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Importance of Surfaces

Surfaces govern many physical properties of materials
» Surfaces often play a key role in how materials will interact with each other
Chemical, physical, electronic, and mechanical properties can all be tuned

The ability to tune the surface, but maintain a material’s bulk properties, is the
foundation of many advanced materials

One way to modify the surface of a material is to apply a coating of another
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What Can Monolayers Do?

Organic Interface:
- can determine surface properties
- can change surface functional groups
- can alter electronic properties

Terminal
Functional _
Group Spacer group:
- can provide well-defined thickness
Spacer > - can act as a physical barrier
- can alter electronic and optical properties
- can provide stability to the monolayer
Binding
Group ’ :l—l_ Substrate - Monolayer Interface:
- interaction can determine binding strength
Substrate > - can modify electronic states

Science of monolayers can be divided into three main parts:

Design and synthesis of ligands
Characterization of monolayers on surfaces
Study of the properties and applications N
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Why Phosphonic Acids?

* (Can bind to an oxide surface with up to 3 bonds.
* Do not self-condense easily, resulting in less multilayer formation

* Are often crystalline solids and stable in ambient environments, i.e. no

special storage necessary
R

oSo * Surface modification can be

/ O N\ .
\ completed in the presence of
* water
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* Are effective at reducing the

number of OH groups on the
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A Range of Applications

BaTiO, Tio, —
s 2
» h% 3
Sesecuee
=
geo
Light
Gold-nanoparticle Templating OPVs and OLEDs

Capacitors

Changing Surface Energy
NJ
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General Synthetic Scheme

0 0
R« P(OEY)s _ R F-OEt TMSBr , MeOH, R<_ [_oH

heat OEt DCM OH

X =Cl,Br, |

« An Sy2 reaction that works for primary and secondary aliphatic halides
(benzyl halides work especially well)

« Does not work for aryl or tertiary aliphatic halides — arylphosphonates can
be synthesized via other methods

« Synthesis and purification is usually trivial
« Resulting phosphonate is very stable

« Phosphonic acids can usually be recrystallized and/or washed with
organic solvents

* Yields are often high

Michaelis, et al., Chem. Ber. 1898, 31, 1048 <« IBCTR
Arbuzov, J. Russ. Phys. Chem. 1906, 38, 687 <




Types of Phosphonic Acids Synthesized
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Types of Phosphonic Acids Synthesized
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Types of Phosphonic Acids Synthesized
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Modifying the Surface

Planar substrates

slow solvent

evaporation
dissolved >

phosphonic acid T * i

phosphonic

metal oxide —i l i‘ acid film

Important considerations: pre-cleaning of surface, temperature, removal of excess and
loosely-bound ligand

Nanoparticles

o 5 times excess PA
o 95% EtOH

Important considerations: pre-dispersion of particles, temperature, removal of excess

and loosely-bound ligand <
Q@ IBCTR .
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Proposed Mechanism of Attachment

/Fl’\/OH FIQ

% R R
- . o) _HO IUN — 2 N

OH OH OHl OH OHO' 0 ogo
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M M M MM M MM M M M M

« Coordination of phosphoryl group to Lewis acid site on surface
» Heterocondensation

i

__OH
O_P\OH i R R
o=h=J" O=p HO=R
-H,0 | -H,0 /\ \ / N\
OHOH OH OHO OH OHO © O 3 0
| | || ||
MM M M M M M M M M M M

* Heterocondensation
Important factors: cleanliness of surface, Lewis acidity, surface hydroxyl content, heat

Brodard-Severac et al., Chem. Mater. 2008, 20, 5191 < N WBCTR
Guerrero, et al., J. Mater. Chem. 2005, 15, 3761 < <




Possible Binding Modes

i i R R R
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Brodard-Severac et al., Chem. Mater. 2008, 20, 5191



