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ABSTRACT OF THE DISSERTATION

Photochemical Manipulation of Nanoscale Semiconductor Materials
by
Hankyeol Jung
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2021

Professor Alina M. Schimpf, Chair

Modulation of chemical, photophysical, and electronic properties by controlling the type
and concentration of carriers is an essential ability that enables semiconductor applications in a
wide range of technologies. Colloidal semiconductor nanocrystals are an attractive class of
solution processable and tunable semiconductor materials. Several doping strategies have been
successfully applied to semiconductor nanocrystals, making them promising components of
emerging technologies. Photochemical doping has emerged as a particularly attractive strategy for

post-synthetic electronic doping of colloidal semiconductor nanocrystals because it is reversible,

XVi



nondestructive and solution-stable. This dissertation focuses on the photochemical manipulation

of nanoscale materials, including colloidal nanocrystals and cluster-based frameworks.

Chapter 1 provides an introductory overview of electronic doping strategies. Furthermore,
background on the classes of materials studied within, colloidal nanocrystals and cluster-based
frameworks, is provided. Chapter 2 presents the photochemical reduction of colloidal maghemite
nanocrystals as a means to access high-quality magnetite nanocrystals. The phase-transformation
of iron oxide nanocrystal via introduction of excess carriers is analyzed by X-ray, optical, and
magnetic characterization methods. Furthermore, the factors limiting photochemical reduction are
discussed. Chapter 3 details the UV irradiation of colloidal 2H tungsten diselenide nanocrystals
using lithium triethylborohydride. This phototreatment leads to a bleach of the band-edge
absorption and an enhancement and blue-shift of the C-exciton absorption. Powder X-ray
diffraction suggests that these changes are primarily due to lithium-ion intercalation into these
two-dimensional materials. Chapter 4 extends the methods for electron-quantification in
photochemically doped semiconductor nanocrystals do photochemically reduced cluster-based
frameworks. The synthesis of cluster-based frameworks allows for in situ photodoping to access
highly crystalline, reduced cluster-based frameworks. The results are used to demonstrates the

unique stability of reduced Zn-bridged frameworks based on Mo-doped Preyssler clusters.
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Chapter 1: Introduction

1.1 Introduction to electronic doping of semiconductor materials

The electrical properties of semiconductors can be modulated by electronic doping,* which
refers to a process of controlling the carrier density without significantly changing the crystal
structure. The introduction of delocalized electrons or holes renders the semiconductor n-type or
p-type, respectively. The introduction of delocalized carriers leads to new intraband absorption
and to a bleach of the band-edge absorption, indicative of band-filling. By altering the degree of
doping, electron density and conductivity of the semiconductor materials can be controlled, which
is a critical feature of many semiconductor-based technologies. This thesis will focus largely on
photochemically induced electronic doping of colloidal semiconductor nanocrystals, with

extension to bulk materials in the final chapter.

Electronic doping of nanocrystals can be challenging due to the high surface-area, which
can host defects and trap states that act as a source for undesired of charge-compensation.?”’
Although "deactivation™ of charge-carriers due to these surface sites remains a challenge, several
methods of electronic doping have been successfully applied to colloidal semiconductor
nanocrystals. These include aliovalent impurity doping, defect-induced doping, remote chemical

doping, and photochemical doping, which will be the focus of this thesis.

Aliovalent doping. Aliovalent or heterovalent doping (Figure 1.1) is a conventional doping
method for bulk semiconductors. For example, substituting a silicon with a group-V dopant (e.g.
P, As, Sb) generates an excess positive charge, which can be compensated by a free electron that

tunes the neutral silicon into an n-type semiconductor. If a group-III dopant (e.g. B, Al, Ga, In) is



doped into silicon, a hole is generated to compensate the excess negative charge, and the silicon
becomes p-type. Although aliovalent doping of colloidal semiconductor nanocrystals is
challenging due to uncontrolled surface impurities or trap sites, which can serve as another sources
of charge compensation, there have been some noticeable achievements. For example, in Sn**-
doped In203 (ITO), In** in nanocrystals replaced by Sn*', yielding excess positive charge on the
cation site that is compensated by delocalized electrons.®° Aliovalent doping results in air-stable
n- or p-type doping but controlling the homogeneity of the dopants throughout the lattice remains

challenging.

|
................. SR

’T‘
i m

Increasing dopant content

Figure 1.1. Aliovalent n-type doping is achieved through substitutional
incorporation of excess positive charges, which stabilize the conduction and
valence bands (CB and VB, respectively) relative to the Fermi level (Eg) and allow
for air-stable electron-accumulation.

Defect-induced doping. Similar to aliovalent impurity doping, defects in the crystal lattice
such as vacancies or interstitial ions can serve as electron donors or acceptors to yield r n-type or
p-type doping. For example, copper vacancies are prevalent defects in Cu.—E (E = S, Se, Te)
nanocrystals.’®*2 The missing cations can be compensated by delocalized holes, inducing p-type

degenerate electronic doping and plasmonic features.*3*® Similarly, a change in stoichiometry can



induce electronic doping. For example, infusing excess Pb or Se into PbSe nanocrystals leads to

p- or n-type doping, respectively, exhibiting semi-metallic properties.’

Remote chemical doping. In remote chemical doping, free carriers are injected into the
nanocrystals by charge-transfer from a molecular donor (Figure 1.2). For example, biphenyl
radicals have been used to reduce colloidal ZnO, CdS, and CdSe nanocrystals with band-like
electrons.'® In another example, cobaltocene was used as an electron donor for PbS and PbSe
colloidal nanocrystals, leading to the bleach of 1Sy—1S. absorption peaks and heavy charging that

increased the conductivity of nanocrystal-derived films.2°

= nbD*

=

Figure 1.2. Scheme of remote chemical doping. D = electron donor, D" = oxidized
electron donor.

Photochemical doping (Photodoping). Comparable to remote chemical doping,
photochemical doping also introduces excess carriers into colloidal semiconductor nanocrystals.
As opposed to chemical doping, which employs a direct charge-transfer from a reductant to the
nanocrystal, photochemical doping (Figure 1.3) employs light and hole-quenchers (sacrificial
reductants), such as alcohols or borohydrides.?%?® In this case the semiconductor is irradiated with
UV light, generating a CB-electron and VB-hole. In the presence of an appropriate sacrificial
reductant, the photogenerated hole is quenched, leaving an electron in the CB. As long as the

oxidation of the hole-quencher remains irreversible,?° this process can be used to accumulate



multiple electrons in the CB. Photochemical doping thus allows post-synthetic and reversible in
situ manipulation of carrier concentration. For example, ZnO and TiO2 nanocrystals have been
photochemically reduced under UV irradiation using alcohols as hole-quenchers.?0-?2 2426 The
shallower VB of CdSe requires more reducing sacrificial reductants, such as Li[EtsBH] to be
photochemically reduced.?® This dissertation focuses on the application of photochemical doping
toward various semiconductor systems, including colloidal nanocrystals and cluster-based

frameworks, which are briefly introduced below.

Figure 1.3. Scheme of photochemical doping. Er = Fermi level, ZQ = hole-
quencher and Z* = charge-compensating cations from the oxidized hole-quencher.

1.2 Introduction to colloidal semiconductor nanocrystals

Colloidal semiconductor nanocrystals and quantum dots are among the most essential
materials for next-generation technologies, including light emitting diodes,?’?° photodetector,3-33
and solar cells®® 3% due to their high absorption coefficients, high PLQY, size-dependent
bandgap, and solution-processability. Significant progress has been made over decades from
fundamental concepts to fabrication and manipulation of nanoscale crystallites.3”*? In colloidal
syntheses, the composition, size, size-distribution, and shape of products can be easily controlled
by tuning experimental parameters, such as identity/ratio of precursors and surface ligands, time,

and temperature of the colloidal synthesis. (Figure 1.4) The resulting products are in the form of



inorganic cores colloidally stabilized by organic ligand-shells in solution, which make them
primed for fundamental, solution-phase studies and processing.

To fully exploit the advantages of semiconductor nanocrystals for future technologies,
understanding on the modulation of optical, electrical, and magnetic properties is essential. In this
thesis, we use photochemistry to induce and study changes in the properties of colloidal
semiconductor nanocrystals. Chapters 2 and 3 focus on UV irradiation of colloidal iron oxide and
tungsten diselenide nanocrystals, respectively. Chapter 4 extends the photochemical methods to

solid-state materials derived from cluster coordination assembly.

Experimental variables Dependent variables

» Ligand/precursor identity + Size
» Ligand/precursor ratio + Shape
+ Time + Size-distribution

» Temperature « Composition

» Heating rate * Phase

Figure 1.4. In colloidal synthesis of semiconductor nanocrystals, experimental
variables give facile handle for controlling the physical and chemical properties of
the resulting nanocrystal products.

1.3 Introduction to polyoxometalate-based frameworks

Polyoxometalates (POMSs) are molecular analogs of metal oxide quantum dots that can be
assembled into nano-, micro- or even millimeter sized metal oxide materials.**** The structural
diversity and reversible redox activity of POMs make them attractive building-blocks for
coordination with organic or inorganic linkers to build frameworks.*>*¢ POM-based frameworks

are expected to have high electron capacity and exceptional structural stability, but their



photophysical properties are only beginning to be explored.** 4"4° Our group focuses on metal-
cation-bridged POM frameworks derived from the Preyssler polyoxotungstate, [NaPsW3z00110]**
(Figure 1.5). These materials maintain the advantage of the rich redox chemistry of POMs and
add tunability with the bridging metal ion*® %° or with the assembly architecture.>® This class of
materials has the potential to bridge the gap between molecular and solid-state metal oxides. The
exceptional air-stability of a TM-linked POM-based frameworks will be discussed in Chapter 4.
The methods developed for electron-quantification in photodoped colloidal nanocrystals allow for

quantification of the electron density in POM-based frameworks.



cluster 1

experimental
l ] l I “ l i N aeah b o 4 simulated
L] L] L] L]
10 20 30 40
26 (deg)

Figure 1.5. (a) Crystal structure of Co?*-bridged [NaPsW300110]**~ framework
extending in the ab lattice plane. Water and charge-compensating cations removed
for clarity. (b) Experimental and simulated pXRD patterns. From ref. 48.
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Chapter 2: Photochemical Reduction of Nanocrystalline Maghemite to

Magnetite

2.1. Abstract

We present a photochemical conversion method for the inverse spinel iron oxides, in which
the mixed-valent magnetite phase (Fe3O4) is accessed from the maghemite phase (y-Fe>Os3) phase
via a stable, colloidal nanocrystal-to-nanocrystal transformation. Anaerobic UV-irradiation of
colloidal y-Fe>O3 nanocrystals in the presence of ethanol as a sacrificial reductant yields reduction
of some Fe** to Fe?", resulting in a topotactic reduction of y-Fe>Oj3 to Fe;Oa4. This reduction is
evidenced by the emergence of charge-transfer absorption and increased d-spacing in UV-
irradiated nanocrystals. Redox titrations reveal that ~43 % of Fe in <d> = 4.8 nm nanocrystals can
be reduced with this method, and comparison of optical data suggests similar reduction levels in
<d>=17.3 and 9.0 nm nanocrystals. Addition of excess acetaldehyde during photoreduction shows
that the extent of reduction is likely pinned by the hydrogenation of acetaldehyde back to ethanol
and can be increased with the use of alkylborohydride sacrificial reductants. Photochemical
reduction is accompanied by increased magnetization and emergence of magnetic features
characteristic of Fe3O4. This work provides a reversible, post-synthetic strategy to obtain Fe3;O4

nanocrystals with well-controlled Fe** compositions.

2.2. Introduction

Superparamagnetic iron oxide nanocrystals, particularly magnetite (Fe3O4) and maghemite

(y-Fe203), have been extensively studied'™ due to their potential use in myriad technologies,
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1417 and water

including magnetoresistive devices,®!* biomedical diagnostics and treatments,
purification.!®?! Phase-selective synthesis and use of these nanomaterials, however, is often
challenging because Fe3O4 easily oxidizes to y-Fe,O3 under ambient conditions, resulting in mixed
phases and/or loss of desired properties. For example, y-Fe>O3 has a lower overall magnetic
moment and decreased magnetocrystalline anisotropy compared to Fe3O4. Additionally, Fe3O4 can
exhibit half-metallicity with a high degree of spin-polarization, while y-Fe>Os is electrically
insulating. These properties make Fe3O4 more desirable for incorporation into spin transport
devices. exhibits a half-metallic nature with a partially filled spin-polarized band, while y-Fe>O3 is
electrically insulating. These properties make Fe3O4 more desirable for incorporation into spin
transport devices. Furthermore, catalytic degradation of organic pollutants requires the oxidation
of Fe?*,!” not natively present in y-Fe>O3. Here, we present a method to photochemically transform

v-Fe2Os or Fe3Os/y-Fe:O3 mixtures into Fe3Os, enabling reversible, post-synthetic switching

between the two phases.

