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Abstract

Into the unknown: Exploring the surface chemistry of black phosphorus
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Chair of the Supervisory Committee:
Alexandra Velian
Department of Chemistry

Black phosphorus (bP), a layered 2D allotrope of elemental phosphorus, is a promising material
for electronic and catalytic applications, among others, due to its direct, tunable bandgap, high
carrier mobility, and relatively reactive basal plane. Although reactivity, likely originating from
the surface lone pairs, occurs adventitiously, our understanding of bP chemistry remains limited.
Facile methods to functionalize the surface and probe the resulting modified nanosheets are
scarce: previous reports of bP functionalization suffer from oxidative degradation of exfoliated
nanosheets, low signal-to-noise ratios, and minimal changes in characteristic bP features post-
functionalization. When functionalization is reported, further investigation into the
stoichiometric chemistry of the modified nanosheets is rare, limiting rational application of bP
materials. This work dives into the intersection of molecular phosphine chemistry and materials

design to investigate the fundamental chemistry of bP through covalent functionalization and to



apply these principles to fabricate a bP-supported hydroformylation catalyst. In Chapter 2, clear
covalent bonds between nitrene functional groups and the bP surface are demonstrated via
infrared spectroscopy and '’N isotopic labeling. In Chapter 3, the ligand character of bP (Tolman
electronic parameter, buried volume) in an organometallic complex is investigated using discrete
metal carbonyl functional groups. Finally, strategies developed herein are applied in Chapter 4 to
synthesize and study the reactivity of a novel bP-supported hydroformylation catalyst. The body
of work presented herein establishes a detailed understanding of bP surface chemistry and

demonstrates its applications as a novel and chemically interesting support.
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1 INTRODUCTION

1.1 OVERVIEW OF BLACK PHOSPHORUS

Black phosphorus (bP), a 2D van der Waals nanosheet, represents an exciting frontier as a next-
generation nanomaterial. Its unique electronic, structural, and chemical properties make it
attractive for applications from field effect transistors!'! and photovoltaics!?! to chemical sensing!’!
and catalysis.*3] bP is distinct from other common van der Waals materials with a unique
corrugated, anisotropic structure derived from the sp3-hybridization of the tricoordinate
phosphorus atoms. This ridged surface gives bP a higher surface area-to-volume ratio than other
2D materials.[%! Like all van der Waals materials, the nanosheets are held together by weak van
der Waals forces while the intralayer P—P bonds are covalent. As a result, bP can be exfoliated to

monolayers and few-layer stacks.

The most thermodynamically stable allotrope of elemental phosphorus, bP was discovered in 1914
by Bridgman.[”! Its basic structure and properties were revealed soon after: Hultgren and coworkers
reported the bP crystal structure in 1935[3] and its electronic properties were detailed by Keyes and
coworkers in 1953.°) However, interest in this new material remained limited until the discovery
of graphene in 2004 ignited interest in van der Waals materials more generally. The “black

strong in-plane bonding phosphorus renaissance” then emerged
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Figure 1.1. Structure of black phosphorus.

of high-quality bP crystals.!!"]

Much of the interest in bP centers around

its compelling electronic properties. bP is
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a semiconductor with a direct tunable bandgap ranging from 0.3 eV in the bulk to 2.1 eV in the
monolayer.l':12] This energy range spans the mid-IR to visible region, bridging the gap between
graphene (metallic) and transition metal dichalcogenides (TMDCs; bandgap primarily in the
visible region).!'3] Although most 2D semiconductors are n-type, bP is intrinsically p-type due to
vacancies and self-interstitial atoms;!'¥l however, n-type character can be induced by surface
doping.['”) The tunable bandgap combined with high carrier (hole) mobility (ca. 1000
cm?V s H1l and high on/off ratio (10°)['”) makes bP an ideal material for electronic and optical

applications. In contrast, MoS; has a hole mobility of less than 270 cm?V's™!.[18]

The unique in-plane anisotropy also impacts bP’s transport properties and causes an enhanced
thermoelectric effect:['°) hole mobility is ca. 2x larger along the armchair direction compared to
the zigzag direction.'®! In contrast, thermal conductivity is greater along the zigzag direction (20—

40 Wm™'K™") compared to the armchair direction (10-20 Wm™'K™).[20]

1.2 SURFACE FUNCTIONALIZATION OF BP

Since the first report of bP covalent functionalization by Ryder and coworkers in 2016,1?!] the
chemical properties of the bP surface have also been a topic of interest. Surface chemistry on bP
happens adventitiously: when exposed to ambient conditions, bP will oxidize rapidly.?? The likely
loci of this reactivity is the lone pairs on the surface which produce a relatively reactive basal plane

in contrast to other van der Waals materials like graphene, MoS,, and h-BN.[23]

Covalent functionalization in particular offers a facile method to further tune bP’s unique
electronic and chemical properties by forming bonds between the surface and a new chemical
species. Since 2016, bP functionalization has been reported with a variety of organic groups

including aryl,?4271 alkyl,?®3! and amine groups,1*>*3 and Ceol** as well as inorganic
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nanoparticles,[*334 quantum dots,*!! and metal atoms.[*>*] Much of these functionalization
methods are adapted from other 2D materials with saturated surfaces (e.g. graphene, TMDCs) and
do not leverage the unique reactivity of the bP basal plane or systematically explore its chemistry.
Additionally, as with all surfaces, characterizing the exact nature of the functional group—surface
interaction is also challenging. For bP, this characterization is further complicated by adventitious
oxidation that may occur during exfoliation and functionalization. As a result, many basic
questions concerning bP surface chemistry remain unanswered including how to predict competent
functionalization partners, the electronic and steric nature of bP as a ligand, particularly compared
to its well-understood molecular analogs, phosphines, and how to consistently probe what happens
once the surface has been modified. While some of these questions have been considered by
theory,!?*! experimental evidence remains scarce. Ultimately, this lack of understanding hinders

applications of functionalized bP.

The following work begins to address some of these gaps in our understanding of bP chemistry.
Chapter 2 shows how bP’s intrinsic reactivity can be leveraged to functionalize the surface with
nitrene groups using mild conditions. Molecular (IR, Raman, and NMR spectroscopies) and
materials characterization techniques (XPS, AFM, SEM) are developed to probe the modified
surface with precision. Chapter 3 investigates the nature of bP as a ligand through functionalization
with Lewis acidic organometallic fragments. IR characterization suggests that bP acts as a
relatively strong o-donor with a moderate steric profile. Subsequent reactions with the
functionalized nanosheets show stoichiometric reactivity comparable to molecular phosphine
analogs. Finally, in Chapter 4, a proposed single site Rh/bP heterogeneous catalyst is employed

for hydroformylation for the first time. Preliminary results suggest that the metal remains bound
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to the bP surface during catalysis, and that electronic metal-support interactions play a key role in

the observed activity.
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2 SURFACE FUNCTIONALIZATION OF BLACK PHOSPHORUS
WITH NITRENES: IDENTIFICATION OF P=N BONDS BY
USING ISOTOPIC LABELING

2.1 ABSTRACT

Surface functionalization of two-dimensional crystals is a key path to tuning their intrinsic physical
and chemical properties. However, synthetic protocols and experimental strategies to directly
probe chemical bonding in modified surfaces are scarce. Introduced here is a mild, surface-specific
protocol for the surface functionalization of few-layer black phosphorus nanosheets using a family
of photolytically generated nitrenes (RN) from the corresponding azides. By embedding
spectroscopic tags in the organic backbone, a multitude of characterization techniques are
employed to investigate in detail the chemical structure of the modified nanosheets, including
vibrational, X-ray photoelectron, solid state *'P NMR, and UV-vis spectroscopy. To directly probe
the functional groups introduced on the surface, R fragments were selected such that in conjunction
with vibrational spectroscopy, 'N-labeling experiments, and DFT methods, diagnostic P=N
vibrational modes indicative of iminophosphorane units on the nanosheet surface could be

conclusively identified.

2.2 INTRODUCTION

Surface functionalization could provide an avenue to rationally tune the physico-chemical
properties of two dimensional (2D) inorganic crystals and unlock their potential as next-generation
electronic, catalytic, or quantum materials. Black phosphorus (bP), a 2D van der Waals material
composed entirely of tricoordinate phosphorus, is a promising candidate for a range of

applications, including field-effect transistors,!'?l photodetectors,*#! and thermoelectric devicesl®!
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due to its unique properties including a layer-dependent bandgap, high carrier mobility, and high
current switching ratio.[®] Methods to chemically functionalize the bP basal plane that minimize
lattice degradation (e.g. P-P bond cleaving) are rare, yet if available they could address key
challenges limiting bP implementation, such as air stability, rational doping, or band gap tuning.
Probing the integrity and structural changes of the bP nanosheets after functionalization is
necessary to assess the effectiveness of any synthetic protocol tested, but experimental limitations

in surface analysis hinder the conclusiveness of the information collected.

From a chemical standpoint, bP offers a unique synthetic avenue for its surface functionalization.
In contrast to less reactive surfaces such as graphene or hexagonal boron nitride (h-BN), the
availability of lone pairs in the basal plane makes exfoliated bP nanosheets amenable to mild and
highly specific surface modification strategies, for example those employed in the chemistry of
molecular phosphines. To date, efforts to covalently functionalize bP rely primarily on harsh
conditions traditionally used to chemically modify h-BN or graphene, such as treatment with
iodonium!(”# and aryl diazonium salts.’'"] This ‘one-size fits all’ approach to surface
functionalization ignores the inherent chemical orthogonality of 2D nanomaterials. More recently,
the Staudinger reaction!'?! between black phosphorus and 4-benzoic acid azide was reported to
produce functionalized nanosheets bearing iminophosphorane groups on the bP surface.['*]
However, carried out at high temperatures for a prolonged period of time (140 °C, 40 h), this
transformation led to significant chemical degradation of the nanosheets, making the assignment

of iminophosphorane P=N bonding motifs circumstantial and challenging to distinguish from

concurrent oxidation processes.

Herein we introduce a mild protocol, tailored to functionalize black phosphorus nanosheets, that

relies on photolytically generated nitrenes (RN). To experimentally investigate the nature of the
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Figure 2.1. Functionalization of bPexr with organic azides.
chemical bonding introduced on the bP surface, a family of parent organic azides was selected to
include diagnostic spectroscopic signals associated with the organic (R) backbone. Specifically,
tosyl (Ts), p-methoxycarbonylphenyl (Y¢°Bz), 4-trifluoroacetylphenyl (/3Bz), and adamantyl
(Ad) azides were employed as nitrene sources under photolytic conditions (Figure 2.1). Post-
functionalization, the nanosheets were characterized extensively using vibrational, X-ray
(emission, photoelectron), NMR, and UV-vis spectroscopy. In contrast to prior claims,!'>!4 we
found most of these methods alone could not conclusively distinguish between adventitious
oxidation and deliberate surface functionalization of bP. To directly probe chemical bonding in
the modified surfaces, the organic substituents RN were judiciously chosen, such that in
conjunction with vibrational spectroscopy, '"N-labeling experiments, and DFT calculations,
diagnostic P=N vibrational modes indicative of iminophosphorane units (P=NR) on the nanosheet

surface could be directly and conclusively identified.
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2.3 RESULTS AND DISCUSSION

2.3.1 Synthesis

Finely crushed bP crystals were sonicated and centrifuged to remove large particles, producing
dispersions of exfoliated black phosphorus nanosheets (bPey, ca. 1.67 mM, 50 mg/L at 2000 g).
Extensive characterization reveals this process yields high-quality, minimally oxidized black
phosphorus nanosheets that average 7—11 layers in thickness (Figures S2—3). Fresh dispersions of
bP..rwere irradiated in the presence of an organic azide using a broadband UV lamp under rigorous
air- and water-free conditions (Figure 2.1). During photolysis, the initial light brown dispersion
takes a deep brown-red hue, typical of byproducts in reactions involving nitrenes.[!3] Post-reaction,
the functionalized nanosheets were isolated via filtration. Soluble byproducts were then removed

by extraction with copious amounts of solvent.

2.3.2 Binding Modes

Multiple binding modes might occur between photolytically generated nitrenes!!® and accessible
P sites on bP. The relative stability of three different binding modes of tosyl nitrene [TsN] to the

basal phosphorus sites of a bP sheet were considered in silico using density functional theory

(a) TsN=Pysp (2.3 kcal/mol) (b) TsN(A3-Ppp)2 (11.5 kcal/mol) (c) TsN(A4-Pop)2
(not converged) -

Figure 2.2. Three binding modes for tosyl nitrene binding to bP were evaluated in silico: (a)

iminophosphorane TsN=Pyp, (b) bisphosphinoamine TsN(A3-Ppp)2 and (c) TsN(A*-Pyp)s.
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(DFT): (a) the iminophosphorane TsN=Pyp, (b) the bisphosphinoamine TsN(A*-Pup), (A*-P,

trivalent P), and (c) the NP4 heterocyclic structure TsN(A*-Ppp), (Figure 2.2 and Error! Reference
source not found.). The direct reaction between a molecular phosphine and an azide typically
results in the formation of a phosphazide, RN3PR3;. Most often, phosphazides spontaneously
extrude dinitrogen to form iminophosphoranes (RN=PR3), which are also produced from the direct
reaction between photolytically generated nitrenes and phosphines. The absence of N3 vibrational
modes in the experimental spectra of RN-bP (Figure 2.5a) indicates that if a phosphazide formed,
it quickly lost N> and converted to other species such as an iminophosphorane TsN=Pyp (Figure
2.2a). Molecular iminophosphoranes undergo facile 1,2-migrations;[!”! on the bP nanosheet this
transformation would result in nitrene group insertion into a P—P bond, giving rise to a PNP
bisphosphinoamine bridge, (i.e. TsN(A’-Ppp)o; Figure 2.2b). In silico, we found the
bisphosphinoamine to be energetically disfavored compared to the iminophosphorane. A third
binding motif, in which the nitrene fragment bridges two phosphorus atoms located on neighboring
ridges of the nanosheet forming an NP4 heterocycle without cleaving any P-P bonds, was also
evaluated (Figure 2.2¢). Upon optimization, this TsN(A*-Pyp)2 structure was found to be unstable,

converging instead to TsN=Pyp.

2.3.3  Morphology and X-Ray Photoelectron Spectroscopy (XPS)

Post-functionalization, the black phosphorus nanosheets maintain their structural integrity and
laminar morphology, as evinced by solid state NMR and Raman spectroscopy (Figure A.2, Figure
A.7) and visualized with scanning electron and atomic force microscopies, respectively (Figure
2.3a). The elemental composition of functionalized RN-bP was probed by XPS, revealing the

presence of N, O, and C in addition to P (Figure A.3). In “*3BzN-bP, fluorine was also detected,

indicating the presence of [/3BzN] surface groups. Although sulfur has a high photoemission
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Figure 2.3. (a) Morphological characterization of TsN—bP by scanning electron and atomic force

microscopy. P2p XPS spectra of (b) control samples and (c¢) azide functionalized nanosheets.

probability, strong bP plasmon satellites!!”) obscure its detection in TsN-bP. High-resolution N1s
XPS was obtained for all samples, but it cannot differentiate between the CN group of residual
benzonitrile, with energies at 398.7 and 400.2 eV for its chemi- and physiosorbed states,!?’]
respectively, and PN binding environments, which occur between 398401 eV (Figure A.5).12!]
Successful functionalization is however corroborated by high-resolution Cls XPS. A binding
environment corresponding to C=0 is observed at ca. 288.5 eV in both #*°BzN-bP and “"3BzN—
bP at energies distinct from those associated with adventitious carbon or benzonitrile. Notably, the
same feature is absent in TsN—bP or bP..;, which do not contain a carbonyl group. Most notably,
in *3BzN-bP, a C-F environment associated with the CF3 unit is observed at 290.5 eV (Figure

A4d).

Characterization of the functionalized nanosheets using high resolution P2p XPS reveals that in
addition to the characteristic black phosphorus P(0) doublet at 130.0 eV, each derivative contains

two new P chemical environments at higher energies, indicative of a higher oxidation state (Figure
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2.3c). While the 132.8-134.2 eV energy range of the oxidized P is comparable to a previous

assignment for a P=N bond at 134 eV ,!'3] an extensive literature survey!?!! reveals that PN and PO
environments cannot be distinguished using P2p XPS alone, as they occur over the same binding
energy range of 130.9-136 eV (Figure A.5).?>23] Consequently, we assign the two new P
environments in RN-bP to P sites with an oxidation state greater than zero, which could include
both PO and PN moieties. After accounting for the adventitious formation of phosphorus oxides
observed in the control samples (ca. 3%), the remaining amount of oxidized phosphorus in RN—

bP is attributed to PN bonds.

2.3.4  X-ray Emission Spectroscopy (XES)

Phosphorus Ka XES, a technique that probes the functionalization of the bulk material,
corroborates the findings from the surface XPS measurements. XES analysis reveals that TsSN-bP,
MeOBZN-bP, and AAN-bP contain oxidized P sites with features at slightly higher energies (0.66—
0.69 eV, Figure A.6) than for pristine bP, but like XPS, it cannot distinguish between PN and PO
bonds.[?*] XES analysis is highly dependent on the degree of exfoliation of the nanosheets, as thick
flakes contain significantly more elemental, unoxidized phosphorus and fewer exposed surface
sites accessible for functionalization. Thus, the percent bulk functionalization of the RN-bP
samples was found to range from ca. 5 to 0.3%, a range comparable to other reports of bP

functionalization.!!3-14:25]

2.3.5 Solid State NMR Spectroscopy

The chemical bonding in the functionalized RN-bP (R = Ts, #°Bz) nanosheets was probed

extensively using a range of magic angle spinning (MAS) NMR spectroscopy techniques.
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Figure 2.4. Characterization of control samples and functionalized nanosheets using (a) direct

excitation 3'P solid state NMR, (b) 'H—3'P CPMAS NMR, (¢) 'H—3'P CPMAS spin diffusion,

and (d) '"H{*'P} CP-HETCOR.
Direct excitation *'P NMR spectroscopy analysis of bulk bP, bP..;, photolyzed bP..; and RN-bP
reveals a single, intense peak associated with the bP lattice (Figure 2.4a). For the bulk sample, this
singlet is centered at 20 ppm, within the previously reported range of 19-22 ppm.!'3:1426.27] After
exfoliation and functionalization with TsN3 or #¢°BzN3, the maximum of this peak shifts to 18
ppm. A decrease in chemical shift upon reduction of particle size has been reported for many other
semiconductors, and usually occurs as a result of an increase in the band gap, which in turn leads

to reduced paramagnetic deshielding, increased nuclear shielding, and a more negative chemical
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shift.[82°] The spectra collected for the bP.rand photolyzed bP..scontrol samples are very similar,
though in the latter case, we detect a slight broadening and a shift to a higher frequency (Figure

A2).

