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Abstract

The development of efficient and sustainable methods for energy-intensive organic
transformations is crucial for advancing green chemistry. Sunlight could be a potential
sustainable energy source for this purpose. Now, achieving chemical transformation
with sunlight requires a fundamental understanding of the outcomes of light-matter
interaction, particularly the roles of charge carriers and photothermal heat.
Nanomaterials such as plasmonic nanoparticles (NPs) and quantum dots (QDs) have
emerged as promising alternatives to molecular systems due to their enhanced light-
harvesting capabilities and tunable properties. While extensive efforts have been
made to improve the yields and selectivity of organic reactions in charge carriers and
heat-driven processes independently, their combined influence within a single reaction
framework remains largely unexplored. To address this, the current thesis investigates
the use of plasmonic AuNPs as a thermoplasmonic heat source and core-only InP
QDs as a photocatalyst for promoting the Newman-Kwart rearrangement (NKR): a
thermally demanding transformation that converts O-aryl thiocarbamates into S-aryl
thiocarbamates. The NKR was chosen both for its synthetic significance in thiol
preparation from phenols and for its ability to exhibit distinct mechanistic behavior
when driven by either charge carriers or heat. Under optimized conditions, yields of
~54% with InP QDs and ~23% with AuNPs were achieved utilizing charge carriers and
photothermal outcomes, respectively. Although these yields are modest compared to
conventional methods, this study introduces a unique dual activation strategy that
expands the scope of light-driven NKR reactions. Future improvements in catalyst
design and reaction conditions may enhance efficiency and selectivity, making this a

valuable step toward sustainable organic synthesis.

11



Chapter 1: Introduction

The increasing demand for sustainable chemical production has driven significant
research toward energy-efficient and environmentally friendly methods. Solar energy
has emerged as a promising alternative due to its abundance, renewability, and
potential to drive chemical transformations.'? Harnessing solar energy effectively
relies on understanding light-matter interaction, a fundamental process that facilitates
the conversion of light energy into useful chemical outcomes. By exploring this
interaction, researchers have developed innovative strategies to achieve efficient and

sustainable synthesis pathways.?

The choice of material plays a crucial role in optimizing light-matter interaction for
chemical transformations. Materials with strong light absorption properties are
essential for harnessing solar energy effectively. Various classes of materials have
been extensively studied for this purpose, including molecular systems, bulk
semiconductors (SCs), quantum dots (QDs), and plasmonic nanoparticles (NPs).
These materials offer distinct advantages based on properties such as charge carrier
lifetime, mobility, and light absorption range. (Figure 1a) QDs and NPs have emerged
as powerful candidates due to their unique and size-tunable optoelectronic properties.
417 These nanomaterials offer significant advantages in driving light-matter
interactions, and their roles in both charge carrier generation®2' and heat

generation??>2% have been extensively studied over the years.

Quantum dots (QDs) stand out because of their size-dependent electronic
properties, allowing for precise bandgap tuning. This tunability enables QDs to absorb
light across a broad range of wavelengths, generating electron-hole pairs essential for
driving photocatalytic reactions. The high stability and long carrier lifetime of QDs
further enhances their ability to sustain reactions under prolonged light exposure.
These characteristics make QDs ideal for activating reactions that require the efficient
generation of charge carriers, such as in photocatalysis. In contrast, plasmonic
nanoparticles (NPs) offer another advantage in light-driven reactions: the ability to
generate localized heat upon light absorption. When irradiated with light, plasmonic
NPs undergo plasmonic resonance, converting light energy into heat. This highly

12



concentrated localized heating can activate reactions that require thermal energy,
such as those driven by thermoplasmonic effects. The precise control over heat
generation provided by NPs is crucial for driving reactions that depend on thermal
activation, and it is this capability that makes them valuable for a wide range of

reactions that require heat as an energy source. 222

a) Type of Extinction Carrier Lifetime of Diffusion
material coefficient concentration | charge carriers | length/Mobility
(M1em?) (cm3)
Molecular 103-10° low A few ns -
systems
Bulk 10#-10¢ 1012-101¢ ps to few ns 10-few 100’s nm/
semiconductors 10-1500 cm?V-1ist
Quantum dots 104-10¢ 1018-102° A few ns to 200 10-100 nm/
ns 50-5000 cm?V-1s!
Plasmonic metals 108-10° 10% 1-100 fs 5-50 nm
P
b)  iCharge carriers (JR

o —Q

D

4

'—\s' C P
R

Figure 1: a) Classification of materials based on light-absorption properties. b) Representative
diagram of light-matter interaction in nanomaterials; QDs (left) and NPs. (right)

While the individual roles of QDs and NPs in facilitating organic transformations are
well-established, their combined potential to generate charge carriers and localized
heat within a single system remains underexplored. This presents an opportunity to
investigate a dual activation strategy that leverages both properties, potentially
improving reaction efficiency and selectivity. To address this, the current thesis aims
to evaluate the effectiveness of nanomaterials in driving an energy-intensive organic
transformation: the Newman-Kwart rearrangement (NKR). By integrating charge
carrier generation and photothermal effects within a unified system, our approach

seeks to demonstrate a more versatile and unconventional method for NKR reaction.

The Newman-Kwart rearrangement (NKR) is a well-known thermal rearrangement

widely employed for synthesizing S-aryl thiocarbamates from their corresponding O-
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aryl thiocarbamates.?6-?” Before the reports by Kwart and Evans in 1966, followed by
Newman and Karnes later that same year, no widely applicable and efficient method
existed for converting phenols into thiophenols. Hence, this transformation holds
significant value in organic synthesis due to its role in producing aryl thiols, which are
key building blocks in pharmaceuticals, agrochemicals, and materials science.?®3" The
NKR's ability to selectively introduce sulfur-based functional groups makes it

indispensable in constructing complex molecular frameworks.

Conventional method
|mgortance Of NKR TN NSRS EE RN EEE SRR EEEEEEERAANEEEESEEEEEEEEEERR RN sressnnnnn > cha"enges of NKR

Q Important step in the synthesis of JSL /@:—R NKR JOL K):_R u :'“gg jé‘::i‘ﬁ;;?ergy required
: _— : ~30- all
thiophenols from phenols : \N o 200.300°C \N S NS :
0O Significant applications in medicinal I I O Decomposition of sensitive functional
chemistry, agrochemicals and : O-Aryl thiocarbamate S-Aryl thiocarbamate : groups as high temperature
dyestuffs, ligand synthesis N ; (200-300° C) is required

Figure 2: Summary of importance and challenges in Newman-Kwart rearrangement (NKR).

