusive population of the corresponding
raffinate (Figure 5.3C). OD measurements indicate that 96% of the 80 nm AuNSs remain in the
raffinate, which we take as the overall separation efficiency for the 10/80 nm feedstock. We

measured the separation efficiency of three additional binary feedstocks (20/80, 10/50, and 20/50
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nm), with our results indicating a separation resolution of ~40 nm for our LLE method (Figure
5.3D).

We computationally screened two additional m-terphenyl isocyanide ligands that were
expected to exhibit increased ligand-surface steric pressures: CNArPPP2 (ArPPP2=2 6-(2,6-(i-
Pr)2CsH3)2CsH3); i-Pr = iso-propyl)!® and CNAr™ P2 (ArTriPP2= 2 6-(2.4,6-(i-Pr);CsH2)2CeH3)). '
The results for CNXyl, for which we experimentally observed uninhibited AuNS binding across
all AuNS sizes, are also shown for comparison. The calculated QM interaction energies indicate
that both CNArPPP2 and CNAr™PP? ligands exhibit weaker Au edge-site binding than CNArMe?,
with binding energies of -0.89 eV and -0.58 eV, respectively (Figure 5.4A-C). CNAr°?P2 which
lacks a substituent in the para-position of the flanking arene ring, exhibited stronger binding to
facet sites than CNArM®2, with E = -0.29 eV. The more encumbering and functionalized arene
groups in CNATrPPP2 and CNAr™PP? also increased the oleophilicity of the ligands.

To better correlate these calculated free energies with experimental ligand exchange and
LLE outcomes, we considered four computational descriptors for optimizing nanocurvature
selectivity binding and solvent extraction of AuNSs using various ligand anchoring chemistries
(Table 5.3). First is the site-binding ratio (SBR) calculated as the difference between the DFT
interaction energies at the edge sites and a flat surface. This term describes a ligand’s ability to
selectively bind to high-curvature surface sites. Second is the nanocrystal edge-binding factor

(EBF), calculated as the difference between the DFT interaction energy, corrected for zero-point
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Figure 5.4. Surface-ligand steric pressure by design. Schematics of AuNS binding and QM/DFT interaction
energy plots of binding for (A) CNXyl, (B) CNArP?P2 and (C) CNAr™ 2, which possess organic substituents with
varying degrees of bulkiness. For interaction energy plots, the data (solid circles) are connected with a dashed line
to guide the eye. The most favorable distance and energy indicated in red, and solvation energies are indicated by
the dashed blue line. (D) Spider plot showing site-binding ratio (SBR), edge-binding factor (EBF), solubility factor
(SF), and solvent partition factor (SPF) values for CNArM®2 and the ligands in (A-C). Normalized values range
from -1 to 1, with the black dashed line indicating a value of 0. (E) Experimental extraction efficiencies for
CNArP#PP2 and CNAr™PP2 for AuNS with varying diameters. Error bars for CNAr™P2 are not shown because they
are smaller than the size of the data point.

energy and differential entropy of binding effects, at an edge site and the ligand solvatiergy of the
corresponding amorphous solid. This term is a thermodynamic factor related artition factor (SPF)
calculated as the difference in solvation energy of the free ligand in chloroform and water. This

last term is related to the efficiency of the LLE process. Figure 5.4D plots these parameters for the

166



m-terphenyl isocyanide ligands studied here, where we adopted the convention of normalized
functions ranging from -1 (unfavorable) to 1 (favorable), with 0 representing the threshold.

For CNArPPP2, we calculated a reduced site-binding ratio of SBR~0.6 (compared to 1.0 for
CNAr™*2) and an unfavorable EBF of -0.1 (compared to 0.1 for CNAr™®?), that would preclude
binding to smaller AuNSs dominated by edge and corner sites. On the other hand, the higher SPF

Dipp2 for chloroform. LLE experiments using CNAr>iPp?

is predicted to increase the affinity of CNAr
were consistent with our predictions, exhibiting relatively high extraction efficiencies (Figure
5.4E) that were particularly pronounced for larger AuNSs. In fact, we found that in this larger size
regime, CNAr®®? outperformed CNAr™®? in facilitating AuNS LLE. The effects of steric
encumbrance were even more pronounced with CNAr"PP2 where the large, negative edge-binding
factor (EBF=-0.5) predicted unfavorable binding to nanocrystal surface sites (even regions of high
curvature). Indeed, we measured extraction efficiencies of <10%, even for the smallest 10 nm
AuNSs and Raman measurements indicated limited-to-no binding. Across the four isocyanide
ligands studied in our experiments, tuning the steric profiles of the flanking arenes of the m-
terphenyl group provides only moderate differentiation of ligation via SPF and SF, with all ligands

providing sufficient solubility for nanocrystal post-processing.

5.3. Conclusion.

Combined, our experimental and computational results demonstrate that the steric profile
of m-terphenyl isocyanides can enable nanocurvature-dependent binding on Au nanocrystal
surfaces. We demonstrate that it is the molecular topology of the ligand anchoring group — rather
than the ligand coronas — that is responsible for selective isocyanide ligation to edge and corner
sites. Articulation of the ligand design principles developed in this work can now be expanded to
a vast library of ligands that have already been studied for molecular metal coordination

complexes. Importantly, we also find that for colloidal nanocrystals, solvent plays a critical role in
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not only dictating whether this steric differentiation occurs during the ligand exchange process,
but also in determining the dynamics of ligand diffusion, molecular desorption, and solvent
extraction after ligand exchange has occurred. Molecular topology of nanocrystal ligands must be
co-designed for surface site selectivity and solubility. That solvent is capable of fine-tuning ligand-
surface interactions perhaps explains why precise nanocrystal surface modification is so difficult
to achieve in practice, given that it is only recently that computational approaches have been
accurate and efficient enough to obtain microscopic insights into binding, thereby predicting the
outcomes of these many-body, complex systems.

5.4. Experimental Section.

Chemicals and Materials
Sodium citrate (>99%), sodium borohydride (NaBHi, >98.0%), gold(Ill) chloride

trihydrate (HAuCls-3H20, >99.9%), hydroxylamine hydrochloride (NH2OH-HCI, 98%) and Xylyl
isocyanide (CNXyl; Xyl = 2,6-Me2CsH3; 98%) were purchased from Sigma-Aldrich and used as
received. Water used in experiments was obtained from a Millipore water purification system with
a resistivity of 18.2 MQ cm. The m-terphenyl isocyanide ligands CNAr™®? (AMes2 = 2.6-(2,4,6-
MesCsH2)2CsH3) (25), CNATPPP? (ArPPP2= 2 6-(2,6-(i-Pr),CeH3)2CeHs); i-Pr = iso-propyl) (26),
and CNAr™PP2 (ArTiPP2= 2 6.(2,4,6-(i-Pr);CeH2)2C6H3) (27), were prepared as previously
described.
Synthesis of Citrate-Capped Gold Nanospheres (AuNSs)

Citrate-AuNSs with a diameter of 5 + 0.7 nm were purchased from nanoComposix Inc. of
San Diego, California.

Citrate-AuNSs 10 nm in diameter were synthesized according to the method of Bastls et
al.(28) An aqueous solution of sodium citrate (150 mL, 2.2 mM) was refluxed under vigorous

stirring in a 250 mL three-necked round-bottomed flask. The flask was equipped with a condenser
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to prevent solvent evaporation. An aqueous solution containing HAuCls-3H>O (1 mL, 25 mM) was
injected into the sodium citrate solution and heating was continued for an additional 20 min. The
resulting colloidal solution of AuNSs were used directly for further experiments and TEM
imaging. The synthesized 10 nm citrate-AuNSs had a measured diameter of 11.5 = 1 nm based on
TEM images (Figure 5.5).

Citrate-AuNSs of 20 nm in diameter were synthesized in a modified Turkevich
method.(29) An aqueous solution containing HAuCls-3H>O (5 mg, 0.015 mmol, 0.3 mM) was
refluxed under vigorous stirring. A aqueous solution containing sodium citrate (5 mL, 0.23 mmol,
46.5 mM) was injected into the boiling solution. The solution was heated for an additional 30 min
and cooled to room temperature before further use. The resulting colloidal solution of AuNSs were
used directly for further experiments and TEM imaging. The synthesized 20 nm citrate-AuNSs
had a measured diameter of 22 + 2 nm based on TEM images (Figure 5.5).

