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Harnessing nanoscale chemistry to design technologies to improve human health
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Goal of the Next Few Weeks of Classes on Applications

* Be mesmerized by the diverse applications where surfaces & interfaces play a key role
 Observe how the fundamentals you learned in prior classes can be applied
 Recap on some basic chemistry concepts to understand surfaces & interfaces

* Learn techniques that enable characterization of surfaces & interfaces

What we cover in today’s class:

* Surfaces and Interfaces in Nature —a recap on intermolecular interactions
* Artificial Surfaces— the challenge of cleaning

 Techniques to Monitor Surfaces — contact angle and XPS

20
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urfaces & Interfaces in Nature

Specific surface area = ratio of area (A) to volume (V)
Nature harnesses high A/V materials

The Brain

86 billion neurons

* 100 trillion synapses
* Neural connectivity
e Efficient metabolism

Microvilli (small intestine

* Absorption & exchange

* Efficient interactions

 Cell-environment
interfaces for
biochemical reactions

Chemical reactions often take place at interfaces

Materials with high A/V play an important role in several artificial surfaces & interfaces
e.g. catalysts
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High Area to Volume in Microvilli Enables Digestion

Question: How long would it take to digest a sandwich without microvilli?

W 2377

A = 0 - d. h Diameter (d) = 0.1 um:1X10—7m
Length (h) =1 um = 1 x 10—6 m

A=7-(1x10"m)-(1x10 °m)=3.14 x 10’ m?
Assume microvilli covers most intestinal surface ~1000 microvilli/ pm?

Total microvilli on 1 cm?surface:

1cm? = 10° pm? = 10° x 1000 = 10! microvilli

Total Surface Area = 10 x 3.14 x 10 ¥ m? = 31.4m?
) / With mirovilli

So if on average, it takes someone 4 h to digest a 31.4m
sandwich WITH microvilli... Ratio = = 314,000

104 m?
it would take 1,256,000 hours = 143 years \
, o Without microvilli (flat surface)
WITHOUT microvillilll
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How Does a Gecko Stick on a Wall?

1. Their hands and feet excrete sticky materials (goo)

2. Their hands and feet have tiny hooks

3. Their hands and feet are like tiny suction cups

4. None of the above

10 Lesson 10 — MSE 304 - Fall 2024



How Does a Gecko Stick on a Wall?

Hypothesis 1: Capillary forces for adhesion (like insects) — condensation of
water from atmosphere forming a monolayer of water molecules/insects
secreting liquid from their feet can cause significant capillary attraction

AN NALS OF THE NEW YORK
ACADEMY OF SCIENCES

ORIGINAL ARTICLE

Capillary adhesion of stick insects

Guillermo J. Amador! | Brett Klaassen van Oorschot! @ | Uddalok Sen? |
Benjamin Karman® | Rutger Leenders?

BUT: the toes of geckos are highly hydrophobic unlike insects...
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Intermolecular Forces of Attraction — What is At Play for Geckos?

Intermolecular forces make two molecules come closer together and interact

The force of attraction is proportional to the electronegativity (how much the molecule likes electrons)

Increasing electronegativity >

H

P |
Li Be B G N o) F
10 15 20 25 3.0 3.5 40
Na | Mg Al Si P S Cl
09 12 15 18 il 25 3.0

0.8 10 13 15 16 16 15 18 19 19 19 16 16 18 20 24 28

Rb | Sr Y Zr | Nb | Mo || Tc | Ru|| Rh| Pd || Ag | Cd In Sn || Sb || Te [

0.8 10 12 14 16 18 1Lz 22 22 250 1) 1Ly 1 L7 18 55 21 2.5

Cs | Ba ||La-Lu|| Hf Ta W Re || Os Ir Pt | Au || Hg Tl Pb Bi Po || At

0.7 09 10-12 13 15 LTy 1L 22 2.2 250 24 1Ll 18 19 L2 20 s ES

<—— Decreasing electronegativity

Fr | Ra || Ac | Th || Pa U |[Np-No O+
07 09 11 13 14 14 || 1413 ‘
> .4_>
No electronegativity. With electronegativity
Electrons held in the FElectrons are drawn
centre of the bond. closer to chlorine.
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Different Forms of Intermolecular Interactions/Forces

