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ABSTRACT

The purpose of thiBissertation is to investigate the chemistry at interfaces between
organic activenaterials and two electrodes, namely organic metal oxide cathode and metal
anode in organic photovoltaic (OPV) devices. Pocompatibility and energy level
mismatch at organitanspareninetal oxidg TCO) interfacesis a longstandingchallenge
which limits interfadgal electron transfer efficiencyPhosphonic acid modifiers aiCO
surfaces are able to improve interfacenpatibilityand energywlignment Chaptes 3 and
4 in this Dissertation investigate thiendamentalformation, quality and orientationf o
phosphonic acid monolayers on indigtopedzinc oxide(I1ZO) surfaces a model TCO
Metal electrode deposition on organic active layer materialsasnanonlast step of OPV
devicefabrication Chaptes 5-8 in thisDissertationexplorepossible moleculgprocesses
at organiemetal interface when metal deposition occurs under ultraigh vacuum

conditiors.

Choosng octylphosphonic acid (OPA), ikoctylphosphonic acid (EOPA),
pentafluorophenyl phosphonic acidsPPA), benzyl phosphonic acid (BnPA), and
pentafluorobenzyl phosphonic acidsBRPA) as a representative group of modifiers,
Chapter 3 describgmlarization modulatiofinfrared reflectanc@bsorbance spectroscopy
(PM-IRRAS) of binding and molecular orientation on 1ZO substrates. Considerable
variability in molecular orientation and binding type is observed with changes in PA
functional group. OPA exhibits partially disordered alkyl chains, but on average, the chain
axis is tilted 57°from the surface normal3JOPA tilts 26°with mostly tridentatéinding;
the BPPA ring orients 72°from the surface normal with a mixture of bidentate and

tridentate binding; the BnPA ring orients 59°%rom normal with a mixture of bidentate and
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tridentate binding, and thesBnPA ring orients 45°from normal with a narity of
bidentate with some tridenate binding. These trends are consistent with what has been
observed previously for the effects of fluorination on orientation of phosphonic acid
modifiers. The results from PNMRRAS are well correlated with recent resubn similar
systems from neagdge xray absorption fine structure (NEXAFS) and density functional
theory (DFT) calculations. Overall, these results indicate that both surface binding
geometry and intermolecular interactions play important roles inticigtarientation of

PA modifiers on TCO surfaces. This work alstedlishes PMRRAS as a routine method

for SAM orientation determination on complex oxide substrates.

In addition to orientation studieshe effect of PA deposition method on the
formationof closepacked, highgquality monolayers is investigated@napter 4or SAMs
fabricated by solution deposition, microcontact printing, and spray coating. The solution
deposition isotherm for perfluorinated benzylphosphonic aci8nFA) on 1ZO is studied
using PMIRRAS at room temperature as a model PA/TCO system. Fast surface adsorption
occurs in the first minute; however, welliented highguality SAMs are reached only after
~48 h, presumably through a continual process of molecular adsorption/dmsorpti
accompanied by molecular reorientation. Two other rapid -Bealdeposition techniques,
microcontact printing and spray coating, are also explored. SAM quality is compared for
deposition ofphenyl phosphonic acid (PPAlz-octylphosphonic acid (gOPA), and
perfluorinated benzyl phosphonic acidsBRPA) by solution deposition, microcontact
printing and spray coating using PIRRAS. In contrast to microcontact printing and spray
coating techniques, 4868 h solution depositions at both room temperatameg 70 C

result in contaminationand surface etefree closepacked monolayers with good
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reproducibility. SAMs fabricated by microcontact printing and spray coating are much

less well ordered.

Oligothiophenes are building blocks diie popular organicdonor materials
polythiophene and P3HTh Chaptes 6 and7, interfacial reactions of the model thiophene
based oligomers-sexithiopheneg-6T) and 2, 254 20-terthiophened-3T), with vapor
deposited Ag, Al, Mg and Ca are investigated using surface Raman spectroscopy under
ultra-high vacuum conditions. Results indicate that Al and Ca cause reducte@Tofo
tetrahydrothiophene and calcium sulfite, respectively, with Al exhipiless reactivity
than Ca. Partial electron donation from the sulfur atom lone pair electrons to vacant Ag
and Mg d or p orbitals is observed, inducing formation of polaron states at the interface.
Inter-ring C-C bond rotation is also induced by thisatten sharing betweea-6T and
both Ag and Mg. This unexpected evolutionaebT interfaces with low work function
metals alters the interfacial energetics
ultimately impact device performancéapor deposited Agorms nanoparticles on the
surface and induces considerable surface enhanced Raman scattering (SER&)33T the
along with a change in molecular symmetry and formation eSAgnds; no other reaction
chemistry is observed. Vapor deposited Al and Cabéixbhemical reaction witla-3T
spectrum initiated by met&b-3T electron sharing. For Al, the resulting product is
predominantly amorphous carbor@ through initial radical formation and subsequent
decompositiomeactions. For Ca, the spectral evidesuaggests two pathways: one leading
to a-3T polymerization anthe other resulting ithiophene ring opening, both initiated by

radical formation through Ge-a-3T electron transfer.
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In Chapter8, metal penetration depth inee3T anda-6T filmsis investigated and
compared between Ag, Al, Mg and Ca using Raman anchyX photoelectron
spectroscopies. Mg exhibits the greatest penetration with no observable surface
metallization on 50 ML (15 nm) OT surfaceBg shows moderate penetration and
metallizaton ability with no reaction chemistry when contact witha-6T. Al and Ca
exhibit the least penetration and greatest metallization abilpessibly due to reaction
chemistryoccurringbetween Al (or Ca) and-6T. Al and Ca both penetrate up to-19
nm into a-6T layers.The penetrationprocess for Ca consistd two distinctphasesCa
tends to be more evenlydistributedthroughouthe entirea-6T film and reduce the native
a-6T until the composition of the top-Bnmof thea-6T film becomes constantbeyond
this point, furtherCa deposition penetrateand completely redusea-6T into CaS
throughout the entiré0-14 nmthickness Al atomsare more concentrated within the top
5-7 nm of the film and gradually penetratgeeperinto the film. These results reveal
significant but varying depths of the impact of deposited metals on OT thin films during
physical vapor deposition; these results further reinforce the critical role of interfacial

chemistry on organic electronic device performance.
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CHAPTER 1

INTRODUCTION

Thin film organic photovoltai€OPV) devices have attractéemendousttention
during the past three decades in both acaclessearch and industry for the purpose of
efficiently utilizing solar energyas a renewable energsource.The mostattractive
advantages of OPVs are thpnoposedow costandlower environmentalmpact as well
as theirtransparent and flexiblf®orm factors However, OPVs alseuffer from obvious
disadvantages including low overall power conversion efficiency and short lifetime. The
latest version of thehampionresearch cell efficiencies in the past four decades are
summarizedy the NationaRenewabld=nergyLaboratory (Figure 11) Among avariety
of cell types, development of organic cell performancesisnmarizedvith orange solid

circlesin the bottom right corner. As a relatively new technology, it shows a great potential.

The first generatin organic solar celvasassembled with a single organic layer
sandwiched between two metalectrodeswith different work functiong. Charge
separation was achieved Agymmetricelectronand hole injection intenolecularp” and
p orbitals? and theformation ofa Schottkybarrier® 4 The power conversion efficiency of
the single layer device is only 102 % whichwaslaterimproved to 0.7%> ¢ Second
generation OPVs dete the use ofdouble layer organic materials to assemble organic
heterojunction and sandwiched between metal and metal oxide elsctfbdehole rich

materia) phthalocyanineand electron rich materigderylene are defined as-fype (or
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electron donor) and-type (or electromcceptoy organic seniconductorsrespectively. 1%
overall power conversion efficiency of this devigasreported by Tang and coworkérs
in 1986 andchasbeenrecognizedas an outstanding benchmark for many ye&usilding
uponTangs work, Hiramoto et al. reported an organic tandem cell structure which stacks
two organic heterojunctiorfsThey also developed three layeti-p structures; i i 0
represent the intermixing layer produced bydeposiing p-type and rype organic
semiconductor material.® Meanwhile conjugated polymer technology seatto be
applied to OP\Wevelopment irthe 1990s. Although the power conversion efficiency of
the first single layer conjugated polymer osihs less than 194 1% 11 12it opered up
exploration of new polymer based functional materials. Later, photoindeieetfon
transfer from conjugated fymers to Cso was observed® # which stimulate the
development of polymeCsobilayer or bulk heterojunction solar cells. Currenthg bulk
heterojuction (BHJPDPV architecturés the mostvidely usedcell configurationt> °since
the required exciton diffusion length from whetiee excitonis generated to the
donor/acceptor interface is greatly shortened by inorgake interfacial areathereby

improving overall power conversion efficiency.

Conceptually, moder©OPVs consist of at least three components including
transparent conductive oxide matenahich serves as the anode or the bottom congact
metal layer which serves as a cathode ortop contact and p-type and rype organic
materials eithearrangedas planar heterojunctions (PHJ) or BiMJdich ae sandwiched in
betweenthe two electrodes. Figure 1.Zepictsan example of a basic three layaPVv
structure. Lightbsorptiorby thep-type organic donor molecule genesx&citons which

are essentiallzoulombicallybound electrorhole pairs. Excitons
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Figure 1.2a) Diagram of bilayer planar heterojunction OPV and illustration of exciton form@d)pdiffusion (2), charge separation

(3) and transfe(4), and charge injection (Jrocesses; structure of b) planar heterojunction and c) bulk heterojunction solar cells.
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separate into electrons and holes once they diffuse to the donor/acceptor interface.
Electrons a latertransferredo then-type organic acceptor layer and holesteaasferto

the ptype organic donor layer. Electron and halgection into metal or metal oxide
electrodesare then used tsupplycurrent to aroutside operating loadn comparisorto

the traditional PHJ structure shownFigure 1.2 b, BHJ solar cells consist of a mixture of
D/A materiab as the active layerFgure 1.2c) which effectively increasehe D/A

interfadal area anghortenghe required diffusion length of excitons tetinterfaces.

One of the most critical challenges of OPVs in the current photovoltaic market is
the limitation of solar to electric energy power conversion efficiencies (R@E) is the
direct count of the percent conversion of photons to electBmeeral factorslictatethe
PCE ofparticularOPV devicestheseare defined and described by Fortést equation

11

_ - - o (1.1)

wherehqe is the overall internajuantumefficiency ofthe OPV; ha represents the photon
absorption efficieng by the acceptor materidbep is the diffusion efficieng of excitons
from wherethey are generated to the donadceptor(D/A) interface;hcris the cheage
carrier transfer efficiency to organic and electrode layer interfacedhccrepresentshe
efficiencies of charge collection tte organic/electrode interfacesa, hep, hct andhcc
represent thefficienciesof procesesl, 2, 4 and prespectivelyshown inFigure 1.2a. In

order to fully understand and optimize the PCE of OPVs, each sé fagametes is

essential. The main focusf the workdiscussedwithin this Dissertationis to gain an
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understanding of thehemistryoccurringduring the organic/electrode interface charge

collection processes.

Currently, low work function metals (LWFMs} ® and transparent conductive
oxides (TCOs¥® ?'are widelyusedas the cathode and anode materiaspectivelyThe
typical organic active layer heterojunctiomaterials includ two major types: 1)
polymerfullerenebulk heterojunctios?? 2% 24and 2)small moleculeheterojunctiorsolar
cells! 2> Thiophene based polymers such as polythioph&gure 1.3b) andPoly (3
hexylthiophene2,5-diyl) (P3HT) (Figure 1.3a) are widely used donors due to the high
conductivity andavorableenergy levehlignmentwith the acceptor & (Figure 1.3d) and
its derivativephenytCsi-butyric acid methyl ester (PCBMJigure 1.3c). As building
blocks of thiophenebased polymergshe thiophene oligomers 2053 20-terthiophene d-
3T) (Figure 1.3e) an@-6T (Figure 1.3f) are of great intetelsom boththe standpoint of
molecularfundamentals as well as their direct application in devices

Small molecule solar cellsaveattracted growing interest in recent years because
of their potential solutioprocessabilityandease ofunctionalization Phthalocyanin€Pc)
andperylene diimidgPDI) arecommonly useadxamples of small molecule dosaiPc)
and acceptor@DI). One example ainorganic dongrZnPg is given inFigure 1.4a. The
modification of theoutsidephenytalkyl postion or metal center is capable of tuning the
absorption spectra and molecular packing geomethich impacts light lasorption
efficiency and charge carrier mobility. Simikawith PDIs manipulatingthe R groups
shown inFigure 1.4c can improve the siiility, and ultimatey, the ability toprocess the

material from solution.
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Figure 1.3 Structures of P3HT/PCBM donor acceptor pair and their derivatives. a) Fay{@®hiophene?,5diyl) (P3HT); b)
polythiophene; c) phemTsi1-butyric acid methyl ester (PCBM); d& e )  2-terthibphened;32)0and f)a-sexithiophened-
6T).
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Figure 1.4 Structures of solution processable small molecule donor/acceptors. a)

Symmetric zinc phthalocyanine (ZnPc) and b) perylene diimide (PDI).
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As mentioned above, charge collection efficiencies at organic actives layer
electrode surfaces are important factors that contribute to the overall power conversion
efficiency of OPV devices. Therefqoreoth physical contact and chemical reaction at
organic semiconductor and electrode material intesfampact the performarcof OPV
devices?® 27- 28 2%As many research resultaverevealedformation ofaninterface layer

betweeranorganic active layer anglectrodes is undesirable yet also inevitablé:

Figure 1.5 shows aenergy level diagram of a basic three layer organic solar cell.
Interfadal energy level match iseyin choosing proper materials. In particyldae energy
level match of the HOMO dhe donor with the Fermi level dhe TCO impact the hole
collection efficiency. Similarly, the energdignmentof the LUMOof the organic acceptor
material with the work function of metal electrode impacts the electron injection efficiency.
As indicated inFigure 1.5, understanding the unknown interlayer betwagnorganic film
and twoseparatelectrodes with undefined energy levels is essential for helping improve
the overall efficiency of thee OPV devices. The overall goal of thHBissertationis to
address some essential chemical questionthatinterfaces betweearrganic layes and

electrodes.

Organic/Metal Oxide Interface: Phosphonic Acid (PAd¥fication of Transparent

Conductive Qide (TCO)Surfaces

ContactsbetweenTCOs and organic active layer materials are usutlyicated

by spin coating or vapor depositing organics onto T.GRsr interfacavettability and
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Figure 1.5 Energy level diagram of OPV illustrating charge separation, transfer and
interface formation.
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Figure 1.6lllustration of a) PA modification of the interface energy level; b) orientation of PPA on TCO surface affects the net

interface dipole, dipole moment of functional group and the interface linkage are shown as red and yelldveaimtevface net

dipde is illustratel asagreen arrow and is the phenyl ring tilt angle from surface normal.
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energy levemisalignmenbetween organics amdmmonTCO surfaces is a potential issue
that limits the charge collection efficiency at the interfaceviBus regarch shows that
small phosphonic acid molecules are ableawalentlybond tothe TCO surface and form
selfassembled monolayers (SAMs) and improve the TCO surietbility towards
organic materialsvhile at the same timadjusting the TCO work funan allowing for
favorable energy level alignmerfiigure 1.6a illustratesow the formation ot SAM acs

as an additional interface dipole anandelp tune the HOMO and LUMO lexgebf

organicgto achievebetter HOMO level match with the Fermi leveltbé TCO.

Manipulaton of the interfa@l dipole in acontrolled manner requires careful
selection of PA functional groups an@ completeunderstandingof their molecular
orientations. In particulasurface work function is directly proportional to thesime of
the tilt angle of the molecular dipolgsing phenyphosphonic acid SAMs as axample,
Figure 1.6billustratesthe interfa@l dipole change with molecular orientatiomhe
interface dipole is the net dipole of PA functional groups (phenyl endg)PA linkages
(phosphonic acid group) t#ite TCO surface. Thappareninterface dipole is the projection
of the interface net dipole along the surface normal. As showfigare 1.6b, modifier
tilting by g° away fromthe surface normalesults in a decreagethe interface dipole by a
factor of 1/cog. The interfacial work function OF) of SAM-modified surfaces is

describedn equation 1.2

o2 (1.2)
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wheremnol is the molecular dipole momeugis tilt angle of the modifier net dipole moment
with respect tahe surface normalg is the dielectric constant ¢fhe modifier, n is the
modifier density athesurfaceandep is the vacuum permittivity? > Equation 1.2uggests
thatthe adjusted surface work function is directly related to not magifier orientation
but also modifier density. Thereforpreparation of clospacked monolaysrand full
characterization of thenodifier orientation is highly desirable for understang and

optimizing the TCO/organic interfed energetics.

Figure 1.7 & showssix previouslyreported small phosphonic acid molecules with

the capability of adjustingthe TCO surface work function andettability as candidate

SAM structures on TCO siaces.Understanding molecular orientation walllow better
descrptions ofthe detakdmolecular pictures of these modifievghich couldultimately
facilitate controlling the modifier orientation and interfiat dipole. Additionally, PA
modification d TCOs with theacceptors PDphenytPA (Figure 1.7g), PDdiphenylPA

(Figure 1.7h) and donor molecule ZnrP# (Figure 1.7i) are also of great intereBeyond
favorable alignmenof the surface work functionsuccessfully controlling orientation of
active layer organic materials could template the arrangement of active materials in the
bulk active layer materiaf.Finally, molecular packing ithe organic layer is known to

affect charge transfer rasignificantly3> 3637
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Figure 1.7 Structures of phosphonic acid modifiers: a) phenylphosphonic acid (PPA); b) pentafluorophenyl phosphonierR&id (F
c) benzyl phosphonic acid (BnPA); d) pentafluorobemphgdsphonic acid @nPA); e) octylphosphonic acid (OPA); f) F13
octyphosphonic aci@F:0PA); g) PDphenytPA; h) PDdiphenytPA and i) ZnPePA.
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Organic/Metal Interfaces

The common last step of OPV device fabrication is physical vapor depositon of
low work function metal ontthe organic semiconductor materialkhe inevitablemetat
organic intermixing® 2° 30 38can potentially cause electron transferduced chemical
reactions, which creatandesirable interfaal products Generally, he possibility of
interfadal electron transfer is correlatedth the LUMO level match witlthe surface work
function ofthe metal electrodenaterial Figure 1.8 shows an energy level diagranthef
organic/metal interfaceEnergy levels of common organic donors and tlaeirvatives
(thiophene based oligomers and polymers) and acceptor8 éild| Go) are given and
compared to the work functisef common metal electrodes including Ag, Al, Mg and Ca.
The close match ahe LUMO levels ofthe acceptors withthe work functons of bulkCa
and Mg mé&e the electron transfer possible. Note that the work functions of the four
different metals falls into the optical band gap mabst common donorsnaterials, the
thiophenebased oligomers and polymers. Any existing tailing statése band gap may
allow metatto-organic electron transfer. Previous research from this laboratory using
Raman spectroscopgyoved the existence of interfat molecular processes on organic
acceptors 6,28 Algs?® %8 3andtheirbuilding blocks including benzeffe*'and pyridiné®
42\whencoveredvith Ca2® 41A128 29.40.43nd Mg38 40 ?However, no interfdal chemistry

between donors and methias beempreviouslyinvestigated.

Figure 1.9 shows the ideal metal/organic contact and three differenarioof
possible interfa@l layers including charge traps araicharge step. A&r consideration

of organic donordprmation of an energy stepay causdackelectron drain from the
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Figure 1.8.Energy level diagram of materials presents at the organic donor/acceptor and metal electrode interface.
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Figure 1.9 Diagram of the ideal metal/organic interfaar (eft) and three scenarios of interfacial products including (from second

from left to the right): an unfavorable charge step and two beneficial charge traps.

40



41

Metal Metal

Organic Organic

(@) (b)

Metal Metal Organic

Metal
Metal

() (d) (e)

Figure 1.10Possible metallization and penetration scenarios for physical vapor teeposi
metals on an organic surface: a) ideal interface with no perturbation of surface roughness
and no metal penetration; metal deposition induced b) organic surface perturbation; c)
organic surface perturbation and metal intermixing with organics; d) icrgariace
perturbation, metal organic intermixing and metal penetration, and e) total metal

penetration to underlying layer interface.
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electrodeto the organic layer which is undesirable.Thus, a ltter description of
donor/metal interfaal chemistry isnecessaryo improve the electron injection efficiency
in OPVs. Finally, physicaly vapor deposited metals are known dwrhibit different
penetration abilies into organics’® 31 43 4. 45, 46, 47, 48, 49The existenceand degree of
organic/metal intermixing could impact the thicknesstha interfagal layer which is
directly related to the interface charge injection ability of OPV devitéerefore
investigation ofnetal penetration adepth of anyurface chemistry for each unique metal
undervarious deposition conditions important to study as well. Figure 1.10 shows the
ideal (a),acceptable(b) and undesirable {€) organic/metal interfaces. The accurate

interfacialpicture is inportant to understand under deviabricationconditions.

Research Objects

The research in thiBissertation is focuseith two majorareas

1. Interfadal chemistry at organic/metal oxide surfaces investigated using
polarization modulatiofnfraredreflectionabsorption spectroscopi M-IRRAS).
Choosing 1ZO as eepresentativenetal oxide electrode, the orientatsarf small
moleculePAs and PAlinked Pc donor and PDI acceptor modifiarsanalyzed. A
widely applicable PMRRAS method of modifier éentation analysis on metal
oxide surfacess established to apply on new modif@rbstrate systems. Alsihe
quality of themonolayersprepared by different deposition methad®valuated

and possible substrate degradation during Sfdositionis explored.
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2. Building uponthe gevious understanding difie interfacial chemistry of common
acceptors such asAlgs?® 8 3and G¢?® with low work function metal contacts
reportedpreviouslyfrom thislaboratory interfagal molecular processes between
thiophene oligomers, namelg-sexithiophene and Xi5420-terthiopheng and
low work function metals (Ag, Mg, Al and Cajeinvestigated to explore possible
interfadal electron transfer events and molecular processes. UR&man
spectroscopy ang-ray photoelectron spectroscopse employed to facilitate the
understanding of molecular processes during metal deposition onto oligothiophene
films. The molecular structuseof new interfacialproductsare characterized in
order to fully understand the nature of interfagabducts.In addition, metal
penetration andnetallizationability is also consideredwith x-ray photoelectron
spectroscopy in order to build an accuy&ié picture of metl/organic contastin
organic electronic devices and establish the foundation device fabrication

process improvemesit
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CHAPTER 2

MATERIALS, INSTRUMENTATION, AND EXPERIMENTAL METHODS AND
PROCEDURES

This chapteoutlines the details ahaterialsjnstrumentation and methods applied
to investigate phosphonic acid (P#¢lfassembleanonolayers (SAMSs) on indium zinc
oxide(1ZO) substrates and low work function metal (LWFM)/organic materials interfacial

chemistry.

Experimental Details of Projects on Phosphonic SelAssembled Monolayers on 1ZO

Surfaces (Chapter 35)

Materiab

PPAY OPA® Fi30PAY? FsPPAR® BnPA> and EBnPA> molecules were
synthesized and purified as previously described. Potassium hydroxide (99.98% metals
basis) was purchased from Alfa Aesar (Wardl,H\/A). Dibromomethane (99%) and
dichloromethane (99%) used for density measurements on PA salts were purchased from
Sigma Aldrich (St. Louis, MO). Absolute ethanol was obtained from Aaper Alcohol and
Chemical Company, (Shelbyville, KY). HPL@rade acetatrile (>99.8%) was obtained
from EMD chemicals. (Darmstadt, Germany). FigRide KBr was purchased from Alfa
Aesar. Liquinox Critical Cleaning Liquid detergent was purchased from Alconox (White

Plains, NY) and diluted to 1% (v/v) with Mi#Q water beforeise.
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Instrumentation

Polarization Modulation Infrared Reflection Absorption Spectroscopy {IRRAS) A
Nicolet Nexus 67€FTIR spectrometer coupled to a tabletop optical module was used to
collect PMIRRAS data. Polarization modulation is provided by adsi Instruments
(Hillsboro, OR) PM90 modulator with a ZnSe 50 kHz optical head and a synchronous
sampling demodulator (GWC Instruments, Madison, WI). The optical signal is obtained
using a MCTA detector (ThermoElectron Scientific Instrument Corp., BigyeviA).
PM-IRRAS data were collected using an incident angle with respect to the surface normal
of 80° PM -IRRA spectra are from an average of 4096 scans with 4resolution and
maximum dephasing at 3000 and 1600'crReference spectra were acquicedsamples
that were identically cleaned and placed in neat ethanol for the same soaking period. The
procedure used to convert the raw#RRAS data to absorbance units has been described
previously®™ %6 Transmission spectra of the neat PAs and their potassium salts as KBr
pellets were obtained using a Nicolet Magna 550 Series Il FTIR spectrometer equipped
with a MCT-A detector using an average of 512 scans at a resolution of*4Tdrese
spectra wer used for spectral simulation. Spectral peak fitting is performed using Gaussian
line shapes for all PNMRRA spectra and a mixture of Gaussian and Lorentzian line shapes
for simulated spectra to obtain the most accurate peak®aré&ag’Fits were accepted for
& values >0.99.

The normalized PMRRAS spectrum is obtained by taking the ratio of
experimentally measured RNMRAS sample spectrum of the monolayer on a specific

substrate (in all the cases discussed indisisertationindium zinc oxide on Au is used as

45



46

the substrajeversus the background spectrum of the same bare substrate. The normalized

PM-IRRAS spectrum igxpressed as equation 2.1 basedlassicPM-IRRAS theory?®: %°

— p 0Q (2.1)
Where — represent the experimentally measured -FRRAS spectrum for
modified surface and— Is the experimental PNRRAS spectrum for the

corresponding bare substratg. Ik are intensities of reflected mnd s polarized light;

0 ¢ s the seconarderBesselfunction; g is the ratio of the overall gain for the signal
sum and differenceh@annels; represent the ratio of overall optical electronic responses
for p and s polarizationg;=Ip(0) / Is(0) and define A(gkeu as the pseudo absorption
spectrum which equals @ ‘OQFO 1. The expression for the spectra of modified

surfacesA(d) obtained as equation 22:
A ™ oaQ T® pX—— —— p (2.2)

Theoretically } =0.95 on Au substrate and varies very little across the entire min
IR spectrum and® 1,°°In which case PMRRAS spectrum in absorbance can be converted

from the raw data using thellowing expression
I 181 ¢ ¢ 6— p (2.3)

However, in our case, the additional oxide substrate and the any slight vasfation
the focusingcould change thg ando valuesvery significantlywhich playa significant
role in accurate quantification orientation measurement experiments. Therefore, instead of
directly using 0.0223 as the correctiactor;the correction factors are readily determined

at thebeginningof every experiment day by taking thegio of real absorbance value of a
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standard overlap mode from IRRAS experiment versus-the- p value obtained

from PMHIRRAS experiment. With the same focusing, the deternfiaetdr barely varies
although itneedgo be checked at tH#eginningof the experimental day. The factor used

for the experiments discussed in this dissertation varies in the range of-0.0333.

X-ray Photoelectron Spectroscopy?S measurements were performed on a Kratos-Axis
Ultra X-ray photoelectron spectreter located in the Laboratory for Electron
Spectroscopy and Surface Analysis (LESSA) at the University of Ariotae Al KU
ray linewas used as thexcitationsource with1486.6 eV.The gain current and anode
voltage were set at 1A and 15kV for all studies.A pass energpf 20 eVwas used

during dataacquisition

pH MeasurementsPhosphonicacid titration experiments were performed with a
Thermoelectron Instruments Orion 4Star pH meter with a Orion 911600- Semi

Micro pH electrodevhich was cabrated with pH 4, 7 and 10 buffers.

Sonicator Surface cleaningfor different purposeswas performed with a Branson

Ultrasonics (Danbury, CT) sonicator model 2800.

Plasma @eaner A Harrick (Ithaca, NY) plasma cleaner model PBZG was used to

activate thdZO substrates prior to sedfssembled monolayer formation.

EllipsometerEllipsometry was used to measure the optical constant and determine the

cleanlinesof bare Ag substrate& manuainull Rudolph Research Model 436@80E
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ellipsometerwas employed with a W HeNe laseisource emitting at 632.8 nm, a
polarizer, a compensator, a quaitave plate, constantlset to 45%a sample stage set at
70%ith respect to the sample surface normalaaalyzer, a digital camera used to assist

in focusing the sample stage, anghetomultiplier tube (PMT) detector.

Procedures

IZO Film Fabrication and Qeaning (note: 1ZO substrates wekéndly fabricatedand
supplied byDr. Ajaya Sigdel inthe research labratory of Dr. Joseph J. Bernat the
National Renewable Enerdgyaboratory, Golden, CD

100 nmthick Au deposited on glass slides (2.9 nm rootmeansquare roughness
by AFM) purchased from Evaporated Metal Films (lthaca, NY) were used as reflective
substrates for support of 10 rimck films of IZO sputtered from a 3 in, 70:30 (wt %)
In20s:ZNn0 target in a vacuum chamber with a base pressuré 8Tafr and a pressure
during deposition of 4.5 mTorr. During an
mai ntained at 0.5 siI3dstcm, with d DG spwteriagrpogverrof pow a-
100 W. These 1ZO/Au/glass substrates were deteigjeahed prior to sonication in
acetonitrile and absolute ethanol for 5 min each, drying after each step under a gentle flow
of No. The surfaces were then placetbi the Harrick plasma cleaner (described above)
where they were exposed te @lasma forl0 min forsmall moleculephosphonic acid
deposition and to air plasma for frbn for ZnPePA, PDiphenytPA and PDidiphenylt

PA depositionsA 400 mTorr gas environmentas appliedvith 10.5 W RF power.

