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Abstract
Despite the widespread use of hydrofluoric acid (HF) in the preparation of silicon surfaces, the
true nature of fluorinated surface species remains unclear. Heaayaynof characterization
techniques led by solistate nuclear magnetic resonance spectrossagyployedo uncover the
nature of fluorinated moieties on the surface of hydraminated silicon nanoparticles. A
structural model that explains the observed trend¥imnd?°Si magnetic shielding is proposed
and further supported by quantum chemical computations. Fluorine is incorporated into local
oxidation domains on the surface and clustered at the interface of the oxide and surrounding
hydrideterminated surface. Siliconteas cappedby a single fluorine are also identified by their
distinct®F and?®Si chemical shifts, providing insight into how fluorine termination influences the
electronic structure. Finally, challenges associated with T®flontamination are highligad that

future explorations of nanomaterials may have to contend with.
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Chapter 1. |l ntroducti on

1.1 NuclMagneti c Bepsohanseopy

The 1944 Nobel Prize in Physics was awarded to Isidor Rabi for his measurement and description
of the Nuclear Magnetic Resonance (NMR) phenomér®ince then, NMR has been exploited

for technologies includingulsed NMR spectroscopy amdagnetic resonance imaging (MRI)

which won the2003 Nobel Prize in Physiology Healthcare has been pushed to new frontiers
because MRI noimvasively probes injury and disease. Similarly, NMR spectroscopy provides
insight into the atomitevel structure ofchemical systemghat is inaccessible Wi other
characterization techniquédVith this, it is now fitting to explore the theoretical foundation of
NMR.

1.2 Quantum MeddW&REpectroscopy
There are many useful analogies from classical physics that provide a straightforward
understanding of the principles of NMR; these analogies are ineffective once more advanced
concepts like superposition are introducBEudis chapter will provide a propguantum mechanical
description of NMR spectroscopy

Nuclei possesantrinsic angular momentum known as spiwhen thespin quantum
number@f a nucleuss greater than zerd, also has a magnetinomentthat is proportionato
the spin angular momentut

H rok PP

In Equation 1.1,kandH and are the nuclearspin angular momentunand magnetic moment
operators, respectively is thegyromagnetigatio of the nucleus of interestndo is the reduced
Pl anck 0 s (Nateo vedarsand inatricesare denoted in boldfage The proportionality

between spin and magnetic mometilt appear in many subsequent expressions.

1.21The Diepe nSechdt nBgeuati on

A quantum mechanicdescription of NMR begins witthe timedependenSdirodingerequation

h o ‘
e .
— 9 ©° Pg
The general solutioto Equationl.2 in the case of a tim@dependent Hamiltonian is
o A@p@ @l n o)

1



where theexponential term is called tipgopagator* The solution in Dirac notatiois
§ 06 AgpPpa 5093 ma P&
wheres) is the matrix representation of the Hamiltonsaug 1t dandsg O Oare vectors

1.22ThEMRSpi n Hamiltoni an

The Hamiltonians of NMR spectroscopycan be constructedeginning with the Born
Oppenheimer(BO) approximatior® The BO approximationassumes thathe electrons in
molecules are ithe ground state for any instantaneous set of nuclear coordifatesmolecule

in the presence of an external magnéetd, the nuclear positions, nuclear magnetic moments
(H ), and the applied magnetic fieltﬂ () are thenexternal parameters in tiBO Hamiltonian®
Consider th&aylor expansiorof thetotal molecularenergyfor a fixed set of nuclear coordinates

about the zerdield values of| and a classical nuclear magnetic mornigfi'3

o © FO o, p . RO,
T i " ¢ R H
., RO , . PO . N
Oh'ﬁ’jﬁ'ﬁ'iﬁoh 'H'Fﬁﬁoh P

O isthe part of thenolecularenergythat does not depend éHand || , while * and 6 are
cartesian components Hfand || , respectivelyTheenergyderivativesin Equationl.5 are related
to several molecular propertiexludingmagneticshielding and spispin coupling which will be
discussed irsectionsl.2.4and1.2.5. It is the termsn Equation 1.5nvolving the interactiorof
spins with thanagneticfield and between themselv@sit is extended to include multiple spins)
that areof interestTheenergy operatarorresponding to #se terms is thBIMR spin Hamiltonian

(O ).SinceH [ 9k, the general formofO  for a multispin systenis®

)
"0 o 1 E3EQ|l o rrl=:>=:)l=? r ko Ok ki)
wheredt = and|- arec o matricesinvolving the derivative of themolecularenergyfrom

Equation 1.5 Note that the electronstructure does not explicitly appear@® ; its effects are
implicit in the derivatives The tensor elements can be obtained with the Hellregmman
theorem For a Hamiltonian that depends continuously on real variabtesf ,*14

O R, FO
— — @) —_
el S N P&
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whee| andl could becomponents of alassical(i.e., continuoushuclear magnetic momes)
or || . Equation 1.6 shows thatspin interactions maype linear bilinear, or quadraticdn spin
operatoré Interactionsthat are quadratic in spin operatossich as the nuclear quadrupolar

interactionwill not be covered in thishapter.

1.23The Zeeman alndt draaantoirorPr ecessi on

Theclassicainteraction energy ai magnetionomentwith anexternal magnetic field is
0 HO| p&d
Substitutingd, 9ok

0 5 p T T 0§
'O 1290 0O 026+ (00 O O0m p m 204 PP T
0 p T T P 0 p

givesan expressiothat hagheform of the first ternon theright-handside ofEquationl.6. For
a multispin systemEquationl1.10would contain a sum over apins If the magnetic field is
appliedalong the zaxis of the lab frame, then EquatibriOreduces to

0 o670 9 O PP p
where] [0 j (Larmor frequency Equation1.11 shows that e ZeemanHamiltonian
shares the same eigenfunctionsGg$-or anucleus withO 4, there are(¥2) p ¢ sublevels
that aredegenerate in the absence of an external magnetic Tieéthe states adenotedass O
and$ dorc ol | oqui al laydii a pi N.§Thedegenemdy is lifted when an external

magnetic field is applied

00 of6yksa g[’Oﬁﬁ%aﬁ $ a PP ¢

0§ olbpled robpsdi  gd p® 0

p
T
L1
P
The negativeeigenvalue inEquation1.12 indicates thag Qis lower in energythang aif[ is
positive Takingtheenergy difference

30 gOFéﬁ gor(’iﬁ a0 § PP T

shows that the splitting is proportional to the strength of the applied magneti¢-fopide 1.1).



Figure 1.1 Zeaman splittingof thenuclear spin statenergiesk) in the presence of axternal

magnetic field (B) for a nucleus with = %2and a positive .

The Zeeman interactiofeads toLarmor precessignwhich is the phenomenothat
underpirs magnetic resonanceHowever, Larmor precessiononly occurs for spins in
superpositioa This is evident from inserting thEeeman Hamiltoniamnto the solution to the
Schibdingerequation(Equation 1.4)For an isolatedspin’z nucleusthe solution is,

|=p7cn

o L -
s oa AgPQ kos mnoh o oTc

PP L

where the Hamiltonian has been expressed in naturaDnitso  5). Equationl.15is rewritten

using the Taylor expansion of the operator exponehtial

N o X Tt Lo 7 .
+pc $T[O(Q n7$nap$)(p

¥ od €A Tt P7C s Q

If § ma ¢ &, corresponihg to the spirApolarized along the zaxis (Figure 1.2d), the

expectation values dfieangular momentum dre



rokro m
rokro n PP X
ro kr o pk

which areconstant in timéf the Hamiltoniaris unchangeds$ Gand$ Gare stationary statpdf

the spin is initially in a superpositi@uch as

§ mh o= e d $ & g s Gl PP Y

S'|
AIl©

corresponihg to polarizationalong the xaxis (Figure 1.2b), then the expectation values ére

ro kro gA'HOb

rokro EC)Eﬂ(‘) PP W

rokro m
This shows thathe spin undergoes precessi@bout the zaxis of the lab frameat the Larmor

frequencyif it is in a superposition & 1t This may be interpreted ashigure 1.2c. (Note the

negative sense of the precesdiofigure 1.2c whichis thecase fo spins with goositiver ).

a. b.

Figure 1.2. Vectorrepresentation of the states gafland (b)s i (c) Precession about thexis

of a nuclear spin with a positiye

The precession of nuclear spinduces an oscillating current in the receiver coibof
NMR probe This is aime domain signahatis Fourier transformed tgive an NMR spectrum in
the frequency domairkor a real sampleontaining many nuclear spigs.g.,p 1T ), virtually all
spins are in a superpositi@nd undergo precessidrHowever,thdr polarization vectorsare

uniformly distributedso there is no netransverseolarization at thermal equilibriunThere is



however, longitudinal polarizatiol Polarization isbestexplained by introducing thdensity

operatoror density matrixThe density operator forsinglespinwith wavefunctiong &is:34

z sas pg T
The diagonal elements of the density matrix are,
Gged od 1 P& p

which correspongito the probabilig of finding thespin inthe stateg & For a spin % nucleug; &
would correspond t@ dor$ & Therefore the diagonal elements of the density matrix are known
aspopulations*>16|f there is a differencen the probabilities of finding a spin ig dor$ ¢ the
spin possesses longitudinal polarizatiéor an ensemble of spins, the populations at thermal

equilibrium can be readily calculatd@ithe energy levels of a spin system are

7¢ & Og «a P8 ¢
the probability of findingaspin inthe stateg Gis given by a Boltzmann distributigitf
AD gy
” !O p& o.
B AGD o~

whereQ is the Boltzmann constaanhd”Yis the temperature. For a spin ¥ ensemble,
P

(e o 0 a6
— S S h
A@DTQ.,Y Aob R A@i§ oy P& T
AgD — AQJDM Agp PO
*.'Q "Y ?’Q ..Y E 'rQ ..Y
and the Boltzmann fact@ can be defined:
o0,
P oy P& U

In the hightemperature approximation, the exponential terms in Equatidrate?2expanded in a

Taylor series irp and truncated at the first order:

a0 § P
Pl 0 P_
AQ‘D_ 'rQuY EP

The denominator in Equation B.i5 then



o 0 j Pl O
Az§ oy A®DE P& X
and the ppulationsare approximatety
" p p
— -p
¢ P ¢
. P p
— -p
c P pE Y
v om PIro
¢ QY

Thus, @ room temperaturehere is virtually no difference between thguilibrium populations
For examplethedifference in the probability of finding a spingndor $ Gfor an ensemble dfF
nuclei( ¢ YpTEmT O i )atu® WYandg wipis abouto8t o p T .