XPS Analysis

O(1s) C(1s)
o |2) b)
}'g J/L DSCIOM F_F
2 : bsc e .
g | DSC/OP | FHOPA FE . noR
5 ' FHOPA P T F F F
ko] 1 ~ F
¥ \ \.__PraPA M/\ F NP NP
= 1 OH OH
g . ODPA ODP;WVJ/\‘ Ho P -oH g/‘OH HO’E‘OH HO’E‘OH (‘F;/‘OH
= (o]
ZO ! HPA HPA FHOPA PFBPA ODPA HPA TFBdiPA
: TFBAiPA | TFBAiPA
T | T | | | T T | | l |
534 532 530 528 526 294 292 290 288 286 284 282
Binding Energy (eV)
In(4s)
c) P(2p) d), F(1s)
8 FHOPA NGPs2)  Relevant XPS spectra of PA
@ WV\M:W%\, modified ITO versus DSC/OP
FHOPA

2 treated ITO.
= M«I‘M\?RF,’M
()]
N HPA
©
£
5 TFBdiP TFBdiPA
P P2p In4s Fls In3p, ,

| | | | | | | | | | |

135 130 125 120 690 685 680 675 670 665 660

Binding Energy (eV)

Paniagua et al., J. Phys. Chem. C. 2008, 112, 7809
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IRRAS Studies

955
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Paniagua et al., J. Phys. Chem. C. 2008, 112, 7809

 Infrared Reflection Absorption
Spectroscopy (IRRAS) can be
used to study the binding sites of
PAs to surfaces

« IRRAS of ODPA on ITO indicates

a primarily bidentate bonding to
the surface

z|—o.
=—o0
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XPS Analysis

OPA powder OPA-ITO Bulk O
1.0-
0.81
Surface OH
0.6 P=0...In
P—O-In

0.4

0.2

Normalized Intensity

All components added together
Fit error

0.0

534 532 530 528
Binding Energy (eV)

* O(1s) peak of OPA on ITO is comprised of a number of oxygen species

* Deconvolution of this peak can give insight into the binding mode of PAs R R
on ITO Ot/Fl)\ !

* The absence of any peak at ~ 534 eV (which would correspond to H- o O O/'(')\O
bonded configurations) suggests that bidentate and tridentate binding % W
modes are predominant <
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Importance of Work Function
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Normalized Intensities

Tuning the Work Function — 15t Study

F

m mm mm "

ﬁg ; ®_ =2122¢eV-BE.
DSC DSC/OP PFBPA ODPA HPA TFBdiPA
4.5 5.1 4.9 4.5 4.5 4.5 — Work Function
DSCIIOP « DSC/OP and FHOPA show the largest increase
FH(I)PA ; in work function (+0.6 eV) vs. DSC ITO
PFBLE/\ - PFBPA shows a slightly smaller increase (0.4 eV)
ODlpA « ODPA, HPA, and TFBIidiPA show no change
HF'»;J?\ » The bond dipole of the PA binding group also
TFBC'“PA plays a role in the overall dipole on the surface

DISC

r+ 1 " 1
17.0 16.0 15.0

N
Binding Energy (eV) ‘@ WBCTR o
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Tuning the Work Function — Z”d Study

DSC/OP
5.5

DSC
4.5

pCF.BnPA

F F F
F/CE\F F F
OH OH OH

P~oH

o}
oF,BnPA
4.4 5.2

DSC/OP
mpF.,BnPA

mF,BnPA
F;BnPA

pFBnPA

Normalized Intensities

DSC

oF,BnPA

|
17.0

Binding Energy (eV)

16.5 16.0 15.5

OH : JOH

ﬁ‘OH ﬁ\OH

mpF;BnPA  CF;BnPA

5.3 5.6 —> Work Function

pCF;BnPA shows the largest increase
in work function (+1.1 eV) vs. DSC
ITO

pCF;BnPA shows a slight decrease in
work function (-0.1 eV) vs. DSC ITO

Various other work functions are
obtained by varying the fluorination on
the ring

\J
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Comparison of Experiment and Theory

s L e
. N B Experimental AD
Lot Computational A®
0951 - ‘7:7!:11 7777777777777777777777777 - - - -Linear trendline | |
i -+ Linear trendline

0.75 - ;+T
-

@, 0.55 - {'
S
< 0.35 -
0.15 -
-0.05 - 1];
-0.25 ‘ ‘ ‘ ‘ ‘
2.5 -2 15 -1 -0.5 0 0.5

Uz (Debye)

The calculated A® (using a density of coverage of 7.4 x 103 molecules/cm?)
are slightly larger than those measured experimentally for ITO modified with
the same compounds.