Both Fe;04 and y-Fe2Os3 crystallize in an inverse spinel structure, B(AB)Xa. In the case of
Fe;04, 1/3 of Fe cations are in the +2 oxidation state (the "A" cations) and occupy primarily
octahedral (On) sites, while 2/3 are in the +3 oxidation state and are distributed equally between
On and tetrahedral (Ty) sites (the "B" cations). y-Fe>O3 is often described as Fe?*-deficient Fe3O4
(Fe3-3504, 8 = 1/3) because the 16 On sites in the unit cell are replaced by 40/3 Fe** and 8/3
vacancies. The structural similarity of these phases enables easy topotaxial oxidation of Fe3;O4 to
7-Fe>203,723! which occurs even faster in nanocrystals than in the bulk due to the relatively high
surface area. Consequently, nanostructures of these iron oxides often contain a mixture of
Fe;04 and y-Fe>03.% 22393 Many studies have focused on evaluating the extent and/or mechanism

of oxidation in Fe3O4/y-Fe,O3 nanocrystals,> 13 22 27 30. 3238 byt direct reduction of y-Fe2Os has
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rarely been successfully employed as a strategy for accessing FesO4 nanocrystals ! For example,
the addition of excess catechol-type ligands to y-Fe>Os leads to only partial reduction, likely

occurring at the surface while maintaining an oxidized y-Fe,Os core.”

Photochemical reduction has been used to introduce band-like charge-carriers into various
metal oxide nanocrystals, including 7Zn0, % Ti0,,%4° and In203,** with a mild sacrificial
reductant, such as ethanol (EtOH). In this process (eq 1), UV illumination excites an electron
across the metal-oxide nanocrystals (NC) bandgap and the strong oxidizing power of the
photogenerated valence-band hole (4 vB) leads to oxidation of EtOH to acetaldehyde (CH3CHO),
which is irreversible unless more reducing potentials are accessed. The overall reaction deposits
conduction-band electrons (e cg) and charge-compensating protons. Notably, when ZnO
nanocrystals are doped with Fe*', UV irradiation leads to localized reduction to Fe*" prior to
accumulation of delocalized electrons.*’-*® These results, along with the similarly high oxidizing
power of the y-Fe2O3 valence band suggest that photochemical reduction of Fe** in y-Fe,O3 should
be feasible. Indeed, UV irradiation of Fe;O4 nanomaterials has been exploited for the in-situ

49-53

reduction of surface Fe*" for Fenton-like reactions used in the catalytic degradation of

wastewater contaminants. Here, we show that photo-oxidation of EtOH can be used to access

Fe;04 nanocrystals from y-Fe2O3 or Fe;O4/y-Fe2O3 mixtures.

e cB,h ve:NC + CH3CH,0OH — 2¢ ¢p:NC + 2H" + CH3CHO (1)

2.3 Results and Discussion

Colloidal y-Fe;Os; nanocrystals were synthesized via thermal decomposition of iron

pentacarbonyl in a mixture of oleic acid and a dialkyl ether (R20; R = octyl or benzyl).>* This
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synthesis yields nanocrystals with mixtures of Fe3Os and y-Fe O3, likely in a core/shell
architecture.’® which where oxidized to y-Fe,Os by additional heating in air. The resulting y-Fe>O3
nanocrystals were photodoped following procedures used for other colloidal metal oxide
nanocrystals.*?-*¢ Briefly, anaerobic solutions of the nanocrystals (~1 mM Fe) in toluene/THF (1/1)
containing 124 EtOH/Fe as a sacrificial reductant were irradiated using a 365 nm LED (0.5 W/cm?).
The absorption was measured periodically, and samples were considered to be maximally
photoreduced when the absorption stopped changing over ~30 min. Figure 2.1a shows the
electronic absorption spectra (top) and differential absorption (bottom) of a solution of <d> = 4.8
nm nanocrystals with increasing exposure to UV irradiation (following the direction of arrows).
Prior to UV irradiation, the solution is yellow (Figure 2.1a, inset, left) and shows absorption only
above 2.0 eV, corresponding to the bandgap of maghemite derived from O(2p)—Fe(3d)
transitions.>® Following UV irradiation, the nanocrystal solutions turn dark brown (Figure 2.1a,
inset, right) due to new near-IR and visible absorption. These new features are consistent with the
intervalence charge transfer (IVCT) and intersublattice charge transfer (ISCT) absorption
characteristic of Fe304.>>>” Concomitant with a growth in near-IR/visible absorption, a decrease
in the absorption above 3.0 eV is observed. This decrease in the O(2p)—Fe(3d) transition in
consistent with a greater ratio of Fe?**/Fe’”, as is expected for the reduction of y-Fe>O3 to Fes;Oa.
These spectroscopic changes mirror those observed when Fes;O4 nanocrystals are chemically

oxidized to y-Fe>03.%
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Figure 2.1. Photochemical conversion of y-Fe:O3 to Fe3Os in <d> = 4.8 nm
nanocrystals. (a) Absorption spectra of nanocrystals ([Fe] = 1.0 mM) with
increasing UV irradiation. Inset: Photographs of the colloidal suspension before
(left) and after (right) 3 h UV irradiation show a color change from yellow to brown.
(b) pXRD patterns before (yellow) and after (brown) 3 h UV irradiation. Simulated
patterns for y-Fe;Os (solid yellow)>® and FesOs (dashed brown)* are shown for
reference. All patterns are plotted for diffraction of Cu Ko radiation (1.5406 A).
TEM images of nanocrystals (¢) before and (d) after 3 h UV irradiation. Size-
distributions are provided in Figure A.2.

Changes in the iron oxide structure before and after photochemical reduction were
monitored by pXRD. Figure 2.1b shows a comparison of the (422), (511) and (440) reflections
before (yellow) and after 3 h UV irradiation (brown). Full powder patterns (26 = 10-80°) are
provided in Figure A.1. Following UV irradiation, all resolvable reflections shift to lower values
of 26 (Table A.1), consistent with the larger unit cell of Fe304 compared to y-Fe.Os3 (Table A.2).
Importantly, transmission electron microscopy (TEM) reveals no change in the size or size-

distribution of the nanocrystals after UV irradiation (Figure 2.1c,d and A.2). When the same
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method was used with <d> = 9.0 nm maghemite nanocrystals, absorption spectroscopy (Figure
A.3a) pXRD (Figure A.3b) and Raman spectroscopy® ® (Figure A.4) revealed analogous
conversion to magnetite.

To determine the extent of reduction, photoreduced nanocrystals were titrated using

42,44-45,61 509

methods similar to those developed for other photodoped metal oxide nanocrystals
frameworks.®? Specifically, the incremental addition of copper(Il) triflate (Cu[OTf],) leads to a
decrease in the absorbance below 3.0 eV and a recovery of the bleach above 3.0 eV (Figure 2.2).
Spectra are plotted as the differential absorption and extinction (A4 = A—ABeforeuv and Ag =
€—€ReforeUV, respectively). The integrated intensity of the IVCT/ISCT absorbance (0.8-3.0 eV) was
plotted as a function of Cu?/Fe (Figure 2.2, inset). Up to ~0.2 Cu?*/Fe, the absorption decreases
linearly with Cu?* addition. Further addition of Cu?*leads to very little change in the absorption
spectra (Figure A.5). Similar results are seen even with the use of a stronger oxidant (Ce*", Figure
A.6). These observations suggest that a subset of the Fe is more stably reduced to Fe?" or is
kinetically more difficult to re-oxidize. This subset is comparable to the subset of Fe?* in the as-
synthesized nanocrystals (Figure A.7), which are expected to contain a Fe3O4/y-Fe>Oj3 core/shell
structure.>* Heating of the nanocrystal solutions containing 0.58 equiv Cu®"/Fe lead to further
recovery of the initial spectroscopic features (Figure A.5) but could not be performed for extended
times without solvent evaporation. The ratio of Fe** was thus estimated by extrapolating the fit of
the linear regime. A similar method was used for the titration of free electrons in Sn**:In,O3

nanocrystals, in which photodoped electrons could be removed with a mild oxidant but aliovalently

introduced electrons could not.*
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Figure 2.2 Absorption and extinction (plotted as A4 = A—Ageforeuv and Ag =
€—€BeforeUV, Tespectively) spectra of photodoped <d> = 4.8 nm nanocrystals ([Fe]
= 1.0 mM) with added Cu[OTf].. Arrows show direction of increased addition of
oxidant, from 0 to ~0.2 equiv Cu®’/Fe. Inset: Integrated (0.8-3.0 eV) A4 as a
function of Cu®**/Fe. The linear fit is used to estimate the fraction of Fe?" in the
photodoped nanocrystals (39%).

A total of four titrations were conducted and the linear regime (up to ~0.2 oxidant/Fe) was
extrapolated to estimate the fraction of Fe that had been reduced. Results from each titration are
provided in Table A.3. Based on these experiments, 43 + 3 % of Fe is in the +2 oxidation state
following UV irradiation. This value is slightly greater than the fraction of Fe*" in Fe3;04 (33 %),
suggesting that photochemical reduction can be used to completely convert from y-Fe>O3 to Fe3Oa.

To confirm that photochemical reduction can occur throughout the nanocrystals and not
only at the surface, various-sized nanocrystals were evaluated. Figure 2.3 shows the differential
extinction spectra (plotted as Ae = e—€peforeuv) 0of maximally photoreduced nanocrystals with
average diameters of <d> = 4.8 nm (dotted brown, reproduced from Figure 2.2), <d> = 7.0 nm
(solid pink) and <d> = 9.0 nm (dashed blue). If reduction were only happening at the surface, a
systematic decrease in Ae would be expected for increasing nanocrystal size due to decreasing
surface-area/volume. A lack of such trend suggests that the reduction can penetrate the volume of

the nanocrystal for the sizes investigated here. It is worth noting that ensembles with larger average
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sizes were photoreduced more slowly (Figure 2.3, inset; Table A.2), possibly due to slow charge-

diffusion from the surface into the nanocrystal volume.
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Figure 2.3. Extinction spectra (Ag = e—€BeforeUv) 0of maximally photodoped <d> =
4.8 nm (brown circles), <d> = 7.3 nm (pink squares) and <d> = 9.0 nm (blue
diamonds) nanocrystals. Inset: Integrated extinction as a function of time.

It has been shown previously that degenerate photodoping of ZnO nanocrystals with EtOH
as the sacrificial reductant is pinned by the hydrogenation of acetaldehyde to EtOH, which is the
reverse of the EtOH photooxidation reaction.*? To test if this is also the limiting factor for iron
oxide reduction, y-Fe;O3; nanocrystals were photodoped in the presence of various amounts of
added acetaldehyde (Figure A.8). Here, the integrated IVCT/ISCT intensity (0.8-3.0 eV) is used
to represent the level of photoreduction. Similar to the photodoping of ZnO nanocrystals, the
maximum photoreduction decreases with added acetaldehyde, suggesting that acetaldehyde
hydrogenation can limit the photoreduction of y-Fe;Os.

It has also been shown in ZnO nanocrystals that the use of alkylborohydrides as sacrificial
reductants leads to an increase in the maximum photodoping level.** In the case of y-FexOs3,

addition of ~50 equiv LiEts;BH/Fe led to direct reduction of <d> = 4.8 nm nanocrystals, even
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without UV irradiation (Figure A.9i). This level of reduction is comparable to the maximum level
of photoreduction achieved using EtOH as the sacrificial reductant (Figure A.9ii). UV irradiation
of the LiEtsBH-reduced sample leads to further spectroscopic changes (Figure A.9iii), which are
distinct from those observed with EtOH. Namely, the lowest energy transition (~1.0 eV) blueshifts,
which was not observed for photochemical reduction with EtOH (Figure 2.1a). Additionally, a
large bleach of the absorbance above ~2.2 eV leads to the loss of the isosbestic point, normally
observed at~3.1 eV (Figure 2.1a).>* These changes make quantification of reduction by integrated
intensity unreliable but may suggest reduction beyond the pure Fe;O4 phase. No new phase was
observable by pXRD, however (Figure A.10).