1ZO Surface Modification with Phosphoniciés bySolution Deposition
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The O plasmacleaned 1ZO substrates were immediately placed into a 10 mM
PA/ethanol solution and soaked for 168 lorder to later perform orientation analysis or
for a specific time period for sefssembled monolayer adsorption isotherm anallysisr
to PMHIRRAS data acquisition, samples were thoroughly rinsed with ethanol and then
sonicated in ethanol for 5 min

The air plasmaleanedlZO substrates were incubated in 16M ZnPcPA
solution in CHCI; for 3 h. Surfaces were thoroughly rinsed withCHand sonicated in
CH.ClI; for 5 min before being blownnry under a gentle flow of Nprior to PM-IRRAS
aralysis. Similarly, air plasnma-cleaned 1ZO surfasavere immediately placed into a 20
nmM PDI-phenytPA solution in 90% dimethylfomamide (DMF) and 10% chloroform
(CHCl3) containing tetrabutylammonium hydroxide (TE2H) in equimolar ratio with
PDI to eliminate PDI aggregation Surface were stored in theabovesolution at room
temperature for 12 h. PRiiphenytPA-modified 1ZO surfaces were obtained by
immediatelysoakng air plasmacleaned 1ZO surfaces in 50% DMF and 50% CHCI
solutiors containing TBAOH in an equnolar ratio withthe PDI at room temperature for
24 h. The PDImodified 1ZO surfaces were thoroughly rinsed with Ct@1id dried under

N2 right before characterization.

IZO Surface Modification with Phosphonicci@s by Microcontact Printing (Note:
Surfaces prepared by migcontact printing werdindly provided byDr. Kristina Knesting
in the laboratory of Dr. David Ginger athe University of Washingto®eattle, WA

A complete discussion of microcontact printing applied for the fabrication of

similar  PA/metal oxide systems can be found elsewPlereBriefly, a
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poly(dimethylsiloxane) (PDMS) step is fabricated from photolithographically patterned
silicon wafer master as described befdr&he PDMS stamp is rinsed with ethanol and
blown dry under a gentle flow of2NA solution of 10 mM PA in ethanol is swabbed onto
the stamp, which is immediately pressed onto ecfganed 1ZO surface and held down by

a 3540 g weight for 10 min. Thenodified surface is immediately transferred to a pre
heated hot plate and annealed at 140€ for 5 min followed by an ethanol rinse and drying
in a N stream. Surfaces were then sonicated in 5% (by volume) triethylamine solution in

ethanol for 30 min befora final ethanol rinse and drying in a; §ream.

IZO Surface Modification with Phosphonici@s with Spray Coating (Note: Surfaces
prepared by spray coating wekendly provided byDr. Anuradha Bulusu ithe laboratory
of Dr. Samuel Graharat theGeorgialnstitutionof Technology, Atantla, GA)

As thoroughly described by Bulusu et @l spray coating modification of 1ZO
sufaces with PPA, $BnPA and OPA was performed with an Ilwata F8B Plus air
brush immediately after plasma treatment. The spray coating solution of 10 mM PA
solution in ethanol is fed through a cup attached to the spray nozzle and entrained into a
streamof N2. 1 mL of solution was used in one spray action out of two spray actions per
sample. In order to make sure that the solution was converted to small droplets that
impinged on the surface at high velocity, the gas pressure and average solutioneflow rat
were maintained at 25 psi and 0.03 mL/sec, respectively. Two sets of 60 s spray actions
were applied to samples pneated on a hot plate to 150 &fter the spray appliedusfaces
were kept on the hot plate at the deposition temperatuaeanneafor 2 min before a

thorough ethanol rinse. Finally, surfaces were then sonicated in 5% (by volume)
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triethylamine solution in ethanol for 30 min before a final ethanol rinse and dryingzin a N

stream.

Surface Etching Qantifications by ICRMS

Etching oflZO during OPA deposition was quantified with IBFS. The analysis
was performed by MsMary Kay Amistadiat the Arizona Laboratory for Emerging
Contaminants (ALEC) at the University of Arizona. Sampieparatiorprocedures are as
follow. Two piecesof 1ZO substrates with known surface area were soaked.thmM
OPA solution in EtOHbr in pure EtOH for 168 h. The latter was used &sadvent blank.
Substratesverethen sonicated fot5 min in ethanol, and thisolutionwas collectedand
the solvert evaporated off.The resulting products were then digested iimR of
concentrated hot HNgjca. 60°C) until all solids dissolved. This procedure typically took
5-15min. The solution wathen dilutedo afinal acid concentration of 5% (v/v). IS
andysis must be performedimmediately after sample preparation to prevent solid
precipitation. A method blank was prepared by storing same amount of pure EtOH in the

same vial without 1ZO for 168 h and pdstated the same way.

Experimental Details of Projects on ThiophenebasedOligomer/L ow Work Function

Metal I nterface Chemistry (Chapters 5-8)
Materiak
Polycrystalline Ag stubs (99.999%, Alfa Aesesgrecut from 1.25 cm dia Ag rods.

2,206:T®2d6 thd o BT e(R%o) arfdUa-sexithiophene {(-6T) (99.0%) were
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purchased from Sigma Aldrich. Ag foil (99.999%) and Ca dendritic pieces (99.98% under
Ar) were used as metal sources and purchased from Alfa Aesar. Ca dendritic pieces were
stored under vacuum with a base pressure of 2@’ torr to minimize oxidation. Al wire
(99.999%) was purchased from Siglarich Corp. Mg turnings (99.98%) were
purchased from Alfa Aesar>SQu (98%), HCIQ (70%), HCI (37%) and NEDH (28 30%)

were all purchased from EMD and used as receiveds; (@&+-%) was purchasedoim

Alfa Aesar.H> (99.999%) and B (99.999%) were purchased frothe University of
Arizona Cryogenics & Gas Facilityltrapure water used for silver substrate preparation
with>18. 2 Mq r e&0ipgbtotavorganic coatentwas produced using li Mi

Q UV Plus (Millipore Corp) purification system.

Ag SurfacePreparation

Carefully polished and cleaned Ag surfaces are employed here as reflective

substrates to investigate organic/metal interface chemizptycrystalline Ag stubsvith

1.25 cm dia were first sanded by hand using 2000 grid SiC sand paper in order to remove
the majority otheuppemost oxidized Ag layer. Rarely, 1500 grid sand papeecessary

for aparticular substrate with deep scratches. After 5 min of sooicatiwater, substrates

were then mounted in a brass and aluminum hdld#ris continuously rotated ameld
perpendicular tdhe platensurface ofa commercial polismg wheel (MetaSer! 2000,
Variable Speed Grinder Polisher by Buehld@he rotation sped ofthe polishingwheel

was maintainedit 60rpm, andthe substrates were polished with Buehler Microclth

polishing pads wet with 1.6m Al.Oz aqueousslurry for 1:1.5 h followed by Buehler

52



53

Mastertex™ polishing pads wet with 018m Al ,Osaqueouslurry foran additional 30 min

Substrates were then sonichie water for 10 min to remove £Ds residue.

Mechanicallypolished Ag substrates were then annealed at K1i@0a H> flame
for 30 s to removerganic contaminationand further reducethe surface roughnes§®
Substrates were immediately soaked in water at room temperature to eliminate surface

oxidation.

Substrates therwere subjected ta thorough chemical polishing procedure
developedpreviouslyby Taylof* ®>and Tianf® in this laboratory Substrates were first
soaked into concentrate@d$ for 5min and 70% HCI®for 1minsubsequentlyo reduce
organic contaminations. Then samples were immediately put into a 1:1 mixture of 0.6M
HCl and 4M CrQwith gentlestirringfor 1 min during which thepmost Ag on substrates
would form Ag which formed water insoluble AgCl and been removed by 10min
sonication in water. After further rinse with water substrates were submerged into
concentrated NEDH for 10min to ensure removal of AgCI. Lastly, thoroyghnsed
substrates were soaked in 70% HEIHOr 5 min to neutralize the residue NBH.
Substrates were then removed from H@Zi@se and soak into water for later applications.
Throughout the chemical cleaning steps substrates one should eliminatksesgropure

in air to the largest extend in order to prevent surface oxidation.

After all the polishing and cleaning stepise Ag substrates were dried under a
gentle flow of N beforebeingplaced inastainless steélVGostyle sample holden which
it is held in place with three set screws secured with Vatséegih vacuum sealant (Space

Environmental Labs). Theefractiveindex n and extinctiooefficientof Ag substrates
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were checked by ellipsometry to confirm the cleanness. The n and k valudg for
substrates through all the cleaning procedure are in the range ¢¥.2618nd 3.89.05
respectivelywhichis considered to be close enough to the carbon free clean SUirfaee.
samples weréhenintroducedinto the ultrahigh vacuum chamber through a sample entry
chamberA Raman spectruraf bare Ag substrate after all the cleaning steps is shown

figure2.1.

Ultrahigh Vacuum Chamber

Figure 2.2 provides a schematictioé homebuilt ultrahigh vacuum chambesed
for this work Thesystem consistef three sections includingsample entry chambes,

sample preparation chambandananalysis chamber.

The ample entry chamber was used to britng sample fromthe ambieh
environmentinto a chamber that wapumped to high vacuum <10° torr) before
introdudng thesample tahe ultrahigh vacuum environmenthis chamber was pumped
by a 210L/s model TMU 261P turbomolecular pump (Pfeiffer Vacuum) and backed by an
RV8 rotary vane roughing pump (Edwards Vacuum). This pump was isolated from the
preparationchamber by a 61 gate valve. All organic thin film and metal deposisevere
performed m the preparationchamber which wasquippedwith two separatenaterials
sources. The base pressure of tipgeparationchambervaried over all experiments
described in this Dissertatitretweer2 3 10°and53 101°torr, with theworking pressure
maintained at 8 107 torr at all times This chamber was pumped with a 448 model

TPU 521 PLcorrosionresistant turbomolecular pump (Pfeiffer Vacuum) backed by an
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RV8 rotary vane roughing pump (Edwards Vacuum). All Raman spectrosuugisis
wascarried out in the sample analysis chambéebasepressure of the analysis chamber

was maintained by a PB)0 ion pump (Thermionics) &b 3 10°torr.

Ag substrates were introduced from the sample entry chambéasterred onto
a copper sample hiér equippedwith a K-type thermocouple (ChroméluFe) with a
connection ta temperature controller (Cryocofhis sample holder was attached to the
end ofthe sample transfer arm in the paegtionchamber. Substrates were out gassed at
400K for 6 h bédore cooling to 12K using amodelDE-204B closeetycle Hecryostat

(Advanced Research Systems) for further thin fireparation

Thin Film Deposition

Figure 2.3 depicta schematic fooligothiophene and low workunction metal
deposition Fabrication of thin films of a-3T anda-6T were performed by physical vapor
deposition using a Kudsen cell consisting of a ceramic crucible wrapped with a Ta wire
to facilitate heating. EPR tubest to a 5 cm lengtivere usedis quartzrucibles holding
5-7 mg ofsolida-3T ora-6T powder. The organics were outgassed by slowly increasing

thetemperaturavhile maintaining a pressure below 1.0 torr till the

depositiontemperaturés reached and a deposition rate could be observakiegabout 3
6 hours) Mass thicknesses of metals and organics were measured usingl@ TM
deposition monitor (Maxtek) and SID1 goldcoated quartz crystals (Maxtek). The film

thickness can beorrelatedo the change in crystal frequencies by equation (2.4)
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Figure 2.1Raman spectrum of a clean, carbdmee Ag substrat total integration timelO min (co-addition of 120 spectnaith 5 s
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Figure 2.2Custombuilt UHV chamber a) siden view, b) topdown view. Modified from

diagram by Dr. Adam Hawkridge (used with permission).
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4 — "0 0 (2.4)

Where Eis the film thickness, Nis the frequency constant for crystabration in
thickness shear (Hz cm) which equals to 1.66810° Hz 3 cm.r s andr q are the density
of the deposited film and quartz crystal respectively in &/dgmand f represent the
frequencies of unloaded and loaded crydiale to the fact that thBunloade@d crystal
frequency keepshanging upon film build upThe Ts value is modified with the

consideration of the loaddédreignmaterials.

Y — B 0 AOAONIOAT — (2.5)

t andtq are the period of loaded and unloaded crystais he acoustic impedance ratio

of quartz versus the deposition material.

As for a-3T, due to the low depositiotemperatureand challenges of perfectly
outgassingll the impurities, after the outgas step ageposition of 100 nm onto QCM
is performed before any deposition onto Ag substrate. After outgas<img organicthe

chamber was allowed to pump down to the bassgure of 2 10° torr.

Al>Oz-coated Ta boats (MEAO-MO-M5; R.D Mathis Company) were usdor
holding the metal#\g, Al, Mg and Caduring outgassing andapor depositionThese
metals wereutgassed bglowly heaing theboas toallow evaporation of impurities. The
preparation chamb@ressuravas maintaiedat <13 107 torr during this process and then

returned to a base pressure of at 1&&st0° torr before proceeding
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After all outgassing procedw&vere completed, theilsstrates wrethen cooled to
120K. Substrates were held face up until depositiorsrait®.1 A/secout of the sources
as measured by QChMr bothmetalsandorganics were achieved. Once the deposition rate
was stabilizedthe substrate was rotated 18@® startthe depositionprocess, which was
allowed to continueuntil the desired thickness waachieved Table 2.5 summarizes
organic and metal deposition parameters. Tablgp&@idesthe coverages of materials
used as thin films in chapter&of thisDissertation. Numbers of atoms or molecules on
surface iscalculatedusing metal density values and the measured surface area and mass
thickness shows in equation 2.6. Numbers of atoms or molecules per unit area are
calculated using equation 2wherer is the measuredadiusof silver substrate 0.63 cm, d
is the mass thickness measured by Q€Mnd MM are the density and molar mass of

materials respectively.
ni Ei i ARORRD o (2.6)

ni &Ei 1 ABBOEO = b 2.7)

Raman Spectroscopy

532 nm excitation radiation was provided bZaherent RadiatioWerdi 2W Nd:YVQy
diode laserThe lasempowerwastypically set at 100mW at the laser headyhich was
equivalento ~70 mW atthesample. The laser radiation was polarized-fifarizationat
the samplausing al /2 Fresnel Rhombnfjodel FR-2C425 CVI Laser Optics) set at 45

The sample substrate was tilted to allow the radiation todident on the suaice a6(°
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Figure 2.3 a) Thin film deposition of volatile organics; deposition rate determination for b) volatile organics anevo)atde

organics; d) deposition rate determination and e) deposition of metals. By Dr. Dallas Matz (used with permission.)
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Table 2.1 Experimentalparametersused for physical vapor deposition and thickness
monitoling by QCM

. . . D iti
Material Density | Acoustic Impedanc¢ Deposition Ter?]p(();zltzrrle
(gcnm®) | (1P gcm?SY) | Current (A) I?K) ]
a-sexithiopheng 1.40 8.25 <2.5 473493
223020 | 44 8.25 <15 341345
terthiophene
Ag 10.50 16.69 60-68
Mg 1.74 5.48 40-50
Al 2.70 8.17 6575
Ca 1.55 3.37 4555
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Table 2.2Values of thin film overagedor materials used within this wark

Material Mass Numberof Atoms | Molecules or
thickness (A)|  or Molecules Atoms/cnt
5 3.7 x106° 29 x14@°
10 7.4 x16° 5.8 x 13°
15 1.1 x 136 8.7 x 16°
20 1.5 x 136 1.2 x 136
A 25 1.9 x 136 1.5 x 136
g 55 41x10° 3.2 x 10°
75 5.7 x 13° 4.5 x 16°
100 7.6 x 168 6.0x 106
150 1.1 x 167 9.0 x 145
210 1.5 x 167 1.2 x 167
5 2.8 x16° 2.2 x13°
10 5.6 x 13° 4.4 x 16°
15 8.4 x 16° 6.6 x 13°
20 1.1 x 1436 8.8 x 13°
M 60 3.3 x 145 2.6 x 166
g 110 6.1 x 10° 4.8 x 10°
160 8.9 x 14° 7.0 x 136
210 1.2 x 167 9.2 x 165
310 1.8 x 167 1.4 x 167
510 2.8 x 167 2.2 x 167
5 3.8x10° 3.0x 16°
10 7.6 x 16° 6.0 x 18°
15 1.1 x 1436 9.0x 143°
Al 20 1.5 x 136 1.2 x 136
25 1.9 x 138 1.5 x 14°
35 2.7 x 16 2.1 x 13
45 3.4x 10 2.7 x 136
5 1.5x 18° 1.2 x 16°
10 3.0x106° 2.4 x 13°
15 4.6 x 16° 3.6 x 16°
ca 20 6.1 x 18° 4.8 x 16°
40 1.2 x 13 9.6 x 14°
85 2.5 x 168 2.0 x 148
105 3.2 x 148 2.5 x 138
135 4.1 x 168 3.2 x 136
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Table 2.6( ¢ o n\talaes df thin film overagesor materials used within this work

Material Mass Number of Atoms ML Molecules or
thickness ) or Molecules | Coverages Atoms/cnt
ithioph 15 3.3x 10% 1-5 2.6x 10¢
a-sexithiophene——5 3.3x 10% 1050 | 2.6x 10%
2,265620- 15 6.0x 10¢ 1-5 4.7x 10%
terthiophene 150 6.0x 10® 10-50 4.7x 10
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with respectto the surface normal. A Spex 270M monochromator was set tonh8.5
entrance slit width and 1200 grove/mm blazed (630nm) was used to result a spectral
bandpass of 5 ciat 100 crit. Raman spectra were collected with a 15@00 pixel back
illuminated DU971P Newton EM CCD (Andor Technology) which was coole¢/8C.

All the low frequency Raman spectra acgjuiredfor 10min (ceaddition of 120 Second
spectra) and high frequency Raman spectra are acquired for 30raiddition of 360 5

second spectra). The CCD wamtrolledusing a SOLIS software (Andor Techngld

X-ray FhotoelectrorSpectroscopy

XPS measurements were performed on a Kratos-Bhia x-ray photoelectron
spectrometer withcapability of bothAl and Mg monochromatic -Xay source. The
excitationused throughout this dissertation islAIlU at 1 4AB the e&pereanents
discussed in this dissertation are based off of 150W power schrté5mm Kratos
hemisphericalanalyzer is used and the spectral resolution under the al®sezibed
conditions is 0.75eMOrganic and metal depositisrwere performed in two separate
deposition chambers with base pressuafel 3 107 torr. Spectra weracquiredat room
temperatureAll binding energies in XPS data were corrected toAQ8d/s peak aB868.2
eV to eliminate charging effectall the peak fits were performed usirngaussiarine
shapes with Vision 2.2.8 software from Surface Analysis Group, Kratos Analytical Group
Company. In the fitting procedure for the S 2p doublet, the energy separation of e S 2p

and 2p.peaks was held constaat 1.20 eV and the FWHM was allowed to vary between
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0.7 and 0.9 eV. The relative S 2p peak heights of different populations were varied to

achieve a good fit with “walues>00Mum number of
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CHAPTER 3

PM-IRRAS MEASRUEMENT OF ORIENTATION OF PHOSPHONIC ACIDS
ON 1ZO SURFACES

Metal oxides are widely used in the organic semiconductor industry as transparent
electrode® or as charge selective lay&rslepending on their respective optical and
electrical properties. Heterogeneity and poor chemical compatibility at metal oxide/organic
semiconductor interfaces are m@ajimitations that can lead to the formation of poor
contacts, which permit charge trapping and/or charge recombination events that lead to low
energy conversion efficiencies in devices. $a$embled monolayers (SAMs) have been
well studied on metallicubstrate$? oxide-based substratés, 2 3 "at solid/liquid
interface$® and at liquid/gas interfac&sfor a multitude of applications andt affect
chemical and physical properties of the surface such as wettabiltgharge transfer
rates!® and surface work functiotf: 2 Small phosphonic acids (PAs) are found to be
desirable surface modifiers for metal oxide substrates due to their high surface coverage
and chemical stabilit$® > 7@ &|n organic electronic devices, PAs can improve
compatibility between an organic active layer and a metal oxide surface, and tunable
functional groups can be used to tailor surface work function by changing the interface

dipole?® 77

Previous research has demonstrated that different PAs deposited on-duapenh
tin oxide (ITO) substrates allow tuning of surface work function and wetta#ilRgcent
efforts also provide experimental evidence indicating that ¥ and interface charge

recombination rates of a model OPV device can be manipulated by properly tailoring the
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transparent conductive oxide (TCO) work function using these PA modffiéls.As
discussed previousRy,surface work function is directly proportional teetcosine value
of the tilt angle of the molecular dipol&he interface work functioF is given by

equation 3.1:
Y — (3.1)

wheremnol is the molecular dipole momeigjs tilt angle of the molecular transition dipole
moment with respect to surface normals the dielectric constant of modifiers, n is the
modifier density at surface areg is the vacuum permittivity> 33 Therefore, a detailed
understanding of PA molecular orientation relative to the surface is important when

designing surface modifiers for interface optimization.

Surface IR techniques have been used previously to determine molecular
orientation of smalmolecule SAMs at interfaces. Examples of such studies include
alkanethiols on metal surfac&small molecule acids on alumina surfag&and various
monolayers at the air/water interféfeHowever, due to the complexity and lack of
knowledge of intringi properties of metal oxide surfaces and their modifiers, detailed
orientation information about phosphonic acids at metal oxide surfaces has not been
universally attained, with the exception ofatkane PAs on ITO by ne&adge xray
absorption fine struate (NEXAFS¥. In this chaptera systematic study of molecular
binding and orientation of a series of PAs on transparent conductive 1ZO surfaces using
PM-IRRAS is described. Octylphosphonic acid (OPA)a3-Bctylphosphonic acid
(F130PA), phenyl phosphonic acid (PPA)entafluorophenyl phosphonic acidsFiPA),

benzyl phosphonic acid (BnPA), and pentafluorobenzyl phosphonic aBdRR) are

67



68

chosen to represat both fluorinated and netuorinated aliphatic and aromatic PAs.
Figures1.7af provide the molecular structigdor all six phosphonic acid molecules
describedn this chapterlZO is used as a model transparent conductive oxide material
because oits relatively high IR transparency throughout the entire spectral range of
important PA modifier vibrations, its availability in thin, conformal, pinkivée, high
charge mobility films formed by RF sputterifftand its use in OPV devic&5A universal
method is reported to descrihew to calculatephenyl ring orientation in absolute three
dimensional space using multiple independent ring vibrational modes of different transition
dipole moment orientation. Where possible, the orientationsndieted using PMRRAS

are correlated with orientation information deduced from-eedge xray absorption fine
structure (NEXAFS) or predicted by density functional theory (DFT) calculations on

similar metal oxides.

Results and Bcussion

The molecular oantation of small acid modifiers can be affected by linker type,
binding mode, and electronic structure of functional groups on the modifier. Due to the
high electronegativity of F, fluorination can affect electronic structure drastically, changing
interadions both between molecules and with the substrate. These interactions may change
a multitude of surface properties such as surface coverage, binding mode, or molecular
orientation, thereby changing surface wettability and work funéfidderein, three
representative PA molecules along with their perfluorinated analogs are investigated as

model modifier systems.
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As has beempreviously reported® 8the absorbance of a vibrational mode with a
transition dipole moment (TDM) perfectly aligned with the surface normal is three times
as large in IRRAS as that for the same mode in an isotropic arrangement of the same
molecules at the same molecular signin a volume of equivalent thickness according to

equation3.28% &

W= —— (3.2)

Here,q is the tilt angle of the specific TDM with respectthe surface normal, andii

and Asimulatedrepresent the IR absorbance values of the corresponding vibrational mode in
the surface IR and simulated IR spectra, respectively. From this relationship, the tilt angle
of a TDM can be extracted mathematically from the absorbance value of an orientated
TDM in a SAM and that for an isotropic TDM. Molecular orientation in an absolute-three
dimensional axis system can then be rationalized from the TDM tilt angles experimentally
determined as described above. From these tilt angle values, the full moleeultation

in absolute space can be rationalized by basic tenets of chemical bonding and simple

geometry.

To accomplish this orientation analysis, one must have in hand the correct
simulated spectrum of the appropriate chemical model. For these PA mspdhigecorrect
model is generally either the singly deprotonated monoanion form or the fully deprotonated
dianion form of the PA depending on binding mode. The PA salts can be synthesized by
titration and characterized with transmission IR spectroscohyrirkKBr pellets.Detailed
procedurs for synthesis of thes®A sals are describedbelow. Careful attention to

guantitation is essential in these measurements in order to extract quantitatively accurate
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simulated spectr®: % In addition, the physical properties of these PA salts, including
density and optical constants n and k at the relevant spectral frequencies, along with
modifier surface coverage and monolayer thicknesses, must be known to generate the
quantitatively correct simulated spectra from the raw transmission spetr@ummarize

of all the physical parameters used in this studyexample of the stee generate the
simulated spectrum, and the intermediate data that results from theseitegpprovided

below.
Synthesis of PA&and P& Potassium &it

PA salts weresynthesizedy addingstoichiometricamountof KOH to neutralize
phosphonic acid and/or the medeprotonated salt iethanolsolutiory the pH ofthe
solutionwas then measured and compared with the predeterminedtpelegjuivalence
pointfrom the corresponding titration curve

Figure 3.1 shows the titration curgeof the five model PAsstudied PA titration
was carried out in 3 mL PA solutions in EtOH usingnslard 0.173MaqueousKOH
solution as the titrant. The exa®OH concentrationwas determined byitration with
potassium hydrogen phthalgt€HP). The exact mass of PAs used is show in T&ble
Values for he pKa and pKa arealsoreported inTable3.1 As shown, the pH dhe PAZ
salt solution afteKOH additionis close to the pH dhe 29 equivalere point with small
discrepanciesyhich couldbedue to poomeasuremerdaccuracy of pH probe at pH range
closer to 14, phosphonic acid adsorption on the pH poolr@ce amourstof water present
in the EOH solution Due to the lower accuracyof the gH probenear pH14, the purity
level of the PA saltsmay not be quite 1009%But, the overallconsistencyf themeasured

pH valuesof stoichiometrially preparedolutiors andthe predicted pHvaluessupports
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Figure 3.1 Titration curves for a) OPA, b)EOPA; c) PPA, d) FPPA, e) BnPA and f)
FsBnPA showing first and second equivalence points and qd pka2 values.
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Table 3.1 Phosphonic acid titration and salt synthesize data.

PA titration OPA Fi:OPA  BnPA FsBnPA PPA FsPPA
Mass of PA (mg) 7.9 6.9 9.2 8.3 6.4 6.5
Calc. EPY (L) 235/470 93/186 309/617 183/366 234/468 151/303

Measured EP ¥n{.)  240/467 70/181 225/703 149/364 220/458 110/289

pKal 5.7 4.8 55 4.6 5.1 3.5
pKa2 10.5 10.8 10.3 10.3 10.2 9.5
PA Salt synthesize = OPA>  F;sO0PA> BnPA* FsBnPA PPA FsPPA*
Mass of PA (mg) 7.5 7.7 5.9 9.4 8.2 4.1
Vkow (ML) stoich. 446 208 396 207 519 191
Measured pH 12.50 12.95 11.28 8.27 12.90 11.99
pH @ EP 12.1 12.8 11.4 7.4 12.4 12.0

aEP = equivalence point.
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the high purity level ofhe PAZ salts.

ConsiderFsBnPA as an exampldn order to synthesize thesBnPA salt, a
stoichiometric amount of KOH was added to théBrfPA solution and the pH was
measured to b8.27. This is higher than the estimatébtetjuivalence point of 7.4 based
on the titration curve. This discrepancy could be due to PA adsorption on the pH probe,
trace amounts of water present in the EtOH, or the presence of trace amouniseitnain
impurities. Using the Hendersdétasselbalch equation, at pH 8.27, the molar ratio of

FsBnPA2 to FsBnPA can be calculated as follows:

b( Pb aQ . p® 8 mWinwo

Therefore, the mass percentage sBriPA in the synthesized salt can be calculated with
the following equation (molar mass of ¥HPA 300.138 g/mol; molar mass of

K2FsBnPA? 338.23 g/mol):

p mimwol | ongro PCH I

p mrnaol | TV Se ool bbayort T |

pnmmbPw@ b

So, the purity ofthe FBnPA salt is estimated to be 98.9% with only 1.1% of tkBrPA>

salt. The absorbance of theaandnig, modes in the simulated spectrum of tBBHPA>

salt is ~2630% lower than that of thesBnPA salt. However, the 1% impurity level will
havelittle to no effect on the absorbance of the simulated spectrum or the final orientation

results.
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Surface @verage of PAs on 1ZO

The surface coverages of PAs on IZO are critical parameters used in spectra
simulation. Surfaceoveragevalues for some of the PAs on indium tin oxide (ITO) can be
found literatures anthbulatedin table3.2. Due to the similarity of 1ZO and ITO, these
surface coverages of PAs on 1ZO amnsidered to be close to that on ITihe surface
coverage in mol/cAtor FsBnPA on 1IZO wasiot found in the literature and waseasured
hereusing xray photoelectron spectroscopy (XP8king known expressions for XPS
intensities, the surface coverage feBRPA on IZO can be measured by comparing the
F/In atom ratio wit that for a standard reference systergQPA, whose surface coverage
of 2.9x 10" molecules cnd is known from independent measureméhisitegrated XPS
intensities of a chosen element on the surfacean be expressed by equati8

'O 0 D00YXD Q D Q IWéEi — (3.3)
wherel, is the incident Xray flux, N, is the absolute number of the chosen atéyand
D.are transmission efficiency of the electron analyzer and detector efficiency at the
electron kinetic energy of interes, is the cross section of the chosen element for the

incoming Xray energy,l .is the inelastic mean free path for the correct kinetic energy, L

is a geometric instrumental term, agds the electron takeff angle. The integrated
intensity ratios of the F 1s peak to the In 3d peak $BnPA- and R:OPA-modified 1ZO

surfaces can beritten as equations(4) and @.4).
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Table 3.2 Physical parameters of PA modifiers and their potassium salts used in the
simulation of IRRA spectra of isotropic films.

