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Recap of Last Week’s Class on Applications

* Biosensors — molecular recognition and sensing parameters
* Clark Electrode for Oxygen Sensing — recap on electrochemistry
* Glucose Sensor —recap on electrolysis and why it’s is successful

* Remaining Challenges of Biosensors — COVID-19 rapid test
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What We Cover in Today’s Class

* Glucose Biosensor —Raman spectroscopy for non-invasive monitoring
 Recap on Challenges of Biosensors — remaining technological gaps

* Strategies to Overcome Challenges — aptamer biosensors and Debye lengths
» Catalysis — how surfaces serve as catalysts/review of molecular orbital theory

* Optimization of Catalysts — balancing act of performance metrics

20
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Glucose Biosensor — Transformative for Human Health

A Invasive B Minimally Invasive C Non-Invasive
Glucometer Continuous Glucose Monitor Wristwatch
Patch

Todaro et al., Front. Chem., 10, 2022
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Raman Spectroscopy for Non-Invasive Glucose Detection

C Non-Invasive

Wristwatch

Nobel Prize In

Physics (1930)
Chandrekhara Elastic scattering
Venkata Raman (Raleigh)
Absorption
Scattering Transmission

— >
Monochromatic "
Light Sample

Inelastic scattering
(Raman)

Todaro et al., Front. Chem., 10, 2022
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Raleigh Scattering: Molecule Falls to Ground State

Elastic scattering (Raleigh)

Virtual states

=
o
o > VL= VR
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v . 2 Laser Raleigh
.g *2 frequency scattering
ap=d =
©
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> v Excited states

"* Energy

Ground state
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Raman Scattering = Molecule Falls to Excited State

Inelastic scattering (Raman)

Virtual states

Stokes Raman Laser
scattering frequency
5 (inelastic)
3 . . ¥EE ML VB
= -5; Raman shift
v
- 5 Stokes
& = scattering
.; r—
1°]
o
—
> Excited states

Energy

Ground state
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What is Polarizability?

Polarizability: The tendency of a substance to form a dipole moment when an
electric field (light) is applied

Without electric field With electric field

J J

X: Induced dipole moment
X ~ ok
a: Polarizability

E: Electric field

Claborn et al., CrystEngComm., 4, 46, 2002
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What Exactly is the Raman Shift? Frequency of Vibrations

Polarizability changes as the volume occupied by electrons changes

| i i — S * Polarizability change
Symmetrical O_QO O__Q_O during vibration
stretch * Raman active
* Infrared inactive Raman active:
change in
polarizability

* Polarizability unchanged

during vibration

* Raman inactive
e Infrared inactive

: -« ___ <
Asymmetrical
stretch

* Polarizability unchanged

| Y, R during vibration
Bending AL * Raman inactive

e Infrared active

Mosca et al., Nat. Rev. Methods Primers, 1, 2021
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What Exactly is the Raman Shift? Frequency of Vibrations

Raman shift depends on the vibrational frequencies of the molecule, which are
determined by the mass of the atoms and the stiffness of the chemical bonds.

1 k Raman
L v — Bond force constant (stiffness) shift AI/ = 1y — U,
2T ' ~— Reduced mass (m;m,/(m;+m,) ‘
Frequency of
incident light
Raman shift O, Raman shift N,
~ 1555 cm™ ~ 2329 cm™

i

Intensity

0,

VW
J :
.

Raman shift (cm™)

L

S50
10 Lesson 13 — MSE 304 - Fall 2024 Q H E M%N A

/

Heavier molecules have
long wavelengths and
low frequency




Raman Spectroscopy for Non-Invasive Glucose Detection

Raman lines

-+ '
— /
‘m“l (417 ) l '

Intensity of band = how many
Raman scattered photons
reached detector

Detector

Spectrometer

=
]

Lense

Grating

Splitting of light into
different wavelengths

Laser

Focusing

Sample chamber pilies

l Lense
- v
b Entrance

Sample splitter Filter Slit
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Tissue Penetration using Near-IR Laser