The 20 nm AuNSs were used as-synthesized as seed particles to synthesize AuNSs of 50
nm in diameter. An aqueous solution of the seed particles (20 nm AuNPs, 3.0 mL) and
NH>OH-HCI (200 pL, 0.2 M) were added to 50 mL water in a 100 mL round-bottom flask.
HAuCl4-3H20 (3.0 mL of 0.1 wt% solution in H2O) was added dropwise to the solution under
vigorous stirring and allowed to react for 30 min at room temperature. A gradual color change
from light to dark red was observed. The 50 nm citrate-AuNS had a measured diameter of 56 + 6
nm measured based on TEM images (Figure 5.5).

The AuNSs of 80 nm and 100 nm diameter were synthesized by the same seeded-growth
method as the 50 nm particles. For AuNSs of 80 nm diameter, 2.0 mL seed solution was used,
whereas 1.0 mL of seed solution was used to prepare AuNSs of 100 nm diameter. The resulting

colloidal solution of AuNSs were used directly for further experiments and TEM imaging. The 80
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nm citrate-AuNS had diameter of 80 £ 7 nm and 100 nm nanospheres had diameter of 105 = 10
nm as measured from TEM images (Fig. 6.5).

All gold dispersion concentrations were adjusted to maintain the same overall molar
concentration of surface atoms, which is estimated to be approximately 10'¢ atoms/mL. Using UV-
Vis spectroscopy, optical density measurements were performed to calculate the amount of surface
gold atoms per mL (Figure 5.8, Figure 5.15). Assuming a AuNS has perfect spherical shape in

the fcc habit, the surface atom number per AuNS (V) was calculated by:

133~ E-D aw)?]

Vau

N =

Mo Eq. (1)
where D is the average diameter of the AuNSs, D4, is the average diameter of gold atom, V4, is

the volume of one Au unit cell and ny. is the number of Au atoms per one unit cell. The

concentration of the AuNSs in water (¢) was calculated by:

c=—, Eq. (2)
N
&= ﬁ “Cext » Eq. (3)

where OD is the optical density measured by UV-Vis spectroscopy, € is the molar extinction
coefficient, N4 is Avogadro’s constant, Cey is the extinction cross-section.
Liquid-Liquid Extraction (LLE) of AuNS with Isocyanide Ligands

An aqueous dispersion of AuNSs (3.0 mL, 10'® atoms/mL) was layered onto a chloroform
solution containing isocyanide (1.0 mL, 15 mM) in a glass vial. After layering the aqueous AuNSs
dispersion onto the organic solution, the two-phase system was mixed vigorously by hand for 30
min. The aqueous layer was decanted, and the red-colored organic phase was washed with
chloroform to remove excess free ligand in solution via centrifugation. The concentration of

isocyanide was optimized by evaluating the extraction efficiency (Figure 5.6.) of 20 nm AuNSs
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functionalized with CNAr™®? and found to be 10 mM (Figure 5.15). To guarantee successful
ligand exchange, the concentration of isocyanide used in the LLE process was increased to 15 mM.
Nanocrystal Characterization

Transmission electron microscopy (TEM) images were collected using a JEOL 1200 EX
IT TEM with an operation voltage of 80 kV. Samples were prepared by drop-casting AuNP
solutions on carbon-only copper grids and allowed to settle overnight in closed vials (Fig. S2).
UV-visible absorption measurements were performed on Cary 50/60 UV-Vis spectrophotometer.
Raman measurements were performed on Renishaw micro-Raman spectrometer (Renishaw Invia)
coupled with a Leica microscope with 50x objective (Leica N-plan) in the range of 800—2400
cm . A wavelength of 532 nm was used as an excitation source generated by 50 mW Ar-Ion
LASER. Zeta potential values were measured using a Malvern NANO-ZS90 Zetasizer.
Calculating the Change of Citrate-AuNSs Optical Density

The extraction efficiency for AuNSs with the isocyanide ligands is calculated based on the

following equation:

Extraction ef ficiency = (1 — M} - 100%, Eq. (4)
ODfeedstock

where OD:afinae and ODjeeasiock are the optical density of citrate-AuNSs in water before and after the LLE
measured by UV-Vis spectroscopy
Calculation of Size Separation Efficiency of CNAr®?

The separation efficiency for a mixture of two different sized AuNSs is calculated based on the

number of larger sized AuNSs in water before and after LLE using the following equation:

Separation power = (1 — M) -100% , Eq. (5)

Cfeedstock
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where Credsiock 18 the concentration of the larger sized AuNS in the mixture before LLE and Cipinace is the
concentration of larger sized AuNSs remaining in the aqueous phase after LLE. These concentrations are

calculated from the optical density measured by UV-Vis spectroscopy (Figure 5.11).

Computational Details.

Both Quantum Mechanics (QM) calculations and Molecular Dynamics (MD) simulations
were used to study the binding thermodynamics and kinetics of the various ligands to the Au
nanosphere surfaces. QM calculations were performed using the Q-Chem 5.2,(30) and Quantum
Espresso (QE) (31, 32) electronic structure packages to determine the optimized ligand structure
and the ligand-gold interaction energies, respectively. The MD simulations were performed with
LAMMPS (33) simulation engine. In MD, the Au nanoparticles were described using EAM/Fs
potential of Ackland et. al. (34). Ligands were described using either the GAFF (35) or OPLS/AA
(306) forcefields, except for the critical C=N bond stretching and the aromatic rings torsions, which
were determined from QM to reproduce the CNXyl and CNArM®? intra-molecular motion. The
CHCI; solvent was modelled using the Kamath et al. forcefield (37), while the SPC/E potential
was used for water (38).

Parameterization of the ligand C=N/AuNS Interactions

Au-ligand(s) interaction was optimized by developing a forcefield based on fitting the
binding energy curves obtained from QM calculations. The ligand(s) structure was first at the 6-
31G/MP2 level using DFT using Q-Chem. Various Au slabs were constructed from the fcc crystal
structures and the binding energy of the rigid ligand in QE was calculated with ultrasoft
pseudopotentials (39), a kinetic energy cutoff of 30 Ry, and a (5,5,1) K-point grid. In each case, a
ligand was initially placed far from the Au slab and gradually moved onto the Au slab. The energy

vs distance curve for the various ligand(s)|Au configurations were obtained. The associated
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binding energy curve was further fitted to Lennard-Jones 12-6 / Morse potentials in determining
the ligand(s) atoms | Au atoms interaction parameters, using a nonlinear regression approach.
Description of System used in MD Simulations

A Chamfered cube AuNS with 4033 atoms was constructed containing equal edge lengths
of 12 hexagons and 6 squares faces. (Fig. 5.16) The system was solvated by inserting the AuNS
into a 100 x100 x 100 A3 box of CHCIl3 molecules and removing the solvent molecules within 2 A
of the AuNS. Afterwards, ligands were then distributed randomly in the simulation box and
overlapping solvent molecules were removed as necessary. The vacuum systems (Fig. 5.1B and
Fig. 5.19), did not contain CHCl; solvent and the simulation box was set as 100x100x100 A3. The
composition of the various systems are detailed in Table 5.4.
Equilibrium MD Simulations and Vibrational Spectral Analysis