Most notably, functionalization of the nanosheets is associated with the emergence of a broad
shoulder extending from ca. 20 ppm to —20 ppm (Figure 2.4a, inset). A similar feature, assigned
to P=N bonds, was reported after the thermolysis of bP with benzoic acid azide.['3] In this study,
we found that a small shoulder is also present in the photolyzed bP..s control sample, though of
reduced intensity compared to the azide-functionalized nanosheets. Hence, we propose this feature
arises not only from P atoms bonded or nearby to [RN] groups, but also from adventitious
oxidation of bP during photolysis (e.g. PO or PC bonds). Considering the quantitative nature of
the direct excitation 3'P NMR spectra, the intensity of the shoulder feature can be correlated to the
concentration of PO and PN moieties within each sample, which mirrors that observed by P2p

XPS (Figure 2.3b, ¢).

"H—3!P cross-polarization magic angle spinning (CPMAS) NMR spectroscopy was employed to
selectively probe 3'P NMR signals arising from P atoms bound to, or within ca. 5 A of any
functional groups on the nanosheets. Although significantly different when analyzed using P2p
XPS (Figure 2.3) and IR spectroscopy (Figure 2.5), the photolyzed bP..rcontrol and functionalized
RN-bP samples give rise to very similar *'P CPMAS NMR spectra (Figure 2.4b). Both samples
feature two peaks, one stemming from pristine lattice phosphorus sites, and another, more intense
and broader peak, centered at 0 ppm. The enhanced intensity of the latter signal implies that it
originates from 3'P spins located within a few A of 'H spins. However, its presence in both RN—
bP and the photolyzed control sample reveals it also stems from adventitious oxidation, and not

exclusively from deliberate functionalization. Importantly, bP. nanosheets that were not
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photolyzed show no observable signal using this technique, indicating that the concentration of the
oxidized sites in bP. is at least an order of magnitude smaller before photolysis than in the
photolyzed bP.y or RN-bP (Figure A.2). Due to the breadth of the *'P NMR signals observed in
the CPMAS spectra, it is possible that the 'H spins providing the observed magnetization arise
from terminations other than the RN group, such as P-OH or P-CH that might form during
photolysis. This interpretation is corroborated by the presence of O—H and C—H stretches in the IR

spectra of TsN-bP, ¥¢OBzN-bP, and the photolyzed bP.s control (Figure 2.5a).

3P CP spin diffusion experiments were conducted to confirm the oxidized P sites giving rise to
the feature at 0 ppm are located on the nanosheets, rather than belonging to a phase-segregated
oxidized impurity. The initial 3'P magnetization was generated in the '"H—3'P CP step, then it was
stored for a variable spin diffusion time period (Tsp) ranging from 0 to 5 s. During Tsp, >'P-3'P
dipolar couplings cause transfer of magnetization between spatially proximate 3'P spins. After Tsp,
the 3'P longitudinal magnetization is converted to transverse magnetization by a n/2 pulse and
observed. The 3'P spin diffusion spectra reveal that as Tsp is increased, the NMR signal intensity
is transferred from oxidized *'P NMR signals to the bulk, zerovalent bP *'P NMR signals (Figure
2.4¢). This observation confirms that the *'P NMR signals at 0 ppm arise from oxidized P sites
located on the bP sheets, and not from a phase-segregated, oxidized impurity (e.g. molecular

phosphorus oxides).

Finally, to probe the chemical identity of the functional groups attached to the nanosheets, the
chemical shifts of H atoms proximate to the oxidized P sites were determined using 'H{*'P} CP
heteronuclear correlation (HETCOR) experiments, which correlate 'H to 3'P chemical shifts in a
two-dimensional map, as depicted in Figure 2.4d. The HETCOR spectrum of TsN-bP shows that

the 'H spins involved in the CP magnetization transfer have distinct '"H chemical shifts, with broad
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'H signals centered at ca. 8 and 6 ppm. We note that the 'H{*'P} HETCOR spectrum of an

intentionally oxidized sample of bP..s appears very similar to that of TsN-bP (Figure A.1). This
finding reaffirms that adventitious oxidation precludes the unambiguous detection of TsN-
functionalized phosphorus in these experiments. The observation of distinct sets of 'H chemical
shifts (at 8 and 6 ppm, respectively) for each type of 3'P NMR signal is somewhat surprising
because the 3'P spin diffusion experiments described above suggest that all the 3'P spins in those
experiments are spatially proximate. Since 3'P spin diffusion experiments probe larger length
scales (10’s of A) than CP experiments (ca. 5 A), the HETCOR spectrum indicates that the bulk
31P spins (with a chemical shift of 20 ppm) and the oxidized ones (with a chemical shift of 0 ppm)
derive their "H magnetization in the CP experiment from different sets of 'H spins. For example,
the bulk, basal P atoms might be proximate to an RN group or to adsorbed solvent, while the
oxidized P sites could be localized on the edges of the nanosheets and bound to OH groups.
Furthermore, a dipolar '"H double-quantum single-quantum (DQ-SQ) NMR spectrum of TsN-bP
shows that the 'H spins are only strongly dipole coupled (within ca. 3 A) to 'H spins with the same
chemical shifts (Figure A.1). All of these observations are consistent with the hypothesis that there
are distinct clusters of 'H spins where the chemical shift within a group is very similar, and strongly

suggests that the oxidized P atoms detected are localized on the edges of the nanosheets.

In summary, 'H and *'P solid state NMR spectroscopy confirm that the structure of bP is largely
unaltered during exfoliation and functionalization. Comparison of direct excitation 3!P solid state
NMR spectra suggests that the *'P NMR signals centered at 0 ppm can be partly, but not
exclusively, attributed to P atoms bound to or in the vicinity of [NR] organic functional groups.
Indeed, 3'P CPMAS and CP spin diffusion experiments suggest the bP sheets are partially oxidized

during photolysis and contribute to the 3'P NMR signals at 0 ppm. Ultimately, the relative intensity
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of the NMR signals corresponding to adventitious oxidation in the 3'P CPMAS spectra makes

selective observation of P atoms that are bonded or in close proximity to the organic functional

groups challenging.

2.3.6 Infrared Spectroscopy (IR) and '°N Labeling

To investigate the nature of the bonding between the nitrene and the nanosheet surface, we turned
to IR spectroscopy — a technique uniquely poised to distinguish between P(NR) and PO
environments. IR has been previously used to probe the surface functionalization of 2D-
nanosheets,!!*% but to the best of our knowledge it has never been used to identify the formation

of more complex, higher order bonding on these surfaces. Here, the chemical association of the
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[NR] group with bP to form iminophosphorane RN=Pyp linkages was investigated for the three R
groups with distinctive IR signatures, Ts, #¢°Bz, and “/3Bz. Together with DFT calculations, N
isotopic labeling experiments were employed to identify the presence of P=N vibrational modes

on the functionalized nanosheets.

Post-functionalization, the nanosheets exhibit distinct new vibrational signals between 1700—1000
cm! that are associated with the backbone of the [NR] nitrene group (Figure 2.5a). These
vibrations are distinct from those associated with adventitious bP oxidation, which were assessed
by IR characterization of the photolyzed bP.,scontrol (Figure 2.5a). Notably, all three RN-bP
derivatives exhibit a systematic 2—7 cm™! blue-shift in the vibrational modes of the organic moiety
compared to the parent azide, implying a change in the chemical environment of the [NR] unit
post-functionalization. The functionalized nanosheets contain no unreacted organic azide, or
tetrazoles that might have resulted from reaction with benzonitrile.*!-*?! In addition, N-H stretches
that might stem from physio- or chemisorbed RNH, amine were also not detected in the
functionalized samples (Figure A.8).133 ¥¢OBzZN-bP shows strong features corresponding to the
C=0 (1723 ecm™), C=C (1603 cm™"), and C-O—C (1280 cm™") vibrational modes of the [V*°BzN]
backbone (Figure 2.5b).34 Similar C=0 (1715 ¢m™) and C=C (1597, 1509 cm™) vibrational

modes are also observed in “3BzN-bP along with a strong C-F stretching mode at 1146 cm™!

(Figure 2.5¢c). TsN—bP, features new signals associated with mixed v(CC) + v(SO2) and v(SO2)sym

vibrational modes observed at 1599, 1492, and 1155 cm™, respectively (Figure 2.5d).

Although relatively intense, P=N stretches can be challenging to locate as they span a surprisingly

wide range of frequencies, from ca. 1500 to 1055 cm™'.13%! Because the substituent on the nitrogen

[36]

is the strongest determinant of the P=N vibrational energy,”®! molecular iminophosphoranes can

be used to estimate the position of the PN vibration for RN=Pup. Thus, a family of
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triphenylphosphine-based molecular iminophosphoranes RN=PPhs (R = Ts, Bz, F3Bz) was

selected as a model system, and their vibrational profiles calculated (Figure A.10). The P=N stretch
for TsN=PPhs is located at 1147 c¢cm™' (experimental)l*®! and 1135 cm™ (predicted). For
MeOBZN=PPhs and “3BzN=PPhs, the PN stretch is comparatively more intense and blue-shifted to
1387 and 1399 cm™!, respectively, ostensibly due to coupling with an N—Ph stretch and a phenyl
ring deformation mode (Figure A.10). Inspecting the experimental spectra obtained for RN—bP
against the predicted ranges for P=N stretches, we can indeed identify intense features in these
regions. For example, ¥*°BzN-bP and TsN-bP each contain an intense vibration at 1459 and 1120
cm™!, respectively, not associated with the organic backbone or bP oxidation). Calculations
predicted that formation of a bisphosphinoamine in the reaction between tosyl nitrene and the bP
surface is energetically disfavored compared to the iminophosphorane TsN=Pyp. Experimentally,
no vibrational modes corresponding to P—N single bonds of bisphosphinoamines could be

identified in the IR spectra collected for ¥¢“BzN-bP and TsN-bP (Figure A.8).

To unequivocally assign the P=N vibrations in the complex IR spectra of the functionalized
nanosheets, the organic nitrene [RN] unit was isotopically enriched with '’N, and the effect of the
isotopic shift on the spectra analyzed. '"N-labeling experiments were performed using enriched
MeOBZ1415N3 and Ts'¥!SN3 azides obtained from terminally labeled Na'>N'#N,. The [RN] groups
incorporated in the nanosheets will contain therefore an equal ratio of '*N and '>N. If formed, the
iminophosphorane moieties RN=Pyp are expected to give rise to a set of both *N=P and 'N=P
vibrational modes. Inspecting the changes incurred in the IR spectrum of labeled ¥¢°BzN-bP, we
note that in addition to a prominent feature at 1459 cm™', a new signal emerges at 1439 cm™'. We
attribute this set of features to the P='N and P=!N stretches, respectively. In close agreement

with the experiment, a simple harmonic oscillator approximation estimates the energy of the P=""N
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stretch at 1425 cm™'. Although occurring at a higher frequency than the PN bond predicted for the

molecular iminophosphorane M*°BzN=PPh; of 1387 cm™!, the vibration is within the expected

energy range for an N-phenyl substituted PN unit.[*”]

Similarly, "N isotopic labeling of TsN-bP led to the appearance of an intense and broad feature
centered at 1094 cm™!, red-shifted from that assigned to the P='4N bond at 1120 cm™'. The isotopic
shift of 26 cm™ is in perfect agreement with that predicted using a harmonic oscillator
approximation, and the frequency of the observed stretch lies very close to that measured for the
molecular iminophosphorane TsN=PPhs of 1147 cm™'.13¢! [sotopic labeling was not performed for
the “/3BzN-bP derivative, but the P=N stretch is expected to occur at a similar energy to that
observed for ¥¢“BzN-bP. Inspection of the vibrational spectrum of this derivative reveals the
presence of a broad signal at 1332 cm™, a likely candidate for the P="%N stretch (Figure 2.5¢). The
broadness of the P=N vibrational mode in both the TsN-bP and ““3BzN-bP derivatives can be
attributed in part to the cluster of closely spaced vibrational modes involving the PN bond

proximate to the primary P=N stretch (Figure A.10).

In conclusion, combining vibrational spectroscopy, isotopic labeling, and DFT modeling enabled
the direct and conclusive identification of iminophosphorane P=N linkages on the surface of the

azide-functionalized bP nanosheets.

2.3.7 Ambient Stability

Surfacel*® or edgel?®! functionalization has been previously explored as a strategy to increase the
ambient stability of bP dispersions. Notably, functionalization of bP using p-benzoic acid azide,

with the proposed formation of P=N linkages on the bP surface was also reported to increase its
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Figure 2.6. UV-vis spectroscopy in water and benzonitrile. (a) Bar graph depicting the similar
evolution of the normalized concentrations (C/Co, Co = concentration at t=0) of RN-bP and
control samples in H»O, under ambient conditions. (b) Bar graph of the concentrations
measured for ambiently exposed samples plotted in (c), divided by the corresponding

concentrations for samples stored under N2 (C/Co, C = C(air)/C(N2)).

ambient stability in water,!'3] a surprising result considering RN=P bonds are prone to hydrolyze

to phosphine oxides and amines.*’!

Herein, we developed a protocol to test the ambient stability of the functionalized nanosheets that
accounts for aggregation and sedimentation of the nanosheets during the study, as well as for
hydrolysis. The electronic absorption profile of RN-bP dispersions in water or benzonitrile was
monitored in the presence and absence of oxygen. Furthermore, after exposure to ambient
conditions, the functionalized nanosheets were isolated and analyzed by P2p XPS to probe the
chemical evolution of the samples. In brief, when the nanosheets were suspended in deionized
water under ambient conditions, no increase in the stability of functionalized RN-bP (R = Ad,

MeOBz, Ts) nanosheets compared to the control bP samples was observed using UV-vis
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spectroscopy (Figure 2.6a, b). This result is consistent with reports of facile P=N bond hydrolysis

in molecular analogs of nitrene-functionalized bP, but in contrast to the reported stability of bP

nanosheets functionalized thermally with p-benzoic acid azide.[!3]

To determine if nitrene functionalization of bP increases its ambient stability we sought to
minimize hydrolysis of the P=N linkages by using an aprotic organic solvent (PhCN). The
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To probe if the changes in absorbance are actually indicative of a smaller degree of ambient
degradation of TsN-bP, after completion of the UV-vis measurement studies, the functionalized
TsN-bP and control bP.,s nanosheets were analyzed by P2p XPS (Figure 2.7, Figure A.9). The
data revealed a significant and comparable increase in oxidation in both the TsN-bP and control
samples during 7 days of ambient exposure. This result is at odds with the UV-vis data which
suggests a significantly smaller degree of oxidation occurs in the functionalized sample. Though
qualitative, this experiment suggests that the effect of RN functionalization on the ambient stability

is minor, even if analysis of the UV-vis data alone would suggest differently.

2.4 CONCLUSION

In conclusion, we report a mild functionalization protocol for bP that leverages the unique network
of lone pairs in the basal plane of this 2D inorganic material. A family of organic azides was
selected to include a range of spectroscopic handles (i.e. vibrational, XPS, NMR) that facilitated
probing in detail the chemical bonding of the modified nanosheets using a wide range of
experimental techniques. Our studies revealed that most spectroscopic techniques employed could
not conclusively distinguish between adventitious oxidation and deliberate functionalization. To
circumvent this limitation, we demonstrate that P=N bonds can be directly identified on the
modified bP surface using vibrational spectroscopy in conjunction with '°N labeling and DFT
studies. In contrast to prior claims, we also found that UV-vis spectroscopy is not a reliable method
to assess enhanced ambient stability of the functionalized black phosphorus nanosheets. In
aggregate, this study illustrates how molecular synthetic and characterization strategies can be
translated to provide an unprecedented level of chemical control and structural detail in the

modification and characterization of 2D inorganic materials.
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2.5 EXPERIMENTAL

2.5.1 Materials

Unless stated otherwise, all work was performed under an inert atmosphere of N> using a Schlenk
line or an LC Technology Solutions, Inc. glovebox containing <5 ppm H>O and O,. Benzonitrile
(99%, Alfa Aesar) was degassed for several hours under vacuum and stored over 3 A molecular
sieves for a minimum of 2 days prior to use. Additional anhydrous solvents were obtained from a
SciMatCo solvent system and stored over 3 A molecular sieves (Thermo-Fisher) for at least 12 h
before use. Molecular sieves were previously activated by heating at 250 °C under vacuum for a
minimum of 3 days. All water used for ambient stability experiments was deionized, and Ultra-
Pure Milli-Q water with a resistivity of >18 MQ-cm was used as specified. Black phosphorus (bP)
crystals (99.998%, Smart Elements) were purchased and used as received, or synthesized using a

literature protocol.[*%! All glassware was dried overnight at 150 °C prior to use.

All azides were stored in the dark in the glovebox freezer (—35 °C) and thawed at room temperature
prior to use. NaN3 (>99.5%, Sigma-Aldrich), Na'’N'¥N, (>98%, Cambridge Isotope Laboratories),
l1-azidoadamantane (AdN3, 97%, Sigma-Aldrich), and methyl 4-aminobenzoate (98%, Aldrich)
were used as received. p-Toluenesulfonyl azide (TsN3), methyl 4-azidobenzoate (Y*°BzN3), and
1-(4-azidophenyl)-2,2,2-trifluoroethanone  (“*3BzN3) were synthesized using literature

protocols.[41=43]

Ultrasonication was performed using a 110W bath sonicator at 40 kHz that was maintained at
22-28 °C using circulation cooling. Centrifugation was performed using Nalgene™ Oak Ridge
High-Speed Centrifuge Tubes sealed with O-ring caps. Filtrations were performed using EMD

Millipore Omnipore hydrophobic membrane filters with a pore size of 0.2 pum. Photolytic
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treatments were performed with a 450 W medium-pressure mercury vapor lamp (Hanovia
Specialty Lighting, PC 451.050) emitting 200—400 nm broadband radiation. The lamp was hosted

inside a quartz jacket that was continuously cooled using an automated water circulator.