The oftdiagonal elements of the density mataibe known asoherencesFor a single
spin, ®herencéndicates a superposition in theavefunction(transverse polarizatigi#1>1°

Egsh @ P8 W

Since there g0 net polarization in the transverse plane for an ensemble of apthermal
equilibrium, the offdiagonal elementsf the density matrixfor the wholespin systemare zero
However, a pulseconvertsthe population differencénto coherencesSince the population
difference is so small at room temperature,dbkerences generated aypulse (i.e., transverse

polarization)arealsosmallwhich is why NMR is insensitive.

l24Magné&hiel di ng
Electrons in moleculemteract withthe applied magnetic field to produce an induced magnetic
field. Theeffectivefield (||) experienced by a nucleud’ig®
I 1 q o® 1

wheredisac o matrix known as thenagneticshielding tenso The classical interaction energy
is then

o HO a] HO|  Haad P& p
which is the sum of the energy arising from the Zeeman anchdigaeticshieldinginteractions
Substituting themagnetic momentperatordnto the last term of the rightand side of Equation

1.31gives themagneticshielding MS) Hamiltonian



” ” ” 6
O 90 0O 0O " » 060 PB ¢
” ” ” 6

FromEquationl.5, the shielding tesor is, %1919
hO
| HoOA

which is typicallydecomposed into diamagne@ ) and paramagneticd ) terms?® Thegeneral

d P O

form of the expressionfor the elements fod andd areidentified with the first and second
terms on the righhand side of Equatiah8, respectively:1°For the paramagnetic terrhgtmatrix
elements in thaumerator are threeenterintegrals that can be subject to group tlyeoralysis as
is common in spectroscopyThiswill be important inChapter 2. For systems containing heavy
atoms, spirorbit effectscan also make sizeattentributians®22 24

Some properties of the shielding tensoe directly observed ithe powder patternef
solid-state NMR spectroscopy. In the principal agistem (PAS), theaymmetric part of the

shielding tensois diagonal*’

d m o, I pPD T
n o m o,

Themagnitudes of the principal components. are
., , , pP® L
The shielding tensor represents the anisotropynotlear shielding In the HerzfeldBerger

(Maryland)conventior?® the anisotropys characterized bigs breadth(span;n) andshape (skew;

I,

n . " P @
2 - P& X
m
where, is the shielding that is independent of thelecular orientation.
” ” ” p" 2
» p o Yid pd Y

Figure 1.3 showsthreesimulated powder patterifisr °F.
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Figure 1.3. Simulatedsolid-state'®F NMR spectral(= %) under norspinning conditions at a
magnetic field strength 39 T{  7¢“  376.498 MHz) withm) v Tppm andl phrtp.
Note thatthe principal axes of the chemical shift tensancule with the principal axes of the

shielding tensor (e.gli1 coincideswith U11).

In practice,it is usuallythe isotropicchemical shiff ) thatis measured and not the

isotropicmagneticshielding(, ). The relationship between the two variables is straightforward

0 &
1 > . Pm P w

where,  is the shielding constant farreference compoun@henumerator in Equation 1.39 is

multiplied byp 1t so that the chemical shift is reported in parts per million (ppm).



1.25SpiSpin Coupling
From Equatiorl.6, the Hamiltoniarfor theinteraction between two spins is

'O or k3= Ok pg T
where= isthe sum of two tensars

= L g P& p

L is thereduced indirect spispin coupling tenscand - is thedipolar coupling tensaf+1%-26
The dipolar coupling tensor represents ti@ughspaceinteractionof two nuclear spins and
obtained witlout knowledge of the electronic structuf@onsider theclassical interaction energy

betweentwo pointmagnetic dipoles|, andH separated byrainternucleadistance» :

o ‘_H.:]‘l oH > HD
™ i i

P& ¢

Substitutingin the magnetic moment operatoexpanding the scalar producésy putting the

resulting expression imatrix formgives the dipolar Hamiltonian in cartesian coordinatég®

S PR
o Y G »H — — —&9370Q P8 o
% 0 _ _ ___ 74
o o
The dipolar coupling constant is
Y F F > P8 T

which shows that this interactions r e | a t-9 ivgeH tye didi hdfactr infYo . Thidie
important for NMR techniques that depend on dipolar coupling suttosspolarization(CP). In
CPexperimentspnly spins that areloseto each othefi.e., dipolar coupled) will appear spectra
if the contact time ikeptshort enough

The educed indirect spispin coupling tensok  describes the coupling betwespirs

that is mediatedly the electronic structufe 192

L O
L P& U
LA TR Y
TheJ-coupling tensois related tol by the following?
lL gpur E p8 (p

T

10



1.3 Theoreotmpegat aodGi oNMR amet er s

A brief theoretical description ®MR has beemiven. Thisprovidesa conceptuaframework for
thinking abouthequantum chemicalomputation oNMR parametersFor a given set of nuclear
coordinates (i.e., geometry), the total energgakulatedand thenMS and spirspin coupling
tensorscan beobtained by differentiation of the total energin practice this is challenging
becausethese tasksan be computationally expensiv/hile there are mangomputational
methodologies (e.g., Hartrd®ck, Coupled Clust theory), the method of choice for large
systems is Density Functional ThedBFT).2%3°DFT expresses the total energy of a system in its
non-degenerate ground state in terms of the electron defiityreduceshe number opatial
variables from 3N (where N is the number of electréo®nly three (i.e., the electron density in

three dimensions)

For the computationof NMR parametersthere is acomplicationassociated with the
incorporation of magnetic fieldshenatomiccentered basifunctionsare usedThis is theso-
calledgauge problemy? Briefly, the gauge probleris that with a finite bags set, the results of
NMR calculatiors depend on thehoice of gauge fahe magnetic vector potenti&@ne solution
is to use gaugecluding atomic orbitals (GIAE), which remove the gaugedependencédy
introducing afield-dependent phase factor the basis function® Regardlessthe conceptual
frameworkremains the saméhetotal energy icalculated and then different&tto obtain the
desired properties. Artexdam Density Functional (ADF), the quantum chemistry program used
in this thesisusesGIAOs for NMR calculationsThis methodimilarly decomposes the shielding
tensor into diamagnetic and paramagnetic contribuibffRelativistic effects including spin

orbit coupling are also readily accounted for in NMiRnputationsvith ADF.3334
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1.41Cr oBBsl ari zati on

As shown inSection 1.2.3 NMR spectroscopyis inherently insensitiveHowever hydride
terminatedsilicon nanoparticlesH-SiNPs)have the advantage tifeir surfaces being passivated
with one ofthe most sensitive nudlenamely,*H. Chapter 2s alsoconcerned witht°F on the
surface of HSINPs, which isnotherhighly sensitive nucleuglable 1.1). However,H-SiNPs are
largely comprised of°Si, which has poor sensitivity and relatively low natural abundance.
Therefore crosspolarization (CP¥ is typically used in NMR investigations of SiNPsaishance

the sgnakto-noise (S/NYatio of 2°Si experimers.

Table 1.1. Properties of NMRActive Nuclei in Hydride- Terminated Silicon Nanoparticlé$

Isotope Spin quantum Natural abundance | Gyromagnetic ratio,
number, | (%) (10°rad S'1T™Y)
H 1/2 99.9885 26.7522128
19 1/2 100 25.18148
295; 1/2 4.6832 15.3190

The most basic CP pulsequence ishown inFigure 1.4. A full description of CP requires
averge Hamiltonian theorywhich is beyond the scope of this chaptar.straightforward
conceptual description will be givémstead The basic idea of CP is to transfer polarization from
an abundant and sensitive nucleus fketo an insensitive and dilute nuclear spin fR8i. For
example, ina 2°Si{'H} CP experiment a “/2 pulse isapplied to'H to generate transverse
magnetization. Then, a spiack pulse is applied téH with concurrentapplication of acontact
pulse or?Si. Polarization transfenccurswhen the Hartman#lahn match condition isatisfied

G) 0 P8 X
whered andod are the amplitudes of trepinlocking and contacpulses applied téH and
29Sj, respectivelyAfter the contactime, the free induction decay (FIDf 2°Siis acquired with
'H decouplingCP can provide signal enhancement of upito 7 and has the advantage of
dependingon the relaxation ofH (typically fast relaxing) and ndfSi (slow relaxing)Although
H and?’Si have been used as an examfiie same princifes apply to other heteronuclear spin
pairs. In the case of°Si{'®F} CP experimentdor H-SiNPs, sensitivity is still a prominent

challengebecause fluorine is present in only trace quantitdmpter 2).
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n/2 Decoupling

Contact pulse

295i

Figure 1.4. Crosspolarization pulse sequence wih and?°Si as the example nuclei.

l42Quantum Coahmdn€@memitcal Shift Trends
Quartum confinemen{QC) leads to many of the interesting properties of SINPs; howetey

can also be related to the trends observed in previous NMR studieSibiRg3’ 38 As the size of
H-SiNPs decreases, their bandgaps widen amd’f& chemical shift moves to a lower frequency.

It is easiest to interpret this result in the context ofahedimensional(1D) particlein a box,

which is frequently used tprovide a basic understanding of QConsiderthe Schidinger
equation for aubatomigarticle of mass (e.g., electronin an infinite square potentialell that

is free to move along theaxis in the intervalt @ 0:

0 2 orw 8
& [ [ pg Y
Thenormalized solutions are
[ ® SOEJO— h ¢ pkhv8 P8 W
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with the following energies:

2 Bk oS B
ca D € P po T

The spacing between tvamnsecutiveenergy levels is

2
ca D
which shows that the gap grows largebatecreasedl his isa basic illustration of how shrinking

30 ; p 3 pd p
the diameter of a quantum dodn increase its bandgags the particle dimensions shrinliké
shrinking0), the spacing between energy levels grows larfieis is not an exacanalogy since
guantum dots aréar more complex systemglowever,the 1D particle in a boyrovides a
straightforwardramework to think about QC.

What is the connectiobetweenQC andthe 2°Si chemical shiftrend observed foH-
SiNPs? Recallrbm Section 1.2.2 that theexpression for theelements of thgaramagnetic
shielding tensohnas the form of Equation 1.8. The actual expression as formulated by Rafisey is,

(o r Bi 0 f7 1 BORT [ BOsr [ Bi 0 {7
Y a 0 ©O

pd Q

whergl andf are the ground arel excited state wavefunctions, respectively, with energies

'O andO . i isthe distance of electrdfirom the nucleug , while0  andi j; are the angular
momentum operators with respect to the nuclear and gauge origins, respectively (which are the
same in the above expressidagjuetion 1.52is inversely proportional to the energy gap between

the ground and excitestateghat are bingmixed Thereforea lowerresonancé&equencyi.e.,a

more shieldechucleus is often related t@n increasingddiOMO-LUMO/bandgapdue to thei | e s s
negativé® paramagnetic contribution®Vithin the context of SiNPs, shrinking theliametercan
increase the spacing between energy levels as shown abeling smaller paramaggtic
deshielding contributioss While this is a general trend, there a®veralother factors(e.g.,

symmetry thatmust be considered.