PA Modifier 1 (g7 c G ( molde Ref d (A
OPA / OPA/ OPA* 1.1/1.21.4 50x 10* 91 10.91
F1:0PA / R:0PA | F1s0PAZ 1.7/2.0/1.9 2.9x 10“ 91 10.91
92, 93, 94, 95,

PPA/PPAPPA: 15/1.6/1.6  1.56 x 10 06 o7 7.4
FsPPA /| EPPA | FsPPA 18/21/21 1.56 x 164 92 5.79
BnPA /BnPA / BnPA> 1.4/16/1.7 2.5 x 164 This work 5.54
FsBnPA / EBnPA / FsBnPA> | 1.8/2.0/2.0 159x 10+ This work 4.62

aAll densities reported here determined as part of this work.
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Table 3.3 Surface coverage calculatiofiem XPS spectra.

PA IF1s(cts) | linzd (Cts) IF1dlin3d GBnPA
FsBnPA | 7.35x 16 | 1.43x 10 5.14 x 17 159x 10
F:OPA | 2.72x 16 | 1.11x16 | 2.45x 10* | molecem™
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Except for the values of | and N, all other parameters are element specific. If one assumes
that the electronic properties of F atoms 4BfPA and 3OPA are roughly equivalent,

andthat the In atom densities are similar between the two modified surfaces, the surface
coverage ratio ofdBnPA to that of IFOPA can be directly correlated with their integrated

F/In intensity ratios as described by equati8rb)( allowing the surface cevage for

FsBnPA, Ge_gnra, to be calculated using equatidh@).

= — — (3.5)
3 _ 32 (3.6)

Table3.3shows the integrated intensities for the F1s, combinedsinaddi In 3d/2 signals
in the XPS spectra for bothsBnPA- and RsOPA-modified 1ZO surfaces. Using these
ratios in equatior8.6, a surface coverage of58.3 10 molecules ¢ is obtained for
FsBnPA-modified surfaces and is used here in the sample calculation procédbie.3.3

provides the surface coverageasurerantresults from the above described methods.
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Simulation of Infrared Reflectandbsorbance Spectra

With all the predetermined physical parameters in hammgpading to a previously
described approadh, 99:100. 101 107 antitation of PMIRRA spectra for determination of
PA SAM orientation requires a simulated spectrum of the correct PA chemical form as
found on the surface with the same concentration as the correspondmgdifed 1ZO
surface. Simulated spectra che generated from an experimental transmission IR
spectrum of the correct chemical model in a carefully prepared, thin KBr pellet with
accurately measured thicknesses and known chemical model conceniatiommary of
all the parameters used in specirawation is given in Table 3.Z'he IR transmission
measurement provides an approximation of the extinction coefficient at a specific

frequency, kif), as shown in equatidh7
- Q (3.7)

where I/brepresents the fraction of IR radiation transmitted by the KBr pellet,the
frequency in cr, and d is the pathlength (in this case, the KBr pellet thicknesg)akd
n(n) values can be calculated tiye KramersKronig (KK) transformation, equation
(3.8)03

[ g - —Q0 (3.9
wheren; is the I" frequency between; andnz, andnp is the nf) value far below the
electronic absorption and far above the infrared absorption. In pragiiceusually set

as the value of n at the sodiumlibe °° due to the relative constancy of refractive index

values in the visible region.
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PA-modified 1ZO surfaces are treated as tHeseer structures consisting of air,
PA-SAM and Au. Optical constants of the Au substrates at the experimental wavelengths
are obtained from the literatut€The 1ZO layer is neglected in these calculations due to
its small thickness, which is much smaller than the wavelength of the radiation. Using
calculated nrf) and k () values of the modebmpound determined from the transmission
spectrum, calculation of the reflectaredesorbance spectrum can be achieved using the
threelayer model. Further detailed information can be obtained from previous publications.
99, 101, 102, 104

The simulated spectrum represents the absorbance of an isotropic monolayer of
equivalent thickness of the PA SAM that has been corrected for concentration differences
with thebulk material. This correction requires knowledge of the surface coverage of the
PA SAM aas well as its thickness. The absorbance of the PA monolayer is proportional to
its surface concentration in mol/émAs shown by equatior3(9), Abs; and Abs are
asorbance values for the PA SAM on the 12O
(equivalent to concentration of;@ mole/cni for a monolayer of thickness d) and for a
surface coverage equivalent to the concentration of the model PA in the bulk n@tgrial
respectively. 1 and M are the density and m
transmission measurement. Therefore, absorbance values for the final simulated spectrum

of the isotropic film can be calculated from equati®i():

¥
— - = (3.9)
6 &I 6 HidT (3.10)

As an exampl e, cal culBrPA htheffegug¢ncyaagidn k ( 3 ) Vv

contaning the ring vibrations used for orientation calculation are shown in Figure
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Figure3.2n ( 3 ) a n d&BnRA i flequénoyrregién containing ring modes used for

orientation determination.
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Figure 3.3 a) Transmission IR spectrum ofBhPA in KBr pellet; simulated reflectance
spectra for EBnPA on 1ZO substrate b) with surface coverage equivalent to bulk

concentration of pure material, and c) with true surface coverag8oPRA SAM on 1ZO.
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3.2. Figure 3.3 shows the IR transmission spectrum frogBfPAK™ powder in a KBr
pellet (Figure3.3a) and the simulated spectra for an isotropBnPA film on 1ZO before
(Figure 3.3b) and after (Figure.3c) correction of the absorbance values for the true
FsBnPA surface coverage. The final simulated spectrum in FiguBe is used for the

orientation calculation describéelow.

Mol ecul ar Orientation by the AAbsolute Met ho
OPA

Previous studies have established the orientation of SAM aliplehiins at
air/metal interfaces using different technigqfies® As shown in Figures.4a-d, the
orientation of an aliphatic chain can be defines in a stepwise process using thregzangles (
g andF ) with respect to an initial orientation aligned along the surface normal. In this axis
system, the substrate surface lies in th¥ Klane with the surface normal defined as the
Z axis. Figure3.da defines the initial position of OPA with the moleculgisaalong the
surface normal. Figurg.4b depicts a twist of anghe by rotating the molecule around its
chain nor mal. From this position, a tilt aw
position shown in Figurd.4c. Finally, a chain rotation aroumide surface normal (Z axis)
by the azimuthal anglé gives the final orientation of the molecule shown in Fidifd.

Using the simplifying assumption of a highly homogeneous and symmetric I1ZO substrate,

onlytheangleyand d wi | | be considered.

Figures35d show a series of simulated spectr :
layers of neutral OPA (blue), the potassium salts of @fél) and OPA (green), and the

PM-IRRA spectrum of the OP#nodified 1ZO surface (black), respectively. The
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absorbance values in the simulated spectra are calctiatedhe transmission spectra of

neat OPA (Figure 3.6afe OPA salt (Figure 3.6b)r theOPA? salt (Figure 3.6c) in KBr

pellets assuming an isotropic layer containing an identical number otcul@s as
measured for the SAM. An example of this procedure is describetapt&€ 2 Due to

low surface coverage (5.0 x %0nolecules/crf)?® and molar absorptivity, vibrational
signatures of the low frequency binding modes are hard to observe and are therefore not
shown hereThe calculated nnj and k @) value of model OPA used in orientation

calculation is given ifrigure 3.7.

The bands at 2929 and 2855 tare assigned to the{CH.) andngCHz) modes,
respectively, and the bands at 2961 and 2873ammassigned to thadCHs) andns(CHs)
modes'® The frequencies of the(CH,) bands suggest the presence of some disorder of
the methylene units along the chains in the form of gauche defectsadlCtid:) band is 5
cmi? higher than the corresponding welidered octylthiol selssembled monolayer
(SAM) on Au, although th@s{(CH) band is only 1 cm higher than theorresponding
well-orderedoctylthiol SAM on Aul® Thus, it is concluded that the alkyl chains in OPA
monolayer films are moderately well ordered. Further evidence to support this assertion
comes from the intensity of the{CHs) bandat 2966 crit, which is large relative to the
correspondingis(CHsz) band at 2878 crh This relativeincrease ima{CHs) absorbance
suggests a more upright TDM of thg(CHs) mode relative to that ok(CHs) mode. Since
the TDMs of thenad CHz) andns(CHs) modes arerthogonal and the TDM of thes(CHa)
lies along the axis of the terminat@bond of the aliphatic chain, the observed intensities

are consistent with a large tilt angle of the
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Figure 3.4 Orientation evolution of OPA chain on surface>plane): a) original position; b)a)ypdegr ee t wi st ; c¢) b)

tilt; d) c) +F degree azimuthal rotation
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Figure 3.5 Simulated surface spectra of a) neat OPA (blue), b) ®@&#\(red), c) OPA salt (green), and d) PMRRA spectrum of
OPA-modified 1ZO surface (black) with an overlay of the simulated spectrum of thé G&#(green dashed line); e) proposed

orientation of OPA on 1Z0O surface.
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Figure 3.6 Transmission spectra of a) neat OPA (1.2 mg in 166.2 mg KBr) (blue), b) OPA
lsalt (1.0 mgin 114.2 mg KBr) (red), and c) GPgalt (0.8 mg in 142.0 mg KBr) (green).
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chain axis away from the surface norntalrther insights comgom determination of the

full molecular orientation for OPA.

The calculation of molecular orientation starts with the assumption that OPA binds to 1ZO

in predominantly a tridentate fashihmaking the simulated spectrum for the GPA

potassium salthe appropriate comparator. The angles of the TDMs for these vibrational
modes with r espect satnods aohrelates torthe #ltcanrgle ofahe ma | d

aliphatic cha3ilh (d) by equation
cos’g, +cos g, +cos g=1 (3.11)

As described by equatidhl?2 the ratio of the integrated absorbance values of the
ns(CHy) to thena{CH>) bands can also be used to extract the chain twist pragelefined
in Figure 1
AR e

tan® y =&
film slmulatedo
g A7 (CHZ) A7as(CH2) -

(3.12

Detailed peak assignments and spectral band fitting results can be found in Tables
3.4 and 3.5. Peak fitting spectra is given igure 3.8.Using the integrated absorbance
values of thenad CH2) andns(CH.) bands, equations 3.2 and 3.3 yield an OPA average
chain tilt (d) of 57 N 30U with a twilst (Yy)
bond tilt of 23 +3¥rom the surface normal. It is noted that all standard deviations reported
here representxperimental standard deviations of these angles acquired from analysis of

at least three independently prepared samples; thagtdepresent the
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breadth of an angular distribution for the molecules on the surface. Indeed, it is recognized
that only the average values for the various orientation parameters can be determined using
the methods reported here. The molecular picture proposed for ORZOois Ehown in
Figure3.5e. The calculated OPA chain tilt angle is close to the value of pdedicted for

a fully isotropic system in which# is equal to Amuiatedn €quation 3.2althoughneither

the peak frequencies nor relative band intens{gspecially those of thea{CHs) and

ns(CHs) modes) are consistent witltempletelyisotropic system. Therefore, the closeness

of the tilt angle to 54%s concluded to be coincidental.

One of the drawbacks of the absolute method described abibnag fke tilt angles
of specific TDMs rely on values of absolute integrated absorbance from spectra simulated
for an isotropic layer of material of equivalent thickness. As such, these simulated spectra
rely on a detailed knowledge of certain physical prips of the chemical model
compounds, the substrate, and the SAM modifier coverage. Assumptions and estimates of
these parameters represent the major sources of error in these calculations of orientation.
As an alternate appr vac hme 'lreiigh, rgative peals e d a 1
intensities of the surface esgtra are compared with those of the isotropic biikkis
approach is attractive, since it eliminates the need for good quantitative values of modifier
surface coverage and bulk density of the chemical model. Howevenptement this
method, at least the independent vibrational modes possessing TDMs with different
orientations in three dimensions must be used. Unfortunately, in many instances, such as

for the aromatic PAs that are descrilledow, such a series of modes is not available.
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Table 3.4 Peakfrequencies and assignments for OPA, QP A, and OPAmodified
1ZO surfaces.

OPA OPA OPA* | OPAmodified 1ZO |\ oo | Refs
3 (O (|3 (% 3 (e m o
2961 2961 2961 2966 Nad CHa) 105, 108
2929 2929 2929 2926 Nad CHy) 105
2898 2898 2898 ns(CH2)rr 105
2873 2873 2873 2878 NagCHa) 105
2864 ns(CHs) 105
2855 2855 2855 2853 ns(CHy) 105
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Table 35 Absorbance values for ttl3¢CH.) bands and orientation parameters for OPA
on 1ZO substrates.

Ere Simulated model PM-IRRAS | Chain| Chain
Assignment (cm‘% spectrum integrate integrated tilt twist
abs (a.ucm?) abs (a.ucm?) | (d) (y)

NagCH>) 2929 0.0228 0.0327
58° 540

Ns(CH>) 2855 0.087 0.0064
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Figure 3.8 Peak fits of a) simulated spectrum of GPA) PMIRRA spectrum of OPAnodified 1ZO surface. Grey solid lines are

raw spectra; black lines are fieaks; dashed red lines are sum of fit peaks.
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In contrast, the aliphatic PAs offer such a set of modes which allows a useful
comparison between the two approaches. Thus, the orientation ofw@®Aalculated
using the fArel ati ve ohthd noealar tibasgleaalculated bye r n a | (
t he T abs ol Ashas beerewelhdestribed by Arnold et'®.who applied this
relative method to orientation determinati ol
twist (y) angles of the alkyl chain for OPA can be related to the molecular orientation
through the relationships in equatid@&3through 315for the three independemiCHs),

ns(CH2), andns(CHz) modes:®®

Aty = Arteny G Gos’ (g - 37.65° cosy ) (3.13
Al = Aren,y G Cos’y Gin® g (3.14
A;”TCHZ) A?UIkCH)O:CB'n y Gin’ q (3.19

where'%m(néH3 A»mm ,and Af”r(nCH are the integrated absorbance values fong{@Hs),
ns(CHz), and na{CHz) modes in the PMRRA spectrum of the monolayer,

fil fil fil
”EHS) A,'(T;Hz), and A,'r(nCH y are the corresponding integrated absorbance values for the

ns(CHz), ns(CH>), andnadCH2) modes in the transmission spectrum for the appropriate

chemical model, ¢ denotes the product of relative concentration of molecules on the surface

to that in the KBr pellet and the electric f
have the sammeaning as above. By solving this set of equatitthess v er age val ues f
and y of 52 N 6U awale obtédinedWhes Waluesragsnpgeotit i v el y

~

agreement with those of 57 N 30U and 52 N 60U
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F150PA

Fluorocarbon chain modifiers are of considerable interest due to a variety of
favorable properties such as good diffusion barriers, low energy contamiregistant
surfaces, lubricants, work function tuning and wettability tailoHgt!tAs a fluorinated
version of an aliphatic chain PA molecule, itis valuable to study the binding and orientation
of F1sOPA and understand the effect of fluorination on surface motidican comparison

to the norfluorinated OPA.

Substitution of Ck groups in alkyl chains increases the surface work function.
Alloway et al. discussed the significance of fluorocarbon chain orientation on the
magnitude of the negative interface dipoleomdfluorination introduced in a SAR!
Unlike the weltknown zigzag structure of an altans aliphatic chain, Bunn and Howells
first described the helical crystal structure that fluorocarbon chains Hdophis
configuration was also suggested by Lenk and cowdtkersthin fluorocarbon modifiers
and by Tsao et &l for fluorinated chairpolymers linked to both metal and metal oxide
surfaces.Compared to the zigag hydrogenated carbon chain structure, which follows
intermolecular stabilization between adjacent molecules, the helical fluorocarbon chain
structure maximizes the spacing beem fluorine atoms to reduce energy. Therefore,
fluorinated alkane chains typically exhibit a more upright orientation due to this

intramolecular stabilization mechanism.

Figures3.9a-d show a series of simulated spectra for isotropic layers of neutral
F130PA (blue), the potassium salts ab®PA (red) and OPAZ (green), and the PM
IRRA spectrum of the FOPA modified 1ZO surface (black). As abovejth all the

physical parametergiven in Table3.2, the absorbance values in the simulated spectrum
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are calculatedrom the transmission spectra of neatgPA (Figure 3.10a), EOPA
(Figure 3.10b), BOPAZ (Figure 3.10c) assuming an isotropic layer containing an
identical number of molecules as measured for the SAMe calculated m) and k()
values for the model RsOPA? used inthe molecular orientation calculaticare showrin

Figure 3.11.

In the low frequency region in which vibrational modes of the phosphonic acid
linker appear (~900.100 cmt), deprotonation of the neutrald®PA can be followed in
the spectra in Figurés9a-c by significant changes in peak frequencies and intensities. The
F130PA modified 1ZO surface spectrum Figu89 shows the closest peak frequency
match with the simulated spectrum of the@PA? salt, especially in the 978100 cmt
region in which symmetric and asymmetric stretch modes of Pfppear. These
observations suggest thakBPA SAMs exhibit predominantly tridentate binding on 1ZO

surfaces.

Based on tridentate binding, the simulated spectfor the FsOPA? salt is the
appropriate model to compare with the surface spectrum in order to calculate the
orientation of the fluorocarbon chain. Vibrational assignments for fluorocarbon chains
have been thoroughly discussed in previous res&aréh.!Peaks at 1321 arkB68 cm
! are assigned as axial €fodes (axCR). Those at 1144, 1204, and 1252 care Ck
modes with TDMs perpendicular to the fluorocarbon chairGpg).t® 1% 113n the 12O
surfacespectrum, the intensities of the axial GRodes at 1321 and 1368 ¢rincrease
substantially relative to their values in the simulated spectrum ofi#¥R2 salt, while

the three perpendicular @modes show comparable intensities to those in the simulated
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spectrum. Collectively, these observations are consistent with a more upright chain

orientation.

Bands at 1144, 1321, and 1368 tare used to quantify the orientation of the
fluorocarbon chain, because they are well resolved with little spectral interference from
other peaks. Detailed vibrational assignments and peak fitting results are quesent
Tables3.6 and 3.7 and Figure 2.1The tilt angles of the TDMs of the {2 and axCF,
modes are extracted from an appropriate form of equatioi he fluorocarbon chain axis
tilt angle is equal to the tilt angle of the-&& TDM or to the complement of the tilt angle
of the pdCFR TDM. Using these modes in spectra from three independprepared
samples, a chain axis tilt angle of 26 +69s obtained. The propose@RFA orientation is
shown in Figure8.9. This picture suggests that:BPA on 1ZO orients similarly to the
solid stae packing of long chain fluorocarbons in single crystaland fluorocarbon
modifiers on metal surfac&s'*> 4yith a more upright orientation (chain axis tj#30y
due to the helical chain conformation. The two -florinated carbons closest to the
phosphonic acidinker likely do not orient in the same way as the remaining fluorinated
carbon portion of the chain. Unfortunately, due to the low surface coverage and molar
absorptivities, the CfHmodes are hard to observe. Thus, a definitive orientation for-the C
P bord cannot be estimatedis©PA adopts a more upright chain orientation compared to
its nonfluorinated aliphatic analog due to the int@nd intramolecular interactions within

the SAM.
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Figure 3.9 Simulated spectra of a) neatBPA (blue), b) BOPA salt (red), c) BEOPA® salt (green), and d) PAMRRA spectrum of
F130PA-modified 1ZO surface (black) with an overlay of the simulated spectrum ofi#2R? salt (green dashed line); e) proposed

orientation of F3OPA on 1ZO surface.
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Figure 3.10 Transmission spectra of a) neat®PA (0.36 mg in 61.2 mg KBr) (blue), b)
F130PA salt (0.45 mg in 61.8 mg KBr) (red), and g}®PA? salt (0.62 mg in 76.9 mg
KBr) (green)

98



99

1.50 025
1.45 |k

1020
1.40 F

d0.15
135}

= ’ —

130} 1010
1.25F 40.05
1.20 F

10.00
1.15

800 1000 1200 1400 1600 1800
Wavenumber (cm™)

Figure 311n ( 3 ) a n cizORAE im frequermcy regfon containing ring modes used

for orientation determination.

99



100

Mol ecul ar Orientation by the AAbsolute Met ho
Compared to surface modification with aliphatic SAMs, the use of aromatic
modifiers is desirable due faster charge transport rates expected due to their shorter
length®> Modifier structure and substitution with groups of varying electronegativity can
affect charge distribution within the gogatedp-system. Modifiers with strong electron
withdrawing groups have in some cases been shown to have lower contact resistance and
higher carrier mobility compared to electraoh SAMs'® Molecular orientation and
packing are factors dictly related to the interface dipole and electron mobility, and the
electronic structure of fluorinated ring modifiers may influence molecular orientation and
interfacial properties. Schmidt et al. have demonstrated different structures and interfacial
electronic properties for five benzenethiol SAMs on Cu surfa¢esdditionally, Jiang et
al. claimed that intermolecular dipefipole, quadrupolguadrupole and dipole
quadrupole interactions may also be important factors influencing SAMwsedttHere,
both fluorinated and nefiuorinated aromatic modifiers with phosphonic acid linkeese
introducedon 1ZO substrates and detailed molecular information about SAM orientation

and binding mode was determined.

FsBnPA

Figures3.13-d show a series of simulated spectra for isotropic layers of neat
FsBnPA (blue), the potassium salts gBRPA (red) and EBnPA? (green), and the PM
IRRA spectrum of a dBnPA-modified 1ZO surface (black). Plots afn) andk(n), the
transnission spectraf the various chemical model formespd adetailedprocedurefor

FsBnPAZ spectrasimulationwere given inChapter 2.
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Figure 3.12 Raw spectral data (gray solid lines), peak fits for all bands (black solid lines) except foiGkg(eed solid lines) and
Pd-CR (navy solid lines) modes, sum of fit peaks (red dashed lines) for a) the simulated spectris@Faé Fand b) the PMRRA
spectrum for an FOPA-modified 1ZO surface
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Table 3.6 Peak frequencies and assignments f@DPA, R30PA, FzOPA%, and a
F1s:OPAmodified 1ZO surface.

F1-OPA | FLOPA | Fzopaz-| F130PA

1 .1 1 modified Assignments Refs
3 ( ): 3 ( ): 3 ( ): | ZO 31)
956 952 35(P-OH) 119
985 985 ng(P-0O) in PQ #120
1016 1023 3.{P-OH) 119
119,
1076 | 1063 | 1066 1071 nadP-O) in PQ™ 120
1086 | 1080 | 1080 CH; twist 121
1112 1110
1116 NadP-O)
1124 | 1122 | 1122 1122
88, 113,
1146 | 1146 | 1144 1148 3 (-R); pdTDM 122
123
1192 | 1192 | 1188 1195 az (S:Gz”geita'; L
1217 | 1211 | 1204 1202 88, 113,
0 0 3 (/) pd TDM | 1z,
120
1239 1240 Free 3 (F 1%
1240 | 1239 1 1550 1247 3 (-)):;pd TDM | 122
124
113,
1323 | 1320 | 1321 1321 3 (-F3); Axial TDM | 122
124
113,
1368 | 1367 | 1372 1368 3 (-F2); Axial TDM | 122
124
1445 | 1445 | 1446 1446 CH; scissor 121

102



103

Table 3.7 Absorbance values for the €Fands and orientation parameters fgCHPA on
1ZO substrates.

Fre Simulated model PM-IRRAS Chain
Assignment (cm?). spectrum integrated integrated TDM tilt filt
abs (a.ucnt?) abs (a.ucnt?)
Pd Ck 1145 0.0102 0.0056 64° 25°
Ax CR 1321 0.0@8 0.0066 28 28
Ax CR, 1374 0.0@6 0.0072 16° 16°
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The 1ZO surface spectrum includg®0-H) modes at 908 and 928 dirsuggesting
the existence of free-BH bonds,consistent with monadeprotonation and asBnPA
surface species. The presence of a band assignedi@ B®-H) mode at 1020 crhalso
matches the spectrum ofBhPA and suggests bidentate binding. The broad band at 1255
cmitis due to an(P=0O-metal)vibration. Reak assignmesfor FsBnPA areshown inTable

3.8

The phenyl ring orientation is defined by the sequential process shown
schematically in Figure8.14a-d. Starting from an original position with the phenyl ring
plane orientated perpendicularsurface and the ring plane perpendicular to plane of the
page (Figure8.7a), ring rotation about the surface normal gives the twist angfegure
310 ) . Finally, the molecular axis is tilted
(Figure3.14). The tilt angles of the TDMs faoriedNg/N2 andnigp With respect to surface
nor mal are defined as d and@l4, andsgdeciAngéeky,
defined as the angle of the normal to the phenyl ring with respect to the surfaze asr
shown in Figure8.14e. The tilt angles of these TDMs with respect to the surface normal
are calculated by comparison of the integrated absorbance values of tiRRRAM

spectrum and the simulated spectrum.

Molecular orientation information is assessed usingithg1528 cmt), n19 (1505
cm?) andnsga (1658 cmt) aromatic ring modes as aboWgure3.15and Table3.9 show
the peak fitting results for the simulated spectrum of the ma@#lFA and the spectrum
from the EBnPA-modified 1ZO surface. The tilt angles of theaandnisa TDMs can be

calculated directly from the peak fitting results using equatidn/& calculated from the
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data in Table3.9, the tilt angles of th&isaand nigp modes areq = 54°%nd b = 62°
respectively. These values can be used to determine-@id Bt angle, the ring twist
angle (y), and the angl e ofUpsfollewsr i ng
(1) P-CH tilt angle calculation:
The tilt angle of thé>-CH. bond can be calculated from the ring tilt angjeand the &C-
P bond angle if one assumes tetrahedral bonding geometry for P:

P-CHo tilt = 180°-109.5%-54U0 = 12%. 50 & 1

(2) Ring twist calculation:

nor mal

The ring twist angimehe tfltyanglesommoa(g) Brenos(ld usimgi | at ed f

basic geometry. Consider the orientation of an aromatic ring in tWeZXcoordinate

system (Figur&.16) in which the XY plane is parallel to the surface and the Z axis is the

surface normal. The orientation of the half phenyl ring DBCG after the ring twist is applied

is demonstrated in FiguB16 Assume that all edges of the unit cube, Bl, 1J, BA, Bld a
AK, are equal to 1. DBAH in the unit cell shows the ring position with a ring Gft57°
from the surface normal before application of a twist. A twist applied around the ring
axis BD (i.e. around the TDM afiieg results in the halfing plare of DBCG which
intersect with "t0e0"eddleust;Jat CO and GO

06 OwmJuTJo@J

Starting from point Cb&, a perpendicul ar

cCoeBD in plane CO6BDGO6 (the ri
ThenigyTDM i s parthdreforel t o COF;
TTo@ T .

Defining
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n(P=0 free | 1.00103a.u
( | ) _ A
a AFSBnPA § i Oy=33‘1§B°
S 1 az45N2
2 2 % S\r
2 A \ PV VNS F.BnPA 2
f®)]
o
n(PO% Nyg F-BnPA
d S(\C)\3 ) naS(PQ'Z-) nlgb : mOdIerd 12q<50
d(PO-H) n(POyH) Y n(P=0O-Metal) . 1ZO surface
/ i\ / - l& RS /
/’\, \CT oL Y | AL T _

900 1000 1100 1200 1300 1400 1500 1600 1700
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Figure 3.13 Simulated spectra of a) neaBRPA (blue), b) EBnPA salt (red), c) BBnPA? salt (green), and d) the RNRRA
spectrum of BBnPA-modified 1ZO surface (black) with an overlay of tienulated spectrum of theBnPA salt (green dashed line);

e) proposearientation of EBNnPA on 1ZO surface.
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O_rlglna_ll wistofy© l’vﬁt gf 3(;0 Ori(_antatiqn of  Tilt angle of phenyl
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Figure 3.14 Orientation evolution of phenyl ring on surface: a) original position; b)yag+te gr ee t wi st ; c¢) b) + d
orientation of TDMs foniga Nga, () andnias (b) with respect to the molecular axis; e) tilt angle of phenyl ring normal froracgurf

normal @).
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Table 38 Peak frequencies and assignments $8nPA, BnPA, FsBnPAZ and

FsBnPA-modified 1ZO.

FsBnPA | FsBnPA | FsBnPAZ | FsBnPA-modified Assianments| Refs
s (c|s (|3 (| 1zo sy (|
912 905 3 ( POH)
930 922 POsH-
3 ( POH)
939 POsH;
972 3¢(PO) 121
976 983 080 979 . 105
1017 ) 119
1035 1016 1019 3{POyH)
1082 1082 N 119
1080 1101 1104 3.{PO?)
1128 1130 1124 1131 N7a 125
1206 1160 1216 n(P=0 free) 119
1265 1257 n(P=Ometal) | *
1507 1508 1501 1508 310p 125
1529 1531 1525 1529 319a 125
1658 1660 1658 1658 3ga 125
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" 680 3,
t hen CO j)sFig(10y ye&tan” D& J&>- F (1, y, 0.7265/r) and
68® phopm ¢ v OAF
Also, Bis (1,0, 0),Dis (1, 1, tarlO 6 J&and
6 ® 1iphr ¢ ¢ Bince 6 'BUGS @
Cos®BHD 0 ™M Cyxyw ¢ oA ™
w 1 x A3
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The ring twist angley , is the angle between DBAH and DBCG.
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C" 6800 ¢ , which also equals the angle betwé@&andOPO

O8 ph @ p P x OO 6 © phrit 08 ® p
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Table 39 Absorbance values for tiieBnPAbands and orientation parameters &BriPA
on 1ZO substrates.