2.5.2 Instrumentation

Attenuated total reflectance infrared (ATR-IR) spectra were recorded on a Bruker Alpha IR
instrument equipped with a Platinum ATR accessory. Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) was used in some analyses with the corresponding Bruker
DRIFTS accessory and FTIR-grade potassium bromide (KBr, >99%; Alfa Aesar). Raman spectra
were acquired on a Renishaw InVia microscope using a 532 nm diode-pumped solid-state laser
and a 50x microscope objective. UV—vis—NIR spectra were acquired using a Varian Cary 5000
UV-vis—NIR double-beam spectrophotometer. XRD spectra were acquired on a Bruker D8
Discover powder X-ray diffractometer with a large-area Pilatus 100K large-area 2D detector under
ambient conditions. Scanning electron microscope images were obtained on a FEI Sirion XL30
Scanning Electron Microscope (SEM). Images were acquired at 11,227x magnification with an
accelerating voltage of 15 kV and a working distance of 5 mm. XPS/ESCA analysis was performed
on a Surface Science Instruments (SSI) S-Probe system under ultrahigh vacuum with a
monochromatized Al Ko X-ray source and a low energy electron flood gun for charge
neutralization (Figure 2.3, Figure 2.7, Figure A.3, Figure A.4). XPS of materials for ambient
stability (Figure 2.7, Figure A.9) was collected on a Kratos Axis-Ultra DLD spectrometer with a
monochromatized Al Ka X-ray and a low energy electron flood gun for charge neutralization under
ultrahigh vacuum. AFM images were measured in non-contact mode on an Asylum Research
Cypher atomic force microscope under a flow of N». All images were acquired using electrically

conductive Cr/Pt AFM probes. For spectroscopic analysis (XPS, XES, Powder-XRD, and Raman),
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test-grade Si wafers (University Wafer) and Au-coated Si wafers (100 nm Au, Platypus
Technologies) were cut, rigorously washed by sequential ultrasonication with detergent (Si only),
water (Si only), acetone, and isopropanol, and then oven-dried overnight at 150 °C prior to use.
Suspensions of various hP products in dichloromethane (DCM) or tetrahydrofuran (THF) were
drop-cast onto clean silicon wafers and annealed for 2—5 min at 80 °C before analysis. XPS

analyses were conducted using identical preparations with clean silicon or Au-coated Si wafers.

Phosphorus Ko XES measurements were performed using a recently developed laboratory
spectrometer described in detail by Holden et al.[**! Phosphorus speciation by Ko XES using the
spectrometer was demonstrated in Stein et al.[**! The spectrometer uses a low-power, 50 Watt Pd-
anode X-ray tube (Varex) to stimulate fluorescence in the sample. The fluorescence is analyzed in
the Dispersive Refocusing Rowland (DRR) geometry using a cylindrically bent, Si (111) Johann
crystal analyzer with a 10 cm-radius of curvature (XRSTech). The analyzed rays are detected using
an energy-resolving CMOS-based color X-ray camera.l*®! The spectrometer is contained in a
vacuum chamber which is evacuated to a pressure of <100 mTorr during measurements. The bP
samples were prepared for XES measurement by drop-casting a dispersion of nanosheets in DCM
or THF onto silicon wafers with an approximate sample spot area of ~3—4 mm in diameter. The
prepared samples were stored under inert atmosphere and briefly exposed to air (<5 minutes)

during loading into the spectrometer. The uncertainty in the energy scale is ca. £0.02—0.03 eV.

Analysis of the XPS spectra acquired with the SSI S-probe system was performed using Esca
Hawk7 software followed by analysis of the high-resolution P2p spectra using linear combination
fitting with the nonlinear least-squares fitting Python package LMFIT (Figure 2.3, Figure 2.7,
Figure A.3, Figure A.4).171 XPS of materials for ambient stability acquired with the Kratos Axis-

Ultra DLD system (Figure 2.7, Figure A.9) were analyzed using CasaXPS software. All binding
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energies were referenced to adventitious carbon (B.E.[C 1s] = 285.0 eV). Shirley baselines were
subtracted from spectra prior to analysis. Paired pseudo-Voigt profiles representing the (P 2p3., P
2p12) doublet were fit to baseline-subtracted data with a fixed peak separation of 0.84 eV and
relative ratio of 2:1, consistent with reported values for phosphorus.[*¥) To fit multiple P peak
shapes, widths of subsequent signals were constrained to the width of the (P 2p3., P 2p1,2) pair.
Relative contributions of each unique peak shape were measured according to the relative intensity
of the signal. The center of the P 2p3/> signal was fixed to 130.0 eV for comparative analysis. The
percent composition of oxidized phosphorus was found to vary between RN-bP samples prepared
through the same method, but on separate days. For example, four independent P2p measurements
of TsN-bP samples produced through the same method, but on separate days gives an average of

8+2% oxidized phosphorus. As a result, these percentages are considered to be estimates.

Solid state NMR experiments were performed on a Bruker wide-bore 9.4 T (vo('H) = 400 MHz)
NMR spectrometer with a Bruker Avance 111 HD console equipped with a Bruker 2.5 mm HXY
MAS probe. The 'H solid state NMR spectra were referenced to neat tetramethylsilane using
adamantane (Siso('H) = 1.82 ppm) as a secondary chemical shift reference. >'P NMR spectra were
indirectly referenced using previously published relative NMR frequencies.[*] All solid-state
NMR spectra were obtained with a magic angle spinning (MAS) frequency of 25 kHz. For all 'H
NMR spectra the radiofrequency (rf) fields for the n/2 pulses was 100 kHz. The recycle delay of
the 'H solid state NMR spin echo spectra was between 1.5 s to 2 s, and 32 scans were collected.
The '"H-'H dipolar double quantum single quantum homonuclear correlations were obtained with
back to back (BABA) recoupling.’%=? The 'H-'H DQ-SQ NMR spectra were obtained with
recycle delays of 1.1-1.7 s, 16 scans, and 80-96 indirect dimension points. All >'P NMR spectra

were obtained with SPINAL-641331 'H decoupling applied during the acquisition and the rf field
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for the '"H decoupling was 100 kHz. The *'P direct excitation 1D NMR spectra were obtained with

rf fields for the 3'P n/2 and = pulses of 93—125 kHz with 16—128 scans and recycle delays between
120 s to 287 s. For the cross-polarization (CP) NMR experiments,** the 'H and 3'P rf fields for
CP spin lock pulse were 73 kHz and 37.5 kHz, respectively, and recycle delays were between 1.1—
1.7 s. 'H saturation recovery experiments were used to measure 'H T1 for each sample and select
the appropriate recycle delay for the CPMAS experiments. The 3'P CP spin echo experiments were
obtained with a CP contact time of 2—8 ms, recycle delay between 1.3 s to 1.9 s, and 2048—-8192
scans. For the 3'P CP spin diffusion experiments, >3] the 3'P spin diffusion time was varied between
0-5 s and 128-1028 scans were acquired for each time point. The 'H{3'P} CP-HETCOR spectral*¢!
were obtained with a forwards CP contact time of 3—8 ms, backwards CP contact time of 2—8 ms,

128-256 scans, and 40—64 indirect dimension points.

2.5.3  Synthesis of "’ N-labeled organic azides

Caution: Sodium azide forms hydrozoic acid (HN3), a volatile, highly toxic, and explosive
compound, when combined with acids or water. Proper safety precautions should be taken during

workup and waste disposal to avoid HN3 formation.
Synthesis of >N-labeled p-toluenesulfonyl azide (TsN2'SN/Ts'>NN;)

Synthesis adapted from literature.[*') To a 50-mL pear-shaped flask containing a solution of
Na'>NN; (135 mg, 2.05 mmol, 1.02 equiv) in water (1 mL), TsCl (381 mg, 2.0 mmol, 1 equiv)
was added as a solution in anhydrous acetone (5 mL). The flask was covered with aluminum foil
and the solution was stirred for 16 h at room temperature. Acetone was removed in vacuo, and the
resulting residue was washed with DCM (3 mL) and water (1 mL). The aqueous extracts were

washed again with DCM (2 mL), and the organic extracts were combined and dried over anhydrous
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NaxSOs. The volatiles in the filtrate were removed under vacuum to afford the product as a white

powder (360 mg, 1.82 mmol, 90% yield). IR (ATR): vaom(N2°N) = 2102, 2122 cm ™.
Synthesis of N-labeled methyl 4-azidobenzoate (Y¢°Bz!NN, / MOBzN,!5N)

In a protocol adapted from literature,>”] methyl 4-aminobenzoate (171 mg, 1.13 mmol, 1 equiv)
was loaded into a 25-mL pear-shaped flask and dissolved in diluted HC1 (0.2 M, 5 mL). Additional
water (2 mL) was added to aid dissolution, and the flask was sealed with a rubber septum. After
cooling to 0 °C, NaNO: (79 mg, 1.14 mmol, 1.01 equiv) was dissolved in deionized water (2 mL)
and added dropwise via syringe to the benzoate solution. Na'>NN3 (75 mg, 1.14 mmol, 1.01 equiv)
in water (1 mL) was then added dropwise via syringe, and the mixture was diluted with 9 mL
water. After 30 minutes of stirring, the mixture was removed from the bath and allowed to warm
to room temperature. The crude reaction mixture was washed with Et2O (2 x 10 mL) and water (1
x 10 mL), and then dried over anhydrous Na>SOs, filtered, and placed under vacuum. The resulting
light beige powder was dissolved in Et2O (10 mL), filtered through a plug of anhydrous silica gel,
and dried under vacuum to yield spectroscopically pure product (156 mg, 0.88 mmol, 78%). IR

(ATR): Vagym(N2'*N) = 2070, 2118 cm ™!, v(C=0) = 1718 em .

2.5.4 Synthesis and characterization of exfoliated black phosphorus nanosheets

Crystals of black phosphorus (bulk bP; 60 mg) were finely crushed with an agate mortar and pestle.
The resulting fine, silver-black powder was subsequently sonicated in the dark for 20 h in
anhydrous benzonitrile (120 mL). Air-free 250-mL Schlenk flasks sealed with Teflon stoppers
were used to prevent air exposure. The resulting suspensions were brown and opaque. Larger,
unexfoliated sediments were removed by centrifugation for 1 h at 2000 g. The yellow-brown

supernatants containing bP.,r were collected. An average calculated concentration of 1.67+0.75
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mM was obtained from 15 different batches of bP..r dispersions centrifuged at 2000 g. The

concentration was estimated using previously reported extinction coefficients. ]

For characterization by XPS and XES specifically, materials treated with ¥*°BzN3, AdN3, and
CF3BzN; were centrifuged at 500 g to isolate a larger amount of product for characterization. This

process yielded thicker exfoliated nanosheets.
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Figure 2.8. Characterization of bP.y. (a) High-resolution P2p XPS of bP.,. No phosphorus
oxide formation is observed. (b) Phosphorus Ka XES spectrum for bP.,s showing no detectable
oxidation. (¢) ATR-IR spectrum of bP.,r showing minimal adsorbates. (d) Raman spectrum of
bP... (e) UV-visible-NIR absorption profile of a bP. dispersion in PhCN. The absorption
shoulder at 450 nm was used to determine concentration in accordance with literature reports.
(f) Powder-XRD of bPey. (g) SEM image of bP.s (h) AFM image of a drop-cast liquid-
exfoliated bP.,r flake. (1) Histogram of the heights of solution-phase exfoliated flakes collected
by centrifugation at 2000 g indicating an average thickness of 7-11 layers. Heights were

determined by AFM.
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2.5.5 Functionalization of bP..r with organic azides under photolytic conditions
All reactant stoichiometries were based on an approximative concentration of bP.,s nanosheets in
benzonitrile of 1.67 mM. Molar equivalencies were calculated relative to all dispersed phosphorus
atoms (i.e. an excess of azide was used relative to the surface phosphorus atoms available for
reactivity). During photolysis, reaction mixtures were stirred vigorously in Pyrex flasks, which

were clamped at a distance of ca. 6 inches from the light source.

A bP.ys dispersion in PhCN (30 mL, 1.67 mM at 2000 g, 1 equiv) and an organic azide (AdN3,
CF3BzN3, TsN3, MOBzN;, Ts!'¥1SN3 or MOBz!¥15Nj, respectively; 0.20 mmol, 4.0 equiv) were
loaded into a 50-mL Schlenk tube equipped with a Teflon stir bar. Prior to photolysis, the
headspace of the flask was evacuated to accommodate the N> evolved during the reaction. The
reaction mixture was irradiated for 2 h under vigorous stirring and then filtered to isolate the solid
products. The collected solids were washed on the filter membrane with PhCN (1 x 30 mL) and
THF (1 x 30 mL) before being resuspended in THF (ca. 5 mL) for storage. This workup was
effective at removing reaction byproducts and was used for all samples. A workup consisting of
washing the collected solids with DCM (5 x 2 mL) was found to be ineffective at removing reaction

byproducts from the nanosheets (Figure A.8).
Control sample: photolysis of bP..s

A 50-mL Schlenk tube equipped with a Teflon stir bar was loaded with bP.,r (30 mL, 1.67 mM at
2000 g, 1 equiv) in PhCN. The headspace of the tube was evacuated, and the reaction mixture was
irradiated for 2 h under vigorous stirring. No color change was observed in the photo-treated

solution. The collected solids were washed on the filter membrane with PhCN (1 x 30 mL) and

THF (1 x 30 mL) before being resuspended in THF (ca. 5 mL) for storage.
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Photolytic treatment of bP..s with organic azides for NMR analysis
Three 100-mL Schlenk tubes equipped with Teflon stir bars were loaded with bP.sin PhCN (50
mL, 1.67 mM at 2000 g, 1 equiv) and the organic azide (TsN3, Ts!¥1°Nj3, MOBzNj, or MOBz!¥15N3;
0.33 mmol, 4.0 equiv). Simultaneously, two 50-mL Schlenk tubes equipped with Teflon stir bars
were loaded with bPeyin PhCN (30 mL, 1.67 mM at 2000 g, 1 equiv) and the organic azide (0.20
mmol, 4.0 equiv). All headspaces were evacuated. All tubes were irradiated for 2 h, after which
the reaction mixtures were a wine-red color. To obtain the solid product, the reaction suspension
was centrifuged at 15,000 g for 1 h at 4 °C. The pellet was resuspended in a minimal amount of
PhCN (ca. 15 mL), filtered, and washed sequentially with PhCN (1 x 15 mL) and THF (1 x 15
mL). The resulting dark-brown filter cake was resuspended via ultrasonication in THF (ca. 7 mL)

and centrifuged at 5,000 g. The solid product was placed under vacuum for 4 h prior to analysis.
Control sample: thermolysis of bP..s

A Schlenk flask equipped with a Teflon stir bar was loaded with a dispersion of bP.in PhCN (30
mL, 1.67 mM at 2000 g, 1 equiv). The dispersion was vigorously stirred at 150 °C for 12 h. No
color change or other visual indicators differentiated the resulting mixture from the original bP.,s
solution. The reaction mixture was filtered to isolate the solid product. The collected solids were
washed on the filter membrane with PhCN (1 x 30 mL) and THF (1 x 30 mL) before the solids

were resuspended in THF (ca. 5 mL) for storage.
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3 SURFACE FUNCTIONALIZATION OF BLACK PHOSPHORUS
WITH DISCRETE ORGANOMETALLIC FRAGMENTS

3.1 INTRODUCTION

Black phosphorus (bP), a 2D allotrope of elemental phosphorus, is a promising material for
electronic,!'! optical,l** and thermoelectric! applications due to its tunable near IR-to-visible
direct bandgap, high on/off ratio, and high carrier mobility.[®! Surface modification has been shown
to be a facile and effective method to tune these properties: treatment with group 13 Lewis acids!’]
and TCNQ,®°! among others, has been shown to p-dope bP while treatment with benzyl
viologen!'% results in n-doping, demonstrating strong electronic communication between surface
moieties and bP. These interactions can also be harnessed to enhance catalytic performance:
nanoparticles adsorbed on bP show enhanced activity for ORR!'!! and hydrogenation,!'>!3] among
other reactions. Interactions with surface groups likely occur through the surface lone pairs which

are available for reactivity as exemplified by the rapid oxidation of bP under ambient conditions.!'4!

Covalent functionalization of bP has largely been explored with organic groups including aryl,!'3-
18] alkyl,['-22] and amine groups.!?*?4 In contrast, there is little work with discrete organometallic
fragments; the existing literature primarily focuses on studying function (e.g., ambient stability,
drug delivery) rather than probing the nature of the M—bP interaction.!?>~28) Understanding the role
that bP plays in an organometallic complex not only would expand the library of functional groups
available for bP modification but could also shed light on how bP behaves as ligand, allowing for

more informed design of bP-containing systems.

This type of investigation is precedented for other 2D materials such as transition metal

dichalcogenides, graphitic carbon nitride, and gray arsenic where covalent functionalization with
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metal carbonyls!?3! and acetate fragments,*?] among others, has been demonstrated. Discrete
covalent bonding between these nanosheets and the organometallic fragments is established in
large part by taking advantage of the spectroscopic handles on the ancillary ligands via IR
spectroscopy.?°2] While theoretical work by Ienco and coworkers suggests that bP can form
dative bonds with Lewis acidic organometallic fragments,*3 to our knowledge, this has yet to be

conclusively established experimentally.

Herein, the covalent functionalization of bP with discrete organometallic Re and Mo complexes is
demonstrated. Specifically, Re(CO)sCl (1(CO)2(Cl)), CpRe(CO)3 (2(CO)), Re(bipy)(CO);Cl
(3(Cl)), and CpMo(CO)3(BF34) (4) were used to functionalize bP under mild synthetic conditions
inspired by molecular phosphine reactions (Figure 3.1). The structure of the resulting materials
was probed in detail using X-ray (XPS, XRD) and spectroscopic techniques (DRIFTS, Raman).
The dominant M—bP binding mode of each organometallic functional group was identified using

DRIFTS spectroscopy coupled with group theory, revealing that bP is capable of binding discrete

A) thermal CO substitution B) photolytic CO substitution C) thermal halide substitution D) association
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oc.. | . ] N, | .co ‘

"Re’ R *
oc” | ~co S eo SN Yo M rco
- oc” %o | J co oC co
1(CO)Cl) 2(CO) 3(Cl) 4
+bP +DbP +bP + bP
-2CO -CO
° N ~
\Sﬁ P ’
J’){’/ 21 ‘ 7 48
S < — \ = 5‘ ) = Y >
B = S\E= N =\ S SN o
2 = Jjo = o S\g—a e 73&‘*’\
1(bP)(CI) 2(bP) [3(bP)]ICI] 4(bP)

Figure 3.1. Functionalization of bP with parent metal precursors via (A) thermal CO
substitution, (B) photolytic CO substitution, (C) thermal halide substitution, and (D)

association. (D) is not optimized.
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organometallic complexes analogous to molecular phosphines. Reactions of bP with 1(CO),Cl
demonstrate the chelating ability of bP as a ligand for the first time experimentally. The
stoichiometric chemistry of the functionalized nanosheets was further probed via anion exchange
and ligand insertion. New vibrational modes post-reaction demonstrate successful modification of
the Re center, indicating that once immobilized, the organometallic fragments are still available

for traditional organometallic manipulation.