Finally, changes in the magnetic behavior upon photoreduction were monitored using
superconducting quantum interference device (SQUID) magnetometry. For these measurements,
anaerobic nanocrystal solutions (~50 mg, 10-20 mM) in toluene/THF/EtOH (75/75/1) were sealed
in a quartz tube. Magnetic data were collected on the as-prepared sample ("Before UV") and after
varying UV irradiation times (Figure 2.4). Importantly, the magnetization vs field (M vs H, Figure
2.4a) reveals an increase in the saturation magnetization (Ms) from 70 to 110 emu/g (an increase
of 57 %) following 6.5 h UV irradiation. This increase is consistent with phase-conversion to Fe3O4,
in which the presence of Fe?" contributes to higher magnetization due to ferromagnetic coupling
with Fe** via double-exchange.®3-** A similar, reverse trend has been observed upon the partial
chemical oxidation of Fe;O4 to y-Fe>03 *° Notably, there is negligible exchange bias (Hg) observed
before and after UV irradiation (Table A.5), suggesting that reduction is distributed throughout the

<d> = 4.8 nm nanocrystals.
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Figure 2.4. Magnetic behavior of <d> = 4.8 nm nanocrystals before and after
varying UV irradiation times. Magnetization as a function of (a) applied field at 5
K and (b) temperature for field-cooled (FC, solid lines, 100 Oe) and zero-field-
cooled (ZFC, dashed lines) samples. Arrows show changes with increasing UV
irradiation.

The increase in magnetization is accompanied by (a) an opening of the hysteresis loop and
an increase in the coercive field (H.) from 14 to 1320 Oe (Figure 2.4a) and (b) an increase in the
blocking temperature (7%), here defined as the maximum point of the zero-field-cooled (ZFC)
curve in M vs temperature (7) measurements, from 6 to 35 K (Figure 2.4b). These increases are
consistent with the larger intrinsic magnetocrystalline anisotropy of Fe304.°¢®” Further UV
irradiation of the <d> = 4.8 nm nanocrystals leads to the emergence of a feature at ~120 K,
consistent with the Verwey transition®®’® (Figure 2.4b). The emergence of a Verwey transition

with photochemical reduction is notable, as previous studies have shown that this transition is
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generally suppressed for nanocrystals with <d> < 20 nm and completely disappears when <d> <
6 nm due to the high percentage of surface sites that can easily host defects.”!

Similar trends in Ms, H: and Ty are seen following UV irradiation of larger (<d> = 9.0 nm)
nanocrystals (Figure A.11). These nanocrystals, however, display significant Hg following UV
irradiation (Table A.5), which may suggest that photoreduction proceeds more heterogeneously in
larger nanocrystals. The sharp magnetization feature at ~200 K in the most reduced nanocrystals
(Figure A.11b) indicates the presence of a subpopulation of the further-reduced antiferromagnetic
wiistite phase (Fe;—O; Neél temperature, Tn ~ 200 K).”>7® The dominant superparamagnetic
behavior (Figure A.9b) suggests that that the fraction Fe;—O is small, and this phase is not
observed by pXRD (Figure A.12).

Based on the crystal structures of Fe3O4 and y-Fe>O3, the reduction of Fe** in y-Fe>Os3 is
expected to be favored at On A-sites. An idealized chemical equation for the photochemical

reduction of y-Fe203 ((Fey') _ (Felgs)  Os2), in which 50% of Feqe, cations (all A cations) are reduced,

is presented in Scheme 1a. The reduction of Feg., cations results in a charged nanocrystal in which

charge-compensation is provided by H' generated from MeOH oxidation (Scheme 1a(i)). The
reduced nanocrystal can be rewritten in terms of a magnetite core ((Feg') (Fey'Fey) Oz) with
"excess" O atoms (Scheme 1a(ii)), which likely reside on the surface and are compensated by the

photogenerated H'.
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Figure 2.5. (a) Idealized chemical equations for the photochemical reduction of y-
Fe>O3 with MeOH. (i) The reduction of 50% Fel., results in a charged nanocrystal,
with charge-compensation provided by the H" generated from MeOH oxidation. (ii)
The reduced nanocrystal can be rewritten in terms of a magnetite core with "excess"
O atoms, which likely reside on the surface and are compensated by photogenerated
H". (b) Abstract schematic depiction of the reduction of y-Fe,Oj3 to Fe3O4, in which
some ("excess") surface atoms are no longer part of the core nanocrystalline phase.

The reduction must first happen at surface Fe, after which charge-migration can lead to
reduction of Fe in the bulk of the nanocrystal. The reduction of ~43% of Fe in the nanocrystals
(Table A.3) is slightly higher than expected for a pure reduction of y-Fe2O3 to Fe3;O4, which should
result in 33% of Fe being reduced. This excess Fe reduction, however, can occur at surface Fe
(Scheme 1b, "excess Fe*'"), and does not necessarily imply that B-site Fe ions are reduced in the
bulk of the nanocrystal. Similarly, although y-Fe;Os and Fe3O4 have different FeO stoichiometries,
the crystal structure can be relaxed at the surface, such that some of the O atoms are no longer
counted in the core nanocrystal structure (Scheme 1a(ii); Scheme 1b, "excess O*™"). As depicted
in Scheme 1b, excess Fe-reduction and changes in Fe/O stoichiometry can be accounted for at the
surface while the bulk of the reduced nanocrystal retains the stoichiometry of Fe3Oa.

The "over-reduction" of Fe may also be responsible for the emergence of a small fraction
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of Fe1—.O, which is detectable in larger nanocrystals via the appearance of a feature near 7x (Figure
A.11b). This phase could also be present in the smaller nanocrystals but masked due to the weakly
superparamagnetic nature of small Fe;—O.”* Importantly, nanocrystals are photochemically
reduced to the same level, regardless of whether they start as fully oxidized (y-Fe.O3) or as v-
FexO3/Fe3O4 mixtures (Figure A.13). Photochemical reduction can thus be exploited to obtain a
"normalized" Fe?" content. The slower ensemble reduction with increasing nanocrystal size (Table
A.4) suggests that this method is effective over a broad size range and only limited by charge-
diffusion from the surface into the nanocrystal volume. This limit provides a facile strategy for
post synthetic and reversible tuning of the exchange bias in single-component iron oxide
nanostructures (Figure 2.4, Table A.5).

The photochemical addition of delocalized electrons to ZnO nanocrystals has previously
been shown to be pinned by aldehyde hydrogenation, which is negligible in as-prepared
nanocrystals but becomes more favorable at increased electron densities.*” The lower
photochemical reduction of y-Fe>Os in the presence of added acetaldehyde (Figure A.8) suggests
that hydrogenation of acetaldehyde could also be limiting the photochemical reduction of y-Fe>Os.
Catalytic hydrogenation of aldehydes by iron oxides has been reported at slightly elevated
temperatures (60 °C) but requires the use of a noble metal catalyst and an atmosphere of H.”>7
In our case, aldehyde hydrogenation likely becomes favorable due to an increasingly negative
Fermi level with increasing Fe?* content. Indeed, pre-reduction of Fe,Os has been shown to

increase its activity in benzaldehyde hydrogenolysis.”’

2.4. Summary and Conclusions
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We demonstrate a new strategy for controlling the oxidation state of Fe in inverse spinel
iron oxide nanocrystals using photochemical reduction. Anaerobic UV irradiation of colloidal vy-
Fe>O3 nanocrystals results in new charge-transfer absorption, increased d-spacing and enhanced
magnetization, characteristic of a topotactic reduction to Fe;O4. Redox titrations reveal that ~43 %
of Fe in <d> = 4.8 nm nanocrystals can be reduced with this method, indicating full conversion to
Fes304, with excess reduction likely at the surface of the nanocrystals. As with other metal oxide
nanocrystals, this photoreduction is likely pinned by the hydrogenation of acetaldehyde back to
EtOH and can be increased with the use of LiEt3BH as sacrificial reductant. Reduction in the
presence of EtOH proceeds to the same level, regardless of starting point, providing a post-
synthetic method for obtaining well-controlled Fe** concentrations across various samples. Overall,
this strategy allows for facile access to the desired properties of fully reduced Fe3O4 colloidal

nanocrystals.

2.5. Experimental Methods
Chemicals. Chemical manufacturers and purities are given in Table 2.1. Toluene (tol) and
tetrahydrofuran (THF) were obtained from a solvent purification system, transferred to a nitrogen-

filled glovebox and stored over molecular sieves (3 A) for 24 h prior to use.
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Table 2.1. Chemicals

Chemical ‘ Purity ‘ Manufacturer
Chemicals used in y-Fe;O3 nanocrystal synthesis
Iron pentacarbonyl (Fe(CO)s) 99.5% Strem Chemicals
Oleic acid (OA) >97% Aldrich
Dioctyl ether (C1s6H340) >98% Aldrich
Dibenzyl ether (C14H140) >95% Alfa Aesar
Chemicals used for post-synthetic redox experiments
Anhydrous ethanol (EtOH) 90% Strem Chemicals
tert-Butyl alcohol (t-BuOH) 99.5% Alfa Aesar
Lithium triethylborohydride (LiEtsBH, 1 M in TH 1.00 M Alfa Aesar
Copper(II) trifluoromethanesulfonate (Cu[OTf]2) 99.95% | Oakwood Chemic
Ammonium cerium (1V) nitrate (CAN) >08.0% TCI
Acetaldehyde (CH3CHO) 99% Alfa Aesar
Other chemicals
Nitric acid (HNOs, 69%), TraceMetal grade Fisher Chemical
Hydrogen peroxide (H202, 31%0) for ultratrace anal Sigma Aldrich

Nanocrystal Synthesis. Colloidal y-Fe;O3 nanocrystals were prepared by thermal
decomposition of iron pentacarbonyl (Fe(CO)s) in the presence of oleic acid (OA), adapting a
previously published synthesis.** In a typical synthesis of nanocrystals with <d> = 5 nm, 10 ml
dibenzyl ether (52.6 mmol) and 1.43 ml OA (4.56 mmol) were degassed in a 100-ml 3-neck round-
bottom flask at 100 °C for 2 h. The solution was then placed under a nitrogen atmosphere and 0.2
ml (1.52 mmol) Fe(CO)s was rapidly injected. The resulting mixture was heated to reflux (~290 °C)
at the rate of 8 °C/min and held for 1 h, after which it was cooled to room-temperature.
Nanocrystals with <d> = 7 nm were obtained using a similar method, with a faster heating rate of
3 °C/min. Nanocrystals with <d> = 9.0 nm were obtained using a similar method, replacing
dibenzyl ether with an equivalent volume of dioctyl ether (33.2 mmol) and heating at 3 °C/min. A
quarter of the resulting solution was taken to prepare the as-synthesized stock solution and the
remaining nanocrystals were oxidized by heating at 100 °C in air (8§48 h) until the IVCT was not

visible by absorption measurements at [Fe] ~ 1 mM.
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After cooling the solution to room-temperature, ~0.1 ml OA was added to the solution and
the mixture was sonicated for 10 s. The nanocrystals were washed by adding EtOH to the reaction
mixture and centrifuging at 15000 rpm for 5 min. The resulting pellets were resuspended in
toluene/EtOH (1/3) and centrifuged again at 15000 rpm for 5 min. The addition of toluene/EtOH
followed by centrifugation was repeated a total of 3 times. After the third centrifugation, the
resulting pellet was dried under vacuum for 2 h on a Schlenk line, after which it was brought into
a nitrogen-filled glovebox and resuspended in 10~20 ml anaerobic toluene. As-synthesized and
oxidized nanocrystals were processed following the same procedure. The [Fe] of each stock
solution is provided in Table 2.2.

Table 2.2. Preparation of anaerobic solutions for optical measurements

<> [Fe] in Volume of Volume | Volume | [Fe] in
(nm) anaerobic stock stock of toluene | of THF | cuvette
solution (mM) | solution (ul) (ul (ul) (mM)
4.8 21 68 682 750 0.96
73 30 50 700 750 1.0
9.0 41 36 714 750 0.98

Elemental analysis. 50 pl anaerobic stock solution was dried under vacuum and digested
in 2 ml HNO3/H>0> (1/1) for 1 day.”® 100 pl of the digested solution was diluted in 9.9 ml ultrapure
H>0O with 5% HNOs. 1 ml diluted solution was further diluted in 9 ml ultrapure H>O with 5%
HNO:s. Inductively coupled plasma—mass spectrometry (ICP-MS) was collected on a Thermo
iCAP RQ ICP-MS.

