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ABSTRACT

Modern electronic devices are engineered to be compact, many device functions are often
encapsulated into multiple layers within one thin device. Such technological advance trend creates
multiple buried interfaces between different layers in single electronic device. Optimizing overall
device function and lifetime often relies on understanding each layer independently, however
approaches used to understand such buried interfaces nondestructively are still lacking, making it
intrinsically difficult to perform failure analysis on many devices to fully understand the device
failure mechanisms. This thesis combines an interface sensitive technique, sum frequency
generation (SFG) vibrational spectroscopy, with various other analytical techniques to elucidate

interfacial structure-function correlations related to complex electronic devices and systems.

By studying the surface structure and behavior of organic semiconductor (Poly 3-hexyl
thiophene, P3HT) thin films prepared using different solvents, it was found that the P3HT
molecules at the polymer/air interface would lie down as more acetone was added into the casting
solvent, demonstrating the feasibility of varying semiconductor thin film surface structure by
altering the solvent composition for thin film preparation. SFG research also elucidated how the

properties of the underneath substrate and semiconductor polymer sidechain could affect the

Xiv



orientation of polythiophene at the polymer/air and polymer/substrate interface of a thin
polythiophene film. This research provided systematic understanding of the effects of sample
preparation solvent, substrate hydrophobicity, and polymer side chain composition on the surface

and buried interfacial structures of semiconductor polymer thin films.

SFG has also been applied to study interfacial structures of semiconductor polymer thin
films in photovoltaics: the interfacial orientations of polythiophene molecules at the
perovskite/polythiophene hole transport layer interface were successfully correlated to the overall
perovskite device power conversion efficiency. The experimental results indicated that subtle of
the tilt angle of the polythiophene backbone at the perovskite/polythiophene interface could lead
to over 100% difference on device efficiency. This example demonstrated that the understanding
of the interfacial structure of a semiconductor thin film could improve the property of photovoltaic

device.

SFG has also been used to probe the molecular structures of buried interfaces of polymer-
based adhesives to understand the structure-function correlations of such polymer adhesives for
microelectronics packaging. In this study, pristine polyethylene and grafted polyethylene were
examined. It was found that ordered C=0 grafted groups and standing up methylene group at

buried polymer adhesive interface could lead to better adhesion strength for polyethylenes.

This thesis also developed a microscopic-SFG platform which can collect SFG spectrum and
obtain optical/fluorescence image simultaneously from the same sample. With this analytical
platform, molecular interactions between biological molecules and 2D material MoS, were
revealed. This research developed a generally applicable approach to design the sequence of a
peptide with a preferred orientation on MoS. The microscope-SFG platform was also used to

study the bacterial killing mechanism of surface-immobilized antimicrobial peptides via covalent

XV



attachment. SFG was used to monitor the structural change of these peptides upon interacting with
bacteria, and the microscope was used to collect the live/dead bacterial information on the surface
in situ with fluorescence image, demonstrating the feasibility to probe structure and function of

interfacial biological molecules simultaneously.

Overall, this thesis developed important approaches using SFG to study buried interfaces
related to electronics. Such approaches are general and can be applied to study complex interfaces
to understand their structure-function correlations, providing important knowledge for

constructing interfaces with improved properties.
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CHAPTER 1 Introduction

1.1. Motivation

Surface and buried interfacial structure of matters has long been an important topic to
researchers because of its scientific importance. To name a few, interfacial structure of
semiconductors and photovoltaics has become increasingly important due to the multi-layer thin
film architecture of the fabricated devices; interfacial structure of organic adhesives has been
shown to be one of the dominant factors to affect adhesion strength, and surface property of single-
layered 2-dimentional (2D) materials could greatly mediate the electric property of those materials.
However, surfaces and interfaces usually only involve very small amount of materials, and many
interfaces are buried, therefore their structures are extremely difficult to study. Analytical
techniques have been developed to probe interfacial structures, such attenuated total reflectance
infrared spectroscopy (ATR-FTIR), grazing incidence X-ray diffraction (GIXRD) etc. But many
of these techniques could not provide monolayer surface/interfacial sensitivity, and could not

probe buried interfaces.



Vibration spectroscopy is known for its noninvasive character and chemical specificity,
providing molecular insight into various sample systems. As high-power pulse laser technique and
nonlinear optical instrumentation have been developed, nonlinear vibrational spectroscopies were
found to be an ideal analytical platform to study surface and interface properties of various sample
systems. One advantage nonlinear vibrational spectroscopies process is the intrinsic surface
sensitivity (second order nonlinear effects). The research in this thesis covers Sum Frequency
Generation (SFG) vibrational spectroscopic studies on surface and interfacial structures and their
correlations to properties of organic semiconductors and photovoltaics, polymer-based adhesives,

interfacial biological molecules and 2D materials.

Surface, bulk, and interfacial structures of organic semiconductors all play vital roles in
their performance for many important applications, including organic field effect transistors
(OFETSs),? organic photovoltaics (OPVs),*® and organic light emitting diodes (OLEDs).” In
OFET, it has been reported that an edge-on backbone structure in the film bulk results in an
increase in hole conduction and therefore leads to a higher hole-mobility.?® In OPV, it has been
reported that interfacial molecular orientation can affect interfacial charge transport efficiency.
While in OLED, the molecular orientation alters the ratio between air-mode and plasma-mode
emission profile.2"%1% Device performance issues often arise from the relatively low conductive
nature of organic materials (due to unfavorable molecular orientations), where charge tends to
accumulate at the surface/interface of thin organic films. Therefore, it is important to carefully
design polymer chemical structure and control the surface/interface structures of such thin films.
However, such an objective is challenging due to the difficultly in controlling the
surface/interfacial structure of an organic semiconducting thin film, and it is also difficult to model,

characterize, and quantify such a structure at a molecular level due to the lack of proper analytical



techniques. Many applicable and widely used characterization methods for these thin film
materials have some disadvantages: Transmission electron microscope (TEM) requires a relatively
complicated sample preparation procedure and cannot probe a buried interface; scanning electron
microscope (SEM) and atomic force microscope (AFM) only provide information of surface
morphology and lack the ability to characterize chemical or electronic structures; and X-ray
diffraction provides structural information of the bulk material, not the surface or interface.
Furthermore, the X-ray diffraction signal from such thin films is usually too weak to provide
concrete information because such films normally lack crystallinity. In this thesis, SFG will be
applied to study surfaces and interfaces of semiconductor polymer thin films, providing important

knowledge for the field of organic semiconductors and photovoltaics.

Adhesives, especially polymer-based adhesives, have broad applications. Adhesives exist
almost in every aspect of our daily life, from food packing to automobiles, from furniture to
cellphone packaging. Adhesives often fail because of effects of temperature, humidity, or aging;
therefore, understanding interfacial structure-function correlation is extremely important because
the majority of the adhesion failure happened at interfaces. This thesis research examined the
molecular structures of buried interfaces in situ and found structure-function relations of such

interfaces, providing in-depth understanding on adhesion.

Interfacial structures of biological molecules such as peptides and proteins determine their
functions. Peptides physically adsorbed and chemically immobilized on surfaces have been widely
used for biosensing and antimicrobial coating. This research investigate peptides physically
adsorbed on 2D materials and interactions between surface immobilized peptides and live bacteria.

In such studies, SFG spectroscopy was applied in combination of an optical/fluorescence



microscope. Such studies demonstrated the successful investigations of molecular structures of
heterogenous interfaces and simultaneous study of structure-function relations of interfacial

biological molecules.

1.2. Sum Frequency Generation (SFG) Vibrational Spectroscopy

1.2.1. SFG Background

SFG is a second-order nonlinear optical process where two photons are combined to
generate a third photon that sums the energy of the two incoming photons. The selection rule of
SFG dictates that this photon combining process can only occur in a medium which lacks inversion
symmetry. Most bulk media have inversion symmetry, therefore no SFG signal can be generated.
For surfaces and interfaces, inversion symmetry is broken, thus the SFG process can occur
allowing for SFG spectroscopy to be an intrinsic surface/interface specific technique. In our SFG
vibrational spectroscopic studies, the two incoming beams include a visible (532 nm) beam and a
frequency tunable infrared (IR) beam. By tuning the IR beam frequency, one can selectively probe
various functional groups on a surface or at an interface. Determination of the molecular
orientation of such functional groups is achieved by controlling the polarization of each incoming
beam as well as the generated SFG beam. Recent progress in SFG research has shown that SFG is
a powerful tool to investigate surfaces and interfaces of many systems such as biological
systems, 16 organic molecules,'”*® water,'41%-24 as well as organic semiconductor materials.?32%
29 A schematic of SFG experimental setup and energy diagram of an SFG process is shown in

Figure 1-1.
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Figure 1-1 Schematic of SFG experimental setup and energy diagram

1.2.2. Basic SFG Theory

SFG theory, data interpretation, and surface selectivity have been extensively published

previously.2%-° Briefly, SFG output intensity can be expressed as:

oC

[SFG e;f) IR " vis (1-1)
where lir and lvis are the input IR and visible beam intensities. ;f;f) is the effective second-order

nonlinear optical susceptibility of the surface/interface, expressed as:

+Z

R~ @, +1F (1-2)

/2 is the nonresonant contribution from the sample. The resonant part of equation 1-2 can be
fitted as a sum of Lorentzian peaks with a peak strength of Aq, frequency of @, and a peak width

of T, for the peak q. All the SFG spectra in this paper are fitted with equation 1-2. £ is the

effective second-order nonlinear susceptibility tensor of the sample (e.qg., a surface or an interface),



which is correlated to the second-order nonlinear susceptibility tensor #* defined in the lab fixed
coordinate system. Therefore, different tensor components of #* can be deduced from different
components of #7. To do so, it is necessary to measure different components of 4 using

different output/input beam polarization combinations in the SFG experiment. In this thesis, the
incident angles of the input visible and IR beams are 60° and 55° versus the surface normal unless

otherwise advised.

1.2.3. Analysis of SFG contribution from multiple interfaces

SFG signal collected from a thin film on a solid substrate may originate from both the
surface in air and the buried film/substrate interface. Such a signal is dependent on the thickness
of the film.*%#! Detailed data analysis methods on SFG spectra collected from a thin film with
various models have been reported previously.*>** Here, the method for SFG data analysis is
presented so that the results discussed in later sections can be understood more easily.

(2)

As discussed above, y, ¢

is the effective second-order nonlinear optical susceptibility at

(2)

the interface. Different y, %,

components can be measured through different polarization

combinations of the input and signal beams (for instance, ssp: s polarized signal beam, s polarized

visible input beam, and p polarized input IR beam, or sps: s polarized signal beam, p polarized

visible input beam, and s polarized input IR beam), and we call them )(S)f,ssp and )(S%c‘sps, just to
name some examples. We then have:
2 .
ng},ssp = Lyy(a))Lyy(wl)Lzz(wZ)SlnﬁZnyz (1'4)



X ops = Lyy(@)Lyy(@1) Ly (02)SINB1 Xy 2y (1-5)
where x,,,, and x,,,, are different components of x® defined in the laboratory-fixed coordinate
system with the z-axis lying along the interface normal and x-axis in the input beam incident plane.
L;; (i=x, y or z) are the Fresnel coefficients and 3, and 3, are angles between the surface normal

and the input visible/infrared beams respectively.

The above data analysis method will be used in analyzing SFG results obtained
experimentally. Take chapter 3 as an example, we aim to study the buried polythiophene
(PT)/perovskite interface. Samples prepared using a thin layer of polythiophene (PT) spun onto a
perovskite surface will generate SFG signal from both the PT/air surface and PT/perovskite
interface. Since the PT layer is thin (a thick PT layer cannot be used here — otherwise the IR beam
will be attenuated or blocked which cannot access the buried interface to study the structure there),
we are unable to separate the signals contributed from the surface and the interface spatially. Often
a polymer/air interface generates a much stronger SFG signal compared to that from a buried
interface, causing large errors for structural studies of the buried interface. Here we deposited a
thin layer of poly(methyl methacrylate) (PMMA) on top of the PT layer. This allows for signals at
the PMMAV/PT interface (interface I) and the perovskite/PT interface (interface I1) to have similar
intensities. By varying the PT film thickness, we are able to modulate the interference of the SFG
signals from the interface | and interface Il in order to separate the signal contribution of each

interface. The detected SFG signal from the PT layer can be written as:
ng)f,ggp — Li;l;erface I( )Li;]z;erfacel(a)l) in;terface I(wz)sinﬁz)(}igtzerfacel +

Li;;erface 11 (w)Li;l;erface 11 (wl) iZnZterface 11 (wz)sin'gz)(}i;;tzerface 11 + XNReifpssP (1_5)



To simplify equation (1-5), Fresnel coefficients of different polarization combinations can

be written as:

int 1 int 1 int 1 int I .
Fyl;lzerface — |Ll;1yerface (w)Ll;lyerface (wl)leT; erface (wz)Slnﬁzl (1-6)
Fyi;t;erface 11 — |Li;L;erface ll(w)Li;l;erface ”((4)1) izréterface ”(wz)sinﬁ2| (1_7)

Combining equations 1-4, 5 and 6, we have:

; ; . ; ; 2
interfacel _interfacel interfacell _interfacell
Eiters facelyig 4 pinterf ! + )(NRe”P| (1-7)
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where @ and ¢ are the phase difference between the SFG signals generated from the interface I
and the interface Il, and the phase difference between the nonresonant background and the
interface 1, respectively. The nonresonant background term can be obtained from SFG spectral
fitting, and in this case it is negligible. Previous studies showed that SFG signal has a strong
dependence on the interference of light caused by different thicknesses of the object films.*- In
this case the Fresnel coefficients of different interfaces in the above equations can be calculated
using a three-layer interference model.**#4474° The Fresnel coefficients are also dependent on the

PT film thickness (the thickness is embedded in the phase term of eq.1-7). In order to deconvolute

Xyms 74 and yons ¢! from the overall collected SFG signal intensity, we need two Igpg

measurements from films of two different thicknesses. Combining the measured SFG signals of

the PT layers with two different thicknesses with calculated Fresnel coefficients of the two

and therface 11

Vyz and furthermore

interfaces for each sample, we can deduce the X;’;tzerf acel



reconstruct the SFG spectra originating from each layer (which will be shown in the results

presented in chapters 2 and 3 below).

1.2.4. Molecular Orientation Calculation Using Polarized SFG Spectroscopy

The above section described how to deconvolute SFG signal contributed from an interface

of interest. To extract the molecular orientation information from the deduced y one needs to take

one step further, as presented below.

In the above equations 1-4 and 1-5, Lyy and L, represent the Fresnel coefficients that are
dependent on the laser input angles and the refractive indices of materials, and Gir represents the
incident angle of the IR beam. The second order nonlinear optical susceptibility components (e.g.,
Xyyz ) Of avibration of a functional group can be correlated to various components of the molecular
hyperpolarizability  (€.9., Baac, Bobe, OF Secc) defined in the molecular fixed frame (a, b, ¢) through
orientations of the functional group. Therefore by measuring ycomponents, orientation

information of a functional group on surface/at interface can be deduced.

Orientation analysis of various different functional groups has been published in details.
Such functional groups include methyl group,>®* methylene group, C-H stretch of phenyl group,
a-helical and B-sheet secondary structures in protein and peptides. This thesis performed
orientation analysis of methyl group (chapter 4), methylene group (chapter 4), thiophene ring
(chapter 2, 3) and peptide o-helical structure (chapter 5). Here, the orientation calculation of

thiophene ring on PT backbone will be introduced as an example for SFG orientation analysis.



As described previously, orientation analysis of a functional group in SFG study relies on
the correlation between the second order nonlinear surface susceptibility y and molecular
hyperpolarizability B (or the correlation between lab-fixed frame and the molecular fixed frame).
To define a functional group’s orientation at an interface, three angles in the lab-fixed frame were
utilized: the azimuthal angle ¢, the twist angle vy, and the tilt angle 6. Any functional group’s
orientation at an interface can be described by these three angles. Since in the lab-fixed frame the
surface (x-y) plane can be assumed to be isotropic, then the azimuthal angle ¢ can be averaged
from 0° to 360°. This leaves only two parameters to deduce: the twist angle y and the tilt angle 6.
Because a thiophene backbone group adopts a Cov Symmetry, Moad et al. and Anglin et al. have

shown the simplified molecular hyperpolarizability under C2y molecular symmetry.

For Cov symmetry:

(sin® OcosO)(B. ) +(cosONB.. + f3,.)
1 ) )
Yo = Yoy = ENS X —<s1n2 @cosfsin’ 1//>(,6;yz +B.,+B,)
—<sin2 6cosfsin’ 1//>(,6;xz +p8_ . +L.) (1-8)

<sin2 HcosH>(ﬂzz )+{cosO)B.. + B.)
Tim = %Ns x —<sin2 fcosfsin’ l//>(,3yyz +B.,+8,)
~(sin” @cosOsin® y)(B.. + B, + B..) (1-9)

<sin2 HcosH>(ﬂzz )+ <cos€>(ﬂm + ﬁzyy)
Tox = %Ns X —<sir12 Ocosfsin’ 1//>(,Byyz +B.,+8,)

~(sin” @cosOsin’ y)(B.. + B, + B..) (1-10)
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<cos3 0>(ﬁzzz)
Yo =N, x{+(sin? OcosOsin’ w)(B,.+ B+ A,,)
+(sin’ @cosOcos’ y)(B.. + f.. + B..) (1-11)

Aegrpp! Aeps ZP|

From eq 1-8, eq 1-9, eq 1-10, eq 1-11, which can be measured

experimentally by using different polarization combinations, can be expressed as:

Aegrppp ! Aeps IP| =

I, (@)L, (@) L(,)sin A 7]
(1-12)
Please refer to chapter 2 for detailed Fresnel coefficient values, and hyperpolarizability

tensor component values have been published elsewhere:?® =< ~ 70 and P

cece cce

~-1.By

inserting all these numbers and relations to the above eqns, we could see that the Iff, /ﬁﬁl

ratio depends on the tilt angle 6 and the twist angle .

1.3. Presented Research

Chapters 2 and 3 will focus on using SFG to deduce surface and buried interface structure
of organic semiconductors in both semiconductor and photovoltaics applications. Surface and
interfacial molecular structures of a series of PT derivatives will be investigated. This research
elucidated the effects of solvent used for film preparation, hydrophobicity of the substrate for film

deposition, polymer side chain composition on the interfacial structure of semiconductor polymers,

11



Such research also provides in-depth understanding on the correlations between interfacial
structures of the semiconductor polymer and the performance of the solar cells made using such

polymers.

Chapter 4 will report the results on interfacial structures of two types of polyethylene (PE)
at polymer/oxide and polymer/polymer interfaces. To enhance adhesion of PE, one type of PE was
incorporated with maleic anhydride (MAH). SFG will be used to probe how such a modification
impacts on the interfacial structure. The structure will also be correlated with the measured
adhesion property. Interfacial structure of organic adhesives is also crucial because mechanical
failure of organic adhesives mostly happened at interfaces. While measuring adhesion strength is
relatively straightforward, non-destructively probing the interfacial molecular structure has been a
long-lasting question. The research performed in this chapter was in collaboration with researchers

at Dow Chemical.

Chapter 5 will present two different applications of a Microscope-SFG platform, a
multimodal analytical platform including an SFG spectrometer and an optical/fluorescence
microscope. By using this analytical platform, one can extend SFG’s application to selectively
probe desired spot on heterogeneous surfaces, or to monitor structure (using SFG) and function

(using fluorescence imaging) of biological processes at interfaces in situ in real time.