NIR Laser Raman
scattering

Raman
Light Penetration into Skin scattering

o E——
- - . > el - -
1 - , S— -
. —— - - > - 1
. — ‘ - - Ve Y
- - ,‘.1 4 “ b' )
- D \ . ) AVLITA 4
[\ 2 ,'(: 7
~ - > Y . s | » »
— y E y [ &Y Y i R 7’
- R - - L 2 1 ad >
» , 4 - -
- S 3 - Y . L ATy
N . ! ) »
K (A} )
p - : £ ‘ 1 ‘'YY>
" a - % ey . v A i)
, « .:. l‘- " ¢ J I
3 \ »
p 4 ' 4 p ‘
. ) ~ )
- / 9, % {
o~ w» 4 -
SR ‘ » »- )
| < g
A 4 /’ . \
i - -~ - < .Y P
) ’ \ »
)
A A L4 -
Y . N
. ate 9 o > a® L3
. LJ L3
v - ®
3 A LN . ® e a
L -~ PY -
J a O ®
- * Py *
e P
o . L . . .
L3 P ®
e ¥
‘ \ X Capillary
<+
o N oo S apilla
L 4 o >
. L3 4
> e 3 - : .
. L3 o't *
- or ° e®e" 8 o ' 4 9 J
- . ’ . “e 3
* » L4 - J
e 5
. : o - -
rd
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Raman Spectroscopy for Non-Invasive Glucose Detection

Complex molecules have more vibrational modes

Raman Fingerprint: Target of Raman is the material specific pattern of the spectrum

— 8 mM
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—_— 3 MM
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e e e S e o i e B i S B A e e A S ; 100 mM 4 mM (|.:H20H
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40mM  2mM ':=<2H H>‘:~‘

— 20mM — 1 mM N 0"
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Golparvar et al., BioNanoScience, 11, 871, 2021
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Raman Spectroscopy for Non-Invasive Glucose Detection

Intensity [count]
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Success of the Glucose Biosensor — Robust System

OH
H,O O
22 HO
Ho -+ Qg
HO "OH
D-glucose

~ ‘ ’
. 4 -

ENZYME (Ox.)

Ox;}gen

Highly specific and robust
enzyme
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Platinum electrode

Detection window for H,O, doesn’t
overlap with other species in blood

Glucose OH
oxidase G L RO CM Io.,.
HOA— BLOOD GLUCOSE
LEVELS CHART

D-gluconolactone

RISK  SUGGESTED ACTION

mg/d|

LEVEL mmol/L

MEDICAL ATTENTION
MEDICAL ATTENTION
MEDICAL ATTENTION
MEDICAL ATTENTION

VERY HIGH
HIGH
HIGH
HIGH

DANGER - HIGH 315+ 17.4
HIGH 280 15.6
HIGH 250 13.7
HIGH 215 n

\
. —
T

BORDERLINE 180 MEDIUM CONSULT DOCTOR
ENZYME (Red.) BORDERLINE 150 MEDIUM CONSULT DOCTOR
BORDERLINE 120 MEDIUM CONSULT DOCTOR
Hydrogen peroxide

MEDIUM CONSULT DOCTOR

HIGH

LOW 70
DANGER - LOW S0

MEDICAL ATTENTION

Clear values associated with healthy
and disease states (diabetes)




Success of the Glucose Biosensor — Concentration Range

Vitamins

Hormones Globulins .
Albumin

Amino acids

Glucose

Neurotransmitters

Picomolar Nanomolar
10-12 10-°
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1. Nonspecific Binding (NSB) in Complex Environments

Expectation (phosphate buffered saline) Reality (biofluids such as blood)
. mM (10%)
) & /. SBs
NG £ “‘l'))s"’;«"f“ L2l
O A - ; ‘\1‘ “',,,\': <y

&

YLy

NANZ NG NN \)r/

N\ 4
Signal readout

;s‘\‘\
':‘
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2. Very Few Number of Molecules Within Sample Size

Stochastic process — probability of the biosensor seeing such a low concentration of target diffusing to the surface?

Sample Size
Volume, Concentration and No. of Addressable Molecules
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S50
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3. Challenges of Bioreceptor Specificity in Addition to NSB

:l"‘,f-‘\nl '{, \\- I"/, -\'I" ',"—-\\‘
LU 2N (] Interferent
Analyte R s .
| L) (nonspecific)

:/- ‘-"
," ‘I' l'.
. ’ ~
S | B T
\‘ I.‘ ] —_ ——
U //

4
)
| ) v
\

Need for bioreceptors
with high affinity (low K,)

L\ — S

w 10! 10" 10° 108 10¢ 10° 10° 10 10° 102 10 1 vaﬁes
NSB Specific | NSB_ NS|_3

(irreversible, binding (irreversible, (reversible)
strong) weak)
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4. Challenges of Continuous Monitoring