While the NKR is an effective method, several limitations often hinder its practical
application. Conventional NKR reactions require prolonged heating at high
temperatures (typically 200—300°C, depending upon the substrate of choice) to induce
the desired rearrangement.?%-?"These extreme conditions consume significant energy
and increase the risk of substrate decomposition and reduced yields, particularly for
molecules containing thermally sensitive functional groups. Furthermore, the extended
reaction times can compromise selectivity, making the process less efficient for certain
substrates.

The choice of the NKR as the model reaction arose from an intriguing mechanistic
contrast observed in the literature. Conventionally, the NKR relies on thermal
activation, where heat facilitates the rearrangement through a well-established
reaction pathway. Here, C=S changes into C=0 through a four-center 1,3-oxathietane
transition state (TS) in a concerted manner, resulting in the anionic nature of the TS.%"
Due to the anionic nature of the benzene ring, EWGs at the ortho position make the
reaction more compatible. However, recent studies have explored unconventional
routes involving photoinduced charge carrier mechanisms, such as cation-radical
pathways.3?-3* This was first reported by Nicewicz and coworkers, where a pyrilium-
based photocatalyst induced an NKR reaction at ambient conditions following a radical
cation pathway.3? Later, many reports came about attempting NKR unconventionally
through heat and charge carriers.?*35 Generally, it has been observed that the nature
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of ortho-substituents-whether EWG or EDG is attached dictates the activation energy
for the reaction. Hence, these two distinct mechanisms exhibit different substrate
preferences — reactions driven by thermal activation are often enhanced by electron-
withdrawing groups (EWGSs). In contrast, charge carrier-mediated pathways favour

substrates bearing electron-donating groups (EDGs).

Building on this understanding, we hypothesized that exploring these two activation
mechanisms in parallel — one via localized heat generation (by NPs) and the other
via charge carrier generation (by QDs) — could unlock new insights into reaction
selectivity and efficiency. For this purpose, the nature of the substrate chosen for our
interest was an EDG-OMe present at the ortho position, where we expect a QD-driven
reaction to be of higher yield relative to thermally driven by NP.

Using charge carriers Using charge carriers

a) c)

R@\ s cat. (1.0 mol %) RO\ fo) Z ] Z ]
- —_—————— Rp Py R
P »
O/U\NMez Mei“' B’;‘f ;ED" $7 “NMe; N _ Electrolysis N
) s
i oS HFIP/NBU,CIO, S0
cat. ptol i NMe, NMe,

b) Using heat d) Using heat

a0~ NMe, NS\~ NMe, Me °°°
(\: e o_N — SN\ N
%A S Microwave xj Z [¢] \[sr ‘Me h ‘

Carbon black

Figure 3: Unconventional approaches to NKR from literature. a) Using charge carriers-
photocatalyst. 3 b) Using microwave heat.* ¢) Using electrochemical method.*® d) Using a
photothermal reagent- carbon black.®
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Chapter 2: Materials and Methods

1) Materials and Reagents
Gold chloride trihydrate (HAuCls.3H20), oleylamine (OAm), indium (l11) iodide (Inls),
tris-(dimethylamino) phosphine, acetonitrile (ACN), dimethyl formamide (DMF),

dodecane, dry sodium hydride (NaH) and 1,3,5-trimethoxybenzene (TMB) from
Sigma-Aldrich; Zinc iodide (Znl2), 4-methoxyphenol, dimethylthiocarbamoy! chloride,
and dimethylcarbamoyl chloride from TCI Pvt Ltd; 4-methoxythiophenol from
Chemscene and diphenyl ether (DPE) from SRL Pvt Ltd, were respectively purchased.
All experiments were carried out without further purification of supplied reagents.

2) Experimental Section

a) Synthesis of OAm-capped AuNP:

The oleylamine (OAm) capped AuNPs were synthesized using a modified ‘hot-
colloidal method’ by following a literature procedure.®® In a typical procedure, gold
precursors are rapidly injected into a pre-heated surfactant solution. 5 mL OAm was
refluxed at 150 °C in a 100 mL flask under argon. Then, a mixture of 0.3 mmol of
HAuCl4.3H20 in 1 mL OAm was rapidly injected into the hot solution, and heating
continued for 1.5 hours. A visible color change from yellow to gray and finally to pink
was visible, indicating the formation of NPs. (~12 nm size) After cooling the flask to
room temperature, 1 mL of hexane was added, and ethanol (~ twice the volume of the
reaction mixture) was added to precipitate the particles. The suspension was
centrifuged at 5000 rpm for 6 min. The supernatant was discarded, and the
nanoparticles were re-dispersed in hexane for further studies. Here OAm acts as a
reducing agent as well as a capping agent.

‘4~- ‘ OAm (5 mL 0%
—_—
° ¢ + m(Sml) Stirring, 1.5 h

OAm: Oleylamine

HAuCI, (0.3 mmol) in HsC(H,C)7  (CHy)sNH, OAm capped
OAm (1 mL) \_/ AuNP

Scheme 1: Synthesis of OAm-capped gold nanoparticles (AuNP).

16



b) Synthesis of core-only InP QD:

Core-only InP QDs for reaction were synthesized using a modified one-pot synthetic
procedure.*! In a typical procedure, indium (Ill) iodide (0.45 mmol,169 mg), zinc iodide
(2.2 mmol,703 mg), and oleylamine (6.0 mL) were taken in a 100 mL three-neck RB
and heated to ~110 °C under Ar atmosphere with gentle stirring, till a clear solution
was formed. The reaction mixture was degassed for ~60 min at 110 °C, and the
temperature was raised further to ~200 °C under inert conditions. At 200 °C, tris-
(dimethylamino) phosphine (450 pL) in 1 mL of oleylamine was quickly injected into
the reaction mixture and kept for ~ 25 minutes. The reaction mixture was then
quenched with a water bath, followed by adding 5 mL of hexane to arrest the growth
of QD. As synthesized QDs were purified by centrifugation at 7000 rpm for 10 min,
followed by precipitation with ethanol to remove unreacted precursors. Finally, the
prepared InP QDs were redispersed back in toluene and used for further studies.

c) Synthesis of O-(4-methoxyphenyl) dimethylcarbamothioate
(Reactant A) for NKR:

O-(4-methoxyphenyl) dimethylcarbamothioate was synthesized using a modified
literature procedure.?® In a typical synthesis, 4-methoxyphenol (40.3 mmol,5g),
dissolved in 20 mL DMF, was taken in a 250 mL round bottom flask and continuously
purged with N2. Followed by, dry NaH (44.33 mmol,1.1 eq.) was added part by part,
and the temperature was maintained between 0-4 °C. The addition of NaH resulted in
H2gas evolution, and once it was ceased, dimethylthiocarbamoyl chloride (52.4 mmol,
1.3 eq.) was added to the reaction mixture and was kept under stirring for 2-3 h. The
progress of the reaction was analyzed using a thin-layer chromatographic (TLC)
technique with a 15% hexane/ethyl acetate eluent system.