Assignment (lz:]i?)' s;?érgtl;b?;ei?ltrgg :ja?:ad le;;géi T,:ﬁ :\A (;“P ,[Fj\lnnsgt ni;rr?al
abs (a.ucnt?) abs (a.ucnt?) tilt
N19a 1529 0.0276 0.0281 540
1522 0.005 0.0051 170 | 35° 49°
N1gp 1508 0.0184 0.0120 62
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5.00 104 a.u

1470 1490 1510 1530 1550 1570(1470 1490 1510 1530 1550 1570
Wavenumber (cm) Wavenumber (cr)

Figure 3.15 Raw spectral data (gray solid lines), peak fits (black solid lines), and sum of fit peaks (red dashed lines) for a) the
simulated spectrum ofsBnPA, and b) the PMRRA spectrum for a4BnPA-modified 1IZOsurface.
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Figure 3.16 Phenyl ring plane in unit cell.
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(3) Ring normal versus surface normal calculation:
Vectoroc i s perpendicular to the ring plane C6BD
Y, 2).
‘@ ph @ p (@ X P O TP ¢ @Y
I OOGI BA ahvha NG Bis perpendicular t6 ©
Therefore, T O TC@L MW T C @U
0 BY O&e

Since & T PYWYPT X AT © ™M PpYY TG AL T X @T T

O T Y
Co0 myYmprx ¢ @k and © ®  1iTdp in the same direction as the surface
normal

60DB H I BAITLO0

Cé¢ myme Tcdu a p AP
Cl T wld
This analysis | eads t-G4rmgakis)ye s afnar Ut lod &rBg
5233 £3Pand 45 +2°This leads to a tilt of the P-CHz bond of 12 +5%rom surface

normal. The proposed schematic f@BRPA on 1ZO is shown in Figur&13e.

BnPA

Figures3.17a-d show a series of simulated spectra for isotropic layers of neat BnPA
(blue), potassium salts of BnP@ed) and BnPA (gree), and the PMRRA spectrum of

a BnPAmodified 1ZO surface (blackppectra are simulated from the transmission spectra
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of neat BnPAand theBnPA and BnP A salsshown inFigures3.18a, b and,aespectively
Plots of n(n) and k) valuesfor themodel BnPA are showrin Figure 3.19. Detaéldpeak

assignmergtfor BnPA aregiven inTable 3.10.

In the high frequency region (28@200 cm'), weak symmetric and asymmetric
n(CHz) modes are observed as well asrihg andn; ring modes at 3034 and 3067 ¢m
respectively. In the series of the simulated spectra for BnPA, Bra?@l BnPA, the
systematic disappearance of ti{ O-H) modes at 917 and 935 dprtogether with other
significant spectral changes in the phosphoaid bnker region (90a.350cmY), provide
insight into the deprotonation process. The absence of B@H) band in the PMRRA
surface spectrum in addition to a complex band at 126%) wnich is assigned to overlap
of a broad, low intensitg(P=0O-metd) vibration and a sharper peak due to the presence of
gold oxidel?® suggest that BnPA can bind in a tridentate fashion to the 1ZO surface,

consistent with previous work on similar oxidés.?

Quantification of BnPA orientation is accomplished usingrtiheandnispmodes
as for EBnPA. From a quantitative comparison of the #iRRA spectrum to that for the
BnPA>c hemi c al mo d e IC4 ring axis)y,e sa rodetdsmirsedQelbe 31 +
5043 +2Pand 60 +5° Table 3.11 provides the peak fitting resuksom these angles,
with the proper geometric analysis and concepts of bonding as described in more detail
aboven theexamplefor FsBnPA, the tilt angle for th€-P bond with respect to the surface
normal is determined to be 39 +5°Figui@ 17 shows a schematic of the proposed BnPA

orientation on 1ZO.
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Figure 3.17 Simulated spectra of (a) neat BnPA (blue), (b) Bnddt (red), (c) BnPA salt (green) and (d)PNMRRAS spectrum of
BnPA-modified 1ZO surface (black) with an overlay of the simulated spectrum of the Bs&A(green dashed line); (e) proposed

orientaton for BnPA on 1ZO surface.
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Figure 3.18 Transmissiorspectra of a) neat BnPA (0.64 mg in 100.1 mg KBr) (blue), b) Bhsak (0.73 mg in 90.0 mg KBr) (red),
and c) BnPA salt (1.17 mg in 104.3 mg KBr) (green).
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Table 310Peak frequencies and assignments for BnPA, BnBAPA>, and BnPA

modified 1ZO.
BnPA BnPA | BnPAZ | BnPA-modified Assianments| Refs
3 (Mcis (cls (O 1z0 3 ( g
936 3 119
945 956 3 (-@H)
n{(P-O) in 2-120
979 PO,
996 _ 119
1008 1002 3 (‘OH)
1034 1034 1034 1019 3.{PQ) 119
1076 1070 | 1072 1077 b (-© 123
1095 (CH) wag;
1106 123
1119 (CFing
1116 1126 1142 deformation
(CH)ring 123
1263 1246 1223 1259 deformation | ;4
1278 -
3(P=0
1458 1454 1452 1455 Nigb 125
1497 1495 1492 1496 Nioa 125
1605 1605 1596 1603 Nsa 125
1602
2914 2908 2898 2855 3¢(CH>) 123
2924 2924 Fermi CH —
2952 2940 2936 3.{CH>)
3038 3030 3034 303 ( CHl =
3051 3063 | 3054 3067 33 (CH) 1
dipole
3071 3086 3085 3,023 ( CH| 123

118
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Table 311 Absorbance values for tiBnPA bands and orientation parameters for BnPA
on 1ZO substrates.

. - Ri Ri
. Freq. Slmulatgd model I?M IRRAS ™M | cp mg ing
Assignment 1 spectrum integrated integrated . : twist | normal
(cm) 1 | tilt | tilt )

abs (a.u-cm™) abs(a.u-cm?) (y) | tilt(a)

N19a 1493 0.00163 0.00331 35°
36° | 45° 66°

N19b 1451 0.00070 0.00035 66°
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FsPPA

Figures3.20a-d show a series of simulated spectra for isotropic lagénseat
FsPPA (blue), potassium salts ofFPA (red) and EPPA* (green), and the PNRRA
spectrum of a fPPA-modified 1ZO surface (black)lransmission spectra o§FPA, and
the FsPPA and EPPA sals are shownin Figures 3.21a, b and,aespectivelyand the
calculated nf) and k) valuesfor themodel EPPA are given ifrigure 3.22.In addition
to the distinch(P-CsHs) mode at 1114 ct vibrational signatures for the phosphonic acid
linker are observed below 1250 énthese modes are highbensitive to the degree of
deprotonation of the phosphonic acid moiety. In theRRRA spectrum from thegPPA:
modified 1ZO surface, a broad spectral envelope between 1000 and 12@dcompasses
nearly the entire binding mode range and results fromap@ng phosphonic acid linker
modes. Unfortunately, only a little information can be extracted about bindin§BARO
IZO due to the spectral complexity of this region. However, this complexity is consistent
with a mixture of tridentate and bidentaiading. A contribution from bidentate binding
is suggested by the broad shoulder at 1050asfound in FPPA. Additionally, the broad,
intense shoulder at ~1200 ¢rim the PMIRRA spectrum is assigned as an overlap of the
freen(P=0) at 1226 cm, which would indicate bidentate binding through the twOIR
moieties, and the associate@=0) at 1205 crhwhich would indicate tridentate binding
and/or bidentate binding though the P=0 and one of #&&1Ryroups. Finally, bidentate
character is also sugsted by the presence of a very low intensiff O-H) peak at 937
cmil, indicating a free P@®1 bond consistent with its presence in the spectrumsPPE.
However, the very low intensity also suggests that bidentate is not the dominant binding

geometry.
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Figure 3.20 Simulated spectra of a) neat FSPPA (blue),sP)FA salt (red), c) BPPA salt (green), and d) PARRAS spectrum of
FsPPA-modified IZO surface (black) with an overlay of the simulated spectrum otEAE salt (green dashed line); e) proposed

orientation of EPPA on 1ZO surface.
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Figure 3.21 Transmission spectra for a) neaPPA (0.32 mg in 125.7 mg KBr) (blue), bgAPA salt (0.31 mg in 97.3 mg KBr) (red),
and c) EPPA* salt (0.32 mg in 101.0 mg KBr) (green).
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Figure 322n ( 3 ) a n &sPPRe(irsfrequenay regidh containing ring modes used for

orientation determination.
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Due to its complex binding characteristics, the orientatioth@fsPPA SAM is
calculated by separately using the®PA> and EPPA simulated spectra as models. As
discussed abover the orientation determination of PPA on 120en195 N19bandngaring
modes are a convenient set of spectral bands to use to calculate orientation of the
fluorinated phenyl ring due to their relative spectral isolation and TDMs withdeéhed
orientations relative to the molecular axis system. The tilt angles of fFiebls with
respect to the surface normal are calculated by comparison of the integrated absorbance
values of the PMRRA spectrum and the simulated spectrum. Peak assignments and fitting

results are shown in Tabl8sl2and3.13

Using either the $PPA bidentate or fPPA% tridentate chemical modelssFPA is
concluded to exhibit a largely upright orientation. Using #FA model, the average tilt
angle of the molecular axis (d) is md N 40 f
mode tiltedat 66 +4%rom the surface normal, which yields a ring plane normal to surface
normal angle (U) ofieingrdodeNs alimdst pelpendidularitoshe c a s e,
surface. Thee i Mméasaummgeéed H® will be cdbfined in
67P despite the large deviation of the ring twist angle Therefore, under these
circumstances, determination of twist angle,is less meaningful, and the ring normal
versus the surface nor mal angl ed)U iDsetwer ye dc
geometric calculations for arriving at these values are proatesiein the calculation

procedurefor FsBnPA. A similar anaysis using the §PPA* tridentate chemical model

gives similyar awmal Weoff@mw &, 30, 53 N 110, anct

124



125

Table 312 Peak frequencies and assignments §FA, EPPA, FsPPA*, and EPPA-
modified 1ZO surfaces.

FsPPA | FsPPA | FsPPAZ | FsPPAmodified Assianments | Refs
s (|8 (k|3 (k| 1zo 39 (¢ ™
942 934 3{(P-OH) 119
967 n(P-0) in PQ | 2120
987 981 978 N20a 125
985 n{P-0)in PQ | **°
1063 1048 3 2{P-OH) 119
1115 1115 1115 1114 n(P-CsFs)
1144 1144 1144
1200 3 (-metal) 121
1224 1228 3(P=0)] &
1309 1315 1303 1303 N1s 125
1389 0 125
1402 1387 1384 1400 2
1454
1467 N19b 125
1492 1479 1476 1486
1527 1527 1520 1526 N1oa 125
1651 1647 1647 1648 Nea 125
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Table 313 Absorbance values for tiePPAbands and orientation parameters for
FsPPA on IZO substrates.

Simulated model| PM-IRRAS RiN RiN
. Freq. spectrum integrated | TDM | P-CgHs ) g d
Assignment 1 , . .| twist | normal
(cm?) integrated abs tilt bond tilt Cy ) tit(a)
abs (a.ucnt?) (a.u-cn?) ¥
N19a 1524 0.0141 0.0375 200 200 - 700
N1gb 14791459 0.0429 0.0172 64°
Nga 1648 0.0044 0.0108 25° 25° - 65°
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A schematic for the proposedentation of BPPA on IZO is shown in Figu@20e
with the average d and U value of 23 N 4U an
a small change in thaop tilt angle varies the ring twist anglg X considerably; however,
with the ring axis largely perpendicular to the surface, the orientation of the ring plane is
more dominated by theigatilt angle. The almost upright orientation of this modifier is

consistent with the possibility of a mixturelmhding modes.

PPA

Figures 33a and b showimulated IR spectraf PPA and its deprotonatdrom,
PPA%, respectivelyTransmission spectra of PPA, PRakd PPA are shown irFigures
3.24a, b and,aespectivelyValues ofn(n) and k() are plotedin Figure 3.24Table3.14

contains important peak frequencies for PPA and their assignments.

The literature contains a thorough discussion of the vibrational spectroscopy of
PPAS3 119,120,129, 130, 131,132, 133, 3o full deprotonation, ghificant spectral changes are
observed incl udi ngPOH)bands pt P25 and 938 &med the PeHi he 3
3 ((®bandat108lchiThese changes are cougPOebdndsvi t h apj
from the PG> moiety between 1015 and 1080¢m he cor r gB@)dandsi ng 3
appear as a split multiplet between 1040 and 1166%Em? 119 120, 131, 132, 13|50, the
spectrum for PPA does not contain the band at 1220%cwhich is present in the PPA
spectrum, and correspondsiun B3t hsmpliehdrmge 3 ( P=0)
modes are present in the spectra for both PPA and RBar 1440, 1490, and 1590 tm
11%r espect ixgelsyamal(h@H)s ring modes are also obs
and 3080 cm, 12° respectively, in both spectra.
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Figure 3.23FTIR transmission spectra of a) PPA (aqua), and b) PRIa2k blue), c) PMRRAS spectrum of PPAnodified 1ZO
(red) and the calculated spectrum for a 7-thik isotropic PPA layer (dark blue dashed), and d) proposed orientation for PPA on
1ZO.
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Figure 3.24 Transmission spectra of a) neat PPA (1.52 mg in 157.39 mg KBr) (blue), b3&P®.35 mg in 43.08 mg KBr) (red),
and c) PPA salt (0.28 mg in 71.06 mg KBr) (green).
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Figure 3.25n ( 3) and %if feejuencyorgion BoRta#ining ring modes used for

orientation determination.
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TabllePeB8ak frequencies and ®#BRAdg-RAANT setiol ZPP/

Peak Fredquency Assignme|Ref

PPA PPA|l PPA Pp’fngg'f
9249 928§ ns( ®H) !
94( 942 ns( H) z
99¢ 998 997 997 mb( €-C), 5
101 101 102 1016 n{ Ps%) 4
1040 NALXS) 6
1069 N6 P39 °
108 n(®) iH, P *
114 114 114 1148 N0 Gy )
driipg) | "
116/ 116 1166 n(Bmetal) >
n( Hs-P) A
1109 1197 n( P=0) 11
122 122/ 123 n( P=0) 4

126
131 131/ 130

133133/ 133 man( &) 5
143 143|143 1436 nob( ) 5
148 148 148 1491 non( &) 5
159 159 1509 1595 ne N( ) 5
301 301|301 3031 noB( &) 5
305 305/ 305 3061 nen( &) 12
308 308/ 307 nood( &) 5

131



132

Table 3.15Absorbance values for the PPA bands and orientation parameters for PPA on
1ZO substrates.

Simulated model | PM-IRRAS
assignment| | RCaed | abs | it | bond ur
abs (a.u-cm?) (a.u-cm?)
n(CsHs-P) 1149 0.007975 0.02201 16.# 16.#
Niga 1491 0.00007421 0.0002063 | 15.8 15.8
Nga 1598 0.0001186 0.0003327 | 14.8 14.8
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Figure3.23 shows the PMRRA spectrum of 1ZO modifieavith a monolayer of
PPA. This spectrum is noticeably simpler than either of the spectra for PPA &rdBBA
to the confluence of PPA orientation on the 1ZO surface and IRRAS surface selection rules
from the underlying Au substrate. In the fingerpmagion, only a single intendeand
centered at ~1150 chwith asymmetry on the high energy side is observed. In addition,
weak bands are also distinguishable at 997, 1017, 1438, 1491 and 1598 ¢tnen(C-
H) region around 3000 chonly a single bani$ observed at 3060 ¢hA comparison of
the spectra for PPA, PBAand the PPAmodified IZO surface indicates that the bands at
925and939cthi n t he PPA s pe c-O-Hunodesasesiisgnhfer BPAtom 3 ( P
the 1IZO surface, asisthe band a2@2n*i n t he PPA spectrum assi gne
vibration. In the literature, the absence of these bands indicates the oxide-corfiiced

PPA exists in the PPAform with either bidentate or tridentate binding to the oxide

Surfacez.6’ 52, 93, 119, 120, 130, 132, 136, 137

Further consideration of the spectrum of PPA on the 1ZO surface reveals that the

intense mutiplet of bands betere1060 and 1100 cha s s i g R{P@*) mamles i the

PP/ spectrum is absent from the PRRAS spectrum; this vibratiois expectedn the

vicinity of 10901100 cm' based on the spectral behavior of metal phosphoh¥té¥

T h e 319a3 a & dormal phenyl ring modes, near 1440, 1490, and 1598 cm
respectively:?® appear in all three spectra shown in Figu283 b u teistespecially

weak ampd stleemhanced in the spget3ravua (BfH)sur f ac
modes are observed near 3020, 3060, and 308 m@spectively?® T h ecaa8n dor 3

bands are also especially weak in the spectrum of surface PPA. Presuheddyiow
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intensities are the result of IRRAS surface selection rules and the high degree of order in

the PPA monolayer on the 1ZO surface.

The presence of oriented electric fields at the surface of the IZO/Au substrate allows
guantitative evaluation of the RNRRA spectral data, scuh that an average tilt angle for
the PPA molecules on the 1ZO surface can be determined. Previous vibrational
spectroscopy studies of PPA on a variety of metal oxide substrates have collectively
resulted in two conclusions about surfédeding and orientatiof® 119 131 132, 1401 the
spectral signature for oxidsound PPA is similar to that of PPAand the metal

phosphonates; and (2) qualitatively, the molecule is oriented in a largely upright position.

With thesimulatedspectrum of an isotroplayer in hand, subsequent data analysis
starts from the assumption that the surfacand PPA exists as the PP®rm, such that
any differences in intensities between the IRRA spectrum and the calculated spectrum for
vibrational modes with transition dipole moments along different coordinates indicate a
preferred orientation of the surfabeund moleculesThe average orientation dPPA
surface modifielequals the orientation ofeHs-P stretchand phenyl ring modesisaand
Nsa (g) near 11501490, and 1590 ctandcan bededuce from equation 3.2The peak
fitting resultsfor the surfacé’PAis given inTable 3.15From this collective analysis, an
average tilt angle of 15.6 £0.8°is calculated (Figure 3d), whicinigxcellent agreement
with the value of the angle of the ring plane with respect to the surface normal of 13 +5°
determined from the NEXAF3as well as the theoretically calculated value ofl23for

PPA on ITO>®

As not ed iahaeisespetiallyaveak in the surface spectrum for PPA
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on 1ZO. This observation immediately suggests that the molecules are oriented such that
the transition moment for this mode is largely paralleh®osurface. However, given that

the transition moment for this mode is orthogonal to the molecular axis; little insight into
tilt angle of the molecular axis can be deduced from this conclusion, since PPA could be
oriented at a range of tilt angles fr@o 90°while still maintaining the transition dipole

mo me nt i@rhodd phrallel ® the surfacklso, due to the largely upright orientation

of PPA, the twist angley() consideration becomdess meaningful as welllhus, we

exclude this band frorffurther consideration

Compaing the orientatios for PPA, BnPA and their pentafluorinatadalogues,
the non-fluorinated aromatic PAs adopt a more upright orientation of the phenyl ring
compared to their fluorinated counterparts. This observation suggestsa {
intermolecular interactions may play a more dominant role in facilitating close packing of
nonfluorinated aromatic PAs; however, due to repulsion and loose packing within the
monolayers, the orientation of fluorinated aromatic PAs is more dosdity PA binding
geometry than by intermolecular interactions. This conclusion is consistent with previously

reported studies on the effects of fluorination on-asfembled monolayet$.14

Comparison of ®all PAOrientations Determined by PMRRAS with Results from
NEXAFS and DFT Calculations

Other methods that have been used to determine molecular orientation for PA
modifiers on complex oxide surfaces include NEXAFS and DFT calculations. This
previous work serves as an excellent internal check to the orientations deduced from PM

IRRAS that argeported here. A compilation of the relevant experimental and theoretical
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work is presented in TabR16 Comparison of the chain tilt results from HRRAS to
those determined by NEXAFS and DFT shows similar values:#@HA. The tilt angle

for OPA determined by NEXAFS on ITO surfaces is slightly lower than that from PM
IRRAS on 1ZO substrates. These small differences maguleeto substrate differences.
Nevertheless, results by three independent methods agree:@BAFstands more upright
than OPAon oxide surfaces. This conclusion is also consistent with previously reported
evidence that the bulky helical fluorinated carbon chain is more upright than thagzig
aliphatic chain® 111 112Except for EBnPA, the results from the three methods are in
excellent agreement for the ring orientations of these PA modifiers. Similar ring
orientations were observed for PPA an®FA, with a slightly more upright orientation

for PPA. In contrast, for BhPA andBnPA, fluorination apparently brings a larger ring
tilt. This observation suggests some influence from molecular rigidity and electronic
structure in addition to binding meddf these PAs. The ring orientations for BnPA and
FsBnPA appear to be more dominated by interaction between the phenyl rings and the
substrate compared to PPA anfPPA. This difference is likely to be due to the flexibility

of the modifiers introduced kthe presence of the methylene moiety.

Conclusions
This chapter described full analysis using PNRRAS of binding mode and
orientation for a series of phosphonic acids on 1ZO surfaces. With a careful orientation

analysis, OPA formpartialdisordered fm on 1ZO surfaces with a calculated numeric
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Table 3.16 Comparison of orientation parameters for PAs on TCO surfaces by PM

IRRAS, NEXAFS, and DFT calculations.

137

Modifier PM-IRRAS? NEXAFSP Ref. DFT Ref.
d y a d a d a
142
OPA 57 +3° | 52 +6° - |41x8°(TO) - 85142 . -
F1:OPA | 26 £6° - - |30%5°(1TO) - 1z [20% _ 142
+5° 142 9 142
PPA | 16%1° | - | 74%1° : 77 _ | B879UITO)
71 +4°
63 £4° 142 68-78° 142
+4° - +4° - -
FsPPA | 2324 66 x4 (FsPPA/ITO) (FsPPA/ITO)
53°(ITO) ©
143 47°(polar 144, 145
BnPA | 31%5° |43+2°|60%5° - 47 +3%(ITO) - Zno) 6
56°(GZ0)
51°(ITO) ©
143 o 144, 145
FsBnPA | 58 #5° | 33 £3° | 45 +2° - 60 £5°(ITO) ) 43z(rl10(())|)ar 146
65°(GZ0)

aAll PM-IRRAS results for PA monolayers on 1ZO.
b NEXAFS results for monolayers on ITO (OPAzBPA, RPPA, BnPA and 88nPA) or 1IZO (PPA).

¢Angles fromDFT results for these PA monolayers on ITO extracted from publishiztt‘hs reported by

Dr. H. Li.
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average tilt angle of 57 * 3°whereas1EOPA tilts 26 + 6°from the surface normal.
Compared to OPA, 1BOPA stands more ordered and upright due to its helical structure.
Additionally, a universal geometric analysis phenyl ring orientation using two
orthogonal ring modes is established. The phenyl ring axe$P&¥4 BnPA and $BnPA

tilt 23 +4°231 +5%and 58 +5Prespectively, from the surface normal. Collectively, the
orientations determined using PIRRAS matt well with the values from NEXAFS and

DFT calculations for these modifiers on a range of similar complex oxide surfaces. In
general, a trend is observed that fluorinated rings to be tilted to a greater degree and exhibit
a greater tendency for bidentateding on 1ZO surfaces compared to their filurorinated

analogues.

As previously reported,values of surface work function for Podified surfaces
are closely related to the position tfdrination and molecular orientation. Both aromatic
and aliphatic PA modifiers with different fluorine substitution patterns increase the surface
work function of ITO from 4.40 to 5.40 eV/ As expected, the surface work function
increases as the-E dipole stands more upright on the surface, thereby inducing a larger

interface dipole.

The molecular orientation of surface modifiers is a result of both binding geometry
and electronic structuie the interface wherein the orientation of functional groups can be
dominated by either modifier/substrate interactions or modifier/modifier interactions.
Future research may include further exploration of the effect of various fluorine

substitution patirns on molecular orientation and electronic structure change.
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CHAPTER 4

PM-IRRAS MEASUREMENT OF ORIENTATION OF PHOSPHONIC ACID
FUNCTIONALIZED PERYLENE DIIMIDES AND ZINC PHTHALOCYANINES
ON 1ZO SURFACES

In addition to the small molecule PA modifiers discussedCimapter 3,
modifications of TCO surfaces with lamginctional molecules such as phthalocyasine
(PCs) andperylene diimides (PDIgre also of interest. PCs and PDIs@opular electron
donor ad acceptor material used in solutiosprocessible small molecule organic
photovoltaic devices (OPV$). 14" 148n a traditional OPV device, thin film materials are
arranged in the order of TCO/donor/acceptor/metal versus inverted devices in which the
order of the donor and acceptor are flipp€dContact between PC donors and TCO
surfaces exists in traditional structured OPV devices andh#terogeneityat the
TCO/donor interface ia key factor thaaffectsthe efficiency of electron transfer across
the interface and molecular packing in the bulk mate@iampared to traditional devices,
inverted devices in the TCO/acceptor/donor/metal arrangement are of recent emerging
interest, because, based omsiderations of energy level alignment at interfaces, the use
of the less stable, low work function metals, such as Ca and Mg, as top contacts can be

avoided through use of more stable metals such as Al ét°Agh 152 153

The TCO/acceptornierface is a critical interface inverted devicesinterface
heterogeneity and energy level mismatch can both potentially contribute to low charge
transfer ratesThereforethe nature of th€c/TCO interface in traditional OPV devicasd

thePDI/TCO interfacen the inverted devices is critical for interfacial charge transfer and
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may dictate device performance. Moreover, orientation oPtand PDmodifiers at the
interface matters significantly from different perspectives. First, it i§ kmelwn that the
orientation of the surface modifiers can impact the orientation of bulk materials deposited
on top of the modifier laye¥ Additionally, through epfluorescence, scanning electron
microscopy (SEM), atomic force microscopy (AFM), and thin filanay diffraction (XRD)
combined withMM2 force field calculatios from Chem3D Sui® and Lil*® observed the
strongly preferred fact-face packing of PDI derivatives duepgp stacking. Presumably

the orientation of modifiersvith large conjugated systenms TCOs can template the
arrangement of the first several layers of structywsimilar functional materialsin the

bulk active layer, and eventually impact the packing of the entire activedgytrongp-

p interaction. Several studies show that electrons are preferentially transferred along the
Af aacefeaceo direpdcomjnupdt ddrgyest ems-todsgepposed
direction. Linetaf’'c ompar eg¢ | ame ofdkmida ietapparent el ect
rate constants from thgeconjugated dye modifieginc phthalocyanine phosphonic acid to

ITO surfaces using potential modulatetienuated total reflectance spectroscopy {PM
ATR). The results indicated that theptane population exhibits a threefold higher electron
transfer rate than the eaf-plane pulation. Zheng et &P*also observed similar behavior

for PDI modifiers on ITO substrates; PDIs with a predominantly upright orientation exhibit
lower electron transfer rates than those with a less upright orientaticess Hl$p been

shown that the distance between electron active sites can impact electron transfer rates in
that short intermolecular-p distances yield large electronic coupliftgdThis assertion is

further supported by previous transient spectroscopy measurements of fasisikae

charge hopping in PDI films that were designed and simulatée tightly stacked®®
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D6 Souza sugge s rgantzationrerzetgy of dygregdieatonjugaedsystems
compared to monomers is the main reason for these fast electron transféf fatesfore,

optimization of the choice of modifier, its distance from a TCO substrate vandually,

control of the orientation of active modifiers such as Pcs and PDIs are essential to

facilitating charge transfer and improving OPV device performaitatbalocyaning(PCs)

andperylene diimides

In this chapter, three basactive layemoleculeszinc phthalocyanine phosphonic
acid (ZnPePA), perylene diimide pherydhosphonic acid (PBphenytPA) and perylene
diimide diphenyphosphonic acid (PBdiphenytPA), are chosen todevelop the
orientation measurement methéar active layer mtecules tethered to 1ZO surfaces.
Using the established®M-IRRAS method successfully applied to determsraall PA
modifier orientationthe orientationsf Pcsand PDIs are alseported hereThese results
not only provide insight into critical questi® about interface molecularentationcontrol

and optimizationbutfurthervalidate thd®M-IRRAS method foprientationdetermination

Results and Bcussion

Orientation of PDiphenytPA and PDidiphenytPAon I1ZO Substrate

The vibrationalspectroscopy of perylene diimide (PDI) has been well studied by
both IR and Raman spectroscopy measureri&nt? 1¢%as well as DFT calculatiort§!
The molecular axis system for PDI is defined igufe 4.1; the X axis is along the long
axis ofthePDI planewith theY axisperpendicular tat and he Z xis perpendicular to the

X-Y plane.The vibrational modes of P@reassigned to three different symmetry grqups
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B1u, B2u, and By,*® the direction of which correspostb the Z, Y and X axes iRigure
4.1, respectively.The orientatiors of the vibrationalmodeswith TDMs along these axes
canbe used taleterminethe orientationof the PDI molecularplane in threelimensional
absolute space.

IR transmission spectra foN-(12-tricosyl}N é4-phosphonophenyl)perylene
diimide (PDI-phenytPA) and N-(12-tricosyl)}N é4-phosphondl,1-biphenyl}4-
yh)perylene diimidgPDI-dipheylPA) are shown in Figuré.2 a) and b).

The ilt angles ofthe TDMs in PDIphenytPA and PDldipheyl-PA belongng to
the By, Bouand By symmetry groupsan be calculated with respectie surface normal
from equatior.2 inChapter 3 Thefull orientation of the PDI plane can be tleafculated
and describeffom thesevalues

In order toproperly calculate the orientation of these PDI modifiers, a simulated
spectrum of the correct chemical model forms of the PDI molecules must be identified and
the spectral data obtained. Determination of orientation also requires that specific physical
paameters of the model PDI molecules be known including material density, surface
coverage, and refractive indexnip(and extinction coefficient kj as a function of
frequency. All of these parameters can be measured using previously developed methods
descibed in Chapter 2. The physical parameters used in spectral simulation are shown in
Table 4.1 below. Molecular density is calculated using the neutral buoyancy method as
described in Chapter 2. Monolayer thickness is estimated from theavistgy minimizd
structure in Chem 3D. The surface coverages offtieghytPA and PDidiphenytPA are

measured using cyclic voltammetry as described further below.
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© Z(B1y) 0

Figure 4.1 X, Y and Z axes of the PDI molecular plane representing the directions of

vibrations belongig to the By, B2y and By symmetry groups, respectively.
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Figure 4.2 Transmission spectra of a) RphenytPA (1.04 mg PDphenytPA in 112.69
mg KBr), and b) PDHiphenytPA (0.90 mg PDdiphenytPA in 121.63 mg KBr).
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Table 4.1 Physical parameters dPDI-phenytPA, PDHdiphenylPA and ZnPd&PA
modifiers used in the simulation of IRRA spectra of isotropic films.