Intermolecular Forces | Formed by attraction between: - *’/’:
A
y
lon-dipole lon + polar molecule ‘ g/
y
Hydrogen bond Molecules with H, N, O, F atoms “

o \d
Dipole-dipole Two polar molecules 0 I >«
lon-induced dipole lon + nonpolar molecule Q
= ’
-3 Attraction —»<—
(@) Repulsion <¢——»
Dipole-induced dipole Polar + Nonpolar molecule - : .
P P P o Dipole-dipole
: -
Ny (@)
N D Van der Waals forces Two nonpolar molecules ®
—> <« —> -
—0 +0 —0
+0 =
\ / +8
/OmmmH—o ‘ ” Qo H
o- o+ o-
Nucl
- H Iron ion Oxygen Hydrogen chloride Argon HEIEHs Electron
o+ (induced dipole) (polar) (induced dipole)
H-bond lon-induced dipole Dipole-induced dipole Van der Waals forces
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How Geckos Stick on der Waals Science

Revealing the lizards' secret, engineers aim to make wall-walking robots

27 AUG 2002 - BY BEN SHOUSE

Lamella

Adhesion strength from subdividing each toe into 2 billion
microstructures =2 maximize contact area =@ increase

Wang et al., J. Bionic. Eng., 18, 1011, 2021

Q

P )

cumulative van der Waals interactions with the surface %
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Semiconductor Material Led to Evidence of Interactions
PNAS
Evidence for van der Waals adhesion in
gecko setae

Kellar Autumn, Metin Sitti, Yiching A. Liang, Anne M. Peattie, Wendy R. Hansen, Simon Sponberg, Thomas W. Kenny, Ronald

RESEARCH ARTICLE BIOLOGICAL SCIENCES v

Fearing, Jacob N. Israelachvili, and Robert J. Full | -6 = Authors Info & Affiliations

August 27, 2002 99 (19) 12252-12256 https://doi.org/10.1073/pnas.192252799

Gecko adhering to
molecularly smooth
hydrophobic gallium arsenide
semiconductor demonstrates
mechanism of adhesion is van
der Waals force
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Wall-Climbing Robots Inspired by this Knowledge
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Diverse Applications of Surfaces & Interfaces

Catalysis Functionalization

(coatings)
Corrosion semiconductors Biosensing
metals
Integrated
circuits

Lubrication polymers
(tribology) biomaterials

Magnetic

storage
Biointerfaces Batteries
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Challenge of Studying Surfaces

A freshly cleaned surface remains clean for a very short time interval
Each atom of a 1 cm? metal surface is hit ~108 times/s by a gas particle (at atmospheric pressure)

The number of molecules that hit the sample surface per unit time (impact frequency) and unit area
is calculated as follows:

P 0 P: pressure
cm § M: molecular weight

n ~2.7x10%
«\/MT T: Temperature

18 Lesson 10 — MSE 304 - Fall 2024



Ultra High Vacuum (UHV) Needed for Ultra Clean Surfaces

1£€+10
1E-08

1E-07

= = Number density

1807

1E-06 1E-O05 1E-04 1E-03 1E-02 1E-0

Pressure (Pa)

Impact frequency/unit area and number density

The number of impacts per second per cm? can only be decreased by pressure reduction

1E+17 1E-14
o ’ .
CONRTRT: ? 1813 1 Pais about the pressure exerted by a
g g CHF 100 note on a table!
E 1E+15 16+12 E
) Py
c s % T, sgiie
S 1E:14 1E-11 3 i
£ 1E13 1E+10 % i
- o
‘g = e o
g. 16412 1£+09 2 28 o ;
£ |
— Impact frequenc
1E+11 P AUENCY 1 e.08

as a function of the pressure for an ideal gas
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Vacuum Levels Significantly Impacts Monolayer Formation

Rough Vacuum High Vacuum Ultra High Vacuum
1 atm —= 102 Torr 102 Torr - 10°® Torr 108 Torr - 10°*2 Torr

1 residual gas monolayer 1 residual gas monolayer
every 4 SECONDS every 4 DAYS
3 @) o
o® O o o |
High Vacuum o © ® \’\’f Residual gas | UHV
33233000 ’

) smlevamye [ VAC COAT
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S0 How Clean Are Surfaces? (They’re Not!)