14



Chapter 2. Unmas kil om@r i natsedonMotiheet i Seur f &
Hy driTdemi nat ed Sil iUWGoinn gNa$@lpiad NMR |
Spectroscopy

21 I ntroducti on

Silicon nanoparticles (SiNPs) are pivotal nanomaterials due to their photoluminescent&{PL),
biocompatibility*¥>! tunable siz€®%?5* and tailorable surface chemisti3?®%® These factors

have placed themat the frontier for applications in liglemitting diodes (LEDs)>®°
photovoltaic$%2 sensord? and as medical imaging agert$?%¢ Synthetic control of size and

surface functionality enables researchers to govern the properties of SiNPs with fine pt&cision.
The communityés knowledge surrounding the in
expanded substantially. Using theory and experimentation, information ranging from fundamental
structuralinsights’8to the nature of crystal momentum conservation laws have been uncévered

Still, an elusive question remains unanswered: what is the nature of fluorine on the SiNP surfaces?

Aqueous solutions of HF are widely used in the preparation of SiINPs, making the existence
of fluorinated surface species probatfe?60.61.68"2However the nature of these moieties remains
unexplored, leaving a gap in our understanding of the surface structus8ibiRd The presence
of fluorinated moieties is of broad significanttas well-established that halogens influence SiNP
optical properties® meaning that an understanding of the surface fluorine groups could be
invaluable Furthermore, the ubiquitous use of HF in preparing these nanomaterials makes a
nuanced understanding of the resulting surfaces crucial. Fluorine is also relevant in the biological
domain of SiNP applications, where there is growing interest in developmuymateriabased
medical imaging agent$ A particularly attractive imaging modality {F MRI,’# 76 for which
SiNPs are excellent candidate contrast agellises seen in Xay photoelectron spectroscopy
(XPS) analyses suggest fluorine is present in trace quayifitiesvever, detection limits challenge
our ability to study these species furthEhis is one reason why ambiguity remains surrounding
the analogous question about silicon wafers; despite years of study, the nature of fluorine on wafer

surfaces cleaned with HF is still poorly understéod
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To better understand what fluorinated moieties may be present on the surfaSa\i? g
it is helpful first to consider how HF etching of the Si@atrix may lead to partial fluorination of
the oxideembedded silicon nanodomains. The currently accepted mechanism for HF etching of
SiO; as described by Knotter is summarized as follwEhe first step is suggested to be the
formati o35i & amni §Ovia a subst.thaureplacesa surfagect i on
silanol (@SiOH) with a terminal fluorinéScheme2.1a). Direct nucleophilic substitution reactions
(i.e., Si2) with O:SiOH are improbable since nucleophiles cannot approach from the rear of the
electrophilic center. After the formation o§&IF, a rear approach is possible, and three subsequent
substitution reactions remove theSIF unit as Sik(Scheme2.1a). These stepregenerate the
surface silanol and enable the etching to proceed further, whidee&its further with HF to form
H.SiFs.”®
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Scheme2.1. (a) Proposed mechanism for the etching of2$aqueous Hibased solutions. (b)
Formation of a terminal SiTF group. (c) Mecha

silicon substrate. Figure adapted from ré&and80.
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HF etching leads to hydride passivation of the underlgiligpn substrate. However, prior
to two critical studie§®2it was broadly accepted that the silicon surface generated by HF etching
was terminated by fluorine. This conclusion was founded upon the hydrophobicity of the resulting
surface, the strength of i3 bonds, and the use of surface characterization techniques that are
sensitive to fluorine and not hydrogen (e.g., XP®urthermore, before hydride passivation takes
place, the mechanism of HF etching does, in fact, contain transient fluorine termih&tfihis
is evident when extrapolating the mechanism outline®adheme2.1a to the point where the
underlying silicon substrate is reached: elimination of a silanol group will form a termirfal Si
(Scheme2.1b). However, fluorine termination is unstable due to the strong polarization induced
at the silicon center.8! This leads to subsequent reaction with nucleophiles and hydride
termination of the surface as shownSoheme2.1c. Limited polarization is induced by hydride
passivation which makes the hydrtdgminated surface remarkably stable.

Terminal Si F groups can be stabilized vimmersion of hydridderminated Si(111)
wafers in HF oty functionalization with methanol and subsequent treatment witA*£ffThe
stability of terminalSii F groups was attributed tthe steric isolation of silicon sites on the
atomically smooth Si(111) surfa&.In other words, if SiF is formed on Si(111), the
configuration of the surface is such that nucleophiles are sterically prevented from further reaction.
Although @ution must be exercised when comparthg flat surfaces of Si wafer® the
disordered surfaces of-HiNPs,it is well established that local surface arrangements resembling
Si(111) are possible on-HiNPs as indicated by the infrared (IR) band corresponding to single
Sit H bonds*®°This suggests that it is possible to stabilizeFjroups on the surfacé H-SiNPs
prepared byagueousHF etching of an Si/SiPcomposite. As the etching reaches the embedded
silicon nanodomains, silanol groups may be exchanged for fluorine resulting in partial fluorination
(Scheme2.1b).

With this mechanism as a basis, a suite of characterization techniques and theoretical
computationss presented to identify the fluorinated moieties on the surfaceQiNPs prepared
by thermal processing ¢fydrogen silsesquioxarielSQ). The size and composition ofEINPs
are assessed using powderay diffraction (XRD), transmission electron microscopy (TEM),
XPS, and energy dispersiverdy spectroscopy (EDX). Sokstate nuclear magnetic resonance
(NMR) spectroscopy, a robust anadgl method to dermine the atomiuevel structure of

semiconductord’ 3857850 5 glso employed. Fluorinated surface moieties are selectively probed
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using F and 2°Si NMR spectroscopy in combination with extensive quantum chemical

computationgo formulate astructural model of the surface of&INPs.

22 Resul t s

221The Structur e€oanpd sklt-8 mehRsodl H

TheH-SiNPsstudied herevere prepared by thermal processing of HElQds methodorovides H-
SiNPs withreadily tuned sizeby altering the annealing temperature and dwell fifif@#1:42:52
5456 Scherrer analysis of a powder XRD pattern for a sample-8iN#Ps Figure A1) yieldsa
mean crystallite sizef 2.9 0.1 nm which is consistent with the 6 nm-&iNPs studied
previously®’ As Scherrer analysis gives the mean diameter of the crystalline domains, it does not
reflect thetotal size of HSINPs which also contain a disordered surfane quasbrdered
subsurfacesee beloyw®’ To further assess the partiaéimensions, a batch of-HBiNPs was
functionalized with idodecene to render them solution processablenarsdmaged by TEM
(Figure A2), giving a diameter of 39 0.99 nm. The particlewill now only be referred tdy
their nominal size (e.g., 6 nnijlemental analysis was also perfornbeforeNMR measurements
to determine the compositioof the HSINPs EDX spectroscopyTable Al) confirms the
presence of Cadventitious carbon, and Si, along with trace amounts 006 at%)Similarly,
XPS analysisKigures A3 andA4) shows C, O, and Si. No F could be detected in the survey or
high-resolution XPS spectra which is consistent viita EDX analysis that indicated that the
guantities present were below the XPS detection limit.

Figure 2.1a shows the IR spectra of a sample jared postNMR analysis. Both spectra
exhibit a strong absorption feature at ~2100‘amorresponding to the SiHX = 1, 2, 3) groups
of the hydrideterminated surface. Alkgtretchingirom 28062900cm' 1 is present in both spectra
which is attributed to residual toluene from the deagting procedure used to prepare samples for
IR spectroscopy. Highesolution Si 2p XPS spectra prior to NMR analyBigire A4) showthat
the particles are composed primarily of Si(0). The IR spectrum collected after NMR analysis
(Figure 2.1a; seven months postynthesi$ contains comparatively weak absorptiorcat1080
cm' ! (Sii O7 Si stretching). This indicates that a very small amount of sample oxidation can take
place over a period of months when they are storedaled zirconia NMR rotorsnder ambient
conditions. There is also weak absorption around 340banresponding to TH stretching that

is attributed to surface silangtoups and adsorbed watér.
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Figure 2.1. (a) IR spectra of 6 nm 43iNPs collected before and after NMR analypisst seven
months) (b) Graded structure of-BiNPs comprising a disorderedrface (SiK species), quasi
orderedsubsurfaceand a crystalline core. (c) Comparison of the calcul&®dchemical shifts
for the hydrideterminated models to the experiment®®i MAS and?°Si{*H} CPMAS NMR
spectra of 6 nm EBINPs { 10 kHz). In (b) the orientation of thesSiH groups reflects that
of the specified crystal face. The colored atoms in (c) are those for which the chemical shifts are

plotted.
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It has beendemonstrated that thstructure of HSINPs comprises three domains: a
disordered surface, a quasiered subsurface, and a crystalline ogfigure 2.1b).3"%8 The
contribution of each of these domains is dependent on the particle size. These conclusions were
drawn from a suite ofharacterization techniques including XRD, IR, XPS, and NMi#) the
three structural regimes being especially evident irf%ieNMR resultsSince longrange order
is not possible within the smallest particles, disordered SpdciegX = 1, 2, 3 Figure 2.1b) on
the surface dominate for 3 and 6 naBHNPs and are characterized by a broad peak spanning from
180 to1120 ppm. The drdered surface sites are similar for all particle sema$ have been
identified in other NMR studies of SiNP&% For larger particles (21 and 64 nm), the diamond
cubiccrystalline core igvidentfrom the?°Si MAS NMR by a single sharp resonance centered at
1 81 ppm. Between these two structural domains, there exists a subsurface-ofdgrasl silicon
environments that are most salient4g8i{*H} CPMAS NMR experiments fothe64 nm patrticles.

A final NMR signature identifiethy these pasitudesis the presence of Siih partially oxidized
particles. Oxidation manifests as a broadened peak. at110 ppm, corrgponding to silicon
oxides with the primary species beinfjg@es (silicon atoms involved in four siloxane bridg¥&s).

7 Building further, hese structural motif&ill serve as a point of reference for the identification
of fluorinated surface species.

The?°Si MAS and?°Si{*H} CPMAS NMR spectra for 6 nm 4$iNPs are shown iRigure
2.1c. TheseNMR spectra areirtually identical to those observguteviously’ and highlight the
dominant contribution from SiHsurface specie$-urthermore, the absence of a distinct peak at
1110 ppm n the?®Si MAS and?°Si{*H} CPMAS spectraconfirms that the particles atargely
oxidefree In Figure 2.1c, the bottom thretheoreticabpectra contain theomputed®Si chemical
shifts for the hydridgéerminated models and are compared to the experinféatalMR spectra.
The models were constructed by terminating slabs of the silicon crystal structure with the desired
surface orientation in hydrogen, optimizing the geometry, and then computing the theoretical
magnetic shielding valuesgeSection2.5. The predi cted valili3@ppmr ange
and strongly overlap with the experimental chemical shift range of the suréf 120 ppm).
This indicates thahe modelsformed hergrovide ahigh-quality approximation to the surface of
H-SiNPs.