This thesis research developed important applications of SFG nonlinear vibrational
spectroscopy, which contributes to research fields including molecular spectroscopy, lasers, and
nonlinear optics. In addition, the research results reported here will impact many other fields such
as semiconductor polymers, solar cells, 2D materials, polymer adhesives, biosensing, and

antimicrobial coating.
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CHAPTER 2 Surface And Interfacial Structure Of Organic Semiconductors

Materials covered in this chapter were published in Langmuir 2015, 31, 5050 and Physical Chemistry
Chemical Physics 2016, 18, 22089. This research was in collaboration with Prof. Anne McNeil’s group.

2.1. Background and Motivation

Organic semiconducting materials have generated strong interest due to their low
fabrication cost, tunable charge transport property, and ability to facilitate large-area device
fabrication. In contrast, the extent of crystallinity in these materials is low which decreases hole
mobility and leads to an increasing (unfavorable) resistivity.*® Unlike many amorphous polymers
such as poly (methyl methacrylate) (PMMA) and poly (ethylene terephthalate) (PET), conductive
polymers usually form semi-crystalline materials induced by intermolecular n-r stacking.” For
these materials, resistivity is comparatively low along the conjugated polymer backbone. However,
between the amorphous polymer chains, resistivity increases dramatically as electrons hop
between polymer chains.® Because most current organic field-effect transistors adapt a thin-film
structure, surface and interfacial structure such as structural ordering should greatly alter its hole
mobility. Therefore, it is important to carefully design polymer chemical structure and control the

surface/interface structures of such thin films.

However, such an objective is challenging due to the difficultly in controlling the structure

of an organic semiconducting thin film, and it is also difficult to model, characterize, and quantify
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such a structure at a molecular level due to the unavailability of proper analytical techniques. Many
applicable and widely used characterization methods for these thin film materials have some
disadvantages: Transmission electron microscope (TEM) requires a relatively complicated sample
preparation procedure and cannot probe a buried interface; scanning electron microscope (SEM)
and atomic force microscope (AFM) only provide information of surface morphology and lack the
ability to characterize chemical or electronic structures; and X-ray diffraction provides information
from the bulk, not the surface or interface. Furthermore, the X-ray diffraction signal from such
thin films is usually too weak to provide concrete information because such films usually lack

crystallinity.

Recent research shows that the hole mobility in organic semiconductors can be enhanced
by various methods (e.g., through film fabrication such as alteration of the structural design of
such materials (via polymer regioregularity, molecular weight, side chain engineering etc.),%**
annealing, or utilizing different solvent combinations). Designing an optimized organic dielectric
layer that has direct contact with the semiconducting organic thin film has also been proposed as

an alternative method.1518

Among many different kinds of organic semiconducting materials, poly-3-hexylthiophene
(P3HT) is an appealing polymer that has been investigated extensively due to its high hole mobility,
good solubility in a variety of organic solvents, and especially its unique self-assembly property.
1920 By tuning P3HT’s regioregularity, its charge transport efficiency can be tuned.>®?! The
charge transport efficiency can also be varied by changing the P3HT molecular weight,° and
improved by annealing the spin-coated P3HT films.?? In this chapter, an in-depth study will be
carried out to study the effects of casting solvent, underneath dielectric layer, and side chain

chemical environment on P3HT molecular structures.
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Figure 2-1 Molecular structures of (a) poly(3-hexyl thiophene) (P3HT), (b) poly(3-potassium-6-hexanoate
thiophene) (P3KHT)

Recently, it was found that the addition of a small amount of a poor solvent into a good
solvent could improve poly-3-hexylthiophene’s (P3HT) conductivity.?? It was believed that a small
amount of poor solvent could introduce hydrogen bonds into the solution and stimulate the self-
assembly property of P3HT to create a higher crystallinity thin film after spin-coated on a substrate.
It was also found that the surface property of underneath dielectric layer could also dramatically
alter the hole mobility of P3HT films. For field-effect transistors, P3HT material is mainly used in
the form of polymer thin-films. Since surface and interface properties of this film can greatly
influence its function and performance, it is crucial to characterize the surface morphology and
surface molecular structure of P3HT films using surface-sensitive in situ measurements.?4%
Beside surface and interfacial structure, bulk structure of polythiophene films would also be
studied. In this study, SFG was used to investigate molecular structures of P3HT on surfaces and
at interfaces, while X-ray diffraction and UV-vis spectroscopy were used to examine the P3HT
bulk structure. In addition to P3HT, a polythiophene with a more hydrophilic side chain, poly (3-
potassium-6-hexanoate thiophene) (P3KHT), was also investigated. It was found that the buried

interfacial structure of a polythiophene thin film is dependent on the side chain hydrophobicity
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and the hydrophobicity of the underneath substrate surface. Such buried interfacial structure also

influences the bulk and the surface structure of the polymer thin film.

2.2. Solvent Effect on the Surface, Bulk and Buried Interfacial Structures of Poly (3-

Hexylthiophene) Thin Film

2.2.1. Materials Used and Sample Preparation

Two types of P3HT samples with different molecular weights were studied. The 70 kDa
P3HT sample was purchased from Sigma Aldrich and used without further purification. The 19
kDa P3HT sample was synthesized as reported previously (M, = 18.8kDa, PDI = 1.23,

regioregularity = 80%).1*% Acetone and chloroform (Sigma Aldrich) were used as received.

SFG was used to probe molecular structures of the surface and buried interface of P3HT
films. Similar SFG sample geometries were used in this study to those reported previously.?"?
Right angle CaF, prisms (Altos Photonics, Inc.) and CaF, windows (ESCO Products, Inc.) were
used as thin film substrates in SFG measurements. They were sequentially cleaned using toluene,
acetone, soap water, rinsed with deionized water, methanol and dried with nitrogen gas. They were
further cleaned by 1 min glow discharge air plasma (PE-50 series Plasma System, Plasma Etch,
Inc.) to remove any organic contaminates before polymer thin film deposition. All P3HT samples
were prepared using P3HT solutions with a concentration of 10.0 mg/mL. A P-600 spin coater
(Speedline Technologies) was used to prepare all the P3HT thin films on both prisms and windows.
Film thicknesses were measured by a depth profilometer (Dektak 6 M Stylus Surface Profilometer,

Veeco).

2.2.2. Solvent Effect on the Surface and Buried Interfacial Structures of Poly (3-Hexylthiophene)

Thin Film
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SFG signals detected from a P3HT film have strong contributions from the C=C symmetric stretch
at 1445 cm™ 2% and the C-H (-CH, -CH3) Fermi resonance and asymmetric stretch at 2920 cm* and 2955
cm? respectively 3. Because the C=C bonds along the P3HT aromatic backbone contribute substantially to
the electron transport, and the hexyl side chains mainly help to dissolve the P3HT molecules to organic

solvents %, this work mainly focuses on the C=C backbone at 1445 cm™.
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Figure 2-2 (a) SFG spectra (ssp: s-polarized SFG signal beam, s-polarized visible input beam, p-
polarized IR input beam) detected from P3HT thin films with different film thicknesses (4000rpm:
42 nm thick; 1500 rpm: 70 nm thick); (b) SFG ssp and ppp spectra from a P3HT thin film before
plasma treatment; (c). SFG ssp and ppp spectra collected from the sample studied in (b) after 5s
plasma treatment. P3HT films were deposited on CaF> prism substrates and SFG spectra were

collected using the prism geometry.

To determine the surface and bulk origins of the SFG signal, thickness-dependent studies
were performed on P3HT thin films (Fig. 2-2). Results show that SFG signal intensity increases
with decreasing polymer film thickness, indicating that the SFG signal does not contain substantial
contributions from the P3HT bulk, which would correlate to thicker films generating stronger SFG

signals. Therefore we believe that the observed SFG signal must have contributions primarily from
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the polymer film surface, or the polymer/substrate interface, or both, which will be studied in more

detail below.

Brief plasma exposure can destroy the surface structure of a thin film, but has minimal to
no effect on the buried interface between the polymer film and the substrate. By applying 5s
oxygen plasma to a P3HT film surface, the ssp SFG signal intensity decreased dramatically, while
the ppp SFG spectra remained almost unchanged (Fig 2-2).33* This result indicates that not only
does the ssp SFG signal originate from the polymer surface rather than the buried interface, but
that the surface structure of the P3HT thin film was damaged by the oxygen plasma. In contrast,
the buried polymer film/substrate interface contributes primarily to the observed ppp SFG signal

and was not affected by a brief plasma treatment.
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Figure 2-3 (a) SFG ssp spectra collected from the P3HT films prepared with solutions containing
different acetone ratios using P3HT with a MW of 19 kDa; (b) SFG ssp spectra collected from the
P3HT films prepared with solutions containing different acetone ratios using P3HT with a MW of

70 kDa. The polymer films were deposited on the CaF. prisms
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As discussed above, it was found previously in the literature that adding a small amount of
poor solvent to the solution can increase the conjugate polymer’s hole mobility,% but the in-depth
understanding on the surface/bulk structure to further explain such an observed phenomenon is
missing. Here we used SFG to study P3HT films prepared from P3HT solutions containing
different ratios of “bad” solvent acetone. SFG ssp spectra collected from such films prepared using
P3HT with different molecular weights, 19 kDa and 70 kDa, are shown in Fig 2-3a and Fig 2-3b,
respectively. Results of Fig 2-3a show that the SFG signal intensity slightly increased from the
P3HT film as the acetone ratio in solution increased. Fig 2-3b shows that such an increase was
much more obvious for a higher molecular weight P3HT. Therefore the C=C stretching signal
increase is not because more C=C groups aggregate to the surface by replacing C-H groups. It is
well known that due to the slightly different dihedral angles between neighboring thiophene rings
along the P3HT polymer backbone, the net transition dipole of the C=C stretching mode is
perpendicular to the polymer backbone (Fig 2-4).2°% In more detail, IR dipole transition of such a
symmetric stretching of a single thiophene ring lies in the ring plane, however, because of the
alternating arrangement of the large thiophene conjugation system of the regioregular thiophene
conjugate system, neighboring thiophene ring has a dihedral angle ( £S-C-C-S) of around 165°.
In plane vibrational dipole transition moment cancels out in this case, and the net transition dipole
at 1445 cm* therefore aligns perpendicularly to the thiophene backbone.®® Molecular orientation
of the P3HT molecule can be determined by relating the macroscopic susceptibility tensor

elements to their microscopic hyperpolarizability tensor elements.

Figure 2-10 shows the dependence of yyy, on the polythiophene dipole orientation angle.

Therefore, from a consistent 1445 cm™ ssp SFG signal increase as more acetone is blended into
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the solution used to prepare the P3HT film, we believe that the net C=C stretching transition dipole
was more ordered along the surface normal (or standing up more — the same meaning) of the P3HT
film surface. (Fig 2-4) Combining with the ssp results discussed above, this means that the P3HT
polymer tends to more lie down on the surface as the poor solvent content used to prepare the
P3HT film increases. The hole mobility study in the literature was correlated well to this result: as
P3HT lies down more (010), its hole mobility is higher than the standing up mode (100).% Our
results also indicated that a higher molecular weight of P3HT leads to a more distinct P3HT film
surface order (along the surface normal) — P3HT solvent dependence. Likely the observed
molecular weight effect is due to the increased intermolecular n-n stacking between polymer

chains as the chain length increases.*

0% Acetone 20% Acetone blend
Net Transition Dipole Net Transition Dipole

Figure 2-4 Illustrations of different orientations (or orderings) of P3HT molecules on the surfaces

of the P3HT films prepared using different solvents.
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Figure 2-5 (a) SFG ssp spectra collected from P3HT (MW: 70 kDa) films prepared using mixed
solvents with different acetone contents before and after plasma treatment; (b) SFG ppp spectra
collected from P3HT (MW: 70 kDa) films using mixed solvents with different acetone contents.

Polymer films were deposited on CaF, prisms.

To ensure that the above SFG ssp signals shown in Fig 2-3 are contributed by the P3HT
film surfaces, we exposed some of these polymer thin films (MW: 70kDa) to oxygen plasma for
5s. All the SFG ssp signals dropped significantly after the plasma treatment, showing that the
original signals were detected from the surfaces, and the surfaces were damaged by a short time
plasma treatment. SFG ppp spectra in Fig 2-5 also showed a consistent increasing trend as the
concentration of the polar solvent increased. As we stated above, the SFG ppp spectra are believed
to be contributed mainly from the buried interface, which indicates an edge on pose of net

transition dipole for the P3HT molecules at buried interface when the solution contains more

acetone. 3738
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We designed another experiment to further confirm the surface orientation difference for
the P3HT films prepared with different solvents in the P3HT solution. After preparing a P3HT
film with P3HT solution in chloroform by spin coating (4000 rpm, 30s) on to a CaF, window, a
small amount of a solvent with 80% chloroform and 20% acetone was placed in the middle of the
above P3HT film on a CaF, window. We ensured that only the center region of the film was
exposed to the later mixture solvent by adding the solvent to a small container (with no bottom)
placed in the center region of the P3HT film (Fig 2-6). We then slightly annealed the sample. The
P3HT film center region should be dissolved in the mixed solvent and recrystallized after the
solvent evaporated. After that, we placed this P3HT sample onto a step motor-based sample stage
(TDCO001, Z825, Thorlabs). SFG signal intensity was monitored while the sample was moving at

0.025mm/s. (Fig 2-6, Fig 2-7)

80% Chloroform .
100% Chloroform 20% Acetone Dissolve, Facedown
Spin coat

solvent evaporation geometry
_—> > —>
S Recrystallization Remove cap

—>
Stage moving direction

Figure 2-6 Schematic showing the treatment of the center region of the sample with mixed solvent.

SFG spectra were collected from the sample while the sample is moving.
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Figure 2-7 (a) Schematic showing the locations on the P3HT film where SFG spectra were
collected (Spectra were collected along the lines with arrows); (b) SFG signal intensity detected at

1445 cm™ on different locations on the P3HT film surface.

According to our previous discussion, the recrystallized P3HT film region with a mixed solvent
containing a poor solvent should lead to a more ordered surface structure. That is to say, the SFG
signal should be stronger from this region. Figure 2-7 shows that indeed the SFG signal was
observed to be stronger in the re-crystalized region on the P3HT surface. This experiment again
confirms that the surface of the P3HT film prepared using the solvent containing poor solvent is

more ordered along the surface normal.

2.2.3. Solvent Effect on the Bulk Structure of Poly (3-Hexylthiophene) Thin Film
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Figure 2-8 (a) X-ray diffraction data of P3HT films prepared using solutions with different
solvents (MW: 19 kDa); (b) X-ray diffraction data of P3HT films prepared using solutions with

different solvents (MW: 70 kDa).

As stated above, here SFG ssp spectra were contributed from the P3HT thin film surface
while SFG ppp spectra were generated from the buried P3HT/CaF: interface. We also want to
study the bulk structural difference when the film is prepared using mixed solvents. Here the bulk
crystallinity was examined by a (100) diffraction pattern observed with X-Ray diffraction.® X-ray
diffraction data (Fig 2-8) were collected from P3HT films prepared using solutions containing
different ratios of poor solvent acetone to good solvent chloroform. One peak centered at 2Theta
of 5 degree was observed in each spectrum. This is the diffraction signal from the (100) plane.*
For both P3HT samples with MW of 19 kDa and 70 kDa, the X-ray diffraction signal increased
when the ratio of the poor solvent increased in the P3HT solution used for polymer film preparation.
Such increase shows that the P3HT film bulk crystallinity increased when more poor solvent was
added to the P3HT solution to prepare the P3HT thin films. This effect is more obvious for P3HT

films prepared with a higher molecular weight P3HT. We confirmed that the stronger X-ray
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diffraction signals detected are not due to the thicker films. The measured film thicknesses are
very similar: 47 nm, 46 nm, 47 nm, and 49 nm for P3HT films prepared using the solvent

containing 0%, 5%, 10%, and 20% acetone respectively.

Figure 2-9 SEM pictures of P3HT thin films prepared by spin coating with 70kDa P3HT solutions
containing different poor solvent contents: (a) 0% acetone; (b) 5% acetone; (c) 10% acetone; (d)

20% acetone.

The above SFG results indicate that the P3HT backbone will adopt a stand up pose when
a higher ratio of acetone is in the solution for polymer film preparation. Fig 2-9 shows the surface

morphology difference of the P3HT films prepared using different poor solvent acetone ratios in

27



the solution. While the solvent contained no acetone, the resulting P3HT film is quite smooth (Fig
2-9a). After the introduction of acetone to the solvent, even only 5%, an island structure could be
observed (Fig 2-9b). When more poor solvent was blended, the resulting P3HT film had more
islands on the surface, even though finally each individual island became smaller. Such island
structure is believed to be induced by acetone and formed during the spin-coating process. After
the poor solvent was added, in the spin-coating process, acetone evaporated at a different rate
compared to chloroform, leading to the island formation. Perhaps these islands are highly

crystallized P3HT, with both higher bulk crystallinity and surface ordering.

As we discussed above, conjugate polymer’s performance relies heavily on its
surface/interface ordering and bulk crystallinity, and therefore how to measure surface/interface
and bulk structures becomes an increasing concern. XRD can give average information from the
polymer film bulk, while other widely used techniques such as SEM, AFM and EDX do not
provide any information regarding to the surface ordering and surface crystallinity. Analytical
methods like Raman or fiber enhanced surface Raman is useful to probe polymer surfaces, but in
terms of studying surface ordering or surface crystallinity, their usages may be limited.*>*? In this
study, we demonstrated that SFG is a powerful tool to probe both the polymer/air surface and the
buried interface, while X-ray diffraction gives us bulk ordering information. This combined SFG
and X-ray diffraction study provided a more complete picture in understanding polymer thin film

structures.
2.3. Effects of Substrate and Polymer Side Chain on the Interfacial Structures of Polythiophene

2.3.1. Materials Used and Sample Preparation
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Poly (3-hexylthiophene) (P3HT) and poly (3-potassium-6-hexanoate thiophene) (P3KHT)
samples used in this study were purchased from Rieke Metal. Trichloro (octadecyl) silane (OTS),
trichloro (phenyl) silane, (3-aminopropyl) triethoxysilane, Trichloro (1H, 1H, 2H, 2H-
perfluorooctyl) silane, 1-heptanethiol, 12-mercaptododecanoic acid, ethanol, toluene,
chlorobenzene, and 100 nm gold coated glass slides were purchased from Sigma Aldrich and used

without further purification.