The van der Waals and real space coulomb cutoffs in the MD simulations were 10A. A
cubic spline was applied to the van der Waals to ensure smooth convergence and vanishing
energies and forces at the cutoff (inner cutoff distance of 9A). The reciprocal space coulomb
interactions were computed with a particle-particle-particle-mesh solver, with an error tolerance
of 107 (40). Each MD simulation was initiated with 500 conjugated gradient steps, followed by
gradual heating to 298K using 0.5 ns (500,000 steps with an integration timestep of 1 fs) dynamics
in the canonical ensemble (NVT — constant number of particles N, volume V and temperature T)
at 298K. A Nose-Hoover thermostat was used with a temperature relaxation window of 100 fs.
Afterwards, the system was equilibrated at the correct density by performing dynamics in the iso-
baric isothermal (NPT: constant N, pressure P and temperature T) ensemble. The Shinoda et al.
(41) equations of motion, which incorporates the Martyna et al(42) hydrostatic equations and the

strain energy formulism of Parrinello and Rahman (43) were adopted. The time-reversible
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measure-preserving Verlet integrators derived by Tuckerman et al. (44) was applied for the time
integration. After density equilibration, the system was simulated in the NVT ensemble for at least
5ns of NVT dynamics. Starting with snapshots of each system every 1 ns, additional 40 ps NVT
simulation were run, and the velocities and coordinates were saved every 4 fs (10,000 frames in
the corresponding trajectory). The vibrational density of states function was calculated, based on
Fourier transform of the velocity autocorrelation functions, to analyze the ligand C=N spectra (Fig.
5.17) (45, 406).
Radial Distribution Function Analysis

The radial distribution function, g(r), was used to calculate the ligand densities at various
distance from the AuNS center of mass. The g(r) can be expressed as:

g(r) ~ d<Nl.j (r)>

where dV(r) is the volume of the shell being considered d<N;;(r)> is the average number of either
atom in dV(r) within a distance dr of the other atom and rj; is the atomic bulk density factor. In this
analysis, the AuNS and each ligand molecule were taken as individual super atoms defined by the
respective centers of mass and the closest contact point for each ligand is defined by the radius of
the AuNS, ~ 25 A.

Ligand Solvation Free Energy Calculations

Free Energy Perturbation (FEP), based on the advancements of Zwanzig (47), is a statistical

approach to compute the free energy difference between two states:

AA (from statel to state2) = A (state2) — A (statel) = —kBTln<exp{— U(stateZI)c—U(statel)D Eq.
T
B

(7
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where A denotes free energy, kpis the Boltzmann constant, and U is energy.

The solvation energies of the various isocyanide ligands were calculated as the sum of
multi-stages free energy changes. Here, a coupling parameter A (0 < A < 1) is introduced to
gradually change the ligand — solvent interaction energy, such that the free energy (48) is obtained

as:

n-1 n-1 _
AyA=D Ay A= —kTZIn<eXp(— U(&H/)CT Wf)j > Eq. (8)
i=0 i=0 A

In this study, A =0.01 was used and the interaction energies were modified in 100 stages (windows)
over 100 ps NPT per window. These results are presented in Table 5.2.
Free Energy of Isocyanide Binding to Solvated AuNSs

Using accelerated MD simulations, the free energy kinetics of isocyanide ligand binding
to AuNS was computed. Metadynamics (49) was employed to enhance the sampling and explore
regions of the potential energy surfaces characterized by deep local minima. Two types of systems
were considered: 1) a Au (100) slab, representative of the larger NPs with large radius of curvatures
and 2) an edge site comprising a Au(110) motif on the Au (100) slab, representative of smaller
NPs with small radius of curvatures (Fig. 5.18). Each system was first solvated and equilibrated
according to the procedure above. Afterwards, Metadynamics simulations, where the carbon of the
isocyanide group (C=NR) to the Au surface was chosen as the collective variable (colvar), were
performed. Each simulation was biased by depositing Gaussian functions every 0.2 ps with a
height of 0.02 kcal/mol and a width of 1.25 A. The system was evolved for a minimum of 200 ns.

Convergence was checked by monitoring colvar distance until it showed ballistic behavior.
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Computation of Normalized Descriptors
To straightforwardly compare the binding and solvation energies, DFT interaction energies were

corrected for zero-point energy (ZPE) and entropy of binding (TAS) effects:

AG s ping = AEppr_ g +AZPE +TAS Eq. (9)

where the AZPE is obtained from vibrational frequency calculations of the isolated and bound
isocyanides, and TAS is taken as difference between the free (ideal gas) and bound isocyanides.
Generally, it was found that these corrections account for ~+0.2 eV for the various structures.

For the various descriptors (X), relative energies (AY) were calculated and divided by the norm of

the largest value if it exceeds 1:

AY
y—_ 8 Eq. (10
max |AY | 1

The various descriptors thus range from -1 (unfavorable) — +1 (favorable), with a
favorable/unfavorable threshold taken as 0:

SBR = AGg;;—bir1d - AGg‘jf;;bind

EBF = AGgi?;—bind - AG;ZEII;VI Eq (1 1)

SF = Achhesive - AGaizgtliin

SPF = AGo.,, —AG o,
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where SBR is site binding ratio, EBF is edge-binding factor, SF is solubility factor and SPF is
olvent partition factor.

Figure 5.5. TEM images of as synthesized (A) 10 nm, (B) 20 nm (C) 50 nm (D) 80 nm and (E) 100 nm diameter
AuNSs before LLE.
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Figure 5.6. TEM images of (A) 5 nm, (B) 10 nm, (C) 20 nm (D) 50 nm (E) 80 nm and (F) 100 nm diameter AuNSs
transferred into CHCI; after LLE with CNAr™®2 (scale bar 100 nm).
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Figure 5.7. UV-Vis spectra used to calculate CNArM®2-LLE extraction efficiency of (left to right) 5 nm, 10 nm, 20
nm, 50 nm, 80 nm and 100 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to introduction of
CNA™2in CHCI;. Blue spectra represent the aqueous raffinate after introduction of CNAr™®s2in CHCl;,
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Figure 5.8. UV-Vis spectra used to calculate CNXyl-LLE extraction efficiency of (left to right) 5 nm, 10 nm, 20 nm,
50 nm, 80 nm and 100 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to introduction of CNXyl
in CHCls. Blue spectra represent the aqueous raffinate after introduction of CNXyl in CHCls.
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Figure 5.9. UV-Vis spectra used to calculate CNArP"2_LLE extraction efficiency of (left to right) 10 nm, 20 nm, 50
nm and 80 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to introduction of CNArPPP2in CHCl;.
Blue spectra represent the aqueous raffinate after introduction of CNArPP? in CHCl;.
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Figure 5.10. UV-Vis spectra used to calculate CNAr™"2_LLE extraction efficiency of (left to right) 10 nm, 20 nm,
50 nm and 80 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to introduction of CNAr™PP2 jn
CHCl:. Blue spectra represent the aqueous raffinate after introduction of CNAr™PP2 in CHCl;.
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Figure 5.11. UV-Vis spectra of AuNS mixtures prior to (red) and after (blue) introduction of CNAr™®s? in CHCl;.
(left to right): 10 nm and 80 nm AuNS mixture; 20 nm and 80 nm AuNS mixture; 10 nm and 50 nm AuNS mixture;
20 nm and 50 nm AuNS mixture.
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Figure 5.13. Zeta potential plots of various sized AuNSs before (red) and after LLE (blue) with CNArMes2
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Figure 5.14. SERS spectra of 10 nm AuNSs upon binding of isocyanide ligands. Binding of isocyanide ligands
CNXyl, CNArMe? and CNArP?? to AuNSs is indicated by the v (CN) band at ~2165 cm™. A v(CN) band is not
observed for CNAr™™PP2, thereby suggesting it does not readily bind to AuNSs, including ones with high curvature.
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Figure 5.15. Optimization of CNArM®? concentration used in LLE of 20 nm diameter AuNSs, where the x-axis is
the concentration of CNArM®?in CHCI; and the y-axis is extraction efficiency calculated based on the change of
optical density (Fig. 5.9). Optimal CNArM®?2 concentration was found to be 10 mM.
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Figure 5.16. Initial AuNS structure used in MD simulations. The diameter is ~5 nm and edge length, L, is ~1.7 nm
The distances from the AuNS center of mass to the Au(001) surfaces, the Au(111) surfaces, the Au(001/111) edges,
the Au(111/111) edges, and the corners of Au(001/111/111) facets, are 24.5 A,21.5 A, 26 A, 26 A, 27 A, respectively.
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Figure 5.17. Simulated C=N vibrational spectrum of CNArM®? as a free molecule in CHCl; (green) and as a bound-
molecule to the AuNSs surface (blue). A blueshift of ~ 30 cm™ is observed upon binding, in good agreement with

both experimental FTIR and surface-enhanced Raman spectroscopic (SERS) data.
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Figure 5.18. Free energy of binding of CNAr™®2 to (A) Au(001) slab and (B) Au(curved) slab. All calculations
employed Metadynamics accelerated sampling in CHCl; at 298K. The distance, Z, was computed between the
carbon of CNAr*2 C=N group and the bottom of the Au-slab (Z coordinate = 0 A).
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Figure 5.19. Final snapshot from equilibrium MD simulations in vacuum at 298K of (left to right) CNXyl,
CNATrPPPZ CNAr™PP2 on a Snm AuNS.
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Figure 5.20. (A) Initial snapshot of 64 CNAr®2 molecules randomly distributed in a box containing 4484 water
molecules (red) and 1096 CHCl; molecules (blue). (B) Final snapshot after equilibrium MD simulation at 298K and
latm, showing CNAr™®? ligands transferring to the organic CHCI; phase.