Photoreduction for optical measurements. In a typical experiment with <d> = 4.8 nm
nanocrystals, 68 pl anaerobic stock solution, 682 pl toluene and 750 pul THF were loaded into a 4-
mm screw-cap cuvette (final [Fe] ~ 1.0 mM). To this solution, 10 ul EtOH (124 equiv per Fe) was

added as a sacrificial reductant. The absorption spectrum of the as-prepared solution was collected
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using a Cary 5000 spectrometer. The solution was irradiated with a 365-nm LED (0.5 W/cm?) and
the absorption spectrum was monitored periodically. Nanocrystals were considered to be
maximally photoreduced when no change in the absorption spectrum was observed over 30 min.
Under these conditions, maximum photoreduction levels were typically reached within 2, 3, or 5
h for <d>= 4.8, 7.3 or 9.0 nm, respectively. For larger nanocrystals, the volume of stock solution
was adjusted such that all solutions used for optical measurements had similar [Fe] (Table 2.2).
For photoreduction with LiEtsBH, 68 ul anaerobic stock solution, 682 pl toluene, and 750 pl
LiEt:BH (0.1 M in THF, 54 equiv per Fe) were loaded into a 4-mm screw-cap cuvette. Addition
of LiEt;BH to the nanocrystals resulted in a color-change and absorption measurements revealed
reduction prior to UV irradiation.

Titrations. The cuvette containing maximally photoreduced <d> = 4.8 nm nanocrystals was
brought into a nitrogen-filled glovebox. A solution of oxidant (0.014 M) was prepared by
dissolving 41.5 mg Cu[OTf]> (0.115 mmol) or 63.0 mg CAN (0.115 mmol) in 8 ml acetonitrile in
a nitrogen-filled glovebox. To the cuvette containing maximally photoreduced nanocrystals, 10 pl
oxidant solution was added and mixed by vigorous shaking. After each addition, the absorption
spectrum was recorded. The addition of oxidant solution was repeated until 90—100 pl was added
in total. The integrated intensities (0.8-3.0 eV) of the differential absorption spectra were plotted
as a function of oxidant equivalents. The first 5 data points (in which integrated intensity decreased
linearly with added oxidant) were fit to a line, where the x-intercept was the fraction of Fe that had
been oxidized (equal to the fraction of Fe**/Fewu). For titrations with mild heating, the cuvette
was heated on a hotplate at the lowest setting for 2 h. The temperature was measured using an IR
gun to be 85 °C.

Photoreduction in the presence of acetaldehyde. In a typical experiment, 1 ml anaerobic
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stock solution was diluted with 10 ml toluene. From this diluted solution, 750 pl was loaded into
a 4-mm screw-cap cuvette and to it was added 750 pul THF and 10 ul EtOH. This solution was the
"0 equiv acetaldehyde" control. When adding acetaldehyde, the volume of THF was adjusted to
maintain a constant [Fe] and total volume. Each solution was irradiated with 365-nm LED (0.5
W/cm?) and the absorption spectrum was monitored periodically. Nanocrystals were considered to
be maximally photoreduced when no change in the absorption spectrum was observed over 30 min.

Powder X-ray diffraction. For measurements on oxidized samples, nanocrystals were
precipitated by adding with 0.5 ml EtOH to 0.5 ml anaerobic stock solution and collected via
centrifugation at 15000 rpm for 5 min. The resulting pellets were dried under vacuum (2 h) and
stored under nitrogen for 1 h prior to the measurement. For measurements on photoreduced
samples, maximally photoreduced samples (1.5 ml, ~1 mM) were brought into a nitrogen-filled
glovebox and precipitated with 0.5 ml EtOH in air-tight centrifuge tubes. Precipitates were
collected via centrifugation at 15000 rpm for 5 min and resuspended in toluene (0.5 ml).
Precipitation with EtOH followed by centrifugation was repeated a total of 3 times. After the third
centrifugation, the resulting pellets were dried under vacuum (2 h) and stored under nitrogen for 1
h prior to the measurement. X-ray diffraction patterns were collected at 300 K using a Bruker Apex
II Single-Crystal X-ray Diffractometer equipped with a Mo Ka radiation source (A =0.7107A) and
Apex II area Detector. The measurement was performed in transmission mode with detector
distance of 200 mm and 3 frames collected ¢ = 0° and 45°. The first, second, and third frames were
centered at 20 = 10°, 22°, and 34°, respectively. The diffraction rings obtained from the three
frames were overlaid together and radially integrated in Diffrac.eva software. Single-crystal
corundum (Bruker) was used as a calibration standard. To report the reflection locations, powder

patterns were fit in the range of 26 = 26—68 deg with a cubic baseline and Gaussian peaks. Fitting
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was performed using the Wavemetrics Multi-Peak Fitting Package in Igor.

Transmission electron microscopy. "Before UV" sample: In a nitrogen-filled glovebox, 0.1
ml anaerobic stock solution was diluted with ~1 ml toluene. The diluted solution was removed
from the glovebox and ~20 ul was drop-cast onto a 100-mesh copper TEM grid coated with
formvar and carbon (Electron Microscopy Sciences). "After UV" sample: Nanocrystals were
maximally photoreduced following the method used for optical measurements. Outside of the
glovebox, ~20 ul photoreduced solution was removed from the cuvette and drop-cast onto the
TEM grid. Grids were examined using either a JEOL JEM-1400Plus transmission electron
microscope operating at 80 kV equipped with a Gatan OneView 4K digital camera (<d> = 4.8 nm)
or a FEI Spirit microscope operating at 80 kV equipped with a 2kx2k Gatan CCD camera (<d> =
7.3 nm and 9.0 nm). Images were transformed into contrast-binary image files and sizing and
statistical analyses were performed using the “Analyze Particles” function in ImagelJ. The resulting
data were histogrammed with 0.2-nm bins and fit with a Gaussian distribution.

Raman spectroscopy. "Before UV" sample: In a nitrogen-filled glovebox, 0.5 ml anaerobic
stock solution was transferred to an air-tight centrifuge tube and mixed with 0.5 ml EtOH to
precipitate the nanocrystals. The mixture was centrifuged at 15000 rpm for 5 min. The addition of
toluene/EtOH in the glovebox followed by centrifugation was repeated a total of 3 times, after
which the resulting pellet was transferred to a Si substrate.

"After UV" sample: In a nitrogen-filled glovebox, 250 pl anaerobic stock solution was
transferred to a 4-mm screw-cap cuvette containing 500 pl toluene, 750 pul THF and 100 pl EtOH.
The cuvette was irradiated by UV for 40 h. In the glovebox, 0.5 ml photoreduced solution was
transferred to an air-tight centrifuge tube and mixed with 0.5 ml EtOH to precipitate the

nanocrystals. The addition of toluene/EtOH followed by centrifugation was repeated a total of 3
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times, after which the resulting pellet was transferred to a Si substrate. Raman spectra were
collected on freshly prepared samples using a Renishaw inVia confocal Raman microscope with
532-nm laser-excitation (5 mW) and a 50x objective lens.

Magnetometry. 750 pl anaerobic stock solution was mixed with 750 pul THF and 10 pl
EtOH. From this diluted solution, ~50 mg was loaded into a pre-massed, customized quartz tube.
The mass of the loaded solution was recorded by and the tube was then sealed anaerobically using
an H»/O> torch. Magnetic data was collected on the as-prepared sample ("Before UV"). The quartz
tube was then irradiated using a 365-nm LED (0.5 W/cm?) and the magnetization data were
collected after various irradiation times. Magnetic data were collected by a Quantum Design
MPMS3 SQUID magnetometer. Field-dependent magnetization data (M—H) were collected at 300

K and 5K and temperature-dependent magnetization data (M—T) were collected at 100 Oe.

Chapter 2, in full, is a reprint of the material as it appears in Jung, H., Schimpf, A. M.
Photochemical reduction of nanocrystalline maghemite to magnetite. Nanoscale, under review.
The author of this dissertation was the primary author of the material. I would like to thank Ben
Zhou and Jeremy Hilgar for assistance with magnetic measurements and analysis

TEM data were collected at the UCSD Cellular and Molecular Medicine Electron
Microscopy Facility (NIH 1S100D023527) and the UCSD National Center for Microscopy and
Imaging Research (NIH 1R24GM137200-01). Raman data were collected using instrumentation
supported by the U. S. National Science Foundation through the UCSD Materials Research
Science and Engineering Center (DMR-2011924). The authors thank Prof. J. D. Rinehart and B.

H. Zhou for assistance with magnetic measurements and analysis.
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Chapter 3: UV Irradiation of Colloidal WSe> Nanocrystals with Lithium

Triethylborohydride

3.1 Abstract

The UV irradiation of colloidal 2H-WSe> nanocrystals in the presence of Li[Et:BH] is
reported. This treatment leads to a bleach of the direct transition and an increase/blue-shift in the
C-exciton absorption centered at ~450 nm (2.8 eV). Lattice-expansion upon UV irradiation with
Li[EtsBH] is observed by pXRD but no sign of phase-conversion is observed by either pXRD or
Raman spectroscopy. The effect of irradiation-time and the recovery by MeOH addition are

detailed. The possible factors causing the lattice-expansion and absorption changes are discussed.

3.2 Introduction

Group-VI transition metal dichalcogenides (Group VI TMDs; MoSz, MoSe;, MoTez, WSy,
WSe,, and WTe;) have gained great attention as graphene analogues that have extraordinary
electronic, optical, catalytic, and mechanical properties.* For example, semiconducting 2H-MoS;
exhibits emerging photoluminescence in the monolayer* and size-dependent bandgaps*’ with high
on/off ratios reaching ~108 making it a promising channel material for nanoelectronics.® WSe; has
an indirect bandgap of ~1.4 eV in the bulk®*° and is a promising material for field-effect transistors
due to its ambipolar dopability.**? Bulk and monolayer WSe; have been p-doped by Na- and Ta-
impurities'** and n-doped by Re-, In-, and Cu-impurities.*> 1>17 The efficiency of n-type doping,
however, is much less than that of p-type doping. For example, degenerate p-doping of WSe; by

substitutional impurities is reported to have a hole density higher than 10* cm™2, while the
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maximum electron density obtained via n-type substitutional doping of WSe is limited to ~10*/

cm™3.22 Recently, few-layer WSe; has been n-type doped by K-induced surface charge transfer
doping and exhibited 2.5 x10'2 cm~? electron sheet density.'® These carrier densities, however are

measured in devices, but the separation of intrinsic materials properties and extrinsic device
properties is often challenging due to the charge-trapping effect at the interface between the
materials and substrate, which inhibits the careful characterization of intrinsic electronic properties
of WSe, upon electron-injection.!® Photochemical reduction, one of the doping strategies for
colloidal nanocrystal systems, is known to provide facile modulation of carrier concentration in
post-synthetic and nondestructive manner.?>?® The photodoping of colloidal nanocrystals in
solution is advantageous for studying the intrinsic properties of electronically doped
semiconducting materials, as it removes the influence of extrinsic factors such as substrate
interfaces or device contacts. Here, we synthesize colloidal 2H-WSe; nanocrystals and apply UV
irradiation in the presence Li[Et:BH] to adopt the advantages of photochemical doping. Although
there is not yet clear evidence of delocalized n-type doping in these materials, this phototreatment

leads to Li-intercalation which may be accompanied by localized nanocrystal reduction.

TMDs are in the form of MX, (M = transition metal and X = chalcogenide), where M-
planes are sandwiched between two X-planes to form a monolayer. Monolayers are held together
by vdW force to form multilayered materials. The interlayer distance of TMDs is ~ 3-3.5 A .26 Due
to the gap between each layers, TMDs can serve as an intercalation host for atoms, ions or small
molecules.?’ Particularly, Li-ion intercalation has gained significant attention due to its ability to
alter the optical, electrical, and thermal properties.?®33 When Li is intercalated into TMDs, lattice
expansion occurs along the c-axis, corresponding to an increase in interlayer spacing.3** Upon

UV irradiation in the presence of Li[EtsBH], we observe evidence of Li intercalation in colloidal
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WSe». The newly reported spectral signs upon the Li-intercalation by the phototreatment may be

useful to elucidate Li diffusion mechanism in WSe; layered structures.