Highs missed by

fingerpricking self monitoring w fnoonrf::our?nugs j;ﬁ:ose
 of blood glucose (SMBC) “

) Fingerpricking

:?i Normal
E . range
> 100 ’ . 1

O |

O

-

G ' Lows missed by '

o L fingerpricking SM BC_I
IME U ==www- R -
3:00 6:00 9:00 12:00 15:00 18:00 21:00 24:00

20  Lesson 13 — MSE 304 - Fall 2024 Heo & Kim, Appl. Sci., 9, 10, 2019



5. Tissue Response to Implanted Sensors Prevents Long-Term Use

d

€) Chronic Foreign
Native Tissue Acute Injury Body Response

Chronic BBB Re-Inju
Tissue Strain :

N
&

V)
{

2

BBB - 11/
Microdialysis . Astrocyte & Neuron (perfused) Blood Cell ~ Membrane/ECM Bound Pro-Survival/Growth Factor
Probe

% Microglia ¢ Pericyte (E?BB oeifusiont Plasma Molecules -+ Soluable Pro-Survival/Growth Factor
oss of perfusion

® Macrophage »<~Activated Astrocyte @ Progenitor Cell "+ Inflammatory Cytokine
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Alternative DNA-Based Bioreceptors for Improved Selectivity

Reprodhcibility crisis

Target analyte

&

Monya Baker

Nature 521, 274-276 (2015) |

//[/

BLAMEIT * &
ON THE

Amplify %ﬁ DNA library
MO ~1014 molecules
Antibodies are the

B |
. f’l “ lﬁf}
i | 5
workhorses of biological o i <)

experiments, but they are

littering the field with false

, | | Nontarget .,
findings. A few evangelists o | OH 2 \j Z%
. |
are pushing for change. | (§ ) Q! A O D/VVNHZ ®

Remove unbound
BY MONYA BAKER DNA

Nakatsuka et al., Science, 362, 319, 2018
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Using Aptamers to Differentiate Structurally Similar
Chemicals in the Brain

Levodopa

HO

Dopamine

2
-
o* *e
* *

o *

. .
. .
» .
- -
1 .
- 3
- g
- J

- o

*, *

* o
LN o
Ranus®

HO

HO
Norepinephrine




DNA Aptamer Structure Switching for Improved Selectivity

24

Nakatsuka et al., Science, 362, 319, 2018
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Ideal environment (buffer) )

0 () Analytes

WA Aptamers

-
\\4
Signal readout

Frutiger et al., Chem. Rev., 121, 8095, 2021




Monitoring the Assembly of Aptamers on Surfaces

Aptamer

assembly
Aptamer Gold surface quartz crystal
O*L""{ 7 _|
=
10 — — 5 _|
@ 4
~ — Aptamer C —
= 20— l Buffer rinsing O 3
= =
<J r
_ L 2 _
.
30— © 1 -
0 |~
N | | | | i | i | i | T
0 15 30 45 60 75 0 15 30 45 60 75

Time (min) Time (min)

o5 Lesson 13 — MSE 304 — Fall 2024 Nakatsuka et al., Anal. Chem., 93, 4033, 2021 G H E M
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DNA Aptamer SAMs for Biosensing Applications

Aptamer
assembly

Gold surface quartz crystal

Aptamer Controls
>
OJ-** Buffer L-DOPA NE Dopamine Buffer

6
10 — ~
L 4
- — Aptamer §
=) a Buffer rinsing 0
- 20 >
g o 2
— o
LL
<]
30—
B 0
| | | | | | | | | |
0 15 30 45 60 75 0 2 4 6
Time (min) Time (min)
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Using DNA Aptamers for Biosensing on Semiconductors

Ag/AgCl
Reference

. Aptamer-functionalized ‘ , ,
... semiconductor channels .-~ - __off o

Nakatsuka et al., Science, 362, 319, 2018
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Various Surface Chemistries Enable Biosensor Configuration