3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis

Fresh dispersions of bPer were treated with four molecular complexes Re(CO)sCl (1(CO)2(Cl)),
CpRe(CO)s3 (2(C0O)), Re(bipy)(CO)3ClI (3(Cl)), or [CpMo(CO)s][BF4] (4), respectively (Figure
3.1).34371 Post-functionalization, no discrete crystalline species except black phosphorus are
observed via Raman spectroscopy or PXRD (Figure B.1). Spectroscopic signatures of the organic
ligands are observable by IR spectroscopy and XPS, indicating the organometallic fragments
remain intact. The resulting bP nanosheets feature spectroscopic signatures indicating M—bP bond
formation, ostensibly via three distinct pathways depending on the nature of the parent complex:

CO or halide substitution, and ligand association.

3.2.2 Infrared Spectroscopy

Previous work in our group has demonstrated the utility of IR spectroscopy in interrogating the
nature of functional groups on bP,?* and as a result, IR was the primary characterization tool in
this work. Carbonyl ligands are well-established spectroscopic reporters in molecular systems and
their utility in probing the structure of functionalized inorganic surfaces has been previously

demonstrated for many materials including for 2D materials, 23238401 metal oxides,*#!
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nanocrystals,[*4] and zeolites.[**#7] Here, DRIFTS spectroscopy in conjunction with symmetry
considerations and comparison to molecular analogues indicate a single dominant product is
formed in each of the Re-functionalized nanosheets and at least two in the more reactive Mo

precursor case.

IR spectroscopy indicates the consumption of the starting materials and the formation of discrete
metal complexes anchored on the bP surface (Figure 3.2). The product formed upon treating bP
with 1(CO)2(Cl) has a vibrational spectrum diagnostic of a k>~bound Re tricarbonyl species, with
three CO stretches red-shifted from the parent complex. The number, energy, and intensity of these
CO stretches are remarkably reminiscent of the molecular complex fac-1(PPh3z)2(Cl) (Figure
3.2).[48L149] The formation of bP—Re(CO);Cl sites demonstrates the purported chelating ability of
the bP surface to function as a bidentate ligand.[*3] To our knowledge, this is the first experimental

evidence of a k>-bP structure.

Functionalization of bP with 2(CO) gives rise to a single product with two red-shifted CO stretches
that closely resembles those of the molecular complex 2(PPhs), signaling the formation of k! bP—
CpRe(CO), sites (Figure 3.2). In contrast to the two CO substitution reactions, the reaction
between 3(Cl) and bP results in an overall blue-shift of the CO vibrations, reminiscent of the
cationic facial tricarbonyl complex [3(PPh3)][Cl] (Figure 3.2).5% Although this reaction occurs
under identical conditions to that of bP and 1(CO)»(Cl), CI” substitution is observed instead of CO
likely due to the increased stabilization of Re" afforded by bipy. In addition to the similarity with

[3(PPhs3)][C]], vibrational modes observed at 1611 and 1560 cm™! indicate preservation of the bipy
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A) Infrared spectroscopy analysis
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B) X-ray photoelectron spectroscopy (Re 4f and Mo 3d)
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Figure 3.2. Spectroscopic characterization of functionalized materials. (A) DRIFTS of
1(CO):Cl, 2(CO), [3(bP)]Cl, and 4(bP) overlaid with the respective parent complexes and the
PPhs molecular analogs. (B) High-resolution XPS of 1(CO),Cl, 2(CO), [3(bP)]Cl, and 4(bP).

ligand (Figure B.5). Efforts to substitute carbonyl ligands from [3(PPh3)][Cl] through thermolytic

or photolytic methods were unsuccessful.

The nucleophilic 16 ¢~ complex 4 salt,’*?] is significantly more reactive towards bP with the
reaction proceeding at room temperature. The vibrational spectrum of the functionalized
nanosheets 4(bP) features strong CO stretches slightly blue-shifted from the parent complex (by 4
and 9 cm™!; Figure 3.2). Unlike the other tricarbonyl materials, the two asymmetric stretches in
4(bP) were unable to be resolved. The prominent shoulder at 1926 cm™! is likely indicative of a
secondary binding mode, possibly decarbonylated CpMo(CO).(bP)(BF4) sites with bP again

acting as a bidentate, k? chelating ligand.[>33]
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3.2.3  X-ray Photoelectron Spectroscopy
To corroborate the IR data, a host of other characterization techniques were employed, including
XPS, PXRD, and Raman spectroscopy. Of these, XPS was most informative, confirming the
incorporation of the metal complexes in the functionalized nanosheets (Figure 3.2). The presence
of Re, C (carbonyl), and CI was detected in 1(bP), whereas Mo, C (carbonyl), and F were found in
4(bP). No distinct P 2p binding environment associated with P-M bonding is detected in any of
the functionalized samples by XPS. However, this is expected considering the lack of oxidation
state changes at P upon coordination.!’® Notably, XPS also reveals that no adventitious oxidation
of the bP lattice occurred during the functionalization protocols.!'4*738 High-resolution Re 4f peak
fitting reveals only one Re environment per material at energies consistent with those reported for
other immobilized rhenium(I) carbonyl complexes®*©!l and molecular thenium(I) carbonyl
phosphine complexes.[02%4] Notably, no Re® nanoparticles!®™ or Re oxides®! were detected by
XPS or PXRD. High-resolution Mo 3d and F 1s XPS reveal two Mo and F environments, each in
approximately a 1:3 ratio, consistent with the formation of two products upon treatment of bP with
4 (Figure B.4). Considering the relative binding energies of the two species and the associated IR
data, we propose the major product is the five-coordinate Mo(II) complex 4(bP), whereas the
minor components, shifted to higher energies, could be associated with the less-electron rich

Mo(II) center in bP—~CpMo(CO)(BF4).16]

3.2.4 Degree of bP Functionalization

Characterization of the nanosheets by bulk ICP-MS measurements as well as surface techniques
(XPS) allowed for an estimate of the metal loading on bP. ICP of 1(bP)(Cl) indicates a bulk 0.17
+0.02 mol% Re loading (1 Re / 97 P atoms). This is significantly smaller than other reports of bP

functionalization for both organic groups (from ca. 1.3% for isobutyronitrile!?’! to 7% for CH3[22))
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and other metal species like AI** (9%)1°7 and Pd-Pd (3.3-6.1%)!8! using bulk techniques. This

lower loading could be due to the relative thickness of the nanosheets or to the larger steric bulk

of the Re(CO);Cl groups.

All observable Re is localized to the bP surface. PXRD and Raman spectroscopy showed no
evidence of intercalation (Figure B.1); however, a recent report of bP intercalated with dimeric
Pd-Pd units reveals that these techniques alone are not sufficient to rule out intercalation.[%8]
However, in contrast with this report, the ligands around Re are preserved, ostensibly ruling out
intercalation without noticible lattice disruption due to the large van der Waals radius of the

organometallic fragments. Additionally, XPS spectra of the Re-functionalized materials clearly

reveal only Re(I) species and show no Re(0) formation that could signal intercalation (Figure 3.2).

Interestingly, the available surface binding sites appear to be saturated after the first
functionalization, even if the apparent degree of functionalization is low. Attempts to further
functionalize 1(bP)(Cl) and 2(bP) using the electrophilic 4 were unsuccessful, even though these

materials show the lowest degrees of functionalization (Figure B.6).

To estimate the Re surface loading, XPS was performed. XPS of 1(bP)(Cl) over 7 measurements
gives an average of ca. 2% Re surface loading (1 Re / 59 P). However, these measurements
sampled only a small number of nanosheets; additional techniques that survey multiple flakes are
needed. While the other functionalized materials were not examined by ICP, XPS suggests that
the identity of the functional group affects the degree of functionalization. 2(bP) is the least
functionalized (1 Re/101 P) followed by 1(bP)(Cl) (1/59), [3(bP)][Cl] (1/34), and 4(bP) (1/25).
While all values except for 1(bP)(Cl) represent only two measurements, this trend may be related
to the electrophilicity of the unsaturated 16 e~ organometallic intermediates (see Appendix [.B.3

for more discussion).[*3]
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3.2.5 Black phosphorus as a Ligand: Estimating Tolman Parameters
As a ligand, bP appears to behave similarly to a molecular phosphine: reaction conditions for
molecular phosphine complexes can be adapted for successful bP functionalization and subsequent
modification at the metal center. While some studies have touched on bP as a potential ligand for
single metal atoms,!'>%! to our knowledge there has been no direct comparison of its electronic
and steric character with other molecular phosphines. However, this is an important step in
understanding and predicting the chemistry it can engage in. Using Tolman’s electronic parameter
(TEP) and buried volume calculations, the electronic and steric character of bP was directly

compared to other phosphines.

TEP!"", based on carbonyl stretching frequencies, is a widely used method for understanding the
reactivity of phosphines. Originally applied to Ni(CO)sL, L = PR3, P(OR)3; complexes, it has since
been extended to study a host of metal carbonyl complexes, including [Re(bipy)(CO)3(PR3)]",l"!]

as well as other non-phosphine L-type ligands.l”>73] While this method has limitations,!”?! for
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Figure 3.3. Plot of symmetric v(CO) for [3(PR3)][X] versus Tolman’s Ni complex showing

linear correlation (R? = 0.881). bP is plotted based on [3(bP)][C1] A’(1) v(CO).
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example a dependence on measurement parameters and packing effects, we found
[Re(bipy)(CO)3(PR3)]" to be an effective qualitative probe for bP electronic character as the
reference data set agreed most closely with our [Re(bipy)(CO)s3(PPh3)]Cl reference compound (see
Appendix [.B.2 for more details). Comparison of bP with both phosphines and phosphites suggests
that it is a strong 6-donor with minimal w-accepting character akin to PEt; (Figure 3.3). While both
theoreticall*37473] and experimental studies!”-!37%77] suggest bP can act chemically as a Lewis base,
our results are in contrast to in silico studies which predict bP to be a worse Lewis base than

molecular phosphines due to a degree of electron delocalization.3373]

The steric bulk of bP in these materials was also assessed for k! and x> binding modes for
[3(bP)][CI] and 1(bP)(Cl), respectively, using the percent buried volume (% Vuur) (Table B.5; see
Appendix B.2 for details on calculation).[”®7°1 While as a surface bP has inherent steric rigidity,
this analysis shows that it is not significantly bulkier than common phosphine ligands. In the «!
binding mode, % Vyur = 28%, not much larger than the 25% calculated for P(p-tol); analog (Tolman
0 = 145°)." In the x? binding mode, %V increases to 43% making bP sterically similar to
bidentate phosphines like bis(diphenylphosphino)propane (dppp, % Vour =44%, Tolman 0 = 127°),
but still smaller than PPhs (% Viur = 45%, Tolman 6 = 145°).17% This relative lack of steric strain
may come from its unique corrugated structure which could allow metals more space along the

channel side.

3.2.6 Ligand Exchange

As analysis of v(CO) indicates that bP is both sterically and electronically similar to alkyl

phosphines, a series of ligand exchange reactions was conducted to probe whether the
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Figure 3.4. Anion exchange reactions of 1(bP)(Cl). (A) DRIFTS spectra of 1(bP)(X),

X=CI, OTf, OCN", and SCN".
functionalized nanosheet was chemically comparable to molecular analogs. Initial reactions
focused on straightforward anion exchanges of 1(bP)(Cl) demonstrate that the immobilized Re

centers are accessible to substrates.

Anion exchanges of 1(bP)(Cl) using ligands with strong spectroscopic signals (OTf, OCN",
SCN") allowed for clear tracking of reaction success (Figure 3.4). Upon treatment of 1(bP)(CI)
with the parent salts, distinct blue-shifts of the key spectroscopic stretches are observed, indicating

coordination to the Re center and formation of 1(bP)(OTY), 1(bP)(NCO), and 1(bP)(NCS),
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respectively.[882] For 1(bP)(NCS), the observed v(CO)/v(CN) intensity ratio is also comparable

with those reported for diimine!®3! and phosphine!®! molecular analogs.

The observed spectroscopic features do not come from residual parent salts or from adsorption to
the bP surface: no spectroscopic signatures of the parent salts are observed via IR while PXRD
shows no crystalline salt domains (Figure B.7). Additional control reactions with NaOTf and
TBA(NCS) show no new spectroscopic signatures that would indicate adsorption (Figure B.10).
Throughout all three reactions, Re—P bonding was preserved: no leaching or dissociation from the
nanosheet was detected by IR (Figure B.8) or by ICP-MS (0.17 mol% Re in both 1(bP)(Cl) and

1(bP)(OT)).

3.2.7 Sequential Anion Exchange and Ligand Insertion

To further probe the stoichiometric reactivity of 1(bP)(X), the synthesis of the methyl carbonate
species 1(bP)(COsCH3) was approached via two pathways: sequential anion exchange followed
by CO; insertion (Path 1,185 Figure 3.5) or via direct anion exchange using cesium carbonate

followed by methylation (Path 2, Figure 3.5).[86:37]

Path 1, an analogue of work performed by Simpson and Bergman with 1(PMe3)(X), demonstrates
that 1(bP)(X) behaves similar to molecular phosphine analogues.!3>#1 In Path 1, 1(bP)(OTf) was
formed from 1(bP)(Cl) and then treated with NaOCHj3 to give 1(bP)(OCH3). Again, IR played a

key role in tracking this exchange: upon formation of 1(bP)(OCH3), the strong 1470 cm™! feature
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Figure 3.5. Synthesis of 1(bP)(CO3;CH3). DRIFTS of (A) Path 1 materials, (B) Path
2 materials, and (C) 1(bP)(CO3CH3) synthesized via Path 1.

characteristic of coordinated OTf™ is replaced by three new features associated with OCH3 ™. While

the exact assignment of these features is ambiguous (Figure B.11),3% they were only observed

when OCH;3;  was present. Introduction of CO; into a dispersion of 1(bP)(OCH3) gave

1(bP)(COsCH3), as evinced by the appearance of a new IR feature at 1671 cm™!, likely associated

with C=0.[85:9091]
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To support successful synthesis of 1(bP)(COsCH3), the methyl carbonate was independently

synthesized through Path 2.[887] Combining 1(bP)(Cl) and Cs2COs gave 1(bP)(COsCs) with a new
spectroscopic feature at 1650 cm™! corresponding to a terminal carbonate anion.[”?! While
molecular analogs of this exchange usually result in dimers bridged by CO3?", the frequency of the
observed stretch is more blue-shifted than expected for a bridging carbonate.[>*# Unlike the other
anion exchanges, residual parent CsxCOs salt was still observed in 1(bP)(CO3Cs); efforts to
completely remove it were unsuccessful (see Section 3.4.7 for details). Treating 1(bP)(CO3Cs)
with methanol gave 1(bP)(CO3;CH3) with identical spectroscopic features to the product from Path
1, indicating that the methyl carbonate can be successfully synthesized via two complimentary

pathways.

3.3 CONCLUSION

This study reveals that Lewis acidic organometallic fragments are competent reaction partners for
bP functionalization. Infrared spectroscopy coupled with symmetry considerations and molecular
analogs reveal one dominant binding mode on each Re-functionalized material including the first
experimental evidence of a k* binding mode. Using Tolman’s electronic parameter as a model with
IR, bP was found to be a good o-donor with little m-accepting character. Post-functionalization
stoichiometric reactivity studies with 1(bP)(X) show (1) the Re centers are accessible to substrates
after functionalizing the bP surface, (2) the Re—P bonds are chemically robust and can withstand
sequential transformations at the metal center, and (3) the stoichiometric chemistry of the Re

centers on bP is analogous to the chemistry of molecular Re phosphine complexes.
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3.4 EXPERIMENTAL

3.4.1 Materials

Unless stated otherwise, all work was performed under an inert atmosphere of N> using a Schlenk
line or inside of an LC Technology Solutions, Inc. glove box containing <5 ppm H>O and O». All
glassware was dried at 160°C for a minimum of 12 h and cooled under vacuum prior to use. All
solvents excluding benzonitrile were purchased from Fischer Scientific. Anhydrous solvents were
dispensed from a JC Meyer solvent system and stored over 3 A molecular sieves (Thermo-Fisher)
for at least 12 h before use. Molecular sieves were previously activated under vacuum at 300°C
for 48 h. Benzonitrile (99%, Alfa Aesar) was degassed for at least 6 hours under vacuum and stored

over activated 3A molecular sieves in the glovebox for a minimum of 72 h prior to use.

Black phosphorus (bP) crystals were synthesized using the methods in Reference [°*. Re(CO)sCl
(98%, Strem Chemicals), CpRe(CO)3 (99%, Strem Chemicals), [CpMo(CO)3]2 (98%, Strem
Chemicals), 2,2’-bipyridine (=99%, Sigma Aldrich), NaOTf (98%, Sigma Aldrich), TBA(NCS)
(98%, Sigma Aldrich), NaNCS (=98%, Sigma Aldrich), TBA(NCO) (technical, Sigma Aldrich),
PPh; (299%, Sigma Aldrich), AgBF4(98%, Sigma Aldrich), AgOTf (=99%, Sigma Aldrich), and
Cs:CO3  (99%, Sigma Aldrich) were used as received. Re(bipy)(CO);Cl and (n°-
CsHs)Mo(CO)s(BF4) were synthesized according to procedures reported in the literature; %7 see
Section 3.4.5. CO> was purchased from Praxair and passed through a column of activated charcoal

and Drierite before introduction into any reaction.

Ultrasonication was performed in a 110W bath sonicator at 40 kHz. Circulation cooling was used
to maintain a bath temperature of 22-28°C. Filtrations were performed with EMD Millipore

Omnipore hydrophobic membrane filters with a pore size of 0.2 um. Photolytic treatments were
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performed with a 450 W medium-pressure mercury vapor lamp (Hanovia Specialty Lighting, PC
451.050) emitting 200—400 nm broadband radiation. The lamp was hosted inside a quartz jacket

that was continuously cooled to maintain the reactions at ambient temperature.

