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Abstract

Metal Porphyrin complexes are used in dye sensitized solar cells due to their
electrochemical properties. Zinc Protoporphyrin 1X was placed into ITO slides in an attempt to
validate the hypothesis that photo-reactive monolayers display polarization effects in response to
stimulation. The project looked for alterations in the electrochemical profile of the material as

measured by electrical impedance spectroscopy.



Acknowledgements

| would like to thank Mr. Alexander Carl for instructing me on the use of the x-ray

photoelectron spectroscopy machine and the software to use it.

| would also like to thank Dr. Roghi Kalan, PhD. for instruction on the use of both the

glovebox and the potentiostat.

| would like to thank Worcester Polytechnic Institute and the Department of Chemistry

and Biochemistry for their commitment to undergraduate research.

Finally I would like to thank Professor Ronald Grimm most of all for his guidance in this
project, his role as a mentor, and his time spent instructing and educating me throughout the

course of the project.



1.Introduction

Our society is more and more dependent on small electronics in our daily lives, in our
medical care, and in our luxury purchases. Thin film monolayers have the potential to advance
the level of sophistication and complexity our devices are capable of, however, they are not a

fully understood media in terms of their electrochemical properties.

In order to progress our society’s ability to use electronic devices, technological leaps and
bounds must be made. In order for these leaps and bounds to even be feasible, a better

understanding of the photo-voltaic and electrochemical properties of thin films is required.

This endeavor was undertaken in order to explore potential electrochemical behavior of thin
film monolayers on conductive substrates in response to light, and in doing so to advance

knowledge about the field and encourage future progress.



2.Background

Many monolayers on conductive media undergo electrochemical changes in response to
stimulation by light. A proposed explanation for some of these electrochemical changes is a
polarization effect across the surface of the monolayer. The purpose of this project is to evaluate
this potential polarization change by observing changes in surface dipoles of deposited

monolayers as noted by changes in the capacitance of the monolayer in response to light.

For this project, Indium doped Tin-Oxide (ITO) slides were prepared with monolayers
deposited on the functionalized surface. The application of these monolayers was verified via
XPS (X-ray Photoelectron Spectroscopy) and their electrochemical properties were observed

using Impedance Spectroscopy.

The end purpose of this project is to examine a possible phenomenon in monolayer
electrochemistry and to use the conclusions drawn to further evaluate the photosensitivity of

these systems.



2.1 Metal Porphyrins
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Figure 1: Zinc Protoporphyrin IX

Metal Porphyrins are frequently used in dye sensitized solar cells due to their photo-voltaic
properties. This project focused on Zinc Protoporphyrin IX (featured above) due to its readily
available carboxylic acid ends which facilitate deposition onto ITO. Protoporphyrin IX is a
precursor for hemes as well as chlorophyll in biological processes.l! In Zinc Protoporphyrin 1X
a zinc is added to the center of the ring, binding directly to two of the Nitrogen’s in the central

ring and complexing with the other two.

2.2  X-Ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic technique that is used to evaluate
the surface composition of a material quantitatively. XPS can be used to identify components of

a material surface and to determine how much of these components are present. The XPS is



operated at ultra-high vacuum with pressures in the order of 10° millibar. The XPS works by
reflecting x-rays at an angle specific to the individual machine (90° in the case of the XPS
located in Gateway Park). These x-rays stimulate the surface of the material and cause
photoelectrons to be emitted in correspondence to the binding energy of the deposited elements,
as measured in electron-Volts (eV). The counts of photoelectrons measured by the XPS at each
given binding energy are directly quantitatively linked to the amount deposited at the surface.
By comparing the area under the curve of the peaks of deposited materials along with their
sensitivity factors at 90°, the XPS can be used to examine coverage of a surface in fractions of a

monolayer or to verify the empirical formula of the deposited chemicals. %

2.3  Monolayer Impedance
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Figure 2: Impedance Circuit

Monolayers deposited on conductive substrates can act as capacitors in circuits. At low
frequencies the capacitor does reset and so acts as a break in the circuit, forcing the current to
pass through both resistor one and resistor two. At higher frequencies, however, the capacitor
acts as a short and the current bypasses resistor two entirely. The impedance of the monolayer is
a measurement of the opposition to current passed through the system and is a complex ratio of

the voltage and current in an alternating current system. Impedance acts as an extension of
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system resistance to AC systems and has both magnitude and phase. The measured impedance
of a system featuring a monolayer on conductive substrate is a product of the resistance of the

system at different frequencies.