PA Modifier ; (89 c G ( mold)e Ref. d (&)
PDI-phenytPA 1.3 (4.5+0.2) x 10" This work 20.8
PDI-diphenlyPA 1.2 (4.4£0.2) x 10" This work 25.0
ZnPcPA 1.6 1.3x 10* 37,162 19.6

aAll densities reported here determined as part of this work.
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Surface Coverage of PEphenytPA and PDidiphenytPA (Note:Surface coveragefor
PDI-phenytPA and PDI-diphenytPA on 1ZO sbstrates were measuredith the
assistance o¥ilong Zhengn the laboratory of Dr. Scott Saavedra the University of

Arizona)

The electroactive surface coverages for both-pliinytPA and PDidiphenytPA
SAMs on 1ZO surfaces @re determined by cyclic voltammetry. Acetonitrile, a4sofvent
for PDI, was used as the solvent with 0.1 M tetrabutylammonium perchlorate as the
supporting electrolyte in order to prevent any possible desorption of PDI during the
electrochemical measurents. Figuretl.3 shows cyclic voltammograms of the two PDI
SAMs on 1ZO surfaces. Both PiphenytPA and PDidiphenytPA molecules showed a
typical two step, one electron reduction process as observed previously by L€éaidl.
Fukuzumi et at®* However, all of the reduction and-oxidation peaks are much broader
than typical PDI reduction peaks, which indicates the possible presence of different PDI
subpopulationsn the 1ZO surface. Boom et ‘&f and Liu et af® have demonstrated
significant aggregation of PDI driven by stropg stacking forces using thin film-say
crystallography, optical spectroscopy and simulations. It hasbakso shown that PBI
phenytPA and PDIdiphenytPA SAMs are heavily aggregated on indium tin oxide (ITO)
surfaces, which results in broad PDI voltammetric reduction pé€hks an alternative
transparent conductive oxide sugadZO shares similar physical properties with ITO
except that 1ZO substrates prepared under the above described protocols are known to be
amorphou® %compared to ITO which is usually polycrystallitt€.1®"Thus, it is likely
thatthe proposed two PDI modifiers are also aggregated on the 1ZO swithgaultiple

populations.
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Figure 4.3 Cyclic voltammograms for PBphenytPA (red) and PDBtiphenytPA (black)

modified 1ZO surfaces; dashed lines indicate baselines for peak integration.
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The midpoint potentials for both PDI SAMs are listed in TdbkeBoth PDI SAMs
have similar redox potentials due to the fact that they possess the same redox center. Table
4.2 also shows the electroactive surface coverage for both PDI SAMs calculated from
equatiod.1

i = Q/nFA (4.1)

where Q is the total charge transferred to the PDI molecule upon reduction from the
integratedcharge under the reduction peaks, n is the number of electrons in the reduction
process (here , n = 2), F represents the Faraday constant, and A is the surface area of the
electrode (0.754 chzonfined witha0.98cm dia Gring). The baseline for integiag the
total charge is defined by extrapolated tangents from the less negative potential regime
since the background is better resolved. Thexidation peaks are not used to calculate
the total charge because the baselmeeless well defined

The cetailed reductin potential information and surface coverage values are
summarized inTable 42. The PDI-phenylPA and PDidiphenylPA SAMs have
electroactive surface coveragd (7.5+ 0.4) x 101 mol/cm?[(4.5+ 0.2) x 108molec/cnd],
and (7.3 + 0.4 x 10 mol/cn? [(4.4 + 0.2) x 10" molec/cn?], respectively which are
equivalent to 83% and 94% afmorolayer, respectively, assuming 1.8 hper PD}
phenytPA molecule and 2.3 nhper PDidiphenytPA molecule as previously calculated
by Zheng andoworkers using MM2 energy minimization from ChemBio3DH.
With all of the proper physical parameters in hand, splesimaulation was performed by
methods described Dhapter 3 usinghe KBrtransmission spectra of PdhenytPA and
PDI-diphenytPA. The nf) and k@) values of PDiphenytPA and PDIdiphenytPA are

given inFigures 4.4 a and hrespectively.
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Table 4.2 Electroactive surface coverages for HibenylPA and PDidiphenytPA
SAMs on 1ZO from the cyclic voltametry data

PDI-phenytPA

PDI-diphenytPA

G (molicn?) (7.5 +0.4) x 10" | (7.3 £0.4) x 10™
Erzas(V vs.Ag/Ag") | -0.89 +0.03 -0.91 +0.04
Erzona(V vs. Ag/AG) | -1.17 £0.04 -1.15 +0.05
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Figure4.5shows PMIRRA spectradrom aPDI-phenytPA-modified 1ZO surface
in red Figure4.%) andthe corresponding simulateghsctum in navy(Figure4.5a). The
modelspectrum in Figure 4.5a $smulated directly from the protonated form of neat-PDI
phenytPA. In the PM-IRRA spectum from the PDI-phenytPA modifier Figure 4.5b),
aside fronpeak intensity changgfew changsin peak frequencies can be observed which
suggest that,unlike the small PA modifiers discusseddhapter 3, deprotonation of PDI
phenytPA has no significant effect on thebrational features. Vibrational bands
associated with theDI plane and phenying vibratiors appearin the spectiaegionfrom
900to 1800 cmt. Due to the strength of the absorbance values by the PDI plane modes,
thevibrational mode®f the phenyl ring argreatly diminished in intensity such that none
can be explicitly identiéd. Detailed vibrational frequency assignments are showalte
4.3

All of the modedor the PDI core of any significant intenséye inthe Boy and By
symmetry groupdn Figure4.5, the bands attributed to these vibrations are labelled in red
(B2w) and navy Bay). All of the outof-plane PDI modes beloimgy to the By symmetry
group are below 800 chand hence, are difficult to measure with IR spectroscopy.

A PM-IRRA spectrum of a monolayer of PIphenytPA on 1ZO is shown as the
red line inFigure4.5b; this isoverlayed with the corresponding simulated spgotofan
isotropic PDiphenylPA film of equivalent thickness as thavy dashetine. A qualitative
comparson ofthe differences in absorbance betwderPM-IRRA andsimulatedspectra
reveals thatin general vibrational bandsbelongng to the By symmetry group (1707,
1599, 1579, 1406, 1354, 1348, 1151, and 113#)cexhibit a significant increase in

absorbance in the 1ZO surface spectrum relative to those in the simulatedragec an
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Figure 4.5a) The simulated spectrum for an isotropic film of RbenytPA of thickness equivalent to that of the monolayer on 1ZO
(navy solid line), b) PMRRA spectrum of PBDphenytPA-modified 1ZO surface (red solid line) with the simulated spectrum (navy

dashedine), and c) the proposed orientation of RibenytPA on an 1ZO surface.
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Table 4.3 Peakassignment®f functionalized PDPA simulated spectra and RBA-

modified 1ZO surfaces

Frequency(cnt?)
Symmetry
PDI-phenytPA PDI-diphenytPA Assignments Refs
group
PM-IRRAS | Simulated| PM-IRRAS | Simulated
159,
1707 1709 1707 1705 C=0 stretch b3u 160,
161
159,
1668 1665 1668 1665 C=0 stretch b2u 160,
161
158,
159 1597 159 1596 C-C stretch b3u 160
160,
1579 1579 1579 1579 C-C stretch b3u 161
1520 ns N(C-C)p,
1507 1502 1492 1505 C-C stretch b2u 160
1468 1470 1463 1465 N19 N(C-C)ip
1433 1435 1431 1433 N19 N(C-C)ip
1406 1406 1406 1406 C-C stretch b3u 158
1354 1356 1354 1354 C-H in plane bending b3u 158
1346 1348 1348 1348 C-H in plane bending|  b3u 158
158,
1257 1257 1257 1257 C-C stretch b2u 160
1201 1201 1201 1201 C-H in plane bending b2u 158
1178 1178 1178 1178 C-H in plane bending|  b2u 158
1151 1151 1151 1151 C-H in plane bending b3u 158
1134 1134 1134 1134 C-H in plane bending|  b3u 158
995 | 1005 996 1004 n. n(C-C)p,
967 967 n17 d(C‘H)oop
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isotropic film. Conversely, all of the bands belonging to thgsgmmetry group (1668,
1507, 1257, 1201, and 1178 ¢jrare similar in absorbance to the corresponding bands in
the simulated spectrum. This observatiodicates that the TDMs of thesBsymmetry
group are mostly aligned along the surface normal and that those of tirelp are much
more parallel to the surface. Vibrational modes labeled in black in the spectra are assigned
as phenyl ring modes. Thes®des are much less intense, and possibly complicated by
spectral overlap with PDI modes; therefore, they are not used for orientation analysis.
Detailed peak assignments are given in Table 4.3.

In order to quantitatively proceed with calculationloé tilt angles extracted from
vibrational modesvith TDMs in the Boy and By symmetry group, representative spectral
bands must be chosen for this purpose.{@e0)bandat 16@ cnt andthen(C-C) band
at 1257 crrt are selected as representative lBodes then(C=0) bandat 1707 crit and
the n(C-C) bandsat 15®, 1579 and 1406 cm are chosen aspresentativas, modes.
These modeare chosenbecause they a® good intensity andree ofspectraloverlap.
Similar to theprotocolof defining orietation ofniga Nsaandnigpin the X-Y-Z coordinate,
here theorientationof the TDMs of theBoy and Bumodes are alsaniquelydefined. Figure
4.6 shows the orientation of the PDI plane in tR¥-% coordinatevhen plane tilt§) and
twist (y ) are applied. By calculatintetilt angle ofthe Bsu(g) and By (b) TDMs relative
to the surface normghsshown in Figure 4.6dthe PDI plane tilt and twist angécan be
rationalized andalso the ring normal versus surface normal aagEigure 4.6e) can be
obtained.The tilt angle for all Bsy and By TDMs of PDI-phenytPA with respect to the
surface normal can bealculated using equatia®2. Table 4.4 shows r@Epresentative

exampleof the peak fitting and orientation calculation result for moelifiedsurface. PM
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Figure 4.6 Orientation evolution of PDI plane on surface: a) original position; b)yayi+e gr ee t wi st ; «c¢) b) + d d
orientation ofTDMs for B3u, €) and B2u ) with respect to the molecular axis; e) tilt angle of phenyl ring normal frofacgu

normal @)
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Table 4.4Peak fitting results and calculated orientation for one represenidlive
phenytPA-modified 1ZO substrate.

Fre Simulated model PM-IRRAS TDM TDM Rin Ring
Assignment (cm?). spectrum integrated  integrated tilt tilt twisgt normal
abs (a.ucnt?) abs (a.ucnt?) (Ave) tilt
1707 0.0225 0.0373 42.00
1599 0.0072 0.0160 30.2
Bau 36.C
1579 0.0027 0.0055 34.2
79.7 | 80.C
1406 0.0030 0.0056 37.2
1668 0.0247 0.0267 53.1°
Bay 55.7P
1257 0.0063 0.0053 58.2

156




157

IRRA spectra of three independently prepared surfacescgreredand theaverageof q
andb values 0f33.0° 6.2 and58.1° 2.2° are obtainedThe twist angle/ for PDI-pheny}t
PA is determinedrom q andb using geomeical considerationso be78.9° 4.1°. The
geometric analysit® obtain the twisangley of thePDI plane fronthe PDI plane axis tilt
anglesg andb is the same asith the phenyl ring orientation analysiescribed in Gapter
3.

In addition to the abovangles the anglef the PDI ring normal with respect to the
surface normalg) canalso be calculated anged to moraccuratelydescribe the relative
position of the PDI rin@andsubstrateplanes. A largera value suggestthatthe PDI ring
planeis perpendicular to the substrate plavieereas a smallex value indicateshat the
PDI ring planeis more parallel to theurface The relative ring position and orientation
relative to the substratés important in understandinglectron transfer raseacross the
interface®’ Angle a can also be rationalized using geonoair considerationfrom the g
andb values as describetnh Chapter 3 In this casethe PDIring normalwith respect to
the surface normal valu@) is determined to b&9.7 ° 3.5°This value suggestshat the
PDI ring is mostlyerticalonthelZO surface.

The proposed molecular orientatidor PDI-phenytPA on the IZO surface is
shown inFigure4.5c. Unfortunately, folboth PDI-phenytPA andPDI-diphenytPA in the
discussion beloydue to the low absorbanealuesof the vibrational modes of thghenyl
grous betweenthe PDI coreandthe phosphonic acid linkemno orientationinformation
aboutthese ringxan beobtained.One would presume thdecause of the rigidity of the
molecule the phenyl rings should maintagatilt anglewith respect to the surface normal
that is similar to that of theDI core,but no twist angle information availablefrom these
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measurementBased on the MM2 energy minimized structure calculat€hema3D, the
dihedral angl®etween the phenyl linker atite PDI plane is-50° asshownin Figure 4.5c.
The twist between the twmconjugated structures is a result of electron repulsion.

The orientation of PDI-diphenytPA wassimilarly analyzedThe protonated form
of the PDI-diphenyl is used as the model molectde this analysiddue tothe fact that
deprotonationof the phosphonic acid grougioes not impact the vibrational spegm
significantly since it is dominated by modes associated with the PDI €aogere 4.2b
shows the transmission spexgtr of the pristine PDHiphenytPA. Peak assignments are
given in Table 4.3. Spectlasimulation is performed usinipe pre-determined physical
parametes shown inTable 4.1.Figures 4.7a and b show the simulated and #fiRRA
spectra of PDHiphenytPA. The vibrationalband fequencies and widshappear to be
close to tleseof PDI-phenytPA, further validating theassumption that the absorbance
contributionsof the phenyl ring linkers arasignificant relative to the bands from the PDI
core.

Comparson of the simulated speatm for PDI-diphenytPA to the PM-IRRA
spectum reveals thathe vibrationalbandswith TDMs belongng to the By symmetry
group (1707, 1599, 1579, 1406, 13%hd 1511 cm) show a significant increase in
absorbance compatéo thoseof the B, group (1668, 1257, 120and 1178 cm). These
observationsare consistent with the PDI core oriented in a largely uprightiposiiTo
avoid spectrainterference, the bands 707, 1599, 1579, and 1406 ¢rare chosen as
representativ8z, modesfor quantitative determination of andthose atl668 and 1257

cmit are chosen as representativey,Bnodesfor determination ofb. Based on three

measurements of three independent prepared sampl@seduatior8.2, thetilt anglesq
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Figure 4.7 a) Simulated spectrum of PIdIph-PA (navy solid line), b) the PNRRA spectrum of a PBdiph-PA-modified 1ZO

surface (red solid line) overlapped with the simulated spectrum (navy dash line), and c) the proposed orientatialipiePRRIN
an 1ZO surfae.
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Table 45 Peak fitting results and calculated orientationAdx-diphenytPA on 1ZO

substrates.
Simulated model PM-IRRAS TDM , Ring
Assignment (lz:]i?)' spectrum integrated  integrated Tﬁ:VI tilt ,[Fj\'”nS% normal
abs (a.ucnt?) abs (a.ucnt?) (Ave) tilt
1707 0.0216 0.0400 38.1°
1599 0.0075 0.0152 34.2
B3u 377)
1579 0.0030 0.0042 46.8
74.2 | 75.°
1406 0.0030 0.0052 40.9
1668 0.0241 0.0311 49.1°
BZu 559)
1257 0.0064 0.0040 62.8
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andb arecalculatedas averaged values 87.9° 3.5 and 56.5° 8.3 respectively. The
averagdawist angley of the PDI plane andhe PDI ring plane normalvith respect to ta
surface normafa) from three sampleare calculated frong andb to be 73.6° 3.3 and
74.6° 2.3 respectively.Table 4.5 provides an example of peak fitting and orientation
calculationresults These anglesare similar to those determined foPDI-phenytPA
indicating a similar orientatio®\ proposed orientatiofor PDI-diphenytPA is depicted in
Figure 4.7c. The Chem3DMM2 energy minimized structureexhibits a coplanar
arrangementor the diphenyl linker and a dihedrahgle of~5C° between the PDI plane
andthediphenyllinker plane which is close tavhat was observeir PDI-phenytPA.

The PMIRRAS measurements describad Chapter 3for the small mokcule
phosphonic acslon IZO indicate thaphosphonic acidbind to the IZO surface in either
bidentate or tridentate fashion, with mostly tridentateobservedfor nonfluorinated
modifiers® 1% The bindingmodeis determined by compiag the PMIRRA spectra of
the phosphonic acid moiety de PA-modified 1ZO surface to the simulated spaotrof
possible chemical models, the neutragnaanion and dianion formén the cases of these
PDI moleculesthe low absorbancealues of bands assotd with thephosphonic acid
linker group between900 and 1100 cm!® limit the accessibilityof PA binding mode
information. Some insight into bonding mode may be gleaned from comparison with a
small molecule PA with a similar orientation on the 1Z@face. Renyl phosphonic acid
(PPA) on 1Z0is an excellent choice since it is also oriented largelp@ndiculato the
surfaces with a mostly tridentalbénding configuration. The orientatiaof PDI-phenyt
PA and PDidiphenytPA aresimilar tothe PFA orientation on 1ZO which indicatebat

the phosphonic acid binding and the rigid structure of phenyl ring lintkatpetethe
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Table 4.6 Comparison of orientation for PEphenytPA and PDIdiphenytPA on TCO
surfaces by PMRRAS, NEXAFS and PMATR measurements.

Modifier PM-IRRAS NEXAFS PM-ATR Refs
(1ZO) (ITO) (ITO)
d y a a d
PDIl-phenytPA | 33+6° | 79+ 4° | 79+4° 68 +4° 31 +4° 154
PDI-diphenytPA | 38 £4° | 74 +3° | 75+3° 65 +5° 33 +4° 154
§ 51.5+ 0.5°(agg)| 57.8+ 0.7°(agg)| 7
ZnPcPA 55° 20.8 | 447 53+ 1° (mono) | 33+ 1° (Mono)
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orientation of the attached PBdre Thus the mostly perpendicularientations of the PDI

coresin both casesdirectly supports either bidentate or tridentaiteding

Comparison oPDI Orientation Fesults from PMRRAS and PolarizeATR U\WVis

Other methodghat have beensed to determingne molecular orientationiof PDI-
phenytPA and PDidiphenytPA include NEXAFS and polarizedATR UV-Vis
spectroscopy®* Table 4.6 summarize the orientation restdtfor the PDI core obtained
from the three independent methods. Although treentationmeasurements for PDI
phenytPA and PDidiphenytPA wereperformed on ITO surfaces for bdtie polarized
ATR and NEXAFS measurementthe nature ofthe surfacebinding environmentis
expectedo bevery smilar to that on1Z0.%> 1% Comparing across the numeric angles
obtained by three methods indicated by the values in this tablee PMIRRAS results
reported here showxcellent agreementith the NEXAFS andpolarizedATR UV-Vis
results. The similarity in thesealues further confirmshat PDiphenytPA and PDI
diphenytPA adopta perpendiculaorientationrelative to the substrat®loreover, these
resultssuggest that phengind biphenyting systems arexcellent rigid linker grougs for
confining the orientatio of functional materials compat¢o othermore flexiblelinkers
such asalkyl chains®’ Finally, it is worth noting that, although all measurement methods
provide accurate assessment of the PDI core orientd®bRIRRAS provides more
detailedorientatioral parameters such as ring tilt and twist due to its bond specificity
thereby proiding a morecompletemolecular picture.

Compaing the orientatios of PDIphenytPA and PDidiphenytPA asmeasured

by thesethree methods, eonsistentrendemerges thathe long axis of thePDI core in
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PDI-phenytPA is more upright thamn PDI-diphenylPA. The orientation of surface
modifiers on these TCOs results from combination of surface bindingiode and
intermolecular interactibetweemeighboringmodifiers. Usually, in the cases of small
modifiers, modifierorientationis dominaéd bythe bindingmodeof the phosphonic acid
linker.® %% |n contrast, in the case &DI-phenytPA and PDidiphenytPA, strongp-p
interactionsbetweerthe PDI cores are expected t@sificantly affect molecular packing
and orientation. More interestingly, for ba#DI-phenytPA and PDidiphenytPA, the
PDI plane long ais tilt angles q arein the range oB83-38° which are not as upright as
phenyl phosphnic acid (33 *° however, they both achiexan upright orientation of the
PDI planewith respect tahe substratehrough a largewist angleof 74-79 in order to
maximizesurface coveragandreachalocal potential energy minimunkigure 4.8 better
explains howhetwist anglemightimpact the plane orientation despite ke tilt angle
of thelong axis.This observation indirectlguggestshat strong intePDI plane packing
affecs PDI modifier orientationdramatically through p-p stacking which has been
observed before in many cases of thick PDI filfiaken in the caext of the previous
observation oflargediscrepancy between estimates of orientation bet®d&ATR and
NEXAFS measures$> this workalso shows the strength ofientation determination by

PM-IRRAS which benefits from the plethora wibrationalbandinformationaccessible
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PDI plane normal
a=90°

Figure 4.8PDI plane with the same long axis tilt anglbut different twist angle. a) when twist angle equals to zero, PDI plane
normal tilts 579less upright); b) when a large 90%wist angle is applied, p&ne normal become perpendicular to the paper and

also perpendicular to the surface normal which yields°@®0 plane normal tilt (PDI largely upright)
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Orientation ofZnPGPAon IZO Substrie

Metal/nonmetal phthalocyanines are widely used donor molecules in small
molecule OPVs. Lin and coworkers proposed that motgfg TCO electrode with ZnPC
PA can improve the interface contact and enhance the electron transtéAsatiiscussed
abovethe presence amatientation of Psurface modifiers at TCterfaces maytemplate
thepackingof thebulk Pcmolecules deposited on top of theSicefaceto-face electron
hopping ispreferredwithin an ordeed, packed-conjugated systepunderstanthg and
eventuallycontroling orientation of surface modifid°cs is esseral for improvng OPV

device performance.

Herein, ZnPcPA tethered on IZO surfaces was chosennasdael system.The
orientation of ZnPcPA wastudiedusing PM-IRRAS. Figure 1.7i shows the molecular
structure ofthe model ZnPcPA moleculé2,3,9,10,16,1-hexakis(4pentylphenoxy3-
((10-decyl)phosphonic acid)phthalocyanine)zinc(ll) in which the ZnPc plane is
connected witha phosphonic acid linkeby a fiflexibled -CoH11- alkyl chain. Figure 4.9
shows the transmission spegtrof ZnPcPA. Peak assignments are presentédhinle 4.7.
From pevioudy published experimental andmputationaresults,the orientation of the
Pc macrocycle planeanalso berelatedto specificvibrationalmodesin a manner similar
to that with PDI As shown irFigure 4.1Q theX and Y axesarethein-plane ars andthe
Z axisis the out-of-planeaxis Peaks at 1508, 1407, 1344, 1080came inplane modes
along the X (or Y)xis and thepeaks at 1458 and 1105 ¢rareorthogonato these Out
of-plane modesear 894 and 730 charepresumablyalong the Zaxis

The neutral form ZnRPA is used as thehemical model system for the

determination oZnPcPA molecular orientatiosince deprotonation has a mininedflect
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Figure 4.9 Transmission spectrum of ZnPcPA (0.73 mg{diphenytPA in 119.36 mg KBr).
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Table 4.7 Peakassignment& the simulated spectrum @hPcPAand for the ZnPcPA
modified 1ZO surface

Freq. (cm) Assignment Direction Ref
Simulated| PM-IRRAS
730 g(Ci H) out of plane deformation 168, 169
830
894 g(Ci H) out of plane deformation 107, 168
1029
1040 b(Ci H) bending in plane 169
1080 n(Ci N) sFretc,thing in pyrrole vipratiom Y or X 107, 168
b(Ci H) in plane deformation

1105 b(Ci H) bending in plane XorY 107, 168
1170 1170 n(Ci N) in plane 107, 168
1218 1218
1277 1277 n(Ci N) in isoindole Y or X 107, 168
1344 1344 n(Ci C) in isoindole Y or X 107, 168
1407 1407 n(Ci C) Y or X 107, 169
1458 1458 n(Ci H) in plane bending XorY 107, 168
1471 1471 n(Ci H) in plane bending 168
1508 1508 n(Ci C) in plane stretching Y or X 107,169
1608 1608 n(Ci C) stretching vibration in pyrrole 168
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Y or X

Figure 4.10X, Y and Z axes for the Pc molecular plane. X and Y are interchangeable,

and Z is perpendicular to the plane of the page.
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Figure 4.12a).Simulated spectrum of ZnPcPA (black), and-FRRA spectra of ZnPcPAnodified 1ZO surface b) before (green) and

c) after (red) sonication with simulategectrum (black dash) of ZnPcPA for comparison. d) Proposed orientation of ZnPcPA on 1ZO

surfaces.
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of thevibrational spectrm. Values ofn(n) and k@) for ZnPcPA areshownin Figure 4.11.
Figure 4.12a shows the simulated spauotfor ZnPcPAas theblack traceand Figures
4.12b and c are PNRRA spectra othe ZnPcPAmodified 1ZO surfacebefore and after
solvent sonicationrespectivelywhich is done to remove multilayers of ZnPcHAgures
4.12b and c show ndifferences inpeak frequeries or rdative spectral intensities.
However, the®?M-IRRA spectum beforesonication is~1.4 timesmore intensehan that
after sonicaion. This observation suggestbat surfacdethered ZnPcPAexhibits no
spectral differencesfrom that of bulk isotropic ZnPcPA.Overlaying thePM-IRRA
spectum of the ZnPcPAmodifierd 1ZO surfacevith the simulated spectrum dhPcPA
confirms the similarity of the surface spectrum to that of the bulk material. These
observations verify thdt) phosphonic acid deprotonation and aoefbinding do not affect
the vibrationalsignatureof ZnPcPA and 2) surface boundZnPcPAis orientationally

disordered

Debd?” 1"%has previouslgtudied therientationof Pcsin ordered bulk filns using
surface IR Heassigned the vibrational modestloé Pcmacrocyclic ringnto three groups
with one grouphavingout-of-planemotionand the other twgroups havingrthogonal in
planemotions The outof-plane modes are all below 900 ¢mnd are difficult to access
with PM-IRRAS. Therefore only the orthogonalin-plane modes are observed time

spectra.

In this case, due to theearperfectoverlap ofthesimulated and®M-IRRA spectra,
it is safe to assume that the ratio ofiAsimulatedis ~1 in all cases. Therefore, the
orientation ofthe two orthogonalin-plane TDMs calculatedusingequation 3.4s 54.7
Thisisthesoc a | | e dangledwhighiisdndicative of an isotropic monolayer filithis
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result basically depista largely random flexible chain tethered ZnPcPA othe 1ZO
surface.These results are consistent witteypously reportedpolarized-ATR UV-Vis
spectroscopyneasuremesbf aggregated ZnPcPA on ITOThese measurements showed
thataggregatednPcPAmolecules exhibit a 58°11.C°tilt of the p-conjugatednPcplane
with respect to the surfagcermal versus tilt of 33.1° 1.(° for the ZnPc plane othe

corresponding tetramergnPc(PA).1"

Table 4.6 summarizgheorientation resultfor ZnPcPA, PDiphenytPA and PDA
diphenytPA measured byhesethree independent methods. Lin et al. also reported
experimental ZnPcPA plane orientation results via NEXAFS measureniecti gave
plane normal tilt angle of 5301.C° and 51.5° 0.5° considered from total electron yield
and auger electron yield respgety. The NEXAFS results also provide the average ZnPc
plane orientationSnce the numerical tilt anglfom NEXAFS s closer to that of the
aggregatedorm of ZnPcs measured by PAMTR, it may suggesa larger population of
aggregated ZnPc than its moneric form onthe ITO substratewhereagshe PM-IRRAS
results may indicata similar population of aggregated and monomeric ®ofiZnPcPA

on 1ZO surface
Conclusions

In this chapter he vibrational modepecific orientation of twoPDI model
modifiersare obtained by quantitatively comeythe absorbance of a chosen vibrational
mode inthe PM-IRRA spectrato that in simulated spectr&DI-phenytPA and PDi
diphenytPA bothexhibitlargely uprightorientationssuggestinghat thephenyltring is an

excdlent rigid linker to control both the orientation of the modifiers and the distance
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between modifiers and substratiesth of which areritical factors that dictate interfeat
electron transfer rates and device energy conveeditmencies It wasobserved by the
specific orientation parameters measured vialRRAS that thelong axes otthe PDI
plane in both PDphenytPA and PDidiphenytPA exhibitaless upright orientation (33
38), most likely dictated by the bor tridentate bonding mode tiie phosphonic acid
linker; however, bya largetwist angle these moleculeschieve a largely upright
orientation of the PDI plane (5% ring normal tilt). The driving forcéor this twist is
strong intermolecularp-p stacking. From the perspectiveabdifier moleculardesigrs,
careful chace of linker orientation coulgpresumablycontrol the orientation ahe PDIs
and pattern the packing of PDI acceptors in the heterojunction. Also, thisfrethdr
reveals thestrengthof PM-IRRAS as a tool wih which to understand molecular orientation
at oxide surfaced he vibrational mode specificity offeasnultiple orientation parameters
in contrats to other methods that could be used, such asTHRvand NEXAFSwhich, in
this casearecritical to undertanding the interfacial chemistry

In contrastthe ZnPcPAmodifier formsalargely disordered film on 1ZO due to the
flexible alkyl linkage. This result is alsmnsistentvith results determined by NEXAFS
and PMATR. The dkyl chain linker with moredegres of freedomcannotserve as an
effective linker in aontrolledmannerin addition to theeffect of thdinker, the disordered
nature of the specific ZnPcPA film discussed in tapter coulalsobe due to the three
other long alkylsubstituentsaround the Pc plane whiahisturbthe p-p stacking effect
between neighborg Pcs. The disordered alkyl substituemtsght also hinderany
templaing effect of the modifier Pcs on bulk Paonors brought to the interface

Controlling the substituent sitdength and structure is desirableorder to approach a
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Asweet $qho betber phoking andoluble Pcs. Also, in order to control the
orientation and distance of Pc plane relative to the substrates, Pcs with more linlsage site

better defined linkeorientation and lengtarehighly desirable.
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CHAPTER 5

EFFECTS OF DEPOSITION METHOD AND SUBSTRATE DEPOSITION ON
QUALITY OF PHOSPHONIC ACID MODIFIER SELF -ASSEMBLED

MONOLAYERS ON INDIUM ZINC OXIDE

Organic/metal oxide interfaces affatie performance of many kinds of organic
electronic devices including organic photovoltaics (OR*sY3 174 175 176 rganic light
emitting diodes (OLEDS¥> 17" 18&nd field effect transistors (FETSY): 180. 181, 182, 18§ ma||
organic aciebased selfassembled monolayers (SAMs) are widely used as modifiers at
organic/metal oxide interfaces in these devices to control interfacial properties such as
heterogeneity/? 174 175,184, 183y0rk functiort’® *"#and charge transfer rates. Phosphonic
acids (PAs) are the most desirable linkers among possible candidates and have been used
commonly for oxide surface modification, because they form gdas&ed and stable
monolayers’ 176. 186, 187, 188, 189, 19¢> onsiderable recent work has been published on PA
modification of transparent conductive oxide (TCO) surface properties to improve
wettability, alter work function and enhance device performance for use as the bottom
contact in organic photovoltaic deeg Chapter 3 andeveralotherstudies have focused
on determination of PA molecular orientation which is believed to play an important role
in work function and charge transfer rate contfo?> 4% 162 18owever, a detailed
fundamental understanding of the PA monolayer formation process, and the resultant

monolayer quality, on TCO surfaces has not yet emerged. Obviously, knowledge of the
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SAM formation process is important both theoretically and practically for optimizing
performance of these interfaces.