o
S S ~
HO NaH(1.1 eq.) /O/
Q¢ Ay A
o~ I

N, purging
0-4 °C |
4-Methoxyphenol ~ N,N-Dimethyithio 2.3 hrs O-(4-Methoxypheny!)
(1eq.) carbamoyl chloride dimethylcarbamothioate
(1.3 eq.) DMF

(A)

Scheme 2a: Synthesis of O-(4-methoxyphenyl) dimethylcarbamothioate (reactant A).
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Ultimately, the reaction was quenched with ice and stored at 4 °C overnight to allow
complete precipitation of the desired product. The precipitate was filtered and dried in
a vacuum. This results in the formation of a yellowish-white solid. Finally, the pure
product, crystalline white solid, was obtained by column chromatography using 8%
hexane/ethyl acetate as the eluent and characterized with '"H-NMR, GC, and HRMS
(refer to appendix). Similarly, the desired rearranged product was also synthesized for

characterization and quantification.

d) Synthesis of S-(4-methoxyphenyl) dimethylcarbamothioate
(Desired Product B):

In a typical synthesis, 4-methoxythiophenol (7.13 mmol,1g), dissolved in 10mL DMF,
was taken in a 100 mL round bottom flask and continuously purged with N2. Followed
by, dry NaH (7.84 mmol,188 mg) was added part by part, and the temperature was
maintained between 0-4 °C. The addition of NaH resulted in Hz gas evolution, and
once it was ceased, dimethyl carbamoy! chloride (9.27 mmol, 1.3 eq.) was added to
the reaction mixture and was kept under stirring for 2-3 h. The progress of the reaction
was analyzed using a thin-layer chromatographic (TLC) technique with a 12%
hexane/ethyl acetate eluent system. Ultimately, the reaction was quenched with ice
and stored at 4 °C overnight to allow complete precipitation of the desired product.
The precipitate was filtered and dried in vacuum. Finally, the pure product was
obtained by column chromatography using 4% hexane/ethyl acetate as the eluent and
characterized with "H-NMR, GC, and HRMS. (refer to appendix)

o
o o ~
HS NaH(1.1 eq.) /©/
\©\ - C'J\N/ - \NJJ\S
o~ |

N, purging
0 I
, . 0-4°C
4-Methoxythiophenol N,N-Dimethyl 2.3 hrs S-(4-methoxyphenyl)
(1eq.) carbamoyl chloride dimethylcarbamothioate
(1.3 eq.) DMF

(B)

Scheme 2b: Synthesis of S-(4-methoxyphenyl) dimethylcarbamothioate (desired product B).

e) Photocatalytic NKR with core-only InP QDs:

In a 5SmL test tube equipped with a stir bar, 20 mg (0.01 mmol) of O-(4-
methoxyphenyl) dimethylcarbamothioate was dissolved in 1.5 mL acetonitrile (ACN),
to which 11 yM (0.03 mol %) of InP QDs were added. The reaction mixture was
irradiated with 2 x 10 W 390 nm LEDs for 12 hours. (400 mW power irradiated)

18



Preliminary  photocatalytic conversion was examined through thin-layer
chromatography. The % conversion and desired product yield were calculated from
"H-NMR studies using 1,3,5-trimethoxybenzene as the internal standard. Typically,
ACN was evaporated under a vacuum, and the residue of the crude reaction mixture
was dissolved in CDCl; to obtain 'H-NMR spectra. GC-MS analysis was also
performed to validate the photocatalytic performance. Control experiments were
carried out without QD (with light irradiation) and in the dark (with QD) under similar

experimental conditions.

O-arylthiocarbamate (A)
InP QD
Acetonitrile

10W 390 nm LED

Scheme 3: A general scheme of reaction set up of photocatalytic NKR with reaction mixture
in a test tube

f) Photothermal NKR with OAm-capped AuNPs:

In a 15 mL test tube equipped with a stir bar,10 mg (0.05 mmol) of O-(4-
methoxyphenyl) dimethylcarbamothioate was dissolved in 1 mL diphenyl ether (DPE),
to which x (x is decided by normalization procedure, discussed later) OD of OAm-
capped AuNPs were added. The reaction mixture was irradiated for 4 hours with the
solar simulator (CEL-PF300-T6) at AM=1.5 by focussing through two parallel lenses
(radius is 2.5 cm), which are kept in line with the test tube setup (Figure 4a, b). The
light was focussed at a distance of ~ 9 cm (measured from the lens), with the beam
diameter measured to be ~1.2 cm, and the optical power illuminated was noted to be
~7 W.cm2. A thermopile optical power detector (Model LM-10 HTD; Coherent, Santa
Clara, CA 95054 USA) was used to measure the power of light falling on the test tube

after focusing. (Figure 4c)
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Figure 4: Reaction setup of photothermal NKR. a) Side view of the setup with the solar
simulator(left), lenses to focus(middle), and test tube with the reaction mixture(right). b)
Reaction mixture (Reactant A+ diphenyl ether + AuNP) before irradiation. c) Power of
irradiation measured using a thermopile optical power detector.

The reddish color (due to plasmonic NPs) in the reaction mixture changes to
brownish yellow at the end of the reaction. The reaction mixture was then first
centrifuged at 10000 rpm for 4-5 minutes to settle the NPs; the remaining supernatant
was purified by column chromatography (silica column, 4% ethyl acetate in hexane),
and the product was characterized by using 'H-NMR (Figure 7) and HRMS
techniques. (refer to appendix) Control experiments were carried out without NPs (with
irradiation) and in the dark (with NPs) under similar experimental conditions. The
thermal experiment with a typical electrical heater was also performed in the laboratory
at 210 °C.

g) Gas Chromatography-Mass Spectrometry (GC-MS) Measurements:

The reaction mixture (A, B, NP, and DPE) is first centrifuged at 10000-12000 rpm
for a few minutes, and the NPs are separated. The remaining supernatant is half-
diluted with acetonitrile and added with ~10.53 mM of dodecane (IS), out of which one
MM is injected via a needle into the Shimadzu GCMS-2010 plus for analysis.