Conductive electrodes

® PBSoraCSF

Adhesive layer
Semiconductor

Dielectric layer

Substrate
AN i i Dodecanethiol
e “e v v 2 Yeuw . < i - .-... .._ ....... H3C 10
327 FERIERERRIENEF SIRRERREEREESREEEESE
Maleimide o : : : : :
(=SH) \ 3-Aminopropyltrimethoxysilane Propyltrimethoxysilane
o \I\ k
o o .
o N o NHS ester /O_Si_o\ /O—Si—O\ Nakatsuka et al., Science, 362, 319, 2018
v (_NHZ) H;C 0 CH, H;C 0] CH;
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The Debye Screening Length Complicates Sensitive Detection

Buffer strength lonic strength (l) Debye length (4,) ? & o .
&
Er&okpT 1.0 x 163 mM 0.75 nm .
A’D — > Surface | o @ @ Solution
\ 2Nge“l 0.1 X 16.3 mM 2.38 nm @ ..0.
®
0.01 x 1.63 mM 7.53 nm 20 e |

Debye length

Enzyme transistors Antibody transistors
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The Debye Screening Length Complicates Sensitive Detection

Buffer strength lonic strength (I) Debye length (4,)

P e-E0kgT 1.0 x 163 mM 0.75 nm
D \ ZNABZI 0.1 x 16.3 mM 2.38 nm
0.01 x 1.63 mM 7.53 nm

Analyte

Ap < 1nm
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Biosensor Response Follows a Langmuir Isotherm

200

Fractional 1+ [A]K

S occupation
& 150 Dopamine
— aptamer
v
7y
-
o
21004 - 7 ¢ =
)
oc
. .
7 Complex (T Aptamer (R) +
5 20 2 Analyte (A)
n
R][A K 1
- Control Kd = —[ R];[A] — _kd — K
0 n DNA [RA] a a

20 -18 -16 -14 -12 -10 -8 -6 -4

Log[Dopamlne] (M) Nakatsuka et al., Science, 362, 319, 2018

S50
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Applications of Aptamer-Based Biosensors for Neuroscience

_ Parylene

. e —
= \’\\A__V

———
oo W

B Source/drain—

: 2
3 . e bo's A : 2 %

 Head-fixed stage .*
4 - - o”

' = - \,:' S o X
Source/drain | iy
. sy

e

‘Neuroprobe + Reference

Nakatsuka & Andrews, Neuropsychopharmacology, 41, 378, 2016
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Applications of Aptamer-Based Biosensors for Humans

HO

Dopamine

Dopamine

o

CHEMS
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Future of Biosensing for Human Health?

| .

Vitamins

y &
i A

-
- -

Picomolar Nanomolar
1012 10°
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Importance of Catalysis: Sustainable Ammonia Synthesis

35

Catalysis is the increase in rate of a chemical reaction due to an added substance known as a catalyst.
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Renewable
electricity

device

L -

Transportation

Material

Catalysts are not consumed by the reaction and remain unchanged after it.

4 éégf« £ Thermal power

a
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E]'“iﬂ Industries

' Transportation
City gas

e
#38 |
\ 100 ”

!~ Fertilizer

@ Air conditioning
Hot water supply

W Agriculture
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@ Research
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Different Interactions on Surfaces Influence Catalysis

Interaction between adsorbate and surface depends on coverage (0):

adsorption desorption 9 _ Number of occupied adsorption sites
® adsorbate ® Number of adsorption sites present
’ ‘ @ =0 clean surface
substrate
® =1 monolayer
Adsorption = Physisorption Absorption = Chemisorption
Electrostatic interaction (charge transfer) Geometrically defined interaction
non-specific and weak Chemical bond between adsorbate and substrate
multilayer growth possible maximum coverage is 1 monolayer ( 6 = 1)
o ®
() o ¢ °
® o o0 0 o ? ¢ o009
substrate substrate
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Energy Profiles of Chemisorption vs. Physisorption

A
| .
Energy ' Lennard-Jones Potential
|
' o\ 12 o\ O
‘. v =4 |G) =)
\ r r
“ V(r): potential energy as function of distance
‘\ _ g 00 €0 U5 S0 N e et anciaa s o e, £: depth of potential well (interaction strength)
\ " i -
Faas > 0.2 €V y” Gas phase o distance at which potential = 0
e e
PP PN, N R . R N r: distance between two particles
"""" S E. 4 < 100 meV
Physisorption
"""" S (Adsorbed state)
Chemisorption
(Absorbed state)

Distance from surface

X0
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Catalysis Basics: Surfaces Are Intrinsically Dipolar