The PA monolayer formatiomechanism willdictate the effiency of SAM
deposition and the quality of the resulting monolajwnolayer formation mechanisms
have been discussed for other types of systemsthe past two decades; these are relevant
and useful for understanding PA monolayer formation on TCOcagf#s a classic model
system, alkanethiol deposition on gold surfaces was studied by Poirer and'Pyant.
phase transition from loosepacked lagrs with alkanethiols lying down to denser layers
with alkanethiols standing up by molecular realignment was observed directly using
constardcurrent scanning tunneling microscopy. Island formation was observed in both
phases.

PAs on AbOs are also relevant systems. AFM and ellipsometry ofniRAdified
Al,0s surfaces were reported by Hauffman et®al!®3In situ AFM shows fast island
formation at the beginning of pesition followed by gap filling Theislands then grow
further before the monolayer fully covers the surface. Rapid molecular uptake occurs in
the first 10 min before the monolayer slowly reaches surface saturation. Vega et al. reported
a detailed studyfd®A SAM formation on silicon oxide surfaces deposited by the tethering
by-aggregatiorand-growth (T-BAG) method!®* A high temperature was used to trigger a
physisorptiorto-chemisorption transition in a watee environment.

These previous studies indicam®onolayer formation by a generdi f a st
adsor pti on/ s | poosesseassociated with raoteculeshbécoming increasingly
upright until film saturation is attained. However, no detailed research on PA modifier

deposition processes on TCO surfaces tbeen reported. Thus, in this work, the time
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course of SAM formation on indium zinc oxide (1ZO), a model TCO, is investigated using
PM-IRRAS for solution modification by perfluorinated benzylphosphonic ag@(FA).
Films formed by this approach are theompared to those formed by two sdede
methods, microcontact printiflgand spray coatin; ®*for phenyl phosphonic acid (PPA),
Fiz-octylphosphonic acid (gEOPA) and perfluorinated benzylphosphonic acieB(fPA)
modifiers. These soaffree techniques do not require long solution contact times, and
therefore, saveat only time but also eliminate any effects of solvent on the TCO surface.
PM-IRRAS is the technique of choice for this work because of its high surface sensitivity
and molecular specificityp; 19° 19

PA modificationmayinevitably introduce 1ZO surfaceompositional changetue
to the nature of ewis acic-base chemistry at interfaces. Lahiri and coworRéobserved
both core level binding energy shifts aaghift of theFermi level towards the barghp
centerfor ZnO in a hydrogenfree environment at 650K. Changes in theslectronic
properteswereattributed to smalhumbersof defectsn the oxide surfadé® 199 200,201, 202,
203 and oxide lattice relaxatiof? Defects on ZnO surfaces were prowe beresponsive
to small molecule adsorption including C#,2%%formic acid®* and HO 198 199,200, 201, 202,
203 Theexistenceof suchsurface bindingalong withits strength andhemicalnature can
change the Lewis acidity of threighboringfimetal cation sites?%%:29%: 292The evolution
of 1ZO surfaces after PA binding is obnsiderablenterest because any change in 1ZO
surface composition, roughness electronic structuremay impact the interface
conductivity and electron transfer propest of that surface, eventualijmpacting OPV
device performance. In the last section of this chapter, evidenahanges in thézO

surfaceafter PA binding anétching araliscussed
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Results andDiscussion

Time Dependence of SAM Formation

Solution deposition of small molecule PA SAMBS oxide surfaces has been used
extensively, because it is a straightforward processing method, results in uniform
monolayers, and does not require a vacuum system. A detailed understanding of SAM
formation in PA/TCO systems would be desirable to bettemeléhe relationship between
SAM structure, SAM order, and interface performance in devices. In order to understand
the basic formation process at a molecular level for PA SAMs on 1ZO substrates, the time
evolution of the SAM vibrational behavior is maméd using PMRRAS. EBnPA is
chosen here as a model PA molecule due to its large molar absorptivity and good PM
IRRAS spectral quality over a large range of surface coverages. Detailed vibrational
assignments for thesBnPA SAM are thoroughly discusseldavhere-®®

As two of the most intese PMIRRAS bands in the spectra, the two ring modes,
the nieaat 1529 crit and thenigp at 1507 crit, are chosen to monitor surface coverage as
a function of deposition time. FiguBel shows a series of spectra in the region of the two
N1o bands acquired during SAM formation between 1 s and 48 h-d@pendent spectral
changes are observed that include absorbance changes and peak frequency shifts in both
ni9 bands. As shown in Figuiel, the absorbance values of both theandnigp bards
systematically increase during the SAM formation process. This absorbance increase could
be the result of an increase in surface coverage or a change in orientation during SAM
formation or both. Combined with other evidence that is presented belomctt@ase in

absorbance is dominated by an increase in surface coverage during SAM formation.
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Figure 5.1 PM-IRRA spectra from $BnPA-modified 1ZO surfaces prepared by solution deposition exjosure times from 1 s to
48 h at room temperature.
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The timedependent changes in integrated absorbance aidhigand during SAM
formation by solution deposition are plotted in FigbZa. These values are acquired from
spectra taken on independerplisepared samples left in solution for the times indicated
before being removed for spectral acquisition. A very rapid increase in absorbance is
observed in the first 10 s o§BnPA solution exposure before a plateau is reached. Beyond
this time, a slow maolayer equilibration process occurs over the following 24 h as
evidenced by a further slight increase in absorbance. A clearer demonstration of these
changes is seen in the two insets.

Figure 5.2b shows the integrated absorbance ofrnhg band as a foction of
FsBnPA solution exposure time. The absorbance increase is similar to thatrigyzthend
in that it shows that the major portion of the monolayer is formed in the first 10 s followed
by a 2448 h slow equilibration to reach monolayer saturatibhese two adsorption
isotherms indicate that the process eéBMPA monolayer formation on 1ZO is fast and
energetically favorable.

The spectra in Figurel also show frequency shifts for both thesandnigp bands
during formation of the §BnPA morolayer. An obvious shift to higher frequencies of the
N10a band is readily observed, but a careful analysis ofntlae band shows a similar
frequency increase, albeit smaller in magnitude. The time evolution of the peak frequencies
for these bands is plotted in FiguBe&candd. These frequency increases are attributed to
the effects of increasing molecular packing e surface monolayer as it forms. This
phenomenon has been wstudied for aromatic systems both experimentally and
theoretically, and it has been shown that in general, due to an increase in intermolecular

restoring force experienced by clgsacked, satl-phase aromatic molecules compared to
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more looselypacked liquid phase molecules, the aromatic ring modes increase in
frequency?0> 206, 207, 208, 209, 210, 211, 2 qeed, such increases in frequency of ring modes
have been observed for other arom&tdvis studied in this laborato} Similar increases
in ring mode frequency can be observed by imposing increased pressure to the system,
leading to a similar increase in moleculansi¢y as occurs in a SAM. In the case of a
SAM, t he vi brati on alli kne®oPA Burfase nwdifiers ih ¢he A sol i d
monolayer are hindered by clepacked neighboring modifier molecules as the surface
coverage increases, leading to higher freqgesnc

As shown in Figures.2candd, the frequency of theigsaband reaches a plateau
after 6 h of solution deposition while the frequency ofrthygband stabilizes at 24 h after
reaching a maximum frequency after 6 h. These trends generally traekigbgtion
isotherms plotted from the absorbance values, and hence verify the initial assertion above
that the absorbance increase is dominated by a surface coverage increase instead of an
orientation change. Nonetheless, there are some slight diffetegtee=en the absorbance
changes (Figures.2a andb) and the frequency shifts (Figurecandd) in the first 6 h
of solution deposition which may indicate orientation changes of the modifiers.

Close consideration of the spectra in Figbideshows tht, throughout monolayer
formation, the absorbance of theaband grows faster than that for thes band. Theniea
andnigp modes have transition dipole moments that are orthogonal in the phenyl ring plane.
As discussed previoust,the orientation of th@iea vibration is along the s-C axis
which is perpendicular to theisr mode. The relative orientations of thesa andniop
transition dipole moments in the plane of the fluorinated phenyl ring are shown in Figure

5.1. Surface selection rules hold tlia¢ absorbance of a transition dipole moment on a
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Figure 5.2 Shifts in peak frequency of thempaand b)nig bands as a function ofBnPA
deposition time; changes in absorbance of thaig)and d)nia bands with EBnPA
deposition time; inset shows absorbance within the first 60 s of deposition. e) Evolution of
the ratio of absorbance values of thexto thenigr bands with EBnPA deposition time; f)

this ratio in the first 1 h ofdBnPA deposition.
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metallic subtrate is proportional to its projection along the axis of tp®larized electric
field which is aligned along the surface norfidlDue to a lack of accurate surface
coverage values during SAM formation, molecular orientation in terms of ring plane tilt
and twist cannot be precisely calculated as has been done previddislyever, the ratio
of absorbance values of theya to nigp bands carprovide qualitative insight about the
evolution of average molecular orientation during the 48 h solution deposition process.
Figure5.2eshows the absorbance ratio of theato nigs bands with time during
monolayer formationFigure5.2f providesthenigato nigp absorbanceatio within the first
60 min of solution depositioffhe dramatic increase of this ratio within the first 10 s, when
a large percentage of the monolayer forms, indicates that the ring axis rapidly becomes
more upright as the mongler assembles due to an increase in close packing of the
molecules. Poirier et al. were the first to study the similar process of SAM formation from
alkanthiols on Au (111) by STN His work showed that monolayer formation starts by
adsorption of small molecular aggregates in which the molecules lie down on the surface
at low coverage until the surface is almost completely occupied. At this point, which
happens early in the adsorptiisotherm, the molecules then begin to reorient to a more
vertical orientation in order to accommodate greater surface coverages within the
monolayer film. During this transition, more upright modifiers will start to form islands
that will eventually calesce as the surface approaches its saturation coverage. A similar
process is likely occurring here, although given the constraints imposed by binding of the
phosphonic acid group, the range of orientations of the ring is probably not as broad as the
range of orientations accessible to alkanethiols on metals.

Another noticeable change during the 48 h monolayer formation process is a
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decrease of the absorbance ratio ofrilyg to niop bands after ~30 miof depositionas
shown in Figure 5.2e and, fsuggesting thaties is becomng oriented along the surface
normal. This ratio decrease may reveal a ring twist aroundstte €bond in order to find

a local energy minimum within the monolayer as it fills in. The ultimate average molecular
orientationof FsBNPA in a saturated monolayer after solution deposition has the ring axis,
which lies along the transition dipole momennhgf, at a tilt angle of ~40°with respect to

the surface normaf® A schematic showing the estimated molecular orientation evolution

during EBnPA monolayer formation is shown in Figlse.

Comparison of SAMs Formed with Different Deposition Methods

With an understanding in hand of the adsorption process for PAs on 1ZO surfaces,
an efficient, convenient, and contaminatioee method ofPA modified 1ZO surface
fabrication would be desirable. As found previously by Vega et al., annealing is critical for
PA adsorption on Az surfaces, because in certain cases, the activated process of
transitioning the physisorption state to the chempion state requires heating to
140 €.1% In order to optimize monolayer quality, heating and {amstealing processes
are added into room temperature solution deposition processes and monolayer quality is
evaluated with vibrational spectroscopy. Additionally, two sfrak methods,
microcontactprinting and spray coating, are of interest, because they require less
processing time and could thus minimize the possibility of solvent etching effects on the
oxide surface. Given interest in the use of fast, gosktechniques in organic electronics

manufacturing, it is important to fully characterize the quality of PA monolayers formed
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Surface

Figure 5.3 Proposed evolution ofsBnPA orientation at room temperature during solution deposition. a) Initial orientation; b) upward
reorientation within the firstO s of solution deposition due to increased surface coverage, and c) possible ring twist to reach local energy
minimum in closepacked monolayer.
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by these methods as well. Here, we assess film quality of PA SAMs fabricated with
different deposition techniques usiRy-IRRAS. PPA, EBnPA and k3OPA are chosen
as molecular models to compare film quality across five deposition techniques: 1 week
solution deposition at room temperature, 48 h solution deposition at room temperature, 48
h solution deposition at 70 €, spray coating, and microcoraating.

Figures5.4ae show PMIRRA spectra of PPAnodified 1ZO surfaces prepared
with the five deposition methods noted above. Similar major peaks observed in these
spectra are the(CsHs-P) at 1150 cm, and the less inten®gos N1gs andngaring modes at
1498, 1452, and 1608 chrespectively. As reported previoushboth near edge Xay
absorption fine structure spectroscopy (NEXAFS) andIRRAS demonstrate that PPA
forms ordered monolayers on 1ZO dominated by tridentate surface binding with a phenyl
ring tilt of ~13%rom the surface normal. Comparing th€CsHs-P)band across the samples
prepared with the different deposition techniques, one sees that the spray coated and
microcontact printed samples show a relatively broad, largely symmetric feature, while in
the spectra from the samples prepared with the othe thethods, this band is sharp and
narrow with a broad, higher frequency shoulder at ~118bafrdiffering relative intensity.
Given the sensitivity of tha(CsHs-P) band to PA binding typ®,the larger width of this
band in the spectra from the spray coated and microcontact printed samples suggests a
broader distribution of binding modes for PBA the 1ZO in these samples. Thwslder
at ~1180 crt is assigned to the associatg@-O-metal) mode€? Its lower intensity for
the sample prepared by room temperatur&iageor 48 h compared to that prepared by a

1 week room temperature or 48 h hot soak suggests-4@ané&tal bonding.
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Figure 5.4 PM-IRRA spectra from PAnodified IZO surfaces for &) PPA, f}j) FsBnPA,
and k}o) F30PA fabricated by a), f), lIgpray coating; b), g), I) microcontact printing; c),
h), m) 48 h solution deposition at room temperature; d), i), n) 48 h solution deposition at

70 €, and e), j), 0) 1 week solution deposition at room temperature.

188



189

The sharp band at 1265 ¢rim the spectrm from the spray coated sample is unique
among these samples. However, this band has also been observed for et
IZO surfaces after solution deposition followed by ldagn oxidation in air. A similar
sharp peak at 1265 chhas beemneported by Krysinski and coworkétsand been assigned
to C-O-Au estetlike stretche£!®Its presence hersuggests partial etching of the 1ZO thin
film during spray coating which then exposes the underlying Au surface, leading to its
oxidation. More evidence for IZO surface etching is discubsémivin this chapterAlso
noticeable in the spectrum from thgray coated sample are two broad features centered at
1260 cm' and 1520 cmi; these are only observed from the spray coated sample. These
new broad features are discussed below.

A unique, asymmetric and broad band at 1250 gsnobserved in the spectru
from the microcontact printed sample that is assigned to(feO) mode from free P=0
groups of molecules with bidentate bindi§.22” Thus, in total, the®M-IRRA spectra
from PPAmodified 1ZO surfaces show that the sdede techniques produce less
uniformly bound PPA molecules compared to solution deposition techniques.
Additionally, evidence for surface etching and new spectroscopic features are oloserved
the spray coated sample.

PM-IRRA spectra of FBBnPA-modified 1ZO surfaces fabricated with these
different deposition technigues are shown in Figérdsfj. In general, the absorbance
values for bands in the spectra of the samples fabricated bipadleposition are larger
than those of the microcontact printed and spray coated samples, indicating higher modifier
surface coverage, consistent with previous research from this labofatBignificantly,

the absorbance values in the spectra from the microcontact printed and spray coated
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samples are comparable to or less than those in samples prepared by solution deposition
with soak times of 1 s. Based on the kinetics of monolayer formdisrussed above,

these low absorbance values suggest that microcontact printing and spray coating are
inefficient in allowing highquality monolayers to assemble. Broad features centered at
1260 and 1520 cr similar to those observed for PPA, are aglent in the spectrum of

the EBnPA-modified surface prepared by spray coating.

Figures5.4k-0 shows PMIRRA spectra from EOPA-modified surfaces prepared
with different deposition methods. These spectra look similar, suggesting similar surface
covaage, molecular binding, and orientation. The only difference is the presence of the
broad features at 1280 and 1520‘mthe spray coated sample.

Collectively, this series of spectra from fodified surfaces suggests that soak
free techniques do nptoduce SAMs with uniform binding and close packing. This result
may be the result of short deposition times or overall less surface contact between the PA
and the substrate. Evidence for etching of the 1ZO is also observed in the microcontact
printed samles. In contrast, the PMRRA spectra of samples prepared with the three
solution deposition techniques show similar spectroscopic features, suggesting that 48 h is
a sufficient formation period and annealing is not necessary to induce the transition from
physisorbed to chemisorbed state.

Among the five deposition methods, microcontact printing produces the least
reproducible SAMs. As shown in Figuseb, spectra of three independently prepared films
from PPA, EBnPA, and izOPA show obvious differencds. Figuress.5a-c, three spectra
of PPAmodified surfaces clearly exhibit shape and intensity differences im@akls-P)

band at ~1150 cry indicating poor reproducibility and uniformity of PPA binding.
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Figure 5.5 PM-IRRA spectra from three independenrglisepared monolayers fabricated by
microcontact printing for a) PPA, dif) FsBnPA, g}i) F1z0PA.

191



192

Moreover, in the spectra shown by purple and red lines for PPA, the presence of a broad asymmetric
band between 180and 1270 crhsuggests the appearance of free P=0 bonds indicating bidentate

binding. The spectrum shown by the blue line in the same figure shobvand at these
frequencies far more intense than can be attributed to bidentate binding alorfieatlines
is taken here to be indicative of surface etching, with a strong sharp band expected at 1265
cml, that overlaps a weaker band consistent with some bidentate binding.
Spectra of threesBnPA-modified surfaces prepared by microcontact printing are
shown in Figure8.5df. The absorbance values of theaandnigorbands at 1526 and 1508
cml, respectively, exhibit substantial differences across these spectra, indicating a high
degree of irreproducibility of monolayer properties. The occasionabsgpee of a broad
band within the 1410 to 1480 chmegion is unique to the microcontact printed surfaces.
This band may be due to surface etching or surface contamination induced during
monolayer deposition. Also, the sharp, symmetric band at 1265 associated with
surface etching is also observed with varying degrees of intensity in these samples,
suggesting the possibility of surface etching during microcontact printing as well.
Microcontact printed EOPA-modified surfaces (Figurés5gi) appeard be more
reproducible compared with SAMS of the other two PA modifiers. Nonetheledsride
due to thed(pd-CF) modes with TDMs perpendicular to the chain axis do show a range of
absorbance values indicative of marginal reproducibility for these films as well. In
summary, the variability of PNRRA spectra from samples prepared by microcontact
printing clearly sugests that this is a less reproducible method for fabricatingn®dified

TCO surfaces than solution deposition.
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Figure 5.6 PM-IRRAS spectra from three independefhgpared monolayers fabricated
by spray coating for a) PPA, b3BhPA, and c) BOPA.
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Compared with microcontact printing, spray coating is able to provide more
reproducible PAmodified surfaces, although the surface coverage is not optimized and
degradation by surface etching and contamination are problematic. Significantly,
severahew features appear in the spectra fromrRédified surfaces fabricated by spray
coating. Figures.6 shows a series of spectra from PPABHPA, and I2OPA-modified
surfaces. Broad bands at ~1520 and 1280 appear in all of these spectra. Iisted
that the spectra shown in Figlr® are referenced to spectra from samples prepared by the
identical spray coating method but in the absence of the PA. Thus, these broad features
only occur or are enhanced with PA modification, suggesting thatrésegt from some
PA-catalyzed substrate degradation process or by the formati®@aiu bond beneath

the 1ZO layer

Surface Evolution of 1IZO upon PAeposition

As the above sectiaescribesa peak near 1265 ctris occasionallyobserved for
PA-modified surfacegrepared byspray coating. This peak wastributedto phosphonic
acid bindng to agold oxidelayer beneath the 1Z@Que to etchng of the 1ZQ Evidenceor
1ZO etchng from other PAIZO interfacesvasalso observed. Figus&.7 and 5.&how
more evidencéor surface etching. Figure 5.7a shows the-FRRA spectum of aBnPA-
modified 1ZO surfacammediatelyafter a 1 week solution depositigrand Figure 5.7b
shows the PMRRA spectum of the same BnPAZO surface after 1 week storagean
Ar-rich environmentSpectral changes are observableggesting surface degradation after
PA modification.An increasén the absorbancef the bands at024 and 1106m™ in the

PA binding mode region (960350 cm') suggestghangsin binding geomey. The
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Figure 5.7 PM-IRRA spectra of a) 1 week solution deposited BnPA/IZO surface, b)
BnPA/IZO surface after 1 week storage in Ar, ¢) 1 week solution deposited 3HTPA/IZO
surface, d) 3HTPA/IZO surface after 1 week storage in Ar, and pla®macleaned 1ZO

after 1 week storage in EtOH and 1 week storage in Ar.
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Figure 5.8 PM-IRRA spectra of a) 1 week solution depositefP€A/IZO surface, b)
FsPCA/IZO surface after 1 week storage in Ar, ¢) 1 week solution deposiRINAZO

surface, and d)dPPA/IZO surface after 1 week storage in Ar.
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obvious growh of a sharp band at 1266 cm' that overlapsthe original broad
3 P=0)/3 R=O-Metal) bandat 1263 cr1t reveas P-O-Au bondformation and exposure of
agold oxide layer duto PA etching bthelZO surfaceThe dight decrease intensity of
the ring mode near 1612 chis also observegdwvhich may suggesa slight decrease in
BnPA surface coveraga,molecular orientation changer formation ofa new interfacial
specis due to surface etching.

(3-Methyt4-(5-methylthiopher2-yl)benzyl) phosphonic acid (3HTPA) (structure
shown in Figure 5.79 containsa thiophene unit in its molecular structusghich is an
important building block othe organic donompoly(3-hexylthioghene2,5-diyl) (P3HT).
Surface modification using 3HTPA of interest fohelpng topattern P3HTmolecules in
bulk heterojunctios atthe oxidecontact Since 3HTPA containgbenzytPA unit, which
is structurally very close BnPA, 3HTPA is usetiereas a comparator to investigate the
effect of modifierstructureon oxide surface etchingigures5.7c and d show PNRRA
spectra ofstructuraly-similar BnPA and 3HTPAon IZO and the same surfacafter 1
week of storage inan Ar-rich environmentAs canbe seen by the spectra, theestral
evolution ofthe 3BHTPA-modified 1ZO surface after 1 week storage in Ar is similar to
that ofthe BnPA-modified surfaceAn increase irbands in theoghosphonic acid binding
moderegion atl020 and 1106 crhis observd as is a significargrowth of t h é-O3A()
band near 1266 cm; both changesconfirm a binding mode change.A significant
diminution of the intensity of theng mode at 1621 crhmay alsosuggest decrease in
surfacecoveragea change imolecularorientation or formation of new interfaciapecie.
Note that nae of these nevieaturess observedn control PMIRRA spectrafrom bare

1ZO incubatedn pure EtOH for 1 week followed by storage under Ar for 1 wéeduie
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Figure 5.9 PM-IRRA spectra of a) OPAnodified IZO surface; b), [a) + 1 h under vacuum];

c), [b) + 14 min UVozone treatment]; d), [c) + 2 h soak in EtOH]; e), [d) + 2 day exposure
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labeled.
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5.7e) These observatiorsippot the assertiothat the surface evolution is due to/RZO
surface interaction.

Figures 5.8ad show PMIRRA spectra opentafluorobenzyl carboxylic acid
(FsPCA) boundto 1ZO viaa carboxylic acidliinker (Figures5.8a, b)compared with the
spectra folFsPPAon 1ZO (Fgures 5.8¢ d). Compard to the spectrum of thasprepared
FsPCA-modified 1IZO surface the spectrunafter 1 week storage in Ar showsw bands
at1103 and 1265 crhwhile the intensities of tha(COO) bandat 1354 crit andthering
modesat1494and 1520 cm decreasé intensity These changes suggest possible surface
etching, formation of interfacial new producasdor a decrease isurface coveragéor
the FsPPAmodified 1ZO surfacea new band a265 cm' grows in after 1 week storage
in Ar suggestingetching ofthelZO and exposure of gold oxide.

In total, thespectra in lgures5.7 and 5.8 reveal that surface acid modifiers on 1ZO
may introduce long term interfacial degradation. ¢besistent appearance of a new band
at 1265 crit suggestghat the nature of the change sorface chemistry isonsistent,
regadless of functional group and linker tya least within the modifiers explored above.

Occasionally long term 1ZO surface degradation upon PA deposition is also
revealed by changen the n(OH) region Figures 5.9ah show PMIRRA spectrafrom
OPA-modified 1ZO after a series of surface treatmseimterestingly new bands appear at
3348, 3359 and 3314 chafter1 hof vacuumtreatmentat room temperaturélhe bands
at3348, 3359 and 3314 chare likely due t@(O-H) vibrations from In or Zn efects!®®
199, 200, 201, 202, 20fhejr narrow widths suggest a relatively ordered and homogeneous defect
structure on the 1ZO surface induced by PA modificatibhese defectsemainstable

through U\tozone, airand EtOH treatmest However, when the sampleimgubatel in
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water, the sharp3(O-H) band due to these defects irreversibly transfdyatkto a broad
H-bonded 3(O-H) of the 1ZO surface andbsorbed wateiThese resultare nottotally
reproducible under the above experimental conditiendicating that other factors
including humidity and temperatumnay affect tis defect formation chemistry asported
previously98: 199. 200, 201, 202, 26phege preliminary result reveal thepossibility of surface
defect formation andearrangemersfter PA deposition. Furtherbrationalspectroscopic
experiments under moreontrdled conditiors (e.g. vacuumand controlled deposition
conditiors) areneededo further explorehis chemistry.

In order to quantify the possibkxtractionof metal cationsduring 1IZO surface
etching,|ICP-MS experiments were performed al0 mM OPA/EtOH deposition solution
afterincubation of an 1ZO surface farweek. Afteithe OPAdeposition process and 5 min
of sonicationthe 9.43 cnt 1ZO surface was removed frothe solution andhe EtOH was
evaporateat 7075°C. The remaimg solids were thedigested in InL of HNOz at100°C
until all solids dissolved Then 4 mL of water was added wilute the solution. A method
blank was prepared usira; 8.92 cnt 1ZO surface soaked in pure EtOH fbweek and
digested by an identical procedufide methodblank was used to identify any possible
surface etching thaiccursdue to contact of 1ZO witkthe EtOH solvent itself. A reagent
blank was also prepared with the Et@Bled to make the solutions and the blartiks
reagent blankallows correcton for any Zn and In introduced durinthe experimental
procedure. ICRMS experiments werenmediatelycarried out after solution preparation.

Table 5.1 shows theoncentrations of Zn and In measurkZP-MS and the
corresponding total numben$ Zn and Inatomsaswell asthe calculatecatom densitieg

the 1ZO layer from the known bulk compositions of ZnO an®inAs shown inTable
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Table 5.1Percentage of Zn and In etzhfrom 1ZO film after 1weekexposure t&tOH
orto 10mM OPA/EtOH solution

Treatment | Conc fg/lL) | Atoms | Atoms/cnf | %1ZO layer
thickness
etchedof

metal
Zn

EtOH blank 32.73 1.507 10'°

EtOH soak 87.61 2.52610° | 2.67% 10" | 1229%150%

OPA soak 56.50 1.09410% | 1.22B 10" | 56%69%

In

EtOH blank 0.05 1.31B 102

EtOH soak 29.24 7.664 10" | 8.126 10" | 32%42%

OPA soak 15.75 4.116 10" | 4.61610% | 18%24%
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Table 5.2Estimated Zn and In surface density of 1ZO surfaces

202

Metal densﬂy on Mgtal oxide Metal atom Metal density on IZO
non-polar oxide ratio wt% at percentage on surface {104 cm?)
surface {10 cm?) | 1ZO surface 1ZO surface
Zn0O INn203 Zn0O | In203 Zn In Zn In
04,
4'723;5 3.8581° | 20% | 80% | 46.2% | 53.8% | 1.7822.187| 1.9292.547
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5.1, extraction of bottZn and Inoccursduringthe depositionprocessHowever, perhaps
somewhat surprisingly, incubation of the 1ZO filmpare EtOHleads to greater metal
extraction than exposure to the OPA/EtOH solutlarother words, OPA astto protect
the 1ZO from further etching once the monolayer forms.