3) Characterization techniques

a) Transmission electron microscopic (TEM) studies:

The AuNPs were characterized using high-resolution transmission electron
microscopy (HR-TEM) microscopy studies on the JEOL JEM-2200FS (200 kV)
HRTEM instrument. AuNPs were drop cast on a 400-mesh carbon-coated copper grid

(Ted Pell Inc.) and dried under vacuum overnight to prepare the TEM sample.
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b) UV-visible absorption spectroscopy:

All UV-visible absorption spectra were recorded using SHIMADZU UV-3600 plus
UV-VIS-NIR spectrophotometer over the range 200-800 nm. The AuNPs for
measurements were taken in a 3 mL quartz cuvette with a path length of 1 cm.

c) X-ray diffraction (XRD) measurements:
X-ray diffraction patterns were measured on Bruker D8 Advanced X-Ray
Diffractometer using Cu Ka (A = 1.54 A) rays. The samples for XRD analysis were

prepared by drop-casting the as-synthesized QDs on a clean glass substrate.

d) Fourier-transform infrared spectroscopy (FTIR) studies:

Fourier transform infrared spectroscopy (FTIR) experiments were performed to
confirm the presence of ligands on the surface of QDs. The measurements were
performed on the NICOLET 6700 FTIR instrument using a solid KBr disc.

e) Nuclear Magnetic Resonance Spectroscopy (NMR) studies:
NMR spectra for the reaction mixture and purified products were recorded on 400
MHz JEOL ECS-400, Bruker 400 MHz instruments.

f) Gas Chromatography-Mass Spectrometry (GC-MS) Measurements:
The GCMS data was recorded using Shimadzu GCMS-2010 plus using He as a

carrier gas.

g) High-Resolution Mass Spectrometry (HRMS):

The HRMS experiments were performed using an ESI-TOF mass analyzer.

h) Cyclic Voltammetry Measurements:

The CV measurements were performed using Metrohm DropSens uStat400
electrochemical workstation and Dropview 8400 software of version 2.215B1204.
Glassy carbon was used as the working electrode, Ag/AgNO3 as the reference
electrode, and Pt wire as the counter electrode.
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4) Calculations for reaction yield and NP concentration

1) Procedure for reaction yield calculation

The reaction yield was calculated using proton NMR spectroscopy and gas
chromatography techniques. Since we are interested in the crude yield of the major
product, the reaction mixture (RM) was not subjected to any purification (for yield

calculation).

a) By Gas Chromatography (GC)

For calculating the reaction yield from GC, a known amount of an internal standard
(IS), dodecane, was added to the RM to find the concentration of product formed
(Cproauct). Having separately synthesized the reactant (A) and the desired product (B),
calibrating A and B gives the relative response factor (RRF). The RRF is a correction
factor introduced to account for the differences in detector sensitivity for different
molecules (analyte, impurities, or IS), thus allowing an accurate quantification. The
GC data gives information about the area of the product peak and the area of the IS
peak, substituting all these values in the equations (Figure 5a) to give the product
yield (%).

Conc.of IS x 1
Peak area of IS RRF

Concentration of product formed (Cl,,.oduc,) = Peak area of product x

Peak area of product/
Conc.of product

Peak area of IS/
Conc of IS

Relative Response factor (RRF) =

C
Product Yield (%) = ~2reduct y 199
reactant

Figure 5a: Formulas for reaction yield calculation using Gas chromatography (GC).

b) By "H-NMR Spectroscopy

For calculating the reaction yield from 'H-NMR, a known amount of an IS, 1,3,5-
trimethoxybenzene (TMB: used for QD) or 1,1,2,2-tetrachloroethane (TCE: used for
NP) was added to the RM in CDCls. The signals to find the internal standard TCE and
TMB are 8 5.93 (2H, singlet) and 6 6.07 (3H, singlet) ppm, respectively. These peaks

are distinct and don’t overlap with the NMR peaks of any other compound in the
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reaction mixture. For a more precise understanding, a '"H NMR spectrum for one of

the cases is given along with calculations. (refer to appendix)

The reaction under consideration is a 1:1 reaction, which implies that for every mole
of reactant consumed, an equivalent mole of product is formed. We know the number
of moles of reactant taken and the moles of IS added, but the number of Moles of
product has to be determined from the NMR spectrum. Any such reaction's yield (%)

is calculated as in the equations. (Figure 5b)

Integral value of product
/Number of protons of product

Integral value of IS
/Number of protons of IS

Moles of product = Moles of IS added x

Moles of product

)= Moles of reactant taken - 100

Product Yield (%

Figure 5b: Formulas for reaction yield calculation using '"H NMR.

2) Normalization procedure for AUNP concentration studies

Since the concentration of NP used for each set of experiments has to be the same,
we have used a normalization procedure to keep the amount of NP used constant.
This is done as follows:

The concentration of AuNPs in stock solution was calculated using Beer-
Lambert’s law:

A=¢cc.l

where,

A is the absorbance

¢ is the molar extinction coefficient (M-'cm-")
c is the concentration of the solution (M)

l'is the optical path length (cm).

The molar extinction coefficient (&) for AUNP was taken to be 2.7 x108 M-"cm™" for
~12 nm diameter particles. The concentration of AUNP stock solution was estimated
(in terms of AuNPs) to be ~0.58 pM. From the absorbance spectrum, we get to how
much AuNP concentration has to be added to the reaction mixture to make it 1 OD,

which is ~ 3.7 picomoles.
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For the optimized amount of AuNP in the reaction mixture (RM), the condition was
found to be 12 OD, which corresponds to ~44 picomoles.

In short, to avoid manual error while taking AuNP, the absorption spectrum is taken

prior for all sets of experiments, and the amount of AuNP for 12 OD added to RM is
fixed after calculating from Beer-Lambert’'s Law.
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Chapter 3: Results and Discussions

I. Approach 1: Using heat

To investigate whether heat, specifically thermoplasmonic heat, can drive the
Newman-Kwart rearrangement (NKR) reaction, plasmonic AuNPs were chosen as the
heat-generating material. AUNPs were synthesized, characterized, and further used

for thermoplasmonic studies.