The slopes of the experimental data (-0.48 eV/Debye) and the calculated 4
data (-0.39 eV/Debye) are in good agreement. ‘@ IBCTR =
Hotchkiss et al.. Adv. Mater 2009 21(44) 4496




Improved OLED Performance
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* Work function change due to . Luminance of fabricated OLEDs
OP is reversible shows decreased decay with
« Work function change due to FHOPA vs. OP treated ITO
PA monolayer is stable - Operating voltage also kept lower
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Surface Energy

* Surface energy is a quantification of the disruption of
molecular bonds when a surface is created

* (Can be divided into 4 contributing forces:
Permanent and induced dipoles, hydrogen bonding (polar component)

Instantaneous dipoles (dispersion component)

e (Can also think about it in forces of cohesion and adhesion can
play a role

* Control over these properties can allow for better interfacial
properties between materials

NJ
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Importance of Surface Energy

R R
33333333333333333333 poeen EEEEEEEEEEEEEEEEEEEE

monolayer-modified surface

» Metal oxides have relatively high surfaces energies and many
organic hole-transport materials have relatively low surface energies

« The organic layer can delaminate over time

* Device lifetime and performance could be decreased <«
2 IBCTR .



TUNING THE SURFACE ENERGY — 1°" STUDY

Upper column: Polar F_F
"+ - e e Cooo o -
Lower column: Dispersive i g
“E 60 - " :
:-" F/F F = ~F
£ 50 I X ]%I\
> / F F
5 40 - HO-P~OH P~oH  Ho-h-oH
c o] o] o]
' 30 - . ) PFBPA  ODPA
g || -
€20+ |+t 4t 11 -
=
n
10 1 R F
L Q Y
T T T T T T ’ﬁ‘ R P/\
0 ) MY oL B g on
DSC DSC/OP HPA ODPA FHOPA PFBPA TFBdiPA .
HPA TFBdiPA

Treatment /| modification done to the ITO

Errors on surface energies are £ 1 mJ/m?

« PA modification of ITO reduces overall surface energy

« Specifically, the polar component is reduced while the dispersive
component is kept relatively the same

Many organic hole-transport materials are non-polar
N
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Tuning the Surface Energy — 2" Study

F
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Treatment mpF;BnPA CF;BnPA

Errors on surface energies are £ 1 mJ/m?

« Surface energy can be kept relatively constant (~ 35 + 2 mJ/m?)
regardless of PA modifier used

Work function can be tuned 1.2 eV while keeping the surface energy constant

NJ
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Conclusions

* Monolayers can play an important role in the surface properties of
materials

* Avariety of phosphonic acids (not all shown) can be synthesized with few
steps in high yields

* PAs can be used to modify the surfaces of ITO (and other metal oxides)
* PAs bind to ITO via bidentate and tridentate bonds

* The functionalized PAs shown can substantially change both the work
function and the surface energy of the ITO surface

* Incorporating PA monolayers into OLED devices can improve the
luminance and lifetime of the device

A
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Part Il — Explosives (Energetic Materials) ETG

XDLO

* Focused Research

* Understanding properties
*  New formulations

* New approaches to research

 Another Level of Rigor

* Opportunities to Support Non-Scientists
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Surface Energies of Energetic Materials

* Improved elucidation of the underlying physics which govern the
interfacial behavior of explosive materials will enable optimization
of explosives detection in checkpoint security applications and
improvement in munitions formulation

* Many of these critical interactions have not been evaluated
carefully

* Additionally, the relationship between these interactions and the
method by which they are characterized has not been examined in
detail

* Developing a fundamental knowledge of how various interfacial
characterization approaches are related creates a context where
results can be appropriately analyzed and utilized

NJ
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Water Droplet on TNT

Fig. 1. A droplet of water on a trinitrotoluene (TNT) thin film illustrating the
components of Young's equation. In this system, # is the contact angle, and ., 7. .
and y, are the interfacial energies at the water-vapor, TNT-vapor and TNT-water
interfaces. The contact angle value 15 greater than 90° in agreement with the

relatively hydrophobic nature of the TNT thin film.

NJ
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90 ,

Surface Ene rg les 80  mmm Dispersive Component (IGC) -

[ Dispersive Component
[1Polar Component
gol [N Total -

50 |- -
40|

30

Surface Energy [m..la’m‘?]