Using the densities from crystal structusdZnO 2%+ 22%andIn,03,2'° the amount
of 1ZO that has been etcha@dn be roughlyestimated.The 1ZO surfaces used in ¢ke
experimeng were sputtered from a 20:80 (wt%2nO:1nO3 target. Thereforghe Zn to In
atom ratioin the 1ZO can be estimated from the molar nmesssf ZnO and 1nO3. As
reported in many previous studf@$,2?%crystalline ZnO surfaces usually contain different
faces of the Wurtzite crystal structure which has axes of &.25 A and ¢of 5.2 A. The
density of the Zsrich polar single crystal ZnO surface has a Zn density of ®460**
atoms/cm. 2% 22°|n our case, due to the amorphous nature of the 1ZO film, a nonpolar
stoichiometric model with half of the Zn density (4.2340'* atoms/cm) was used in this
estimation. The density of a nonpolar stoichiometrig©fmodel hasan In atom density
of 3.858% 10 atoms/criwhich is half of the polar ks (001) surfacé® Assumingthat
the metal densityin this amorphousZO is in the range 08.8583 10 to 4.7343 10"
atoms/cn, combiring the metal atom ratio data, the range of possible Zn and In igsnsit
per cn? can be estimated. Table 5.2 summaathe estimagdresultsfor Zn and Inin these
1ZO films.

Using these values and the measured concentrations of metal atoms in the etch
solutions,the % ofthe 1ZO film that has been etched of each mieyaEtOH soaking or
OPA deposition can bealculated After correcing for the traceZn and In inthe ethanol

solventor picked up fromhandlingduringthe experimentsessentially all of th&n and
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Figure 5.10 Schematic of possible 1ZO surface etching and metal extraction chemistry as the result of PA deposition.
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32-42% of In in the 1ZO filmwere etched by soaking in EtOH for a wekkwever only
56-69% of theZn and 1824% of the In were extractedrom the 1ZO film by soaking in
the OPA/EtOH solution.These results suggesihat compare to In, Zn atoms are
preferentiallyextractedrom the 1ZOby EtOHsolution exposuréor a week and secondly,
that OPA monolayer formation redusghe amount of metal extraction blgoait 50%
Further experiments should include metal extraction analysis induced bypotssiie
deposition solvents (@ tetrahydrofuran,chloroform dichlromethane and surface
modifiers (eg. PAs or modifiers with other linker typg

In total, the ombinal PM-IRRAS and ICPMS resultandicate thaPA deposition
on 1ZO surfaces is a complited chemtal processnvolving changes in both the 1ZO film
as well as eventual PA monolayer formatiés shown inFigure 5.10, metal extraction

and water adsorption both ocglikely contribuing to surface etching processes.

Conclusions
Thesolution deposition kinetics fosBnPA modification of 1ZO surfaces indicates
that the majority of the monolayer is deposited within the first 10 s of exposure with
equilibrium reached in about 48 h. In contrast to PAQAIsystems, EBnPA adsorption
on [ZO surface is energetically favorable and occurs rapidly at room temperature, thereby
not requiring post annealing to overcome the physisorption to chemisorption transition.
PM-IRRAS analysis has also been performed ornfalified 1ZO surfaces using
48 hsolution deposition at room temperature, 48 h solution deposition at 70 € with post
annealing, 1 week solution deposition at room temperature, microcontact printing and

spray coating for three modifiers, PPABRPA, and i:OPA. The results indicate thaf
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48 h is a sufficient time for highuality SAM formation using a solution deposition process
and that elevated temperatures during deposition or post annealing are not necessary. Soak
free techniques, including microcontact printing and spray coatiognot routinely
provide full, uniform monolayers. Microcontact printing is a much less reproducible
modification strategy.

Evidence for surface etching of the 1ZO was also observed using these fabrication
methods. Spray coating results in the greatasbdtion of a hydrous gold oxide layer in
our stratified sample assembly consistent with the greatest amount of IZO etching. This is
most likely the result of the high temperatures used in this process and not to anything
inherent to the spray coating pess itself. Nonetheless, these observations do indicate that
caution in the use of temperatures much above 70 € for extended periods when modifying
TCOs with PA may result in significant degradation of the TCO surface, with its
concomitant effects on ftirer steps of device assembly or in device performance. Thus,
high temperatures should be avoided.

Additionally, evidencdor long term 1ZO surface etching induced by PA deposition
was observed from PNRRA spectratheresults indicat partialloss ofthe monolayeand
thelZO film, partly exposing thé\u substratdeneath the IZONew interfacial products
arepossiblyformed Surface etching wdsartherconfirmed by significant metaktraction
identified in the deposition solution. Interestingly, OPAdeposition reduce metal
extraction comparkto soaking inpure EtOH. The important observation of IZO surface
etchingby metalextractionnot onlyexplainssome of the nature of the etching chemistry
and the role of PA modifier but also provides methtmddetermine the best deposition

solvent choice and possibly the best PA deposition concentration.
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CHAPTER 6

RAMAN I NVESTI GATI ON OF REACTI ON CHEMI STRY A

TERTHIOPHENE/LOW WORK FUNCTION METAL INTERFACE

Thiophenebased oligomers and polymérave attracted great attention because of
t hei r -oonjuggtionewhich allows them to be utilized as building blocks of next
generation functional materials in environmental sci€ftebiological sensing
technologie€?? and organic electronic technologié®: 224 225 226The majority of these
applications involve the formation of interfaces between metal and thioplased
molecules. Examples include uses such as terthioghectonalized Ag nanopatrticles
for use as KD, sensorg?! or for immunoassays in biological systéff, using
oligothiophenef uncti onal i zed met al nanoparticles as
stabilize dendrimers on highly ordered metals surfaces for energy storage applféations,
or employing olige or poly-thiophene as an active layer in organic photovoltaic devices in
which thiophenes directly contact Al or Ag/Mg alloyed electrddes??® Therefore,
understanding the fundamental nature of the chemistry at oligotimefrhetal interfaces
is essential to facilitate and improve materials design and applications at the molecular

level.

Of particular interest is the interface between oligo/polythiophene (OT/PT) and
metals that are ubiquitous in organic electronic devitles.final step in the fabrication of
such devices is typically physical vapor deposition (PVD) of metal or metal alloy

electrodes onto organic functional materials. Current applications tend to assume that
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interfacial chemistry between the organics andntfetals is negligible, which has been
proven invalict® 38 39In fact, the evolution of the interface is of considerable concern
because of the potential depth of reaction. The nature and fate of the specific interfacial
products formed will strongly affect charge carrier pathways and interfacial energetics
which ukimately dictate device performance. Although some insights regarding changes
in the morphology of both the OT/metal interface fabricated via physical vapor deposition
under vacuum conditio”® and PT surfaces fabricated through spin co&ting drop

casting®i n an inert nitrogen atmosphere have

knowledge, few details about molecular processes at these interfaces have been described.

The reaction chemistry between common organic accegterials (e.g. Algand
Ce0) and their model building blocks (e.g. benzene and pyridine) with PVD low work
function metals including Ag?® 40 41 Al 28 29, 40, 42)\jg38, 40. 42nd C&> 4! has been
previously explored in this laboaly using Raman spectroscopy under ittigh vacuum
(UHV) conditions. Interfacial molecular and structural changes due to chemical reactions
between the metal and organic were commonly identified in all systems whesoptesd
with Al?8:29:40.43nd Ca3® 41 The extent of chemical reactionshaeen shown to be strongly
correlated with the interfacial energetics of the two materials, both the low work function
metals and the organic thin film. Although @&sed donor materials can be found
throughout the organic electronics literature, no erpamtal studies aimed at
understanding molecular processes at thiophene/metal interfaces have been conducted to

date.

Among t heeXiTshi-&Jpheandlradt: oPhate the ( U
most widely studied representativi@. 230 231 232, 233, 23€)6T exhibits much more
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flexibility for further structural modification and functionalization when compare to longer
thi ophene based pol ymer s; Fcanjugatedisystem and ,
maintains the good functionality of the commoubgd electron donors polythiophene (PT)
and poly(3hexylthiophene2,5-diyl) (P3HT)?2® The three thiophene unit structure, 2,
2 6 : 5-8T, is &s0 commonly used as a model system to explore strfichatzon
relationships of polythiophene and its derivati¥€s23°Thus, this chaptgsresents Raman
spectral evidence of chemistigtweerl}3T andmetals includinghg, Al, Caand Mg upon
physical vapor depositionThe goas of this work are to 1) investigate the deted
molecular processexccurringat a-3T/metal interfacefrom Raman spectral analysis; 2)
capture evidence of metw-a-3T electron transfer eventif any; 3) interpret the
information extracted from spectral data the context of thdundamentalinterface

energeticshat goverrtheinterfadal chemistry and electron transf@rocesses

Results and Discussion

Pri s t3TRimes U

The vibrational spectiabehaviorof oligothiophene (OThas beenvidely studied
in the previous literaturexperimentally®” 238 23%nd computationalff® 241 The planar
a-3T molecule exhibits & symmetrygiving rise to63 normal vibrational mode3hese
modesinclude 22 A1 modes (ip), 21 Bmodes (ip), 10 Amodes(oop and10 B, modes
(oop). TheAz and B modesare Raman activ&#® Due to the fact that the activation energy
for inter-ring carboncarbon rotation is onlpn the scale of van der Waals for¢@s41
kcal/mol), 242 243gnd any conformationathange dramaticallyaffect the optical band bap

and conductivity of themolecular solid state the correlation between molecular

209



210

conformation and vibrationddehaviorgarners considerabkgtention. Raman spectra of
OTs aretypically dominated by vibrational modes correlated to the effective conjugated
coordinate(ECC) due to strong electrgghonon coupling. The most widely discussed
modes of OT are all preseantthe frequency range of 400 to 1800%msince they are also
very important handlefor understanding the effective conjugated length (the range of
electron phonon coupling) of the edenensionalOT molecule. Lopez et ateported a
frequencydecreaseof the ECC modes athe effective conjugated length increasé
Additionally, the Raman intengags of the two most intense ECC modeealso governed

by the effective conjugated lengtbomputational and experimentaisults by Lopez et al.
show that the relative inten&$ of the ECC modes decrease wildecreasen effective
conjugated lengtf! Thus, hese importanindicatorscan be used fanonitoringchanges

in molecular conformation or packing. As typical building bleak organic donor
molecules, the vibrational spectra of both chemiéiiiy*>and electrochemicafi§® 24’
oxidized OTs and thenlerivativeshave beerstudiedpreviously However, to the best of
the authofs knowledge, little information about thiéorationalbehaviorof reduced forra

of OTshas been reported

The Raman spectr u3mfimbn agpolyprystaline Agrsebstrate. U
at 120 K is shown in Figu@1. Wedl et af*®characterized the crystallographic properties
of a-3T-based organic films using-Ky diffraction (XRD) techniques and also observed
the surface morphology of these films using atomic force microscopy (AFM) and optical
mi croscopy. These results indi-8Taresald int hat
predmi nantly polycrystalline f3Tfilmssseveriteen t h e

normal vibrational modes can be assigned based on previously reported experimental
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observation&'® 2°0. 251. 252, 2535 \well as results from force field calculations and potential
energy distribution (PED) calculatiof®: 240: 250, 251, 252, 253, 254, 255, 236, §3ptaijled peak

assignments are reported in Tablg.

| n addi t-BTonarmal modes,severdlhigh frequency ban@& a2, 2533,
2921 and 2991 cm! are observeavhich have not been assignénl anya-3T vibration
eitherby calculation orn past experimentaesults. Here we note thiaands a2512/2583
cmt and 2921/299tm* show up in pairs and share simife¢quency difference (7170
cmd), consistentwith the peak frequency differences between the most prondunce
effective conjugationcoordinate(ECC) modesat 1539 and 146&m?. Thesehigh
frequencyband arethus assigned to overtones and combinations as a resultsofrfaee
enhaned Raman (SERSgffect of ultrathin films (15 A) in the neasurface region.
Although overtone and combination bands have not been previously reported for
terthiophene thin films, the observation of overtones and combination bands associated
with SERS has been extensively studied and observed for many organic thin film
systemg>8: 259,260, 261a5 shown inTable 6.1, the frequencies of these combinaliands
areshifted in frequencyy the samemount; this shifts likely due tothe factthat the
SERS effect fon-3T molecules very near Ag surface slightly alters the frequencies of the

fundamenta, thereby changg the frequencies of the overtone and combination $and

Two more low intensity bands at 1188 and 1&6%' can be attributed to the-C
inter-thiophenering stretch of oligothiophenes with inteng torsion?%? 263The presence
of these two bands suggests the exisarf@a small amount ofinteri ng t or si on
3T thin film due to coordination interaction with the Ag substrate. Finally, the low

frequency band observed at 350tims n ot as s3Tgormeatmodes buamay U
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Table 6.1 Raman peak frequencies @ a s s i g n3Ti é@mstbefore andraftetdAg, Al
and Ca deposition.

Pristine h-3T h-3T/Ag h-3T/Al h-3T/Ca Assignments
3366 n(C-H)iniCI €
3108 3108 3108 3108 Co-H stretching?®: 250. 251, 254
3078 3078 3078 C-H stretching*® 252
+ overtong(153% 2)
3059
2991 2991 2991 Combination (1469+1539)
2921 2921 2921 Overtone (14692)
2853 Overtone (14312)?
2750 Combination (1539+1225)
2679 Combination (1469+1225)
2583 2583 2583 Combination (1059+1539)
2512 2512 2512 2512 Combination (1059+1469)
24003200 24003200 aC 2D band &D+G) band®®> 256
267, 268
2128
2070 n(-C [ 264
2052
14001600 14001600 aC G-band®> 266, 267, 268
1565 1564 nai-C:C-)ZSO' 251, 254
1539 1539 1539 1539 (ECC modes)
1531 1531
1496 1469 1469 ne(-C=C-)250. 251, 254
1469 1469 1431 1431 (ECC modes)
1432 1432
1392 Overtone (7082)
11001400 11001400 a-C D-band®> 266, 267, 268
1314
1375 1375 n(Co- Cb)zso, 251, 254
1280 CaH/CaH?%°
1232 1232 1232 N(Ca- Ca) interring?s0: 251, 254
1225 1225
1188 1186 1185 1183 N(Ca- Ca) interring?s0: 251, 254
1165 1162 1162 1162 torsiorys2 263
1069 1069 d(C_H)defZSO, 251, 254
1059 1059 1059 105 d(C-H)bending®®. 25L. 254
957 n(S-C-H) in SC I 2%
845 850 850 850
754 756 754 755 N(Ca-S) 250, 251, 254
702 700 700 700 d(C-S-C)def>0. 251, 254
690 682 682 688 d(C-H)oop+ torsioA™
gié d(C-H) in-C [ €154
545 545 Ring torsiorR’®
503
455 455 Ring torsiorR’®
373
350 350 Ag-S
323
250 Ag-S** 271& Ring torsiorf”°
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suggestsAg coor di nat i on -3Ttdepbsitien. Althougle theequengesup on U
f or -3)Mmadgs previously reported are at ~280 cm! for thiophene derivativé&

and thiol$%on Ag, these frequencies may vary doemolecular structure and binding

geometry. Four types of binding geometry between thiophene and the transition metals Cr,

Re and Mn were reported by Mills etZt.In these cases, the meflor metaking

frequencies were generally below 400chut varied as function of metal, packing, and

binding geometry.
Metallization with Ag

Figure 6.2 shows surface Raman spectra of a pristine & before and after
progressive deposition of 5, 10, 15 and 20 A of Ag. Upon Ag deposition, significant
spectral enhancement is observed across the entire frequency range in these spectra. This
enfancement can be attributed to the surface enhanced Raman scattering (SERS) effect,
presumably due to the formati ormTfini. NdwWg nanopa
bands appearing @679 and 250 cm! in the high frequency region are attributed t
additional combination modes that are activated due to the SERS Eifece 6.3shows
therelativeintensity plot of the originally existed modes as a function of Ag coverages.
The intensities are normalized to Raman bandbBegsristine film.Global enhancemeris
observed within which the degree of enhancement for all overtone and comblozertasn
is similar whereas the(C-H) mode at 3078 crhis enhanced the most and thgC-H)
mode at 3108 crhis enhanced the least. This observation may indicate molecular

symmetry change as Ag coverage increases.

The overall peak intensities in the low frequency region of these spectra are also
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greatly enhancedrigure 6.3b shows relative intensity @dbr all original bands in the

low frequency egion The intensities are normalized to the Raman interisityy the

pristinea-3T film. The new250 cm* band andie i ncrease in -9 ntensi-t
bands at 350 ctharel i kel 'y due t o i-3T7taedrtleecdeposited A et we e n
nanoparticleg!* 2"2as well as ring torsidi® caused by Ag¢s coordination. Two additional

bands that appear at 455 and 545cafter Ag deposition are also attributed to ring

torsion?>”- 2’ The most substantial evidence for iatierg torsion is in comparison of the

relative intasities of the ring symmetric bending bands at 700 and 682f@ntoplanar

U3 T mol ec udTamlecdes dnded torsion, respectively, before and after Ag
depositior?®’ A detailed look at this region is shown as insetFigure 62 where spect

of the pristine film is shown in black and tl@e3T film with 20 A of Ag is shown in red.

The intensity of the red speetis plottednormalizedo the intensity of th&00 cm! band

in thea-3T pristine spectrm. As can be observethe intensity of the torsion mode at 682

cm® increases relative to the coplanar band at 700, ®uggesting an increase in the

amount ofinter i n g t o-BTsmolecules aithin tHe film. Moreover, the appearance

of the two interr i n gC) BafdsS at 1162 and 1186 ¢support the argument forore

torsion wit hi n3Tfiliniemmedately adjacent tothe Ay rraropaltid®s.

The collective pr esen-8letwisirig ugom depositiorbad Agds i ndi

nanoparticles.

It is likely that theRamanspectoscopyis probingthe entirethickness of thé L
a-3T film since it sufficiently thin for the SERS from the Ag nanoparticles to sample the

entire depthThe depth of metal nanopartichepactis dictatedoy theaggregatiooehavior
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of thesemetals whercoming in contact withthe a-3T film. A detaileddiscussiorof the

metal penetratiobehavioron oligothiophenes will bpresentedn Chapter 8.
This variation in molecular symmetry also leads to band broadening, intensity

changes, and the appearanceofhessn ds f or t he fieffective conj
modes between 1350 and 16007ctf Zerbi and Lopez et al. have reviewed both
experimental and computational results for the correlation between ECC band frequencies

and intensities and the effective length of the conjuga@edC- backbone. This length is

strongly impactedoy molecular packing, conformational changes, and doping of the

material with charge carriefé" 2>* Presumably, extension of the effectivadéh of the

conjugated system facilitates electron delocalization, thereby decreasing the force
constants for the ECC modes, and consequently, reducing their frequencies. Conversely, a
decrease in effective conjugation length due to molecular torsiostratigthen the ECC

force constants and increase the frequencies of the ECC modes.

It has also been shown that, due to eleepbbonon coupling of the effective
conjugated chain with the incident radiation, a higher intensity of the ECC bands relative
to th e o 3@ earmallnode bands should be obseR?ed*® 241As a result, lower
intensity ECC bands are expected for systems with shorter effective conjugation lengths.
As shown intheinsdti n Fi gur e 6 . 23T film, the twnd1ECC pands,ghtei ne U
ng(-C=C-) band at 1469 crhand then.{-C=C-) band at 1539 crh are the most intense.
However, upon Ag deposition, both are enhanced to a much smaller degree compared to
bands at 135 142, 1531(peak shoulderand 1564 cm. Figure 6.3 shows a plot of the

normalized intensities of the major ECC bands at 1469 and 153¢renhtriangles) and
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the ECGrelated new bands at 1357, 1432, 1531, and 1564(olaxck circles) as a function

of Ag thickness All the Raman intensities amrmalizedto the intensity if the pristine
film which is set to 1.This plot clearly illustrates that the major ECC bands are less
enhanced than the new ECC bands. This distinction is consistent with a decreasage a

effective c onj-3Tgnaleciles withih thenfigntupon Agaleposiion.

The appearance of EGE€lated bands at both higher and lower frequencies than
the major ECC bands indicates several things. On the one hand, the appearance of ECC
related bands at higher frequencies suggests a decrease in effective conjugation length due
to molecular torsion and possibly defects in the conjugated system of at least a portion of
t h 3T fdm. In contrast, the appearance of E@ated bands at lowerdguencies is
indicati ve of-3Tefettieercajugation len§th duehte@ chanmges in packing
and electron delocalization upon deposition of Ag. Zade et al. reported the results of
theoretical calculations that indicate an energy barrier foecatdr torsion of only 0.75
eV, or in other words, on the order of van der Waals interactféiihe energy required
to induce such a change in molecul a3l torsio
and the deposited Ag nanoparticles. Ag nanoparticles may also act as electron pools,
extending the-electron delocalization between clgsea ¢ k e d n e-BTgrolbecalesi ng U
This effect would lead to an extension of the effective conjugation length resulting in shifts
to lower frequency of the ECC modes. The fact that the ECC bands of the pristine film a
1469 and 1538 crhare less enhanced is therefore concluded to be due to the net effect of
SERS and disruption of the effective conjugation length. The appearance and preferential
enhancement of the new ECC bands at 1357, 1432, 1531, and 1%6ddocet € new U

3T conformational populations. Appearance of the Raman inactive’Mhatld 496 crit

219



220

al so supports a -33fromGedue ty mabetummaysiott! bkély dUe

to Ag-S binding with the Ag n@oparticles.

As the thickness of deposited Ag approaches 20 A, a loss in overall spectral
intensity is observed due to Ag metallization, with the Ag film becoming increasingly
optically opaque. The metallizatiggrocesses of metal atoms landing aganic films
affects significantly thelepth intathe organicfilm over which the deposited metal has any
impact, which igelevantto the functionality of organic electronic devices. This important

notion is further studied in Chapter 8 of this Disdesta
Metallization with Al

Figure 6.4 shows the Raman spectra of a pristihe 8T film before and after
progressively deposited 5, E3T/Ag irtesfaceg and 2 0
increase in the intensity of the torsional iatei n gC) BaadS at 1165 and 1185 ¢/
283relative to the inter i n gC) baqds for coplananolecules at 1232 chsuggests that
Al deposition also induces molecular torsion. Additional evidence for molecular torsion
upon Al deposition is observed within the region containing vibrational bands due to the
ECC modes (1400 1600 cm?b). The presencef thesetorsionbands indicates variations
of the effecti ve-3Tcsoniar toihase dbsemed foreAg.geimband f U
at 1314cm? cannotbe assigned to any originak3T bandwhich must indicate new
interfacial product formation. Howevenith limited spectral evidence, is difficult to

interpret the structure tfiese newnterfacial species.

In addition, several prominent broad bands grow in as a function of Al thickness:

one between 1100 and 1400 tand the second between0D4and 1600 crh At higher
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frequencies, a third complex envelope of bands between 2400 and 3208 aiso

observed. These broad Raman bands are well studied by Casiraght‘eClahwalla et

al.?®®> and Ferrari et &% and can be assigned to amorphous carbe®) (Specifically,

these bands are assigned to thbadd(1100-1400 cm'), the Gband (14001600 cmt),

the 2D and (D + G) bands (243200 cm') of aC, respectively. Formation and growth

ofaC bands at t he e3pbamsisobseivedthfowghoatthe gpecimad | U
data suggesting degradative tredico n ¢ h e mi3 Al intgrfaca upontAhdepodition.

However, no evidence for the presence of other reaction products and/or intermediates is

observed in the Raman spectra.

Previous studies from this laboratory on various organic thin film systems,
including Alg32° benzend? pyridine;*? and Go?® with vapor deposited Al, exhibit similar
patterns of &C formation with no other species. These observations indicate that the
chemical natureof the vapor deposited Al (e.g. electronegativity, chemical reactivity,
wetting of organic films) dominates the interfacial reaction chemistry with the identity of
the organic having less of an impakt:to-a-3T electron transfds dictatal by interfagal
energy levellignment As the building blocks of typical organic donor materials unlike
previously studied organic molecules, energy level mismatch between the LUdBTof
and the Fermi level of Al make the electron transfer energeticallyféessed. The
energetic analysis at Alf3T interfaces discussedurtherin this chaptebelowwith the

analysis of Ag and Ca.

It is interesting that no intermediate reaction species are observed in the spectra,
indicating that whatever reaction chemistry happeccurs essentially instantaneously on

the time scale during which the measurements are made (spectra are acquired tens of
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seconds after metal deposition). Matz et al. discussed this aspect of interfacial reaction
chemistry for pyridine film/Mg interfaes under similar reaction conditiotfsin this

previous work, no changes in the spectral response of the pyridine/Mg interface were
observed after the initial changes induced by Mg deposition over the course of 174 h after
deposition of 20 A of Mg. These ngés suggest that this reaction chemistry occurs
essentially instantaneously upon metal corftilttis likely that intermediate products of

low stability are formed quickly but decormg® to aC on the time scale of these
measurements. Thuss&a i s t he final r -8TdAt interface and noo d u c t a
further insight into reaction pathway or mechanism can be extracted from the Raman

spectral data due to reaction kinetics that asefahan the measurement time.
Metallization with Ca

Figure 6.5 shows -3TheforeRaadmatien degopitorcaf 5, 20, of U
15 and 20 A of CaAt first glance, pon Ca deposition, significant spectral evolution can
be observed indicating theg¢action chemistry occurs at the interfaérst, newbands at
455 and 545 crh grow in upon Ca depositiorAb inito self-consistent field (SCF)
calculation results and quantum chemical calculation results of thiophene ring torsion
modes at 455 and 545 ¢nimave been reported previously by Ehrendorfer ét’aind
Lopez et aP*° Thus, the presence of these new bands sugipestSadeposition induces
ring torson. Secondly, 8 mi | a r -3T/Al interface chBmistry discussed above, the
formation of aC is indicated by the presence of th€ D band at 110a.400 cmt, the G
band at 1404600 cmt, and the 2D and (D+G) bands in the envelope between &40

3200 cm'.
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Figure 6.5Raman spectra of a pristine 5 L 3T film at 120K before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow),
and 20 (red), A of Ca. Inset shows a zoom of the 118D cm' region with thesame color code as the main spectra.
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In addition to the broad-@ bands, new vibrational signatures suggest the presence
of CIC moieties. Spaoadfiesahb gk ogode?dbaBdd 668 8 ([ C
at2052,2070and 2128¢mr e assi gned %fttie newbahd &£951chis d e s ,
assignd t o -Cd B rpha8e?®* and less intense bands at 643, 661 &®lcdn are
attr i bu t-H) dnodesoColle¢tivelg, these bands suggest the formation of alkyne

bonds, most | ikely due3Tt o a ring opening rea

A similar reaction mechanism that starts with electi@msfer from Ca to the
organic and leads to ring opening reactions has been previously reported for thétedelid
films of pyridine with C& #! These reactions with pyridine similarly lead to a complex
array of alkynecontaining products. Interestingly, however, such products were not
observed wh benzene, implicating the presence of the heteroatom as the likely source of

the increased instability of the radical species formed by the initial electron transfer step.

Ring opening and subs e g3u#&mispropdsédyorbeitiatec r mat i on
by electron transfer from the highly reactive Ca nanoparticles. This electron transfer creates

an unstable radical speci es-3amotculesaleadimys a | os
to further ring opening reactions and triple bond formatigiaen that the carbon atoms in

U3T are essentially chemically equivalent due to aromaticity, multiple radical species of
comparable energies can be formed upon electron transfer leading to many types of ring
opening products. Possible reaction pathways<8 ring opening reactions are proposed

on the right side of Figure 6.6. The production of multiple chemically similar products

from these ring opening reactions results in overlap of the Raman spectral bands, leading

to band broadening, and the inalyilto definitively distinguish individual ring opening

products.

225



226

Possible Reaction dthiopheneand2 , 2 6-:terttbophenevZhoCa
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Figure 6.6Pr oposed reaction mechani sm bet v8€m@lymetizatioro(potioenhett) aralnrdy C a

opening (bottomright) pathways induced by Ca deposition
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In further support of this electron transfaitiated explanation for the reaction
chemistry observed, Matz et al. observed formation of calcium hydride at solid
statdenzene/Ca and pyridine/Ca interfaces, sugygest possible reaction pathway that
includes the formation of CaH and/or Gaby hydride abstraction after electron transfer
from Ca to the organic. In further support of this explanation, the new band that grows in
at1280cmti s ascr i bedntdo or)3%mode@iEch id dnly made possible

by hydride abstr adSTdleotnontiansfert i ated by Ca to U

Spectral broadening and the appearance of new bands frethiency region
containing the ECC modes after Ca deposition is also worth noting. These new bands occur
at both higher and lower frequencies than the major ECC modes and overldp Chenal
G bands. Their appearance is consistent with the formatioagadns of the film with
different effective conjugation lengths that may arise from a combination of reaction

chemistry, as well as torsion and medabisted extension in conjugation length.