3.4.2 Instrumentation

Attenuated total reflectance infrared (ATR-IR) spectra were recorded on a Bruker Alpha IR
instrument equipped with a Platinum ATR accessory. Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) was used in some analyses with the corresponding Bruker
DRIFTS accessory and FTIR-grade potassium bromide (KBr, >99%; Alfa Aesar). Raman spectra
were acquired on a Renishaw InVia microscope using a 532 nm diode-pumped solid-state laser
and a 50x microscope objective. XRD spectra were acquired on a Bruker D8 Discover powder X-
ray diffractometer with a large-area Pilatus 100K large-area 2D detector under ambient conditions.
XPS/ESCA analysis was performed on a Surface Science Instruments (SSI) S-Probe system under
ultrahigh vacuum with a monochromatized Al Ka X-ray source and a low energy electron flood
gun for charge neutralization. For spectroscopic analysis (XPS, Powder-XRD, and Raman), test-
grade Si wafers (University Wafer) and Au-coated Si wafers (100 nm Au, Platypus Technologies)
were cut, rigorously washed by sequential ultrasonication with detergent (Si only), water (Si only),
acetone, and isopropanol, and then oven-dried overnight at 150 °C prior to use. Suspensions of
various bP products in tetrahydrofuran (THF) were drop-cast onto clean silicon wafers and
annealed for 2-5 min at 80 °C before analysis. XPS analyses were conducted using identical
preparations with clean Au-coated Si wafers. Wafers for Raman spectroscopy were sealed between

two glass slides with a ring of silicone grease. Kapton tape was used to cover wafers for XRD.

Analysis of the XPS spectra was performed using Esca Hawk7 software. Binding energies were

referenced to adventitious carbon (B.E.[C 1s] =285.0 eV) and Shirley baselines were used. Fitting
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of multiple peak shapes was restricted to the least number of peaks required to adequately fit the
spectrum. Paired pseudo-Voigt profiles were used to fit the (P 2p32, P 2p12), (Re 4172, Re 4f5)),
and (Mo 3ds2, Mo 3d32) doubles. To fit multiple peak shapes, widths of subsequent signals were
constrained to the width of the respective doublet pairs. Relative contributions of each unique peak
shape were measured according to the relative intensity of the signal. P2p doublets were fit to data
using a Shirley baseline with a fixed peak separation of 0.84 eV and relative ratio of 2:1, consistent
with reported values for phosphorus.l®®! Re 4f doublets were fit to data using a Shirley baseline
with a fixed peak separation of 2.43 eV and a relative ratio of 4:3.°° Mo 3d doublets were fit to

data using a Shirley baseline with a fixed peak separation of 3.13 eV and a relative ratio of 3:2.1!

Raman spectra were referenced to the Si wafer peak at 522.1 cm™'. As the A,! Raman mode

100]

represents the out-of-plane Raman mode,!'%”) comparison of the A,! intensities provides the most

information. Because Raman intensity depends on multiple factors, including nanosheet

orientation,!'%!]

a minimum of 4 Raman measurements per sample were collected. Assuming a
random distribution of orientations, each peak intensity was averaged for comparison between
samples. Even with averaging, the multiple factors influencing the Raman intensity resulted in a

large error in the A,' intensities, and this parameter cannot be used alone as an indicator of the

degree of functionalization.

To increase the signal-to-noise ratio, all black phosphorus-containing products were analyzed with
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). This technique is less
surface sensitive than ATR-FTIR,[!*2] however, spectra collected with ATR-FTIR showed

extremely poor signal-to-noise ratios. Due to the additional bulk modes in DRIFTS, broad v(CO)-

asym are observed in almost all samples rather than the expected sharp v(CO)asym.
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3.4.3 Liquid exfoliation of bP
Crystals of black phosphorus (bulk bP; 60 mg) were finely crushed with an agate mortar and pestle.
The resulting fine, silver-black powder was subsequently sonicated in the dark for 20 h in
anhydrous benzonitrile (120 mL). Air-free 250-mL Schlenk flasks sealed with Teflon stoppers
were used to prevent air exposure. The resulting suspensions were brown and opaque. The solids
were isolated via filtration and washed extensively with tetrahydrofuran to remove residual

benzonitrile. The solids were then resuspended in THF using sonication.

3.4.4 Functionalization of bP

The subsequent reactions were adapted from analogous reactions with molecular
phosphines.[37-193-105] All reactant stoichiometries were based on an approximated concentration of
bPexr nanosheets in the respective solvents. Molar equivalencies were calculated relative to the
total dispersed phosphorus atoms; relative to the number of surface atoms available for
functionalization, an excess of metal complex was used. During both thermolysis and photolysis,
the reaction mixtures were stirred vigorously. During photolysis, reaction mixtures were contained

in Pyrex flasks, which were clamped at ca. 6 inches from the light source.
Synthesis of 1(bP)(Cl) and [3(bP)][CI]

To a Schlenk flask equipped with a Teflon stir bar, a dispersion of bPexr (60 mg, 1 equiv.) in 15
mL THF and either Re(CO)sCl (180.9 mg, 0.50 mmol, 0.26 equiv.) or Re(bipy)(CO)3Cl (116.50
mg, 0.25 mmol, 0.26 equiv.) were added. The reaction mixture was refluxed under N> for 24 h at
70°C. The solids were isolated by vacuum filtration using a 0.2 um hydrophobic PTFE membrane.
To remove unreacted metal complex and physisorbed species, the solids were washed with pentane

(1x10 mL) and THF (2x20 mL). The solids were resuspended in ca. 10 mL of THF via sonication,
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isolated via centrifugation at 5000g, and dried under vacuum. The products are referred to as

1(bP)(Cl) and [3(bP)][Cl] throughout.
Synthesis of 2(bP)

To a Schlenk tube equipped with a Teflon stir bar, a dispersion of bPexs (20 mg, 1 equiv.) in 15 mL
THF and CpRe(CO); (197.1 mg, 0.59 mmol, 0.91 equiv.) were added. The headspace was
evacuated, and the reaction mixture was irradiated for 5 h with vigorous stirring. The solids were
isolated by vacuum filtration. To remove unreacted metal complex and physisorbed species, the
solids were washed with THF (1x15 mL) and pentane (2x20 mL). The product was resuspended
in ca. 10 mL of THF via sonication, isolated via centrifugation at 5000g, and dried under vacuum.

The product is referred to as 2(bP) throughout.
Synthesis of 4(bP)

A solution of CpMo(CO)3(BF4) (55.7 mg, 0.17 mmol, 0.26 equiv.) in 10 mL of DCM was added
to a dispersion of bPexr (20 mg, 0.65 mmol, 1 equiv.) in 10 mL of DCM. The reaction mixture was
transferred to a Schlenk flask equipped with a Teflon stir bar and stopcock, and stirred overnight
at room temperature. The solids were isolated by vacuum filtration and washed with DCM (1x40
mL) and THF (1x15 mL) to remove unreacted metal complex and physisorbed species. The solids
were resuspended in ca. 10 mL of THF by sonication, centrifuged at 5000g, and dried under

vacuum. The product is referred to as 4(bP) throughout.

3.4.5 Synthesis of PPhs analogs

Synthesis of 1(PPhs)(CI)

The synthesis was adapted from Reference *4l. Briefly, Re(CO)sCl (100.0 mg, 0.28 mmol) was

combined with a solution of PPh3 (183.6 mg, 0.70 mmol) in 10 mL of toluene and transferred to a
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100 mL Schlenk flask equipped with a Teflon stopcock and stir bar. The reaction mixture was
refluxed for 2.5 h, after which the solvent was removed under vacuum. The resulting oil was
triturated with 5 mL of MeOH and then recrystallized from DCM and MeOH. v(CO) (solid) =

2025, 1944, 1889 cm ™.
Synthesis of 2(PPh3)

The procedure was followed from Reference ['%]. CpRe(CO); (100.0 mg, 0.30 mmol) was
combined with a solution of PPh3 (82.0 mg, 0.31 mmol) in 15 mL of THF and transferred to a 50
mL Schlenk tube equipped with a Teflon stopcock and stir bar. The headspace of the tube was
evacuated, and the solution was photolyzed for 4.5 h. After photolysis, the headspace was again
evacuated to remove CO that evolved during the reaction. The solution volume was then reduced
under vacuum to give a light yellow powder. The solid was dissolved in DCM and passed through
a column of alternating Celite and silica layers. The product was eluted with DCM; the volume of
the eluted solution was reduced to ca. 1 mL. To this solution, 25 mL of pentane was added. The
solution was then passed through a silica column, first eluting with pentane followed by a 3:1
pentane:DCM solution. The pentane:DMC fraction was collected and found to contain both the
product and CpRe(CO)s. The volume was again reduced to ca. 1 mL, 25 mL of pentane was added,
and it was passed through a silica column. The column was eluted first with pentane until IR
showed no CO stretches present in the fraction. The column was then eluted with a 1:1
pentane:DCM solution. This fraction was collected; by IR, the resulting product was pure

CpRe(CO)2(PPhs). v(CO) (DCM/pentane) = 1925, 1856 cm™.

Synthesis of [3(PPh3)][OTf]
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The procedure was obtained from Reference ['%) and ['%7], Re(CO)sC1 (500.0 mg, 1.38 mmol) was
dissolved in hot toluene. 2,2’-bipyridine (bipy; 215.5 mg, 1.38 mmol) was added to this solution.
The reaction mixture was refluxed for 1 h, allowed to cool to room temperature, and cooled to
—35°C overnight. The product was then filtered to isolate yellow crystals. Re(bipy)(CO)3Cl v(CO)

(MeCN) = 2023, 1917, 1899 cm™ .

Re(bipy)(CO);Cl (75.0 mg, 0.16 mmol) was then combined with a solution of AgOTf (41.1 mg,
0.16 mmol) in 15 mL of THF in a 100 mL Schlenk flask equipped with a Teflon stopcock and stir
bar. The solution was refluxed for 2 h. The byproduct, AgCl, was removed via filtration through a
Celite plug to give a solution of Re(bipy)(CO)3(OTf) in THF. PPhs (335.7 mg, 1.28 mmol) was
added to this solution. The reaction mixture was then refluxed overnight and the solvent removed

under vacuum to give [Re(bipy)(CO)3(PPh3)][OTf]. v(CO) (solid) = 2033, 1948, 1921 cm ™.
Synthesis of 4(PPh3)

The procedure was adapted from Reference [°71 and 134, AgBF4 (1.6 g, 8.2 mmol) was added to a
solution of [CpMo(CO)s]2 (2.0 g, 4.1 mmol) in 100 mL of dry DCM in a 200 mL pear-shaped
flask. The reaction mixture was stirred for 5 h at room temperature. After 5 h, the volume of the
mixture was reduced and the mixture was filtered to remove precipitated Ag. 100 mL of pentane
was added and the solution was cooled to —35°C overnight. The mixture was then filtered. Post-
filtration, purple crystals began to crash out of the filtrate. An additional 100 mL of pentane was
layered over the filtrate and the solution cooled to —35°C overnight. The mixture was then filtered

to isolate CpMo(CO)3(BF4). v(CO) (DCM) = 2068, 1960 cm ™.

PPhs (78.7 mg, 0.30 mmol) was added to a solution of CpMo(CO)3(BF4) (100 mg, 0.30 mmol) in

5 mL of DCM. The mixture was stirred at room temperature for 30 minutes. The solution was
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added to a 100-10 mL mixture of ether-pentane and cooled to —35°C overnight. A yellow powder

was isolated by filtration and washed with ether. v(CO) (solid) = 2052, 1995, 1951 cm ™.

3.4.6 Anion exchange of 1(bP)(Cl)

Treatment of 1(bP)(Cl) with NaOTf

A solution of NaOTf (16.7 mg, 0.10 mmol, 0.3 equiv.) in 5 mL of THF was added to a dispersion
of 1(bP)(Cl) (10 mg, 0.32 mmol, 1 equiv.) in 10 mL of THF in a 40 mL amber vial equipped with
a Teflon-lined cap and stir bar. The reaction mixture was stirred for 18 h. The solids were isolated
by vacuum filtration and washed with THF (1x40 mL) to remove NaCl and unreacted NaOTf. The
solids were resuspended in ca. 10 mL of THF by sonication, centrifuged at 5000g, and dried under

vacuum. The product is referred to as 1(bP)(OTY) throughout.
Treatment of 1(bP)(CI) with Na(NCS) and TBA(NCS)

The product 1(bP)(NCS) was obtained through three different sets of reaction conditions detailed

below. All three methods gave a material with the same characteristic spectroscopic features.

Method 1: A solution of tetrabutylammonium thiocyanate (TBA(NCS); 18.0 mg, 0.06 mmol) in 5
mL of THF was added to a dispersion of 1(bP)(Cl) (10 mg, 0.32 mmol) in 15 mL of THF in a 40
mL amber vial equipped with a Teflon-lined cap and a stir bar. The reaction mixture was stirred
for 18 h in the dark. The nanosheets were isolated by vacuum filtration and washed with THF
(1x40 mL). The solids were resuspended in ca. 10 mL of THF via sonication, centrifuged at 5000g,

and dried under vacuum.

Method 2: A solution of sodium thiocyanate (Na(NCS); 23.6 mg, 0.29 mmol) in 5 mL of THF was
added to a dispersion of 1(bP)(Cl) (30 mg, 0.97 mmol) in 15 mL of THF in a 40 mL amber vial

equipped with a Teflon-lined cap and a stir bar. The reaction mixture was stirred for 18 h in the
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dark. The nanosheets were isolated by vacuum filtration and washed with THF (1x40 mL). The
solids were resuspended in ca. 10 mL of THF via sonication, centrifuged at 5000g, and dried under

vacuum.

Method 3: A solution of sodium thiocyanate (Na(NCS); 8.1 mg, 0.10 mmol) in 5 mL of THF was
added to a dispersion of 1(bP)(Cl) (10 mg, 0.32 mmol) in 15 mL of THF in a 100 mL Schlenk
flask equipped with a stir bar. The reaction mixture was heated to 40 °C and stirred for 18 h in the
dark. The nanosheets were isolated by vacuum filtration and washed with THF (1x40 mL). The
solids were resuspended in ca. 10 mL of THF via sonication, centrifuged at 5000g, and dried under

vacuum.

Treatment of 1(bP)(Cl) with TBA(NCO)

A solution of tetrabutylammonium cyanate (TBA(NCO); 17.1 mg, 0.06 mmol) in 5 mL of THF
was added to a dispersion of 1(bP)(Cl) (10 mg, 0.32 mmol) in 10 mL of THF in a 40 mL amber
vial equipped with a Teflon-lined cap and a stir bar. The reaction mixture was stirred for 18 h in
the dark. The nanosheets were isolated by vacuum filtration and washed with THF (1x40 mL). The
solids were resuspended in ca. 10 mL of THF via sonication, centrifuged at 5000g, and dried under

vacuum. The product is referred to as 1(bP)(NCO) throughout.

3.4.7 Stoichiometric reactivity of 1(bP)X

Treatment of 1(bP)(OTf) with NaOCH3 and NaOCD3

A solution of sodium methoxide (NaOCH3; 0.74 mmol, 0.66 eq.) in 10 mL of methanol was added
to a dispersion of 1(bP)(OTf) (1.13 mmol, 1 eq.) in 15 mL of THF in a 40 mL amber vial equipped
with a Teflon-lined cap and a stir bar. The reaction mixture was stirred for 18 h in the dark. The

nanosheets were isolated by vacuum filtration and washed with MeOH (1x20 mL) and THF (1x20
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mL). The solids were resuspended in ca. 10 mL of THF via sonication, centrifuged at 5000g, and

dried under vacuum. The product is referred to as 1(bP)(OCHj3) throughout.

Isotopically labeled 1(bP)(OCDs) was prepared in the same manner except: (1) NaOCD3 was

prepared directly from sodium metal and CD30OD and (2) 0.3 eq. of NaOCD3 was used.

CO; insertion into 1(bP)(OCH3)

CO» was sparged into a dispersion of 1(bP)(OCH3) in THF for 3 hin a 100 mL Schlenk flask while
stirring. The nanosheets were isolated by vacuum filtration and washed with THF (1x30 mL). The
solids were resuspended in ca. 10 mL of THF via sonication, centrifuged at 5000g, and dried under

vacuum. The product is referred to as 1(bP)(CO3CH3) throughout.

Treatment of 1(bP)(Cl) with Cs,CO3

A solution of cesium carbonate (Cs>COs3; 15 mg, 0.05 mmol) in 10 mL of THF was added to a
dispersion of 1(bP)(Cl) (20 mg, 0.65 mmol) in 10 mL of THF in a 40 mL amber vial equipped
with a Teflon-lined cap and a stir bar. The reaction mixture was stirred for 18 h in the dark. The
nanosheets were isolated by vacuum filtration and washed with THF (1x40 mL). The solids were
then stirred in THF/NMP while heating before isolating via vacuum filtration. This workup method
gave the best, although not complete, removal of Cs2COs. Other solvents including MeCN and
DMF did not remove Cs,COs. The solids were resuspended in ca. 10 mL of THF via sonication,
centrifuged at 5000g, and dried under vacuum. The product is referred to as 1(bP)(CO;Cs)

throughout.

Treatment of 1(bP)(CO3Cs) with MeOH

10 mL of MeOH was added to a dispersion of 1(bP)(COsCs) in 15 mL of THF and stirred for 3 h.

The nanosheets were isolated by vacuum filtration and washed with MeOH (1x30 mL) and THF
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(1x20 mL). The solids were then resuspended in ca. 10 mL of THF via sonication, centrifuged at

5000g, and dried under vacuum. The product is referred to as 1(bP)(CO3CH3) throughout.
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4 BPAS A CATALYTIC SUPPORT: HYDROFORMYLATION

USING BLACK PHOSPHORUS DECORATED WITH RHODIUM

4.1 INTRODUCTION

Single site heterogeneous catalysts, catalysts composed of isolated, independent active sites
immobilized on a support, are a promising route to improve catalytic performance due to their
efficient atom economy, increased stability, and multiple handles for tunability.l'] While the active
sites can be composed of one or more atoms, they are well-defined which allows traditional
organometallic chemistry in addition to materials techniques to be leveraged to probe structure-
activity relationships.[?) Electronic interactions between the active site and the support, considered
as a ligand with its own electronic and steric properties, provide a handle for tuning the selectivity
and activity of the catalyst. Additionally, interactions between the substrate and the support can be

utilized to further enhance these metrics.