PETN TNT RDX HNAB HNS

Fig. 3. Surface energy and surface energy components of the energetic materials.
The dispersive surface energy components from this study compare well to the
dispersive surface energy determined through the IGC method [ 16]. The dispersive
component dominates for each of the films studied. The error bars for the results of
this work indicate the 95% confidence interval of regression coefficients. The IGC
dispersive component error bars indicate a 95% confidence interval around the
mean values.
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Triaminotrinitrobenzene (TATB)

 The molecular crystal explosive 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB) is attractive from a safety perspective due to its extreme
insensitivity to accidental initiation

» Several research groups have demonstrated that formulations and
‘neat’ pellets pressed from smaller particle TATB powders exhibit
increased sensitivity [3—5] and improved detonation spreading

* Sensitivity is inversely linked to the inherent safety of explosive
devices, motivating research aimed at optimizing the balance
between ease of purposeful initiation and safety

 Qur approach was to develop a means to tailor the initiation
properties of TATB by controllably modifying the particle size and
morphology of the powder.

NJ
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Carbon Dioxide Assisted Nebulization with a
Bubble Dryer

Heated Tee

A N2 Gas Heater
C02 +Sol'n
Flow Restricor

Liquid

C0o2 .

Supply

N2
Supply Drying Heated bath for
Chamber solvent and product
Heated
CO2 Pump Solvent Pump
—J —

e e

Filter
Assembly.

Drawing of CAN-BD setup used

A
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SEM Images

* The CAN-BD process, as currently
configured, produces particles of a
much more uniform shape and size
that traditional crash precipitation
methods

* Particle size measurements were
conducted on three runs in order to

understand reproducibility and then |
combined for an average distribution o b o
* Mean particle sizes were found to be U-OSE I% 005 1T H :
217, 248 and 238 nm for Runs 1, 2 o 11 mﬂﬂo o .0E 1[111] TM .
and 3 ) respectlvely Particle Size (nm) Particle Size (nm)
Run 3 Combined
 Similar distributions were found in 15 015

each run, indicating a well-controlled,
reproducible process

0.10 i 0.10

|
005 005

* The combined mean particle size is
228 nm 000 = ol gml

0 100 200 300 400 500 600 0 100 200 300 400 500 600
Particle Size (nm) Panticle Size (nm)
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Combinatorial HME Formulation

* For all intents and purposes, homemade explosives (HMEs) are used for
nefarious reasons

* Much of the work to date characterizing HMEs has been on cataloging /
understanding their safety and blast properties

* Not as much work has been done to systematically study their physical and
chemical properties that determine how to best detect / identify them
* Too many combinations and permutations, ratios and impurities
* Expensive
« Safety concerns considering the amounts that are usually made (see 2" main
bullet)

* A better understanding of potential impurities or degradation products
from HMEs may assist in detection or attribution efforts

Why not use automated dispensing methods to formulate HMEs in small
amounts in order to study their physical and chemical properties?

NJ
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Formulations — 10 mg or Less

* For method and capability development we
are focusing on several common fuel/oxidizer

mixtures 96 well plate
 Allowed us to test different deposition / mixing 900000000000
methods for different types of materials ©00000000000
: ) @0OO00O0O00000O0
* Published properties allowed us to compare 000000000000
results @000 O0O0O0O0O0O0O0OO
: : : @000 O0O0O0OO0O0O00OO0
. <
Keeping printed mixtures to <10 mg reduces 000000000000
safety concerns and waste (most samples 000000000000
consumed by experiments) P v I 1
* Rigorous experimental design were used to Fuel Mixtures Oxidizer
ensure repeatable, reproducible deposition
* Ratios of fuel to oxidizer were systematically
varied to understand end effects
N
“@ IBCTR
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Inkjet Printing System

= Three-axis positioning system !_ _
=  Microscopes for droplet imaging and é_wfer’ I

registration

= Pipelet™ dispensing mechanism
= Dosage volumes range from a few

nanoliters to several microliters per |
second

= Volume dispensed is independent of | ®
the liquid's properties like viscosity 11
or surface tension over a wide range o

= Particle laden dispersions can be

easily printed — clogging is limited Inkjet dispensing system showing reservoir, dispensing

tip, and registration microscope.

l'!'in
* @
-
- ..