Single side-polished silicon wafers (Boron doped, resistivity < 0.1Q/cm?, University Wafer)
were cleaned by Contrex, Millipore water, acetone, and isopropyl alcohol for 30 min each,
followed by 1 min glow discharge oxygen plasma (P3-50 series Plasma System, Plasma Etch, Inc.).
Silicon wafers were then immersed overnight into a glass jar containing 10 mM trichloro
(octadecyl) silane (OTS), trichloro (phenyl) silane, (3-aminopropyl) triethoxysilane, or trichloro
(1H, 1H, 2H, 2H-pertrifluoromethyloctyl) silane in anhydrous toluene to prepare self-assembled
monolayers (SAMs) with different end groups on silicon. SAMs on gold were prepared by
immersing gold substrates into a glass jar containing 10 mM 1-heptanethiol or 12-
mercaptododecanoic acid in ethanol for 48 h. Thin polymer films on Si were prepared by spin
coating PDMS or PV A onto silicon wafer surfaces. Before spin coating polymer, all SAM surfaces
(on Si or Au) were carefully washed by toluene, followed by Millipore water. The PVA films were
measured to be about 15 nm thick. All PBHT/P3KHT thin films on silane SAMs, PDMS, and PVA
surfaces were prepared by spin coating 5.0 mg/1 mL P3HT solution in chlorobenzene at 1500 rpm
or 5.0 mg/ImL P3KHT solution in 8:2 chlorophenol/DMSO solution at 500 rpm onto the
previously prepared substrates (with SAM or 15 nm polymer film). All P3HT and P3KHT thin
films on thiol SAM surfaces were prepared in a similar fashion. A P-600 spin coater (Speedline

Technologies) was used to prepare all P3HT and P3KHT thin films. Once spun onto their
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respective substrates, polymer films were then stored under vacuum overnight to eliminate the
solvent residue. The film thicknesses of all the samples were measured by a depth profilometer
(Dektak 6 M Stylus Surface Profilometer, Veeco). SFG signals were collected from P3HT thin

films deposited on SAMs or polymer films on silicon wafer substrate or Au surface.
2.3.2. Polythiophene Backbone Orientation Determination Method

The orientation of polythiophene (PT) molecules on the polymer surface in air can be
determined using SFG spectra collected using ssp and ppp polarization combinations. It was
reported that the SFG signal detected from P3HT centered at 1445 cm™ originates from the
polythiophene’s C=C symmetric stretch (total symmetric representation of Cav Symmetry) as
highlighted in Fig 2-1a and 10b.2°%® In the research reported in the previus section, we qualitatively
discuss the polythiophene backbone ordering alomg the surface normal (or standing up orientation).
In the following study, the ratio of yssp and yrpp Would be used to relate SFG data to the orientation
of the P3HT thiophene backbone.*® IR dipole transition of such a symmetric stretching of a single
thiophene ring lies in the ring plane, however, because of the alternating arrangement of the large
thiophene conjugation system of the regioregular thiophene conjugate system, neighboring
thiophene ring has a dihedral angle ( £S-C-C-S) of around 165°. In plane vibrational dipole
transition moment cancels out in this case, and the net transition dipole at 1445 cm™? therefore
aligns perpendicularly to the thiophene backbone.®® Molecular orientation of the P3HT molecule
can be determined by relating the macroscopic susceptibility tensor elements to their microscopic

hyperpolarizability tensor elements.
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Figure 2-10 Relationship between the yppp/ysse ratio of the 1445 cm™ peak and the tilt angle of

the net transition dipole of P3HT backbone vs. the surface normal.

Fig 2-10 illustrates the relationship between measured yppp/yssp ratio of the 1445 cm™ peak
and the tilt angle (8) of P3HT thiophene ring?®44 within the polymer backbone at the P3HT surface
vs. the surface normal at different twist angles. At the same twist angle, the tilt angle increased as
the yppp/yssp ratio increased. Since here we only have one measurement, which is the yppp/yssp ratio,
we cannot determine the tilt angle and the twist angle simultaneously. Even though the twist angle
is not well characterized, variations of the twist angle will only cause a change in the range for

xprre/ysse (y-axis), but not alter the trend itself.
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Fig 2-11 shows SFG ppp and ssp spectra collected from the P3HT films deposited on
different SAM and polymer surfaces. As was discussed above, all SFG spectra are comprised of
signals from the P3HT/air surface. Each of the SFG spectra was fitted with a single peak centered
at 1445 cm™. Detailed fitting parameters are shown in Table 2-1. It is important to point out that
the yppp/yssp ratio of the P3HT film changes when the hydrophobicity of the substrate surface to
deposit the P3HT film varies. The yppp/yssp ratio decreases as the substrate surface becomes more
hydrophilic. Such a decrease leads to a decrease of the tilt angle in the net transition dipole so that
the P3HT backbone lies down more. The yppp/yssp ratios of the SFG spectra collected from the
P3HT films on the methyl group ended SAM surface and PDMS surface appear to be the largest
(1.73 and 1.72 respectively), while the yppp/yssp ratio of the SFG spectra collected from the P3HT
films on the silicon surface (most hydrophilic substrate, contact angle too low to record) is the
smallest (0.95). Assuming a 60° twist angle, the tilt angle of the net transition dipole of P3HT
backbone on the P3HT film surface changes from ~72° for the film deposited on a hydrophobic

surface to ~45° for the film on a hydrophilic surface.

-CHs (ppp/ssp) 1.73

-CF3 (ppp/ssp) 1.63

PDMS (ppp/ssp) 1.72

A 17.1/9.9
X 1445/1445
W 22.7/22.7

A 17.8/9.7
X 1445/1445
\W 27.0/23.9

A 8.6/5.0
X 1445/1445
\W 22.0/22.0

-CsHs (ssp/ssp) 1.35

-NH: (ppp/ssp) 1.19

PVA (ppp/ssp) 1.19

A 17.8/13.2
X 1445/1445
W 25.6/25.6

A 16.2/13.6
X 1445/1445
\W 22.6/22.6

A 5.7/4.8
X 1445/1445
\W 23.9/23.8

Si (ppp/ssp) 0.95

P3KHT 50%CH; 50%NH2 1.98

P3KHT —CsHs 1.52
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A 17.7/17 A 16.8/8.2 A 17.3/11.4

X 1445/1445 X 1440/1440 X 1440/1440
W 23.2/235 W 20.2/19.9 W 20.0/20.0
P3KHT —NH, 1.36 P3KHT Si 1.09

A 17.9/12.8 A 14.7/13.8

X 1440/1440 X 1440/1440

W 19.2/20.1 W 20.4/20.5

Table 2-1 Fitting parameters of the SFG spectra presented in Fig 2-11 and Fig 2-12
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Figure 2-11 SFG ssp and ppp spectra detected from P3HT thin films on (a) methyl group ended
SAM substrate, (b) trifluoromethyl group ended SAM substrate. (c) PDMS coated substrate, (d)
phenyl group ended SAM substrate, () amine group ended SAM substrate, (f) PVA coated

substrate, and (g) silicon surface.

In addition to the P3HT film surface, surface structures of P3KHT films deposited on
different dielectric layers have also been studied using the same approach to understand the
polythiophene side chain effect. The same data analysis methodology discussed above was applied.
As shown in Fig 2-12, SFG ssp and ppp signals from P3KHT films on four different substrates
have been collected. The measured yppp/yssp ratio of a PSKHT film is the highest when the film is
deposited on a mixed methyl and amine SAM surface, while the measured yppp/yssp ratio is the
lowest for a P3KHT film deposited on a silicon surface. It was interesting to observe that SFG
Yoo/ Assp ratios detected from P3KHT films change as a function of the substrate hydrophobicity,
and the trend for such changes is the same as that of P3HT films. The experiments showed that
like P3HT, P3KHT’s thiophene backbone would also stand up more on the surface in air for a
P3KHT film deposited on a hydrophobic substrate, while lie down more on a hydrophilic substrate.
If we compare the measured SFG yppp/yssp ratios of a P3HT film and a P3KHT film on the same
substrate, e.g, SAMs prepared with phenyl terminated silane, amine terminated silane, or just bare
silicon, we can see that the yppp/yssp ratio of a P3KHT film is larger. This indicates that the
polythiophene ring in the backbone on the P3KHT surface in air stands up more compared to that

of the P3HT film deposited on the same substrate,
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Figure 2-12. SFG ssp and ppp spectra detected from P3KHT thin films on (a) 50% methyl group

50% amine ended SAM substrate, (b) phenyl group ended SAM substrate, (c) amine group ended

SAM substrate, (d) pure silicon surface

2.3.3. Results and Discussions of the Studies on Buried Interfacial Structures of Polythiophene

Thin Films

It was interesting to observe that both the bulk structures (Fig 2-13 determined by X-ray
diffraction) and surface structures in air (determined by SFG) of P3HT and P3KHT thin films vary

with changes of the hydrophobicity of the substrate for film deposition. Such substrate

36



hydrophobicity differences lead to different polythiophene-substrate interactions at the interface,
resulting in different P3HT and P3KHT thin film structures in bulk and on the surface. Clearly the
different interactions at the interfaces should lead to different interfacial structures as well, which
may be able to more substantially influence the performance of the polythiophene films. Therefore,
in addition to study polymer surface in air and polymer bulk, we also investigated the buried

interfacial structures of P3HT and P3KHT films deposited on different substrates.

P3KHT films are below the detection limit of X-ray diffraction.
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Figure 2-13 (a) Water contact angles on surfaces of different materials including P3HT and
P3KHT films prepared on Si wafer. -CH3, -CF3, -C6H5, -NH2 represent SAMSs with respective
end group. PDMS: poly(dimethylsiloxane). PVA: poly (vinyl alcohol). (b) X-ray diffraction
patterns of P3HT thin films prepared on different surfaces: P3HT film on Si. -CH3, -CF3, -
C6H5, -NH2: P3HT films on SAMs prepared with respective silane end groups on Si, PDMS:
P3HT film on poly(dimethylsiloxane). PVA: P3HT film on poly (vinyl alcohol). (c) X-ray
diffraction patterns of P3KHT thin films prepared on different surfaces: Si, -C6H5, -NH2
represent silicon wafer surface, SAMSs prepared with respective silane end groups on Si; 50%-
CH3 50%-NH2 represents the surface of mixed SAM prepared with 50% methyl terminated and

50% amine terminated silanes.
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It has been extensively demonstrated that SFG signals collected from a thin film deposited
on a substrate surface in air can originate from both the film surface in air and the substrate/film
interface.®”*® The interference between the surface signal and interface signal of the thin film
causes the Fresnel coefficient to vary as a function of film thickness. The values of Fresnel
coefficients at different surfaces/interfaces influence the detected SFG signal. Refractive indices
of various media involved in SFG experiments are needed to calculate these Fresnel coefficients.
Since the SAM layer and the PDMS or PVA layer are both very thin, their effects on Fresnel
coefficient calculation can be ignored. Fig 2-14a, b and ¢ show the calculated values of the Fresnel
coefficients for SSP and PPP SFG spectra at both the P3HT/air surface and the P3HT/substrate
buried interface as a function of the P3HT film thickness (with the visible beam at 60° and the IR
beam at 55° vs. the surface normal). Therefore, all polythiophene films were measured to be
around 150 nm. Fig 3 shows clearly that at this film thickness, the buried interface SSP and PPP
Fresnel coefficients are small, and the signals contributed form the buried interface can likely be
ignored. Therefore, we believe that the SFG signals collected from P3HT films deposited on SAMs

or polymer thin films on silicon wafer in our study are only generated from the P3HT film/air

surface. 374647
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Figure 2-14 (a) Fresnel coefficient values of yyz susceptibility tensor element as a function of
P3HT film thickness at the P3HT/air surface and the buried interface; (b) Fresnel coefficient values
of zzz, zxx, xzx, xxz susceptibility tensor elements as a function of P3HT film thickness at the
P3HT/air surface; (c) Fresnel coefficient values of zzz, zxx, xzx, xxz susceptibility tensor elements

as a function of P3HT film thickness at the buried P3HT/substrate interface.

As discussed above, SFG signals collected from a polymer film of 150 nm thick deposited
on a SAM or polymer film on silicon wafer mainly originate from the surface in air. Therefore we
cannot use the same sample and the same experimental geometry to study the buried
polymer/substrate interface with SFG. To selectively probe the buried interface, we used 100 nm
gold thin film coated glass slides as substrates to prepare SAM surfaces. It has been shown that
metal plasmonic effect can enhance SFG signal from the buried metal interface.®*° A layer of
SAM was grown on gold surface using thiols and then we deposited a thin film of P3HT or P3KHT
(150 nm) on such a SAM surface. Two SAMs were prepared on Au, with methyl and carboxylic
acid-terminated thiols. Water contact angles measured on these two surfaces show that the methyl
terminated SAM on Au is hydrophobic with a water contact angle of 106.2°, while the carboxylic

acid terminated SAM on Au is hydrophilic with a water contact angle of 35.5°.

As stated before, Fresnel coefficients of different interfaces can vary as a function of the
film thickness.3"*° We treat a thin P3HT or P3KHT film on gold using an air/polymer/gold three-
layer model to calculate the Fresnel coefficients. Details of the Fresnel coefficient calculations
using the three-layer model have been published elsewhere.3”#> Here, Fresnel coefficients of
different y components as a function of P3HT or P3KHT film thickness are calculated using a

three-layer model according to previously developed methodology.3” When a P3HT or P3KHT
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film is 150 nm thick, the SFG PPP signal should originate from both the polymer/air and
polymer/SAM (on gold) interfaces. Previously, we showed that the SFG ppp signal from the buried
polymer/metal interface can be enhanced by the metal, therefore SFG ppp signal can be dominated
by the contribution from the polymer/metal interface.>® Here, to ensure that we use SFG signal
contributed from the buried interface to characterize the buried interfacial structure, we exposed
the polythiophene samples to air plasma for a short period of time to disorder the top P3HT/air
interface or P3KHT/air interface. After the plasma exposure, the ppp signals decreased but did not
vanish. We believe that the SFG ppp spectra collected from the P3HT or P3KHT films after plasma

exposure come from the buried P3HT/SAM or P3KHT/SAM (on gold) interface.
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Figure 2-15 (a) SFG PPP spectra collected of a 10 s air plasma treated P3HT thin film (150 nm)
on methyl terminated and carboxylic acid terminated thiol SAMs on 100 nm gold substrates; (b)
SFG PPP spectra collected of a 10 s air plasma treated P3KHT thin film (150 nm) on methyl
terminated and carboxylic acid terminated thiol SAMs on 100 nm gold substrates; (c) Relationship

between yxx; and the tilt angle of net transition dipole in P3HT or P3KHT backbone.
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Fig 2-15a and b showed clearly that SFG PPP signals contributed from the buried interfaces
are different when the substrate hydrophobicity is different. The PPP signal intensity from a P3HT
film on a hydrophobic surface is weaker than that deposited on a hydrophilic surface. Similar result
was observed from P3KHT films. The SFG PPP signal intensity detected here is dominated by the
contribution of the yxx; component, which is related to the molecular orientation (Fig 2-15c). Fig
2-15c demonstrated that a P3HT or P3KHT thiophene ring in the backbone that stands up more
(meaning a larger transition dipole tilt angle) leads to a smaller yxxz, or a weaker PPP SFG signal.
Combining Fig 2-15a, 13b, and Fig 2-15c, it could be concluded that P3HT or P3KHT thiophene
ring in the backbone stands up more at a polymer/hydrophobic substrate interface, while lies down

more at a polymer/hydrophilic substrate interface.

A possible explanation for the above observation on P3HT films is presented below: On a
hydrophobic surface, it is likely the hydrophobic side chains can interact with the substrate surface
more favorably, while the thiophene ring in the backbone interacts more favorably with
neighboring thiophene ring in the backbone (=-r stacking etc.), therefore the P3HT backbone rings
stand up more on a hydrophobic substrate surface. Differently, on a hydrophilic surface, the
hydrophilic surface will interact more favorably with the thiophene backbone ring and thus perturb
the intermolecular interaction of the different thiophene rings in the backbone, leading to an

orientation that lies down more.

2.3.4. Further Discussion

Interestingly, the observed P3KHT molecular behavior differences at different buried
polymer/substrate interfaces are similar to those of P3HT. That is, P3KHT stands more at a

P3KHT/hydrophobic interface and lies down more at a P3KHT/hydrophilic interface. It can be

41



explained as follows: P3KHT has a more hydrophilic side chain that consists of a hydrophilic
COOK end group and a hydrophobic alkyl chain. Therefore, this side chain may favorably interact
with both hydrophobic and hydrophilic substrates, enabling the P3KHT backbone ring to stand up
more at the interfaces. This is true: compared to the PPP signal from P3HT (Fig 2-15a), the PPP
signal intensity from P3KHT is weaker, showing that the P3KHT side chains more favorably
interact with the substrates, and the polythiophene rings in the backbone of P3KHT stand up more
at the buried interface compared to P3HT molecules. For the P3KHT film itself on the two different
substrate surfaces, likely the (hydrophobic part of the) side chain interacts with the hydrophobic
substrate more favorably, therefore P3KHT backbone ring stands up more at the hydrophobic
interface compared to the hydrophilic interface. Due to the (relatively) favorable interactions
between the P3KHT side chain with a hydrophilic surface, the substrate hydrophilic surface
functionality would not interfere with the polythiophene backbone ring interactions, therefore the
P3KHT backbone ring stands up more at the interface, even more than the case of P3HT on a
hydrophobic substrate surface. Previous research indicated that the P3HT crystallinity can be
affected by the interfacial interaction.*®? Our results reported here demonstrated that the

interfacial and surface structures are correlated.

Such polythiophene orientations at the buried interfaces influence the bulk P3HT
orientations as well as the orientations on surface in air. The more standing up orientation of P3HT
thiophene rings at the hydrophobic substrate interface could lead to a better crystallinity in the
P3HT film bulk as well as a more standing up orientation on the film surface in air. Oppositely,
the more lying down orientation of P3HT thiophene rings at the hydrophilic interface could lead

to a less crystalized film and more tilted orientation of thiophene rings on the surface in air.
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For P3KHT films, similar to P3HT films, the more standing up orientation of thiophene rings at
the hydrophobic substrate interface could lead to a more standing up orientation on the film surface
in air. Also, the more lying down orientation of thiophene rings at the hydrophilic interface could
lead to a more tilted orientation of thiophene rings on the surface in air. Different from the P3HT
films, no crystallinity was observed from P3KHT films using X-ray diffraction. However, we
believe that the P3KHT films are not entirely amorphous; otherwise all the surface structures in
air should be the same, regardless of the substrate hydrophobicity. The absence of X-ray diffraction

pattern is likely due to the small degrees of crystallinity of the P3KHT films.
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Figure 2-16. Schematics showing P3HT and P3KHT backbone orientations on surfaces and at

interfaces as a function of polymer sidechain hydrophobicity and substrate hydrophobicity



For clarity, Figure 2-16 shows schematics of P3HT and P3KHT thiophene backbones on
surfaces and at buried interfaces as a function of side chain hydrophobicity and substrate surface
hydrophobicity. According to previous studies, it was believed that at buried interfaces, the
standing-up P3HT polythiophene backbones can facilitate hole transportation, while a lying down
P3HT backbone geometry may dampen hole transportation. Our results on P3HT backbone
orientation at the buried interfaces are well correlated to those published previously, that is, P3HT
backbones at the P3HT/hydrophobic substrate interface stand up more and they lie down more at

the P3HT/hydrophilic substrate interfaces.?%%
2.4. Conclusion

It was widely known that the performance of organic semiconductors depends on numerous
factors, but there is no consensus yet how those factors influence organic semiconductors from a
structural perspective. Here three major factors that may influence the performance of organic
semiconductor thin films including solvent used for thin film preparation, polymer side chain
composition, and polymer film substrate hydrophobicity were investigated. Their effects on the

surface, interface and bulk structure of polythiophene films were elucidated.