Attention should be given to how the nature of the surface hydridiesnmodels depersl

on the surface orientation in a fashion analogous to silicon wéiiens ¢ 2.1b). Si(100}oriented
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models have a surface configuration ofS#H, where the central silicon is involved in twa Si

back bonds to the underlying silicon network and is terminated by two surface hyélides.
Si(111) and (110) models have the configuratiassil, indicating three $iSi back bonds and a
single terminal hydrid& The difference between Si(111) and Si(110) lies in the fact th&iithe

bond is normal to the surface for Si(111) and at an angle for SiEibOy¢ 2.1b). In Figure 2.1c,
groups such as SiSigSwhich correspond to silicon atoms that ladjacent hydrideapped silicon

sites are listed SiSiHz groups grafted onto the (111) and (110) models are also plotkegure

2.1c sinceSiSiHz is known to exist on the surface of$HNPs*%°In the remainder of thistudy;

only the data for models based on Si(111) will be presented in the mawhégttheotherscan

be found inAppendix A. The general trends in the theoretical magnetic shielding values are

consistent regardless of the silicon face on which the models are based.

2.22 S o tsi a15e NMR -BEb It hSdieN P s

Figure 2.2ashowsthe?°Si{1%F} CPMAS NMR specta for thregeplicatesamples of HSINPs. In
each spectrunthere are ife distinct peaks labeled fromto v, indicatingthat the fluorinated
species present in-BiNPs are reproducibl®eakiii is attributedto surface SiKspecies due to
its overlap with the surfaeselective?’Si{*H} CPMAS NMR spectrum(Figure 2.2b). Since only
29S| sitesproximate toF are detected witfPSi{*°F} CPMAS NMR spectroscopy, the detection
of SiHx species wth this techniqueconfirmsthe presence of fluorine on the surface eSiNIPs
Furthermore, the computéesi chemical shifts for Sikdadjacent to fluorinated sites are invariant
to the presence of a nearby fluoramshown irFigure 2.2b (e.g., the chemical shift of ansSiH
moiety is unaltered by a nearbysSiF). It is proposed thapeakiii also contains contributions
from OsSiF groups Figure 2.2c) based on two lines of evidence. First, previli4R studies of
fluorine-doped amorphous silicaa-G8i0;),%*%% silica fluorinated with & gas®’ and silica
nanoparticles fluorinated with NF°® suggest GBiF groups have chemical shifts in the range of
peakiii . It washypothesizedhat the opening dfiloxane bridges via fluorine substitution to form
OsSiF relieves strain, meaning that this configuration is energeticallydae’*%>°%190Second,
the DFT-computed®®Si chemical shifts for €5iF groups overlap with peak as illustrated in
Figure 2.2b, further supportinghis assignmentTherefore, it seems thats8SIF forms by two
modes, namely, by replacing a silanol during HF etcfii§cheme2.1a) and by fluorine-

mediatedopeningof siloxane bridges to relieve strain.
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Peakiv (T 110 ppm) cor r espPod’dowdvar,this pebkiisnat, Si
observed in thé’Si MAS or 2°Si{*H} CPMAS spectraKigure 2.1c) which is consistenwith the
IR (Figure 2.1a) and XPS dataHigure A4) of these particles that show they are largely
unoxidized The dominant presence of peiakin the 2°Si{!*F} CPMAS spectra indicates that
fluorine and silicon oxides are in close proximitis, along with the evidence foe8IF,suggests
that fluorine is directly incorporated into local oxidation domains on the surfacesdfiPis. This
finding is consistent with previous studies demonstrating that fluorine can be incorporated into the
oxide and at the Si/SiOnterface in thermally oxidized silicon wafef¥ 1°However, it must be
emphasized that for the-8iNPs studied here, the incorporation of fluorine into the oxide results
from HF etching and is not thermally driven as can be the case for oxidized &ifens.that
silicon surface sites bonded to oxygen are electrophilic, they will be more susceptible to attack by

nucleophilic fluorine species during HF etching. Thus, fluorine clustersSi@ar
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Figure 2.2. (a) 2°Si{'°F} CPMAS NMR spectra of 6 nm 43iNPs showing five distinct sites

labelled i-v (’ 10 kHz). (b) Comparison of the calculatédSi chemical shifts to an

experimentaP°Si{1°F} (top trace)and?°Si{*H} CPMAS (bottom trace) spectra. The theoretical
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29Sj chemical shifts are separated into models containing groups with both oxygen and fluorine
(O/F)1TSi(111) or fluorine alone (F)T1TSi(111).

The incorporation of fluorine into the oxide suggests that surface groups containing both
fluorine and oxygerare possiblédenoted as (O/F5i groups).Therefore, a series of computed
29Sj chemical shifts for groups of this nature are shown for Si(111Figure 2.2b, and
experimental values reportedtime literature for variougO/F)i Si groupsare listed inTable 2.1.
Using the theoretical results herein and previous experimental shiftsi, isegdsignedo silicon
atoms chemically bonded to one or taelectronegative groups (i.e., some combination of fluorine
and oxygeh such asSi>OSiF (Figure 2.2c). Chemically similar groups are also possible for
models based on other facésor example, surface species suchSaSiF and SiOSiFH are
patentialon Si(100) and have theoretical chemical shaftsrlapping withpeaki. Siliconspecies
bonded to one or two oxygextoms(e.g., SiSiSIO) that are close to fluorinated sitesn also
contribute tgoeaki. Indeed, this observation is consistent with fluorinkeamdy being incorporated
into the oxide but also clustering at the silicon/silicon oxide interface. In fact, the most probable
location for a group such as;SSIF is at the interface, since thamesilicon atomsridging the
gap between the oxide network and hyditieleninated surface. As mentioned above, the
clustering of fluorine in the oxide and at the interface has been observed in\¥f&Ehe final
groups that contribute to peakre surface silicon species terminated by a single fluorine. This is
supported by the overlap of the theoretical chemical shifts for groups s&wsaswith peaki
and the probable formatiasf terminalSii F during HF etching as outlined Bcheme2.1.
Table 2.1. Comparison of thé®Si Chemical Shifts of Groups Observed in Fluoibeped and

Fluorinated Silicas to the DFComputed Chemical Shifts for Analogous Groups.

Literatur e®Sippmor t ed| calculated

Refs.94,95 0 2%%i)/ppm

O.Sik 195 - - 1106
OsSiOH 1102 1102 - -
OsSiF 1106 1105 1103 1100,71 101,71 102
O4Si 1112 1112 1112 1105
O4SiF 1119 1119 1125 1142
OsSik 1125 - - -
0O:Sik 1132 - - -

aThe three calculated 2°Si chemical shift values for an O3SiF group correspond (in order) to those computed for the models based on
Si(111), Si(110), and the oxidized model.
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Since peaks (SiX; SiXawhere X = F or O)jii (surface; GSiF), andiv (silicon oxides)
have been assigned, only psakandv remain unidentifiedPeakii is assignedo siliconspecies
bonded to three electronegative ataf8s<s; X = F or O)such asSiO:SiF (Figure 2.2c). This
assignment is made based on the overlap of the theoré8cahemical shifts for these groups
with peakii. In principle, peakii could alsocorrespond to SiS#However SiSiRzis unlikely to
existdue to the extreme polarization of the central silicon and steric accessibility of a terminal
SiFs. This means thabiFs will further undergoa rapid reaction and be lost as Sifuring HF
etching, as it is a highly volatile species.

Finally, peakv is assignedo the[SiFs]? octahedra of N&SiFs. As mentioned above,
[SiFe]? is formed duringhe etching of Si@with HF.”® A comparison of thé°Si{!°F} CPMAS
NMR spectra for 6 nm ¥BiNPs and N£5iFs (Figure A5) shows thaboth spectraantainpeakv.
Furthermore?®Na NMR spectroscopy shows that both sampsegtwo peaksat 5 and 1 16
corresponding to the two crystallographic sodium sites ¥sNa(Figure A6).2%#The presece of
sodiumis attributed to the etching of Pyrex stir bars and test tubes byuHRg the synthesis
procedure. Pyrex is etched by ¥Fand nominally contains approximately 4.2 mol%,®&°
Therefore, hexafluorosilicic acid formed legching SiO, precipitates with sodium as b&iFs,
which has low solubility in water and dilute solutions of aqueous®Eis noted that the amount
of NaSiFs contamination is low since sodium could not be detected by EDX or X&8e(Al

andFigure A3), and no evidence for this compound is found in the XRiDure Al).

223So ks @fFe NMR ¢Eft chhled Si NPs
Owing to the larggyromagnetic ratio of°F (~94% that otH),’? 1% NMR spectroscopy is ideal

for fingerprinting trace fluorinated speci¥$, precisely the scenario faced hefide 1°F MAS

NMR spectra for 6 and 21 nm-&iNPs are shown iRigure 2.3a. The spectra contain an intense

PP

peak at 1152 ppm, whi édm NaSikP cqnfomigshe %S [ Si F

assignment of above. The assignment of this peak is supported by a comparisort$f MAaS
NMR spectra for 6 nm ¥5iNPs and NgSiFs (Figure A5). Concerningother possiblgSiFs]?
species, there may be evidence for gNkSiFsin the spectra since th€F chemical shift of this
compound is around127 ppm?3Figure 2.3ashows thagrelatively intense signal is observed in
this region for alsamplesalthough it issharper and more pronounced in the blue tidoeever,
there are napparensources of Nl" during the synthesjand no nitrogen was detected by EDX
or XPS {Table A1 andFigure A3).
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Figure 2.3b comparesthe experimental’c NMR spectra to the DFEomputed®F
chemical shifts for models containimgriousfluorine-terminatecand (O/F) Si groups. The lower
frequency regionf the'>F MAS NMR spectra has single broad feature spanning betwe&80
and1 200 ppm.This featureis assignedo groups such as §SiF capped by a single fluorine.
Although adsorbed HF could appéathis rangée!°thisis where the DFFpredicted°F chemical
shifts of silicon species terminated by a single fluorine odeurthermore, the broad nature of this
feature is consistent withii F in a distribution of environments as is expected for the disordered
surface of HSINPs3"*8Thus, evidence for termin&ii F groups is found in thEF and®°Si NMR

and is consistent with predictions based on the mechanism of HF etching.
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Figure 2.3. (a) Enlargedview of 1%F MAS NMR spectra of 21 nm and 6 nm3iNPs { 20
kHz). (b) Comparison of the calculaté® chemical shifts to the experimentdF MAS spectra

of 6 nm HSINPs. Asterisk (*) indicate spinning sidebands and the tilde (~) in (b) indicates that
the peak corresponding to [SJF'has been truncated.