1) Synthesis and characterization of AUNP

AuNPs (~ 11-12 nm in diameter) were synthesized using a ‘hot-colloidal method.*®
The nanoparticles were surface-functionalized with oleylamine (OAm) to enhance their
colloidal stability in an organic medium, ensuring compatibility with non-aqueous
reaction conditions. The surface plasmon resonance (SPR) band of the synthesized
AuNPs was observed at ~ 527 nm (Figure 6a), indicating strong absorption in the
visible region. This plasmonic feature aligns well with the solar spectrum, suggesting
the possibility of using sunlight as an irradiation source in future experiments. (unlike
what’s done in this study) Transmission electron microscopy (TEM) images confirmed
the formation of uniform, homogenous, and spherical AuNPs with an average diameter
of 11.2 + 0.4 nm. (Figure 6b, c) The SPR peak (~527 nm) and the TEM size
distribution closely match the values for AuNPs synthesized as in the literature

report.®®

With the synthesis and characterization of AUNPs established, their role in driving

the NKR reaction via thermoplasmonic heat was investigated.
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Figure 6: Characterization of synthesized AuNPs. a) UV-visible absorption spectra of
AuNPs. b) TEM images showing NPs of size ~ 12 nm. c) Histogram for size distribution of
NPs. (calculated from ~300 particles)
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2) NKR driven by thermoplasmonic heat

Optimization studies were conducted to determine the ideal reaction conditions and
investigate whether thermoplasmonic heating from AuNPs can drive the Newman-
Kwart rearrangement (NKR) reaction. Initially, reactions were performed under stirred
and unstirred conditions at 8 OD concentrations for 6 hours. It was observed that
stirring significantly improved the reaction yield (refer to appendix), suggesting that
better heat and mass transfer enhanced reaction efficiency. Based on these
observations, stirring was included in all subsequent reactions. Concentration-
dependent and kinetics studies, as well as control experiments, followed this.
(discussed in the subsequent section) The final optimized conditions consisted of 12
OD AuNP concentration, 4 h of irradiation under a solar simulator (~7 W/cm?), and
continuous stirring of reactant O-(4-methoxyphenyl) dimethylcarbamothioate
dissolved in diphenyl ether (DPE) as the solvent. (Scheme 4)

N Diphenyl ether
| solar simulator,stir |
O-(4-methoxyphenyl) _S-(4-methoxypheqyl)
dimethylcarbamothioate dimethylcarbamothioate

Scheme 4: Reaction Scheme for photothermal NKR using the solar simulator as the irradiation
source.

The reaction progress was visually indicated by a color change from red (AuNP
plasmonic absorption) to brownish-yellow. A similar color change was seen during the
control experiment (Without AuNP + heat; conventional thermal conditions) from
colorless (reactant dissolved in DPE) to brownish-yellow, suggesting that the change
was primarily due to the reaction rather than nanoparticle degradation. However, upon
prolonged heating, AUNPs were observed to settle at the bottom of the reaction vessel,
indicating potential aggregation, though further experimental confirmation is needed

to establish this effect definitively.

The reaction yield was determined using GC and 'H-NMR spectroscopy, both of
which showed consistent results (23% GC yield vs. 22% NMR yield), confirming the
reliability of the quantification. Hence, for ease of performing and convenience, we
have calculated yield % from GC measurements in the remaining studies. (refer to
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appendix) After purification, '"H NMR of the reaction mixture matches the desired
product. (Figure 7) Temperature monitoring using a thermocouple immersed in the
reaction mixture revealed that the reaction took approximately 30-45 minutes to reach
~210°C (Figure 9b), which aligns with the operating temperatures typically used for
thermally activated NKR reactions.3® The formation of solvent vapors at this stage
suggests that localized regions within the reaction mixture may have exceeded the
bulk-measured temperature, potentially approaching the boiling point of DPE
(~250°C). Since thermocouples measure bulk temperatures rather than nanoscale
heating effects, it is possible that plasmonic heating near the AuNPs resulted in

localized temperature spikes above the measured value, leading to enhanced reaction

activation.
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Figure 7: Purified '"H NMR of product.

3) Concentration-dependent and kinetics studies

To determine the impact of plasmonic nanoparticle concentration on reaction
efficiency, the NKR reaction was performed using AuNPs at different optical densities
(ODs): 4, 8,12, and 16 OD for a time of irradiation of 4h. The yield was having a trend,
increasing from 4% (4 OD) — 13% (8 OD) — 20% (12 OD) before declining to 11%
(16 OD). This suggests that while an increase in AuNP concentration enhances
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plasmonic heat generation and reaction rate, excessive concentrations may lead to
overheating, increasing decomposition, and reduced product selectivity. Thus, 12 OD
was determined to be the optimal concentration for the reaction. (Figure 8a)

A time-dependent kinetic study was conducted at 12 OD for 1 to 6 h. (Figure 8b)
The reaction yield followed an increasing trend up to 4 hours (6.8% — 14.2% — 17.3%
— 23%), beyond which a sharp decline in yield was observed (13.4% at 5h, 14.5% at
6h). This drop in yield correlated with a significant increase in decomposition, which
rose from 16.7% at 4h to 39.3% at 6h, suggesting that prolonged irradiation leads to
side reactions and product degradation. These results indicate that 4 hours is the

optimal reaction time, balancing conversion efficiency and minimizing decomposition.

After conducting the concentration and kinetic studies, control experiments were
performed to definitively establish the role of AUNPs in driving the NKR reaction.

a) 80 b) 120
Decomposed After 4h :] Decomposed KinetiCS
B viels . e at 12 OD
60 - Conversion 90- I conversion
* 40- X
204
0

4 8 NNEW 16 T 1 2 3 4 5 6
Concentration of AuNP (in OD) Time of irradiation (h)
Figure 8: Concentration and time-dependent studies. a) Bar diagram showing %
decomposition, yield, and conversion at different AuUNP concentrations (4,8,12,16 ODs) in 4h
of irradiation. b) Kinetics study done at 12 OD concentration of AUNP up to 6h.

4) Control experiments and conclusions

A series of control experiments were conducted to verify the role of plasmonic
heating in driving the NKR reaction. (Figure 9a) Under light irradiation without AuNPs,
only a ~ 2% yield was observed, indicating that direct photochemical activation of the
substrate is minimal. Also, no transformation was seen in the reaction, which was kept
in the dark, reaffirming the role of light. Conventional bulk heating at 210°C (kept at
the same temperature as measured in thermocouple) under electrical heating yielded

12.6%, which, while higher than the light-only condition, was still significantly lower
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than the plasmonic heating result (23%). This suggests that plasmonic heating
enhances the reaction efficiency, likely due to localized nanoscale heating effects,
which are absent in conventional thermal setups. Furthermore, the lifetime of ‘hot
carriers’ (in fs scale) is relatively lower while using AuNP as 95 % of the process is a
dominant pathway that NKR here behaves as a purely thermally driven reaction; the
involvement of hot carrier transfer is unlikely, reinforcing the conclusion that the
observed enhancement is due to heat generation from plasmonic AuNPs rather than
electronic effects.

20 4

154

Yield %

} No transformation

Figure 9: Control experiments and temperature measured. a) Bar diagrams representing
the % yield of the rearranged product under different reaction conditions. (control experiments)
b) Bulk temperature measured to be 210°C by a thermocouple.