We first systematically studied the solvent effect on P3HT films using various techniques.
SFG results indicate that both the surface and interfacial ordering increased when poor solvent
acetone is blended into the P3HT solution to prepare the P3HT thin films. At the same time, X-ray
diffraction results show that the thin film bulk crystallinity also increased when more and more
poor solvent was added to the P3HT solution. This study clearly demonstrated that the poor solvent
introduced to the P3HT solution influences the resulting P3HT thin films. Changes were observed

in surface morphology, surface ordering, interfacial ordering, and bulk crystallinity.
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Effects of dielectric underneath layer and side chain on PT polymers were then further
studied. It was found that different polythiophene molecule can induce varied interactions between
polythiophene and substrate surface, leading to different orientations. With a hydrophilic group
terminated alkyl side chain, the polythiophene backbone at the buried interface (regardless of the
substrate surface hydrophobicity) could stand up more compared to P3HT at the P3HT/substrate
interface. For the same PT molecule, its backbone lies down more on hydrophobic surfaces

regardless of the side chain property on the molecule.

The determination of molecular structures of PT films at buried interfaces is significant. The
deduced buried interfacial structures can be well correlated to the performance of devices

fabricated with PT films, which will be presented in the next chapter.
For more details of the work described in this chapter, please refer to the original publication.>®>*
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CHAPTER 3 Eluciadating Structure-Function Correlation Between Interfacial Molecular

Orientation And Power Conversion Efficiency In Perovskite Photovoltaics

Materials covered in this chapter were published in J. Am. Chem. Soc. 2017, 139. This research

was in collaboration with Prof. Jay Guo’s group.
3.1. Background and Motivation

Organic semiconductors have important applications in photovoltaics. In this chapter, polymer
based organic semiconductor polythiophenes (PTs) were incorporated into perovskite
photovoltaics to further study how molecular orientations at buried interface would affect the

overall performance of perovskite photovoltaics.

Perovskite based photovoltaics were chosen for study here because of the exceptional
performance of perovskite in planar heterojunction solar cells. The perovskite solar cell power
conversion efficiency (PCE) has increased from 3.8% in 2009 to over 20% last year.! A typical
perovskite photoactive layer has a ABXz crystal structure, where A, B, and X are the organic cation,
metal cation, and halide anion, respectively.® Recent research has shown various approaches that
can be adopted to improve properties within the photoactive layer of perovskite, such as tuning
bandgap by varying ABXs’s chemical composition,®® using different solvent combinations to

prepare the perovskite precursor which affects the perovskite crystal structure during the annealing
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process,’ and adopting rapid cooling rate after annealing to lead to a smooth and compact
perovskite layer and to minimize void formation.® A typical planar heterojunction perovskite solar
cell has a perovskite photoactive layer sandwiched between an electron transport layer (ETL) and
a hole transport layer (HTL).23>%15 By absorbing incoming photons, electrons and holes are

created inside the perovskite photoactive layer and extracted by the ETL and HTL respectively.

For a perovskite solar cell with a highly crystallized, smooth, and compact photoactive layer,
it is believed that device performance is determined by how efficiently charge carriers are
transported and extracted across the interfaces by both the ETL and HTL. In an inverted structure
perovskite solar cell, the ETL is typically a metal oxide (e.g., zinc oxide, titanium oxide, etc.) and
HTL is usually composed of organic molecules, such as Spiro-MeOTAD, benzodithiophene
polymer (PTB7), or polythiophene (P3HT).3>!6-1° Some of these organic molecules have shown
promising performance; the best PCE of those molecules ranges from 10% to 20%. It is relatively
straightforward to analyze the structures of the ETL and perovskite photoactive layer due to their
high crystallinity. However, structures of both the HTL bulk and the HTL interface are not well
known and have remained under debate since the initial studies of organic photovoltaics
(OPVs).2%2! Due to a lack of crystallinity, very few techniques can be used to provide insight or
meaningful information about the HTL bulk structure. The bulk structure of an organic layer may
be investigated by some X-ray based techniques, e.g., X-ray absorption near edge spectroscopy or
XANES, but such techniques can be quite complicated and are synchrotron-based. It is even more
challenging to study molecular structure of the HTL interface, due to the lack of appropriate tools
which can probe buried interfacial structures in situ. It is believed that interfacial molecular
orientation plays a vital role in charge transport, charge separation, and/or charge recombination;

the interfacial structure is usually assumed using bulk X-ray diffraction results. Here, for the first
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time, we applied SFG 22 to investigate buried interfacial structure between perovskite and the HTL.
Because the molecular orientation at the interfaces will ultimately affect the charge carrier dynamic,
transient photocurrent (TPC) and transient photovoltage (TPV) would also be used to gain a

complete understanding of the charge carrier dynamics and the trapping state density.
3.2. Effect of Interfacial Structure on the Power Conversion Efficiency in Perovskite Photovoltaics
3.2.1. Materials and Methods

All PT derivatives (Poly 3-hexylthiophene (P3HT), Poly 3-octylthiophene (P30T), Poly 3-
decylthiophene (P3DT), Poly 3-dodecylthiophene (P3DDT)) were purchased from Rieke Metals,
and used as received. Methylammonium iodide (MAI) was ordered from Dyesol, and was also
used as received. Lead chloride was bought from Aldrich-Sigma and was used without further
purification. The TiO, layer was synthesized via a sol-gel method.® ITO glass substrates were
sequentially washed with acetone, isopropanol, and distilled water (15 min each, assisted with
ultra-sonication). ITO glass was further cleaned by a 2 min glow discharge oxygen plasma. The
TiO2 sol-gel precursor was then spin-coated onto the ITO substrate at 2000 r.p.m for 1 min to
prepare the TIO2 ETL. The TiO2 ETL on ITO glass was then annealed in air at 150 °C for 15 min,
followed by 500 °C for 30 min. The perovskite precursor solution (both 278 mg PbCl, and 478 mg
MAI were dissolved in 1.7 g DMF, mixed at 70 °C overnight before use) was then spin-coated
onto the TiOz coated ITO glass at 2000 r.p.m. for 60 s in a nitrogen-filled glovebox. After that, the
spin coated perovskite layer was annealed at 110 °C for 60 min. After cooling down, the PT
derivatives (P3HT at 1.5 wt%, P30T at 1.75 wt%, P3DT at 2.0 wt%, P3DDT at 2.25 wt%) were
spin coated onto the perovskite layer at 1500 r.p.m for 45 s. Finally, the counter electrode was
deposited by thermal evaporation of silver (100 nm) with a thermal evaporator at a pressure of

3x10® Torr.
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Samples for SFG experiments were prepared in the same fashion but without silver deposition.
To probe the buried interface using SFG, a layer of spin coated poly (methyl methacrylate)
(PMMA) (5 wt% in dichloromethane (DCM), spin coated at 1500 r.p.m. for 1 min) was deposited
on top of the PT layer prepared for SFG study. Different PT film thickness is achieved by varying
concentrations of PT solutions. SFG spectra were then collected from such samples using different
polarizations of the input and output beams. SEM samples were prepared by spin coating PTs onto
the perovskite surfaces and SEM images were obtained using a JEOL-7800FLV Scanning Electron
Microscope. Film thickness was measured by a depth profilometer (Dektak 6M stylus Surface
Profilometer, Veeco). The film thickness of a PT layer was deduced by taking the difference

between the perovskite/PT film thickness and the pure perovskite film thickness.

PT derivatives spin-coated on quartz slides were used for UV-Vis spectroscopy. Spectra were
collected using a Shimadzu UV-1601 UV-Vis spectrometer. Quartz slides were washed with
acetone, isopropanol, contrex, and distilled water (15 min each, assisted with ultra-sonication),

followed by a 1 min glow discharge oxygen plasma treatment.

3.2.2. Elucidating Interfacial Structure between Hole Transport Layer and Perovskite Photoactive

Layer
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Figure 3-1 (a) Chemical formula of the PT derivatives used as the HTL material in this study; (b)
PT derivatives dissolved in chlorobenzene show identical solution color; (c) UV-Vis spectra of
spin coated PT derivative thin films; (d) X-ray diffraction patterns of fabricated perovskite solar
cells without silver electrodes; () Zoomed in X-ray diffraction signals at 2 theta ranging from 4.0°

to 6.0° of corresponding signals shown in (d).

As shown in Figure 3-1a, all PT derivatives used in this study only differ in their alkyl
sidechain length. Because the electric and optical properties of organic conjugate molecules rely
heavily on their conjugated structure and the conjugated length, altering the alkyl sidechain length
of the material used for the PT layer may not strongly affect such properties. Therefore, all PT

derivatives utilized here should share a similar band structure. Figure 3-1b and c indicated similar
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optical properties of all the PT derivatives in the visible light frequency range. All PT derivatives
showed an identical orange color in solution (Fig 3-1b). Measuring UV-Vis absorption of PT thin
films indicated a common major absorption peak around 510 nm and a shoulder peak around 600
nm (Fig 3-1¢).2>2° Bandgap of a PT derivative determines its hole-extracting nature at its contact
with perovskite. Because of the similar absorption behavior in the visible range, the different PT
derivatives utilized here are expected to have a similar band structure. A different band alignment
can affect charge carrier transportation across the interface by changing open-circuit voltage, or it
can even create a barrier to charge transport, and therefore affect the overall PCE in a solar cell
device. Here, because of the identical bandgap alignment in all the PT derivatives studied, the
bandgap effect on PCE can be neglected. Since all the four PT derivatives showed almost identical
UV-Vis spectral features, we believe that they should have similar bulk structure. Previous studies
showed controversial results on the side chain length and hole mobility correlation for thiophene
based materials. Some stated that longer sidechains have lower hole mobility, while it was also
suggested that on certain substrates, chain length does not appreciably affect mobility. Here in our
case, because the HTL film thickness is only 100 nm, we believed that the bulk PT mobility

difference can be ignored.?®
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Figure 3-2 GIXRD spectra of P3HT on perovskite surface

Bulk structures of different materials will also affect the efficiency of charge carriers
transported across these films, and therefore have an impact on solar cell PCE. Figure 3-1d shows
X-ray diffraction patterns of fabricated perovskite solar cells without silver electrodes. These X-
ray diffraction patterns contain large contributions from the perovskite (110) plane.?*272® Figure
3-1e shows an enlarged section of Figure 3-1d with 2 theta ranging from 4.0° to 6.0°. This range
was chosen based on previously reported poly (3-hexylthiophene) (P3HT) X-ray diffraction
patterns, where polycrystalline P3HT was shown to have an X-ray diffraction peak around 5.2°.2%
33 In this study, none of the PT derivatives showed any visible X-ray diffraction pattern on top of
the perovskite surface, indicating low crystallinity of the HTL prepared with all PT derivatives.
Most organic semiconducting polymers are polycrystalline, but the observed X-ray diffraction

pattern here showed that all the PT films are mostly amorphous with a very low degree of
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crystallinity. In addition to powder X-ray diffraction, grazing incidence X-ray diffraction (GIXRD)
was also used to study bulk structures within the PT. GIXRD is believed to have better sensitivity
for thin film materials since X-rays propagate through the film. However, no visible peak of any
PT layers was observed (Figure 3-2 presents the GIXRD results). Both powder X-ray diffraction
and GIXRD results suggest that crystallinity inside the PT layer was very low. We therefore
conclude that the PT polymers were mostly amorphous with minimal degree of crystallinity, and

such a conclusion can be generalized to all PT derivatives used in this study.

Beside the bulk properties of the PT HTL, X-ray diffraction patterns can also be used to study
perovskite thin film orientation. According to Figure 3-1d, the perovskite film has the (110) crystal
plane in parallel to the film surface (defined as the x-y plane). While the optical properties and
bulk properties can be studied with UV-visible spectroscopy and X-ray diffraction, information
regarding the interfacial molecular structure is still lacking. As we reported above, both optical
and bulk properties of different HTLs prepared with PT derivatives with different side chain

lengths are nearly identical.

We then studied molecular structures of PT derivatives at the interface between the HTL and
perovskite. As stated in the introduction section, molecular orientation at buried interfaces can be
deduced by the signals detected using sum frequency generation spectroscopy (SFG) with different
polarization combinations of the input and signal photons. To facilitate analysis of the interfacial
structures at the PT/perovskite interface, a PMMA capping layer was deposited on top of the PT
layer. Dichloromethane (DCM), a poor solvent for P3HT, was chosen for casting PMMA in an

effort to minimize any changes to P3HT layer in a P3HT/PCBM bilayer organic solar cell.?*3*

With the PMMA capping layer, Fresnel coefficients of different y(®> components as a function

of PT film thickness at both interface | (the PMMAJ/PT interface) and interface Il (the
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PT/perovskite interface) are shown in Figure 3-3. Detected SFG signals from the layered structures
shown in Figure 3-3c are originated from both interface | and II. In order to extract the SFG
response from only interface 11 (or the y® component of interface 1), SFG spectra were collected
from samples with at least two different PT film thicknesses. Here, thicknesses of 60 nm and 100
nm were chosen for study. Corresponding Fresnel coefficient values of both interfaces at the PT
film thickness of 60 nm and 100 nm can be obtained from Figure 3-3
(Xssp Probes Xyyz, Xsps Probes x,,,,). These values are used to deduce the value of x@ from
interface II.
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Figure 3-3 (a) Fresnel coefficient of the y,,, component as a function of the PT layer film
thickness (PMMAV/PT/perovskite tri-layer sample); (b) Fresnel coefficient of y,,,, component as a

function of PT layer film thickness (PMMA/PT/perovskite tri-layer sample); (c) Hlustration of

interface | and interface Il defined in the SFG experiment. All three layers are separated for clarity.

Figure 3-4 shows SFG spectra of both ssp and sps polarizations collected from all PT
derivatives. The peaks of interest are the C=C symmetric stretches in the thiophene five-member
ring at 1430 cm™; and such a symmetric five-member thiophene ring has a Coy symmetry. It has
been extensively studied that such a C=C symmetric stretch has a net transition dipole moment

pointing perpendicular to the planar PT backbone. The smaller shoulder at 1375 cm™ is the C-C vs
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(ring) stretch, and both peaks are consistent with previous studies.®>=’ It is worth mentioning that
the SFG spectra have contributions from both interfaces | and 1. By incorporating the calculated
Fresnel coefficients into the overall SFG spectra, one can selectively deduce and reconstruct the

Xyyz and x,,, components from the interface of interest. Here, we are more interested in the

interface between PT and perovskite: interface Il. Using the fitted data, we can calculate the ratio

of xyy2/xyzy, forinterface I, from which we can deduce the orientation of the PT at that interface.

Figure 3-4k shows the correlation between deduced y,,,/x, ., value and the PT back orientation.

Interestingly, the measured y,,,,/x,,, ratio showed an increasing trend with increasing length
of the PT alkyl sidechain. The smallest x,,,,/xy,, measured is 0.36 with P3HT, while the largest
Xyyz/ Xyzy 18 3.72 obtained with P3DDT. Using these experimentally-measured ).,/ Xy, Values
and their correlations, plotted in Figure 3-4k, we can determine the backbone orientations of PT
molecules at the buried PT/perovskite interface. The P3HT polythiophene backbone orientation
was deduced to be roughly 20° with respective to the surface normal, increasing to about 60° for
P3DDT. Apparently, the thiophene backbone of P3HT adopts a more normal (up-right) orientation
on the perovskite (110) crystal plane, and P3DDT’s thiophene backbone lies more tangentially
(flat). The angles of P30T and P3DT lie in between those of P3HT and P3DDT. Therefore, for PT
molecules on the perovskite (110) plane, in all the four PT derivatives examined here, the shorter
the alkyl side chain, the more up right orientation the PT’s backbone would have. We have not
investigated the behavior of the PT side chain at the buried PT/perovskite interface, because
perovskite methyl groups may also contribute to the C-H stretching signals, which will overlap
with the side chain SFG signal. Here it is more important to study the thiophene backbone because
in organic semiconductors, only the conjugated system is responsible for charge carrier extraction
and transportation. We believe that this thiophene backbone will be the dominant factor for the
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entire hole extraction process across the PT/perovskite interface. Detailed fitting parameters can

be found in the original publication.3®
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Figure 3-4 SFG ssp spectra collected from a PT thin film sandwiched between PMMA and
perovskite: (1) P3HT, (b) P30T, (c) P3DT, and (d) P3DDT; SFG sps spectra collected from the
same samples: (e) P3HT, (f) P30T, (g) P3DT and (h) P3DDT; The reconstructed spectra including
the overall spectrum and the spectra for interfaces I and Il for P3DDT, ssp: (i) P3DDT film of 100

nm, (j) P3DDT film of 60 nm. (K) x,,./xyzy ratio as a function of the tilt angle of the net transition

dipole of the thiophene ring C=C stretch (with respect to the surface normal)

1435 cm’! Peak
Peak Peak
width | Amplitude
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P3HT ssp 100nm | 22.0 7.48
P3HT ssp 60nm 22.2 5.50
P3HT sps 100nm | 22.1 6.85
P3HT sps 60nm 21.9 5.91

Table 3-1 Fitting parameters of Figure 3-4 a, e

1435 cm! Peak
Peak Peak

width Amplitude
P30T ssp 100nm 22.0 9.68
P30T ssp 60nm 22.0 7.26
P30T sps 100nm 22.0 5.28
P30T sps 60nm 22.0 4.80

Table 3-2 Fitting parameters of Figure 3-4 b, f

1435 cm’! Peak
Peak Peak

width Amplitude
P3DT ssp 100nm 22.0 12.32
P3DT ssp 60nm 22.0 9.24
P3DT sps 100nm 22.0 4.40
P3DT sps 60nm 22.0 3.72

Table 3-3 Fitting parameters of Figure 3-4 ¢, g

1435 cm’! Peak
Peak Peak

width Amplitude
P3DDT ssp 100nm 22.0 15.43
P3DDT ssp 60nm 22.0 12.10
P3DDT sps 100nm 22.0 3.52
P3DDT sps 60nm 22.0 3.08

Table 3-4 Fitting parameters of Figure 3-4 d, h

3.2.3. Perovskite Photovoltaics” Power Conversion Efficiency and Other Electronic Properties

After we characterized the optical properties of the HTL on perovskite using UV-Vis
spectroscopy, the bulk structure and crystallinity using X-ray diffraction, and the interface
structure using SFG, we fabricated perovskite solar cell devices with a structure shown in Figure
3-5 to test how various PT derivatives would affect overall device PCE. Detailed fabrication

methods were reported in the Materials and Methods (3.2.1.) section above. Figure 3-5 shows the
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PCE from the champion cell made with each PT derivative. All PT derivatives showed almost
identical Voc around 0.8 V, with FF factors calculated at or above 50% (Detailed Voc, Jsc, FF values
are listed in Table 3-5). While the bandgap difference between the HTL (ETL) and the photoactive
layer is believed to dominate Vo in a solar cell, the above result proves the same bandgap
alignment for different solar cells made using different PTs as reported in Figure 3-1. Interestingly,
different solar cells using different PTs have very different Jsc values. P3HT with the most edge
up orientation has a Jsc of 21.22 mA while P3DDT with the most lying down orientation has a Jsc

of 9.3 mA.