Table 5.1. Simulated and experimental isocyanide stretching frequencies, v(CN), of Au-bound and free CNAr™es2,
Simulated v(CN) in CHCI3 Experimental v(CN)
Free CNAMes2 Adsorbed CNAr™®? | Free CNArM®? | Adsorbed CNArMes?
2149 cm! 2170-2185 cm™! 2119 cm! 2166.5 cm™ (SERS)
(FTIR)

Table 5.2. Solvation free energies difference of various Isocyanide ligands in CHCl; and water, and cohesive free
energy (self-solvation energy) from Free Energy Perturbation calculations.

Ligand Aliganaicac (eV) Aligandjwater (€V) Aconesive (€V)

CNXyl -0.24 -0.01 0.06
CNA Pipp2 -0.83 0.04 -0.44
CNAMes2 -1.01 -0.37 -0.62
CNA Tripp2 -0.90 0.09 -0.52




Table 5.3. Values of computational descriptors for various isocyanide ligands.

Ligand SBR | EBF SF SPF
CNXyl 0.22 0.43 -0.02 | 0.23
CNArPipp2 0.60 | -0.14 0.40 0.87
CNArMes? 1.00 0.12 0.28 0.52
CNA T2 0.46 | -0.52 0.38 1.00

Table 5.4. Composition of simulation cells used in various MD simulations. The associated figures are indicated.

CNATTrP2

System Ligand(s) # of # of # CHCls
Ligands AuNSs

CNArMe2 on AuNS (Fig 6.1B) CNArMes2 3 1 0 (Vacuum)

CNAP2_AuNS in CHCL (Fig 6. 2) CNAM? 106 1 7337

Isocyanides on AuNS (Fig. 6.19) CNXyl, CNArP»2 | 8 1 0 (Vacuum)
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Chapter 6 Synthesis and characterization of m-terphenyl isocyanide derivatives and their use in
nano-science.
6.1. Introduction.

The m-terphenyl ligand scaffold has been used extensively in organometallic chemistry on
account of its ability to create an encumbering and protective environment around a single atom
or groups of atoms. Due to its sterically encumbering nature, many examples of transition-metal
complexes isolated using m-terphenyl-based thiolates, imidos and carboxylates have been
reported.!® In addition to steric protection, the m-terphenyl framework can be readily modified on
the sigma- and central aryl rings, which in turn changes its ligation properties.* Our group has used
the m-terphenyl backbone featuring an isocyanide group on the central aryl ring to isolate and
characterize novel and often highly-reactive organometallic complexes.>® The isolobal nature of
isocyanides to the carbonyl (CO) ligand, accompanied by their similar electronic structure, allow
us to study transition-metal complexes which mimic binary unsaturated metal-carbonyl complexes
(e.g. Co(CO)4, Ni(CO); and Pd(CO),).”!? In addition, we can change the electronic properties of
the m-terphenyl scaffold by adding more electron-donating or electron-withdrawing functional
groups, effectively altering their ligation properties.

In more recent years, we have extended this isocyanide-based molecular chemistry to materials
science and characterized the binding of various monotopic m-terphenyl isocyanides on gold and
silver nanoparticles and surfaces.'! More specifically, a novel way to achieve site-selective binding
on gold nanosphere surfaces (AuNSs) was uncovered using the sterically encumbering isocyanide
ligand, CNAMe? (ArM*? = 2,6-(2,4,6-Me;CgH,),CsHy)). Through experiment and theory, we
demonstrated the mesityl flanking groups from CNAr™®? generate significant steric interactions
with AuNS surfaces. Size focusing experiments using CNAr™®? demonstrated successful ligand
exchange with AuNSs, consisting of an average diameter and distribution at 54 + 2 nm. Evidently,

the steric-surface interaction is significant enough to promote CNAr™*? binding to regions of high
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curvature, such as nanocrystal edges and mitigate binding to regions of low surface curvature, like
nanocrystals facets. Importantly, this selective surface ligation provides a pathway for the rational
design of nanocrystals with highly tailored functions.

During our studies of CNArM®? binding to AuNSs, we observed through Dynamic Light
Scattering (DLS) measurements that CNAr™®2_capped gold nanospheres were unstable and prone
to aggregation. This aggregation was likely due to a lack of Van Der Waals interactions between
particles, effectively minimizing inter-particle distances.'?!* In order to circumvent this issue, we
reasoned incorporation of a phenyl group with an alkyl tail para to the isocyanide head group was
necessary to increase inter-particle distance and minimize aggregation.'* In addition to increased
ligand length, we postulated the orientation of m-terphenyl ligands on AuNSs could be influenced
by different alkyl tail lengths. The orientation of CNAr™®? has been previously reported using both
computations, surface-enhanced Raman spectroscopy (SERS) and scanning-tunneling miscopy
(STM), where the ligand preferentially binds to step-edges and herringbones found on a gold
surface. Herein, we report the synthesis and characterization of the p-phenyl functionalized
CNA™Mes2 derivatives: p-tolyl-CNArM®2 (1, tolyl = CH3CsHa), p-n-butyl-phenyl-CNArM®2 (2, p-n-
butyl-phenyl = CH3C3He¢CeH4), p-n-octyl-phenyl-CNAM*? (3,  p-n-octyl-phenyl =
CH;3C7H14C6Ha) and p-n-dodecyl-phenyl-CNArMe? (4, p-n-dodecyl-phenyl = CH3C11H22CsHa)
and demonstrate their binding behavior to gold and silver nanospheres.

6.2. Results and Discussion.

6.2.1. Synthesis of p-alkyl phenyl CNArMes? derivatives.

To retain the steric encumbering properties of the m-terphenyl group while increasing ligand
length in an attempt to prevent nanoparticle aggregation, we targeted the synthesis and isolation
of four p-n-alkyl-substituted-phenyl CNAr™®? ligands. These ligands feature an alkyl-substituted

phenyl group appended to the para position of the centra aryl ring in monodentate CNAr™e?,
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which has been well utilized for the preparation of transition-metal complexes and materials
alike.!>!” The syntheses of these four derivatives were accomplished by simple Suzuki coupling
of previously reported p-bromo-m-terphenyl formamide HC(O)NH(p-BrArM®?) with their
respective 4-alkyl substituted phenyl boronic acids to provide the coupled formamide ligand 1-
HC(O)N(H)Ar™M*2.4-C¢H4R (R= CH3, CH3C3Hs, CH3C7H14, CH3C11H22) (Figure. 7.1).18 As
expected, an increase in alkyl chain length generates the formamide as an off-white oil (n-butyl,
n-octyl, n-dodecyl) instead of the off-white solid observed for p-tolyl-CNAr™®? and CNArMe?,
Subsequent dehydration of the formamide afforded the isocyanide 1,4,-(CNArM®2)CsHaR,
typically as a colorless oil, and all variants give rise to sharp ven bands of ~2116 cm™ as measured
by attenuated-total reflectance infrared (ATR-IR) spectroscopy with *C{'H}-NMR chemical
shifts of ~167-170 ppm for the isocyanide carbons (Table 7.1). These spectroscopic features agree
well with previously reported monotopic and ditopic m-terphenyl isocyanide ligands.*!%2°
Crystallographic structure determination of 1 and 2 reveal the alkyl-substituted phenyl groups are
canted ~38° and ~41°, respectively, relative to the Ar™*?2 group. This is similar to the torsion angle
observed in the reported phenylene-spaced ditopic m-terphenyl isocyanide ligand, 1,4,-
(CNArMes2),C¢Ha, but differs from the directly coupled linker [CNAr™es2], 1617

Notably, as alkyl chain length increases, the ability to crystallize and characterize these ligands
by single crystal X-ray diffraction (sc-XRD) decreases, and this was the case for both 3 and 4. To
circumvent this problem, we reasoned reaction of 3 with a transition-metal precursor like
Ni(COD), (COD=cycloocta-1,5-diene) would enable facile crystallization of a Ni(0)
organometallic complex and enable confirmation of ligand morphology. Indeed, the reaction of 3
(2 equiv.) with Ni(COD)2 (1 equiv.) afforded the complex Ni(COD)(3): as determined by sc-XRD.