3.3 Results and discussion

Colloidal WSe; nanocrystals were synthesized by a previously reported synthesis.*® Figure
3.1a (dotted black trace) shows the absorption spectrum of a solution of as-synthesized WSe;
nanocrystals. The absorption at ~1.7 eV is assigned to the direct-gap transition at the k-point of
the semiconducting 2H phase. As-synthesized WSe> nanocrystals were revealed by TEM to be
~100 nm in lateral size (Figure 3.1b). Following the previously reported photochemical doping
methods for metal chalcogenide nanocrystals,® anaerobic solutions of WSez nanocrystals (~1.3 x

10~* M) in toluene/THF (1/1) containing 53 Li[EtsBH]/W were irradiated using a 365-nm LED

(0.5 W/cm?). Figure 3.1a shows the absorption spectra after 0.5, 1, 2 and 16 h UV irradiation.
Irradiation times shorter than 0.5 h did not exhibit noticeable spectral changes. As the UV
exposure-time increases, the band-edge absorption at 1.7 eV®® bleaches with increased UV
irradiation time. At the same time, the C-exciton absorption®-° centered at ~2.7 eV increases and
blue-shifts. TEM imaging after irradiation with Li[EtsBH] shows no degradation of the WSe;
nanocrystals (Figure 3.1c). Figure 3.1d plots the absorption changes over time. Specifically, the
absorbance of the exciton increases from 0.25 to 0.30 and the energy at the C-exciton increases by
0.04 eV after 16 h UV irradiation. Adding the same amount of Li[EtsBH] (53 equiv per W) without
UV irradiation shows very little change in the absorption (Figure B.1), suggesting the changes are
indeed induced or facilitated by UV irradiation. Similarly, irradiating WSe> without Li[EtsBH] did

not show any spectral changes.
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Figure 3.1. UV irradiation of WSe> nanocrystals with Li[EtsBH]. (a) Absorption
spectra of an anaerobic solution of WSe; nanocrystals (W] = 0.13 mM in
toluene/THF, 1/1 by volume) with Li[EtsBH] (53 equiv per W) before (dotted black
trace) and after varying times of UV irradiation (arrows show increasing time).
TEM images of nanocrystals (b) before and (c) after phototreatment with Li[EtsBH].
(d) Absorbance (solid blue, the y-axis at the left) and energy (dotted red, the y-axis
at the right) of the C-exciton versus UV irradiation time.

To test the reversibility of the aforementioned changes, the irradiated WSe, nanocrystal
solution was first exposed to air. Figure B.2. shows that air-exposure does not reverse the spectral
changes. This contrasts with photochemically reduced colloidal semiconductor nanocrystals,?® 2>
37 suggesting that the spectral changes are likely not due to delocalized reduction of WSe2 Addition
of MeOH (~2 equiv per W), however, reverses the absorption changes induced by UV irradiation.
Figure 3.2a shows electronic absorption spectra (top) and differential absorption (bottom) of as-

synthesized, irradiated, and recovered WSe> nanocrystals. Following the addition of MeOH, the

absorption of the C-exciton decreases to 0.27 and the center of the C-exciton decreased to 2.77 eV
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(Table B.1). The bleach of the direct-gap transition at 1.7 eV is recovered to that of as-synthesized

WSe> nanocrystals.
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Figure 3.2. (a) Absorption spectra of a colloidal solution of 2H-WSe; nanocrystals
(W] = 0.13 mM) before UV irradiation (dotted black), after UV irradiation with
Li[EtsBH] (solid red), and after by addition of MeOH (dashed blue). (b) Raman
spectra of the same samples dropcast onto a Si substrate and (c) pXRD pattern of
the same samples precipitated from solution. A tabulated 2H-WSe; reference
pattern (ICSD #40752)* is shown for comparison.

To monitor the structural stability during phototreatment, Raman spectroscopy and pXRD
were performed. In the Raman spectra (Figure 3.2b) the as-synthesized, phototreated, and
recovered WSe, spectra maintain an intense peak centered at 250 cm ™!, representative of the 2H
phase, which contains nearly degenerate Aig and Ezq modes.*?*® The full pXRD patterns (Figure

B.3) also show that the nanocrystals maintain the 2H phase throughout the Li[EtsBH]
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phototreatment and recovery. There are, however, noticeable changes in the 26-values upon UV
irradiation, which are reversed upon recovery with MeOH. Figure 3.2c shows the (002) reflection
of as-synthesized, Li[EtsBH]/UV-treated and recovered 2H-WSe> nanocrystals. After UV
irradiation in the presence of Li[EtsBH], the (002) reflection shifts from 26 = 13.3° to 12.9°, but
shifts back to 13.3° following the addition of MeOH. Since the decrease in 26-values indicates an
increase in d-spacing, we hypothesize that the phototreatment with Li[EtsBH] leads to intercalation
of Li*, leading to interlayer expansion and forming an air-stable LixWSe structure. The difference
in d-spacing corresponds to 0.2 A, which is comparable to the difference in the interlayer spacing
in Li-intercalated MoS,** and WSe. *® Full pXRD patterns (Figure B.3) show that the 26-values
of other reflections (100), (103), (110) also decrease following the phototreatment and are
recovered with MeOH (Table B.2). These data suggest that Li* liberated from Li[EtsBH] may

intercalate into the interlayer spacing of the WSe, nanocrystals.

To separate the effects of Li-intercalation and UV irradiation, other treatments were
explored. Sonication of WSe> nanocrystals with Li metal results in the same absorption increase
in the C-exciton at 2.8 eV (Figure B.4). Additionally, the band-edge absorption shows a bleach,
although with a different shape than that of the bleach observed following the Li[Etz:BH]
phototreatment. These results may imply that Li-intercalation is also accompanied by reduction.
In contrast, stirring the WSe, nanocrystal solution with NaK also caused an increase in the C-
exciton absorption, although to a lesser extent than the Li[EtsBH] phototreatment. Additionally,
treatment with NaK did not result in a bleach in the band-edge absorption. (Figure B.5). This result
suggests that the expansion of the interlayer spacing is responsible for the changes in the C-exciton
absorption, as Na* is also known to intercalate into WSe, layered structures.®® The changes upon

various treatments are summarized in Table 3.1.
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Table 3.1. Summary of spectroscopic and structural changes with various treatments.

Treatment Band-edge Inc_rease and t?lue-
bleach shift of C-exciton
Li[EtsBH]/UV Yes Yes
Li metal Yes Yes
NaK No Yes

Figure 3.3 shows photoluminescence spectra (Aex = 365 nm) of WSe> nanocrystals before
and after UV irradiation with Li[EtsBH]. Before irradiation, as-synthesized WSe, nanocrystals
show a peak centered at 2.5 eV with FWHM = 1 eV. After irradiation, the photoluminescence
decreases, broadens and shifts to ~1.9 eV. Similar changes have been observed following Li-

intercalation into MoS,*" but further studies are needed to confirm the origin of these changes.
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Figure 3.3. PL spectra of WSe> nanocrystals ([W] = 0.13 mM) in the presence of
Li[EtsBH] (56 equiv per W) before UV irradiation (dashed black) and after 3h UV
irradiation (solid red)
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3.4 Summary and conclusions

We show that the UV irradiation using Li[EtsBH] leads to two noticeable spectroscopic
changes in the colloidal WSe>: (a) a bleach of the direct transition peak and (b) an increase of the
C-exciton absorption. The pXRD patterns reveal expansion of the WSe, interlayer distance,
suggesting intercalation of Li* in between the layers (Figure 3.4). Similar changes are observed
after sonication of as-prepared WSe, nanocrystals with Li metal, further corroborating this
hypothesis. Interestingly, the addition of MeOH recovers the absorption and structural changes
induced by the phototreatment with Li[EtsBH], but the mechanism of this recovery is still under
investigation. This study demonstrates the correlation between Li-intercalation and changes in the
C-exciton absorption, which may be useful for the distinction of Li* intercalation for the

application of WSe, such as Li-ion battery electrodes.*

M AT MeOH W © Se

Lit Li
Li

Phototreated Recovered

Figure 3.4 Schematic depiction of Li[EtsBH]/UV treatment of WSe; and recovery by MeOH. The
interlayer spacing increases upon the phototreatment and recovers when MeOH is added.

3.5 Experimental methods
Chemicals. Chemical manufacturers and purities are given in Table 3.2. Tol and THF were
obtained from a solvent purification system, transferred to a nitrogen-filled glovebox and stored

over molecular sieves (3 A) for 24 h prior to use.
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Table 3.2. Chemicals

Chemical Purity Manufacturer

Chemicals used in WSe, nanocrystal synthesis

Tungsten hexacarbonyl (W(CO)s) 99% Acros Organics
Diphenyl diselenide (Ph.Se>) >96% TCI
Oleic acid (OA) >90% Sigma Aldrich
Trioctylphosphine oxide (TOPO) >90% Strem Chemicals

Chemicals used for post-synthetic redox experiments

Lithium triethylborohydride (Li[EtsBH], 1 M in THF) 1.00 M Alfa Aesar

Other chemicals

Nitric acid (HNO3z, 69%), TraceMetal grade Fisher Chemical

Hydrogen peroxide (H202, 31%) for ultratrace analysis Sigma Aldrich

Nanocrystal Synthesis. Colloidal WSe> nanocrystals were prepared adapting a previously
published synthesis.® In a 100-ml round bottom 3-neck flask, 0.8 ml OA (2.5 mmol) and 22.6 g
TOPO (57 mmol) loaded with a stir bar. At the same time, a stock solution of Ph,Se, was prepared
by mixing 256 mg Ph2Se> (0.8 mmol) and 4 ml (12.7 mmol) OA in a 50-ml round bottom 2-neck
flask. Both were degassed under vacuum at 100 °C for 1 h, followed by 4 quick cycles of refilling
the flask with nitrogen and degassing. Then the flask containing OA and TOPO was put under
vacuum while the flask containing Ph,Se> was filled with N2 gas. The evacuated TOPO/OA
mixture was brought into a nitrogen-filled glovebox and 20 mg W(CO)e (0.057 mmol) was added.
The mixture was put on the Schlenk line and heated to 330 °C under nitrogen and 1 ml PhSe;
stock solution was rapidly injected into the flask. The reaction was held at 330 °C for 24 h, after
which the heat was removed, and the solution cooled to room-temperature. The resulting

nanocrystals were washed by the addition of ~5 ml MeOH directly to the solution, after which the
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precipitated nanocrystals were collected via centrifugation for 5 min at 3400 rpm. The resulting
pellet was redispersed in 10 ml 2/1 tol/MeOH and centrifuged for 5 min at 3400 rpm. This process
was repeated until the nanocrystals had been centrifuged a total of three times. The final products
were loaded in 20-ml vial and vacuum-dried under the Schlenk line, brought into the nitrogen-
filled glovebox and dispersed in 10 ml toluene to form the anaerobic stock solution. To the
nanocrystal suspension, 20 ul OA was added and mixed vigorously to improve the solubility of
the dried pellets. The W concentration of the anaerobic nanocrystal stock solutions was ~3.8 mM.

UV irradiation for optical measurements. In a typical experiment, 50 pl anaerobic stock
solution, 700 pl toluene and 740 pl THF were loaded into a 4-mm screw-cap cuvette (final [W] ~

1.3 x 10™* M). To this solution, 10 ul Li[EtsBH] (1 M in THF, 53 equiv per W) was added as a

sacrificial reductant. (tol: THF = 1:1) The absorption spectrum of the as-prepared solution was
collected using a Cary 5000 spectrometer. The solution was irradiated with a 365-nm LED (0.5
W/cm?) and the absorption spectrum was monitored periodically for a total of 16 h. Addition of

10 pl MeOH (2.5 x 10~% mol, 1900 equiv per W and 36 equiv per Li[EtsBH]) to the nanocrystals

resulted the recovery in the UV/Vis/NIR spectrum.