2.4 Impedance Spectroscopy and Nyquist Impedance

Electrochemical Impedance Spectroscopy (EIS) is the quantitative analysis of the electric
properties of a sample as a function of frequency. EIS can be used to characterize the nature of a
sample (e.g. verifying monolayer deposition) as well as to observe changes in the dipole moment
of a sample in response to stimulation. As system impedance is a complex measurement, there
are multiple possible graphical representations of the data collected. Nyquist Impedance is one
such representation which uses the real component of the transfer function for the x-axis and the
imaginary component for the y-axis. Using fitting software the data from a Nyquist Plot can be
used to find the resistance values of a circuit as well as other electrical components, including

capacitance.



3. Experimental

3.1 RCA-1/RCA-2 Cleaning of ITO

In order to prepare the ITO slides for use they were treated via RCA-1/RCA-2. To remove
residual organics, a solution was made up of 35.0 mL deionized water, 7.0 mL aqueous
ammonium hydroxide (NHsOH, 29% by weight of NH3), and 7.0 mL aqueous hydrogen
peroxide (H202, 30% by weight). 1TO was placed into this solution which was brought to
approximately 75 °C for ten minutes. After this, the ITO was rinsed with 18-megohm water and
then added to a solution of 42.0 mL deionized water, 7.0 mL hydrochloric acid (HCI, 37% by
weight), and 7.0 mL aqueous hydrogen peroxide (H202, 30% by weight) at 75 °C for
approximately ten minutes. The ITO was then removed from solution, rinsed with 18-megohm

water, dried via dry argon gas, and finally stored in a sealed, dry container.

3.2 Application of Silane Monolayers

FF kR F g F cl
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Figure 4:1H,1H,2H,2H-Perfluorooctyltriethoxysilane

Before work with Zinc Protoporphyrin, monolayers of fluorinated silanes were deposited on

ITO practice on instruments and to prepare for the actual final monolayer. Two drops of
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Trichloro(1H,1H,2H,2H-perfluorooctyl)silane were added to a small plastic petri dish which was
sealed with a piece of ITO next to the drops for five seconds. The ITO was then rinsed with
toluene to dislodge any excess silane and prevent polymerization on the surface. The slide was
then dried with argon gas. Similarly, 1H,1H,2H,2H-Perfluorooctyltriethoxysilane was diluted to
one tenth in ethanol, and then two drops of the dilute solution was added to a petri dish with a
clean piece of ITO and let sit while covered for five seconds. The slide was then washed with

toluene and dried with argon.

3.3  Deposition of Protoporphyrin IX Monolayer

Protoporphyrin 1X was deposited on the surface based on a modified procedure based on that
found in Havare et al.®! Clean ITO was washed successively with deionized water, acetone, and
2-propanol and then dried with argon gas. The cleaned ITO was treated in an oxygen plasma
cleaner for ten minutes to activate the surface. Immediately after plasma cleaning, the slide was
dipped into a centrifuge tube containing 2 mM solution of Protoporphyrin IX dissolved in 1:1
DMF (Dimethylformamide):Methanol, completely covering the slide in the solution for 48 hours
to ensure a closely packed monolayer. After this, the slide was removed from solution and

rinsed with methanol and dried with argon.

3.4 Addition of Zinc to Protoporphyrin on ITO Surface

Zinc was added to the center of the deposited Protoporphyrin. A solution was prepared by
dissolving 0.001 g of zinc chloride (ZnCl2) to 10.0 mL methanol under vacuum. The
protoporphyrin treated ITO was added to this solution for two hours before being removed,

rinsed with methanol, and dried with argon.