Strobe-illuminated photographs of Al/Bi,0; ink droplet formation. 100 pus between images.
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96-Well Plates

* Industry standard 96-well plates are attractive for throughput and standardization

e Eventually can print directly into well plates for a given instrument and analyze in
an automated fashion for high throughput

* Large number of samples allows for proper statistics and confidence in results

* For R&D purposes we are used custom-made well plates (PTFE) with same overall
dimensions and spacing as ANSI industry standard (9 mm center to center
distances, 18 mm for vial-containing 48-well plates)

* Well plates designed for holding containers are designed to have container
protrude for easy insertion/removal and potential sealing during aging experiments

IBCTR




Explosives Vapor Pressures

] ¢ NM
1 0-3 _ + HP
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Explosive Compound Class
Figure 2. A plot of the average or the preferred explosive VPs at 25°C. These values are from the data presented in Table 3. Values are given in ‘ N m BCT’R
atmospheres on a log scale with horizontal lines placed every three decades. This figure illustrates the relationship of VPs between the various
explosive compounds. <4
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Part lll — Cooperative Threat Reduction (CTR)

 Non-laboratory Research

*  No more synthesis — but just as challenging!
*  Country analyses
* Research on safety/security concepts

*  Engagement approaches
* Able to utilize past experience
* Opportunity to Support Other Nations
* Collaboration with many countries

* Specifically, | work closely with Irag, Turkey, Yemen, Pakistan

NJ
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Innovative solutions for countering
biological and chemical threats globally

Strengthen capacities to safely, securely, and responsibly detect,
handle, and control dangerous biological and chemical agents
* Promote the responsible use of biological and chemical agents,
equipment, and expertise globally
* Improve understanding and management of the risks associated with
accidental and deliberate misuse of biological and chemical agents.
* Encourage global partnerships and adherence to international risk
management standards
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IBCTR core capabilities




IBCTR’s Global Experience




Inventory Management Tools

Chemical Management Software (CMS)

* Promote a fundamental approach to
managing chemicals in the laboratory,
focused on security and safety

* Sandia-developed CMS inventory tool

* Designed to be used as a simple system
at small institutions

* Has access control options, ability to
save and share databases, and to flag
chemicals of concern

* Hands-on training on effective chemical
inventory management systems

* Including: laboratory management best
practices for procurement, receiving,
tracking, and proper storage of
chemicals

CHEMICAL INVENTORY MANAGEMENT SYSTEM

Chemical Secunty Engagement Program

Installatton Guide
and User Manual

A
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CMS Software Screenshot

& CMS - Ci\ProgramData\ CMS\ crr -
File Hel
§ ()
Q / O v J 2 e
Search — Reports Stock Check Import Manage Users Settings
| | |
& Inventory Update = O x \ k-
i he Inventory item fields and then click the Save Cha button t I il ?3 J? g
Barcode Location Owner | Datelin ED);;:ieratlon Che :’l‘:i;:‘i:q;:nlfe\l:z|E:5rrr\1l:uyt|he rln:n;I:TJUWf:lm;ui5:\ﬂ;v:l)ul‘(:?1:w:l e :';g Units State Ej., E E _g g ?g . %
Barcode | AQO0879822 Owner C Straut ¥ E % E % ‘é 38,_ E :'g EL E
ey TR R - S 1 E & NEEEIE
AQO0879819 | Cabinet FC-2 | WM Alle| 2005-06-24 Nama  |Fydogen Perexide o 7 I X
AQQ0879843 | Cabinet FC-2 |WM Alle| 2009-12-10 bt [BBRE o s L X
AQO00879828 Shed WM Alle| 2011-02-24 cm3 X 1
AQO0879831 Shed  |WM Alle| 2009-05-17 Bl A Ry, [0 o3 X 7
AQ00879817 Shelf A C Straut | 2003-05-24 Fer| St e il (U Soon - mL 7
AQ00879840 Shelf A-1 | C Straut| 2011-10-15 —_ kg 7
AQ00879825 Cabinet B | C Straut | 1996-10-20 Hydr mg T
AQ00879833 Cabinet B | C Straut|2012-05-07 Hydr m Physical Hazard g 7
AQO0879822 | Cabinet C-1 |C Straut|2010-04-23 Hydrg = e 7 Corosive g X 7
AQ00879821 Cabinet C-1 | C Straut| 1996-05-08 Magr ) mg 1
) Theft [] Health Hazard | Explosive
AQO00879820 | Cabinet FC-2 |WM Alle| 1998-02-07 _ ) L X
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AQ00879824 Cabinet C-1 [J Hardes| 2002-10-24 Sod g lz] 1
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AQO0879826 Shelf A C Straut| 2009-11-19 Thiodiglycol bis(3-aminocrotonate) | 13560-49-1 G 2 kg 13
AQ00879827 | Cabinet C-1 [J Harde<|2012-02-04 Trichloronitromethane 76-06-2 G 1.5 mg
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Security Upgrades