Powder X-ray diffraction. For measurements on as-synthesized samples, nanocrystals were
precipitated by the addition of 0.5 ml EtOH to 0.5 ml anaerobic stock solution and collected via
centrifugation at 15000 rpm for 5 min. The resulting pellets were dried under vacuum (2 h) and
stored under nitrogen for 1 h prior to the measurement. For measurements on Li[Et:BH]
phototreated samples, as-treated samples (1.5 ml, ~1 mM) were brought into a nitrogen-filled
glovebox and precipitated in air-tight centrifuge tubes. Precipitates were collected via
centrifugation at 15000 rpm for 5 min and resuspended in toluene (0.5 ml). Precipitation was

repeated a total of 3 times. After the third centrifugation, the resulting pellets were dried under
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vacuum (2 h) and stored under nitrogen for 1 h prior to the measurement. The dried samples were
transferred to a loop with silicon oil. XRD patterns were collected at 300 K using a D8 Smart
diffractometer with a Pt 135 detector equipped with a Rigaku MicroMAXx-007HF High-intensity
Microfocus rotating anode with Cu Ko radiation (A = 1.54184 A) at 40kV, 30 mA and Varimax-
HF double bounce optics. Diffraction images were merged, and background calibrated in
Diffrac.Eva V.3.2.0. (Bruker) software. To obtain the reflection locations, powder patterns were
fit in the range of 260 = 7-75° with a cubic baseline and Gaussian peaks. Fitting was performed
using the Wavemetrics Multi-Peak Fitting Package in Igor.

Raman spectroscopy. As-synthesized, Li[EtsBH] treated, and recovered WSe, nanocrystals
were dried as the same manner as for XRD measurement. The dried powders were then loaded
onto silicon substrate. Raman spectra were collected using a Renishaw inVia confocal Raman
microscope equipped with 532 nm laser excitation (10 mW) and a 50x objective lens.

Elemental analysis. 50 ml anaerobic stock solution was dried under vacuum and digested
in 2 ml HNO3/H20> (1/1) for 1 day. 100 ml of the digested solution was diluted in 9.9 ml ultrapure
H20 with 5% HNOs. 1 ml diluted solution was further diluted in 9 ml ultrapure H>.O with 5%
HNO:s. Inductively coupled plasma—mass spectrometry (ICP—MS) was collected on a Thermo
iICAP RQ ICP-MS.

Transmission electron microscopy. 0.1 ml of the anaerobic stock solution was diluted with
~1 ml toluene. ~20 ul diluted solution was drop-cast onto a 100-mesh copper TEM grid coated
with formvar and carbon (Electron Microscopy Sciences). For the phototreated sample, ~20 pl of
the nanocrystal solution was taken from the cuvette following maximum photoreduction and drop-
cast onto the TEM grid. Grids were examined using either a JEOL JEM-1400Plus transmission

electron microscope operating at 80 kV equipped with a Gatan OneView 4K digital camera.
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Photoluminescence. 50 ul anaerobic stock solution, 700 ul toluene and 740 ul THF were
loaded into a 4-mm screw-cap cuvette (final [W] ~ 1.3 x 10~4 M). To this solution, 10 pl Li[EtsBH]

(1 M in THF, 53 equiv per W) was added as a sacrificial reductant. (tol: THF = 1:1) The cuvettes
were excited by 365 nm UV light and the photoluminescence was detected with Ocean Optics

QEPro with 1s integration time.
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Chapter 4: Air-Stable Reduction of  Zn-Bridged Preyssler-Type

Polyoxometalate Frameworks

4.1 Abstract

POMs are polyatomic ions comprised of group 5 or group 6 TMs, usually in their highest
oxidation state. The structural diversity and reversible redox activity of POMs make them
attractive building-blocks for modular or multifunctional extended structures. This chapter focuses
on frameworks derived from the Preyssler polyoxotungstate, [NaPsW300110]**~ ({PsWa2g}), and the
modified Preyssler anion, [NaPsMoW290110]"*" ({PsMoW2e}), which can be assembled into
frameworks with and TM bridging ions. We show that the frameworks can be assembled under
UV irradiation to access reduced frameworks without altering the crystal structure, removing the
need for lengthy, post-synthetic reduction. Notably, Zn-bridged {PsMoW29} frameworks can
maintain their reduced state when stored aerobically foe extended periods of time, making them

uniquely stable within this class of materials.

4.2 Introduction

POMs are metal oxide clusters that are composed of a TM, such as W or Mo, usually in
their highest oxidation state.*® POMs have received attention as building-blocks for the rational
design of higher-order materials due to vast structural diversity and possible coordination with
various linkers including metals, networks, and other suprastructures while exhibiting reversible
redox activity.> 3 The high oxidation states of metals in POMs makes them susceptible to

reduction in which added electrons populate the metal d-orbitals, giving rise to delocalized charge-
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transfer transitions.” 1> Incorporating this rich redox activity into POM-based solid-state enables

the design of tunable materials with functionalities similar to bulk semiconductors.

The assembly of POMs into frameworks with bridging metal ions, including TMs or
lanthanides, can impart additional functionality and extraordinary photophysical, electronic, and
magnetic properties.* 8 1416 Recently our group has shown successful fabrication of all-inorganic
frameworks, where POM clusters are solely connected through coordinative O—M—O bonds to
form three-dimensional networks.1”8 We also demonstrated post-synthetic, reversible electron
accumulation in Co?*-bridged [NaPsWs300110]**- frameworks by photochemical doping and
oxidation by molecular acceptors.’® This process is analogous to the photochromic effects
observed in thin films of WO3—.2%2° The photochemical doping was even assessable by irradiating
the frameworks with UV during the crystallization, which is advantageous to shorten the time

require to reduce them postsynthetically and achieve more crystalline materials.

Herein, we synthesize a new metal oxide framework based on a modified Preyssler ion,
K13.4Naos[NaPsMoW290110] -15H20 (denoted {PsMoW2g}), bridged with TMs. This study was
inspired by an exciting observation that Zn-bridged {PsMoW-g} frameworks can be photoreduced
with only sunlight. Although this is true for other TM-bridged frameworks, most will easily
oxidize when removed from light, and do not maintain a large population of reduced clusters. Zn-
bridged frameworks, on the other hand, are stable in air for over five months, allowing easy
observation of their reduced state. Using redox titrations, these frameworks were determined to

contain ~3 electrons per {PsMoW2o} cluster in the photoreduced state.

4.3. Results and discussions

Zn-bridged {PsMoW29} frameworks were synthesized by adding 0.60 mmol ZnCl, and
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0.016 mmol K13s5Naos[NaPsMoW290110] -15H20 ({PsMoWo9}) in aqueous LiClO4 (2 ml, 1 M, pH
1.0-1.5, adjusted by 4 M HCI), followed by MeOH diffusion to induce crystal-formation. One
crystallization setup was kept in the dark during crystallization while the other was irradiated with
UV light (A = 365 nm, 0.04 W/cm?). Both crystallizations were allowed to grow for two weeks.
Figure 4.1 shows photographs of the resulting framework crystals. Zn-bridged {PsMoW2q}
frameworks grown in the dark are yellow (Figure 4.1a), consistent with the color of{PsMoW2g}.
Those grown under UV, however, are dark blue or nearly black (Figure 4.1b), owing to charge-
transfer transitions in the reduced cluster. Remarkably, the dark coloring of the UV-grown
frameworks is maintained even after being stored aerobically in the dark for 3 weeks (Figure 4.1c).
In contrast, Zn-bridged {PsWz0} frameworks grown under UV are less darkly colored (Figure
4.1e), indicating a lower level of reduction, and do not maintain this reduction following the
synthesis (Figure 4.1f). Figure 4.2 shows that all frameworks synthesized here crystallize in the
Imma space group, as has been seen previously. **8 The pXRD patterns also reveal no discernible

difference when the crystals were stored aerobically for three months (Figure C.1).
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Figure 4.1. Photographs of (a) Zn-bridged{PsMoWg} frameworks grown in the
dark, (b) Zn-bridged{PsMoW29} frameworks grown under UV irradiation, (c) Zn-
bridged{PsMoW2o} frameworks grown under UV irradiation and stored aerobically
in the dark for 3 weeks, (d) Zn-bridged{PsWaz0} frameworks grown in the dark, (e)
Zn-bridged{PsWz0} frameworks grown under UV irradiation and (f) Zn-
bridged{PsW30} frameworks grown under UV irradiation and stored aerobically in
the dark for 3 weeks.
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Figure 4.2. PXRD patterns of (i) Zn-bridged {PsMoW.g} frameworks grown in the
dark (ii) Zn-bridged {PsMoW29} frameworks grown in light (iii) Zn-bridged-
{PsW30} frameworks grown in the dark (iv) Zn-bridged-{PsW30} frameworks
grown in light, and simulated Imma.

For comparison Mn-, Fe-, Co-, and Ni-bridged {PsMoW2o} frameworks were also grown
under UV irradiation and in the dark (Figure C.2). Crystals grown under UV irradiation (Figure
C.2, top) are all darkly colored, regardless of the bridging ion, indicating reduction of the
{PsMoWyg} cluster. In contrast, frameworks grown in the dark derive their color from the bridging
ion, as has been observed previously.t” When the reduced frameworks are washed and stored
aerobically, the TM-derived colors are recovered (Figure C.3), indicating oxidation of the
frameworks. These data highlight the unique stability of reduced Zn-bridged {PsMoW2o}

frameworks against oxidation by air.

61



To evaluate the excess electrons present in the reduced frameworks, Cu[OTf]> was used as
a molecular oxidant. Figure 4.3a shows the 2Eq - 2T absorption characteristic of octahedral
Cu?*. As reduced framework is added, this absorption decreases, indicating a reduction of the Cu?*.
Concomitantly, the frameworks lose their dark coloration, indicating oxidation. Incremental
addition of reduced frameworks to the Cu[OTf]. solution yields an equivalence point of 0.31 =
0.01 {PsMoWzo} per Cu?*, or 3.2 + 0.1 electrons per {PsMoW2q} cluster (Figure 4.3a). After the
Cu?* has been reduced, Cu[OTf], is added back in to rule out any adventitious redox reactions
(Figure 4.3b). The linear increase in Cu?* absorption yields an equivalence point of 3.3 + 0.1 e~
per cluster, consistent with the addition of reduced framework. Three titrations by the addition of
framework into Cu[OTf]. solution yielded an average of 3.2 + 0.1 e~ per {PsMoWyg},

corresponding to an electron density of to 8.5 + 0.4 x10?° cm—3 (Table C.1).
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Figure 4.3. Redox titration of Zn-bridged {PsMoW.9} frameworks grown under

UV irradiation. (a) Addition of reduced framework to a solution of Cu[OTf]> (0.021
M in 7:2:1 toluene:MeCN/MeOH) leads to a linear decrease in Cu?* d-d absorption
accompanied by a loss of the dark blue color in the framework. The equivalence
point yields 3.2 + 0.1 e~ per cluster. (b) Addition of Cu[OTf]. to the fully oxidized
frameworks leads to a linear increase in Cu?* d-d absorption, with an equivalence
point of 3.2 e~ per cluster.

Mo-substitution into a polyoxotungstate can stabilize the cluster LUMO?! and facilitate

reduction.?"?* This stabilization effect of the LUMO relative to the Er should make the n-type
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charge-carriers delocalized more stably, thereby enhanced photoreduction. To detect whether this

effect occurs in the framework, XPS was used.
Figure 4.4 shows the W 4f peaks of Zn-bridged {PsMoW29} frameworks and Zn-bridged
{PsW30} frameworks grown under UV irradiation and in the dark. Compared to Zn-bridged

{PsW3} frameworks in the dark (Figure 4.4i), Zn-bridged {PsW30} frameworks grown in light

(Figure 4.4ii) shift to slightly lower binding energy, which suggests the W atoms are slightly

reduced when grown under UV. In addition, the W 4f peaks of Zn-bridged {PsMoWy9}
frameworks grown in the dark (Figure 4.4iii) also shift to lower binding energy compared to those
of Zn-bridged {PsW30} frameworks grown in the dark (Figure 4.4i) There is no noticeable peak

shifts between Zn-bridged {PsMoW2o} frameworks grown in light (Figure 4.4iv) and (Figure

4.4iii) This observation suggests W atoms are slightly reduced by the incorporation of Mo as well

as by the photoreduction.