Unpaired valence electrons

l

Involved in bond formation

/* nucleus — Z core electrons

Core of a crystal:
() Nuclei in crystallographic positions
Core electrons

Since they are dipolar =» form bond =» driver for absorption

NS Yasemi et al., Processes, 9, 2021 Q H E M %?N A



Chemical Bonds of Molecules Rely on Symmetry and Geometry

(a) ethylidyne

di-¢ bonded ethylene

Pt (111)
39  Lesson 13 — MSE 304 — Fall 2024 Somorjai & Marsh, Phil. Trans. A, 363, 2005 Q H E M ?NA



Reconstruction of “Soft” Surfaces Due to Absorption

Molecules that induce surface reconstructuring = change the surface band structure of the material

o (b

Absorb on surface and
pull the surface based
on intermolecular
forces

O-induced
reconstruction

TiO, surface

Interaction different from facet to facet (ledge vs. kink. vs. terrace)

Zollo & Vitale, Appl. Sci., 8, 12, 2018

0
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How Surfaces Serve as Catalysts: Adsorption + Dissociation

Formation of CO,

"

() Migration of CO ‘(4) Dissociation of O, O/—O

S — O~€ O = OO «— OC
2 ' ® 4T TF B2 AT e

Adsorption of O,

Adsorption of CO

do

o Metallic NP © carbon O oxygen

Gueye et al., J. Catalysis, 380, 2019
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How can Surfaces Serve as Catalysts?

1. Locally enhance the concentration of reactants

Physisorption ® @
Van der Waals interactions between Qo o
adsorbate and substrate CRSurface >> CRSqution
. 0000000000000000
(non-specific and weak) substrate

P(t) :Ka X CR

¢ Ratet.of pmdtf[(.:t ﬁ 1\ Concentration
orm(?nlcc)blnlﬁvse_:) e Rate of of reactant
adsorption (s) (mol L)
42 Lesson 13 — MSE 304 - Fall 2024 Q H E M §
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How can Surfaces Serve as Catalysts?

2. Surface bonds can change the energy landcape of the reaction, lowering activation energy

Rate of catalysed reaction: function of E_, T, number of active sites on catalyst surface, surface concentration of reagents

—
No catalyst _~= TN 1 }
e \ —E
7 Complex \ a
// (adsorbed) \\ k — A e RT
4 E
7 a \
Reactant - \\ Arrhenius Equation
>, | Reactants __ 2
E’) < Eacat \
c \\ AG remains
- B N\ ~ the same
Adsorbed N
reactants N_y¢ Products
Adsorbed Surface route has lower E,
products (faster and happens at lower T)

Reaction path S

le
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Electronic Configuration and Molecular Orbitals

44

3. Induce one-step reaction (molecular orbital theory)

Orbital:

- g
n %

Zinc 5

65.38

Oxidation states

Configuration [Ar] 4s? 3d™

Expanded ... 2p® 3s? 3p® 4s? 3d™ 4
Energy levels 2,8,18, 2
HOAO n=3, 1=2, m=2 5

Lesson 13 — MSE 304 - Fall 2024

2 3

region in an atom or molecule where there is high probability of finding an electron

1
H

Hydrogen
-11

3 -

Li
Lithium
1

1
Na

Sodium
1

19
K

Potassium
1

37
Rb
?ubidium

55
Cs
%’:aesium

87
Fr

Francium
1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Pnictogens Chalcogens Halogens
2 5 Atomic
He s block s P 6d 5f Symbol
Helium 6p 5d Name
6s 5 af Weight
4 p block ssll 4d 5 6 7 8 9 10
Be 4p 3d 1) A0 1L B C N o F Ne
Beryllium 4s 1lv 3p 1[« 1[« 1L Boron Carbon Nitrogen Oxygen  Fluorine Neon
2 d block 3s 1] 3 44  -335 -2 1
12 25t 2P LA 13 14 15 16 17 18
Mg f block Al Si P S Cl Ar
Magnesium 1s 1[- Aluminium Silicon Phosphorus Sulfur Chlorine Argon
2 3 -4 4 -335 -2246 -11357
20 21 22. 23 24 25 26 27 28. 29 30 31 32 33 34 35 36
Ca Sc Ti \'/ Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper |Zinc Gallium  Germanium Arsenic  Selenium Bromine Krypton
2 3 4 5 36 247 23 23 2 2 2 3 -424 -335 -2246 -1135 2
38 39 40 41 42 43 44 45 46 47 48 49 50 Bl 52 53 54
Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Strontium Yttrium  Zirconium Niobium Molybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
2 3 4 5 46 47 34 3 24 1 2 3 -424 -335 -2246 -11357 246
56 72 73 74 75 76 77 78 79 80 81 82 83: 84 85 86
Ba 57-71  HF Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
2 4 5 46 4 4 34 24 3 12 13 24 3 -224 -11 2
88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Ra 89-103 Rf Db S%org Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium  Meitnerium Darmstadtium Roentgenium Copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson
2 4 5 6 7 8
Oxidation states are the number of electrons added to or removed from an element when it forms a chemical compound.
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
6 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er T™m Yb Lu
Lanthanum Cerium Praseodymium Neodymium Promethium Samarium Europium Gadolinium Terbium  Dysprosium Holmium Erbium Thulium  Ytterbium Lutetium
3 34 3 3 3 3 23 3 3 3 3 3 3 3 3
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Actinium Thorium  Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
3 4 5 6 5 4 3 3 3 3 3 3 3 2 3