Protected Area

| Limited Area
ﬁxclusion Area

L

Reduce the risk of intentional removal (theft) of a
valuable biological or chemical material

Implement comprehensive security program
* Includes all five pillars
* Based of identified risks, layered security concept,
and local infrastructure

Support safety best practices

\J
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International Nonproliferation Export Control

Program (INECP)

MISSION

Strengthen global
efforts to prevent
proliferation of
WMD-related
materials,
equipment, and
technology

ENFORCEMENT

AREAS OF ENGAGEMENT

Proliferation Risk Analysis in the Licensing
Process

- Ensure the license review process competently
assesses proliferation risks associated with end-
uses and end-users, and ensure technical
specialists are being utilized

Government Outreach and Enterprise
Compliance

- Assist governments to establish outreach
programs and promote enterprise compliance at
key enterprises and technology holders

WMD-related Commodity Identification Training
and reach-back for Customs

- Ensure enforcement personnel are sensitized to
WMD-related materials and equipment, and
have access to technical/analytical resources
and support

\J
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CBRNE CIT Course Obijectives

Goal: Enable enforcement personnel to better mitigate CBRNE threat by gaining a better understanding of
the commodities and circumstances that might indicate non-state actor CBRNE threats

* Understand WMD/CBRNE core concepts Understand the types of traditional Weapons of Mass Destruction
(WMD)

- Understand how non-state actor CBRNE weapons can differ from traditional state sponsored WMD weapons

- Describe consequences of development and potential use of CBRNE weapons by non-state actors/terrorists

- lllustrate CBRNE threat through case study examples
. Identify the commodities needed to make CBRNE weapons

- Recognize the availability of CBRNE equipment and starter materials

- Understand that many CBRNE commodities have legitimate commercial/peaceful uses that are not weapons related

- Identify means by which non-state actors can acquire CBRNE commodities

- Recognize combinations of commodities that may indicate CBRNE activity

- Describe how the presence of these commodities in some circumstances may indicate clandestine weapons activities
* Understand enforcement agencies’ role in preventing proliferation of CBRNE weapons

- Describe the totality of circumstances principle and how it relates to CBRNE issues and concerns

- Recognize that law enforcement action can slow or stop CBRNE weapon development and/or deployment

€ IBCTR
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Types of Surface Modifiers

R=SH Noble metals (esp. gold, silver)
R=NH; Cadmium selenide, gold
X
R-Si-X .
X Various metal oxides (esp. glass, ITO)
X =H, Cl, OR
0
ron Various metal oxides (esp. glass, ITO)
R-OH Iron oxide, silicon, glass
0
R—P-OH Various metal oxides (esp. ITO, TiO,), cadmium selegide
on ‘@ IBCTR

Love et al., Chem. Rev. 2005, 105, 1103 v



Importance of ITO Pre-Cleaning

from modifier +
contamination

FRFFRFFRF
(a) HO. . E
=7 HO~
3 Cls S FFFFFF
. FHOPA
£ > 296 294 292 290 288 286 284 282
c —
£ 2 (c)
T | T | | | |
292 290 288 286 284 282 .
Binding energy (eV) i
1.DSCITO — i.FHOPA modified DSC ITO 4 F1s In3p,, 5
2.DSC/OP ITO — ' L,
690 685 680 675 670 665 660 655

Binding energy (eV)