From the isolation of this complex, it is evident 3 was successfully synthesized and the p-phenyl
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octyl group is canted ~ 50° relative to the Ar™*? group. While structural information was obtained
by the reaction of 3 with Ni(COD),, no single crystals from the same reaction with 4 were able to
be isolated, likely due to the length of the alkyl tail. Indeed, several attempts at crystallization of
4 upon reaction with transition-metal complexes such as CIAu(SMe;) (Me= CH3) and Ni(COD),
were unsuccessful, affording oily products. While attempts at isolating single crystal quality
material were unsuccessful, 4 was fully characterized by 'H-NMR, *C{'H}-NMR, ATR-IR

spectroscopy, and mass spectrometry.

Table 6.1. Spectroscopic and structural data of alkyl functionalized p-phenyl CNAr™es? ligands.

Ligand ven (em™) Isocyanide carbon p-phenyl-R group
BC{'H}-NMR chemical angle relative to
shift (ppm) CNArMes? (©)
1,4,-(CNAV*?)CoH- 2115 cm! 167 ppm 37.551
CH3(1)
1,4,-(CNArMe2)CsHs- 2116 cm’! 167.13 ppm 40.798
CsHsCH3 (2)
1,4,-(CNArMe?)CgHy4- 2116 cm™! 168 ppm N/A, no sc-XRD structure
C7H14 CH3 (3) isolated
1,4,-(CNArMe2)CeHy- 2115 cm™! 171 ppm N/A, no sc-XRD structure
CuH2:CH3s (4) isolated

6.2.2. The binding and orientation of alkyl-derivatized p-phenyl CNArMes2 derivatives on
gold nanospheres.

To determine the ligation properties of 1-4 on nanoparticle surfaces, we first explored their
binding behavior towards AuNSs. We have previously reported the binding of CNAr®? to AuNSs
ranging from 10-80 nm in size and reasoned isocyanides 1-4 would exhibit similar behaviors.'!
Indeed, by using the liquid-liquid extraction technique (LLE), ligand exchange was facilitated
between citrate-capped Au nanospheres of varying size (20-80 nm in diameter) and ligands 1-4

dissolved in CHCls. Despite functionalizing CNAr™s2

and increasing ligand length, upon transfer
to chloroform (CHCI5), particles appeared to aggregate and form a grey precipitate that was readily

redispersed upon sonication. Inspection of transmission electron microscopy (TEM) images of the

extracted isocyanide-capped Au particles indicate they maintain spherical shape, and no changes
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to core nanocrystal sizes are observed (Figure 6.28.). Furthermore, displacement of citrate was
confirmed by extinction measurements of the aqueous layer before and after extraction, and the
binding of the isocyanides 1-4 was established using SERS, where sharp peaks are observed
between ven = 2147 and 2160 cm! (Figure 6.24). This isocyanide stretching frequency is blue-
shifted relative to free isocyanide and is in good agreement with other previously reported Au-
bound isocyanide SERS data (Table 6.1.).2!2

After confirming the binding of isocyanides 1-4 to Au NSs, the interaction of the various
alkyl tails with particles was assessed. Comparison of the SERS spectra of previously reported
CNA™2_capped particles with (1) and (2) capped-AuNSs suggests little interaction of alkyl tails
with the Au nanocrystal surface. More specifically, in all three spectra, C-C stretching vibration
modes from the phenyl ring are observed between vc.c = 1430-1625 cm™!. However, despite the
presence of the alkyl tails in (1) and (2), strong C—C stretching vibrations representative of alkane
gauche (vac-c)=~1085 cm™) or trans (vr(c-c alkane) = ~1070, 1121, and 1181 cm™") orientations are
not observed.?*2 This, accompanied with a lack of peaks in the C-H stretching region (Vasy(c-)=
2850 — 2930 cm’"), indicate there is little interaction of the alkyl-derivatized m-terphenyl ligands
(1) and (2) with 20 nm Au nanocrystal surfaces.?’-?

While the alkyl tails of ligands (1) and (2) did not interact with Au nanocrystal surfaces,
we reasoned (3) and (4) had the potential to interact due to their increased chain lengths. Indeed,
inspection of the Raman spectra of a sample of (3)-capped AuNSs indicate the octyl tail maintains
a trans orientation on the surface, as seen by the presence of the C-C alkane stretch at vr(c-c atkane)
= 1183 cm™'. In addition, the presence of peaks in the C-H stretching region (Vasyc-ny= 2850 — 2930

cm’!) suggest the octyl chain has substantial interaction with the Au surface.
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6.2.3. The binding and orientation of alkyl-derivatized p-phenyl CNArMes2 derivatives on
silver (Ag) nanospheres.

While we have studied the binding of m-terphenyl isocyanide derivatives on gold surfaces,
little has been done with silver surfaces. Like gold particles, silver nanoparticles (AgNPs) also
exhibit optical and electronic properties based on their size, shape, and surface coverage, allowing
them to interact with specific wavelengths of light. This has proven particularly useful in the public
health sector, as they can be used for surface plasmon resonance (SPR) biosensors.*° Due to their
wide applications, we pursued the isolation and characterization of m-terphenyl isocyanide-capped
AgNSs using the previously reported LLE technique.

In order to determine if the m-terphenyl isocyanides (CNAr™e2, CNArPP2 and CNAr PP2)
exhibit similar ligand-binding properties as a function of AgNS surface curvature, LLE
experiments were performed using citrate-capped AgNSs varying from 10nm — 80nm in diameter.
UV-Vis measurements of the aqueous layer were recorded before and after extraction to determine
the extraction efficiency of each monotopic m-terphenyl isocyanide ligand (Table 6.2.).
Interestingly, while CNAr™®2 displayed selectivity for high curvature regions on AuNSs, the same
trend is not observed with AgNSs. Inspection of Table 6.2 indicates CNAr™®s2 effectively extracts

all sizes of AgNSs into the organic layer. However, as nanoparticle diameter increases, the

Dipp2 Dipp2

extraction efficiency of CNAr decreases, indicating some selectivity of CNAr to areas of
higher surface curvature. Notably, this is not observed in the AuNS system, as CNAr>PP? extracts
all sizes. Inspection of TEM images of CNAr™®? _capped particles suggest binding leads to
significant shape deformation and fusion of AgNSs (Figures 6.30-6.33.). This is also observed in
the TEM images of 20nm AgNSs capped with CNAr>PP2 however fusion is not observed in the
50nm and 80nm CNArPPP2_capped samples. The AgNS fusion observed in the TEM images

Mes2

suggests the orientation and binding of CNAr on Ag nanocrystal surfaces could be strong
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enough to cause significant distortion to nanocrystal cores. Additionally, the binding of isocyanide
to AgNPs was confirmed using SERS, and a diagnostic peak between ven= 2170 - 2185 cm™! was
observed for all ligand moieties, which is in good agreement with previously reported m-terphenyl

isocyanide Ag(I) complexes (Figure 6.1). 313

Table 6.2. Extraction efficiencies of m-terphenyl isocyanide ligands on AgNSs.