Black phosphorus (bP), a 2D van der Waals material composed of tricoordinate phosphorus atoms,
is a particularly promising support due to its potential for interactions with catalytically active
metal centers and substrates. The network of lone pairs has the potential to form dative bonds with
Lewis acidic metal centers and donate electron density to the metal, providing a new handle to
tune catalytic activity.?=] Some evidence of this electron donation can be seen in Section 3.2.2
where functionalization of bP with Re carbonyl complexes resulted in more electron-rich Re
centers (Figure 3.2; Figure 3.3). The effect of these electronic metal-support interactions (EMSI)
on catalytic activity has been demonstrated for nanoparticles!®”! and heteromaterials!®”! with bP;
however, to our knowledge, there has yet to be an investigation of bP as a support for a single site

catalyst.
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Hydroformylation, the catalytic conversion of alkenes to aldehydes, serves as an ideal platform to
explore this new type of bP-supported catalyst. It is a critical industrial reaction representing the
production of more than 10M metric tons of aldehydes per year.!'%! The resulting aldehydes can be
used directly, for example in fragrances or pharmaceuticals, or converted into other industrially

(101 Typical reaction

relevant compounds including alcohols, amines, and carboxylic acids.
conditions combine an alkene with a metal carbonyl hydride catalyst and syn gas (1:1 CO:H>) at
elevated pressures and temperatures. The most widely used catalysts are either rhodium- or cobalt-
based; while cobalt catalysts are still used for long-chain and branched olefins, rhodium catalysts

are the industry standard as they can be up to 1000x more active than cobalt, and require lower

temperatures and pressures.!!%11]

Importantly, these rhodium catalysts are modified with phosphine ligands to increase their activity

[12] The first phosphine-modified hydroformylation catalysts were introduced in 1965

and stability.
by Wilkinson;!'?! since then, there has been a plethora of research exploring how tuning the
phosphine structure and electronic character impacts chemo- and regioselectivity.!'%!2 Phosphine
precursors typically need to be added in large excesses to stabilize the rhodium species: when too
little phosphorus ligand is present, CO will coordinate instead to give the unmodified rhodium
species.l'” Black phosphorus as a network of P atoms is well-poised to stabilize the Rh centers
while giving a catalyst that can be easily separated from the reaction mixture and an additional
handle to tune activity via EMSI. Even more critically, as hydroformylation activity and selectivity
are strongly influenced by the electronic and steric character of the phosphine ligand, this reaction

can provide insight into how bP behaves in a single site heterogeneous catalyst, creating a scaffold

for designing future bP-based catalysts.
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Table 4.1. Control reactions for hydroformylation ~ Herein, hydroformylation activity is

of styrene by Rh@bP. reported for a bP-supported Rh catalyst.
Rh(CO)2(acac) bP | % CHO . . ) )
conversion While this work is on-going, the results
Y Y 34+9 . . .
N Y 0 obtained thus far begin to shed light on
Y N 0 the role of bP as a support for a

catalytically active metal.

4.2 RESULTS AND DISCUSSION

4.2.1 Synthesis

Dispersions of exfoliated black phosphorus were prepared by sonication (18 h, benzonitrile)
followed by solvent exchange via filtration. Previous work in our group has shown that this
exfoliation process yields high-quality exfoliated bP nanosheets with minimal adventitious
oxidation (see Figure 2.8).13 In a standard reaction, dispersions of bP (0.32 mmol, 0.032 M) in
toluene were combined with Rh(CO)z(acac) (0.03 mmol) and an olefin (0.66 mmol) in a Parr
reactor and heated to 90°C under 110 psi of syngas for 2 h. Post-reaction, the nanosheets were
separated from soluble species via filtration. Species remaining in the organic phase (filtrate) were
analyzed by NMR and GC-MS. Isolated nanosheets were preliminarily characterized via ICP-MS

and spectroscopic methods (IR, XPS).

4.2.2 Identifying the Role of Black Phosphorus in Catalysis

A variety of substrates were screened for hydroformylation activity including terminal aliphatic,
internal aliphatic, functionalized, aryl, and cyclic olefins. In all cases, hydroformylation activity
was observed (Figure 4.8); for further studies, three substrates, styrene, 1-hexene, and 3,3-

dimethylbutene, were selected as these olefins are among the most common in hydroformylation
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literature, and because they allow multiple parameters (e.g. steric profile, isomerization activity,

regioselectivity) to be investigated in depth.

Control experiments with styrene demonstrate that bP plays a critical role in the observed
hydroformylation activity. Reactions performed in the absence of bP or in the absence of
Rh(CO)z(acac) show no hydroformylation; activity is only observed when both Rh(CO)x(acac)
and bP are present (Table 4.1). Further temperature and pressure dependence studies showed no
significant change in n/iso isomer ratio, consistent with Rh@bP as the only catalytic species
(Figure 4.2).'141 Ag a result, while Rh species without phosphine ligands can be active for
hydroformylation,!!%!3] there is no evidence of catalytically active unmodified Rh species, such as
HRh(CO)4, generated in situ, likely because the reaction parameters are too mild (see Section 4.4.3

for details).['!]

While preliminary ICP-MS and XPS of the nanosheets isolated post-catalysis show high Rh:P
ratios, the identity of the catalytic species Rh@bP is uncertain at the time of writing. Preliminary

characterization suggests that low-valent Rh with some carbonyl ligands remains on the bP surface

A) | Rh 3d B) 1P 2p

318 314 310 _ 306 136 134 132 130 128
Binding energy (eV) Binding energy (eV)

Figure 4.1. High-resolution (A) P 2p, and (B) Rh 3d XPS of Rh@bP. Higher energy P 2p

environments are fit as if they correspond to discrete chemical species, however, the exact

fitting is uncertain.
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post-catalysis. ~ Notably,  this 100
characterization was performed ex %
80 ?3_ i
situ and likely does not represent » 4
(0]
. . . € 60} ]
the pre-catalytic or active catalytic @
S
species under hydroformylation 2 44| i
3 -
conditions. 3 a
19 Q
20 o
High-resolution XPS
0
characterization of the nanosheets 120 150 110
Temperature (°C) Pressure (psi)

post-catalysis show one Rh Figure 4.2. Pressure and temperature dependence of n/iso
environment at 307.4 eV (Figure for the hydroformylation of styrene by Rh@bP.

4.1). Comparison of the Rh 3ds, binding energy with literaturel'®) shows that this binding energy
lies between Rh(0) and Rh(I), suggesting that the environment is either an electron-deficient Rh(0)
or electron-rich Re(I) species. High-resolution P 2p XPS shows higher energy P environments in
addition to the primary P(0) feature observed at 130.0 eV. These environments compose ca. 13%
of P in the area sampled and are in the binding energy range for phosphorus oxides. However, the

broadness of the feature prevents precise fitting; further investigation is required to assign them

more conclusively.

A DRIFTS spectrum of Rh@bP isolated post-catalysis shows a broad feature at centered at 2017
cm™! corresponding to CO (Figure 4.3). This feature is significantly broader than the CO stretches
observed for the precursor Rh(CO)z(acac), potentially suggesting that multiple binding modes in
Rh@bP. Comparison with control DRIFTS spectra reveal a similar CO feature observed when bP
and Rh(CO)(acac) are stirred together at room temperature. Based on molecular phosphine

analogs of this reaction, the expected product is Rh(CO)(acac)(bP);!!”-!8] however, literature
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analogs of this structure show CO stretches at lower energies (e.g. 1984 cm™' for
Rh(CO)(acac)(PPhs)[!'") than observed for Rh@bP or the room temperature control. In contrast,
molecular [Rh(CO)(PR3)3][X] complexes show CO stretches at very similar energies to those
observed (e.g. 2026 cm™! for [Rh(CO)(triphos)][PFs]'")), possibly indicating a multidentate bP

binding mode.!'?20]

4.2.3  Effect of Substrate Identity on Activity and Selectivity

Of the three substrates examined in detail, hydroformylation of 1-hexene showed the greatest
activity for hydroformylation (TOF = 1.6 h™!). However, a high degree of olefin isomerization was
observed in addition to hydroformylation (Table 4.2) with TOFs ca. 2x greater than those observed
for hydroformylation. While phosphine-modified Rh species are typically poor catalysts for alkene
isomerization, there are instances where appreciable amounts of isomerization are observed: for
example, Rh with bulky bidentate BIPHEPHOS derivatives®" and Rh(III) catalysts!'*) are known

to catalyze significant amounts of isomerization. This result potentially hints at multidentate bP

coordination or oxidation
. . . Rh(CO)2(acac)

occurring during the reaction. i

/t: -
Little selectivity between isomers 5 |

(8]

C
. . .. S FRh@bP i
is observed: n/iso = 1.1. This is *g
distinct from both unmodified and bP + Rh(CO)s(acac) -
molecular  phosphine-modified [ |
Rh, which favor the linear isomer, 2400 2200 2000 1800 1600 1400

Wavenumber (cm-1)

heptanal.l'*!" Although 2-hexene  Figure 4.3. DRIFTS spectrum of Rh@bP isolated post-
catalysis overlaid with Rh(CO)>(acac) and bP +
Rh(CO)x(acac).

is present in the reaction due to

isomerization, at 2 h, none of the
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internal olefin is hydroformylated: all

70 T
M linear CHO
60 [ ® branched CHOY  j1dechydes observed come from direct
= additional
50 byproducts . .
< hydroformylation of 1-hexene (Figure
2 401 . S
‘é’ 4.9). However, if the reaction time is
8 301
& extended to 20 h, small amounts of 2-
20
1ol . ‘ | hexene hydroformylation are observed
0 . . (Table 4.2; Figure 4.9).

styrene 1-hexene DMB

Figure 4.4 Product distribution for Rh@bP- ) o )
As 1-hexene isomerization competes with

catalyzed hydroformylation of styrene, 1-hexene,
and 3 3-dimethylbutene (DMB). hydroformylation,  3,3-dimethylbutene

(DMB) was chosen as a substrate to
inhibit the isomerization pathway. With DMB, ca. 11% of the olefin is converted to the linear
aldehyde, 4,4-dimethylpentanal; no other products are observed (Table 4.2). The lower activity
compared to 1-hexene is likely due to the increased steric hindrance of DMB.[>?l However, it is
important to note that the DMB conversion is preliminary (see Table 4.2 caption for details). As
this reaction proceeded smoothly with no competing catalytic processes, DMB was selected as the

substrate for kinetic studies in accordance with literature precedent (Section 4.2.4).112!

In contrast to 1-hexene, the hydroformylation of styrene does show some regioselectivity: n/iso =
1.5. This is also in contrast to unmodified rhodium and mono- and bis-phosphine rhodium carbonyl
hydrido complexes, which show strong preference for the branched isomer.['"'* For styrene, this
is particularly interesting as the preference for the branched isomer is characteristic of styrene
rather than the identity of the catalyst and derives from the stability of the intermediate n3-benzylic
rhodium complex.[>’] However, with bulky chelating phosphite ligands, selectivity for the linear

isomer has been observed primarily due to steric constraints but also due to the strong m-accepting
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character of the ligands.[?*2°1 This could indicate a higher coordination mode of Rh on bP (e.g. ¥?
or ¥°); however, buried volume calculations (Section 3.2.5) suggest that even in a k? binding mode,
bP is about as bulky as PPhs, making it less hindered than the bulky phosphite ligands studied. It
could also indicate a new lower-energy transition state in the hydroformylation mechanism,
making the linear pathway more favorable than the branched. Energetically favorable cyclic
transition states are known for specific phosphinite ligand-substrate pairs due to weak interactions
between the P atoms and the functional group on the olefin."**"! Recent work suggests that small
organic molecules do interact with the bP surface: molecules including toluene, hexane,
isopropanol, and acetone have been shown to dope the bP surface via physisorption.??) More

investigation is required to determine which possibility is more likely.

4.2.4 Kinetic Studies with 3,3-dimethylbutene

Kinetic studies were performed with respect to DMB concentration ([DMB]) to determine the
reaction order of Rh@bP with respect to this parameter. These studies appear to reveal a pseudo-

zero-order dependence on [DMB]. Given the relatively low substrate loading relative to the

Table 4.2. Activity and selectivity of Rh@bP for various olefins. Reaction conditions: 90°C, 2
h, S/Rh=22,bP/Rh=11.2TOF = mmol compound / mmol Rh added / time. TOF oher for styrene
is TOF of hydrogenation; for 1- and 2-hexene, it is TOF of isomerization. *Data obtained after
20 h; reactions collected at 2 h showed no conversion. ‘Amount of linear aldehyde produced

was estimated by mmol DMB added — mmol DMB remaining.

Substrate Conversion CHO n/iso TOFaq TOF other
% Conversion % (h™)? (h™)?

styrene® 39 31 1.5 0.3 0.2

1-hexene 62 22 1.1 1.6 4.1

3,3- 11 11 — 1.2 —

dimethylbutene®

2-hexene® 17 8 0.6 0.1 0.03
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amount of Rh precursor added to the reaction (S/Rh = 11-163), this result is quite surprising. It is
in contrast to the vast majority of molecular hydroformylation catalysts which show first order
dependence on [olefin], referred to as “type-1” catalysts.?3] A minority of catalysts, referred to as
“type-II,” show zero-order dependence on [olefin]. These include unmodified Rh species as well
as some phosphine-, monophosphite-, and bisphosphite-modified Rh species.!*3—3% The two types
of [olefin] dependencies are associated with important mechanistic considerations including the
rate-limiting step and resting state of the catalyst.[*3] For type-I catalysts, the rate-limiting step is
alkene addition and the resting state is the five-coordinate HRh(CO)(PR3); for type-II catalysts,

hydrogenolysis is rate-limiting and the acyl complex is the resting state.*°]

Zero-order dependence on substrate concentration can occur due to a variety of factors including
steric bulk and electronic character of the ligand as well as interactions between reagents and a
support.37-38 However, in our system, preliminary evidence suggests that the loading of active
catalytic sites is significantly lower than the amount of Rh(CO)»(acac) added. As a result, the olefin

would be in vast excess compared to the number of active catalytic sites even at S/Rh(CO)(acac)

: : T B) . . .
" 1.2} 3 linear CHO (estimated) " 1.21% Iin%ar CHS (edstimated)
= B - perfect Oth order
% 1.0¢ % 1.0¢.. perfect 1st order
§ o8} g o038
g 06} 8 06
2 04f & 2 04} .
g 02} 1 8o2f 1 |
o $ (} ¢ 5] ”V I {
o or o oF |
© ©
1S . . . . . € s . . .
1S 0 1 2 3 4 5 € 0 1 2 3 4 5

Initial DMB added (mmol) Initial DMB added (mmol)

Figure 4.5. Dependence of hydroformylation on DMB added. (A) mmol of DMB recovered and
4,4-methylpentanal produced versus increasing amounts of added DMB. (B) Zoom-in on 4,4-
methylpentanal data with expected trends for perfect 0" and 1% order dependence overlaid.

mmol of 4,4-methylpentanal estimated by mmol DMB added — mmol DMB remaining.
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Figure 4.6. Temperature dependence for the

4.2.5 Optimization of hydroformylation of styrene by Rh@bP.

Temperature and Rh

Concentration

Further optimization studies of temperature and Rh/bP ratio were performed with styrene.
Temperature studies revealed similar trends to those observed for molecular phosphine-modified
Rh catalysts.3%) As temperature is increased from 40-120°C, n/iso also increased from 1.1 to 1.6
(Figure 4.2, Figure 4.6). Over the same temperature range, catalytic activity for hydroformylation
peaked at ca. 60°C with activity significantly decreasing at 120°C due to increased hydrogenation.
Hydrogenation activity steadily increased with temperature, likely due to the increased favorability

of CO dissociation at higher temperatures (Figure 4.6).1!

Adjusting the Rh/bP ratio produced mixed results. Typically, increasing the amount of phosphine
relative to Rh increases the rate of hydroformylation by stabilizing the active catalyst.!"” However,
increasing the amount of bP (decreasing Rh/bP from 0.09-0.02) ultimately shut down

hydroformylation activity for styrene at Rh/bP = 0.02. This unusual result could be due to
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Figure 4.7. Dependence of % DMB conversion on
Rh/bP. Amounts of linear aldehyde were estimated

from mmol DMB added — mmol DMB remaining.
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nanosheet aggregation induced by the
hydroformylation reaction conditions,
resulting in inaccessible Rh active sites.
However, switching to a solvent where bP
shows higher dispersibility, benzonitrile,
or increasing the overall solvent volume

did not change this result.

Interestingly, neither increasing nor

decreasing the amount of Rh(CO)(acac)

gives changes in activity. While this result is preliminary, these data suggest that within this regime

(Rh/bP = 0.02-0.2), changing the amount of Rh(CO)2(acac) does not result in more active sites

(Figure 4.7). This result in is distinct contrast to molecular catalysts which show 1 order

dependence on Rh precursor concentration for both type-I and type-II catalysts and strongly

suggests that the active catalyst is immobilized on the bP surface.*® This would imply that all

available surface sites on bP are saturated at Rh/bP = 0.02; however, the exact Rh/bP value where

saturation occurs will also depend on the degree of nanosheet exfoliation, which has not yet been

investigated with respect to activity. Preliminary ICP-MS supports this hypothesis: analysis of the

post-catalysis organic phase shows some soluble Rh remaining after bP removal. The presence of

this soluble Rh could indicate leaching, however, based on these preliminary Rh(CO)(acac)

concentration studies, excess Rh(CO)x(acac) that does not interact with bP appears more likely.
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4.3 CONCLUSION

While these results are preliminary, it is clear that bP plays a key role in the observed
hydroformylation activity. The behavior of the Rh@bP catalyst differs in distinct ways from
traditional molecular phosphine catalysts including an unusual selectivity for the linear aldehyde
of styrene and zero-order dependence on [DMB] and Rh(acac)(CO),. These saturation-type
kinetics strongly suggest that the active catalyst is immobilized on the bP surface. In general, much
of the data suggests that Rh@bP behaves similarly to bulky phosphite-modified Rh. This may
indicate that steric constraints imposed by bP play a large role in activity and selectivity; it could
also suggest that Rh is interacting with adventitious PO sites on the bP surface. Further reactions
with intentionally oxidized bP could shed light on this question. Preliminary characterization of
this species post-catalysis suggests a high surface loading of Rh with some carbonyl groups intact.
In order to probe the nature of Rh@bP further and begin to correlate structure-activity
relationships, additional characterization via vibrational and X-ray spectroscopies and imaging

techniques is required both pre- and post-catalysis.

4.4 EXPERIMENTAL

4.4.1 Materials

Unless stated otherwise, all work was performed under an inert atmosphere of N> using a Schlenk
line or inside of an LC Technology Solutions, Inc. glove box containing <5 ppm H>O and O». All
glassware was dried at 160°C for a minimum of 12 h and cooled under vacuum prior to use. All
solvents excluding benzonitrile were purchased from Fischer Scientific. Anhydrous solvents were
dispensed from a JC Meyer solvent system and stored over 3 A molecular sieves (Thermo-Fisher)

for at least 12 h before use. Molecular sieves were previously activated under vacuum at 300°C
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for 48 h. Benzonitrile (99%, Alfa Aesar) was degassed for at least 6 hours under vacuum and stored

over activated 3A molecular sieves in the glovebox for a minimum of 72 h prior to use.