Surfaces in air are mostly covered with multilayers of molecules from the gas phase
(H,O, hydrocarbons, air components)

Metals (except Au) are mostly oxidized
(i.e. the surface atoms are in a different oxidation state from most of the bulk atoms)

b P C
OO @)
® o, o® o, %
ﬁ Nucleation of oxide
() 0.0 Islands upon
surface 000000000 000000000
d e o0
o® g o®
9 ®9 |
Copper oxide growth
« m proceeds through interfacial
a .m diffusion of oxygen
OO0

Gattinoni & Michaelides, Surf. Sci. Rep. 70:424-447, 2015
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Oxidation of Surfaces Leads to Corrosion

Surfaces in air are mostly covered with multilayers of molecules from the gas phase
(H,O, hydrocarbons, air components)

Metals (except Au) are mostly oxidized
(i.e. the surface atoms are in a different oxidation state from most of the bulk atoms)

- Copper Corrosi

B
s PPiNG mART

0
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How Can we Obtain Clean Surfaces?

1) Heating: suitable for samples covered by an oxide layer, which are not stable at
high temperatures (e.g., flame annealing of substrates)

. . Sputtered
incident particles Target atom
(e.g. Ar'ion) -
v® . -
ve®

Fue ]

"N N N HONON®

0000\0/0,.0
N

® 00 ©/'0 -0

@ N\
P 9P O OOV

2) Argon sputtering: removing the top layer of a sample by sputtering with Ar ions,
with subsequent heating to remove surface defects

X0
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How Can we Obtain Clean Surfaces?

3) Plasma cleaning to remove surface contaminants

Plasma is generated by
applying an electric field to a
Oxygen gas in a vacuum chamber

Plasma Cleaning

Oxygen radicals interact with carbon-
based (organic) contaminants,

| Carbon breaking down into volatile
de oo o5 o :

compounds such as CO, and H,0

Plasma Cleaning is used to remove all traces of surface organic Reaction prOdUCtS often in gdas form
contaminants in a fast, effective and repeatable process are carried away by vacuum system

4) Fracture of a material: possible to obtain pure and very smooth surfaces (mica)

0
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How Can We Check the Cleanliness of a Surface?

Contact angle (0): quantifies the wetting of a solid by a liquid. Angle formed by a liquid at the three-
phase boundary point where the liquid, gas, and solid intersect (thermodynamic equilibrium)

Young Equation

o Ysv — VsL— Yy €c0s@ =0
vt / 0O Y
o 1/04-——' Lv
0{—:‘0 .\O X Relating interfacial energies with contact angle
e 0
o R WL o >
‘._..’._.‘*\_:‘{_,\’H‘H. Yo, Yeu Ideal surface assumptions:

A A A A A * Smooth
®*—0—0—0—0—0—-¢ * Rigid
* Chemically homogeneous
* Insoluble

e Non-reactive

0
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Wettability - Tendency of Liquids to Spread Across Surface

Hydrophilic

High wettability

solid

solid

Hydrophobic

Low wettability

Static Contact Angle / Sessile Drop measured by an Optical Tensiometer

_\

P/ a N\
. 100.82° 101.94°
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Contact Angle on Glass Surface Higher with Contamination

Before cleaning After cleaning

If a metal surface were perfectly clean, the contact angle would approach 0 degrees, indicating a
surface that is completely wettable.

Let’s see if this is the case?