The'°F MAS NMR spectra ifFigures 2.3a and2.3b also contain a broad shoulder on the
high-frequency side of th§SiFs]? peak ati 152 ppm.This shouldeiis tentatively assignetb
OsSiF in a distribution of chemical environments. As showifrigure 2.3b, the computed®F

chemical shift for GSiF for the Si(111) model overlaps with this shoultler (/(**F) = 1147
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ppm)and is consistent with previously reported values in the literatureahgébetween 146
andi 156 ppm(Table 2.2). The'®F chemical shifts of €5iF groups in several different chemical
environmentdave also been computethetheoreticalvalue for this group in an environment of
extended oxidatiom s T 1 4(Bigurp A7M whichis closeto thereported chemical shift of
OsSiF in fluorinedopeda-SiO; (i 146 ppn).®4 Interestingly,when this group iplaced ornthe
Si(110) face Figure A8), the theoreticat® chemical shift i§ 136 ppm which is significantly
differentfrom that forOsSiF on Si(111) or in the oxidized modBlonetheless, thigariability in
computed!®F chemical shift for OsSiF is consistent with the range whlues reported in the
literature, supporting the broad nature of the shoulder and the high sensitiifycheémical shift
to changes in its chemical environment.

Table 2.2. Comparison of théF Chemical Shifts of Groups Observed in Fluoideped and
Fluorinated Silicas to the DFComputed Chemical Shifts for Analogous Graups

Literature®)/mported caculated

Refs.94,95 0 1%)/ppm

O.Sik 1160 - - 1145
OsSiF 1156 T 156 114846 1147,1136,1 149
O4SIF 1153 1153 1136/ 1 1135
OsSiP 1149 1147 114846 -
OsSik 1144 - - -
O:Sik 1137 - - -

3solated QSiF groups.

bOsSiF groups close to other groups of the s&ind.

‘Refs.94 and95 are earlier studies and do not determine whethe©O#8& groups are isolated or close to other groups of the
same kind.

9The three calculate®F chemical shift values for ans8IF group correspond (in order) to thasenputed for the models based
on Si(111), Si(110), and the oxidized model.

It is challenging to make further assignments in‘fff'eMAS NMR spectra due to the
similar chemical shifts of severaD(F)i Si speciesHowever, based on the theoretié® values
(Figures 2.3b, A9, A10), the region betweeaoa. 1 100 and1 150 ppm generally corresponds to
(O/F)i Si species and 8iF- groups. Given the strong evidence f&/E)i Si groups in the°Si
NMR data, theprobability that these groups are on the surface -&8iMPs is high. However,
assigning peaks to specifiOfF) Si species is not feasible given their simildF magnetic

shielding values and the resolutiortioé '°F NMR spectrdnerein
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23 Di scussion

231El ectroni c EfTeercmisnaotfi oFnl uor i ne
Above, astructural modehas been proposedth variousfluorinated moieties on the surface of
H-SiNPs using experimental and theoretical NMFRsults However, there haget to be an
exploration of how fluorine influenceshe local electronic environmenof silicon. This
information can be obtained Isgudyingthe origin of thedeshieldingof silicon species capped
with a single fluorine (SBiF; deshielded relativeydrideterminatedsilicon sites). This warrants
further exploration because similar changes’®i shielding have been observed in silicon
nanosheets terminated with chlorine and hydroxyl lig&héfs Given the importance of
halogenation in silicon surface chemistty®!tan understanding dhe influence of fluorine
termination on the electronic structuseneeded

To gain insight into the electronic influence of fluorine substitutitwe, relationship
betweena nucleus' magnetic shielding (M&)dits electronic structures now consideredlt is
often only t he i ssthatieneported, aviich i® the isotropis dhielding of @ U
nucleus relative to a reference compound. However, MS is an anisotropic parameter described by
a secongtank tensor. In the nerelativistic domain, the total MS tensor can be arbitrarily
decomposeihto a sum of the diamagnetic and paramagnetic t&tms.

a d a P

Diamagnetic shielding depends only on the ground electronic state. In contrast, paramagnetic
shielding involves a sum over excited states and is quite responsive to changes in the local
environment of a given nucleus. Detailed descriptions of the shietdimgpr can be found
elsewhere?11213nowever, a brief theoretical overview of paramagnetic shielding will be given
for the subsequent examination. When the gauge origin is at the nucleus of intereést, the
component of the paramagnetic shielding tensor () is given by°

Q- r Bi 0 fm7 I BORT r BOsrr 1 Bi 0 {7
U a 0 ©

c8

wheref and[ are the ground and excited state wavefunctions, respectively, with
eigenvalues (energie§) andO . i is the distance of electré@rom the nucleus , whiled

and0  are the angular momentum operators with respect to the nuclear and gauge origins,
respectively (which are the same in the above expression). This equation states that paramagnetic

shielding arises from the mixing of excited singlet state character mggrolund state through the
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interaction of the electrons with the external magnetic fielg)(and the magnetic moment of the
nucleus of interest ( 0 ). However, this formulation is only suitable for simple molecules and
is not implemented in modern computational software. Within the gacgeling atomic orbital
formalism used by ADF, paramagnetic shielding is decomposed into contributions from the
coupling of occupied molecular orbitals (MOs) with both virtual MOs and other occupied
MOs2h114115t is the formerkind of coupling that is largely oimportance forbelow. The
occupiedvirtual MO couplings can be subject to pairwise anatysig considering integrals of
the type

e 0 - C®
where'Q cafuftxande ande are occupied and virtual MOs, respectively. If the new state
generated by the action of the angular momentum operator on the occupieéd MO)(overlaps
with the unaltered virtual MOX 9 then a pair of MOs can contribute to ¥iSTherefore, group
theory can be used to determine selection rules for MO couplings.

Analysis of(P can be extremely useful for understanding the electronic environment of a
nucleus. Duetothe factorintheoperatar 0 ;, par amagnetic shi-el ding
sightedo and effectively sampl es t Ruehelmore al e n\
the energy difference in the denominator (‘'0) means that the largest contributions come from
the frontier MOs since tlyebring the smallestlifference in energyTherefore, analyzing the
contributions from frontier MOs around a fluoriterminated silicon modetan also be
informative for understanding the electronic environments around fluorinated sites in
microcrystallineand nanoscale silicon systems.

To perform the MO analysis, §SiH and SSiF have been modeledin Si(111}like
configurations contained within clusters aof Gymmetry(Figure A11; the chemical formulae for
the clusters are H§H1s and SioHisF, respectivelylandthe MS has been compute@he pairwise
contributions of the canonical MOs t® can be computed using ADFHowever, three
methodological points should be noted. First, the calculation must be performed with the cluster
already in itgrincipal axis system (PAS). Second, the analysis can only be performed at the scalar
or spinorbit-ZORA levels of theory. Lastly, symmetry must be disabled because the analysis uses
the spinorbit branch of the NMR code, which requires that symmetryisabbbd.

The clusters were optimized at the PBEO/TZ2P level of theory. The MO symmetries were

then obtained from single point calculations on the optimized clusters at the- scalar
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ZORA/PBEOE0)/TZ2P level of theory. NMR calculations were then carried out at the same level
as the single point calculations to obtain the shielding tensors for the central silicon ate®islin Si

and S§SiF (boldface will now be used to indicate the atoms for which the shielding tensors were
computed). Consistent with the\&ymmetry, both computed shielding tensdrale 2.3) are

axialy symmetic with,,  being the unique component for eathese initial NMR calculations

also showed that the clusters were already in their PAS; for both clystdrs, hand,

coincide with the moleculaihufandd axes, respectively, with corresponding to the $Qixis of

each model. Finally, a second NMR calculation was performed for each at the same level of theory
to obtain the canonical MO contributions.

For SgSiH, thepr i nci pal components ofu=t49082ppmt a l s |
U22=49024p p m, s@=n5d7.2%ppm. Upon substitution of fluorine for hydrogen, the total
shiel di ng=278l0p mmxp=i26711p p m, a=rbI59%pm. Thedeshieldingof
SisSiF is clearly driven byhe magnitudes afi1a n do. (tiis similar for both SiSiH and SiSiF,
meaning that the deshielding ofSiF is driven bylP as expected. Relative tozSiH,,, and,
are more negativiey about 204 pprfor SizSiF, while,, is similar for both.

Table 2.3. 2°Si Magnetic Shielding Tensors forsSiH and SiSiF Groups in Models With &
Symmetry.

Contribution

SioH16
¢ (total) 878.57 878.58 880.70 879.28
0P (gauge) 3.26 3.27 2.25 2.9
0P (occocc) 117.43 117.3 93.67 19.@
0P (occvir) 1374.18 1374.22 1459.37 1402.59
0P (total) 1388.35 1 388.35 1363.45 1380.05
0 (tota 490.22 490.24 517.5 499.23
Si1oH15F
¢ (total) 869.13 869.13 883.84 874.03
0P (gauge) 2.62 2.62 1.68 2.31
0P (occocc) 1104.12 1103.% 116.73 130.44
0P (occvir) 1490.52 1490.70 1491.67 1490.96
&P (total) 1592.(8 71592.(8 1373.5 1519.10
G (tota 277.10 277.11 510.8 354.93

aThe isotropic shielding is the averagelief, (22, and(iza.
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Thebreakdowrof the components af into MO couplingss now consideredrable 2.3
shows that the occupiemlc cupi ed MO coupl i ng,s aadp nforSgSlBut e T 1
and only 117 ppm to the @SiH The sqoupieddriuat §y§IO ¢ o mp o |
couplings contribute, aapdprforSiSimnatatdyi BZ @&GMHpp pmf b
Therefore, larger deshielding contributions from both occup@lipied and occupiedrtual MO
couplings give rise to more negatiye and, for SeSIF. The distinct effect op and, can
be partially understood by considering the symmetry properties of the angular momentum
operators{§ IfQ afudti) and the frontier MOs of the two cluster models. The angular momentum
operators transform as the rotational operatbiss forthe Gy point group,Y and’Y transform
asE, while'Y transforms agw.. Considering the frontier MOs, the HOMO fordbl1e transforms
asAo, and the doubly degenerate HOM®elongs to th& representationFjgure 2.4a). It should
be noted thatOMO and HOMQL1 areeffectively degenerate since their computed energies differ
by only 0.0@ eV (0.3 kJ/mol). In term®f unoccupied MOs, the LUMO is fully symmetric under

all operations of the point group and therefore transformdg.as
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SiIOHIG

a.