AgNS Size AgNS Extraction Extraction Extraction
concentration Efficiency Efficiency Efficiency
(particles/mL) (CNArMes2) (CNArPirp2) (CNArTiPp2)
10 nm 3.6E+12 97% 100% 24%
20 nm 3.8E+11 99% 97% 4%
50 nm 1.4E+11 92% 55% 5%
80 nm 6.8E+10 92% 59% 8%

After the binding of m-terphenyl isocyanides on AgNSs was established, we proceeded to
examine the orientation of alkylated derivatives (1-4) on silver nanocrystal surfaces and compared
the results to data obtained from AuNS experiments. The LLE reaction was performed to displace
citrate and bind isocyanide derivatives, and the extraction efficiency was reported using UV-Vis
measurements. Furthermore, the binding of 1-4 was established by SERS measurements, where
the diagnostic Ag-bound isocyanide stretch is observed between ven=2175 and 2182 cm™!, which
is in good agreement with data obtained from the binding of CNA™*? to Ag molecular and
nanoparticle systems.* Furthermore, inspection of the spectra of (3) reveals a sharp peak at vrcc
alkane) = 1182 cm™!, suggesting the octyl tail has a trans orientation on the Ag nanoparticle surface.?’
The same orientation of (3) is observed on AuNSs. There is little indication of the octyl tail in (3)
maintaining a gauche orientation on the nanoparticle surface, as there are no peaks observed in the

spectra at vgc.c) = 1085 cm™'. Inspection of the spectrum obtained from the binding of (2) on
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AgNSs suggests the butyl tail maintains a frans orientation on the surface. This is seen by the
presence of a less intense, sharp peak at 1075 cm™!, and the presence of gauche oriented butyl

chains is not observed.
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Figure 6.1.Surface-Enhanced Raman spectra of Ag-bound (top) CNAr™®? (middle) (2) and (bottom) (3).
6.3. Conclusions.

The m-terphenyl scaffold has been modified using Suzuki coupling methods to contain
alkyl chains of varying lengths. Due to this synthetic tunability, the functionalization of the gold
and silver nanoparticle surfaces with alkylated ligand derivatives (1)-(4) can be studied extensively
using SERS, TEM and SEM techniques. The orientation of the alkylated tails can be determined
by inspection of SERS spectra, indicating a trans orientation for (2) and (3) is preferred on both
Au and Ag nanoparticle surfaces. Notably, the alkylated ligands (3) and (4) have the ability to
form a liquid crystalline material upon desolvation and form films with interesting refractive

indices. In the future, we hope to form self-assembled monolayers with these two ligands when
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bound to various metal centers, and study their properties using Lagmuir-Blodgett troughs, SEM

and reflectance measurements.

6.4. Experimental Section.
Synthesis of (1).

I.

II.

Synthesis of OHCNH(p-(BPin)Ar¥e?; A rescalable ampule was charged with
OHCNH(p(Br)ArM®? ( 1 eq.), KsPOs (4 eq.) and B2Pin, (0.5 eq.). The catalyst was
prepared separately, where Pdzdbas (3 mol%) and PCys (6 mol%) were dissolved in
toluene (10mL) and stirred for 10 minutes at room temperature. ~10-20 mL of toluene
were used to dissolve the solids in the resealable ampule. The reaction was stirred at
85 C for 24 hours under an atmosphere of nitrogen. The reaction mixture was cooled
and filtered over a silica plug in a fine porosity frit, while the ampule was washed with
DCM (3 x 10mL) and added to the frit. The plug was rinsed with DCM and EtOAc
(3x5-10mL each) and the filtered crude mixture was stripped of all volatiles. The
resulting solid was washed with hexanes (~5mL) and filtered, providing OHCNH(p-
(BPin)Ar™®2 as a pale yellow solid. "H-NMR (402 MHz, CDCls, 20°C): & 7.71/7.68 (d,
1H, J=9.39 Hz) NHC(O)H), 7.54 (s, 2H, m-Ar), 6.92 (s, 4H, m-Mes), 6.73/6.70 (d, 1H,
J=10.12 Hz, NHC(O)H), 2.30 (s, 6 H, (Mes-p-CH3)), 2.00 (s, 12H, (Mes-0-CH3)),
1.32 (2, 12H, BPIN).

Synthesis of OHCNHAr™*>CsH,CH3: A resealable ampule was charged with
OHCNH(p-(BPin)Ar™*2 (1 eq.), K3PO4 (4 eq.) and 4-Bromo-toluene (1.05 eq.). The
catalyst was prepared separately, where Pd>dbas, 3 mol%), PCys (6 mol%) were
dissolved in toluene (10mL) and stirred for 10 minutes at room temperature. Dioxane
(15mL) was used to dissolve the solids in the resealable ampule. The ampule was

brought outside the glovebox and degassed DI water (0.2 mL) was added to the reaction
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I11.

mixture under an atmosphere of nitrogen. The reaction was then stirred at 85 C for 48
hours. The reaction mixture was cooled and filtered over a silica plug in a fine porosity
frit, while the ampule was washed with DCM (3 x 10mL) and added to the frit. The
plug was rinsed with DCM and EtOAc (3x5-10mL each) and the filtered crude mixture
was stripped of all volatiles. It was redissolved into EtOAc and dried over MgSOg4,
filtered, and the volatiles were removed by rotary evaporation. The resultant product
was purified by column chromatography (silica gel) using a mixture of 2% EtOAc in
hexane. The fractions were combined and concentrated under reduced pressure to
provide OHCNHA™*2C¢H4CHj3 as an off-white solid. '"H NMR (300.1 MHz, CDCls,
20°C): 6 7.68/7.64 (d, 1H,J=11.23 HzNHC(O)H), 7.51/7.48 (d, 2H, ] =10.93 Hz) 7.40
(s, 2H, m-Ar), 6.97 (s, 4H, m-Mes), 6.93/6.95 (d, 2H, J = 8.95 Hz), 6.64/6.61 (d, 1H,
J=11.70 Hz, NHC(O)H), 2.37 (s, 3H), 2.32 (s, 6 H, (Mes-p-CH3)), 2.06 (s, 12H, (Mes-
0-CH3)). HR-MS (ESI-TOFMS, positive-ion mode). Predicted for [C32 Hzs N O]"
m/z 448.2635. Found: m/z 448.2631 ([M+H]").

Synthesis of 1,4-(CNAM*?)CsH,CH; (1): To a stirring CH>Cly solution of 1-
HC(O)N(H)A™®2-4-C¢H4CH3(0.110 g, 1 equiv) was added diisopropylamine (4
equiv) via a syringe. After stirring for 5 min, POCl3(2 equiv.) was added dropwise via
a syringe and the solution was stirred for 24 h. Aqueous Na>xCOs3(1.5 M, 50 mL) was
added, and the resulting mixture was stirred for 5 h. The organic and aqueous layers
were then separated, and the organic layer was washed with deionized water. The
aqueous layers were combined and extracted with 3x25 mL of CH>Cl,. The organic
extracts were combined, dried over MgSQOs4, and filtered and volatiles were removed

under reduced pressure. The resultant solid was washed with cold hexanes, collected
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by filtration, and dried under reduced pressure. The product was recrystallized by
dissolution in minimal MeCN and allowing the solution to evaporate overnight. 'H -
NMR (402 MHz, CDCls, 20°C): 6 7.54/7.52 (d, 2H, J = 6.68 Hz) 7.49 (s, 2H ,m-Ar),
7.28/7.26 (d, 2H, J = 11.70 Hz), 7.01 (s, 4H, m-Mes), 2.41 (s, 3H), 2.36 (s, 6 H, (Mes-
p-CH3)), 2.10 (s, 12H, (Mes-0-CH3)). HR-MS (ESI-TOFMS, positive-ion mode).

Predicted for [C32 H32 N™: m/z 430.2529. Found: m/z 430.2527 ([M]").

Synthesis of (2).

I.