Contact angle advantages: Quick, non-destructive

Contact angle limitations: Limited information 2 Biolin Scientifi
lolin Scientific

ﬂj%ﬁ
%
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Contact Angle Instruments

28
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Electron Spectroscopy to Monitor Surface Species

X-ray Photoelectron Spectroscopy (XPS)

Photoelectric Effect

JVA Dfﬂ(ﬁ(~

et St N

X

OB‘
MDECC
%e/

Nobel Prize in Physics for his discovery of the
Photoelectric Effect (1921)
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Electron Spectroscopy to Monitor Surface Species

X-ray Photoelectron Spectroscopy (XPS)

E= hv =0 + - mv>?

/ : T
Photoelectron Work function Kinetic energy of
of material photoelectrons

l

Minimum E required to remove
electron from material
(at absolute 0 temp.)

hv

Electromagnetic
radiation

Surface of sample

30 Lesson 10 — MSE 304 - Fall 2024



Electromagnetic Radiation - lonizing Radiation for XPS

31

Non-ionizing radiation lonizing radiation

Wavelenghts
in meters

10° 10° 10 10° 10° 10" 10

DOOBOOC

Power lines Radio & Microwave Infrared Visible Ultra violet X-ray Gamma ray

cell phones
Less energy More energy ﬁ

Valence electrons : UV light
Core electrons: X-rays

Lesson 10 — MSE 304 - Fall 2024
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How Does XPS Analyze Surface Elements?

Water = Hemispherical

analyzer

b (2 electrodes)

Vary applied voltage to separate
electrons based on KE

Electron detector
X-ray source:

Mg ko
hv = 1253.6eV &

Line Width = 0.7eV XPS
‘ data
Al ka Top 10 nm of — Sample
hv = 1486.6eV & material
~ Line Width = 0.85eV ]—— Connected to Ground
*Counteract sample charging gks
32  Lesson 10 - MSE 304 - Fall 2024 Q H E M ﬁ N A



Binding Energy (eV) vs. Number of Electrons Counted

33

Sample Description: Sn, tin

Kinetic energy of ejected electrons is related to the binding energy of the electron in the atom,
which is unique to each element

1 2

E = hv=Q)+Emv

— PeakID Atomic %

13.2%

6.3%
17.6%
16.4%
15.9%
17.5%
13.1%

BE (V)
24 00
137.00
485.00
493.50
714 50
756.50
884 50

RSF
2.700
0.794

14.800
10.250
9.350
4.530
3.260

= Sn 3d5

- Sn 4d

1655

Counts
380000 -

- Sn 4d
340000 | Sn 4s

L Sn 3d5
300000 ’22 ggg
260000 - o 3"
220000 -
180000 |-
140000 |-
100000 -
50000
20000 |

1400
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XPS Instrument

ASHIMADZU GROUR COMFANT

AXIS SUPRA"

XPS advantages: Quantitative analysis — elemental composition

XPS limitations: Requires UHV (complicates sample handling), expensive
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Surface Chemistry — Why Functionalize Surfaces?

The goal is to combine ideal bulk properties with ideal surface properties

Bulk Properties Surface Properties
Reflect behavior of atoms/molecules Properties unique to atoms on material’s
within interior of material surface where they are less coordinated
Porosity and experience different forces

Thermal conductivity Wettability

Electrical conductivity Biocompatibility

Density Corrosion resistance

Elasticity Roughness

Tensile strength Lubricity/ease-of-cleaning

Magnetism Catalytic activity

35 Lesson 14 — MSE 304 - Fall 2024



How to Functionalize Surfaces? Self-Assembled Monolayers

Examples of alkanethiols that spontaneously self-assemble on surfaces:

HS\/\/\/\/\/\X X = tail group/functional group

(CH>), CH;, OH, COOH, NH,, etc.