https://www.ptable.com
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Electronic Configuration and Molecular Orbitals

Orbital: region in an atom or molecule where there is high probability of finding an electron

Energy
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Molecular Orbital Diagrams and Bond Order

A o* molecular orbital (antibonding)

\
\
I
”, \
r Al
’ .
. -
, -
’ .
. -
s -
’, \
1 3 : 1
’ -~
S ’ . s
» -
w
. ¢
- .
- ’
. L
. ’
- ’
”,
.

by

6 molecular orbiral (bonding)

_

Antibonding state
Wi - vh=0

Q

Bond Order =

ENERGY

Bonding state

Yy tyPy=0

Bonding orbitals

stabilize the molecule
= stronger bonds

(b)

Antibonding orbitals have
electron density that pulls
nuclei apart, destabilizing the
molecule = weaker bonds

o antibonding molecular orbital

¢ bonding molecular orbital
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*Don’t forget the
Pauli exclusion principle

# Bonding e” — # Antibonding e~

2

Bond Order = =1

Ouellette & Rawn, Org. Chem. Study Guide, 2015




Molecular Orbital Diagrams and Bond Order

# Bonding e™ — # Antibonding e~
2

Bond Order =

10 -6

Bond Order = > =2

O0=0

Ouellette & Rawn, Org. Chem. Study Guide, 2015
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Bonding at Surfaces = Orbital Mixing

Surface bond = Molecular orbital between band of surface + orbitals of absorbate

Energy Band character Molecular character
o New orbitals
k
@ o
Adsorbate .
(molecule) N L TN
Surface Fermi level P ns
(solid) R L e
Distance determines —_—
strength of interaction O

Density of states (DOS)
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Bonding at Surfaces — DOS of Transition Metals

50

Transition metals have d-bands that
play a critical role in catalysis by
interacting with molecular orbitals.

Energy
b DOS
Width
\ d bands
s band Narrow

Broad

Lesson 13 — MSE 304 - Fall 2024

Mixing molecular orbital with s band of
solid surface

. A
. | .
Q ,/,
=L - €a A (g) /
= WU . —
88 f
S band of solid , d band of
surface molecule Narrow

From Hammer & N@rskov




Molecular Orbital Interactions on Transition Metal Surfaces

Energy Transition Metal d-band Metal sp-band
: : : : Molecule
metal Interaction Interaction
; (05 —d)"
Kl,ey for e?er.gtyr/] E New bonding and |
alighment wi | antiboding states
molecule! .
Fermi - S LTI N
level
Broader sD

conduction bands |band.
En i et ) |

less involved in |
bonding =—>

og —d d-band interactions weakens
| molecule’s internal bonds

Distance Metal surface — adsorbate molecule

51 Lesson 13— MSE 304 — Fall 2024 Gueye et al., J. Catalysis, 380, 2019




Strength of Bonding on Surfaces

Adsorption strength depends on orbital overlap—broad bands promote metallic character,
while sharp bands retain molecular character

Broad molecule metal

d-band

Oxygen on Pt(111)

molecular character

O S — L‘ Sharp d-band =»
\ d-bands

\ Adsorbate state
after interaction

¢ with d—bands

—-10

Strong o o becomes broader =»
interaction metallic character
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Facilitating Dissociation via Antibonding Orbitals

Strong adsorption is
defined as clear peak of
o™ above the Fermi level b3

Filled 0 *weakens O-0 bond,
promoting dissociation.