11



3.5  Verification of Zinc Addition via XPS

The addition of zinc to the functionalized surface was verified via XPS. The sample of ITO
was run before zinc addition to verify the presence of the protoporphyrin on the surface.
Nitrogen and Indium were used as fitting peaks for coverage. The sample was run again after
zinc addition to verify the presence of zinc within ring structures, and not as zinc plating or
attachment via chlorine. The comparative areas of zinc and nitrogen were used alongside their
sensitivity factors at 90° (3.354 for Zn and 0.477 for N) to verify stoichiometric ratios of the two

elements.[

3.6 Impedance Measurements of Surfaces
The treated slide of ITO was introduced into a glove box and added to an electrochemical cell
containing Ferrocene/Ferrocenium in acetonitrile to form a circuit (seen above in figure two).
Using the potentiostat and the EC-Lab software function PEIS, the impedance character of the
material was recorded by scanning frequencies from 10 mHz to 1 MHz. This data was taken
both in darkness and with a light focused on the sample and Nyquist Plots of each were fitted

with the model of R1+R2/C in order to the capacitance of the material.

12



4.Results and Discussion

Unfortunately, while monolayer impedance was achieved and verified, the data does not

support the polarization hypothesis for this particular material. While further testing of new

samples may yield slightly different results, the difference in capacitance between the sample in

the light and dark was not significant enough to validate the polarization conclusion. The

capacitance of the material remains relatively constant around 6 pF in both light and dark (see

Table 1, below and Figures 5, 6 below and 12-17, Appendix B).

R1+C2/R2

Edit s File
param. |sel | zign |value |unit dev.
R1 +/- 3287 Ohm 049852
(el +/- B.261eE F 3395e-9
Rz +- 1 291.3 Ohm 1.353

Figure 5: Resistivity and Capacitance Fitting Without Light
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R1
C2

Rz

+- 3769
+- |5.655e-6
+- 3033

Ok
F
Ohkim

1.053
19.62e-3
1.392

-

Figure 6: Resistivity and Capacitance Fitting With Light

Run Capacitance Capacitance With Change in
Without Light (uF) | Light (uF) Capacitance(Dark
to Light) (uF)
1 6.621 5.655 -.996
2 6.161 6.123 +.038
3 5.672 5.535 -.137
Average 6.151 5.771 -.380

Table 1: Capacitance in Light and Dark
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Figure 7: Overlaid Nyquist Plots With and Without Light

The applied layer of Zinc Protoporphyrin IX did behave consistently as a monolayer on
conductive media, but there was not enough of a change in capacitance to justify the polarization
conclusion. It is unlikely that any errors in execution of the synthetic procedure are to blame, as
the process was verified to have attached Zinc Protoporphyrin. It is more likely that either the
material itself, or the method of attachment prevented the hypothesized polarization from
occurring. Connecting the monolayer to the substrate via a linkage assembly like APTMS,
which is commonly used in similar set-ups, may provide a more stable connection to the ITO
than simply relying on the carboxylic acid terminations of Protoporphyrin 1X to connect to the

surface.
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5. Conclusion

While the project was unable to verify and support the hypothesis that this particular
monolayer undergoes a polarization effect, it is possible that other materials would display the
expected interactions. The original goal of the project may be unfulfilled but that does not

prevent the project from being picked back up in the future using different materials.

51  Other Potential Materials

Other materials could exist that would be better suited for any future attempts at this project.
For example, the magnesium complex version of Protoporphyrin IX is produced during
photosynthesis and could be more likely to display charge effects in response to light. The
Cobalt Protoporphyrin IX complex might also be a useful alternative, as its bulky center is
sterically hindered by an attached chlorine from staying planar with the Protoporphyrin ring, and
so may behave somewhat differently in response to light. Future attempts at this project may
benefit from verifying the existence of any photo response in their chosen material before

attempting to look for changes in the surface dipole.
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Appendix A: XPS Spectra

o

(a9) aug Supuig

003
1

=
)

Figure 8: XPS Survey of Protoporphyrin IX on ITO
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18



CPs

0.