(a) (b)
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i |—+—P30T(6.86%)
E .|+ P3DT(6.64%) v
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Figure 3-5 (a) Schematic showing the cross section of a fabricated perovskite solar cell; (b) J-V

curves under AM 1.5 illumination of solar cell devices fabricated with various PT derivatives.
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HTL material Voe (V) Jsc (mA/mc?) FF PCE (%)

P3HT 0.82 19.97 58.88% 9.64
P30T 0.79 17.84 48.66% 6.86
P3DT 0.83 14.96 53.43% 6.64
P3DDT 0.85 9.31 49.44% 3.91

Table 3-5 Photovoltaic performance of perovskite solar cells fabricated with different HTL

materials.
3.2.4. Further Discussion

For a photovoltaic device, the interface between the perovskite layer and HTL is where holes
are extracted. Solar cells prepared with different PT derivatives having different side chains in this
study contain identical ETL and perovskite layers. The different PT orientations at the interface in
these solar cells affect the hole transporting process. Because holes are transported through
HOMO-HOMO orbitals, the relative orientation between HOMO-HOMO orbitals as a result of
different PT orientations becomes the key for solar cell performance. According to previously
studied HOMO electron orbitals of both P3HT and lead iodine based perovskite,***° HOMO-
HOMO electron orbital would overlap better with a lying down PT thiophene backbone orientation.
Therefore, an edge-on thiophene backbone would lead to a greater offset of HOMO-HOMO
between perovskite and PTs. Our experimental data obtained above shows that the solar cell made
with PT with a more normal (edge-on or standing up) thiophene backbone orientation at the
interface has 2 times higher Jsc than that made of PT with a more tangential (lying down) thiophene
backbone. We therefore believe that an off-set HOMO-HOMO alignment between the perovskite
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and HTL is better for hole extraction at such an interface, while a more overlapped HOMO-HOMO
between perovskite and HTL would possibly lead to more electron-hole recombination at the

interface, meaning that holes extraction at the perovskite/HTL interface is far less efficient.

To better understand the charge carrier lifetime and trap density, transient photovoltage (TPV)
and transient photocurrent (TPC) experiments were performed on devices fabricated with P3HT
and P3DDT respectively (Figure 3-6). As TPV results show, the device fabricated with P3HT has
a longer charge carrier lifetime compared to that fabricated with P3DDT. The TPC result shows a
longer decay for the device fabricated with P3DDT compared to that of P3HT, indicating a more
dense trapping state in the device fabricated with P3DDT. Because the TPC experiment was
performed on an entire photovoltaic device, it is difficult to distinguish the trap at the perovskite/PT
interface from the trap in the PT layer (bulk). If the trapping state at the interface plays a role, the
orientation of PT backbone may also have a direct correlation with the abundance of the trapping

state 34144
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Figure 3-6 (a) Transient photovoltage of devices fabricated with P3HT and P3DDT under illumination;
(b) Transient photocurrent of devices fabricated with P3HT and P3DDT under illumination. (All TPC and

TPV measurements are conducted under the same intensity illumination)

Previous studies have investigated interfacial structures in photovoltaic applications. For
example, Alex A. L. et al. proposed a LUMO-LUMO offset between CuPc and Cgo can have four
times different electron transfer rate in different orientations, 2° with a similar claim being made
by Rand B. P. et al.?! We believe that the optimized orientation of PT molecules at interfaces for
photovoltaic applications are different case by case, but this orientation may result in different
electron orbital alignments, which is the key to answering why molecular orientation is crucial to

photovoltaic device performance.

(a) (b)
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Figure 3-7 lllustration of hole extraction ability of (a) PTs with shorter alkyl sidechain and (b)

PTs with longer alkyl sidechain at the HTL/perovskite interface.
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3.3. Conclusion

We have investigated the interfacial orientations of PT molecules with different side chain
lengths at the PT/perovskite buried interface and their correlation with the performance of
perovskite photovoltaic devices. In addition to the interfacial structure, the optical properties, bulk
structures, and surface morphologies of the PT layers were also studied. Interestingly, all PT
derivatives with different side chain lengths showed identical UV-vis absorption spectra in the
wavelength range of 350 nm-750 nm, demonstrating similar band structure of all PT derivatives.
No signals could be detected from these PT layers using XRD and GIXRD, indicating that such

PT materials have a dominant amorphous structure in bulk (or exhibit very low crystallinity).

Our SFG studies showed that the orientation of the PT thiophene backbone at the buried
PT/perovskite interface depends on their alkyl side chain length. PCE measurements indicated that
the performance of perovskite solar cells varies with PT side chain length. Therefore, we believe
that the orientation of the PT thiophene backbone at the perovskite interface is correlated to
perovskite solar cell performance. It was found that normally (standing up) and tangentially (lying
down) thiophene backbone orientations lead to different Jsc values (up to two times) while keeping
Voc Similar. Voc 0f a solar cell is determined primarily by the bandgap energy difference, so similar
Voc Values measured in this study further validate the similar band structures of different PTs. The
Jsc values measured for more than two times difference between the longest and shortest
polythiophene side chains (P3HT: 20.0 mA/cm?, P3DDT: 9.3 mA/cm?) indicate a strong
correlation of the hole extraction efficiency and the PT backbone orientation at the HTL/perovskite
interface. Our data indicated that a more normal orientation of HTL backbone at the

HTL/perovskite interface is better for hole extraction efficiency.

65



We believe that this is the first study to correlate the buried interfacial structure in a perovskite
solar cell to its performance. It was found that interfacial molecular orientation influences solar
cell PCE. If the interfacial orientation of the thiophene backbone could be more perpendicular to
the interface, the solar cell performance should be improved. We believe that, in the future, the
rational design of the buried interface in solar cells will result in performance improvements. This
research again demonstrates the power of SFG to probe buried interfaces. While for solar cell
research, this study only studied the HTL/photoactive layer interface of perovskite solar cells, it is
believed (and already demonstrated to some extent) that other interfaces (photoactive/ETL,
donor/acceptor, etc.) in different photovoltaic materials and structures will also have a strong
impact on charge carrier dynamics across the interface. We believe that it is feasible to apply SFG
to probe such interfaces to understand the structural and functional relations of these interfaces
and their impacts on the entire device. Such knowledge will have broader impacts on the research

field of photovoltaics in the future.
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CHAPTER 4 Interfacial Molecular Structure And Adhesion

Materials covered in this chapter were submitted for publication. This research was collaborated
with Dr. Carol Mohler, Dr. Christopher Tucker and Dr. Brian Walther at Dow Chemical. They

provided samples and helped for data interpretation.

4.1. Background and Motivation

Polyolefins are used in a broad range of applications, from components in high
performance footwear to multilayer thin films in food packaging.!® Yet the non-polar nature of
the polyolefin surface can create challenges in achieving sufficient adhesion to more polar surfaces
such as metals, paints, primers and inks. For example, in multilayer food packaging applications,
polyolefins must adhere to dissimilar barrier materials such as poly (ethylene terephthalate) (PET),
ethylene vinyl alcohol (EVOH), nylon or metal. Furthermore, polymer processing can influence
interlayer adhesion, where resins produced by blown films can exhibit different adhesive

properties than those prepared by cast extrusion.

To address these adhesion challenges, one approach has been to use functional polymers
such as maleic anhydride (MAH)-grafted polyolefins as adhesion promoters or “tie layers”,
designed to promote adhesion between the polyolefin and the polar surface through hydrogen
bonding, polar-polar interactions or covalent bonding.5® However the specific mechanism of

adhesion at the interfaces is not well understood, whether between the polyolefin and the tie-layer,
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or the tie-layer and the polar surface. In collaboration with Dow Corning and Dow Chemical, we
wish to to build a fundamental understanding of the interfacial molecular structure of polyolefins
such as polyethylene, the effect of grafting polar substances such as MAH into the polymer

backbone and relate that to the adhesive properties.

Quantitative measurements of the adhesion strength to various polymers are relatively
straightforward, but understanding interfacial failure mechanisms of polymer materials is usually
more challenging. Numerous experimental approaches have been used to study polymer interfaces
post-failure. For example, scanning electron microscopy and atomic force microscopy techniques
are useful in determining the physical morphology of a failed interface, while methods such as X-
ray photoelectron spectroscopy can give information on elemental composition on both interfaces
after adhesive failure.'%2 One important assumption in these approaches is that the failed interface
(with two exposed surfaces) and the original buried interface are identical. However, this
assumption may not be true because the interfacial failure could lead to the structural changes of
the original buried interface, which is highly likely. Therefore, to understand the true origins of

interfacial failure, it is necessary to examine the structure of the original buried interface in-situ.

In recent years, we have used a nonlinear optical method, sum frequency generation
vibrational spectroscopy (SFG), to study molecular structures at solid-solid interfaces, including
“buried” polymer-polymer or polymer-metal interfaces.®2’ SFG is capable of detecting molecular
species at interfaces or in bonded parts, without the need to debond the article. In this research,
SFG is applied to investigate the interfacial molecular structure of a linear low density
polyethylene (LLDPE) and a maleic anhydride (MAH) grafted linear low density polyethylene in-
situ. The adhesion strength of both polymers to silica and nylon was also determined. The

molecular structures of the polymers at the interface obtained from SFG studies are correlated to
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the adhesion strength, providing insight into the relationship between the chemical groups at the

interface, their orientation and their effect on adhesive properties,t>18:1923.28-31

4.2.  Structure and Adhesion Property of Polyethylene at Different Interfaces
4.2.1. Materials and Sample Preparation

Two LLDPE samples were studied in this research. One LLDPE (EO) is an ethylene-octene
copolymer with a density of 0.87 g/mL, 1.0 melt index (2.16kg at 190°C). The other sample
(EOgMAH) is an ethylene-octene copolymer with a maleic anhydride graft level of 1.1% by
weight (0.870 g/mL density, 3.0 melt index (2.16kg at 190°C)). They were provided in pellet form
from Dow Chemical. The Ultramid™ C33 nylon (white pellets, BASF) is a blend of Nylon 6 and

Nylon 66. All materials were used as received.

For the SFG experiments, a silica prism was brought to temperature 165°C for EO (or 185°C for
EOgMAH). The pellet (EO or EOgMAH) was placed on the prism and heated for 10 minutes until
it softened and then was firmly pressed against the prism to ensure good physical contact between
the PE and silica. The sample was then cooled to ambient temperature (22 °C) for the SFG
experiment. The PE/nylon samples were prepared in a similar fashion on silica prisms previously
coated with nylon. The Nylon coating was prepared via spin-coating an Ultramid™ C33 solution
(5 mg/mL in m-Cresol) at 2000 rpm for 60 seconds on a prism substrate. Samples for adhesion
testing were prepared in a similar fashion as described above, except that a silica window was used

as a substrate instead of a silica prism.

4.2.2. SFG Measurements and Data Analysis

SFG theory, SFG experimental details, and the SFG equipment used in this study have been

presented in chapter 1 and published previously.?%222732-60 Figure 4-1 shows the SFG experimental
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geometry used in this study to collect SFG spectra from the PE/silica interface or the PE/polymer

interface.

IR

Visible SFG signals

\

S

Polyethylene

Figure 4-1. Diagram of sample geometry for SFG experiments. The buried interface being
investigated is indicated by the dashed circle, and represents the interface either between the silica

prism and polyethylene or between nylon and polyethylene.

We discussed the SFG orientation analysis methodology in chapter 1. The chemical groups of
interest in this study are the methylene groups in the backbone of the polyethylene polymer, which

have Czy symmetry. In this case we have:5!

N . N .
Z)(/iz,ss = 75 (ﬁaac,ss COSZ ¢ + ﬂbbc,ss sin 2 ¢ + ﬁccc,ss )COS 0 + 78 (ﬁaac,ss sin 2 ¢ + ﬂbbc,ss COSZ ¢ - ﬂccc,ss )COS3 9 (4-1)

Zz(zzz),ss = Ns(ﬂaac,ss Sin 2 ¢ + ﬂbbc,ss COSZ ¢)COSQ - Ns (ﬂaac,ss Sin ? ¢ + ﬁbbc,ss 0082 ¢ - ﬂccc,ss )0053 0 (4'2)
20 s = =Ny BrsaaSiN° ¢(cos 0 —cos® 9) (4-3)

22 o = 2N Brn SN ¢(cos 6 —cos® 9) (4-4)
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where @ and ¢ are the tilt and twist angles, respectively, of a methylene group at an interface
(Figure 4-2) necessary to deduce the orientation of a methylene group at an interface. The
calculated yyy,ss/yzz2,s ratio as a function of methylene orientation (defined by the tilt and twist
angles) is shown in Figure 4-2. The yyy:ss/yz22,ss ratio can also be measured experimentally. By
comparing the experimentally obtained ratio to the generated yyyz, ss/Yzzz ss ratio map shown in
Figure 4-2b, the twist and tilt angles which match the experimental data can be determined. The
same analysis can be performed on an independently measured yyyzss/yyyz.as ratio (Figure 4-2c) to
infer the matching orientation angles for the yyyz.ss/xyyz,as ratio measurement. The overlapped regions
obtained from the two independent measurements satisfy both independent measurements, which
provide more accurately measured orientation angle regions compared to those obtained by only

one measurement. More details about this method can be found in previous publications.®%3
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Figure 4-2. (a) Defined tilt angle 6 and twist angle v of @ methylene CH> group; Calculated values
of (b) yyyzss/xzz25s ratio of methylene symmetric C-H stretching vibration mode and (C) yyyzss/xyyz.as
ratio of methylene group plotted as functions of tilt angle 6 and twist angle y. The tilt angle is zero

when the principal axis of the CHz group is perpendicular to the surface (xy plane). The twist angle

73



zero is defined as following: When the tilt angle is 90°, the two C-H bonds are lying down on the

xy plane surface.

4.2.3. Structure of Polyethylene at Different Interfaces
CH Stretching Region

Figures 4-3a and 4-3d show the SFG spectra collected from the EO/silica interface and the
EOgMAH/silica interface, respectively. SFG spectra collected from the EO/silica interface could
be fitted using three peaks at 2852 cm™, 2900 cm™ and 2928 cm™, which are contributed by the
methylene symmetric C-H stretch, methylene Fermi resonance, and methylene asymmetric C-H
stretch, respectively,® indicating that the EO/silica interface is dominated by the methylene groups
of the PE backbone. The SFG spectra collected from the EOgMAH/silica interface are more
complicated, which could be fitted using five peaks. Apart from the 2852 cm™, 2900 cm™* and 2928
cm™ peaks contributed from the methylene -CH, backbone, two methyl C-H stretching peaks at
2877 cm™t (CH3 symmetric stretching) and 2945 cm™ (-CH3s Fermi resonance) were also needed to
fit the spectra. These bands may support the existence of methyl containing additives in the grafted
polymer that migrate to the interface, and are not present (or do not migrate to the interface) in the
ungrafted polymer. In addition to the presence of the methyl groups, these additional bands may
however also arise from differences in crystallinity between the higher molecular weight (higher
melt index) grafted polymer compared to its ungrafted counterpart. It is known that high molecular
weight polyethylene polymers can form ordered films with higher crystallinity, which is reflected
in narrower bands in their SFG spectrum. The additional bands observed in the SFG of grafted
polyethylene (Figure 4-3a, d) also appear to be narrower than those observed in the ungrafted

polymer. The distinctive chain folding feature of the polymer observed in crystalline polyethylene
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films results in a high density of gauche conformers at the surface folds, which causes a blue-shift

and narrowing of the spectral features.

Additional information can be obtained about the orientation of these molecules at the
interface, by varying the polarization of the input beams. All the spectral fitting parameters are
listed in the Table 4-1 for the ssp and ppp spectra collected from the EO/silica interface. The
Ayyzss/xzzzss AN yyyzss/yyyzas ratios (0.81 and 2.8) can be obtained from the spectral fitting results.
Comparing each measured ratio to the calculated orientation dependent ratio map shown in Figure
4-2 deduces the most likely orientation angle ranges. These two measured ratios are obtained from
independent measurements, and correspond to different orientation angle regions. The finally
deduced orientation angles should satisfy both ratios, which should be in the overlapped
orientation angle regions deduced from these two orientation angle regions. Figure 4-3b shows the
deduced orientation angle regions of the methylene groups at the EO/silica interface from the
methylene symmetric C-H stretch yyyzss/yz22ss ratio. Figure 4-3c displays such regions obtained
from the methylene C-H symmetric and asymmetric stretch yyyzss/xyyzas ratio in the ssp spectra.
Figure 4-4a shows the overlapped regions of the possible regions in Figures 3b and 3c, given a 20%
error. The error analysis for this approach was published in detail previously.®? Similarly, SFG
spectra collected from the EOgMAH/silica interface shown in Figure 4-3d can be fitted (fitting
parameters can be found Table 4-1). Figures 4-3e and 4-3f displayed the possible orientation angle
regions, while Figure 4-4b represents the overlapped orientation angle regions shown in Figures
4-3e and 4-3f (showing the methylene orientations at the EOgMAH/silica interface). Figure 4-4a
and b indicate that methylene groups adopt an orientation parallel to the silica interface (lying
down in the plane of the interface) regardless of MAH-grafting, however the most probable tilt

angle of the methylene groups at the EO/silica interface is slightly larger than that of the grafted
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EOgMAH/silica interface (85° vs 75° relative to the surface normal). The most likely methylene
twist angles at the two polymer/silica interfaces were slightly different as well: 65° or 115° at the

EOfsilica interface, and 50° or 130° at the EOgMAMH/silica interface. (yyyzss/xzzzss and yyyz,ss/xyyz,as

ratios 0.63 and 2.0)
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Figure 4-3 (a) SFG spectra collected from the EO/silica interface; Possible methylene orientation
at the EO/silica interface deduced from methylene yyyzss/yzzz,ss (D) and from yyyzss/xyyzas (C); (d) SFG
spectra collected from the EOgMAHY/silica interface; Possible methylene orientation at the

EOgMAH/silica interface deduced from methylene yyyz.ss/yzzz.ss (€) and from yyyzss/xyyzas ().
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Figure 4-4 (a) Most probable orientation of the methylene groups at the EO/silica interface

(determined from overlap on Figure 4-3b & c, and a schematic showing the methylene orientation;

(b) Deduced most possible methylene orientation at the EOgMAH)/silica interface by overlapping

3e and 3f, and the schematic showing the methylene orientation.

ppp fitting details

ssp fitting details

Amplitude 1 0.138
Wave number 2852
Width 10
Amplitude 2 0.4832
Wave number 2 2928
Width 2 12

Amplitude 1 0.165
Wave number 2848
Width 10
Amplitude 2 -0.28
Wave number 2 2928
Width 12

Table 4-1 Fitting parameters for Fig 4-3a

ppp fitting details

ssp fitting details
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Amplitude 1 0.28 Amplitude 1 0.39

Wavenumber 1 2852 Wavenumber 1 2853
Width 1 10 Width 1 10.7
Amplitude 2 0.3 Amplitude 2 0.16
Wavenumber 2 2877 Wavenumber 2 2872
Width 2 9.1 Width 2 7
Amplitude 3 0.65 Amplitude 3 -0.4
Wavenumber 3 2920 Wavenumber 3 2922
Width 3 10.1 Width 3 9.2
Amplitude 4 0.13 Amplitude 4 -0.25
Wavenumber 4 2940 Wavenumber 4 2943
Width 4 9.9 Width 4 8.3

Table 4-2 Fitting parameters for Fig 4-3d

The molecular composition and orientation of molecular groups at the interface of
polyethylene and more polar substrates such as nylon, is also of interest. However, SFG
measurements of PE/nylon interfaces are more complex to analyze since nylon may also contribute

to the C-H stretching signals, overlapping with signals generated from PE itself.