A comparison with literature-reported NKR reactions provides additional insights into
the reaction efficiency. Traditional thermal conditions typically require ~270°C for 2-3
hours to achieve 72-90% yields.?627:36 In contrast, plasmonic heating in this study
reached only ~210°C, resulting in a lower yield (23%) and increased decomposition
over time. This indicates that plasmonic heating, while effective, may not provide
sufficient temperature to drive the reaction at the same rate as bulk heating at 270°C.
Additionally, the non-uniform temperature distribution in plasmonic heating (hot spots
around AuNPs vs. uniform bulk heating in conventional methods) may contribute to
the lower efficiency. Importantly, time-dependent kinetic studies showed that beyond
4 hours, decomposition increased significantly, reinforcing the idea that prolonged
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irradiation leads to side reactions and product degradation, which is less of an issue
in faster, high-temperature bulk heating.

Although the yield obtained in this study is subpar to traditional oil baths (72-90%)
or microwave heating (~75%)%, it demonstrates the feasibility of light-driven plasmonic
heat as an alternative heating strategy. Notably, a recent study by Erin Stache et al.
reported ~71% yield within 40 minutes using carbon black as a photothermal reagent
35 outperforming conventional heating and plasmonic AuNP heating. This difference
can be attributed to carbon black’s broad-spectrum absorption and high thermal
conductivity, allowing for rapid and uniform heat generation. In contrast, AUNPs exhibit
localized heating effects due to their specific surface plasmon resonance (~527 nm),
leading to a different heat distribution mechanism.

Overall, this study highlights the potential of plasmonic heating for thermally driven
organic transformations while also underscoring the challenges associated with
temperature limitations and prolonged irradiation-induced decomposition. Future work
could focus on enhancing heat management, optimizing nanoparticle composition, or
integrating hybrid photothermal catalysts to improve reaction efficiency. Despite the
moderate yields obtained here, the study establishes plasmonic heating as a
promising alternative to conventional bulk heating methods, offering a light-driven,

potentially more sustainable route for the high-temperature organic transformation.

Il. Approach 2: Using charge carriers

To investigate whether charge carriers generated from quantum dots (QDs) can
drive the NKR reaction, InP QDs were chosen as the photocatalyst. Among various
photocatalysts reported, our choice of material is QDs as it satisfies most of the
fundamental parameters required for an ideal photocatalyst, such as excellent visible
light absorption, long-lived charge-separated state, and modular surface chemistry to
enhance charge extraction processes. Apart from this, the quantum-confinement
effect in QDs provides an excellent way to fine-tune the energy levels for the choice

reaction.0

InP QDs were specifically chosen for their tunable bandgap, which allows for efficient
absorption in the visible region, and their low toxicity, making them a safer alternative
to traditional Cd-based QDs.**4° Furthermore, their excellent stability in organic
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solvents ensured compatibility with non-aqueous reaction conditions. With these
properties in mind, InP QDs were synthesized, characterized, and subsequently
employed for photocatalytic studies.

1) Synthesis and characterization of core-only InP QDs

InP QDs (~2-3 nm in diameter) were synthesized using a modified one-pot synthetic
procedure.*! The size of QDs was determined to be ~ 2.2 + 0.2 nm in diameter using
powder X-ray diffraction (PXRD) analysis (Figure 10b) calculated via the Scherrer
equation (refer to appendix). The measured size closely aligns with the reported
dimensions of core-only InP QDs in the literature, confirming the successful synthesis
of small-sized QDs.*!

NKR reaction by photocatalysis is believed to proceed through a radical cation
intermediate, necessitating the abstraction of a photoexcited hole as the primary step
for photocatalytic transformation.3234 This means that the oxidation potential of O-
arylthiocarbamate must be higher in energy than the valence band of QD. Firstly, we
measured the oxidation potential of O-arylthiocarbamate (Eox1) using cyclic
voltammetry (CV), which was found to be -5.54 eV (refer to appendix). As-synthesized
InP QDs exhibited the first excitonic peak at 372 nm with an optical band gap of 2.90
eV (calculated from the Tauc plot; Figure 10a). The band positions of as-synthesized
InP QDs were adapted from a prior literature report from our group, wherein the
valence and conduction band positions were estimated to be -6.2 and -3.3 eV w.r.t
vacuum, respectively. The energy levels clearly show that the valence band of InP
QDs is lower in energy compared to the oxidation potential of O-(4-methoxyphenyl)
dimethylcarbamothioate (reactant) and can transfer holes to the reactant upon
photoexcitation. Thus, the synthesized InP QDs satisfy the thermodynamic criteria to
drive photocatalytic NKR reactions (Figure 10c). PXRD analysis further confirmed the
crystalline structure of the synthesized QDs, with the obtained diffraction peaks
matching well with reference patterns for InP QDs, reinforcing the accuracy of the size
determination. (Figure 10b) Despite a weak photoluminescence (PL) emission, the
absorption profile and calculated band positions confirmed the suitability of these QDs
as photocatalysts for driving the NKR reaction.
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Figure 10: Characterization of synthesized InP QDs and calculation of band positions.
a) Tauc plot of the InP QDs (Eox marked as * was taken from the literature report; Evs and Ecs
were calculated from the plot). b) Powder X-ray diffraction (PXRD) of synthesized InP QDs.
c) Band positions of as-synthesized InP QDs compared with oxidation potential of reagent

With their synthesis and characterization established, the QDs were subsequently
employed to investigate their role in promoting the NKR reaction via photocatalytic

activation.

2) NKR enabled by photocatalysis

After successfully designing and synthesizing InP QDs, we performed the
photocatalytic NKR under continuous light irradiation. (Scheme 5) A series of
optimization studies were initially conducted before coming up with the best condition.
These reactions were analyzed preliminarily by TLC and quantitatively using "H-NMR
or GC-MS. The appearance of characteristic signals at & 7.39 ppm and 3.04 ppm
confirms the formation of the rearranged product. (Figure 13a)

Initially, different solvents were evaluated, including dichloromethane (DCM),
chloroform (CHCI;), and acetonitrile (ACN). Product formation was only observed
when ACN was used as the solvent. Both purged (with Ar) and unpurged (air-exposed)

conditions were tested across all solvents; however, product formation occurred
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exclusively in unpurged ACN, suggesting the involvement of atmospheric oxygen in
the reaction. Then, various light sources were explored to determine the optimal
irradiation conditions. 2 x 10 W LEDs emitting at 405 nm and 450 nm failed to initiate
the reaction. In contrast, irradiation at 390 nm successfully showed product formation.
This result aligns with the QD absorption onset (~372 nm), where 390 nm irradiation
effectively overlaps with the QD’s absorption profile, ensuring efficient light absorption
and charge carrier generation. In the unpurged condition, the test tube was covered
with aluminum foil and small perforations were made using a needle to allow controlled

air exchange.