Functional group: mainly determines surface properties

Hydrocarbon chain: interchain van der Waals interactions

2 e
n.l.l.l.l.t
X IR0 X X0 X 1D

Spontaneously adsorbed, single layer of species
with a high degree of lateral organization

Head/anchoring group: interacts with substrate (chemisorption)
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Self-Assembled Monolayers Form by Themselves

SSauUOIY |

Adsorption Self-assembled

Source: Chen et al., Sci. Adv., 9, 42, 2023

Technically simple “dip and rinse” process
No external driving force needed
Large choice of anchor groups, substrates, and functional groups

e Easily modified and patterned CH EM%%NA



Example of Spontaneous Self-Assembly in Nature
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Factors Governing Self Assembly

Preparation conditions
Stability Crystallinity

Substrate

Curvature Roughness

SAM Properties

Anchoring group Micelle formation

Spacer Adsorbate Solvent Purity
Hydrophilic groups

Functional group (Oa Fm m

39  Lesson 14 — MSE 304 - Fall 2024 G H E M b
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Overview of Surface Binding Chemistries

40

Adsorbate Substrate

Thiols:

R-SH Au, Ag, Cu, Pt, Pd, Ru,
Hg, AuAg, AuCu,Ni, Ir,
Zn, ZnSe, CdSe, CdS,
CdTe, Ge

Disulfides:

R-S-S-R’ Au, Ag, Pd

Silanes:

R'SiCI3, SiOZ, TiOz, AU

R-Si(OR’),

R‘Sl(CH3)20I

Phosph(on)ates:

R'PO4H2 A|203, TiOz, Nb205,

R'PO3H2 T8203, ZrOz

Adsorbate

Substrate

Ammonium :
R-NH;*
R-N(CHj,),*
R,-N(CH,),*

Carboxylic acid:
R-COO-/R-COOH

Alkyne:
R-C=CH

Alcohols:
R-OH

Mica

Al,0., Ni, Ag, Ti/TiO,

Si(111):H

Si:H

Lesson 14 — MSE 304 - Fall 2024

>

20

CHEM

=

e
‘NA
Vg



Alkanethiols Structure on Different Substrates

.

Terminal
. functional group
.a=30°
|
Head group

Wain

Au substrate Ag substrate Pd substrate

Lattice mismatch between the gold substrate and the natural packing density of
alkanethiols, requiring higher tilt to achieve stable van der Waals interactions

Guvener et al., Fundamentals of Sensor Technology, 2023
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Intrinsic and Extrinsic Defects Found in Polycrystalline SAMS

Chem. Rev. 2005, 105, 1103—1169 1103

Self-Assembled Monolayers of Thiolates on Metals as a Form of
Nanotechnology

J. Christopher Love, Lara A. Estroff,T Jennah K. Kriebel," Ralph G. Nuzzo,** and George M. Whitesides*1

Department of Chemistry and the Fredrick Seitz Materials Research Laboratory, University of lllinois—Urbana—Champaign, Urbana, lllinois 61801 and
Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138

Cited > 10,000 times!

| Surface impurities| | Vacancy islands| | Exposed
Defects at | [chain at
Defects at gold Defects at SAM gold grain gold step
step edges crystal edges boundaries| |edges
| | | | | | | || |

L AL AA A4 A ')
l l 9Ii®rwwin .vmvvnvv aeIa s ..nom ..n. t - o..n f
S0P 0INIS:NINININIO 1000900101010 | SIPIPIPIPi9 — e

L—r—j i99iiae

Bt Y0 ‘;mmx

Metal film
impurities

0
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Self-Assembled Monolayers in Electronic Devices

Transparency
Diversity
Stability
Sensitivity
Selectivity
Surface passivation ability

Self-assembled / Organic Field-
monolayers /effect Transistors

43 Lesson 14 - MSE 304 - Fall 2024 Source: Li et al., Chem. Rev., 124, 5, 2024 CHF



Summary of Today’s Class

* Surfaces and Interfaces in Nature — how geckos stick to walls
* Artificial Surfaces— the challenge of cleaning and importance of UHV
* Techniques to Monitor Surfaces — contact angle and XPS

* Introduction to Self-Assembled Monolayers

Exercise Session: Importance of UHV for obtaining clean surfaces

30
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