To ensure that SFG signals from nylon can be distinguished from that of PE at the PE/nylon
interface, the nylon/air interface alone was first studied. Figure 4-5a shows the SFG ssp and ppp
spectra collected from the nylon/air interface. The 2850 cm™ peak is assigned as the methylene C-
H symmetric stretch, the 2930 cm™ peak the methylene Fermi resonance, and the 2955 cm™ signal
is the asymmetric C-H stretch of methylene. According to the spectral fitting results, yyyzss/xzzzss
and yyyzss/xyyzas ratios (0.81 and 2.8) can be deduced. From such ratios, the most likely orientation

angle regions of methylene groups on nylon in air can be determined using the methodology
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presented above, as shown in Figure 4-5b. Figure 4-5b shows that the most likely methylene tilt
angle at the nylon/air interface is around 40°, and the twist angle is around 40° or 140°, significantly
different from the orientation angles at the PE/silica interface. The methylene groups of
polyethylene appear to stand up more and are more twisted at the nylon surface than at the silica
interface. The interactions between the methylene groups in the polyethylene and other
functionalities in nylon near the surface (even if not at the surface) influence the methylene

orientation in nylon on the surface.
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Figure 4-5 (a) SFG spectra collected from the nylon/air interface; (b) deduced most likely

orientation of methylene at the nylon/air interface.

ppp fitting details ssp fitting details
Amplitude 1 0.554 Amplitude 1 0.34
Wavenumber 1 2850 Wavenumber 1 2855
Width 1 12 Width 1 8.8
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Amplitude 2 0.3 Amplitude 2 -0.4

Wavenumber 2 2925 Wavenumber 2 2930
Width 2 10 Width 2 10

Amplitude 3 0.59 Amplitude 3 0.75

Wavenumber 3 2945 Wavenumber 3 2955
Width 3 9.03 Width 3 10

Table 4-3 Fitting parameters for Fig 4-5

Since SFG spectra collected from the PE/nylon interface contain contributions from both
PE and nylon, it is challenging to obtain the PE contribution directly. To simplify the analysis, the
surface structure of nylon in air is assumed to be similar to that at the PE interface. This assumption
enables the nylon contribution to the spectra to be extracted. It is noted that this assumption may
not be completely accurate, because the interactions at the air surface and PE interface can be
different. However it is critical to separate the signals from the methylene groups in PE from those

in nylon at the nylon/PE interface and this provides a useful first approximation.

Figure 4-6a shows the SFG spectra collected from the EO/nylon interface. Using the nylon
signal contribution deduced from the nylon/air interface, the PE signal contribution at the PE/nylon
interface from the total spectra could be deduced, as shown in Figure 4-6b and Figure 4-6¢. Using
such signal contributions, we could deduce the yyyzss/xzzz,ss and yyyz,ss/xyyzas ratios (0.81 and 1.3). It
is important to note that, the SFG signals from methylene groups of nylon and of EO at the
EO/nylon interface have opposite phases; this is determined by comparing the signal contribution
from the nylon and the total spectra collected from the PE/nylon interface. This interesting feature
arises since the experimentally observed methylene CH, symmetric stretch signal at 2850 cm'™

from the EO/nylon interface is impossible to fit if the signals from the PE and nylon methylene
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groups interfere constructively. Figure 4-7a and 7b show the possible orientation angle regions
deduced by the yyyzss/xzzz,ss aNd yyyzs/xyyz,as ratios respectively. Figure 4-7¢ displays the overlapped
region from the regions shown in Figure 4-7a and 7b, which is the finally deduced orientation
angle region for PE methylene groups at the EO/nylon interface. A schematic of the above
methylene orientation is shown in Figure 4-7d. Here the spectra are mainly contributed by

methylene groups, indicating that the interface is dominated by methylene groups.
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Figure 4-6 (a) SFG spectra collected from the EO/nylon interface; (b) The deduced SFG ppp signal
contribution from EO at the EO/nylon interface; (c) The deduced SFG ssp signal contribution from

EO at the EO/nylon interface. The black lines show the fitted total spectra. Other fitted peaks

(broken lines) are from EO and Nylon.
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Figure 4-7 The deduced orientation angle ranges of methylene groups at the EO/nylon interface
from the yyyzss/yzz2ss ratio (a) and the yyyzss/xyyzas ratio (b); (c) The overlapped region from those in
Figure 4-7a and Figure 4-7b; (d) A schematic of the methylene orientation at the EO/nylon

interface and the deduced orientation angle region from SFG (results from Figure 4-7c).

ppp fitting details ssp fitting details
Amplitude 1 -0.35 Amplitude 1 -0.5
Wavenumber 1 2855 Wavenumber 1 2855
Width 1 10 Width 1 10
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Amplitude 2 -0.25 Amplitude 2 -0.1872

Wavenumber 2 2900 Wavenumber 2 2895
Width 2 10.2 Width 2 10

Amplitude 3 -1.1 Amplitude 3 0.35

Wavenumber 3 2927 Wavenumber 3 2925
Width 3 9.63 Width 3 7

Table 4-4 Fitting parameters for Fig 4-6a

Figure 4-8a shows the ssp SFG spectrum collected from the EOgMAH/nylon interface.
Using a similar approach to that described above, we determined the SFG signal contribution from
EOgMAH methylene groups at the interface by deducting the signal contribution from nylon at
the EOgMAH/nylon interface (again by assuming the same nylon structure at the nylon/air
interface and EOgMAH/nylon interface). Figure 4-8a shows the SFG ssp spectrum from the
EOgMAH/nylon interface did not exhibit methylene symmetric stretch signal at 2850 cm™, in
contrast to the observations for EO at the nylon interface. Such experimental data indicated that
the signals from the methylene symmetric stretching at 2850 cm™ from nylon and from EOgMAH
were perfectly cancelled. Detailed fitting parameters of the SFG ssp spectrum collected from the
EOgMAH/nylon interface can be found in Table 4-5. This shows that the tilt angles from the
methylene groups of EOgMAH and nylon have opposite absolute orientations. Therefore, the
disappearance of the methylene symmetric stretch signal provided the tilt angle information of
methylene groups from EOgMAH at the interface. Instead of using both yyyz ss/yzz2z,ss anNd yyyz,s/xyyz.as
ratios to obtain the most likely methylene group orientation angle regions for EOgMAH at the
EOgMAH/nylon interface, here we can use the tilt angle of the methylene groups and the measured

Xyyzss/xyyz.as ratio (0.6 and 2.0) to deduce the EOgMAH methylene orientation. It is noted that SFG
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spectra collected from the EOgMAH/nylon interface appear to contain the methyl contribution,
showing that the interface has methyl groups as well, or contributions from gauche conformers as

described earlier.

(a) 0.002 » ssp (b) ——EOg/nylon ssp
Fitted ssp 0.006 4——Fitted EOg-1
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5 =] —— Fitted EOg-3
@ G 0.004 - Fitted EOg-4
-~ = Extracted Nylon-1
:?0,001 4 '%.. Extracted Nylon-2
2 :0'002' Extrated Nylon-3
g o o.ooo-m-géj.é}a‘g\:f.:;w;ﬁ
LL e 1 WA /
7] ) 3
0.000 -0.002 1 J
2800 | 2900 3000 2800 2900 3000

Wavenumber / cm-1 Wavenumber / cm™1

Figure 4-8 (a) SFG ssp spectrum collected from the EOgMAH/nylon interface; (b) the deduced
SFG signal contribution from EOgMAH at the EOgMAH/nylon interface. The black lines show
the fitted total spectra. Other fitted peaks (broken lines) are from EOgMAH and Nylon. (EOg in

figure is abbreviation for EOGQMAH)
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Figure 4-9 (a) The deduced orientation angle region of EOgMAH methylene groups from the
Xyyzss/xyyzas ratio; (b) The overlapped region from those in Figure 4-9a and Figure 5b; (c)A

schematic of the methylene orientation at the EOgMAH/nylon interface

ssp fitting details

Amplitude 1 -0.17
Wavenumber 1 2880
Width 1 10
Amplitude 2 -0.55
Wavenumber 2 2925
Width 2 9.58
Amplitude 3 -0.26
Wavenumber 3 2950
Width 3 9.8

Table 4-5 Fitting parameters for Fig 4-7a
The methylene structures of both EO and EOgMAH at the buried PE/nylon interfaces can
therefore be compared. The results indicate that methylene groups in both grafted and ungrafted

polyethylene stand up more towards the surface normal at nylon interfaces, compared to those at
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silica interfaces. EO methylene showed a slightly smaller tilt angle compared to EOgMAH, and
the most likely twist angles of the two were determined to be 45° for EO and 55° for EOgMAH
(Figure 4-9). Methylene groups in these materials adopt different configurations at a silica versus

a nylon interface, and show different behavior with grafting.
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Figure 4-10 (a) SFG spectra of the MAH C=0 functional groups at the EOgMAH/silica and

EOgMAH/nylon interfaces; proposed reaction of maleic anhydride groups in EOgMAH with (b)

silica surface, (c) nylon surface.
C=0 Stretching Region

In addition to the SFG spectra collected from the interfaces in the C-H stretching frequency
regions, we also studied SFG C=0 stretching frequency regions to probe the interfacial MAH

structure (Figure 4-10a). Since EO does not contain any MAH groups, no SFG signal was detected
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in the C=0 stretching region whether at silica or nylon interface (not shown). In contrast an SFG
C=0 stretching signal was observed at the EOgMAH/silica interface at ~1725 cm™, in agreement
with other studies of grafted MAH polyolefins,®®%” and indicates the C=0 groups are ordered at

the silica interface.

Silica particles are reported to bond to maleic anhydride grafted polypropylene, ©8:5°
preventing both agglomeration of silica particles in composites and facilitating break up of existing
silica aggregates. Bonding is proposed to occur by reaction of the nucleophilic free surface
hydroxyl groups with the maleic anhydride, or by hydrogen bonding between free surface
hydroxyls and the carbonyl groups in the grafting group (Figure 4-10b). These interactions would
be expected to create an ordered molecular interface at the silica/EOgMAH interface, since the
carbonyl groups are uniformly directed to the silica surface and their orientation perpendicular to

the surface held in place by bonds.

However a C=0 signal was not detected at the nylon/EOgMAMH interface. This indicates
the C=0 groups are either disordered or not present at the nylon/EOgMAH interface. Since
grafting maleic anhydride to polyolefins such as polyethylene or polypropylene is well-known to
increase their adhesion to polar substrates such as nylon, it more likely that carbonyl groups are
present at the EOgMAH/nylon interface but that their orientation is random. The reaction of
grafted maleic anhydride groups with a typical polyamine (Nylon 66) is shown in Figure 4-10c,
where the anhydride ring opens, and an imide ring is formed with release of water. This reaction
bonds the EOgMAMH polymer to the nylon surface, at periodic points on the nylon polymer chain.
Since bonding occurs through only one point on the anhydride (compared to two or more
interactions with silanol groups above), there is more flexibility in the orientation and

configuration of the imide group with respect to the surface. Furthermore, the orientation of amine
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(and carbonyl) groups on the nylon surface is affected by the crystal structure, extent of

crystallinity, and the method of film formation.

Nylon is a semi-crystalline polymer consisting of amorphous regions and regions of high
crystallinity created by hydrogen bonding between polar groups on adjacent chains. The amine
groups near the surface in the amorphous regions may be randomly oriented, but those in regions
of high crystallinity may have some degree of ordering. However this ordering itself may differ
depending on the crystalline structure. In both the major crystalline forms of nylon reported
(aand »)7°-2 hydrogen bonding occurs between the carbonyl and amine group, but the orientation
of the amine with respect to the methylene groups differs. For hydrogen bonding between anti-
parallel fully extended polymer chains (« crystalline form), the amide group is in the same plane
as the methylene groups; in the yform, hydrogen bonds are formed between parallel pleated chains
and the amide groups are almost perpendicular to the methylene groups. Additional crystalline
phases intermediate in structure to the « and y forms have also been reported, with different
hydrogen bonding patterns and chain conformations.’®’2 Furthermore the lamella of crystalline
portions of the film are connected by loops which can extend from the surface’? also yielding the

potential for variation in the orientation of surface amine groups.

The method of film preparation can also have a significant influence on the extent of
crystallinity and orientation of amine groups on the nylon surface. In packaging applications nylon
films are typically produced by casting or blowing films. Besides mechanical stresses inducing
film orientation, the cooling rate in these processes can also affect the extent of crystallinity; rapid
cooling tends to produce amorphous films and faster cooling rates yield more crystalline films.
Highly oriented polyamide film can be produced by extrusion and rapid quenching, followed by

reheating and either uniaxial or biaxial stretching; alignment of the polymer chains is achieved by
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this approach”® and thus orientation of surface groups. Therefore the extent of crystallinity of the
polymer and the method of film preparation can be expected to play significant roles in the surface

orientation of amine groups in nylon films.

In this study, nylon films were prepared on silica substrates by spin-coating from an organic
solvent (m-cresol). It is known that spin-coating polymers from solution can influence the
orientation of molecular species at the surface. For example, the surface molecular structure of
spin-coated polymers containing phenyl groups (polyphenylmethacylate, polysulfone,
polybenzylmethacrylate, polybisphenol A carbonate) was reported to be affected both by polymer
molecular structure and by casting solvent.” Polymers with phenyl groups in more mobile side
chains produced films with high coverage of surface phenyl groups, presumably due to ability of
side-chain reorientation during the rapid solvent evaporation phase of spin-coating. Polymers with
less mobile phenyl functionality incorporated into the polymer backbone resulted in films with
phenyl group orientation perpendicular to the surface for aromatic solvents, but the phenyl groups

were oriented randomly or parallel to the surface when non-aromatic solvents were used.

Similarly the importance of casting solvent and solvent removal method on the surface
structure of polymers such as poly(methyl methacrylate) has also been reported.” SFG and contact
angle goniometry studies showed that cast films of these polymers had equilibrium surface
conformations with orientation of methylene groups in the surface plane in a well-ordered structure.
Spin-coated films showed an additional dependence of chain entanglement on the ratio of
methylene to ester methyl groups on the polymer surface, since entanglements may inhibit the
rapidity of polymer chain re-conformation needed to achieve an equilibrium configurations during

solvent evaporation.
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Since the method used to prepare the nylon surface was not designed to provide an oriented
surface and the extent of crystallinity of the nylon was not controlled in this study, it is not
unexpected that a random orientation of anhydride carbonyl groups was observed for EOgMAH
films on spin-coated nylon surfaces. Further investigations using film preparation methods to
produce surfaces of known amine orientation would be useful in the future to fully understand how

the anhydride group of the grafted polymer interacts with the amine.

4.2.4. Adhesion Property of Polyethylene at Different Interfaces

The adhesion strengths were determined for grafted and ungrafted polyethylene at silica

and nylon interfaces. The trends are shown in graphical form in Figure 4-11.

As expected there is lower adhesion of ungrafted polyethylene films to polar surfaces such
as nylon than for ungrafted polyethylene films. Also, as expected, grafting MAH groups onto the
polyethylene backbone improves the adhesion to both nylon and silica surfaces. Furthermore, the
best adhesion was observed for grafted polyethylene on silica surface, where the C=0 groups
appear to be ordered at the interface. The silica surface is likely to have pendant silanol groups,
which may show sufficient mobility to react with the maleic anhydride and form a bond which
increases adhesion and promotes ordering as shown in Figure 4-10b above. While C=0 groups are
not observed at the grafted polyethylene/nylon interface, these samples still showed improved
adhesion compared to ungrafted polyethylene (though not as high as adhesion of grafted
polyethylene to silica). It is known the maleic anhydride group will ring open in typical packaging
applications using multi-layer films, and forms covalent bonds with nylon. In this study there is
no spectroscopic evidence of bonding between the maleic anhydride and nylon, since the low graft

levels precluded detection of bonding-related wavelength shifts. Nevertheless it is concluded that
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the presence of MAH grafting does improve adhesion to both silica and nylonsurfaces, and it is
hypothesized that ordered C=0 groups at the interface improve polyethylene adhesion. It is also
noted that the best adhesion is observed when the methylene groups in polyethylene lie in the plane
of the interface, rather than out of the plane (standing up). While it is known that the presence of
methyl groups at the interface is usually detrimental to adhesion,**! the detection of apparent
methyl groups at both the silica and nylon interfaces does not seem a dominant effect and good

adhesion can be achieved.1#1°
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Figure 4-11 (a) Adhesion strength data measured (with the same PE film thickness) from the
PE/silica and PE/nylon interfaces; (b) Typical strain-stress curves of EO and EOgMAH measured

during adhesion failure at PE/silica interface;

4.3. Conclusion
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EO/silica EOgMAH/silica EO/nylon EOgMAH/nylon

Adhesion strength 1.1+0.1 2.3+0.2 0.8+0.1 1.2+0.3
(MPa)
Methylene Group Yes Yes Yes Yes
Methylene . 0 - 0 ) 0 ) 0
Lying down 90 Tilting 75 Upright 30 Upright 45
orientation ying g Prig Prig
Methyl No Yes No Yes
MAH No Yes, ordered No Disordered

Table 4-6 Summary of adhesion properties and interfacial environments at different PE/silica and

PE/nylon interfaces

To summarize the insights obtained on the molecular structures and chemical groups
present at the buried silica and nylon interfaces with grafted and ungrafted polyethylene polymers,

WE Can See:

1) Silica interfaces: EO and EOgMAH have different chemical compositions and different
methylene structures at silica interfaces. For ungrafted polyethylene, the silica interface is
dominated by polyethylene methylene groups, while for grafted polyethylene the silica interface
shows substantial contributions from methyl groups (and/or gauch methylene chains) in addition
to methylene groups. The methylene groups of EOgMAMH tilt more toward the surface normal
(stand up from the surface) compared to ungrafted polyethylene. In addition, ordered C=0 groups

were observed for grafted polyethylene at the silica interface.

2) Nylon interfaces: EO and EOgMAH have different chemical compositions and structures at
nylon interfaces. Again the EO/nylon interface is dominated by the methylene groups, but nylon

interfaces with grafted polyethylene have contributions from methyl and methylene groups. In this
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case the methylene groups of both grafted and ungrafted polyethylene stand up more compared to
polymer silica interfaces. Furthermore C=0 groups observed from grafted polyethylene are
apparently randomly ordered at nylon interfaces, in contrast to the ordering observed at silica

interfaces.

The molecular compositions and orientations of grafted and ungrafted polyethylene films
were determined at both silica and nylon buried interfaces using the unique spectroscopic probe
SFG. Methylene groups from the polyethylene were observed at the interfaces for both grafted
and ungrafted polymers, as well as strong evidence of methyl containing species (perhaps additives)
at both interfaces for grafted polyethylene films. The introduction of MAH grafting to the
polyethylene improves the adhesion to both hydrophilic (silica) and hydrophobic (nylon) interfaces,
and ordered C=0 groups are detected at the silica interface. MAH grafting improved the adhesion
to nylon to a somewhat lesser degree and no C=0O bonds were observed at the interface. This
means either no C=0 groups are present at the interface or they are at the interface and are
disordered; the latter explanation is more likely considering the observed improvement in adhesion.
It is however hypothesized that ordering of the C=0 groups at the interface improves polyethylene

adhesion.

MAMH grafting also influences the orientation of the methylene groups at the interface and
may play a role in the adhesion mechanism. The best adhesion is observed when the methylene
groups in polyethylene lie in the plane of the interface, rather than out of the plane (standing up).
The presence of methyl groups at the interface was observed here and though previously thought
to decrease adhesion in some polymeric systems, to the contrary methyl groups do not seem to

significantly degrade adhesion of the systems reported here. The insights gained here on the
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relationship of interfacial molecular structure and adhesion will be leveraged to continue to design

new polymers with improved adhesion to dissimilar surfaces.
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CHAPTER 5 Application Of Multimodal SFG System To Study Complex Interfaces

Materials covered in this chapter were published in Chem. Sci., 2018, 9, 1789 and Langmuir, 2018,
34, 2057. This research was in collaboration with Prof. Charles Brooks’ group and Prof. Kenichi

Kuroda’s group.