Based on these studies, the optimized conditions were established as follows:
irradiation with 2 x 10 W 390 nm LEDs,0.1mmol reactant A, 1.5 mL ACN as a solvent,
air exposure, and ~ 0.03 mol % InP QDs as the photocatalyst. Under these conditions,
we observed a decent yield of 54 %, as estimated from "H-NMR. (Figure 13b)

/ /
(0] N . 9 S N
\ﬂ/ N InP QDs (0.03 mol %) ) \n, N
S 1.5 mL acetonitrile o)
o 2 x 10 W 390 nm LEDs,rt,air O
B
A

O-(4-methoxyphenyl)
dimethylcarbamothioate

S-(4-methoxyphenyl)
dimethylcarbamothioate

Scheme 5: Reaction Scheme for photocatalytic NKR using InP QDs under optimized
conditions.

A series of control experiments were performed wherein negligible conversion/yield
was obtained without QD or light. (Figure 11) This strongly suggests the active
participation of InP QD as a photocatalyst in the NKR reaction.

60
Control reactions

Yield (%)

201

A+InP NoQD+ Nohv+
QD + hv hv QD
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Figure 11: Bar diagrams representing the photocatalytic yield of the rearranged product under
different reaction conditions (control experiments).

From the literature reports, we hypothesized that photocatalytic NKR reaction follows

a hole-mediated pathway. To validate this point, we synthesized different-sized InP
QD possessing valence bands (Evs = -5.52 eV) above the oxidation potential of O-
arylthiocarbamate, which makes the transfer of photoexcited holes from InP QD to
reactant thermodynamically infeasible. The direct impact of this could be observed
from the negligible product yield when different-sized InP QDs were used as the
photocatalyst.
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Figure 12: Mechanistic investigation- Role of O in the reaction. a) Representative energy
level diagram showing the feasibility of photoexcited hole transfer to reactant molecule and
the possibility of Oz as an electron acceptor in the system. b) 'H shows negligible product
formation when purged with Ar gas (absence of O,).

To elucidate the fate of photoexcited electrons, we purged the reaction mixture with
Ar, and interestingly, no photocatalytic activity was observed. (Figure 12) This
suggests that photoexcited electrons are not involved in the NKR reaction, and O2 is
the probable electron acceptor in our system.
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Figure 13: 'H NMR proving product formation and % yield calculated. a) '"H-NMR
spectra of the photocatalytic reaction mixture compared to pure reactant and product. b) 'H
NMR used for % yield calculation with 1,3,5-trimethoxybenzene as the internal standard
(refer to the appendix for calculations). One marked with * is the residual solvent peak

While the yield obtained is moderate compared to conventional thermal methods,
this study highlights the potential of InP QDs as photocatalysts for achieving the NKR
under milder conditions. Future improvements could focus on enhancing charge
carrier dynamics, refining QD surface passivation, or exploring alternative solvents to
improve yield and selectivity. While the precise mechanistic details remain under

investigation, our findings strongly suggest a hole-mediated pathway with O, possibly
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acting as an electron acceptor. Further studies are required to confirm the exact
sequence of electron transfer steps and identify potential intermediates. Despite these
limitations, this work establishes a promising strategy for leveraging light-driven

charge carrier generation in this energy-intensive organic transformation.
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Chapter 4: Conclusions

This thesis investigated using plasmonic AuNPs and InP QDs as independent
systems to drive the Newman-Kwart rearrangement (NKR) through distinct activation
pathways — thermoplasmonic heating and photocatalytic charge carrier generation.

In the thermoplasmonic study, AuNPs generated localized heat under light
irradiation, achieving a maximum vyield of ~23% under optimized conditions (12 OD
AuNP concentration, 4 hours of irradiation, and continuous stirring). However,
prolonged irradiation led to increased decomposition, indicating that precise control
over heat generation is crucial to minimizing side reactions and improving selectivity.
Fine-tuning factors such as NP concentration, irradiation conditions, and reactant
concentration may help mitigate these issues in future studies.

In the photocatalytic study, InP QDs successfully promoted the NKR reaction,
achieving a yield of ~54% under optimized conditions (0.03 mol% QDs, 390 nm LEDs,
and ACN as solvent). This improved performance relative to the thermoplasmonic
method aligns with literature observations that electron-donating groups (EDGs) such
as the —OMe group enhance photocatalytic efficiency. Despite this encouraging result,
there is significant potential for further optimization by refining conditions such as
reaction time, reactant concentration, and QD surface properties to achieve higher
yields and improved selectivity. Mechanistic insights from this study suggest a hole-
mediated pathway in the photocatalytic NKR reaction, with O, as the likely electron
acceptor. However, further experimental validation is required to confirm the precise
mechanistic details. This may include additional experiments designed to probe the
involvement of reactive oxygen species (e.g., superoxide, singlet oxygen) and confirm
the presence of radical intermediates.

Further studies should focus on confirming the distinct reaction pathways for the
thermoplasmonic and photocatalytic approaches through mechanistic experiments.
Expanding the substrate scope to include EWGs (e.g., —-NO,, —CN, —COOH) may
enhance thermoplasmonic efficiency, while EDGs could improve photocatalytic

performance.
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Appendix

1) Cyclic Voltammetry (CV) measurements of reactant A
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Figure A1: Cyclic voltammogram of the reactant showing the oxidation onset potential of

0.89 V vs Ag/AgNOQOs.

2) 'H-NMR and GC of reactant (A) and product (B)
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Figure A2: '"H NMR and GC characterization of synthesized A and B. a) '"H NMR of both
reactant A and product B separately synthesized are stacked. The highlighted area denotes
the distinguishable feature in '"H NMR that confirms product formation. b) Gas

chromatography analysis of A and B. The Retention time difference between A and B is

seen to be different.
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3) HRMS of both reactant (A) and desired product (B) synthesized
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Figure A3: HRMS of synthesized A and B. A(top) and B(bottom). The calculated mass was
evaluated as 212.0745 (for both essentially the same as A and B’s molecular weights are the
same).
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4) Approach 1: Using heat
1) Yield % calculated for the optimized condition: by '"H NMR and GC
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Figure A4: Quantification of % yield in photothermal approach through GC and NMR.
a) GC analysis of reaction mixture for the optimized condition. (dodecane is the internal
standard, and an undesired side product is seen ~ 19.5-19.6 min, possibly due to
decomposition). b)'H NMR of the reaction mixture (TCE is used as the internal standard
having 2 protons distinguishable at & 5.93 ppm, doublet at 3.03 ppm is considered for product
peak)

a) By Gas Chromatography (GC)