In Figure 4.5, the Mo 3d spectra of Zn-bridged {PsMoW2g} frameworks grown in light
exhibited a doublet pair suited at 231.4 and 234.7 eV. The peak suited at 231.4 eV was stemmed
from the binding energy of Mo 3ds/2, and the 234.7 eV peak was derived from the binding energy
of Mo 3ds2. The Mo 3ds/2 spectrum of Zn-bridged {PsMoW29} grown in the dark (Figure C.4a)
was deconvoluted into two peaks: a low binding energy peak located at 234.7eV was associated
with Mo®*, whereas a high binding energy peak lied at 235.4 eV was arose from Mo®", indicating
the mix valance of Mo. On the other hand, Zn-bridged {PsMoW>9} grown in light matches with
Mo®* (Figure C.4b). A significant shift in the Mo 3d spectra and a minor shift in W 4f spectra
suggests that the photoreduction mostly occurs in the Mo sites. Incorporating Mo into tungsten
oxides is confirmed here as an efficient method to tune the band structure and improve the

electronic or photoreduction properties.
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Figure 4.4. W 4f X-ray photoelectron spectra of (i) Zn-bridged {PsW30} framework
grown in the dark (solid pink) (ii) Zn-bridged {PsW30} framework grown in light
(dashed blue) (iii) Zn-bridged {PsMoW29} framework grown in the dark (solid
yellow) (iv) Zn-bridged {PsMoW29} grown under UV irradiation (dashed black)
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Figure 4.5. Mo 3d X-ray photoelectron spectra of Zn-bridged {PsMoW29} grown

under UV irradiation (dashed black) and in the dark (solid yellow).

4.4 Summary and conclusions

In summary, we demonstrate the use of {PsMoW29} frameworks as a platform to achieve
exceptional oxidation resistance in photoreduced state with a proper selection of metal linker.
Notably, by simply irradiating UV during the crystallization steps, highly crystalline frameworks
in their reduced states are obtained. This observation suggests a simpler and time-effective way to
obtain POM-based frameworks with high electron density. In addition, while most reduced TM-
bridged POM frameworks are easily oxidized in air we show that Zn-bridged {PsMoW29}
framework has exceptional air-resistance in their reduced form at least 4 weeks and longer. The
unique and stable electron structure of Zn?* may play a vital role in maintaining the photoreduction
status, by stabilizing the LUMO of POMs, especially {PsMoW2q}. These results demonstrate the
exciting promise of unlocking emergent properties in POM-based frameworks and their potential

ability in the field of photoelectron conversion.

4.5 Experimental methods

66



Chemicals. Chemical manufacturers and purities are given in Table 4.1. Ultrapure water
was collected from a Barnstead Nanopure Water Purification System (Thermo Fisher). All
chemicals were used without further purification.

Synthesis of the Preyssler cluster, Kzz-xNax[NaPsW300110] 15H20 ({PsWa0}). The Preyssler

cluster was synthesized following a literature procedure? and optimized by our previous paper.t’
To imitate similar synthesis with frameworks which grew with or without light,

K14-xNax[NaPsW300110] -15H20 (130.0 mg, 0.0159 mmol) and aqueous LiClO4 (2.0 ml, 0.5 M,

pH 1.0-1.5, adjusted by 4 M HCI) were added to a 25-ml round-bottom flask equipped with a
reflux condenser. The resulting colorless solution was heated at 90 °C with stirring for 20 h and
cooled to room temperature. The colorless solution was then transferred to a 20-ml vial. The
reaction was performed 2-5 times, and the vials were placed into a sealed 240-ml jar containing
80 ml MeOH and kept in the drawer without light or placed between two LEDs (ADJ Products
Stage light unit, 365 nm wavelength) for one weeks. Crystals were observed within one week.
Crystals were washed six times with 10 ml MeOH to remove any chloride salt impurities, as
evidenced by the loss of Cl absorption in the energy dispersive X-ray spectrum.

Synthesis of Mo-doped cluster, Kiz-xNax[NaPsMoW29O110] 15H20 ({PsMoW2o}). The
Preyssler cluster was synthesized following our previous paper.t’ To imitate similar synthesis with
frameworks which grew with or without light, K14-xNax[NaPsM0oW290110]-15H20 (130.0 mg,
0.0159 mmol) and aqueous LiClO4 (2.0 ml, 0.5 M, pH 1.0-1.5, adjusted by 4 M HCI) were added
to a 25-ml round-bottom flask equipped with a reflux condenser. The resulting yellow solution
was heated at 90 °C with stirring for 20 h and cooled to room temperature. The yellow solution
was then transferred to a 20-ml vial. The reaction was performed 2-5 times, and the vials were

placed into a sealed 240-ml jar containing 80 ml MeOH and kept in the drawer without light or
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placed between two LEDs (ADJ Products Stage light unit, 365nm wavelength). Yellow crystals
were observed within one week. Crystals were washed six times with 10 ml MeOH to remove any
chloride salt impurities, as evidenced by the loss of Cl absorption in the energy dispersive X-ray
spectrum.

Synthesis of TMs-bridged Preyssler frameworks (TMs= Mn, Fe, Co, Ni, Cu, and Zn). The
frameworks were synthesized following our previous paper.l’ Detailed reaction conditions were
shown in Table 4.2. After the reaction, the resulting solution was cooled to room temperature. The
white powder was precipitated and filtered when LiClIO4 was used as the reaction solution. The
remaining solution was then transferred to a 20-ml vial. The reaction was performed 2-5 times,
and the vials were placed into a sealed 240-ml jar containing 80 ml MeOH and kept in the drawer
without light or under the ultraviolet light for a couple of weeks. Crystals were observed within
one week. Crystals were washed six times with 10 ml MeOH to remove any chloride salt
impurities, as evidenced by the loss of Cl absorption in the energy dispersive X-ray spectrum. (The
complicated formula, ICP, and TGA were shown in Table S3)

Electron titrations. In a nitrogen-filled glovebox ~10 mg (~1.2 umol) as-grown framework
powder was added to a 2-mm path length screw-cap cuvette containing ~ 17 equivalents Cu[OTf].
in 7:2:1 toluene/MeOH/MeCN and the Cu?* 2Eq — 2T d—d absorption was monitored until it
stopped decreasing (~6 days) while the added frameworks are precipitated at the bottom of the
cuvette and not blocks the path of incident beam. This was repeated 3—4 times to obtain a linear
decrease in Cu?* absorption as a function of added framework. A linear fit to the data was used to
determine the number of electrons transferred from the frameworks to Cu?*. To show that the
electron transfer was complete, aliquots of Cu[OTf]2 in MeCN were added to the cuvette, and a

linear increase in Cu?* absorption could be fit to verify the equivalence point.
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Formula determination. Elemental analysis was performed using inductively coupled
plasma mass spectrometry (ICP-MS) collected on Thermo iCAP RQ ICP-MS. The samples were
digested in a 1:1 mixture of 85% HNO3 (Optima grade, Sigma Aldrich) and 30 % H20, (Trace
metal grade, Sigma Aldrich) with sonication for 60 min. Thermogravimetric analysis (TGA) was
collected on a Perkin-Elmer STA 6000 under N2 with a heating-rate of 5 °C/s. The % mass of
water was determined by the mass loss from 30 °C to 400 °C and rounded to the nearest 0.5 H-O.
Where appropriate, the experimental values are compared to literature values or to those calculated
from the crystal structure.

X-ray photoelectron spectroscopy. The samples were pressed into pellets for the XPS
measurement by loading ~80 mg dried powder into a 7 mm die (Specac GS03950) and pressing at
2 ton for 1 h. Then the pellets were further degassing by the Schlenk line with N.. XPS
measurements were acquired using a Kratos Analytical AXIS Supra surface analysis instrument

under 5 x10~8 torr using a monochromatic Al K, X-ray source operating at 300W with an emission

current of 20 mA. Survey spectra were measured with a 1 eV step, dwell-time of 100 ms and pass
energy of 160 eV. Detail spectra of O 1s, W 4f, Zn 2p, Cu 2p, Mo 3d, and Zn LMM were averaged
over 30 scans with a 0.1 eV step, 100 ms dwell-time and pass energy of 20 eV. Analysis of the
XPS spectra was performed using Casaxps software and calibrated spectra based on O 1s at 530.0
eV. After background subtraction using the Shirley routine, spectra were fitted with a convolution
of Lorentzian and Gaussian profiles.

Powder X-ray diffraction. PXRD patterns were collected on a Bruker K3 Kappa Vantec
500 diffractometer equipped with Cu K, radiation (1 = 1.54184 A). Diffraction images were

merged/integrated into Diffrac. EVA V.4.2.2 (Bruker).
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Table 4.1. Chemicals

Chemical Purity Manufacturer
Barium sulfate (BaSO4) >99% Fisher Chemical
Cobalt(I1) chloride hexahydrate (CoCl;-6H20) 98% TCI America
Copper(ll) chloride dihydrate (CuCl;-2H,0) >99% Fisher Chemical
Copper(ll) triflouromethanesulfonate, (Cu[OTf],) 99.95% Oakwood Chemical
Hydrochloric acid (HCI) 36.50% Fisher Chemical
Iron(I1) chloride tetrahydrate (FeCl,-4H,0) 98% Alfa Aesar
Lithium chloride (LiCl) >99% Fisher Chemical
Lithium perchlorate trihydrate (LiClO4-3H,0) >95% Alfa Aesar
Manganese(ll) chloride tetrahydrate (MnCl;-4H,0) >95% J. T Baker
Methanol (MeOH) 99.90% Fisher Chemical
Nickel(Il) chloride hexahydrate (NiCl,-6H20) 98% Spectrum Chemical
Phosphoric acid (HsPOa) 85% Acros Organics
Potassium chloride (KCI) 99% Alfa Aesar
Sodium molybdate dihydrate (Na;M004-2H,0) 99.52% Chem-impex
Sodium chloride (NaCl) >99% Fisher Chemical
Sodium tungstate dihydrate (Na;WO4-2H,0) 95% Spectrum Chemical
Zinc chloride (ZnCly), >95% Fisher Chemical
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Table 4.2. Summary of detailed reaction conditions.

Metal salt, Preyssler and aqueous solution were added to a 25-ml round-bottom flask equipped
with a reflux condenser. The resulting solution was heated at 90 °C with stirring at for 20 h.

Detailed reaction conditions were shown in the following table.

mmol)

0.0159 mmol)

Reaction
Frameworks TMs {PsW3o}/{PsMoW,o}

solution
Co-{PsWi} Cocg_ggﬁﬁﬁ mg: {nggvfgg %i?orl‘;g' 7ml 1 M Licl
Ni-{PsWs0} Nic'g:gg'g%gg’g mg: {Pg\gvf% %i?of)‘g' 7 ml 1 M LiCl
Cu-{PsWao} C”Cg_gﬂjﬁﬁg)‘ Mg, {Pg\gvfgg (;?;:of;g' 2 ml 05 M LiCIO,
P ZnCl; (82 mg, 0.602 {PsWao} (130 mg, > ml 05 M LiCIo.

MHC|2-4H20 (130 mg,

{P5M0W29} (130 mg,

0.656 mmol)

0.0159 mmol)

Mn-{PsMoWos} 0.657 mmol) 0.0159 mmol) 7mli1MLicl
Fe-{PsMOW.s} Fec'é_'g? j?nggg m: {Psl\é'_g\ll\g;}m(;i?)mg’ 7ml 1M Licl
NI-{PaMOWin) NiCl,-6H,0 (156 mg, | {PsMoWas} (130 mg, vl

CU-{P5MOW29}

CuCl;-2H,0 (104 mg,
0.610 mmol)

{PsMOWzg} (130 mg,
0.0159 mmol)

2ml 0.5 M LiClO4

Zn—{PsMoWZg}

ZnCl; (82 mg, 0.602
mmol)

{PsMOWzg} (130 mg,
0.0159 mmol)

2ml 0.5 M LiClO4

Chapter 4, in part, is currently being prepared for submission for publication in Chen, L.,
Jung, H., Schimpf, A. M.* Air-Stable Reduction of Zn-Bridged Preyssler-Type Polyoxometalate
Frameworks. Manuscript in Preparation. The author of this dissertation was the second author of

the material.
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Appendix A. Supplementary Information for Chapter 2: Photochemical Reduction
of Nanocrystalline Maghemite to Magnetite

(311)

0 20 3 40 5 60 70 8 10 20 30 40 50 60 70 80
26 (deg) 20(deg)

Figure A.1. Full pXRD patterns of <d> = 4.8 nm nanocrystals (a) before and (b)

after UV irradiation. Experimental patterns are compared to those simulated from
single-crystal data for y-Fe,O3 (250541)! and FesO4 (ICSD# 26410)?, respectively.
Experimental patterns were fit from 26 =~ 28-67° (gray trace) and the residuals
shown for comparison (top). These fits were used to evaluate the changes upon
photoreduction (Table S1). All patterns are plotted for diffraction of Cu Ka
radiation (1.5406 A).