50,

20

___;E

T
399
Binding Energy (V)

T
396

Etch Time

[EEEERON | Zn2p3(2] | In3d503] |

In3d5 |

e

{87 Quantification Parameters

Regions Components | Data Editor | Report Spec. | RPT Repot |

_z 1s[1] [RMS = 141.407; D. of F. = 311] [Eff. RSF = 1.96565] [Ef

& Marquarct Paste

" Simplex
Fit Comp = Paste mmv_mnm_
IV Use RMS Monte Carlo

Fi Spine BG |  Copyand Fit |

ol el e O e

Figure 10: Zinc Protoporphyrin Nitrogen Peak and Fitting

19



Etch Time

0

x
® " Quantification Parameters

Regions Components | Data Editor | Report Spec. | RPT Report |

_N: 2p3[2] [RMS = 413.01: D. of F. = 279] [Ef. RSF = 1.07035] [E

Area Constr. =0.0...

A fwhm Constr. = 0.
Position = 1021.3...

; Al Pos Constr. = 10..
Tag [ NoTag |
Comp Index N N
Asymmetry I..[ 00000 |
%Concentr. | 10000 |

Create _ (% Marquardt Paste

" Simplex =
CorM | PuComponenss| et Repice
Copy _ ¥ Use RMS Monte Carlo _

cut | Fit Spline BG |  Copyand Fit |

sto| ReL| RST|  FeStepBG | Copy Names|

Figure 11: Zinc Protoporphyrin Zinc Peak and Fitting
20

T T T
1029 1026 1023 1020 1017
Binding Energy (2V)




-Im(Z}/0hm

Impedance Spectra

Appendix B

750

700+

50

600

250

500

450+

400+

250

2004

250

200

150+

1004

ZFit a8
Selection Results 7

Equivalent circuit

Ri1+C2/R2 -

Edt |[ & [ Fie
param. [sel[sign|valie  [unit [dev. -

il +- 3768 Ohm 1058
2 +/- GEG5eE  F 19629
iH - %38 Ohm 1392
(]
(]
[m]
1
(]
O
(] -
[Caluier|
Fit
Select cunent = | cyclels)
Method [ Randomize + Simplex

Randomize | first cpcle only

Stop randomize on 10000 itesations

Stopfiten 5000 iterations

Weight __N,|4\

% 0141 XN 002363
lterations 5000 [Simplex] Cycle nws

Closz

-Im(Z) vs. RelZ)

—— Zn Protoporphyrin Without Light.mpr #

— Zn Frotoporphy

Without Light_zfit. mpp

T
200 400

T T
600 800

Re(Z)/Ohm

T
1,000

T
1,200

T
1,400

T
1,600

Figure 12: Nyquist Impedance without Light Run 1

21



ZFit
Selection Results i
Equivalent circuit

R1+C2/R2

[Edt |8 ][ Fie |

param._[sel[sign |value  Junit dev.

A +- @81 Ohm 2181
c2 +/- 6161eE F 56199
R2 +- 2035 Ohm B

o o o e

Fit

Select cunent ¥ | cyclel

Method | Fiandomize + Simplex

Randomize | first cpcle anly

Stop randomize on 10000 iterations

Stopfiton  &000

‘wisight E

W 3067e-3
lerations 5000 (Simplex)

w0075

Cucle

KUK

-Im(Z}/0hm

850

200+

7504

7004

650

00

550

5004

4504

400

3504

3004

250

200+

—— 2016-04-13 CRW Zn Ptrprhyrn X wo light 2_C01.mpr#

-Im(£) vs. Rel(£)