Here, an internal standard, dodecane, is used to quantitatively measure the yield after
injecting the reaction mixture into the GC. After injecting the samples of A and B
(synthesized separately) at least 3 times, as per Figure 5a, the RRF (relative response
factor) for A and B were measured as 0.75 and 0.68, respectively. For the optimized
condition for photothermal NKR, the area under the internal standard, product, and
reactant peaks were calculated as 0.0422, 0.0455, and 0.0156, respectively. Putting
these values in the equation from Figure 5a, we get

0.0156 x 10.53

Concentration of B formed = 00422 068 5.71mM

Since half diluted with acetonitrile before injecting, this concentration must be
multiplied by 2 to get the actual concentration, which is 11.42 mM.
The concentration of reactant used is 0.05 mmol / 1 mL(volume of DPE taken): 50

mM.
11.42 mM

Yield (%) = W X 100=22.8% ~23%
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b) By "H NMR

Here, the number of moles of reactant used is 0.05 mmol, and the number of moles of
internal standard: TCE(1,1,2,2-tetrachloroethane) added is 0.47 pmol.

The concentration of reactant used is 0.05 mmol / 1 mL(volume of DPE taken): 50
mM.

Since the peak of internal standard (IS) corresponds to 2 protons and the peak of
product at & 3.03 ppm corresponds to 6 protons, the number of moles of product
formed can be calculated using the following equation:

1 lis
Number of moles of product = ((%))/(7)) X Moles of IS

Where | denote integration value from NMR, subscripts ‘p’ denotes the product, and
‘is’ denotes the internal standard.
Substituting these relevant values from the NMR spectrum, we get:

2.7

2
6 )/(—)) X 0.47 ymol = 0.213 umol

Number of moles of product = (( 5
For this sample, around 20 yL from the reaction mixture was taken, and the remaining
610 pL was the solvent CDClI3, so the dilution factor has to be included, which is 630
(610+20)uL/20uL = 31.5. After considering the dilution factor, the concentration of the
product formed will be:

. 0.213 ymol x 31.5
Concentration of product formed = 630 L = 10.65 mM

Dividing this by the concentration of reactant used gives yield; therefore, the
percentage yield in this case is:
10.65 mM

Yield (%) = W Xx100=21.3% ~21%
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2) HRMS of purified product from the photothermal approach
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Figure A5: HRMS of purified product. The reaction mixture after column chromatography with
4% ethyl acetate/hexane gives B.

3) Yield % calculated for 6h, 8 OD (stir vs without stir)
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Figure A6: GC quantification of 2 cases, 8 OD concentration of AuNP for 6 h irradiation,
with and without stirring of the reaction mixture. a) Without stir. b) With Stir. The
highlighted area shows higher product formation for the ‘without stirring’ case.
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Calculations were done similarly to that in section 4.1a) of the appendix and obtained:

31.32 37.36 11.40 22.8 14.56

The table(top) is for without stirring, having ~12%, while the table(below) is for with
stirring, having ~22 %.
4) Concentration-dependent and Kinetic studies

All the calculations shown in the table below were from GC using similar

methods.

a) Time: 4 h
40D 4.6 4.4 0.2
8 OD 13.1 12.5 0.5
12 0D 29.1 19.7 9.4
16 OD 27.8 11.6 16.2
b) Kinetics (12 OD)
1h 18.1 6.8 11.3
2h 26.1 14.2 11.9
3h 284 17.3 14.4
4h 39.5 22.8 16.7
5h 33.3 13.4 19.9
6h 53.8 14.5 39.3

Figure A7: GC quantification of concentration-dependent studies and kinetics. a) At4 h
irradiation, yield % is calculated for various concentrations like 4,8,12,16 ODs (the best
condition with higher yields and relatively less decomposition is marked in red). b) Kinetics
study is done at that optimized AuNP concentration from the previous study; time durations
from 1-6 h are taken with 4h seen as the best condition (highlighted in red)
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5) Approach 2: Using charge carriers

1) Yield % calculated for optimized condition by 1H NMR
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Figure A8: "H NMR for product formation in the photocatalytic NKR. All peaks, including

reactant, internal standard, impurities, and product, are marked.

Number of moles of product formed
Number of moles of reactant used

Yield (%) = x 100

Here, the number of moles of reactant used is 0.1 mmol, and the number of moles of
internal standard(1,3,5-trimethoxybenzene) added is 0.1 mmol.

Since the peak of internal standard (IS) corresponds to 3 protons and the peak of
product at & 7.39 ppm corresponds to 2 protons, the number of moles of product

formed can be calculated using the following equation:

1 lis
Number of moles of product = ((;)/<?)) X Moles of IS
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Where | denote integration value from NMR, subscripts ‘p’ denotes the product, and

‘is’ denotes the internal standard.
Substituting these relevant values from the NMR spectrum, we get:

0.36 1
Number of moles of product = <<—)/<—)) X 0.1 mmol = 0.054 mmol

2 3
Dividing this by the number of moles of reactant used gives yield. Therefore, the

percentage yield in this case is:

0.1

4
Yield (%) = x 100 = 54 %

2) Powder X-ray diffraction (PXRD) analysis

Without Background subtraction
With Background subtraction
InP reference

D=2.2+ 0.2 nm

Intensity

20 3 40 5 60
Bragg Angle (20)

Figure A8: Powder X-ray diffraction (PXRD) patterns of core-InP QDs without (black) and with

(green) background subtraction. A comparison of the PXRD patterns of QDs with bulk InP

(red) references reveals the presence of a zinc blend phase in InP. The broadness seen in

the first peak (at ~ 208 = 25°) is due to the combination of signal from (111) and (200) planes

of the zinc blend phase and the underlying amorphous glass slide used for sample
preparation.

From the figure, the (220) plane was considered for calculations.

With L(FWHM) = 3.65°, so B (in radian) = 0.064 rad
20 = 44.13° (measured from the figure)
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PXRD analysis using the Scherrer equation determined the crystalline size of core-

only InP QDs.
ok
~ BcosO

where D = crystalline size
k = Scherrer’s constant (typically considered 0.94 for spherical particles)
A = Wavelength of Cu kq X-ray = 1.54 A
0 = Bragg’s angle
B = FWHM of the PXRD peak in radian

Scherrer equation quantitatively gives broadening of a PXRD peak at a particular
Bragg’'s angle, correlating the crystalline size (D) with the width of the peak (B).
Substituting all the obtained values in the Scherrer equation, the crystalline size (D) of

the core-only InP QDs was calculated as 2.2 £ 0.2 nm.
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