Table A.1. Comparison of 26 values for representative reflections of <d> = 4.8 nm nanocrystals
before (oxidized) and after (photoreduced) UV irradiation with EtOH or LiEtsBH. Experimental
values are derived from fits to the powder patterns (Figure A.1). Values for y-Fe,Os (ICSD#
250541)! and FesO4 (ICSD# 26410)? simulated from single-crystal data are given for comparison.
All values are given for diffraction of Cu Ko radiation (1.5406 A ).

Reflection y-Fe20s Photoreduced FesOa
(hkI) (ref. 1) Oxidized with EtOH (ref. 2)
220 30.301 30.249+0.004 30.082+0.002  30.087
311 35.692 35.600+0.001 35.459+0.001  35.439
400 43.383 43.288 + 0.008 43.066+ 0.003  43.070
422 53.831 53.731+0.013 53.479+0.008 53.431
511 57.388 57.327+0.005 56.944+0.002  56.958
440 63.028 62.899+0.003 62.595+0.002  62.545
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Table A.2. Comparison of unit-cell size for y-Fe2O3 and Fe3Oa.

a(h) ICSD # Ref.
y-Fe203 8.3364 250541 1
FesOa 8.3941 26410 2
a before UV b after UV
1404 n = 711 609 =334
<d>=48+0.5nm <d>=4.8+0.6 nm
120+ 50
100 - 404
S5 80-
3 304
60+
204
404
20+ 104
0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Diatmeter (nm) Diameter (nm)

Figure A.2. Statistical analysis of TEM images of <d> = 4.8 nm y-Fe;O3
nanocrystals (a) before and (b) after 3 h UV irradiation in the presence of EtOH.
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Figure A.3. Photochemical conversion of y-Fe;Oz to FesOs in <d> = 9.0 nm
nanocrystals. (a) Absorption spectra of nanocrystals ([Fe] = 0.98 mM) with
increasing UV irradiation. Inset: Photographs of the colloidal suspension before
(left) and after (right) 3 h UV irradiation show a color change from yellow to brown.
(b) pXRD patterns before (yellow) and after (brown) 3 h UV irradiation. Simulated
patterns for y-Fe203 (solid yellow)! and FesO. (dashed brown)? are shown for

reference. All patterns are plotted for diffraction of Cu Ko radiation (1.5406 A ).
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Raman Shift (cm=1)

Figure A.4. Raman spectra of <d> = 9.0 nm nanocrystals before (yellow) and after
(brown) UV irradiation. Peak assignments, including the narrowing and
blueshifting of the Aig mode upon UV irradiation, are indicative of conversion to
magnetite.>*
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Figure A.5. Absorption and extinction (plotted as AA = A—Ageforeuv and Ae =
€—&BeforeUV, respectively) spectra of photoreduced <d> = 4.8 nm nanocrystals ([Fe]
= 1.0 mM) with added Cu[OTf].. Inset: Integrated (0.8-3.0 eV) AA as a function of
Cu?*/Fe. The linear fit is used to estimate the fraction of Fe?* in the photoreduced
nanocrystals. After 0.18 equiv Cu®*/Fe, further Cu[OTf], addition leads to very
little change in the absorption spectra. The solution of nanocrystals + 0.58 equiv
Cu[OTf]2 was heated for 2 h at 85 °C to further drive the oxidation.
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Figure A.6. Absorption and extinction (plotted as AA = A—Ageforeuv and Ae =
&—éegeforeuv, respectively) spectra of photoreduced <d> = 4.8 nm nanocrystals ([Fe]
= 1.0 mM) with added (NH4)2Ce(NOs)s. Inset: Integrated (0.8-3.0 eV) AA as a
function of Ce*/Fe. The linear fit is used to estimate the fraction of Fe?* in the
photoreduced nanocrystals (41 %). After 0.14 equiv Ce*'/Fe, further
(NHa4)2Ce(NOs)s addition leads to relatively little change in the absorption spectra.
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Figure A.7. Extinction spectra of maximally photoreduced <d> = 4.8 nm

nanocrystals ([Fe] = 1.0 mM) with 0.58 equiv Cu[OTf]. per Fe added (solid brown)
compared to that of as-synthesized nanocrystals (dashed purple).

Table A.3. Summary of titration results for <d> = 4.8 nm nanocrystals photoreduced with EtOH
as the sacrificial reductant.

Oxidant % Fe?*
Cu[OTf)2 39 (Figure 2.2)
Cu[OTf]2 47
Cu[OTf]2 45
(NHa4)2Ce(NOs)s 41
Average 43+ 4

Table A.4. Size-dependence of ensemble photochemical reduction rate, k, determined by fitting
the data in Figure 2.3 (inset) to Ae = C(1 —e ™).

<d>(nm) k(h?Y)

4.8 1.8
7.3 11
9.0 0.90
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Figure A.8. Integrated extinction intensities (Ag = &—aggeforeuv) for <d> = 4.8 nm
nanocrystals maximally photoreduced in the presence of added acetaldehyde
(CH3CHO). The solid line is a guide to the eye.

TA
€
9
T
=3 s — (i) y-Fe, O, + 54 LiEt,BH/Fe
w 4007 ! N 2
< S0 s (ii) y-Fe, O, + 124 EtOH/Fe + UV
i :' = = (iii) y-Fe, O, + 54 LiEt,BH/Fe + UV
-600-
7
'
-800 = ii
T T T T T
35 3.0 25 2.0 1.6 1.0
Energy (eV)

Figure A.9. (i) Differential extinction spectrum (A& = &-éanoLietzeH) Of <d>=4.8 nm
nanocrystals with added LiEtsBH in the dark compared to (ii) the differential
extinction spectrum (As = &-eseforeuv) Of the same nanocrystals maximally
photoreduced with EtOH. (iii) UV irradiation of LiEtsBH-treated nanocrystals
leads to further spectroscopic changes.
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Figure A.10. PXRD pattern of <d> = 4.8 nm nanocrystals after 5 h UV irradiation
in the presence of LiEtsBH. The pattern for FesO4 simulated from single-crystal
data (ICSD# 26410, ref. ?) is shown for comparison. The experimental pattern was
fit from 26~ 28-67° (gray trace) and the residuals shown for comparison (top). All

patterns are plotted for diffraction of Cu Ko radiation (1.5406 A ).
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Table A.5. Exchange bias (He) of iron oxide nanocrystals with varying amounts of UV irradiation

o e 8
4.8 nm (Figure 2.4)
0 —0.04
1 —-0.39
6.5 1.19
9.0 nm (Figure A.9)
0 9.01
1.5 -118
4 -117

M (emu/g Fe,03)

2000 4000
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@'
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Figure A.11. Magnetic properties following UV irradiation of <d> = 9.0 nm
nanocrystals. Magnetization as a function of (a) applied field at 5 K and (b)
temperature for field-cooled (FC, solid lines, 100 Oe) and zero-field-cooled (ZFC,
dashed lines) samples. Arrows show changes with increasing UV irradiation.
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Figure A.12. PXRD pattern of <d> = 9.0 nm nanocrystals after 48 h UV irradiation

with EtOH as a sacrificial reductant. The patterns for FeogsO (bottom, ICSD#

67203, ref. ®) and FesOs (ICSD# 26410, ref. ) simulated from single-crystal data

is shown for comparison. All patterns are plotted for diffraction of Cu Ka radiation
(1.5406 A).

——photoreduced y-Fe, O,
----photoreduced Fe O, /y-Fe,O,
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Figure A.13. Extinction spectra of maximally photoreduced as-synthesized (y-
Fe>03/Fes0a4, dashed purple) and oxidized (y-Fe203) <d> = 4.8 nm nanocrystals
with EtOH as the sacrificial reductant
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Appendix B: Supplementary Information for Chapter 3: UV irradiation of Colloidal
WSe2 Nanocrystals Using Lithium Triethylborohydride

0.5
---- as-synthesized
0.4 + 53 Li[Et;BH]
e — + 53 Li[Et;BH] (16 h)
(0]
o
(=
[
=
[o]
n
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<
0.0
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Figure B.1 Absorption (top) and differential absorption (bottom) spectra of an

anaerobic solution of as-synthesized WSe, nanocrystals (dotted black; [W] = 0.13
mM in 1/1 tol/THF by volume), the same solution immediately after the addition
of Li[EtsBH] (53 equiv per W; dashed light blue) and 16 h after Li[EtsBH] addition

(solid dark blue).
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Figure B.2. Absorption (top) and differential absorption (bottom) spectra of an
anaerobic solution of WSe, nanocrystals with 53 equiv Li[EtsBH] (dotted black;
[W] = 0.13 mM in 1/1 tol/THF by volume), the same solution after 30 min UV
irradiation, (dash-dotted turquoise), after 16 h UV irradiation (dashed light-blue),
and after exposure to air (solid dark blue).

Table B.1. The intensity and energy of the C-exciton absorption of WSe, nanocrystals before
and after 31 h UV irradiation with Li[EtsBH] (53 equiv per W), and after recovery with MeOH

addition.

Amax Emax (eV)
As-synthesized 0.26 2.743
Li[Et:BH]/UV 0.34 2.857
Recovered with MeOH  0.27 2.767
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Figure B.3. Powder X-ray diffraction patterns of WSe, nanocrystals: as-

synthesized (black dotted), irradiated with UV in the presence of Li[Ets:BH] (solid
red), and recovered with MeOH addition (dashed blue). A reference pattern for
2H-WSe, (green, tabulated from ICSD# 40752). All values are given for

diffraction of Cu K radiation (1.54184 A).

Table B.2 Comparison of 26-values for representative reflections of as-prepared, Li[EtsBH]/UV-
treated, and recovered WSe> nanocrystals. Experimental values are derived from fits to the powder
patterns (Figure B.1). Values for WSe, (ICSD# 40752, ref.1) is given for comparison. All values

are given for diffraction of Cu K, radiation (1.54184 A).

Treated with

Reflection

(hkI) WSe2 As-prepared LI[Et:BH]/UV Recovered

002 13.665 13.315 + 0.008 12912+ 0.011  13.270 + 0.005
100 31.475 31.941 + 0.003 31.871+0.004  31.989 + 0.002
103 37.891 37.704 £ 0.011 37520+ 0.014  37.902 + 0.013
110 56.041 56.067 + 0.007 55.950 + 0.007  56.185 + 0.004
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Figure B.4. Absorption (top) and differential absorption (bottom) spectra of an
anaerobic solution of WSe, nanocrystals (dotted black; [W] = 0.13 mM in 1/1
tol/THF by volume), the same solution immediately after adding Li metal (dashed

yellow) and after 20 h sonication with Li metal (solid red).
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Figure B.5 Absorption (top) and differential absorption (bottom) spectra of an
anaerobic solution of WSe, nanocrystals (dotted black; [W] = 0.13 mM in THF),
the same solution 1 day after adding NaK (dashed light green) and 2 days after
adding NaK (solid dark green).
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Appendix C: Supplementary Information for Chapter 4: Air-Stable Reduction of
Zn-Bridged Preyssler-Type Polyoxometalate Frameworks
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Figure C.1. pXRD patterns of (i) Zn-bridged {PsMoW»9} frameworks grown in
light and stored anaerobically in the dark for 3 months (ii) Zn-bridged {PsMoW2o}
frameworks grown in light (ii1) Zn-bridged {PsMoW29} frameworks grown in the
dark (iv) Zn-bridged {PsW3o} frameworks grown in light and stored anaerobically
in the dark for 3 months (iv) Zn-bridged {PsW3o} frameworks grown in light (iv)
Zn-bridged {PsW3o} frameworks grown in the dark.
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Figure C.2. Photographs of (a) Mn-, (b) Fe-, (¢) Co-, and (d) Ni-bridged
{PsMoW2o} frameworks grown (top) under UV irradiation and (bottom) in the dark.

Figure C.3. Photographs of (a) Mn-, (b) Fe-, (c) Co-, and (d) Ni-bridged
{PsMoWo} frameworks powders (top) grown under UV irradiation and (bottom)
stored aerobically in the dark for 4 weeks.
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Table C.1 Summary of titration results by the addition of framework in Cu[OTf]> solution

e per {PsMoWao} e density (10*%/cm?)
Titration 1 33 8.9
Titration 2 3.0 8.0
Titration 3 3.2 8.7
Average 32+0.1 85+04
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Figure C.4 Mo 3d X-ray photoelectron spectrum of Zn-bridged {PsMoWao}
frameworks (a) grown in the dark and (b) grown under UV irradiation. Dashed
black traces are experimental. Solid blue, purple and red traces are the fits to Mo™*,
Mo®* and the overall envelope, respectively.
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