Oxygen plasma (OP) treatment reduces initial surface contamination and
increases reactive surface sites over detergent/solvent cleaned (DSC) alone

<@ IBCTR

Data and Figures from S. Paniagua Paniagua et al., J. Phys. ChemXC. 2008, 112, 780




Determination of the Work Function from UPS

200 - ks hy = 21.22 eV |
= |
1507 o ;
> 100
@ = E/n+21.22 eV — E, /"X
50 —
=
z o For DSC ITO
€ 5
8000 — @m =10.0eV + 21.22 eV - 26.8eV
200
2 VBM=
60007 © 32eVEE. (c) @m =4.4¢eV
150 — B
"o 4000 —
< 100
. 2000 - E.= 26.80 eV E.C.
R =0.00 eV E.E.
0 — i el )
| I !
12 22 27

Kinetic Energy (eV)
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Data and Figure from S. Paniagua



ATuning the Work Function (®) with a Dipole

e - e -

Az T Az . T hv = energy of incoming light
vac S
Electron vac(s) E, max @ = —- r- ~—- E, max a .
energy i‘— T > A :+ \\ AEkmin ®,, = work function of metal
E, min 1+ -
hv AN € _________ \EadV ¥ .
- RNt i ] T CEge) e S T - E,, (o) ®, = work function of detector
I I
I I I
Pm | Yy Y E,.c(*) = vacuum level
| : l | l at infinitiy
| I I
| I I
I | I
——----————'———{—-Fermi Ievel—-: ————————— Fermi Ievel—-: —————————— EvaC(S) - yacuum level
: of the solid
|
|
- E,™ax = primary electrons

excited from Fermi level

sample detector detector
hv/ i
Y E,M" = secondary
e . .
e electrons just escaping the
L solid above E,(S)
e )
"'/\/\'.

» Work function is the energy difference of an electron at the Fermi level vs. a singly
ionized solid with the electron at rest at E ,,(s) just outside the solid

« E,/Mnand E, 2 can be detected by Ultraviolet Photoelectron Spectroscopy ‘U PS)
measurements q@ IBCTR

Figure adapted from Cahen et al., Adv. Water. 2003, 15,2



IRRAS

lllustration of the interaction of incoming infrared radiation (E;) with a highly
reflective surface as a grazing angle (6), where:

E, = reflected radiation
E/, E. = the s components of the electric fields of incident and reflected radiation.
E,', E," = the p components of the electric fields of incident and reflected radiation.

NJ
Hayden, B. E., Reflection Absorption Infrared Spectroscopy. In Vib@nﬂ%é-ﬁRscopy
of Molecules on Surfaces, Yates, J. T.; Madey, T. E., Eds. 1987; pp 267-344.




XPS

O ejected photoelectron

A

vacuum

— Fermi level
—— valence band

2s o-O

incident x-ray

ts ——O-O0———
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Arbuzov and Hydrolysis Mechanisms
Cer o qu R. Q

R— Lo~ ——— (o7& @ —— —Pg + e
(@] / —
—pC0 o\
\/ \\ RT +\ AN

phosphonate

R
O |
- - U *
b N
P (o) . ~ .8} /R ‘./ /SI o
=II3—R + —Si= - = /S" /P\O’S'\ + Br — T
S | o e O=P-R + g
W N0
_Si
|
/S'\O/—\O R<9 0 H* o
+ _O. <
O‘\II:D—R H W 8 OH; > \,-OH
—_— - —_— -
Ne: O / ® repeated water hydrolysis R \OH
r e
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Arylphosphonates
Q| L @(:—\IP/—OO//_\ N @F‘(Zo/\/\_\

e

TN
|-
ge) {o 0
Gt OB e O
AN
Pd(PPhs),
Pd
EtsN - HBr
ArBr
EtsN
HPdBr ArPdBr

N

ArP(0O)(OR), HOP(OR), N

AN,
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OLED Device Layers

a-NPD

PA monolayer —

ITO substrate —>»

AR

Light
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pcal/sec

Isothermal Titration Calorimetry

12

10

8 -

[ ’L/ﬂ(r [TTTTTITIITTITTTTITIITT

T T T T T T T T T
0.00 83.33 166.67 250.00 333.33

Time (min)