5.1. Background and Motivation

In the above chapters, SFG has been shown to be a powerful technique to study complicated
surfaces and interfaces. However, majority of the systems studied by SFG have homogeneous
surfaces and interfaces (e.g., surfaces and interfaces of polymer thin films and polymer brushes,
water/oxide interfaces, and chemically immobilized proteins/peptides etc.). In this chapter, a
microscope-SFG platform will be introduced along with two application. Both the abilities to study
heterogeneous samples and to test functions of interfacial molecules in situ of this analytical

platform will be demonstrated.

Details about the Microscope-SFG setup have been published previously.! Briefly, to allow
enough working space for an optical microscopic system, an “inverted” total internal reflection
SFG sample geometry was used in this study (Figure 5-1a). Both the visible (532nm) and tunable

infrared (IR) beams were spatially and temporally overlapped onto the prism surface using two
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CaF: lenses. A right angle CaF> prism substrate was placed on a three-axis translational stage: both
positions on the x-y plane and the height of the sample can be fine-tuned. The optical microscopic
system was sitting above the prism substrate to allow visual monitoring of the sample and the laser
spot (for SFG signal detection) in situ. A 40x objective and a telescope were used to magnify the
image onto a CCD camera. While keeping the optical microscope stationary, the three-axis
translational stage mentioned above allowed full freedom to move the sample to find an ideal
position for data collection. The microscope can also be used to collect fluorescence image, which
can be used to test functions of molecules at interfaces. Here the system was used to identify dead

bacteria at the interface killed by the surface immobilized antimicrobial peptides.

5.2. Interaction Mechanism between Single Layered MoS; and Biological Molecules

5.2.1. Locating Mechanically Exfoliated Single Layered MoS; via Microscope-SFG

Using AFM, we determined the location of a monolayer MoS; with the help of neighboring
thick multilayered MoS; regions (Figure 5-1). Such a location of the monolayer MoS: could be
identified using the microscope-SFG with the help of the multilayered MoS; regions. Then both
the visible and infrared beams were focused onto this region to collect SFG spectra (Figure 5-1).
Structural information such as molecular orientation of surface peptides on a single layer MoS:

could then be measured via SFG.
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Figure 5-1 (a) Schematic of the optical microscope-SFG setup; (b-c) AFM images of
mechanically exfoliated MoS: flakes with different magnifications. (d) Thickness measured
by AFM indicates that the MoS; flake in (b) is a monolayer. (e) Optical image of MoS, on
a CaF2 prism surface (The circle is the focus of the visible beam for SFG data collection).
According to the positions of the multilayered MoS: flakes below the circle in AFM (c)

and optical (e) images, we can identify the monolayer MoS> sample in the circle.

5.2.2. Elucidating Interaction Mechanism between Single Layered MoS> and Alpha-Helical

Peptide via Site-Specific Mutation

The sequence of a native cecropin-melittin hybrid peptide is shown in Figure 5-2,
where charged, hydroxyl group containing, hydrocarbon side chain containing, and
aromatic ring containing amino acids are labeled in red (most hydrophilic), blue

(hydrophilic), black (hydrophobic), and green (most hydrophobic) respectively.?
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Figure 5-2 Primary sequence of the native cercropin-melittin hybrid peptide (a), mutant A
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(b), mutant B (c) and mutant C (d). SFG spectra collected from the interface between MoS>
and solutions of wild-type cecropin-melittin hybrid peptide (a), mutant A (b), mutant B (c)

and mutant C (d).

SFG ssp (s-polarized signal, s-polarized input visible, p-polarized input IR beams)
and ppp spectra were collected from single layer MoSz/hybrid peptide solution interface
(Figure 5-2a). Because no SFG signal could be detected from the bare CaF2/peptide solution
interface (not shown), such signals must be contributed from the peptides on MoS,. Both
SFG spectra exhibit a distinct 1650 cm™tamide | peak, indicating that hybrid peptide adopts
an alpha-helical secondary structure on the MoS: surface, with a non-parallel orientation.
According to the ssp and ppp SFG amide | spectra, the orientation of the adsorbed hybrid
peptide on MoS; was determined to be 15 to 25 degrees for the alpha helix vs. the surface

normal using the method published previously (Figure 5-3).3

To better understand the interaction this cecropin-melittin hybrid peptide has with
MoS,, we performed molecular dynamics simulations. Simulation results showed that the

C-terminus of this peptide readily interacted with MoS, and the remaining residues that
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were solvent accessible were at a calculated tilt angle of 20.9° from the surface normal

(Figure 5-4, agreeing with the experimental data quite well.

3.0
| — 17 residue
—— 18 residue
2.71 19 residue
1 — 20 residue
2.4 21 residue
o
g 2.1
g
=< 1.8 -/.
1.5
1.2 T | T | T | T 1 B 1 M
0 15 30 45 60 75 90

Tilt angle / °
Figure 5-3 Dependence of the tilt angle on the measured SFG signal strength yppp/yssp ratio

for several different lengths of alpha-helical peptide (17-21 residues).

A cecropin-melittin hybrid peptide has nine amino acid residues in the C-terminus
region including one aromatic group containing residue, five non-aromatic hydrophobic
groups, and three hydroxyl containing hydrophilic residues. The N-terminus region of the
cecropin-melittin hybrid peptide has two aromatic containing amino acids, three
hydrophobic (non-aromatic containing) residues, and four charged residues. The N-
terminus has one more aromatic functionality containing residue. If the aromatic group

containing amino acid played the dominant role in surface-peptide interaction as previously
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reported for graphene,'® the peptide should interact with the MoS; surface with its N-
terminus. But this was not what was observed in our molecular dynamics simulations: our
simulation data indicated that the C-terminus was interacting with the MoS; surface. We
therefore believe that the aromatic amino acid/surface interaction did not play the major
role for peptide/MoS: interaction. Instead, the general hydrophobic interactions play the
major role: N-terminus is more hydrophilic because of its more charged groups, and
therefore prefers to stay in the aqueous environment rather than on the surface. The C-
terminus has overall more hydrophobic groups, which leads to the adsorption of C-terminus

on the surface.

To further understand the peptide-MoS: physio-adsorption process, we designed
three cecropin-melittin hybrid peptide mutants (Figure 5-2) and studied their interactions
with the MoS; surface. For all three mutants, only the N-terminus of the peptide was
modified which was previously identified as primarily driven into solution for MoS:
interactions. Mutant A has one extra aromatic residue at the N-terminus. The goal of using
this mutant is to examine whether one additional aromatic residue could increase the
interaction with MoS: to change the peptide orientation to a lying-down pose, as previously
observed in peptide-graphene interaction.*®* SFG amide | signals were successfully detected
from mutant A on MoS: surface (Figure 5-2b), indicating a nonparallel pose in a-helical
conformation, which matched the MD simulation data (Figure 5-4b). The simulation results
again indicated that the C-terminus binds to the MoS: surface, while the N-terminus points
away from the MoS; surface into the solution. Both the SFG experimental ratio and the

simulation data showed an almost identical orientation of mutant A compared to the native
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hybrid peptide, showing no strong interaction between the mutant A N-terminus (with one

extra aromatic residue) and MoS..

(a) KWKLFKKIGIGAVLKVLTTGLPALIS
Hybrid

(b) KWKFFKKIGIGAVLKVLT TGLPALIS

V\g Mutant A

(c) KAKLAKKIGIGAVLKVLT TGLPALIS
MutantB

(d) SWSLFSSIGIGAVLKVLTTGLPALIS

Y Mutant C

Figure 5-4 (a-d) Simulation results of cecropin-melittin hybrid peptide, mutant A, mutant

B and mutant C on an MoS: surface.

The above study on mutant A indicated that likely the aromatic amino acid—MoS;
interaction is not stronger than the nonaromatic amino acid—MoS:; interaction. We want to
know whether this is true vice versa and see whether the replacement of the aromatic amino
acids with nonaromatic hydrophobic residues affects the peptide/MoS. interaction. Here
the aromatic residues were all mutated to non-aromatic hydrophobic groups near the N-

terminus in mutant B. SFG spectra were successfully collected from the mutant B on MoS:
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(Figure 5-2¢); its orientation was measured to be 15° to 25° versus the surface normal as
well, similar to that deduced from the MD simulation results (a-helix with a tilt angle of
29.7°, Figure 5-4c) and also similar to the case of the wild-type peptide presented above.

The similar structure of mutant B on MoS; to that of wild type hybrid indicated that the
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amino acids with nonaromatic functional groups do not interact with the MoS: surface

greater than the aromatic hydrophobic amino acids.

Figure 5-5 CD spectrum of mutant C on MoS>

We then studied the effect of charged amino acids on N-terminus by replacing charged
residues with serine (mutant C). If the hydrophilic hydroxyl groups interact with water less
favorably than charged residues, mutant C might lie down on the surface. Indeed, no
discernable SFG amide | signal could be detected from the interface between MoS> and the
mutant C solution. The absence of SFG signal could be because (1) no peptide was adsorbed
onto the MoS: surface, or (2) all adsorbed peptides were lying down. To differentiate
between these two possibilities, circular dichroism (CD) spectroscopy, sensitive to only
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secondary structure and not orientation, was used. CD data demonstrated that mutant C was

present on the MoS; surface with an alpha helical secondary structure (Figure 5-5). Above

finding was also validated by molecular dynamics simulation (Figure 5-4d).

Native Mutant A Mutant B
Amplitude ppp 6.4.0 3.06 1.13
Wavenumber ppp 1650 1650 1657
Width ppp 21.9 20.7 16.2
Amplitude ssp 3.9 2.14 0.71
Wavenumber ssp 1650 1650 1650
Width ssp 20.1 22.1 16.0

Table 5-1 Parameters for the SFG peak fitting in Figure 5-2

5.2.3. Conclusion

In conclusion, we applied a unique analytical platform to combine an optical microscope

with an SFG spectrometer to study peptide interactions that occur on heterogeneous MoS>2

surfaces. This study elucidated the detailed molecular interactions between a cecropin-

melittin hybrid peptide and MoS; surface. We found that the aromatic amino acids do not

have substantial effect on peptides interacting with MoS; surface. With three rationally

designed peptide mutants: mutant A, B and C, more details about the peptide interactions

on MoS; were deduced. It was found that the charged groups in the N-terminus region are

needed for the peptide to more favorably interact with the agueous environment to ensure
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a “standing-up” peptide pose on MoS,. SFG experimental results and MD simulation
results showed excellent agreement, validating the conclusions obtained in this research:
The wild-type hybrid peptide, mutant A, and mutant B were all able to favorably interact
with MoS; via their C-terminus while tilting at around 20° and being solvent accessible.
Mutant C, on the other hand, lay down on the MoSz surface completely. This fundamental
research on the hybrid peptide/MoS; interactions lay a foundation for future investigations
on the interactions between other peptides and MoS3, providing insight into the rational
design of MoS: based biosensors using peptides and proteins. The different mechanisms of
the peptide — MoS: interactions elucidated in this research compared to the previously
reported peptide - graphene interactions clearly indicated that it is necessary to study
peptide-2D material interactions when different 2D materials were chosen for sensor
design. In biosensing applications, it is necessary to control the substrate surface—active
biosensing unit interactions to optimize the sensing selectivity and sensitivity. This research
also further demonstrated the power of using microscope-SFG system to study

heterogeneous surfaces and interfaces.

5.3. Studying Antimicrobial Mechanism of Surface Immobilized Peptides in Situ

5.3.1. Background and Motivation

Medical device caused healthcare associated infections (HAIS) increased rapidly in the
United States, with 1.7 million cases occurred in a recent year.* Such infections could happen
because of bacterial adherence, growth and proliferation on the surfaces of medical devices, and

the contact with and implantation of such medical devices into patients’ body. One approach to

108



decrease the HAIs incidence is to use antimicrobial surfaces for medical devices to prevent bacteria

from adhering or kill bacteria that were already adhered.®

Conventional antimicrobial approaches include the use of antibiotics; however, many
bacteria could develop drug resistance against such traditional antibiotics. Recently extensive
research has been performed to use surface immobilized antimicrobial peptides (AMPs) as
antimicrobial coatings. AMPs exhibit excellent activity in bacteria killing and superior
biocompatibility (not kill mammalian cells). Molecular antimicrobial mechanisms of AMPs
against bacteria in free solution have been extensively studied and several modes of action of
AMPs have been proposed.®® It is well believed that AMPs’ functions are influenced by the
peptide charge, conformation, hydrophobicity and amphipathicity. However, the antimicrobial
mechanisms for surface immobilized AMPs have not been studied, due to the lack of appropriate

tools to probe AMP-bacteria interactions.

As discussed in the previous chapters, SFG vibrational spectroscopy is a second order
nonlinear optical spectroscopy with submonolayer surface specificity.'%?” SFG has been applied
to investigate numerous surfaces and interfaces to elucidate molecular structures of many
molecules such as biological molecules like peptides and proteins, polymers, and water at
interfaces.’628-30 SFG has also been used to probe molecular structures of surface immobilized
AMPs. Effects of peptide surface immobilization sites (e.g., via C- or N-terminus), chemical
environments (e.g., air vs. water), immobilization strategies, and surface hydrophobicity on surface
immobilized AMP conformation and orientation have been elucidated by SFG as well as
supplemented molecular dynamics simulation studies.>3-3* However, the in-situ interactions

between surface immobilized AMPs and live bacteria have not been investigated using SFG. Here,
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using the microscope-SFG analytical platform with an SFG spectrometer and a fluorescence,'=®
for the first time we monitored the AMPSs’ behavior on surface while interacting with live bacterial

cell surfaces, and followed the antimicrobial action of peptides at the same time.

5.3.2. Materials and Methods

Antimicrobial peptide surface preparation:

Here we studied molecular interactions between surface immobilized MSI-78 and live E.
coli cells. MSI-78 is a synthetic analogue of the most widely studied AMP family magainin 2.
MSI-78 has been reported to adopt alpha helical structure upon binding to bacterial cell membranes,
as well as when immobilized onto a substrate surface without any interaction with bacterial cell

membranes,®> which makes it an ideal candidate for SFG structural characterization.

The MSI-78 peptide molecules were covalently immobilized onto a self-assembled
monolayer terminated with maleimide groups on a CaF. prism surface with silica coating. The
immobilization was carried out via the thiol-maleimide linkage between the cysteine of the N-
terminus cysteine modified MSI-78 peptide and the maleimide terminated SAM. The SAM was
prepared on a silica surface via a two-step procedure: A silica coated (200nm) right-angle CaF
prism was placed in an alkyne terminated silane solution for 24 h to prepare an alkyne terminated
SAM. This SAM was then immersed in a 120 mM azido-PEG3-maleimide linker solution
(prepared by mixing 25 mg linker kits in 560 mL DMSO for 1 h, followed by dissolving into 20
mL pH 8.0 phosphate buffer at a concentration of 50 mM). The above reaction was catalyzed with

100 uM copper (I1) and reducing agent (+)-sodium L-ascorbate in the solution for 12 hours at room
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temperature. The prepared maleimide surface was then immersed in a MSI-78 peptide solution

(with 1:1 TCEP premixed to break inter-peptide disulfate bond) with a concentration of 5 uM.

Bacteria activity testing:

We used the LIVE/DEAD™ BacLight™ Bacterial Viability Kits to perform the bacteria
testing with E. coli BL21 (DE3). The dye concentration of 0.6 uL./mL of the component A and B
each (five times dilution compared to the suggested amount) was used in the experiment to
minimize the effect of the dyes on the bacteria activity. To allow a maximum amount of bacteria
to be stained, the bacteria were stained for 15 min prior to test. The microscope-SFG experiments
were performed by injecting 20 pL of the stained bacteria solution onto the right-angle CaF> prism

with immobilized peptides. The sample was covered with a cover slit to minimize the water

evaporation during the experiment.

5.3.3. Antimicrobial Mechanism of Surface Immobilized Peptide
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Figure 5-6 (a) SFG ppp and ssp spectra and the fitted results of surface immobilized MSI-78 in
contact with water; (b) time-dependent observation of ppp signal at 1650 cm™ after the surface

immobilized MSI-78 in contact with E-coli solution; (c) SFG ppp and ssp spectra and fitted results

111



of surface immobilized MSI-78 while interacting with bacteria (collected after surface

immobilized MSI-78 in contact with E-coli solution for 1 hour).

Surface immobilized AMP structure (e.g., conformation or orientation) can be probed by
SFG amide I signal. It has been demonstrated that the SFG peak centered near 1650 cm™ originates
from alpha helical structure in peptide/protein.®® By fitting the ssp (s-polarized SFG signal, s-
polarized input visible beam, and p-polarized input IR input beam) and ppp SFG amide I signals
collected from the peptides, yppp and yssp could be measured. By taking the yppp/yssp ratio, tilt angle
0 of an interfacial alpha helical structure can be then deduced. (0 is defined as the angle between
the surface normal and the main axis of the target alpha helical structure). Detailed correlation of
alpha helical structure orientation and SFG signal strength ratio has been published

previously.>3637

Figure 5-6a shows the SFG ppp and ssp amide | spectra collected from surface immobilized
MSI-78 in an aqueous environment before contacting with bacteria. The deduced jyppp/yssp ratio
from the fitting results of the SFG spectra is 1.62. According to the relationship between the
measured yppp/xssp Fatio of an alpha-helical peptide and the peptide orientation, the orientation of
surface immobilized MSI-78 could be determined to be around 10°, indicating that the alpha helical
structure of the N-terminus immobilized MSI-78 adopts a standing-up orientation on the surface.
Figure 5-6b shows the time-dependent SFG ppp signal intensity observed at 1650 cm™ after adding
E. coli onto the immobilized AMP surface. The SFG time-dependent result shows that the SFG
ppp signal intensity at 1650 cm™ generated by the surface immobilized peptides decreased as a
function of time upon contacting E. coli, and reached a plateau after 3000 s. Both the orientation

and number of surface immobilized MSI-78 molecules could affect the observed SFG signal
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intensity. Here the peptides were chemically immobilized on the SAM surface on silica; the
peptide coverage on SAM was unlikely changed after bacteria contact. We therefore decided to
measure the surface immobilized peptide orientation after the signal stabilized to see how the
peptide-bacteria interaction could change the peptide orientation. Figure 5-6¢ shows the ppp and
ssp spectra collected from the surface immobilized MSI-78/bacteria solution interface 3000 s after
the initial peptide-bacteria solution contact. The fitted SFG results indicated that the measured
Yopp/¥ssp Fatios for surface immobilized peptides in buffer (before bacteria contacting) and in contact
with bacteria for 3000 s are markedly different (before: 1.62, after: 1.16, detailed fitting parameters
listed in Table 5-2). This clearly indicated that the surface immobilized AMP had a structural (e.g.,
orientation) change upon contacting E-coli bacteria. Based on the correlation between the yppp/yssp
ratio and the alpha helix tilt angle 6 (Figure 5-3), it is impossible to find a tilt angle 8 which could
satisfy the measured yppp/yssp ratio of the surface immobilized MSI-78 after contacting E-coli; the
ratio is lower than the lowest possible ratio in the curve. It is worth mentioning that the correlation
plotted in Fig 5-3 was deduced under the delta orientation angle assumption. That is, all the MSI-
78 molecules are assumed to adopt the same tilt angle. As we published previously, for a Gaussian
distribution, the lowest possible yppp/yssp ratio is higher than that of a delta distribution. Therefore
here the measured yppp/yssp ratio of surface immobilized MSI-78 after contacting E-coli could not

be described by a Gaussian orientation function as well.