All reagents were stored in a glovebox. Rh(CO)z(acac) (98%, Sigma-Aldrich), undecane (>99%,
Sigma-Aldrich), and CDCl; (99.8 atom% D (1% v/v TMS, Sigma-Aldrich) were used as received.
Styrene (ReagentPlus®, contains 4-tert-butylcatechol as stabilizer, >99%, Sigma-Aldrich), 1-
hexene (98%, ThermoFisher), 3,3-dimethyl-1-butene (>97%, Sigma-Aldrich), trans-2-hexene
(97%, Sigma-Aldrich), 5-hexene-1-ol (98%, Sigma-Aldrich), 1-octene (98%, Sigma-Aldrich),
trans-2-octene (97%, Sigma-Aldrich), 1,5-cyclooctadiene (contains 4-tert-butylcatechol as
stabilizer, 99%, Sigma-Aldrich), heptanal (95%, Sigma-Aldrich), 3-phenylpropanal (>95%,
Sigma-Aldrich), 2-phenylpropanal (98%, Sigma-Aldrich), and ethylbenzene (anhydrous, 99.8%,

Sigma Aldrich) were degassed via freeze-pump-thaw and stored over 3 A molecular sieves.

Black phosphorus (bP) crystals were synthesized using the methods in Reference %!, Crystals of
black phosphorus (bulk bP; 120 mg) were finely crushed with an agate mortar and pestle. The
resulting fine, silver-black powder was subsequently sonicated in the dark for 20 h in anhydrous
benzonitrile (120 mL). Air-free 250-mL Schlenk flasks sealed with Teflon stoppers were used to
prevent air exposure. The resulting suspensions were brown and opaque. The solids were isolated
via filtration and washed extensively with toluene to remove residual benzonitrile. The solids were

then resuspended in toluene via ultrasonication.

4.4.2 Instrumentation

Ultrasonication was performed in a 110W bath sonicator at 40 kHz. Circulation cooling was used
to maintain a bath temperature of 22-28°C. Filtrations were performed with EMD Millipore

Omnipore hydrophobic membrane filters with a pore size of 0.2 um. Hydroformylation reactions
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were performed in 50 mL Parr Instrument Micro Benchtop Model 4590 Reactors equipped with
PTFE flat gaskets, Teflon-coated overhead stir rods, and an internal thermocouple. The system

was controlled by a 4848 controller and SpecView version 3 software.

GC-MS spectra were collected on an Agilent Technologies 5973 GC-MS instrument. Quantitative
analysis was performed using calibration curves made at standard concentrations and 0.025 M
undecane as the internal standard. '"H NMR was collected on a 300 MHz Burker AVance
instrument. Attenuated total reflectance infrared (ATR-IR) spectra were recorded on a Bruker
Alpha IR instrument equipped with a Platinum ATR accessory. Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) was used in some analyses with the corresponding

Bruker DRIFTS accessory and FTIR-grade potassium bromide (KBr, >99%; Alfa Aesar).

4.4.3 General hydroformylation reaction conditions

Catalytic reactions were assembled in air-free conditions inside a glovebox. Standard reaction
mixtures were composed of Rh(CO)z(acac) (8.3 mg, 0.03 mmol), black phosphorus (10 mg, 0.32
mmol), olefin (0.66 mmol), and 10 mL of dry toluene. All liquid-phase reagents were measured
by micropipette; a stock solution of Rh(CO)(acac) in toluene was prepared and transferred to the
reactor via micropipette. Standard reaction conditions were 110 psi 1:1 CO:Ha, 90°C, and 200 rpm
stirring for 2h. Any modifications to both reaction mixture composition and/or reaction conditions
are noted where applicable. After cooling down, the reactors were purged with N> and
disassembled in air-free conditions. Reactions were worked up air-free, and the organic products
were separated from the nanosheets via filtration through a Celite plug. The organic phase was
characterized by '"H NMR and GC-MS with 0.025 M undecane added as an internal standard. In
between reaction work-up and measurements, the organic phase and the nanosheets were stored at

—25°C.
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4.4.4 Kinetic studies with 3,3-dimethylbutene
Kinetic studies were performed in triplicate and characterized using quantitative GC-MS.
Calibration curves for each substrate, product, and by-product were obtained independently using
0.025 M undecane as an internal standard. The calibration curves consisted of at least 20 data
points from 6.25x107*— 0.12M. Standard calibration curve samples were prepared in toluene via
serial dilution. Samples of reaction mixtures were prepared via micropipette with 500 uL of the
post-reaction organic phase, 500 uL of toluene, and 1 mL of'a 0.05 M undecane solution in toluene.

Multiple GC-MS measurements of the same sample were within +2%.

4.5 ADDITIONAL CHARACTERIZATION

985 9.75 965 955 945 935 '9.85 9.75 9.65 9.55 9.45 9.35 9.25
chemical shift (ppm) chemical shift (ppm)
Figure 4.8. '"H NMR (CDCl;3) spectra of the hydroformylation of A) 1-hexene, B) 1-octene, C)
2-hexene, D) 2-octene, E) 3,3-dimethylbutene, F) 5-hexenol, G) styrene, and H)

cyclooctadiene. All features correspond to aldehyde isomers.
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Figure 4.9. Effect of terminal versus internal olefins. "H NMR (CDCls) spectra of the
hydroformylation of A) 2-hexene after 20 h, B) 2-hexene after 2 h, and C) 1-hexene after 2 h.
Insets show zoom-in on aldehyde features where yellow, pink, and purple stars denote the

linear, branched, and internal aldehyde isomers. Only trace aldehydes were observed in B.

4.6 REFERENCES

[1] J. M. Thomas, R. Raja, D. W. Lewis, Angew. Chem. Int. Ed. 2005, 44, 6456—6482.

[2] J.D. A. Pelletier, J.-M. Basset, Acc. Chem. Res. 2016, 49, 664—677.

[3] A.Ienco, G. Manca, M. Peruzzini, C. Mealli, C. Organometallici, C. Nazionale, Dalton
Transactions 2018, 47, 17243—17256.

[4] Z. Sofer, D. Sedmidubsky, S. Huber, J. Luxa, D. Bousa, C. Boothroyd, M. Pumera, Angew.
Chem. Int. Ed. 2016, 55, 3382-3386.

[5] X.Liu, K. Chen, X. Li, Q. Xu, J. Weng, J. Xu, Adv. Mater. 2021, 2005924.

[6] H. Qiao, H. Liu, Z. Huang, Q. Ma, S. Luo, J. Li, Y. Liu, J. Zhong, X. Qi, Advanced Energy
Materials 2020, 10, 2002424.

[7] M. Vanni, M. Caporali, M. Serrano-Ruiz, M. Peruzzini, Surfaces 2020, 3, 132—-167.

[8] J.Li, H.Ma,J. Wang, X. Luo, L. Yu, J. Gao, ChemistrySelect 2021, 6, 5899-5905.



85

[9] Z.-Z.Luo, Y. Zhang, C. Zhang, H. T. Tan, Z. Li, A. Abutaha, X.-L. Wu, Q. Xiong, K. A.
Khor, K. Hippalgaonkar, J. Xu, H. H. Hng, Q. Yan, Adv. Energy Mater. 2017, 7, 1601285.

[10] R. Franke, D. Selent, A. Borner, Chem. Rev. 2012, 112, 5675-5732.

[11] D. M. Hood, R. A. Johnson, A. E. Carpenter, J. M. Younker, D. J. Vinyard, G. G. Stanley,
Science 2020, 367, 542-548.

[12] A. Borner, R. Franke, Hydroformylation: Fundamentals, Processes, and Applications in
Organic Synthesis, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2016.

[13] K. L. Walz Mitra, C. H. Chang, M. P. Hanrahan, J. Yang, D. Tofan, W. M. Holden, N.
Govind, G. T. Seidler, A. J. Rossini, A. Velian, Angew. Chem. Int. Ed. 2021, 60, 9127—
9134.

[14] J. Feng, M. Garland, Organometallics 1999, 18, 417-427.

[15] A.J. Bruss, M. A. Gelesky, G. Machado, J. Dupont, Journal of Molecular Catalysis A:
Chemical 2006, 252, 212-218.

[16] C. Powell, 1989, DOI 10.18434/T4T88K.

[17] J. Zakzeski, H. R. Lee, Y. L. Leung, A. T. Bell, Applied Catalysis A: General 2010, 374,
201-212.

[18] L. Chen, P. Ren, B. P. Carrow, J. Am. Chem. Soc. 2016, 138, 6392—-6395.

[19] A. M. Gull, J. M. Blatnak, C. P. Kubiak, Journal of Organometallic Chemistry 1999, 577,
31-37.

[20] J. A. Osborn, R. R. Schrock, J. Am. Chem. Soc. 1971, 93, 2397-2407.

[21] C. Vogl, E. Paetzold, C. Fischer, U. Kragl, Journal of Molecular Catalysis A: Chemical
2005, 232, 41-44.

[22] A. Van Rooy, Journal of Organometallic Chemistry 1996, 507, 69—73.

[23] S. Deerenberg, P. C. J. Kamer, P. W. N. M. van Leeuwen, Organometallics 2000, 19,
2065-2072.

[24] S. Yu, Y. Chie, Z. Guan, Y. Zou, W. Li, X. Zhang, Org. Lett. 2009, 11, 241-244.

[25] C. Cai, S. Yu, B. Cao, X. Zhang, Chem. Eur. J. 2012, 18, 9992-9998.

[26] P. E. Goudriaan, M. Kuil, X.-B. Jiang, P. W. N. M. van Leeuwen, J. N. H. Reek, Dalton
Trans. 2009, 1801.

[27] D. Sémeril, D. Matt, L. Toupet, Chem. Eur. J. 2008, 14, 7144-7155.



86

[28] O. Tissot, M. Gouygou, F. Dallemer, J.-C. Daran, G. G. A. Balavoine, Eur. J. Inorg. Chem.
2001, 2001, 2385-2389.

[29] C. B. Dicleman, P. C. J. Kamer, J. N. H. Reek, P. W. N. M. van Leeuwen, HCA 2001, 84,
3269-3280.

30] C. U. Griinanger, B. Breit, Angew. Chem. Int. Ed. 2008, 47, 7346—7349.

31] Y. Ueki, H. Ito, I. Usui, B. Breit, Chem. Eur. J. 2011, 17, 8555-8558.

32] Y. Wang, A. Slassi, J. Cornil, D. Beljonne, P. Samori, Small 2019, 15, 1903432.

33] P. W. N. M. van Leeuwen, C. Claver, Eds. , Rhodium Catalyzed Hydroformylation, Kluwer
Academic Publishers, Dordrecht [Netherlands] ; Boston, 2000.

[34] C. Kubis, D. Selent, M. Sawall, R. Ludwig, K. Neymeyr, W. Baumann, R. Franke, A.
Borner, Chem. Eur. J. 2012, 18, 8780-8794.

[35] A. C. Brezny, C. R. Landis, J. Am. Chem. Soc. 2017, 139, 2778-2785.

[36] S. S. Nurttila, P. R. Linnebank, T. Krachko, J. N. H. Reek, ACS Catal. 2018, 8, 3469—-3488.

[37] A. van Rooy, E. N. Orij, P. C. J. Kamer, P. W. N. M. van Leeuwen, Organometallics 1995,
14, 34-43.

[38] L. Wang, W. Zhang, S. Wang, Z. Gao, Z. Luo, X. Wang, R. Zeng, A. Li, H. Li, M. Wang,
X. Zheng, J. Zhu, W. Zhang, C. Ma, R. Si, J. Zeng, Nat Commun 2016, 7, 14036.

[39] C. G. Arena, D. Drago, F. Faraone, Journal of Molecular Catalysis A: Chemical 1999, 144,
379-388.

[40] A. H. Woomer, T. W. Farnsworth, J. Hu, R. A. Wells, C. L. Donley, S. C. Warren, ACS
Nano 2015, 9, 8869-8884.

[
[
[
[



87
APPENDIX A. SUPPLEMENTAL INFORMATION FOR

CHAPTER 2

A.1 ADDITIONAL CHARACTERIZATION OF FUNCTIONALIZED BLACK

PHOSPHORUS NANOSHEETS (RN—BP)

A.1.1. Solid state NMR
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Figure A.1. 2D NMR of TsN-bP and oxidized bP.y. (a) 'H-'"H dipolar DQ-SQ and (b) 'H{*'P} CP
HETCOR of TsN-bP and oxidized bP.ys. The oxidized bP., was prepared by sonicating
mechanically crushed bP in PhCN for five days. IR characterization of this material shows

significant oxidation.
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Figure A.2. 1D NMR of bP.,yand photolyzed bP.. (a) Direct excitation 3'P solid state NMR spectra
of bulk bP, bP.s; and photolyzed bP.y. (b) 'H—*'P CPMAS spectra of bP.,s and photolyzed bP.y.

The spectrum of photolyzed bP.s was obtained with 8192 scans while that of bP.s was obtained

with 256 scans. CP contact times of 5 ms were used in both cases.

A.1.2. X-ray photoelectron spectroscopy
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Figure A.3. XPS survey spectra for (a) TsN-bP, (b) AdN-bP, (c) ¥**BzN-bP, and (d) “"3BzN-bP.

bP plasmon satellites (purple circles), Si satellites (navy squares), and signals from the Au support
(blue circles) are labeled. bP plasmon satellites were identified using Taniguchi, Solid State

Commun. 1983, 45, 59 and Brunner, J. Phys. Chem. Solids 1979, 40, 967.
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Figure A.4. High-resolution XPS of select materials. (a) High-resolution Cls XPS of TsN-bP,
MeOBZN-bP, and “3BzN-bP. The feature at 293 eV in TsN-bP is a shakeup satellite.

Assignments were determined using Reference 9. (b) High-resolution N1s XPS of TsN-bP,
MeOBZN-bP, F3BzN-bP, and AIN-bP. (c) High-resolution P2p XPS of controls.
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Figure A.5. Literature survey of reported XPS binding energies. The majority of these values
were obtained from the NIST X-ray Photoelectron Spectroscopy Database. (a) Histogram of
reported P2p binding energies for PN, PO, and PC bonds. (c) Histogram of reported Nls
binding energies for both P-N and P=N bonds. The majority of these binding energies fall near
the values expected for PhCN (398.7 eV for chemisorbed and 400.2 for physisorbed).



A.1.3. Additional characterization techniques
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Figure A.6. XES spectra for (a) TSN-bP, (b) M°BzN-bP, and (¢) AAN-HP. The primary Ko, a2

environment (blue) corresponds to P(0) from unfunctionalized P atoms; the lower intensity

Kai,a2 environment (purple) corresponds to oxidized P sites, which includes both PN and PO.

The percent oxidation was found to be (a) 5.2 £10%, (b) 0.9% +40%, and (c) 0.3% + >40%,

consistent with the higher degree of exfoliation for TsN-bP compared to ¥*°*BzN-bP and AdN—

bP.

(a) — T 11— (b) :
T bPex Ag2 | Siwafer 1 [ — bPex Si wafer
2 . € [ — MeOBzN-bP
3 °or
(] &)

o ~ :
~ _ax .
:'? B B i
0 [
c []
: S|
£ - :
S T S A T B R T P S S AP B S B
200 300 400 500 600 700 200 300 400 500 600 700
Raman shift (cm-1) Raman shift (cm-1)
() T ]
— bP Si wafer ]
@ exf 4
€ [ — AdN-bP Ad ]
Q Bog ]
O 2g
> At 3
B [ : ) A / ;
C i N :
] AR .
< 7 l‘\ AAAJ\W ]
P T S T S P T R
200 300 400 500 600 700

Raman shift (cm-1)

Figure A.7. Raman spectra of (a) TsN-bP, (b) M*°BzN-bP, and (c) AdN-bP with the spectrum

for bP.,s overlaid. Post-functionalization, slight broadening of the Raman signals as well as

changes in the relative peak ratios of Ay, Bog, and A,? are observed; no changes in the Raman

shifts of A,', B, or A,? are observed. Excluding the features shown here, no detectable signals

are observed in the full measurement range of 150-3000 cm™'.
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Table A.1. Assigned IR vibrational modes of the TsN-bP features. Peaks were assigned using

Parimala, Spectrochim. Acta. A. 2011, 81, 711; van Druenen, Langmuir 2019, 35, 2172, and the

calculated IR spectrum in Figure A.10.

v — stretching; y — out-of-plane bending;  — in-plane bending; 6 — scissoring

Signal TsN-bP (cm™") | TsN3 (cm™) photolyzed bP.y (cm™)
(DRIFTS) (ATR) (ATR)

(POy) 1653, 1626 - 1653, 1631

(2) (C=C) + v(SO2) 1599 1595 1601w

(b) v(C=C) + v(SO) 1492 1495 -

(c) (POy) 1458 1451w <1456

(d) (POy) 1378 ~ 1377

(e) (C=C) ~1370 1366 -

(f) (POy) 1262 = 1263

(2) V(SO2)sym ~1155 1160 -

(h) P="N (P=1N) <1120 (1094) | -- -

(POy) ~1104 = 1099

(i) B(CH) + v(C=C) + | ~1083 1084 =

v(CH3)

(POy) ~1040, 1026 1040, 1018 1046, 1029

Table A.2. Assigned IR vibrational modes of the “BzN-bP features. Peaks were assigned

using van Druenen, Langmuir 2019, 35, 2172; Maiti, Phys. Chem. Chem. Phys. 2015, 17,
19735, and the calculated IR spectrum in Figure A.10.

v — stretching; y — out-of-plane bending;  — in-plane bending; 6 — scissoring

Signal MeOBZN-bP MeOBzN3 (cm™!) | photolyzed bPey (cm™)
(cm™) (ATR) (ATR)
(DRIFTS)

(a) v(C=0) 1724 1717 --

(PO)x 1654, 1630 -- 1653, 1631

(b) aromatic v(C=C) 1603 1599 --

(c) aromatic v(C=C) 1507 1501 --

(d) P="N (P=I5N) 1458 (1440) -- ~1456

(e) v(C=C), Ph 1436 1430 --

() (POy) 1379 -- 1377

(g) v(COC) 1279 1273 --

(h) (POx) 1265 -- 1263

(1) 8(CH), Ph 1173 1173 --

() v(COC) / 8(CH), Ph/ | 1102 1107 1099

(POx)

(k) 5(CH), Ph 1018 1013 --
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Table A.3. Assigned IR vibrational modes of the “*3BzN-bP features. Peaks were assigned
using van Druenen, Langmuir 2019, 35, 2172; Maiti, Phys. Chem. Chem. Phys. 2015, 17,
19735; Miller, Spectrochim. Acta Part A 1969, 25, 1577; Berney, Spectrochim. Acta 1965, 21,
1809, and the calculated IR spectrum in Figure A.10.

v — stretching; y — out-of-plane bending;  — in-plane bending; 6 — scissoring

Signal Cr3BzN-bP CF3BzN3 (cm™) photolyzed bP.s
(cm™) (ATR) (cm™)
(DRIFTS) (ATR)

(a) v(C=0) 1715 1711 --

(b) aromatic v(C=C) 1597 1597 --

(c) aromatic v(C=C) 1509 1507 --

(d) (POy) 1446 -- ~1456

(e) aromatic v(C=C) -- 1426 --

hypothesized P=N 1332 -- --

(f) B(CH), Ph 1285 1283 --

(POx) 1254 -- 1263

(g) B(CH), Ph 1199 1195 --

(h) 5(CH), Ph 1171 1173 --

(1) v(C-F), CF; 1146 1140 --

(POx) 1018 -- 1026

(j) Y(CH) 940 938 --

A.2 ADDITIONAL DISCUSSION OF AMBIENT STABILITY

To assess degradation over time by UV-vis spectroscopy, two ambient stability tests were
performed. For comparison with previously reported p-benzoic acid azide-functionalized bP,>®!
the functionalized RN-bP materials reported here, bP., and the photolyzed bP.,s control were
dispersed in 5 mL milli-Q water under ambient conditions using ultrasonication. All suspensions
were stored in air and measured once every 3—4 days for a total of 6 timepoints spanning 17 days
(Figure 6a, b). As P=N bonds are known to hydrolyze in water, we separately tracked the ambient
degradation of the materials in our exfoliation solvent, Ph\CN. TsN-bP and bP..r were dispersed in

20 mL of dry PhCN under air-free conditions using ultrasonication. Half of each dispersion was
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Figure A.9. High-resolution P2p XPS of (a) bP.s and (b) TsN-bP after 7 days under air-free

conditions. The environment at 130.0 eV (light blue) corresponds to unfunctionalized P(0)

atoms. The higher-energy environments (navy blue, purple) correspond to P atoms in a higher

oxidation state. For bP.., these higher energy environments are exclusively PO whereas our

previous characterization of TsN—-bP shows these environments correspond to both PN and PO.