Synthesis of OHCNHArM*?CsHy(CH3);CH;: A resealable ampule was charged with
OHCNH(p-Br)ArM®? (1 eq.), K3PO4 (4 eq.) and B(OH)2-CsHa(CH2);CHs3 (1.05 eq.). The
catalyst was prepared separately, where Pd,dbas, (3 mol%), PCys (6 mol%) were dissolved
in toluene (10mL) and stirred for 10 minutes at room temperature. Dioxane (15mL) was
used to dissolve the solids in the resealable ampule. The ampule was brought outside the
glovebox and degassed DI water (~0.1 mL) was added to the reaction mixture under an
atmosphere of nitrogen. The reaction was then stirred at 85°C for 48 hours. The reaction
mixture was cooled and filtered over a silica plug in a fine porosity frit, while the ampule
was washed with DCM (3 x 10mL) and added to the frit. The plug was rinsed with DCM
and EtOAc (3x5-10mL each) and the filtered crude mixture was stripped of all volatiles.
It was redissolved into EtOAc and dried over MgSO4, filtered, and the volatiles were
removed by rotary evaporation. Crystals of the resultant product were isolated by
dissolution of the product into Et;O and slow evaporation of the solvent, giving
OHCNHAr®2CsH4(CH2);CHs as a colorless solid. 'H-NMR (400 MHz, CDCl3, 20°C):
0 7.68/7.64 (d, 2H, J=9.22 Hz), 7.53/7.43 (d, 2H, J=9.22 Hz), 7.26/7.24 (d,1H, J= 6.45

Hz, NHC(O)H), 7.43 (s, 2H, m-Ar), 7.00 (s, 4H, m-Mes), 6.68/6.65 (d, 1H, J= 11.07 Hz,
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NHC(O)H), 2.65 (t, 2H J=16.01 Hz), 2.35 (s, 6 H, (Mes-p-CH3)), 2.06 (s, 12H, (Mes-o-
CH3)), 1.60 (m, 2H), 1.35 (m, 2H), 0.92 (m, 3H). HR-MS (ESI-TOFMS, positive-ion
mode). Predicted for m/z 490.3104. Found: 490.3108 m/z ([C3s H4N O] [M+H]").

I1. Synthesis of 1,4-(CNArM*?) CeHyCH3);CHs. To a stirring CHxCly solution of
OHCNHAr®2C¢H4(CH2);CH3 (1 equiv) was added diisopropylamine (4 equiv) via a
syringe. After stirring for 5 min, POCI3(2 equiv) was added dropwise via a syringe and
the solution was stirred for 24 h. Aqueous NaxCO3 (1.5 M, 50 mL) was added, and the
resulting mixture was stirred for 5 h. The organic and aqueous layers were then separated,
and the organic layer was washed with deionized water. The aqueous layers were
combined and extracted with 3x25 mL of CH>Cl,. The organic extracts were combined,
dried over MgSOs, and filtered and volatiles were removed under reduced pressure. The
resultant solid was washed with cold hexanes, collected by filtration, and dried under
reduced pressure. The product was recrystallized by dissolution in minimal MeOH and
allowing the solution to evaporate overnight. 'H-NMR (402 MHz, CDCls, 20°C): §
7.55/7.52 (d, 2H, 7.84 Hz), 7.48 (s, 2H, m-Ar), 7.26/7.24 (d, 2H, J = 9.37 Hz), 6.99 (s, 4H,
m-Mes), 2.64 (t, 2H J=6.24 Hz), 2.34 (s, 6 H, (Mes-p-CH3)), 2.08 (s, 12H, (Mes-0-CH3)),
1.60 (m, 2H), 1.35 (m, 2H), 0.93 (m, 3H). HR-MS (ESI-TOFMS, positive-ion mode).
Predicted for: 472.299 m/z. Found: 472.3001 m/z ([C3s H3g N]" [M+H]").

Synthesis of (3).

I. Synthesis of OHCNHArM*?>CsH, (C7H14CH3): A resealable ampule was charged with
OHCNH(p-Br)ArM®? (1 eq.), KsPOs (4 eq.) and 1,4-B(OH),-C¢Hs (C7H14CH3) (1.05
eq.). The catalyst was prepared separately, where Pd>dbasz, 3 mol%), PCy3 (6 mol%)

were dissolved in toluene (10mL) and stirred for 10 minutes at room temperature.
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II.

Dioxane (15mL) was used to dissolve the solids in the resealable ampule. The ampule
was brought outside the glovebox and degassed DI water (0.2 mL) was added to the
reaction mixture under an atmosphere of nitrogen. The reaction was then stirred at 85C
for 48 hours. The reaction mixture was cooled and filtered over a silica plug in a fine
porosity frit, while the ampule was washed with DCM (3 x 10mL) and added to the
frit. The plug was rinsed with DCM and EtOAc (3x5-10mL each) and the filtered crude
mixture was stripped of all volatiles. It was redissolved into EtOAc and dried over
MgSO4, filtered, and the volatiles were removed by rotary evaporation, giving
OHCNHAM®2C¢H4 (CH2)3CHj3 as a colorless solid. This compound is often in between
two states: a liquid and a solid--- liquid crystalline. 'H-NMR (402 MHz, CDCls, 20°C):
0 7.68/7.64 (d, 1H, J=10.73 Hz, NHC(O)H), 7.54/7.51 (d, 2H, ] =7.66 Hz ), 7.46/7.43
(d, 1H, J= X Hz), NHC(O)H), 7.42 (s, 2H, m-Ar), 6.98 (s, 4H, m-Mes), 7.24/ 7.22 (d,
2H, J=7.84 Hz) 6.62/6.59 (d, 1H, J=10.22 Hz Hz, NHC(O)H), 2.63 (t, 2H, J = 8.12
Hz) 2.33 (s, 6 H, (Mes-p-CH3)), 2.06 (s, 12H, (Mes-0-CH3)), 1.62 (m, 3H), 1.26 (m,
12H). HR-MS (ACPI-TOFMS, positive-ion mode). Predicted for m/z 546.3730.
Found: 546.3730 m/z ([C39 HasN O]" [M+H]").

Synthesis of CNArMe?CsHy(C-:H14CH3): To a stirring CH2Cla solution of
OHCNHAM®2CsH4(C7H14CH3) (1 equiv) was added diisopropylamine (4 equiv) via a
syringe. After stirring for 5 min, POCl3 (2 equiv) was added dropwise via a syringe and
the solution was stirred for 24 h. Aqueous Na,COs (1.5 M, 50 mL) was added, and the
resulting mixture was stirred for 5 h. The organic and aqueous layers were then
separated, and the organic layer was washed with deionized water. The aqueous layers

were combined and extracted with 3x25 mL of CH>Cl. The organic extracts were
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combined, dried over MgSQs, and filtered and volatiles were removed under reduced
pressure. 'H-NMR (402 MHz, CDCls, 20°C): § 7.55/7.53 (s, 2H, J = 7.89 Hz), 7.48 (s,
2H), 7.25 (s, 2H), 6.99 (s, 4H), 2.64 (t, 2H, J= 6.63 Hz), 2.34 (s, 2H (Mes-p-CH3)),
2.08 (s, 12H (Mes-0-CH3), 1.62 (m, 5H), 1.25 (m, 8H), 0.86 (m, 4H). HR-MS (ECI-
TOFMS, positive-ion mode). Predicted for m/z 528.3625. Found: 528.3619 m/z ([Cs39
Ha6NT" [M+H]").

Synthesis of (4).