Width Amplitute Wavenumber
ppp (Fig 5-6a) 14.1 0.99 1645 cm'?
ssp (Fig 5-6a) 14.0 0.68 1646 cm'?
ppp (Fig 5-6¢) 13.9 0.48 1650 cm'?
ssp (Fig 5-6¢) 14.0 0.42 1650 cm'?

Table 5-2 Fitting parameters of the SFG spectra in Figure 5-6

113



Width Amplitute Wavenumber

ppp (Fig 5-8a) 14.0 -0.51 1647 cm'?
ssp (Fig 5-8b) 13.9 -0.25 1647 cm'?

Table 5-3 Fitting parameters of the negative SFG peaks (blue dashed line) in Fig 5-8a and Fig 5-
8b

As we published previously, such a measured ratio likely indicates a multiple orientation
distribution of alpha helical peptides. For example, such a ratio may be caused by a peptide
orientation distribution with two orientation angles of different absolute (up or down) orientations
of alpha helical peptides.® Our observation here could be interpreted by the existence of two types
of surface immobilized MSI-78 peptides after contacting the bacteria solution: Some of the
peptides were not interacting with bacteria, therefore they adopt the original standing up pose. The
rest of the peptides interacting with the bacteria could bend towards the surface. Unfortunately, it
1s impossible to characterize the detailed structure of the “bent” peptides after interacting with the
bacteria, instead, here we assume that the peptides contacting with bacteria point to a different
absolute direction. With such a picture and based on the two independent measurements (the
measured ppp/ssp SFG signal strength ratio from peptides in contact with bacteria and the signal
strength ratio of the SFG spectra from the peptides before and after bacteria contact) as well as the
orientation of the peptides before bacteria contact, we could deduce two unknowns: (1) the ratio
of the peptides not contacting vs. contacting bacteria of ~1.5 (60% not contacting, 40% contacting);
(2) the orientation of the peptides in contact with bacteria: the yppp/yssp ratio of the second MSI-78
pose was calculated to be 2.04, showing the orientation angle is about ~110° vs. the surface normal.

Figure 5-8 shows the signal contributions of the two types of peptides to the overall observed
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spectra collected from the surface immobilized peptide/bacteria solution interface as well as the
schematic showing the peptide orientations. The fitting results of the facing down peaks are listed
in Table 5-3. These spectra fitting parameters as well as formulas (will also be presented in more
detail below) used for above quantitative deductions can also be found in original publication.®
From the optical microscopic study on the bacteria deposited surface, we could observed that
bacteria cover slightly less than 50% of the surface, showing that the above SFG conclusion is

reasonable.

Figure 5-7 Optical image of E-coli on the surface

Here | briefly present how we could obtain the above conclusion that 60% of the surface
immobilized peptides do not contact bacteria and 40% of the surface immobilized peptides contact

bacteria. For an a-helical peptide, we have:
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Xyyz = Xayyz ¥ Xeyyz = (%N[(l + 1)cos(8) — 1- T)COS3(0)][;CCC) + (_N(COS(Q) -

COS3(9)).Baca) (5'1)
Xzzz = Xazzz T XEzzz = (N[T'COS(H) +(1- r)COS3(9)].BCCC) + (ZN(COS(H) - COSB(H)).Baca)
(5-2)

Assuming that the coverage of bacteria contacting peptides is N1 with orientation angle 01
(already known from the ppp/ssp signal strength ratio of the SFG spectra collected from the surface
immobilized peptides in contact with buffer), then the coverage of bacteria non-contacting peptides
is 1-N1 (with orientation angle 0,). The two unknowns are N1 and 0). Based on the eqns 5-1 and
5-2, we can construct two new eqns for the measured ppp/ssp SFG signal strength ratio from
peptides in contact with bacteria and the signal strength ratio of the SFG spectra from the peptides
before and after bacteria contact. Therefore the two unknowns can be solved. The calculated
population distribution between the two poses are 60.9% (Fig 5-8 ¢c-1, 1-N1)) and 39.1% (Fig 5-8

c-2, N1), and 62 is 110°.

SFG results provided insightful orientation information of the surface immobilized MSI-
78 while interacting with E-coli. As discussed above, MSI-78 is an antimicrobial peptide. Its
sequence is GIGKFLKKAKKFGKAFVKILKK, with 9 cationic lysine residues. The modes of
antimicrobial actions of many AMPs free in solution have been extensively examined.® Different
modes such as Barrel-stave Pore model and Toroidal Pore model in which peptides form pores in
the bacteria cell membrane or Carpet Model and Detergent Model in which the AMPs adhere and
lie down onto the cell membrane.®° Among all different models proposed, the electrostatic force

plays a vital role.®*%! The positive charged AMPs have strong attractive forces with negatively
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charged bacteria cell membrane, therefore AMPs can strongly adhere to the bacteria cell member

for action.
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Figure 5-8 (a, b) Contributions of the PPP and SSP signals of two types of MSI-78 peptides at the
surface immobilized peptides/E-coli solution interface. Up: from peptides not contacting with
bacteria; down: from peptides contacting with peptides. (c-1,2) Schematic of orientations of the
two types of surface immobilized AMPs (not contacting bacteria and contacting bacteria). Black

dashed line: surface normal; red arrow: alpha helical peptide dipole direction.

The mode of action of MSI-78 in free solution has been examined and published.*> We believe
that the mode of action of MSI-78 in free solution could not be used to interpret surface
immobilized peptide-bacteria interactions. The surface immobilized MSI-78 peptide has a length
of 3.6 nm. Even if it stands on the surface vertically, it could not penetrate through the cell wall or
outer cell membrane of bacteria. Therefore, they could not reach the bacteria inner cell membrane
to form pores. For AMPs in free solution with either a Barrel-stave Pore model and a Toroidal
Pore model, the ability of drilling a hole on membranes originates from AMPs’ freedom in solution.
Here the surface immobilized AMPs do not have such freedom, and the length of MSI-78 does not
allow it to fully extend into the bacteria inner cell membrane and create a hole. Therefore, we

believe that the mode of action of surface immobilized MSI-78 to kill bacteria is neither through
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Barrel-stave Pore model nor through Toroidal Pore model. Instead, here the charge interaction

should play a major role in bacteria killing.

Figure 5-9 (a) Live E-coli; (b) Dead E-coli at Omin; (c) Dead E-coli at 20min; (d) Dead E-coli at

40min; (e) Dead E-coli 60min

Beside the above structure information of surface immobilized peptides while interacting
with bacteria which we could extract from the SFG results, the antimicrobial behavior of surface
immobilized AMP was also examined simultaneously by monitoring the E. coli killing process

under a fluorescence microscope.

To determine bacterial cell death, the E. coli cells adhered on the surface were monitored
in the presence of propidium iodide (PI), which can enter cells with damaged cell membranes and
stain the cells by binding to DNA molecules inside the cells. Therefore, the red fluorescence signal
detected from the bacterial cells reflects the disruption of the inner (cytoplasmic) membrane of
these E. coli cells. To minimize the impact of dye molecules to the E. coli cells and potentially
the SFG signal contribution from dye molecules, we only partially stained the E. coli with small

amount of dye (five times dilution compared to the suggested concentration).
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Figure 5-9a-e showed live E. coli and dead E. coli on surface immobilized MSI-78 at
different time points. Fluorescence images showed that only very few bacteria were dead in the
first 20 min. More bacteria began to die starting from 40 min, and significant number of bacteria
died after 60 min. The fluorescence activity images measured show that the bacteria could be killed
by the surface immobilized peptide contacting. Such contacting varied the peptide orientation,

leading to SFG signal intensity decrease.

The time-dependent SFG signal change can be interpreted in two ways: (1). The bacteria
attached to the surface quickly, but the bacteria killing was slow. The peptides slowly bent to kill
bacteria or after the bacteria were killed, the peptides changed orientation, leading to SFG signal
decrease. (2) The bacteria attached to the surface slowly, but the bacteria killing process was fast.
The orientation change of peptides quickly happened when in contact with the bacteria to Kkill
bacteria. Then the slow SFG signal time dependent change was caused by the slow adhesion rate

of bacteria to the surface.

The current fluorescence assay does not provide enough evidence on differentiating the
above two possibilities, but some previous studies suggested that even though factors like surface
roughness, surface charge, and bacterial strain might affect adhesion of bacteria onto a surface, the
overall rate of bacteria deposition onto a surface was not fast, could be hours.****> Therefore we
believe the above possibility (2) is better for us to use to explain the SFG time-dependent results:
The bacteria slowly attached to a surface, interacting with the peptides. The peptides changed

orientations and killed the bacteria due to the charged interactions.
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In summary, combining SFG with fluorescent microscopy, the in-situ observation on
structure and activity of surface immobilized AMPs interacting with bacteria has been achieved.
Upon bacteria contact, the surface immobilized peptides changed orientation (likely to a bent
structure pointing to the other direction) and kill bacteria. We believe that this is the first time to
measure the structure and function of surface immobilized peptides while interacting with live
bacteria in situ at the same time to understand the structure-function relationships of surface
immobilized AMPs, which is important for future development of surface immobilized AMPs with

improved performance.

5.4. Conclusion

In conclusion, the Microscope-SFG multimodal system was demonstrated to be a powerful
platform to study heterogenous surfaces/interface and to examine interfacial molecular function in
situ. Firstly, using AFM and the microscope set up in the Microscope-SFG Platform, specific areas
with monolayer MoS: films could be located for later studies on detailed interaction mechanism
between MoS, monolayer surface and alpha-helical peptide using SFG. Secondly, antimicrobial
mechanism of surface immobilized peptides was studied by combining fluorescent imaging and
SFG to probe the structure and function of the surface immobilized peptides to understand the
structure-function relationships. The methodology developed in this research is general and we
expect such an analytical platform to be applied to study many different surfaces and interfaces,
which will greatly impact the research on heterogeneous surfaces/interfaces and structure-function

relationships of surfaces/interfaces.
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CHAPTER 6 Conclusions And Future Work
6.1. Conclusions and Future works

This thesis research successfully elucidated molecular structures of buried interfaces in
many important applications, such as semiconductor polymers, solar cells, polymer adhesives, 2D
materials, as well as antimicrobial coatings, and reveled the structure-function correlations of these
buried interfaces. More specifically, this thesis research provided in-depth understanding on: (1)
the effects of the casting solvent, dielectric layer, or semiconductor polymer sidechain on surface,
bulk and interface structure of polymer based organic semiconductors;*? (2) the correlation
between the performance of perovskite-based photovoltaics and the molecular structures of
semiconductor polymers at the polymer hole transporting layer/perovskite layer interface;® (3) the
effects of the interfacial molecular structure on adhesion property of polyethylene based polymer
adhesives at different interfaces; and (4) interactions between heterogeneous 2D material surface

and biological molecules as well as antimicrobial mechanisms of surface immobilized AMPs.*®

First, the solvent effect on the prepared P3HT films was systematically studied. It was
discovered that using chlorobenzene (good solvent) with acetone (bad solvent) blend to prepare a
semiconductor polymer P3HT film made the P3HT backbone lie down at both the polymer film

surface and buried polymer/substrate interface. Besides the casting solvent, it was also found that
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the P3HT backbone orientation at the P3HT film/dielectric layer could be mediated by the
dielectric layer surface: the P3HT polymer backbone stands up more on a hydrophobic dielectric
layer surface, and lies down more on a hydrophilic dielectric layer surface. Such a trend remained
the same for a different polythiophene molecule with a side chain containing a charged end group.
It is well known that in many applications of semiconductor polymer films, the surface/interfacial
structure plays a dominating role. This research demonstrated that it is feasible to rationally design
and control surface/interfacial structures of semiconductor polymer films by carefully choosing

the casting solvent composition, substrate hydrophobicity, and polymer side chain hydrophobicity.

This research only investigated the effects of casting solvent, dielectric layer, and
semiconductor polymer side chain hydrophobicity on polymer based organic semiconductors.
There are many other factors that could greatly alter the performance of organic semiconductors,

which have not been studied in this thesis. Such research could be performed in the future:

1. The effects of small molecule additives in the casting solvent (used for semiconductor film
preparation) on the surface/interfacial structures of the prepared polymer film can be explored. For
example, a lithium-based salt (LiTFSi) is known to enhance the property of solvent casted organic
semiconductor films,® but the impact of such additives in the solvent on the semiconductor polymer
film surface/interface structure has not yet been examined. SFG study in this case can provide
valuable insights to the surface/interfacial structural variations of the semiconductor polymer film

induced by the addition of LiTFSi to the solvent for polymer film preparation.

2. The effects of polymer film deposition rate and temperature on the molecular structures of
surfaces/interfaces of polymer semiconductor films prepared by vapor deposition can be
investigated. This thesis only focused on the solvent processed organic semiconductor films. The

vapor-deposition based polymer semiconductors have not been discussed. For semiconductor
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polymer films prepared by vapor deposition, the deposition rate and substrate temperature can
greatly alter the performance of the deposited films, even the film morphology.” Understanding
surface and interfacial molecular structures of polymer films prepared by vapor deposition and the
effects of different factors on such structures could greatly improve the performance of such
polymer films, aiding in the development and fabrication of high-performance organic

semiconductor devices via vapor-deposition;

3. The composition of the polymer side chain can be further varied to gain a more in-depth
understanding of the polymer side-chain effect on the surface/interfacial structures of
semiconductor polymer films. Both the side-chain length and the chemical composition of the end

group of the polymer side chains can be changed.

4. Other semiconductor polymers beyond PT should be studied using SFG. This thesis studied PT,
one of the most widely used solvent-processed organic semiconductors. Recently, many new
semiconducting conductor polymer materials with excellent performance were synthesized. For
example, a better hole transporting molecule PTB7 (than PT) was reported recently®. With the
methodology established in this thesis, further study can be carried out on new materials like PTB7

to gain a deeper understanding on the behavior of such molecules at the interface.

This thesis research also presented exciting results on the interfacial structures of
semiconductor polymers used in perovskite photovoltaics. Specifically, it probed the interface
between the hole transport semiconductor polymer layer and the perovskite photoactive layer. By
deconvoluting SFG signals contributed from the two interfaces of a buried polymer film, interface
I and interface 1l (see chapter 3 for details), we successfully determined the interfacial molecular

structure at the interface of interest. By using PT derivatives with various side chain lengths, it was
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found that a more edge on PT backbone at the HTL/perovskite interface facilitates the hole
transport across the HT L/perovskite interface. We believed that a more edge on PT backbone will
eventually cause a better HOMO-HOMO orbital offset between the PT and the perovskite,
therefore minimized the interfacial charge recombination. This is the first time to elucidate
molecular structures of buried interfaces in solar cells using SFG and correlated such interfacial
structure to solar cell device performance. The research provides a general method to probe and
deconvolute molecular orientations at buried interfaces in situ in thin film based photovoltaic

devices.
Possible future works on this topic include:

1. Elucidation of the ETL/perovskite interface - Therefore we could gain a complete picture of the
interfacial molecular structure and its correlation to the charge transportation in perovskite

photovoltaics;

2. Investigation of other materials beyond the hole transport layer based polymers in solar cell
applications - Recent development showed that TPB®° has a great potential to serve as the electron
transport layer in organic photovoltaic application. No study has been conducted on the structure
of TPB at a molecular level due to its complication. SFG is a perfect technique to elucidate the
molecular structure of TPB at the interfaces and correlate the performance of TPB in a working

solar cell with such molecular structural information:;

3. Study of surface /interfacial structures of semiconductor polymers beyond solar cell, in other
devices such as organic light emitting diode (OLED) - One important topic in the OLED
community is to gain a directional emission. Such a behavior of OLED molecules is strongly

related to the orientation of the OLED molecules at interface (charge accumulation effect).!!
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Understanding of the correlations between the emission profile of the OLED molecules and the
orientation of these molecules at interface could greatly help to improve the OLED performance

by controlling the interfacial orientation.

In this thesis, besides the SFG studies on polymer semiconductors, SFG was also applied
to elucidate interfacial structures of polymer-based adhesives. In collaboration with Dow Chemical,
interfacial structures of two polyethylene derivatives were studied at both the PE/silica interface
and PE/nylon interface. Combining with adhesion results at these interfaces, it was concluded that:
(1) The same PE at different interfaces could have different dominating chemical functional groups;
(2) Interfacial methyl groups decrease the interfacial adhesion strength; (3) For the same PE
derivative, C=0 groups induced by grafted MAH could show up or disappear at different interfaces;
and (4) The more lying down the methylene groups at the interface, the stronger the adhesion
strength. This research provides important knowledge on polymer adhesion by examining buried
interfacial structures in situ. Previously, people separate the buried interfaces — destroy the
interface — here, this method studies interface in situ, which is nondestructive, more accurate, and

generally applicable.
For the future direction of this topic, the following research can be proposed:

1. It is important to explore the sample preparation temperature effect on the polymer’s adhesion

strength and the effects of different grafted functional groups beside MAH on adhesion

2. Other polymer adhesives based on polypropylene, epoxy, and PDMS can be examined. Methyl
and methylene groups widely exist in these molecules, making SFG an ideal tool to study their

interfacial structure nondestructively.'?4
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The last topic presented in this thesis is the example applications of microscope-SFG. It
was shown that the microscope-SFG platform can not only study heterogeneous surfaces such as
mechanically exfoliated MoS; surfaces, it can also be used to monitor biological process occurred
on the surface in situ. On a MoS: surface, we used the microscope-SFG to elucidate the interaction
mechanism between a series of de novo designed alpha helical peptides and the single layered
MoS:; flakes. It was found that the charged amino acids interact with aqueous solution more
favorably, while the amino acids with alkyl side-chains interact with the MoS; surface more
favorably. This study provided a detailed interaction mechanism between biological molecules and
single layered MoS: for the first time. Such an understanding would greatly benefit further design
and fabrication of MoS; based biological sensing devices. In the study using the microscope-SFG
to monitor the biological process, we were not only able to image the live/dead bacteria on the
antimicrobial surface, but also were able to use SFG to monitor the antimicrobial peptide molecular
behavior on the surface. SFG results suggest that upon contacting bacteria, surface immobilized
peptides adopted an orientation change (from standing up to lying down), providing new insight
to mechanism study of surface immobilized antimicrobial peptide. For the first time, such a
mechanism provided by SFG showed the common and different behaviors of free AMPs in

aqueous environment and surface immobilized AMPs.

Future directions:

1. Interactions between MoS and more complicated biological molecules such as enzymes and

other proteins can be investigated using the microscope-SFG platform.

2. Other 2D materials beyond MoS> and their interactions with various biological molecules can
be studied. For example single layered WS, and black phosphorus prepared via mechanical

exfoliation can be studied in the future.
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3. Other heterogeneous surfaces/interfaces can be examined using the microscope-SFG platform

—e.g., polymer blend surfaces with domains;

4. Antimicrobial mechanisms of other AMPs (cecropins, melitins etc.) immobilized on different

substrates beyond SAMs (e.g., on CVD based polymer thin films) can be investigated.

5. Structure-function relations of surface immobilized enzymes, where the structure of enzymes
can be studied via SFG, and the activity information of enzymes can be achieved via

optical/fluorescence microscope, can be examined in detail.

Various topics in this thesis cover many disciplines including chemistry, materials science
and engineering, physics, and biology, showing that SFG is a powerful and versatile analytical
tool. It is believed that with better experimental design and advanced technical development, SFG
as a unique nonlinear vibrational spectroscopic tool will play an increasingly vital role in many

current and emerging research projects.
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