Gy, contr. = -8.04 ppm o,, contr. = -8.11 ppm

24a, (-0.726 eV)

5a, (-8.996 eV)
25e(2) (-9.000 eV) 25e(1) (-9.000 eV)

b.

oy, contr. =-112.25 ppm G,, contr. =-112.29 ppm

26a, (-1.209 eV)

26e(2) (-8.912 eV) 26e(1) (-8.912 eV)

5a, (—9.[;98 eV}
Figure 2.4. (a) Paramagnetic shielding contribution taS#f arising from HOMG1z2 LUMO
mixing. (b) Paramagnetic shielding contribution teS#t arising from HOMG@ LUMO mixing.

The spacing between MOs in both panels is not an exact representation of the energy difference

between MOs.

As seen irthe SigH16 cluster, the highest occupied MOs of theolSisF cluster Figure
2.4b) also belong to thE and Az representations and the LUMO transforms\asHowever, the
pair of occupiedE MOs now lie higher in energy than tAeMO (they areessentially degenerate

in ShoHz1e). In both clusters, the pair &forbitals can influencéP by coupling with the respective

LUMOSs (A1). Recalling that the angular momentum operators have the same symmetry properties
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as the rotational operators, tfoedlowing integral descrilb&the couplingof these MOsnduced by
the applied magnetic field
w0 Q 8
By taking the direct product of the threenter integrand, the fully symmetric representation is
only contained for integrals involvirig ando .
65 ;80 © 0 O
Hence, the coupling of the occupi&dorbitals in both clusters with the respective LUMOs can

C®

onl y contan dsidceghede prindipal axes are collinear with the axes of the rotational
operatorsY andY ,r espectively. Although the coangl i ng
U2z for both clusters, the magnitudes of the deshielding contributions are significantly different.

For SgSiH, the mixing of the occupiel orbitals with the LUMO only contributes approximately

T 8 ppmah d For SiSiF, the mixing of the occupiel orbitals with the LUMO has a

|l arge contribution of 1T112 ppm. This is the |
for either cluster. Two factors can explain the efiéint contributions from these frontier MOs in

each cluster. First, the coupling of tBéMOs with the LUMO is stronger for $§8iF (Table A2).

Second, the energy gap betweenEidOs and the LUMO is smaller for ©H1sF and leads to a

larger magnitude contribution (8.27 eV gap foroSis and 7.70 eV for S¢H1sF). Hence, the

coupling of theE MOs with the LUMO is one of the key factors driving the deshielding s8iSi

While other MO pairs contribute, the leading contribusibavebeen examinednd some of the
theoretical background underpinning the observed trends indd®een providedt is expected

that thedeshieldingof chlorinecapped®Si sitesrecently observed in chloristerminated silicon
nanosheetss also driven byhe magnitudes aiiza n @&

232Chall enges Wit hChFelmuiosrtirnye Sur f ace
During this study,Teflon contamination was a consistent challengkis fluoropolymer is
ubiquitous in chemistry labs and chemically inert However, °F signal from Teflonwas
observed int°F NMR spectra originating from two sourcésrst, Teflon signal arising from the
caps of NMR rotors made the interpretation of early NMR speetaaly impossiblelue to the

low fluorine content in HSINPs (see aboveJhis resulted in thé®F backgroundsignalfrom the
rotor caps overwhelming the signal from theSHNPs and reduced fluorine caps were necessary

to limit the background interferenddMR probes can also have a strdfig background that can
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cause similar problems, meaning thdtée stator housing and probe components may be required.
Thesehardware issueare, in principle straightforward tacorrect, although not always readily
accessible in many research facilitiétowever, addressing hardware challenges aloneis
sufficientto solve the Teflon problem

Teflon contaminatiowluring synthesisan originate from stir barbeakersand centrifuge
tubescomposed of TeflonA comparison of thé’F NMR spectra of Teflosape(Figure 2.5a;
green trace) and 6 nm-GiNPs prepared usingTeflon-coated stir bar for HF etchindrigure
2.5a; black trace) shows minor Teflon contaminatibthe nanoparticlesThe beaker used during
the HF etching of this sample was composed of polypropy#rtethe subsequent extraction was
performed with polgthylenepipettes and Pyrex test tubes. Hertbe,contamination originated
from the stir barwhich was likelyabraded awaws itstirred the Si/Si@compositeOne solution
that addresses this challenge is toaBgrex stir bar during etchings indicated by the grey trace
in Figure 2.5a. Aside from using a Pyrex stir bahis sample was prepared undgherwise
identical conditionsand no Tefloncontaminationis observed. Another sample prepared with a
Pyrex stir bar (blue trace Higure 2.3a) also does not show evidence of Teflon contamination.
Furthermore, the purification of functionalized SiNPs using {sigbedTeflon centrifuge tubes
has also led to pminent Teflon contamination. Therefoaution should bexercised during
future studies of nanomaterials prepared with Teflon lab equipment, especially if fluorine
guantification is a desired part of the analysis. As a final note, the risaderindedhat glass is
etched by HFand thereforaghe use of Pyrex stir bars must be carried out with castiare tley

may be slowly etched with time.
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Figure 2.5. (8) °F MAS NMR spectraof Teflon (green) and 6 nm-BiNPs prepared using a
Teflon (black) orPyrex (grey) stir bar ( 18-20 kHz). (b)Variation of 1F spectra including
the disappearance o0f 10KkHEz). phe dlde (~ih panel(8) Indigatpsm  (

that the upper half of the peak corresponding tos]3ifas been truncated.

Two final matters to consider. First, while tfSi NMR signaturedor H-SiNPs do not
change significantly with time, tH&F NMR signaturegor some samples exhibit changEgjure
5b shows thé®F MAS NMR spectra of a sample of 6 nmSiNPs collected immediately after
synthesis and approxi mately six weeks | ater.
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however, it is essentially gone after six weeks. While this peak is near the reported*figuids
chemical shift of Si'*®this speciess too volatile to be present. Therefore, this piealttributed

to a surfaceadsorbed fluorine species (e.g., a triigerine salt) that reacts further to form more
[SiFe]? © This has been observed for silicon, germanium, and gallium arsenide surfaces treated with
HF solutions buffered with ammonium fluoridf€ Frictional reating induced by magic angle
spinning( T > m2yalsddrjve this reaction toward the formation [8iFs]? ' by assisting

surface rearrangements

Figure 2 5b illustrates that other changes also occtinét®F NMR fingerprintswith time.
Initially, a p e a k a tis apptodifately pauivalent in intensity to [§if at 1152 ppm.
After five weeks, this peak is partially masked and appears as a shoulder on tfredugmcy
side of the [Sif}? peak (this shoulddnas beerassigned to €5iF). Thisis alsoconsistent with
forming more [Sik]? as the sample agadowever, after these initial changas, more variation
in the'®F NMR resultsis observedi.e.,theNMR signatures arstable) In this paper, af®F NMR
spectra of 6 nm EBiNPs have been shown in their stable fornréproducibility and clarityaside
from those inFigure 2.5). It is also notd that the'>F NMR resultsfor some samplesxhibit no
variationright from the start. For examplthe °F NMR results for the sampighown in a blue
trace in this workdid not change with timeCollectively, this suggests that the surface €3iNPs
and its associated adsorbed species are complexreby surface rearrangements may accur
While the fluorinated surface moieties are reproducible (see above), it may be that the adsorbed
species can varjeadng to the intensity changes or disappearance of peaks for some samples.

24 Concl usi ons

This study combines experimental and theoretical analysis of fluorinated species on the surface of
H-SiNPs prepared by thermal processing of HSQ. 2P8e NMR datarevealsthat fluorine is
incorporated into local oxidatiodomainson the surface of #5iNPs. This conclusion is drawn

from the dominant presence of §pecies irf°Si{}°F} CPMAS NMR spectra despite the particles
themselvedeing largely oxide-free Evidence for fluorinated species residing at the interface
between the hydrideerminated surface and the silicon oxide network is also found. This is
implicated by distinct peaks in théSi{**F} CPMAS NMR spectra that quantum chemical
computations suggest correspsrid silicon atoms chemically bonded to one, two, or three

electronegative atoms (i.e., F, O, or a combination of both). The localization of fluorine in the
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oxide and at the silicon/silicon oxide interface is consistent with past studies of silicon wafers.
Surface sites terminated by a single fluorine (e.gSiB) are also identified by the experimental
and theoretical®F and?°Si NMR data. Relative to hydride passivatiéigi sitesterminatecby
fluorine are deshieldedQuantum chemical modeling reveals that this is driven by deshielding
cont r i buwa n dahétcan be partially explained by the symmetry properties of some of
the frontier MOs. Thdormation of terminal SiF groups is also consistent with the proposed

mechanism of HF etching.

Collectively, this work fills a longstandingknowledge gap abotle surface structure of
SiNPsafter HF etchingWith the information gained herein, future work can be undertaken to
refinethe proposedurface model of fluorinated SiNPs and exploit this knowledge for applications

in biological and optoelectronic domains.

25 Materials & Methods
As an aide to the reader, the NMR, IR, and XPS data presented in the main #gpandix A

are colorcoded such that spectra shown in the same color correspond to those collected for the
same sample. To obtain sufficient sample volume, each NMR rotor was packed-@iPEl

from one to three batches of particles prepared by HF etching of Sd&niposite. Hence, one
Asampl ed i n t hi s -SiNBsplatrwere gatkedrirdo atrotor anchaoadyzed wus$ing

NMR spectroscopy. Other spectroscopic dataach sample was acquired as outlilaer in this

section.
251 Sttairng Material s
Hydrofluoric (Electronic grade, 48150 %) and

purchased from Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming
sulfuric acid (reagent grade, 20% frees3f@ses), trichlorosilane (99%), toluene (HPLC grade),
ethanol (reagent grade);dbdecene (95.0%), and benzene (anhydrous, 99.8%) were purchased
from SigmaAldrich.

252Synt hesis of Hydrogen Silsesquioxane
HSQ was synthesized using a modified literature proced@Bziefly, 210 mL of dry toluene was
added dropwise to a mixture of concentrated (70 mL) and fuming (32.5 mL) sulfuric acid under

an argon atmosphere with continuous stirring using a Tefbated stir bar. A second solution of

dry toluene (510 mL) and tritrosilane (75 mL) was subsequently added dropwise to the reaction
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mixture with continuous stirring and under a constant argon flow. After the second addition, the
toluene layer was isolated and washed twice with 900 mL solutions of concents&t@dH10
(volumetric ratio ofl:2). MgSQ and CaCQ@were then added to the toluene layer and the mixture
was continuously stirred overnight for drying purposes. The mixture was then centrifuged for 20
min at 12,000 rpm to collect the supernatant, which was subsequently filtered with a Buchner

funnel. Afterremoving toluene on a rotary evaporator, HSQ was obtained as a white solid.