Metal d-projected DOS

If o* orbital remains
unpopulated, O-0 bond
remains strong

€-€_(eV)

o0 o

Dissociation of the
molecule

- | Oxygen p —projected DOS
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Example of Important Catalyzed Reaction: Ammonia Synthesis

Ammonia desorption

Adsorption of N,
gas on Fe surface

Adsorption of H,
9 8asonFe surface

E, = Egis
..O..i' ﬂ’%
Reactants

ok N N N N R Products
Y Y Y Y Y Y Y Y Y Y Y Y VYO .
TN Y Y Y Y Y Y Y Y Y Y : b 32 LI L .

G I IIIIIIIIIL S N, dissociation N-H,, formation

Fe catalyst provides active surface that
adsorbs molecules, weakening their bonds

Nitrogen atoms easier to dissociate from Kitano, et al., Nat. Comm. 6, 1, 2015

the surface
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Example of Important Catalyzed Reaction: Ammonia Synthesis

55

Dissociated molecule (D) Molecule (M)
. Sc Ti vV Co Ni Cu
Ad : £N Ammonia desorption  Adsorption of H, D M 3d
sorption of N,
gas on Fe surface Y |zZr |[Nb Rh  |Pd |Ag
gas on Fe surface > CO M 4d
D La |Hf |[Ta Ir Pt |Au
Ml M 5d
E Sc |Ti \% Co |[Ni [Cu
(D) 3d
Y Zr Nb Rh Pd Ag
N, 4d
La Hf Ta Ir Pt Au
iy g | (D) 5d
- > 2 2 2 T P T T
> T ™ T T T T T T T T ™ ™™ :
TN Y Y Y Y Y Y Y Y Y Y Y Sc [Ti |V [Cr (Mn 8
> * 2 T T T T T T "™T ™ D
NO X Zr Nb Mo |Tc
Fe catalyst provides active surface that 4d
adsorbs molecules, weakening their bonds sl ol O LA 54

Nitrogen atoms easier to dissociate from

Lesson 13 — MSE 304 - Fall 2024

the surface

Dissociate in a way that it doesn’t want to

stay on the surface after dissociation




Balance Between Adsorbing Strongly But not too Strongly

Sabatier optimum
Desorption Adsorption
limited : limited
I EH"
o w | HR N
= s ) TR
doad
O | \
= |
| TERN
l .. :
|
|

AAG°>AAG®

apex

High Affinity Low

AAG°< AAG? AAG?

apex apex
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“Volcano plot”

® Polycrystalline
O (111) surface

-0.4 0.0 0.4
AG,. [eV]

Gueye et al., J. Catalysis, 380, 2019

0.8

CHEM:NA



Different Adsorption Energy from Gas to Gas/Metal to Metal

57
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Important

Different molecu
Formation of s

-
-
Solid
surface -
-
-
-
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Application: Gas Separation for Sustainability

es absorbing differently on different surfaces based on:

d-band of the material

necific bonds
Need materials with high surface area:volume ratio (Porous structures)

0, CH,
He H, (0.346 nm) (0.38 nm) C,H;
(0.26 nm)  (0.289 nm) CO, N, CHs (043 nm)
(0.364 nm)| (0.39 nm)

f
< | Y
) | *@ ef
{ T - ﬁ
/’ .I [~ )
Gas 2 , 5 /| 4
A ’f""’ ZIF-8 ! UiO-66 HKUST-1 MIL-101
I (5.3'56.5A) 1 nm 0.2nm  (0.3anm)' _ (0.6nm)  (0.9nm) (1.2nm)
= _——— e J
.0 0..,0 = .' \ /
G e LN
Gas 1 99 M
LTA FAU ZIF-7 MOF-801 MIL 53 MOF-74
(3.6*4.4 A) (4.2 A) (9A) (0.3 nm) (0.47 nm)  (0.65 nm) (1.1 nm)

Some typical zeolite structures Some typical MOF structures

CHEMINA

Chen et al., Chem. Soc. Rev., 52, 2023



Catalysis Performance Metrics: Activity and Turnover Frequency

Specific activity: When the reaction rate is normalized to the surface area of the active component in the catalyst
Turnover frequency (TOF): Number of times a single active site on catalyst converts a reactant into a product per second