Raw ITC graph — peaks of heat flow
corresponding to injections of titrant
into sample cell

Data collected by N. Hankins

T T T T T T T T T
0 - n =m |
.-...IIIII | ]}
" .
n
|}
| |
2 .
|
=
5 n
[+
o
=
T -4- .
@ n
©
=
©
L2
|
-6 - .
416.67
n
n
-8 - " =
T T T T T T T T T T
0.0 0.5 1.0 1.5 20 25
Molar Ratio

Corresponding isotherm — integrated peaks from
raw ITC graph with respect to time, then take into

account concentrations <
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31P MAS NMR

36 3028 20 12

. e f)
ol

%

HO-F~oH HO-F~OH HO-F~oH
o) o) o)

ODPA OPA PhPA

]
.....

ppm
Dashed lines — unbound PA
Solid lines — PA bound to ITO NPs

« 8 ppm shift is seen between unbound PhPA (20 ppm) and OPA (36 ppm) vs.
PhPA-ITO (12 ppm) and OPA-ITO (28 ppm), respectively

* Only a 2 ppm difference is seen between unbound ODPA (30 ppm) and
ODPA-ITO (28 ppm), indicative of increased hydrogen bonding
N
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g —— PhPA © | —OPA @ [ —OPA

Q | —opa 2 | —oppPa 2 | —OoDPA

& |—— ODPA ® =

o o 2

[ S [

o o o

@ @ 0

Ko L L

< < <

- o

@ b4 A

N N N

: : : |

S £ £

|- e | -

o o o \

4 = 2 A

4000 3000 2000 1000 3000 2900 28 1500 1000 500

-1 - o

Wavenumber (cm') Wavenumber (cm 1) Wavenumber (cm1)

IR indicates more hydrogen bonding in ODPA than in OPA

P—O stretching in P-OH (~ 2800 cm-') shows decreased intensity in ODPA
O-H out of phase deformation (~2350 cm-") is decreased intensity in ODPA
P=0 stretch (~1250 cm™") is different in ODPA and OPA

P—O-H stretching (~1000 and ~940 cm-') have decreased intensity in ODPA

C—H stretching indicates higher degree of packing of the alkyl chains in ODPA
N
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Determination of the Binding Energy

Temperature Change (°C)

0

-0.05

-0.1

-0.15

-0.2

-0.25

-0.3

Enthalpies of solution from
solution calorimeter

0.001

0.002  0.003

moles

0.004 0.005 0.006

Y

HO-f~oH HO-F~oH Ho-f-oH
e o) o
ODPA OPA PhPA

AH,, — negligible
Es— 55 mJ/m?

E s — approximated (paraffin — 25 mJ/m?,
polystyrene — 32.4 mJ/m?)

AHg, (kJ/mol) | AH, (kJ/mol) | D (kJ/mol)
PhPA | -10.8+0.5 -44 + 0.6 52 + 1
OPA -45.3+ 3.0 -41+0.5 824
ODPA | -1148+7.0 -49+1.0 159+ 8 < ‘HBCTR
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Isothermal Titration Calorimetry (ITC)

Titrant injection

.

Stirrer Cell feedback
heater
Reference * Calibration
heater AT heater
T v Ae—
Reference Cell Sample Cell

adiabatic jacket

Inject ligand into solution of nanoparticle (with stirring)
Reaction produces heat (exothermic)

Feedback power to sample cell is decreased
Negative peaks seen in raw ITC graph
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Determination of Binding Energies

Ligand solution AH. — reaction enthalpy
t D — binding energy
AH,,, — enthalpy of dissolution
el AH ;, — enthalpy of dilution
Ligand solution , E ¢ — surface energy of bare solid
B % E s, — surface energy of monolayer
“(Es* B E, — surface energy of solvent
State 2 AH, :_D_(AHSOI+AHdil)_(ES_ESAM)
State 5
-AHg Esam* EL L
* D, binding energy, can be
calculated from the equation if the
MLIZ I ther val K
< ;-: D+AHy, | = N other values are known
1V 1D « Ferreira found D ~ 55 kJ/mol for
T w alkyl PAs on TiO, and ZrO, NPs
N
State 4 State 3 Q@ IBCTR

Ferreira et al., J. Colloid Interface gci. 2005, 286, 25