Importantly, these spectra cannot be directly compared to our other XPS measurements as they

were obtained with a different spectrometer (Kratos Axis-Ultra DLD versus the SSI S-probe

used for all other XPS measurements).

stored under air-free conditions to assess aggregation and precipitation of the nanosheets over time;

the remainder was exposed to ambient conditions and monitored over 7 days (Figure 6c¢, d). All

four samples were stirred for 10 minutes every day after measurement to introduce oxygen into

the dispersions under ambient exposure. The supernatant was collected for the UV-vis

measurements. All spectra were solvent-corrected and baseline-corrected to the absorbance at

1300 nm. Concentrations were calculated using the absorbance of each dispersion at 450 nm and

the extinction coefficient calculated by Woomer and coworkers.!*? After 7 days, the materials

dispersed in PhCN were isolated by vacuum filtration and washed with PhCN (1 x 30 mL) and

THF (1 x 15 mL) under air-free conditions. For the bP.,r and TsN-bP dispersions exposed to

ambient conditions, oxygen was first removed from the solvent using the freeze-pump-thaw

method. All materials were then placed under vacuum before characterization by XPS. In order to
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approximate variations in percent composition derived from peak fitting, two spots on each sample
were measured and fit 3 times independently to give a total of 6 peak fits per sample. This process
gave an average oxidized P composition of 12+1% and 81+6% for bP.,sin N> and air, respectively,

and 17+£2% and 81+1% for TsN-bP in N> and air, respectively.

A.3 CALCULATIONS

A.1.4. Calculated IR spectra for molecular model systems RN=PPhs and RN(PPh;)

Molecular models of iminophosphoranes (PhsP=NR) and bisphosphinoamines (Ph,P),NR were

built for R = Ph, Ts, Bz, and “3Bz. DFT geometry optimizations and vibrational spectra
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Figure A.10. Predicted vibrational spectra for (a) iminophosphoranes (RN=PPhs, R=Ph, Ts,
MeOBgz, CF3Bz) and (b) bisphosphinoamines ((Ph,P):NR, R=Ts, “¢°Bz). In addition to the
primary P=N/P-N vibrations (bold text) observed in all spectra, many additional vibrational
modes also contain a PN component. Red stars in the TsN=PPhs and “/3BzN=PPh; spectra
denote clusters of peaks near the primary P=N mode that contain some PN component. In
TsN=PPhs, these stretches occur at 1126, 1121, 1114, and 1109 cm™!; in ““3BzN=PPhs, they
occur at 1356, 1333, and 1327 cm™'. The units on the y-axes of all graphs are defined as follows:

€ 1s molar absorptivity; D is dipole strength.
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calculations were obtained using the Gaussian packagel>®! with the input opt freq b3lyp/6-31+g(d)

geom=connectivity.

A.1.5. Energy and geometry optimization of tosyl nitrene binding modes on bP surface

Geometry optimization and P-N vibrational energy prediction for tosyl-functionalized black

phosphorus (Ts'¥1>N-bP)

Calculations were performed with the NWChem computational chemistry program (version
6.8.1).101 Geometry optimizations and vibrational mode calculations of all systems were
performed using the 6-31G* basis set on all atomsl®'%2 with B3LYP exchange-correlation
functionall®-%4 and the Grimme dispersion correction (D3).[%°] The normal modes, vibrational
frequencies, and IR intensities were also calculated, and IR spectra were generated using a line
broadening of 10 cm™. Vibrational frequencies for the functionalized nanosheets were calculated

for both *N and >N isotopologues.

Initial geometry optimizations were performed on a bare finite sheet consisting of 110 phosphorus
atoms produced from experimental X-ray data corresponding to a single layer of 5P.1°¢! Hydrogen
atoms were used to cap the dangling bonds on the edges of the sheet. The H atoms were constrained

to lie along the P—P bond vectors connecting the trimmed sheet to phosphorus atoms they replaced.

Table A.4. Table of calculated energies for each binding configuration, relative to the lowest-
energy configuration, (1). Motifs (3a) and (3b) are nearly identical to (1) and were thus not

considered in the generation of calculated vibrational spectra.

Bond Mode AE (eV)
bP-Ts 01 0.100
bP-Ts 02 0.502
bP-Ts 03a 0.074
bP-Ts 03b 0
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A geometry optimization routine was performed in which the central 48 phosphorus atoms were
allowed to move while the outer edges of the sheet were held fixed to the experimental geometry
of a pristine black phosphorus crystal. After the optimization, the free phosphorus atoms shifted
very little (~0.08 A average) from their initial positions. A single tosyl nitrene fragment was
installed on the geometry optimized sheet with three distinct binding modes (Figure 2) where motif
(1) is an iminophosphorane, TsN=Ppp, (2) is a bisphosphinoamine, TsN(A*-Pvp)2, and (3) is a cyclic

p-nitrene diphosphine, TSN(A*-Pyp)2.

Geometry optimization of the TsN-bP sheet showed convergence of motifs (1) and (3); thus, (3)
does not represent a distinct binding motif computationally and was discarded from further
analysis. Motif (1) was found to have a lower energy than the alternative binding configuration (2)
by 0.40 eV. These findings are in good agreement with literature reports of a similar calculation
performed with the analogous fragment of 4-azidobenzoic acid as the functional group

(AE[binding configurations] = 0.45 ¢V).18!
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR
CHAPTER 3
B.1 ADDITIONAL CHARACTERIZATION OF METALLATED NANOSHEETS
A) ; r B)
2 Si wafer
Ag' Bag Po ’(PISZ)
(020)
-?; 300 400 500 600 %
\ I e, e " 1 M ! 1 "
500 1000 1500 2000 2500 10 20 30 40 50 60

Raman shift (cm-1)

Figure B.1. (A) Raman spectra of (bottom to top) 1(bP)(Cl), [3(bP)][Cl], 2(bP), and 4(bP). Inset

26 (degrees)

shows zoom-in on key bP Raman modes. (B) XRD patterns for (bottom to top) bP reference,

1(bP)(C1), [3(bP)][CI], 2(bP), and 4(bP).
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Figure B.2. High-resolution (A) P 2p and (B) C 1s XPS of 1(bP)(Cl), 2(bP), [3(bP)][Cl], and

4(bP).
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Figure B.3. XPS survey spectra of (A) 1(bP)(Cl), [3(bP)][Cl], and 2(bP), and (B) 4(bP). Peach

squares and navy circles indicate features from the Au wafer and bP plasmon modes,

respectively.
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Figure B.4. High-resolution (A) Mo 3d and (B) F 1s XPS spectra of 4(bP). The high and low

energy environments are present in a 25:75 and 21:79 ratio for (A) and (B), respectively.
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Table B.1. Literature Re 4f7» binding energies for select materials and complexes. Binding

energies were adjusted to the same reference as used for experimental values (Cls at 285.0 eV).

Complex/Material Reported Re 417, binding | Reference

energy (eV)
Re('Bu-bipy)(CO)3Cl on 42.4 Kubiak, JACS 2019
MWCNTs
Re(N-N)(CO)sCl tethered to 41.7 Piers, ACS Appl. Energy
carbon support Mater. 2019, 2, 2414
Re(phen)(CO);Cl on graphitic 42.0 Surendranath, Y. JACS
carbon 2016, /38, 1820.
Re oxides 43.0-46.8 NIST database
Re metal 40.3 NIST database
Re(PPh3)(CO);Cl 41.6 NIST database

= 1(bP)(CI)
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

4(bP)

BF4

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure B.5. Full DRIFTS spectra for (A) 1(bP)(Cl), (B) 2(bP), (C) [3(bP)][CI], and (D) 4(bP).
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Figure B.6. Full DRIFTS spectra for (A) 1(bP)(Cl) + 4 and (B) 2(bP) + 4 overlaid with relevant
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Table B.2. Literature v(CO) values for select 2(PR3) complexes. Intensities are denoted as

follows: vs = very strong; s = strong; m = medium.

R= Reported A’ v(CO) (cm™") | Measurement Reference
method

OPh 1961s, 1891s DCM Lokshin, J. Organomet. Chem.
1976, 108, 353.

Ph 1943m, 1881m Cyclohexane Angelici, Synth. React. Inorg.
Met-Org. 1990, 20, 275.

Me 1937vs, 1872vs Hexane Angelici, Synth. React. Inorg.
Met-Org. 1990, 20, 275.

Table B.3. Literature v(CO) values for select products of reactions of CpMo(CO)3X and PR3.

Intensities are denoted as follows: vs = very strong; s = strong; m = medium.

R= Reported v(CO) Measurement | Reference
(cm™) method

[CpMo(CO)s(PPh3)|BF4 | 2062, 2001, 1975* DCM Siinkel, Z. Naturforsch.
Pt. B1981, 36, 474.

[CpMo(CO)2(PPh3)2]BF4 | 1978s, 1901vs DCM Siinkel, Z. Naturforsch.
Pt. B1981, 36, 474.

[CpMo(CO)2(dmpe)]PFs | 1983s, 1913s DCM Kegley, Organomet.
1993, 12, 2339.
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Table B.4. Literature v(CO) values for select products of Re(bipy)(CO);X and PR3. Intensities

are denoted as follows: vs = very strong; s = strong; m = medium.

Complex Reported v(CO) Measurement | Reference

(cm™) method
fac- 2041, 1954, 1924* | MeCN Ishitani, Dalton
[Re(bipy)(CO)3(PPhs3)]PFs Trans. 2005, 2, 385.
cis- 1950, 1884* DCM Schutte, Inorg. Chem.
[Re(bipy)(CO)2(dppm)]OTE 1998, 37, 2618.
cis- 1938, 1868* DCM Smithback, Inorg.
[Re(bipy)(CO)2(PPh;)2]OTf Chem. 2006, 45, 2163.
cis- 1936, 1857* KBr Ishitani, Inorg. Chem.
Re(bipy)(CO)2(P(OEt)3)Cl 2000, 39, 2777.

B.2 METHODS TO ESTIMATE THE ELECTRONIC AND STERIC CHARACTER OF BP

The method for estimating the Tolman electronic parameter (TEP) of bP was based on the work
of Anton and Crabtree with Mo(CO)4(L-L)."* The authors show that Mo(CO)4(L-L) can be used
as an experimental probe for phosphine electronic character akin to Tolman’s work with
Ni(CO);L.'"* By plotting experimentally determined symmetric vCOwm, for a variety of
monodentate PR3 against A; vCOn; reported by Tolman, Anton and Crabtree demonstrated
correlation between the two scales and developed an equation to relate their experimental values
to Tolman’s. Through this correlation, they were able to determine the TEP of chelating
phosphines, which are excluded from Tolman’s original scale. This method has been repeated for
multiple metal carbonyl complexes,' ultimately demonstrating that any metal carbonyl complex

can be used as a reliable probe if it shows correlation with Tolman’s scale.!’

Previously reported symmetric vCOre for [Re(bipy)(CO)3(PR3)][X] (referred to as [3(PR3)][X])

with a variety of PR3 ligands showed good linear correlation with Tolman’s scale through this
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Table B.5. Calculated % buried volumes for select molecular complexes.

Complex L= Binding mode Calculated % Viur
type

Re(CO)3(CI)(L) dmpe K2 37
Modified dppp K2 44
dppp K2 44

Re(CO)3(Cl)(Lo) benzyl K2 44
phenyl K2 48
Ph-OMe i« 49

[Re(bipy)(CO(L)I[X] | MeOH K 21
"Bu k! 22
Et k! 23
p-toluene K! 25
phenyl K! 25
Ph-OMe ! 25

method.lM Comparison of the reported symmetric v(CO) for [3(PPhs)][X] with our experimental

value gave a difference of only 8 cm™', an acceptable value for this qualitative comparison.

The percent buried volume (%Vpur) was calculated using the SambVca 2.1 online calculator tool!
using [3(PR3)][X] and 1(bP)(C]) for the k' and x? binding modes, respectively. bP structures were
optimized and molecular structures were obtained from the CCDC database. In order to provide
accurate comparison between ligands, the Re—P bond length was set to the average bond length
reported for each geometry (2.478 A for «' binding mode and 2.469 A for k2 binding mode).! For
the k' geometry, the xz axis was defined between the two equatorial CO groups; for k2, it was

defined between the axial CO and the halide.
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B.3 FURTHER DISCUSSION ON DEGREE OF FUNCTIONALIZATION

One hypothesis for the trend in degree of functionalization observed by XPS is the electrophilicity
of the molecular species. Assuming a dissociative mechanism is at play during the substitution, as
reported for the molecular phosphines, the leaving group, either CO, CI™, or BF4~, will dissociate
leaving a coordinatively unsaturated 16 e  metal fragment that can react with bP. The most
electrophilic species, CpMo(CO)s", shows the highest degree of functionalization followed by
Re(bipy)(CO)s*, Re(CO)(Cl), and CpRe(CO),. Other factors likely influence the degree of
functionalization, including the steric profile of the fragment and the type of binding with the
nanosheet surface (i.e. k! or %) as well as the differing reaction conditions for each
functionalization method. While these values obtained by XPS only represent 2 measurements,

they suggest an interesting avenue for further study.
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B.4 ADDITIONAL CHARACTERIZATION OF ANION EXCHANGE PRODUCTS

A B) ' =
® NaOTf
B various oxidation products
NaCl
c S
é § o0
z z
—= 7]
£ £
u A n [ ] h
10 20 30 40 50 60 10 20 30 40 50
26 (degrees) 26 (degrees)

Figure B.7. XRD of (A) anion exchange products (bottom to top) bP reference, 1(bP)(OTY),
1(bP)(NCS), and 1(bP)(NCO), and (B) filtrate from the synthesis of 1(bP)(OTY).

C)
B)
=~ A)
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_SCN-

2200 2100 2000 1900 1800 1700
Wavenumber (cm-1)

Figure B.8. ATR-IR of filtrates (THF) from synthesis of (A) 1(bP)(NCS), (B) 1(bP)(NCO), and
(C) 1(bP)(OTY). The blue box highlights the CO region.
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Figure B.9. DRIFTS of 1(bP)(NCS) obtained by three different methods. The spectra are (A)

normalized to the symmetric CO stretch and (B) unnormalized.
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Figure B.10. DRIFTS of (A) OTf and (B) SCN™ control reactions overlaid with the respective

Table B.6. Literature v(X) and v(CO) values for 1(PR3)(X).

X:

R:

Reported v(X)
(em™)

Reported v(CO)
(em™)

Measurement
method

Reference

OTf

dppe

1317

2035, 1958, 1917

KBr

Dahlenburg, J.
Organomet.
Chem. 1996, 525,
115.

OTf

PPhs

1341

2039, 1954, 1910

KBr

Dahlenburg, J.
Organomet.
Chem. 1996, 525,
115.

NCS

PPhs

2093

2054, 1958, 1919

DCE

Hofftman, Inorg.
Chem. 1991, 30,
41717.

NCO

PPhs

2230

2028, 1925, 1843

KBr

Moelwyn-Hughes,
J. Chem. Soc. A.
1971, 2361.
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B.5 ADDITIONAL CHARACTERIZATION OF SEQUENTIAL ANION EXCHANGE AND

INSERTION PRODUCTS

Table B.7. Literature v(X) and v(CO) values for 1(PR3)(X).

X = R= Reported v(X) | Reported v(CO) | Measurement | Reference
(cm™) (cm™) method
OTf dppe 1317 2035, 1958, KBr Dahlenburg, J.
1917 Organomet.
Chem. 1996, 525,
115.
OMe Me Not reported 2012, 1921, KBr Simpson,
1875 Organomet. 1993,
12,781.
COsMe | Me 1670 2027, 1978, KBr Simpson,
1905 Organomet. 1992,
11,4306.
A B)
----- NaOCH3
— 1(bP)(OCDy) — 1(oP)(OCD3)
— 1(bP)(OCH) — 1(bP)(OCHy)
2200 2000 1800 1600 1400 1200 1000 800 2200 2100 2000 1900 1800 1700 1600 1500 1400 1300
Wavenumber (cm-1) Wavenumber (cm-1)

Figure B.11. (A) Full IR spectrum and (B) zoom-in of 1(bP)(OCH3) and 1(bP)(OCD3) overlaid
with NaOCH3.
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