— 2018-04-13 C

Zn Ptrprhyrn

o light 2_C01_zfit. mpp

200

400

800

Re(Z)/Ohm

800

T
1,000

T
1,200

T
1,400

Nyquist Impedance without Light Run 2

Figure 13

22



S =) Hm(Z)] vs. Re(Z)
- =5 Without Light 3 PEIS_01_PEIS_CO1.mpr# —— Without Light 3 PEIS_01_PEIS_C01_zfitmpp
election
Equivalent circuit
R1+C2/A2 - 200
patam._[sel [sign [value dev. P 1804
&l +/- 3706 1.332
c2 - 56726 F 55.9e-9 1604
R2 - 2474 Ohm 2023
]
m} 1404
(]
1
0 1204
]
O = 100
[ Caleuiate]
Fit _ 80
Select  [ourent + H
2
Method  |Randomize + Simplex = &0
Randomize | it cycle orly H
Stop randamize on [10000 0]
Stopfiton 5000 iteratiorss
iwa_;. 0]
x* 7.83823 x /I 00z.
lterations 5000 [Simplex) Cycle e
o]
[ Minimize | Peeudot: |
204
a0
50
T r T T T
300 400 500 600 700

Re(Z)/IOhm

Nyquist Impedance without Light Run 3

Figure 14

23



-Im(Z)/0hm

750+

700+

800+

500+

4004
3s50]

300+

2004

150+

100+

ZFit

Selection Resul

Equivalent circuit

R1+C2/R2 -

[&]

unit dev. |-
Ohm 03852 | |
F 33.95¢9
Ohm 1.353

. a

_a

_a

__a

_a

. a

L a 2

[Caleulte|

Fit

Select curent

Method [ Randamize + Simplex

Randomize t cycle only

Stop randamize on [10000

Stopfiten 5000

weight [ ~]
%* 001064 XN 00579
lterationss 5000 (Simplex) Cycle e

— 2016-04-13 CRW Zn Ptrprhyrn [X v

Am(z)
light basefine_C01.mpr #

) vs. Re(Z)
—— 2016-04-13 CRW Zn Pirprhymn X

ht baseline_CO1_zft.mpp

200

400 600

T T
800 1,000
Re(Z)/Ohm

1,200

1,400

1,600

Nyquist Impedance with Light Run 1

Figure 15

24



Devices
d = & F R

@ 5P-300-UsB

Experiment

Advansed Seftings

Cell Charact

ics
External Devices
Parameters Settings

4 =3

N expeiiment loaded on curient channel

ZFit

Selection Resuls |
Equivalent cicut
Fil+C2/R2

(e ][ ]

param.[sel[sign|valus unit e

R
c2
R2

]
|
]
]
]
|
]

+/- 2902 Ohm 2487
+/- B.53%ef F 017416
+/- 2299 Ohm 4.839

Fit
Select  [cunent v cyclels)
Method  [Randomize + Simples
Randorize |3t cucle ol

Stop randomizs on [T0000 terations
Stopfiton 5000
Weight
x? 31843 xINT
lterations 5000 (Simplex] Cycle

n.01s81
RRHK

RN E Y

-Im(Z)/0 hm

450

4004

350

3004

2504

2004

1504

100

504

-100

ERra

H_ Myquist Inpedance = Show :

m(Z} vs. Re(Z)

—— 2016-04-13 CRW Zn Ptrprhyrn X w light 2_CO1.mpr #

— 2018-04-13 C|

Zn Pirprhyrn X

ight 2_C01_zft.mpp

T
400 600

Re(Z)/0hm

T
300

T
1,000

Nyquist Impedance with Light Run 2

Figure 16

25



£ b bl

Equiralent circuit

R1+C2/R2 -
param. dev. -
R1 1.308
Cz2 55.07e-3
R2 202
]
|
]
1
]
]
D -
Inm,nc_mﬁm
Fit
Select E cyclefs]
Method —Imsaos,um + Simplex ~

Randomize | first cycle only

Stop randomize on 10000 iterations

Stopfiton  §oon

Wieight ﬂ

2

Iterations 5000 [Simplex] Cycle

o 7.58e3 W/ 002753

HEHE

Clase

-lm(Zy/0hm

2004

180

1604

140

1204

100+

@
a8
I

@
£
|

40

204

204

_4n

60

a0

-Im(Z) vs. Re(Z)

—— With Light Sample 2 PEIS_01_PEIS_CO1.mpr #

—— With Light Sample 2

S_01_PEIS_CO1_zfit.mpp

T
300

T
400

T
500
Re(Z)/Ohm

T
600

T
700

Nyquist Impedance with Light Run 3

Figure 17

26