253Preparation o%i Pand 21 nm H

H-SiNPs were prepared using a procedure developed by Veiradf®>* HSQ was thermally
processed in a zirconia boat (Almath Crucibles Ltd.) using a horizontal tube furnace (Sentro Tech)
under a flowing 100% Ar or 5% #95% Ar atmosphere with the temperature set to 1200 °C or
1400 °C (ramp rate of 5°C/min) for 6 and 21 nm particles, respectively. A 1 h dwell time was used
in the syntheses of both particle sizes. The resulting dark brown composite was mechanically
groundin 100% ethanol using an agate mortar and pestle to form a light brown suspension. The
suspension was theransferred using a glass Pasteur pipette to a-thadled, peaishaped 500

mL glass flask containing higpurity glass beads and shaken overnight with a wrist action shaker.
To obtain freestanding43iNPs, approximately 1 g of the composite in questias treated with

an etching solution comprised of ethanol, distilled water, and aqueous 49% HF (1:1:1). In a typical
etch, 1 g ofthe composite was dispersed in 10 mL of 100% ethanol and sonicated for 30 s in a
polypropylene beaker. Subsequently, distilleter (10 mL) was added to the composite/ethanol
mixture and sonicated for another 30 s. Finally, the etch was commenced upon adding aqueous
49% HF (10 mL) with continuous stirring using a Pyrexadieflon-coated stir bar. (Note: Using

a Tefloncoated stir bar can lead to trace Teflon contaminatioexpkined inSection 2.3.2
Completion of the etching was indicated by a change in color of the initial brown suspension to a
light-yellow orange, which typically occurred after 60 to 70 min. The etchiogegs was
guenched upon adding toluene dhne hydrophobic FEINPs were extracted into Pyrex test tubes
usingapolyethylenepipette After extraction, the FBiNP/toluene suspension was centrifuged for

5 min, and the supernatant was removed and discarded. This process was repeated in triplicate.
After the third round of centrifugation, the supernatant was removed, and-8isR4 were
dispersed in benzene, transferred into a vial, and fréeed using the vacuum on a standard

Schlenk line.
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254Ai-Sensi-tayePKotoel ect(iXdr8)Spectroscop)
After the HSINPs were dispersed in benzene (immediately before freeze drying) a Pasteur pipette
was used to drop cast benzene suspensionsSINAs onto pieces of copper foil whiclergthen
transferred into a glove box for storage. An inert atmosphere vessel was used to transport the
prepared XPS samples from the glove box to the XPS instrument for measuremesgasaive

XPS was carried out on a PHI VP3 Scanning Probe XPS sysiaipped with a monochromatic

Al Kgradiation source (1486.6 eV) opengtat 49.18 W. Highresolution spectra were measured

using an analyzer pass energy of 55 eV and steps of 0.09 eV. Survey spectra were measured using
a pass energy of 224 eV and steps of 0.8 eV. All spectra were calibrated to the aliphatic component
of theC 1s of adventitious carbon (284.8 eV) and fit using the CasaXPS (VAMAS) software with

a Shirleytype background. When fitting the Si 2p region, the area ratio for theoggincouple

doublet was fixed to 2:1 with the splitting fixed to 0.62 eV.

255Transmi ssion Electron Microscopy (TE
H-SiNPs were first rendered solution processable wittodecene using a waedktablished
procedure®A dilute toluene suspension of the resulting dodéeyhinated SiNPs was deposited

onto an ultrathin carbeooated copper grid (Electron Microscopy Inc.) Brifjetd TEM images

were acquired using a JEQIEM-ARM200CF S/TEM electron microscope at an accelerating

voltage of 200 kV. Images were analyzed using the ImageJ software.

256 Ener gy Di-spyerSpeect Xoscopy ( EDX)
EDX was performed on a Zeiss Sigma 300RESEM equipped with a Bruker EDX spectroscopy
system. The EDX system contains dual silicon drift detectors, each with an area of @@ dnm

resolution of 123 eV.

257PowderayX Di ffraction (XRD)

PowderXRD patterns were collected on a Bruker D8 Advance diffractometer after NMR analysis.
6 nm HSINPs were removed from the zirconia NMR rotor, dispersed in toluene, and drop cast
onto a zero background Si crystal plate. Diffraction patterns were collecteiia 2 d + ange

90°in 0.0197° increments. The crystallite sizes were estimated using the Scherrer equation:
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whereQis the mean crystallite size,is the shape factor which is equal to 0.94 for spherical
crystallites of a cubic systeh)_isthe Xr ay wa v el «s0.45406 nn)ais the fulk
width-at-half-maximum (FWHM) of the reflections (rad), ands the Bragg angle (rad).

258Fourier Transfor med HTnifR)ared Spectro
FTIR was performed on a Thermo Nicolet 8700 FTIR spectrometer with a Continuum FTIR
microscope by drogasting a toluene suspension eSiHNPs onto a silicon wafer. A background

spectrum was acquired for the silicon wafer alone.

259Sotsitdat e Nucl ear Magnetic Resonance (
All NMR spectra were collected at a field strength of 9.39 T on a Bruker Avance Il HD 400 MHz
NMR spectrometer using a Phoenix NMR NB 400 MHz H/FXY 3.2 mm MAS probe with a
free stator housing for a reduc€g background. Samples were packed under an inert atmosphere
into 3.2 mm zirconia rotors with reducE® top and bottom caps (Phoenix NMR, Colorado, USA).
One to three batches of&INPs obtained from separate 1 g etches (1 g of SI/&@posite)
were combined in a rotor at a time such that thal sample volume wasa. 30 mg. All spectra
were acquired under magangle spinning conditions with a spinning frequency ranging between
10 and 20 kHz.

19 MAS NMR spectra were collected using a Hawho pulse sequence with /2 pulse
|l ength ranging from 2.5 to 5.5 e¢gs, a recycle
transients®®*Si MAS NMR spectra wer/e2 cpuil2e=7lBausi ng
recycle delay set to 500 s, and the number efdabed transients set to 128 or 286i{*H} cross
polarizatio®MAS ( CPMAS) NMR spectra WapulseortHpranipedct ed u
HartmanHahn match or°Si, a 3 ms contact time, a 4 s recycle delay, TEPN decoupling,
and between 600 and 2,048-added transient®Si{1°F} CPMAS NMR spectra were collected
using a 2.% $/2 pulse ort°F, ramped Hartmahrlahn match oA°Si, a 3 ms contact time, a recycle
delay of 4.5 or 5 s, TPPMF decoupling, and between 130,000 and 205,0eédded transients.
NaSikwas used as a sectmdapgpmr=fiel 2 Jpdp pupirat nwd Gl 1 (€
ppm with respect to CFE(*°F, 0 ppm) and TMS?{Si, 0 ppm):2?

22Na MAS NMRspectawere acquired using Bloetiecay and Hahecho pulse sequences
forNaSiFsand 6 nmHSi NPs, respectively. A 2. 5= ¢1s00 /KH z2)x

a recycle delay of 5 s were used for each experiment, with the numbefadtied transients
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ranging from 16 to 20, 000. Solid “NaPpm=wa8s use

ppm*22with respect to 1M NaQlg)a t 2°Nia) <0 ppm.

2510 Quantum Chemi cal Computati ons
Computations were performed using the Amsterdam Density Functional (ADF) program (version
2019.305)23125 To model the surface of -BiNPs, cluster models were constructed from
crystalline silicon (space group'©Q@a ). First, a large cluster of crystalline silicon was generated
using the VESTA softwar®® Then either the Si(100), (111) or (110) lattice planes were
visualized depending on the desired surface orientation. After visualization of the desired plane,
seleced Si atoms wereemoved to leave the desired face exposed, and the entire model was
terminated with hydrogen atoms. The geometry was then optimized using density functional theory
(DFT) with the hybrid PBEO function& and the TZP basis s&f All other models were
generated by grafting the desired chemical groups (€.@r -SiHz) onto the exposed face of a
hydrideterminated model followed by optimization of the geometry at the same level of theory.
To model oxidation, oxygen atoms were first inserted betwedeBi ackbonds of an optimized
hydrideterminated model. Hydrogen atoms were then added where required and the geometry was
optimized at the PBEO/TZP level of theory. Images of all cluster models can be fa\pueimdix

A.

Theoretical'®F and?°Si magnetic shielding values were computed with DFT using the
hybrid PBEO functional with a 50% admixture of Hartfeeck exchange (HFX) and the TZ2P
basis se(ZZORA/PBE0E0)/TZ2P).1281t is important to note that the standard PBEO functional has
a 25% admixture of HFX2” A 50% admixture of HFX has previously been shown to give the best
agreement with experiment&lF shielding value$?® The zerothorder regular approximation
(ZORA)Y 132 was used to account for scalar relativistic effects. Test calculations including spin
orbit coupling (SOCY3 were also performed. Although SOC can lead to a small incred¥e in
and 2°Si shielding relative to the inclusion of scalar relativistic effects al@a®l¢ A3), any
differences cancel out when shielding is converted to chemical shift. To further assess the chosen
level of theory,'®F, and ?°Si shielding values were computed for S#d compared to the
experimental value§$4 13 Table A4 shows that the computed shielding constants with 50% HFX
agree very well with the experimental values. The theorefiSakhieldingis nearly identical to

the experimental value.
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Theoretical shielding values (0) were con\

K2SiFs compound (space group®©doa ) as a reference by the relationships

# omna d nna a

# Y®na d nna d
where 17135 and 1 184 % and’Siahemicalshifes of BSiprespeictivedyn t a |
(Figure A12). The values ofl for F and?°Si are 328 and 553 ppm, respectively, and were

obtained from NMRcalculations for a [KSiFe] cluster performed at the ZORA/PBEQY/TZ2P
level of theory.
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Chapter 3. Future Wor k

31 Heteronucl ea(rHEToGCGB®R)Y at i 0 s 'cFedDpeyt excrt e d
Met hods

This thesis has provided a structural moidelfluorinated speciesn the surface of +BiNPs.
However,future work exploiting more advanced NMRmethodscould enablehis model to be
improved For example, initial attempts &1Si{1°F} HETCOR were unsuccessful in this study due
to the poor sensitivity imparted by the low fluorine contgrit.5%)and relatively low natural
abundance of°Si (4.7%). This area may benefit from hig@nsitivitytechniquessuch as high
field dynamic nuclear polarizatiofDNP) or fast MAS*F-detected NMRmethods High-field
DNP and fast MAS wald provide improvedensitivity and resolution thadald enablearticular
(O/F)i Si species to be distinguishé&.14® Similarly, °F-detection may provide additioral
filtering of the®F dimensiorin a fashion analogous tel-detection irbiomolecular solid$*Y 14
Finally, sensitivity enhancements could be obtained by direct fluammeaft H-SINPs with
XeR. Alkyl functionality can be attached to SiNPs uskef~;!'® however, direct treatment of-H
SiNPs withthis compoundcould increase the fluorine content on the surface and provide the

required sensitivity boo$br successfut®Si{**F} HETCOR experiments
32 Si Ns Mul ti modal Me dsi c a | | magi ng Age.l

An extension of the work in this thesis is to selectively label SINPs with a fluorinated ligand for
19 MRI applicationsThere is nd°F backgroundsignalin biological systemswhich makesthe
development ofF MRI contrastagentsan area of substantiaiterest’*146147The tailorable
surface chemistry arliocompaibility of SINPs means that they aecellentcandidategor this
application a fluorinated tagcan beattached to the surface SiNPsusing weltestablished
hydrosilylation method?? Furthermore tissuespecific targeting of te nanoparticlesnay be
possible viasize exclusion andareful design of the fluorinatedg.