Provides measure of catalyst’s efficiency =» higher TOF means more active catalyst

T OF _ r Reaction rate (mol s)

(s) N active Number of active sites on catalyst (mol)

% o
< a a SIS pubs.acs.org/acscatalysis

“Turning Over” Definitions in Catalytic Cycles
Sebastian Kozuch*' and Jan M. L. Martin "

"Department of Organic Chemistry, Weizmann Institute of Science, IL-76100 Rechovot, Israel

*Center for Advanced Scientific Computing and Modeling (CASCAM), Department of Chemistry, University of North Texas,
Denton, Texas 76203, United States
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Catalysis Performance Metrics: Selectivity

Selectivity completely depends on the catalyst surface chemistry

By changing a catalyst, completely different products can be obtained

Formation rate of a particular product

Selectivity =
4 Formation rate of all products

Two oxidation paths for ethylene:

10%
O: /
Ethylene AQ O
Q0% f E

Ethylene oxide

Commercial ethylene oxide procedure runs
CO, 4+ H.O with 90% selectivity

90% of the ethylene molecules are
converted into ethylene oxide
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Catalysis Performance Metrics: Selectivity

Selectivity completely depends on the catalyst surface chemistry

By changing a catalyst, completely different products can be obtained

Formation rate of a particular product

Selectivity =
4 Formation rate of all products

Methane

CO +H,

61 Lesson 13 — MSE 304 - Fall 2024



Catalysis Optimization — Trade-Offs of Adsorption Energy

Adsorption Energy (E_.4.): energy change when a molecule binds to the catalyst surface

Low E_4.

l

Reactants do not adsorb

l

Low activity

62 Lesson 13 — MSE 304 - Fall 2024

Catalytic activity

Position in periodic table

| I | I I I T

Maximum catalytic activity 1
Increasing dissociation =—————a= «—— |ncreasing desorption
B e EE— —_—l
Weakly adsorbed Strongly adsorbed

Adsorption energy (E.,.)

High E_,.

l

Products cannot desorb

l

Surface sites are blocked

l

Low activity




Nanostructuring for Increased Active Sites at the Nanoscale

Increased surface:volume ratio

~
-

Higher density of defects, edges,
corners, or steps =2 active sites

P P » »

a B » »

:
L2
L 2
L 2

-

~

=
=

More active sites exposed =»
more interactions

’ . 3 ..‘ L] 2 < B
< - - -

a

At the nanoscale, electronic
structure of materials can be
tuned to optimize E_.

Specific shapes can lead to greater

’ . e ——
selectivity Single atom« - Single-site « Atomically, | Nanocluster i
CataIyStS heterOgeneOUS dispersed .y — Nanopart|C|e PartiC'e
. . . P 2-30 atoms =l
Metallic structures with plasmonic Cataly supported metal 2-8 nm S @
oroperties can undergo catalysts

photocatalysis (light-driven
chemical reactions)

Yu et al., Adv. Energ. Sustain. Res., 5, 2024
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Alloying Catalysts to Fine-Tune Adsorption

Alloying: combining metals to modify the surface’s electronic structure

0
Ph/u\/\Ph
. HSIEt, \ » @7
Introducing Au changes the electroni Y i o
ntroducing Au changes the electronic PhNPh High ) \&w
structure of Pd activity!! ¢ €
100 - N 9
Pd has a high d-band center (closer to E;)
(high E_ , = low TOF) 80
5
When alloyed with Au, d-band center of =
Pd shifts downwards =» lowers E_,. %
(1
O
Incorporation of Au into Pd lattice 4 -
introduces strain =» fine-tune surface
reactivity 50 -
0

Pd 3Pd1Au 1Pd1Au 1Pd2Au 1Pd3Au 1Pd5Au 1Pd10Au Au

64  Lesson 13 — MSE 304 — Fall 2024 Miura et al., ACS Catalysis, 7, 2017




Summary of Today’s Class

* Glucose Biosensor —Raman spectroscopy for non-invasive monitoring
 Recap on Challenges of Biosensors — remaining technological gaps

* Strategies to Overcome Challenges — aptamer biosensors and Debye lengths
» Catalysis — how surfaces serve as catalysts/review of molecular orbital theory

* Optimization of Catalysts — balancing act of performance metrics

Exercise Session: Surface catalysis — how surface modifications affect adsorption energy and reaction rates

X0
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