L Synthesis of OHCNH(ArM*?)CsH-C11H22CH3: A resealable ampule was charged
with OHCNH(p-(BPin)ArM®? ( 1 eq.), K3POu (4 eq.) and 4-dodecylbenzene (1.05 eq.).
The catalyst was prepared separately, where Pd2dbas, 3 mol%), PCys (6 mol%) were
dissolved in toluene (10mL) and stirred for 10 minutes at room temperature. Dioxane
(15mL) was used to dissolve the solids in the resealable ampule. The ampule was
brought outside the glovebox and degassed DI water (0.2 mL) was added to the reaction
mixture under an atmosphere of nitrogen. The reaction was then stirred at 85 C for 48
hours. The reaction mixture was cooled and filtered over a silica plug in a fine porosity
frit, while the ampule was washed with DCM (3 x 10mL) and added to the frit. The
plug was rinsed with DCM and EtOAc (3x5-10mL each) and the filtered crude mixture
was stripped of all volatiles. It was redissolved into EtOAc and dried over MgSOs4,
filtered, and the volatiles were removed by rotary evaporation. The resultant product
was purified by column chromatography (silica gel) using a mixture of 2% EtOAc in
hexane. The fractions were combined and concentrated under reduced pressure to
provide OHCNH(ArM®2)CsH4-C11C22CH;3 as an off-white oil. 'H-NMR (402 MHz,

CDCls, 20°C): & 7.67/7.65 (s, 2H, J = 12.41 Hz), 7.53/7.51 (d, 2H, J = 8.00) 7.41 (s,
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2H), 7.24/7.22 (s, 2H, J=7.60 Hz), 6.97 (s, 4H), 6.61/6.59 (d, 1H, J =11.18 Hz) 2.62
(t, 2H, J= 6.36 Hz), 2.33 (s, 2H (Mes-p-CHs)), 2.05 (s, 12H (Mes-0-CH3), 1.58 (m,
2H), 1.25 (m, 20H), 0.86 (m, 3H).

Synthesis of 1,4-CN(ArM*?)CsH~C11H2:CH; (4): To a stirring CH2Cl solution of
OHCNH(ArMe2)C¢H4-C11C22CH;3 (1 equiv.) was added diisopropylamine (4 equiv.) via
a syringe. After stirring for 5 min, POCI3(2 equiv.) was added dropwise via a syringe
and the solution was stirred for 24 h. Aqueous NaxCO3(1.5 M, 50 mL) was added, and
the resulting mixture was stirred for 5 h. The organic and aqueous layers were then
separated, and the organic layer was washed with deionized water. The aqueous layers
were combined and extracted with 3x25 mL of CH>Cl. The organic extracts were
combined, dried over MgSQs, and filtered and volatiles were removed under reduced
pressure. 'H-NMR (500 MHz, C¢Ds, 20°C): § 7.40 (s, 2H), 7.33/7.32 (s, 2H, J=8.13
Hz), 7.11/7.10 (d, 2H, J = 7.62 Hz), 6.89 (s, 4H), 2.62 (t, 2H, J= 6.36 Hz), 2.54(t, 2H,
J=9.57 Hz), 2.19 (s, 2H (Mes-p-CH3)), 2.13 (s, 12H (Mes-0-CH3), 1.60 (m, 2H), 1.31
(m, 20H), 0.91 (m, 3H). HR-MS (ECI-TOFMS, positive-ion mode). Predicted for

m/z 584.4251. Found: 584.4245 m/z ([C43 HsaN]" [M+HT").
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Nuclear Magnetic Resonance (NMR) Spectroscopic Data.
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IR Spectroscopic Data
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Crystallographic Structure Determination.

Table 6.3. X-Ray crystallographic data collection and refinement information for (1).

Name OHCNHA™e2C¢H4CH; CNAMes2CsH4CH3
Formula C32H33NO C3HsN
Crystal System Orthorhombic Trigonal
Space Group Fdd2 R-3
a, A 27.1064(9) 41.5293(4)
b, A 42.0117(13) 41.5293(4)
¢, A 17.8973(5) 7.69920(10)
a, deg 90 90
B, deg 90 90
Y, deg 90 120
v, A3 20381.2(11) 11499.7(3)
VA 32 18
Radiation (A, A) Cu-Ka, 1.54178 Cu-Ka, 1.54178
p (caled.), g/cm? 1.167 1.117
p (Mo Ka), mm™! 0.530 0.481
Temp, K 100 100.15
0 max, deg 70.090 70.098
data/parameters 667 4849/3/281
R; 0.0343(8818) 0.0565
wR; 0.0869(9429) 0.1421
GOF 1.038 1.041
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Table 6.4. X-Ray crystallographic data collection and refinement information for (2).

Name CNAMMes2CsH4(CH,);CH;
Formula CssHa7N
Crystal System tetragonal

Space Group 141/a
a, A 25.4647(13)
b, A 25.4647(13)
¢, A 17.9631(15)
a, deg 90
B, deg 90
Y, deg 90
v, A3 11647.2(15)
VA 16
Radiation (1, A) MoKa (A =10.71073)
r (caled.), g/em® 1.099
m (Mo Ka), mm! 0.063
Temp, K 100.15
q max, deg 24.797
data/parameters 5000/4/373
R; 0.0787
wR2 0.2134
GOF 1.042
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Table 6.5. X-Ray crystallographic data collection and refinement information for Ni(COD)L,, L = (3).

Name Ni(COD)L,,
L=03)

Formula CgsH102N2Ni

Crystal System triclinic

Space Group P-1

a, A 14.2089(6)

b, A 15.6653(6)

¢, A 17.0710(7)

o, deg 92.194(1)

B, deg 111.709(2)

Y, deg 91.338(2)

Vv, A3 3524.8(3)

VA 2

Radiation (I, A) CuKo (A=
1.54178)

p (caled.), g/em® | 1.152

p (Mo Ka), mm™! | 00.732

Temp, K 100.15

0 max, deg 66.640

data/parameters 12101/0/848

R: 0.0445

wR> 0.1123

GOF 1.034
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Figure 6.20. X-ray crystal structure of CNAr™e2C¢H4CHj3 (1).
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Figure 6.21. X-Ray crystal structure of CNAr™2CsH4(CH,);CH;3 (2) from two different views.
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Figure 6.22. X-Ray crystal structure of Ni(COD)L,, L = (3). While (3) was not isolated as a free isocyanide molecule,
reaction with a transition-metal allowed for structural confirmation and characterization of (3). It is worth mentioning
the bond lengths in metal-bound (3) are likely not the same as free (3).

Nanocrystal Characterization

Transmission electron microscopy (TEM) images were collected using a ThermoFisher Talos
200X TEM with an operation voltage of 200 kV. Samples were prepared by drop-casting AuNP
solutions on copper grids and allowed to settle overnight in closed vials. UV—visible absorption
measurements were performed on Cary 50/60 UV-Vis spectrophotometer. Raman measurements
were performed on Renishaw 25 micro-Raman spectrometer (Renishaw Invia) coupled with a

Leica microscope with 50% objective (Leica N-plan) in the range of 800—2400 cm—1 . A
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wavelength of 532 nm was used as an excitation source generated by 50 mW Ar-lon LASER. Zeta

potential values were measured using a Malvern NANO-ZS90 Zetasizer.
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Figure 6.23. SERS (532nm) taken on a sample of 20 nm AuNSs capped with (top) CNAr™®? | (middle) (2) and
(bottom) (3) after LLE. The blue-shifted isocyanide stretching frequency (relative to free ven = 2116 cm!) observed
between ven=2147 and 2160 cm ! is indicative of the ligand binding to gold.

228



1587.48
1609.42

1337.76 2157.52

1183.19

500 2000 3500

Wavenumber (cm-')

Figure 6.24. SERS (532 nm) taken on a sample of 20 nm AuNSs capped with (1) after LLE. Binding of the
isocyanide is confirmed by the isocyanide stretching frequency observed at vexy = 2157 cm™. Some free (3) is
observed at ven=2116 cm ! in this spectrum.
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Figure 6.25. SERS spectra of 50 nm AgNSs capped with ligands (2) and (3) after LLE. The isocyanide stretching
frequency observed at ven = 2175 cm™ is indicative of isocyanide binding to Ag(I).
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Figure 6.27. TEM images of 20nm AuNSs after LLE with isocyanide ligands 1-4.
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Figure 6.28. TEM images of AgNSs before (top) and after (bottom) LLE with CNAr™es2,
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Figure 6.29. TEM Images of 50nm AgNSs after LLE with isocyanide ligands 1-4. Some fusion of
AgNSs is occurring based on TEM images after LLE with m-terphenyl isocyanide ligands.
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Figure 6.31. TEM images of AgNSs before (top) and after (bottom) LLE with CNAr™2,
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Figure 6.32. UV-Vis measurements taken of aqueous layer before (blue) and after (red) LLE on 20nm AuNSs for
(left) (1), (middle) (2), and (right) (3) capping ligands.
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