Multimodalmedicalimagingis also gpossibility. For examplepartialexchange of°F for
18F on afluorinatedligand may enabé *°F MRI to be used in conjunction withositron emission
tomography (PE). Thiscouldprovideunprecedented insight into diseases that include concurrent
structural and metabolic chang@sg., many cancerspue to theworld-class NMR MRI, and
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cyclotron facilitiesatthe University of Alberta these research directions are uniquely addressable

at this institution
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AppendAppbe ment arGh aDpattear f20r

Unmasking Fluorinated Moieties on the Surface of HydrideTerminated Silicon

Nanoparticles Using Solidstate NMR Spectroscopy

Table Al. Elemental Composition of 6 nm-HiNPs as Determined by EDX.

Element ‘ At%
C 89.46
O 1.37
= 0.05
Si 8.36
aCu 0.76

dCoppersignal arises from theltrathin carborcoated copper grid (Electron Microscopy Inc.)

Table A2. Magnetic Coupling of the Highe&tying Occupied MOs that Transform Bswith the
Respective LUMOs in &iH1s and SioHisF Clusters.

Field ?rﬁgl i(rlfgror aUnoccupied| @0ccupied Magnitude of Y (eV)
component ?I) y spinorbital spinorbital MO coupling I

SioH16

1 I 157 151 0.958187 101 8.273

2 I 157 153 0.973642 101 8.272
SitoH1sF

1 I 165 161 0.154370 7.701

2 I 165 163 0.155129 7.700

aSee supplementary note 1.

Supplementary note 1ADF uses the sp#orbit branch of the NMR code to compute pairwise

contributions of MO couplings to the paramagnetic shielding tensor (even-bdpireffects are

not included) For scalar relativistic calculations, the contributions are liste@darivalent pairs

of spinorbitals. For example, the sum of the
(b) would correspond to the total contributi ol

calculations are related to the canonical MOsftbe single point calculation as follows:
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SioH16: Spinorbital 1574 i U0 ¢ o mp o @ eSpinosbitabl6A A0 compo@@ nt s of
: Spinorbital 1537 U0 compoe&®nts of 25
SiioH1sF: Spinorbital 16%, i U0 ¢ 0 mp oa ;Spinorbitald6A 200 c o mpoa(@ nt s of
; Spinorbital 163 U0 compo@&®nts of 26

Table A3. Influence of SpirOrbit Coupling on thé’F and?°Si Magnetic Shielding of ¥SiFs
Computed at the ZORA/PBEO(50)/TZ2P Level of Theory.

Scalar ZORA Spin-Orbit ZORA

[KeSiFs]®* 328.402 553.619 331.444 566.370

Table A4. Comparison of the ExperimentdF and?®Si Isotropic Magnetic Shielding for SiF
(gas phasdp the Theoretical Values Computed with a 25% or 50% Admixture of HFX.

lfliso lc.’liso
Level of Theory ‘ (9F)/ppm ‘ (29Si)/ppm
ScalarZORA/PBEOQ/TZ2P 345.139 464.153
Scalar ZORA/PBEO(50% a
HEX)/TZ2P 354.159 481.198
Experiment 363 62 482 10°
aCorresponds toacomputtf chemi cal shift of 7T160.757 ppm
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Figure Al. Powder XRD pattern for the 6 nftSINPs sample. The cross indicates an instrumental

artifact.

5.19(99)
N=311

O L]
a 6 8

T
2 10

Figure A2. Bright-field TEM images of dodecyl terminated silicon nanopartidiée nset shows

the average shifted histogrdm.
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Figure A3. XPS survey spectrum for 6 nm-&INPsbeforeNMR analysis Stars { ) indicateSi

plasmon loss peaks.
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Figure A4. High-resolution Si 2p XPS spectrum for 6 nm3iNPsbeforeNMR analysis. The
table in the inset indicates the Si 2p peak composition.
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60 30 0 -30 -60 -90 —120 —150 180 -210
8 (*°Si)ppm
Figure A5. (a) *°F MAS NMR and (b)*°Si{*°*F} CPMAS NMR spectra of 6 nm 4$iNPs and
NaSiFs. The gectra were collectedvith ’ 10-20 kHz. Asterisks (*) indicate spinning

sidebands.
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A

40 20 0 | —éO | —£|10 | —éO
& (**Na)/ppm
Figure A6. 2Na MAS NMR spectra of 6 nm43iNPs and NsBiFs. Both spectra were collected
with’ 10 kHz.

Supplementary note 2tn the following images of the clusters used to model the surface of H

SiNPs, spheres coloreshite, beige, red, and green represent hydrogen, silicon, oxygen, and
fluorine, respectively.

( Hydrogen
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Figure A8. Si(110) model containingneOsSiF.

Si4: 6 (2°Si)/ppm = -104.927
Si8: 6 (2°Si)/ppm = -102.107
Si18: 6 (27Si)/ppm = -105.734
F36: 6 (°F)/ppm = -148.689

Si24: 5 (29Si)/ppm = -18.411
Si39: 6 (29Si)/ppm = -105.785
Si49: & (2°Si)/ppm = -100.627
Si51: & (29Si)/ppm = -6.108
F115: & (19F)/ppm = -135.585
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Figure A9. (a) Comparison of the calculaté®F chemical shifts to the experimentdF MAS
NMR spectra of 6 nm ¥5iNPs. (b) Comparison of the calculaté®i chemical shifts to the
experimental°Si{1°F} CPMAS spectra. For clarity, th&Si chemical shifts in panel (b) are
separated into models containing groups with both oxygen and fluoring E)/H)O) or fluorine
alone (Fj Si(100).
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Figure A10. (a) Comparison of the calculatéd chemical shifts to the experimentéF MAS
NMR spectra of 6 nm ¥5iNPs. (b) Comparison of the calculaté®i chemical shifts to the
experimentalP°Si{1°F} CPMAS spectra. For clarity, th€Si chemical shifts in panel (b) are

separated into models containing groups with both oxygen and fluoring 8X/E)0) or fluorine
alone (Fj Si(110).
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Figure Al11. (a) SikoH1is and (b) SioHisF models with G, symmetry as viewed from down the C

axis which corresponds to the moleculads.
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Figure A12. (a) 1% and (b¥°Si MAS NMR spectra of KSiFs collected with a spinning frequency
of 20 kHz. The recycle delays were set to 310 and 500'8F@nd?°Si, respectively.

60 90 -120 -150 -180 -210 -240

5 ("9F)/ppm

60 30 0 -30 -60 -90 -120 -150 -180 -210
5 (*°Si)/ppm

Figure A13. (a) 1% MAS NMR and (b}°Si{*°F} CPMAS NMR spectra of 6 nm 4$iNPs. Each

color trace corresponds to a different sample of 6 R8INPsS. For the colored pairs in (a), the top
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(bottom) trace wasollected with 20 kHz (15kHz). All spectra in (b) were collected with

’ 10 kHz.Asterisk (*) indicates spinningidebands.
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25i{'H} CPMAS

Post seven months v(CH,) v(SiH,) v(Si0) 5(SiH,)
C. e e
23, direct Before \rw.‘d
Y

a. 25i{'H} CPMAS

0 20 -40 60 -80 -100 -120 -140 -160 -180 -200

& (°Si/ppm)
Freshly prepared ii

% Transmittance

iii iv

- : - : - :
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Post seven months iv v

60 30 0 30 -60 -90 -120 -150 -180 210
5 (*'siyppm

Figure A14. (a)?°Si MAS, ?°Si{*H} CPMAS, and (b¥°Si{*°F} CPMAS NMR spectra of a sample
of H-SiNPs freshly prepared and after seven months stored in a sealed 3.2 mm rotor under ambient
conditions. (c) IRspectra were collected before NMR analysis (freshly prepared) and after (post

seven months).
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Figure A15. 2°SiMAS and®*Si{*H} CPMAS NMR spectra of three samples 6f3#NPs collected
with & 10 kHz.

¢ q“. - & - . 2 @ Sil: 6 (2°Si)/ppm = -142.109

F6: 6 (*°F)/ppm = -135.027

a4
Figure A16. Quantum chemical model of am®F species and thHé€F and?°Si chemical shifts

computed at the scalZORA/PBEO(50)/TZ2P level of theory. This cluster has a formal charge of
T 1.
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Figure A17. Hydride-terminated model based on Si(100).
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Figure A18. Hydrideterminated model based on Si(111).
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Figure A20. Hydride-terminated model based on Si(110).
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Figure A21. Hydride-terminated model with an Sgigrafted onto Si(110).
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Figure A22. Si(100) model containing SBiFH.
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Figure A23. Si(100) model containing SBiF».
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Figure A24. Si(100) model containing £8i(OH).
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Si30: & (¥°Si)/ppm = 15.817
Si32: & (2°Si)/ppm = -82.67
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Figure A25. Si(100) model containing £&iH(OH).
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Figure A26. Si(100) model containing £SiFH.
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Figure A27. Si(100) model containing SiF.
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Figure A28. Si(100) model containing SIOSiFH.
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Figure A29. Si(100) model containing SIOSIF
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Figure A30. Si(111) model containing $BiF.
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Figure A31. Si(111) model containing three adjaceniS8 groups.

& & 81
% & s ) @t ©
“ . e @u i 29¢; -
w % & S Si4: & (29Si)/ppm = 23.084
& € % Si21: 6 (29Si)/ppm = -93.593
40 2 “’% Si45: & (*°Si)/ppm = 41.334
‘- & 2 e e F92: & (1F)/ppm = -117.686
B 5 e
I ™ . Cue
@ e,
al & @, 1 “
@ . % v %
& @€

Figure A32. Si(111) model containing SDSiF.
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Figure A34. Si(111) model containing 43iF.
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Figure A35. Si(111) model with an Sggrafted on.
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Figure A36. Si(111) model containing asSi(OH).
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Figure A38. Si(110) model containing a SiSiF.
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Figure A39. Si(110) model containing a$Si(OH).

Figure A40. Si(110) model containing a ®SiF.
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