More importantly, Ca has a lower work functiéhthan Ag or Al and exhibits a
greater tendency toward electron transfer when deposited onto organic thin films. Once
electron transfer occurs, twor o x i {®Rradical §pecies can form a bond resulting in
a polymerization product. As an exampl e, the
6T as the product of such a -3 oadigalmeThisz at i on
polymerization reaatin as shown would occur readily with minimal steric effects, leading
t o -&Tprotduct with a maximum conjugation length. Presumably, radicals with other
conformations could form a variety of different thiophene oligomers and polymers with
different conbrmations and conjugation lengths. This would increase the complexity of

these interfacial reactions, further complicating the spectral bands observed.
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Figure 6.7 depicts the nor mé&Thazaded Raman
afunction of deposited &thicknesses. Figure 6.7a shows that the intensities of the pristine
U3T bands at 1067, 1056, 1467 and 1536 ciiminish in intensity with a concomitant
increase in new product bands at 373, 323, 957 and 503 Eigure 6.7b shows the
evolution inintensity of both intermediate and final reaction product bands; final reaction
product bands at 1280 an@62 cm? increase while the bands at 1168224and 262 cn
1 all diminish in intensity after an initial increase, suggestive of the existence of
intermediate species. The band atAté1! is assigned to an interi n g-C) sofsi@n
mode of an intermediate product, and the bands 28 2ad 262 cm! are assigned to
n( Cl C) modes of i ntermedi at e ah(kSynCe sbpaencdise s

suggets the presence of different molecular conformations at smaller Ca thicknesses.
Metallization withMg

Unlike Ag, Al and Caphysicaldepositionof Mg ontoa-3T results inunexpected
and different phenomendarigure 6.8 shows the Raman spectra pfistine5 L a-3T film
before (black) and aftateposition of5 (blue), 10 (green), 15 (yellow) and A0(red) of
Mg. As can be observedeither reaction chemistry nor metallization ocassndicated
by no spectral chang@ eitherpeak frequenciear intensities. Thseresuls suggest poor
reactivity and metallizatiohy Mg onthe5 L a-3T film. The cause of this unusual behavior

is elaborated and discussed in Chapter 8.

Figure 6.9 shows plsof therelative intensity othe1467 cmtb and BFasm U
a function Ag (blue), Mg (black), Al (pink) and Ca (orangedverage Upon metal

depositionthe relativeintensity ofthe 1467 cm! bandchangsin very differentways for
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Figure 6.8Ra man s pect r a -37filmatl12pKkbefard (blacky and aftér deposition of 5 (blue), 10 (green), 15 (yellow),
and 20 (red) A oMg.
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the different metals Ag forms nanopartiels and induce the SERS effect before
metallization of aropaque Ag layer occurs whidovesthefilm. Mg shows nochange in
intensity with coverage indicating that no chemieactons ormetallizationoccurs.Ca

and Al deposition caugée intensity of thd 467 cm! band todecrease due to bo#3T
consumption by reaction chemistry and surface metallization. These observations reveal
different behavia of thesemetals wherthey impinge on the-3T surface A further
understanding fothe physical and/or chemical nature of these differences would provide
significant implications for OPV devicéabricatiors. A detailed comparison of the
penetrationability and chemical reactivity of Ag, Mg, Al and Ca on oligothiophene

surfaces will be disessed further iChapter 8.
Energeti c Co H%Redctdon &hemisirmeith Agf Aaldand Mg

I n rationalizing the chemi st-3Tyhin€éllhsser ved b
it is essential to consider the energetics of the relevant frambials, especially to assess
the directionality and probability of electron transfer. Assuming that the metals are
deposited as collections of atoms and clusters from the evaporative source and that once
on the surface of the organic film, which is pgonlet by these metals, such atoms and
clusters rapidly nucleate to form small metallic nanoparticles with electronic properties
that are close to those of the bulk metal, then it is the work function of the metal that is
relevant. The Fermi energies arelicated for these metals in Figuredl@. The frontier
or bi t al-3T filmfthat tark eelevant are the HOMO and LUMO levels which have
been reasonably well establisiétiFigure 610s hows ener gy | ev-el diagr

3T/Ag, Al,Caand Mgi nt er f a c ¥ thin fifnes,rthe HOMO akd LUMO levels

231



232

3.0F
*
2 7 ke
n
S 2ol / —A—5 ML a-3T+Al
E e —e—5 ML a-3T+Mg
.ng L.5r —%—5ML &T+Ag
©
EJ 1.0r — o o o
el \A\
A— .
OO 1 1 1 1 1
0 5 10 15 20

Metal Coverage (Angstrom)

Figure 6.9 Relative intensities of the 1469 ¢nband from a 5 la-3T film as a function
of Ag (blue), Mg (black), Al (pink) and Ca (range) coverage. Intensities normalized to that
of the pristine 5 La-3T spectra.
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Evac 3T Ag Al Ca Mg

Figure 6.10Band diagram of Ag, AlCaand Mgand3T interface. Arrows illustrate direction of electron transfer
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are represented as energy distributions instead of a single discrete energy level to allow for
a variety of different conformational states and packing geometries within the film, as well
as tle presence of defectS. A Gaussiarike distribution of energy levels is often
considered and applied in such cases for both inorf@rand organic systents’
Mehraeen and coworkers calculated the density of states (DOS) distritart P3HT as
exponential or Gaussian depending on the charge carrier d&€AJihus, Gaussian DOS

di st r i b ull ar@asssimed im Figutdl6, with a long, low DOS tail on the LUMO

that extends into the energy gap to accountfocsal | ed fAgap stateso.

Ag has the highest work functiom(26 eV) of the metals studié Thus, its Fermi
energy | ies within -3TH@&MOudmstpbation, making eleatrén t he o
donat i on 3T unfavorAble; therforél no reaction chemistry is observed in this
system. In fact, as will be further detailed in Chapter 7teteo n  d o n a@TiodAg fr om U
and formation of positi v-®T/lqgwoMork furctosmelalas been
systems. At the opposite extreme, Ca has a much lower work functd8dieV2’ 3 Thus,
its Fermi energy | ies wBTLWMOmand, making etegtrerr ener g
transf er -3Trhighly faCosable. Similarly, with an intermediate work function
of-424eV?3t he Fermi energy of ARTBUMOmlowinger | aps t
for electron donation into the organic filfilg exhbits a lower work function than Al-(
3.68 eV)?"® however no electron transfer was observed. This behavior falls outside of

expectabns, the possible reasofor which will be discussed further in Chapter 8.

In summary, the experimental results observed using Raman spectroscopy are
consistent with the3TKAg Alaw CainmtesfaceseNoiclemisty or t he

i s 0 b s e3T/Mginderfacd, whereas clear evidence f@ aarbon formation initiated
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byAl-to-U3 T el ect r on -3T/Al mteriade eand raglital formagion by @@ U

3T el ectron transfer f -8T/Ca ontedfatte apeyobservea g oper
Collectively, these results document the dominant role of energetics in dictagirfgaial

molecular processes at these low work function metal/organic interfaces relevant in

organicbased optoelectronic devices.
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CHAPTER 7

REACTI ON CHEMI STRY AT THESEXINHIGPRENEGND OF U

VAPOR DEPOPSITED SILVER, ALUMINUM, MAGNISIUM AND CALCIUM

Oligothiophenes (oT), polythiophene (nT), and their derivatives are conjugated
molecular systems which exhibit narrow and tunable optical band gaps and high
conductivity?43 279. 280. 281Bacayse of these outstanding molecular properties, they have
been widely used as functional materials in organic electronic devices such as field effect
transistors (OFETSf? 283 284, 285, 286, 2 rganic light emitting diodes (OLED$} 28%°and
organic photovoltaic devices (OP\ASY: 2%1As a derivative of nT, poly(Bexylthiophene
2,5diyl) (P3HT) is widely used as donor matéddended with phenyCsi-butyric acid
methyl ester (PCBM) as bulk heterojuctions (BHJs) in OB¥<%1As a small molecule
alternative to polymeric based BHJs, sexithiophene-f&iEed BHJs are neidered to be
more structurally tunabl@?8 230. 292,293,294, 289 e to shallow (i.e. not far in energy below
the vacuum level) HOMO and LUMO levels, oT and nT are most commonly used as
electron donors in organic electronic devices. Previous sthdies shown that multiple
oxidation states are accessible for the oligothiophenes and their derivatives via
electrochemicdf’ 2*6and chemical oxidatioff®> however, there have been no instances of

oT reduction chemistry reported to date.

Research on OPVs shows that one of the biggest challenges to achieving high
energy conversion efficiency correlates significantly to the mismatch of interfacial energy
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levels etween hybrid materiaf8!: 298 299, 300. 301, 3% he st step of typical OPV device
fabrication, vapor deposition of the low work function metal (LWFM) electrode onto the
BHJ, may result in unexpected reaction chemistry between the deposited metal and the
organic semiconductor molecules. This reactidmemistry can lead to heretofore
unidentified interfacial layers that may impact interfacial charge transfer efficiencies,
thereby altering the energy conversion efficiency of the device. Previous research from this
laboratory shows that Al, Mg and Ca dsjtimn under ultrahigh vacuum onto the organic
acceptor tris(ydroxyquinolinato)aluminum (A& 38 3%induces significant Alg
degradation through metal adduct formation at the interface. The final products of these
degradation pathways are metal dependent and include the formation eAfgetdducts

with Al,*8 Mg®® and C&° and graphitic carbon formation with Ca deposition.

Matz et al. reprted similar reaction chemistry betweegy, @nd vapor deposited
Al.?8 Cgo anion radicals are observed due totéCeo electron transfer leany to the
degradation of & and the formation of graphic carb&hAlso, thin film solid state small
molecules, used to model the buildingdks of acceptor materials, namely benzene and
pyridine, react with physical vapor deposited metals Al, Mg and Ca by accepting electrons
from the metals to form radicals and/or dimers as well as graphitic c&3ém total,
these studies indicate that: 1) interfacial energetics cannot be assumed based on the energy
levels of the bulk materials alone; molecular and energetic understanding of interfacial
chemistry is essential in terms of guiding tlimice of materials and device fabrication

processes; and 2) electron transfer from LWFMs to any organic film is likely.

From the perspective of energy levels, when compared to organic donors, acceptor

molecules possess lower LUMO levels which match welltwh  t he wor k funct.
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low work function metals. This makes electron transfer from a LWFM to an organic
acceptor possible. In contrast to acceptors, when donor molecules, with relatively shallow
HOMO and LUMO levels such as P3HT, come in contach wlectrodes, experimental
evidence for electron transfer from the organic donor film to the electrode has been
observed in cases in which the electrode possesses a sufficiently large (i.e. below the donor
HOMO level) work function. This electron transfBom donor to electrode leads to
interfacial band bending due to interfacial contact doping and can extend as far as 20 nm
into the bulk organic materidl> 3°° However, although the energetics of such
donor/electrode interfaces have been studied, to the best of our knowledge, an
understanding of the interfacial chemistry between donor materials and LWFMs at the

molecular level has not been achieved.

Beyond possle interfacial electron transfer and any subsequent chemistry, oT, nT
and their derivatives have unique edimmensional conjugated structures with highly
flexible chains. The optical band gap and conductivity of these materials are directly
correlated tahe effective conjugation length (ECL) of these -oi@ensional chain?

270, 304, 305 CL is defined as thiength of the effective conjugated coordina(E€C).
Density functional theory (DFT) calculations indicate that ECL extension leads to an
increase in conductivity by narrowing the HOM@MO gap. Conversely, a reduction in
ECL results in a conductivity decrease due to an increase in the HQNAD gap. For
example, these DFT results showed that a 30°iteg twist innT results in a decrease in
ECL, reducing the conductivity by increasing the HOMOMO gap by 0.75 e\##? The
energy barrier to this inteing twist is only 0.41 kcal/mol/monomer unit, which is on the

order of crystal packing or van der Waalscfes?42
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In addition to intramolecular twisting, Kations in intermolecular packing and
ordering of oT also affect charge transfer by varying both the efficiency of electron hopping
between neighboring conjugated systems and the reorganization energy for electron
transfer from the organic to the electeo@hese effects further limit the energy conversion
efficiency of real device®® 397 3%8|so, the packing geometry of oTs has been found to
exhibit templating effects on the orientation of donor molecules suclasitG which
they are in contact in BH38’ Such orientation effects could also impact charge separation
processes at the doracceptor interface. Therefore, understanding molecular
conformational changes and possible chemical reactivity upon metal deposition is a key

factor to unravel the variations observed in interface materials properties.

In this chape r , t h-6Tris clioseh as a bholecular model for thiophieased
organic donor systems in BHJs that form interfaces with low work function metal contacts.
T h e s64 filrak are subjected to interface formation by vapor deposition of Ag, Mg, Al
and Ca uader ultrahigh vacuum conditions to both eliminate side reactions in the ambient
and to mimic the last step of OPV device fabricatiorra}t photoelectron spectroscopy
(XPS) and surface Raman spectroscopy are employed to understand the chemical and

physial changes within these interfaces with high molecular specificity and sensitivity.

Results and Discussion

U6T/Ag hterface

The vibrational spectim of a-6T in the high frequency egion (30003500 cmt)

contains lessisefulinformation tharin the low frequencyegion(300-1800 cm?). To the
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authois best knowledg®nly computational resultgave beepublishedpreviouslyfor a-
6T in thehigh frequencyegion?4 241 25!Although fromthesecalculation results, selection
rules predicts 48 Raman bands 6T in the low frequency egion the experimentbf
observed Raman speain for a-6T is surprisingly simplen thatonly 7 Raman bands are
usuallyobservedincluding the symmetric anasymmetriacarbon backbone stretching at
1457 and 1504 crh theCy-Cs vibrationat 1366 cmt, theC-C interring vibrationat 1220
cm?, the G-H bending al050 cmt, theC-S-C ring deformation at 740 cfpandtheout-
of-planeCp-H deformatiorat 690 cm.2°1 The most intense basih thespectumarethose
due to symmetric andasymmetricbakbone stretchingor excitation in the visible
wavelength region betweet®0and650 nmthat isin resonance with thp-p* transition

of the conjugated backbo@e:

The bl ack spectrum in Fi-GF@lmenat¢herticaf s f r om
polished, smooth polycrystalline Ag substrate. Previous studies have shown evidence for
templ ating of -8Taby singlecrydtal Agoseriadesetitht varies depending
on crystal facé? 311312 31pye to the polycrystallinity of the Ag substrates employed in
t hi s wor k6T thip filmssre likelyeamdiphous. Normal vibratiomab d e s- of U
6T are assigned to the Raman spectrum based on previously reported work by Casado and
others?4®: 241,314,315, 31817 Co mp | et e band -&Tsvbiatppmahmeodes are f or U
given in Table 7.1. The most notable vibrational bands observed in the spectrum of the
pristinefilm are the ring deformation modes at 704 and 742,¢hed(C-H) mode at 1054
cm? theinterr i n gC) m@d€at 1225ch) an §-CtCHe agd-8=C9 of- t he U
6T backbone at 1467 and 1511 tmespectively. Due to the small energy barrierfeerin

ring torsion (~0.41 kcal/mol, on the scale of the van der Waals fafée€fthe possibility
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Table 7.1 Vibrational pak frequencies and assignments for a 5aM&T film before and
after deposition of 5 A of Ag, AindMg.

Frequency (cr) Refs
Vibrational Post 5 A Vibrational
assignment 5L a-6T Ag Post 5 AAl | Post 5 AMg Mode
309 309 308 309 Ag-S 271
386 Mg-S
588 d (Mg-S-C) leglri
655 651 651 652 Distorted 262,
: 682 682 682 682 Distorted 262,
Ring 704 | 704 704 703 Coplanar | 240
deformation IIO
742 742 742 742 Coplanar & | 240
Distorted
802 797
814
852 847
930 Mg-d(CH) | o
1006
d(C-H) 1053 1053 1052 1052 Coplanar 240,
240,
1162 1162 1162 1161 Distorted 263
n(C-C) 24062,
inter-ring 1181 1181 1181 1180 Distorted 263
1225 1225 1225 1225 Coplanar 240,
1273 Mg-n(C-C) VT/Q'rf(
- 1367 Broadening | Broadening | ECL extension 241
1406 towardsw, towardsw, | due to packing
240,
Backbone 1467 1467 1467 1467 n,(-C=C) 31816
ny(-C=C-) & 240,
ng-C=C) | 1511 | 1511 1511 1511 Ns(-C=C) | 315,
1577 Broadening | Broadenng Distorted
1612 | towardsw, | towardsw,, Istorte 241,
1756 1756 1756 1756 704+1053
1774 1774 1774 1773
1818 1818 1818
Overtone & 1884 1225+651
Combination 1925 1925 1225+704
2105 2105 2105 2104 10532
2168 2168 2168 2167 1467+704
2212 2212 2212 2211 1511+704
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of molecular conformational changes induced by various effects must be considered.
Thiophenebased semiconductor propertigscluding conductivity and optical band gap

are very sensitive to inteing torsion3® The vibrationabehaviorof the bands correlated

with this torsion has been previouslinvestigatedby Akimoto and Furukawaz®? 263
Satellite peak&om ring deformation near 651 and%8n* andd(C-H) bending near 1162

and 1181 cm are the moshoticeabldorsionsignatures

Figure 7.1 also shows R& il afterssgbsequent a f r om
deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) AgpfUpon Agdeposition,
significant Ramarnintensity enhancement of all bands is observed due to the surface
enhanced Raman scattering (SERS) effect. In addition, the bands at B5116&3 and
1181 cm® are considerably enhanced relative to their intensities ingeetrsim of the
pristine film after Ag deposition as shown ininsets | and Il in Figure 7.1. These vibrational
features have been thoroughly discussed in previous work in which they are called small
Asatellited bands and a sopulatipnseofh-6Tt noleculesb r at i on
with interring torsion as opposed to the coplanar majority populationa-®&T
molecules?®? 263The ring deformation bands at 651 and 684 ¢apectal region 1), and
the interr i n g-C) dand® at 1162 and 1181 ¢erfspectral region 1ll) of the twisted
minority population of molecules have as their counterparts the corresgdratids of the
majority coplanar population at 702 ¢nand 1225 cm, respectively®2 253 Figure 7.2
plotsthe relative intensity evolion of these torsiobandg(651, 682, 1162 and 1181 &n
and tlose attributed to theoplanarpopulation(704 and 1225 cHj as a function of Ag
coverage. All intensities are percentagermalizedo the Raman intensity ¢ie 704 cm

! bandof the pristinea-6T film. As observed in Figure 7.2, tearfaceenhancement
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Figure 7.1Raman spectra of 5 ML 6T thin film before (black) and after 5 A (blue), 10 A (green), 15 A (yellow) and 20 A (red) post

mass thickness deptien of Ag. Frequency regions labeled as I, II, lll and IV are discussed in the text.
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Figure 7.2 Relative intensity of the bands assigned to coplanar (704 and 129%o0h
torsion (651, 682, 1162 and 1181 &npopulations in the 5 B-6T film as a function of

Ag coverage. All intensities are normalized to that of the ring deformation mode in the
pristinea-6T film at 704 cm.
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observed shosvsimilar trend for both types of vibrational band$he first 15A of Ag
caussintensity enhancemenwith furtherAg deposition coveng the film andattenuating

the Raman intensitiespnsistent with Ag metallization into an opaque layer that covers
t h T film. Interestingly, the relative intensity increase per unit Ag coveisagaher

for the two coplanasandsat 704 and 1225 ci Additionally, The intensities of the torsion
bands (651, 684, 1162 and 1181 %mompared to the corresponding flonsion bands
(704 and 1225 cr as a function of Ag thickness are plotted fas blue data points in
Figure 73. The relative intensity ahetorsionbandsncreases mordramaticallyrelative

to the coplanabandsdespitethe much stronger intensity enhancemf@ntthe coplanar
bandsas a function of Ag coverag@his behaviosugyess that Ag deposition induces
inter-ring torsion.The largest relative intensity increase for the torsion bands occurs after
deposition of the first 5 A of Ag, followed by only small intensity changes upon subsequent
Ag depositions. This behaviors segts that perturbation of the molecular conformation
occurs predominantly ia-6T molecules right at the Ag/6T interface and is primarily

caused by the first 5 A of Ag.

The spectral region | abeled IV i8g Figure
C=C) a{rCdC-) anodes of thea-6T backbone. These are often referred to as the
Aeffective conjugated coordinateo (ECC) mo d
correlated to the effective conjugation length (ECL) which is directly related to nterec
conformation and packing within the film. Variation in the ECL caused by-rmgr
torsion can vary the strength of the ECC modes and lead to shifts in frequency. Upon
deposition of 5 of JAQFC) band iatdl467 critowarda d e ni n g

lower frequencies is observed, suggesting extension of the eldetamalization and a
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longer ECL. This effect may be additionally supported either through molecular packing
changes assisted by Ag nanoparticles or an
conjugated system that is fAbridgeedélmby Ag n:
No obvious broadening on the high frequency side is observed, suggesting that the inter

ring torsion induced by Ag deposition is insufficient to cause a spectroscopically
observable ECL decreas®o far, no apparent Ramapectroscopievidencesuggestany

electron transfer.

I n order to further explore thedanpossi bil
these low work function metals;ray photoelectron spectroscopy (XPS) was employed.
As previously reported by Grobosch and otiérs’'® 31%he binding energies of the S 2p
electrons are very sensitive to the electron density of their local environment, and thus,
would be expected to tsensitive to any electron transfer reaction chemistry. Figdee 7.
shows the peak fits for the Si2psesignals from a pristine-M L -68J film on the Ag
substrate. The red lines with peak binding energid$4f8and163.6eV represent those
for bulk U-6T 320 32L 322yhjle the blue lines represent the S 2p signals from a polaron
state?’® The binding energies df64.3and165.4eV associated with this polarotate are
slightly higher than in bulk, resulting from slight donation of the S lone pair electrons to
the conduction bad of the Ag substrate. This phenomenoepresents partial electron
t r ansf e r-6Tfilmw the vadart stdtles of the Ag da n o w ncongast doping .

It has been shown tmccur predominantly at the interface betwé&ebased organics and
relatively high work function  #.0 eV) substrate$?® 32 This contact dopingan
penetrate upo 20 nm intobulk2”® Here, the Ag substrate work functiond®se to 4.6

eV?®and thus, contact do-@Tiflmguhen depositedsontbtber t he p

247



248

291 289 287 285 283 281
BE (eV)

168 166 164 162 160 291 289 287 285 283 281
BE (eV

) BE (eV)

Figure 7.4XPS S 2p data from a) a pristine &t6T film and b) a 5 la-6T film with 10

A post deposited §; peaks shown in red and blue represent the neutral and polaron states

of a-6T, respectivelyXPS C1lsdata fromc) a pristine5 L a-6T film and d)a5L a-6T

film with 10 A post deposited Ag.
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Ag substrate.

When 10 | of Ag i-69fild, aggoificant geowdth io population h e
of the polaron state is observed as shown in Figute. The peak fitting resultor
different S2p populatios are shown in Table 7.2. Comipay thepristinea-6T film with
thea-6T/Ag, thepolaron staténcreases from3.5+3.3% o f -6 im ¢he dristine film
to 20.5 +17% after deposition of 10 A Ag, presumably from additional contact doping.
This resultsuggestpossible hole doping from Ag #-6T occurs very likely through Ag

S binding during Ag nanoparticle formation.

C 1s spectra from a pristinel5a-6T film before Figure 7.4c) and aftef<gure
7.4c) 5A of Ag depositionswere alsoacquired Threedistinct C 1s populations are
observedfor the 5 L a-6T film after Al deposition The peak at 284.4 e\rs typical of
aromaticcarbors®?> 326and is close tthe binding energy d284.9 eVpreviouslyreported
for a-6T;32! this peaKikely represergthea-C atoms in pristin@-6T overlapedwith a
small amount of contamination. The low intensity shoulder at lower binding energy is
assigned tdahe b-C atomsin a-6T that experiencea higher charge density environment
compare to thea-carbors. The low intensity third population near 286.7 eV isfiieake
upo satellite peak?®> 32°No change can be observed in C 1s spectra before and after Ag

deposition indicating no chemistogcurring
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U-6TMg Interface

Figure75s hows Raman spect r &Tfinrbefone (alacipand st i ne £
after deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) A of Mg. The initial 5 A
deposition of Mg is marked by a significant intensity enhancement, followed by rapid
intensiy attenuation upon further deposition of 10, 15, and 20 A of Mglot of the
intensity evolution ofhe coplanar (703 and 1225 cinand torsiorbands(651, 683, 1162
and 1180 cm) upon Mg deposition is shown Figure 7.6. Although significaribtensity
enhancement is observexs forAg deposition, thgreatesenhancemenh these spectra
occurs with 5A of Mg deposition forall six bands with further deposition leading to
intensityattenuationThe enhancememesponsenduced by Mg depositivis much less
reproduciblethan that induced byg with the greatesenhancemestoccuing for Mg
depositions ranging fromito 20 A. This behavior suggests thtaemetallizationprocesses
is complicated. A moreomprehensiveescription othe metallizéion processandmetal

penetratiorby Ag, Mg, Al and Ca igleferred untilChapter 8.

Similar towhat is observed witAg deposition, the intensities of theplanabands
showlarger changes witMg coverageeompared to the torsion bands, whichgests hat
coplanamandsare affected more by tisairfaceenhancement effect. Howevee)ative to
the correspondingoplanar bands, the torsion bands shodramatic intensity increase
upon Mg depositioms showrby the orange data pointsFigure 7.3Similar to what was
observed for Ag deposition, the greatest increase in relative intensity of the torsion bands
occurs with deposition of the first 5 A of Mg before reaching a plat€his behavior
suggest s-6T dorfarmatiorfalechatige is initiateby Mg deposition and only

happens at the top interface. Moreover, the relative intensity values of the torsion bands
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Table 7.2 Populations of neutral, + polaron, and reduced species from fits to XPS S 2p

regionbefore andhfter deposition of 10 A Ag.

251

: 5L a-6T 5L a-6T + 10 A Ag
Assignments ee ) Area% BE (eV) Area%
S 2pzPolaron| 1643 | 9.0° 2.2 : 164.4 | 13.6° 1.2 .
S 2p.Polaron| 1654 | 45° 1.1 | ©°° >3 [ 1656 | 6.9° 06 | 200 17
S 2peNeutral | 163.6 | 57.7° 2.2 : 163.6 | 53.1° 1.1 .
S 2p. Neutral | 164.8 | 28.8° 1.1| 20 31648 | 265° 0.6 (00 18
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Figure 7.5Raman spectra of 5 ML 6T thin film before (black) and after 5 A (blue), 10 A (green), 15 A (yellow) and 20 A (red) post
mass thickness deposition of Mg. Frequency regions labeled as I, 11, 11l and IV are discussed inltiertsixies shown in inset, |

[l and IV are normalized to the most intense peak in each range.
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Figure 7.6Relative intensities for the coplanar 8&nhd 1225 cm) and torsion bands (85
682, 114 and 118 cm?) from a 5 La-6T film as a function of Mg coverage. All intensities

normalized to that of the ring deformation modé¢hia pristinea-6T film at 703 crit.
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are higher upon Mg deposition than what was observed for Ag indicating that a larger
popul atéTwithinterf i Wg t or si on i s -6 plananpogulatioa.] at i v e
The major ECC bands at 1467 and 1511 cdepictedin region IV of Figure 5 show

considerable band broadening towards both higher and lower frequencies. This broadening
suggests that Mg de p-6Tsmoledularpacking and/ar fadilitatesp r o mo t ¢
el ectron del ocalizati on bu-6Tiddrrmptorssonand es a S
subsequent ECL reduction, consistent with observation of the greater intensity of the

torsion bands.

In addition to thegrowth of nterring torsion several new Ramalpandsat 386,
588, 930 and 1273 chare also observaghon Mg depdsion. Theseare assigableto any
a-6T normal modesThese bands are also not observed ftoma-6T/Ag interfacs,
indicaing thattheyarenot due to surface enhancement. Although theselsare much
less intense than the norm&l6T modes they mayresult from either unique chemical
interactions or reaction chemistry at tae6T/Mg interface The band aB386 cm! is
tentativelyassigned o Mg-Spmode based on the similarity in its frequency to the band
for thes Ag-S) mode at 309 cth The new landat 588 cm' might bedue toad(Mg-S-C)
mode based on its proximity in frequency to tigal-O-C) modé® at 577 crt and the
n(Mg-0)*® at 614 cmt observedreviausly at Alg/metal interface The nev bandat 930
cmt could bea frequencyshiftedd(C-H) modeandsimilarly, the1273 cm! bandcould be
a shifted intefring n(C-C) mode.Collectively, these new bands are all consistent with

formation of an adduct between Mg aa®bT.

Further evidencéor Mg adduct formationd observed fronthe XPScore level S
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2p spectrakigure 7.7 shows the Z spectrdrom a pristine5 L a-6T film before and after
deposition of 5A of Mg. Similar spectral results are observed before and after Ag
deposition. Table 7.8howsthe peak fit results. Compat&o the pristinea-6T film, after

Mg deposition, the polaron populatiorcreaseslightly to 17.1+3.5%, suggestinglight
contactelectrond o p i n g-6Tf to Mgrithidbehavioris also consistent with the Raman
spectral indicairs of possibleMg adduct formation through unique interactions with the
sulfur. Similar to the case of Ag deposition, Mgpdsition does not introduce any
significant change in C 1s spectraaebT film suggesting interfacial reaction chemistry is

notoccurring

U-6T/Al Interface

Figure 7.8 shows Raman s pe-6Tthef@e (flackhp m a pr i
and afterdeposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) A of Al. Spectral
regions highlighted in insets | and Il show the behavior of the-nmgrtorsion bands at
651, 685, 1162 and 1180 &mThe plots of intensityof these torsiorbandsand the
correspondingcoplanarbandsat 704 cmt and 1225 cm are shownin Figure 7.9. No
surfaceenhancement is observed upon Al depositasrany spectral band3heincrease
in intensity of the torsion bands with the first 5 A of deposited Al suggjestal induces
inter-ring torsion. Thechange inintensity of the torsion bandsrelative to tlat of the
coplanarbandsas a function of Al coverage is plotted the green data points in Figure
73.As was observed for both AQDtordon chodddgre t he i
most increased by deposition of the first 5 A of Al, followed by a plateau at higher

coverages suggesting a predominantly interfacial conformational change.
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Figure 7.7XPS S 2p data from a) a pristine &6T film and b) a 5 la-6T film with 10

A post depositedlg; peaks shown in red and blue represent the neutral and polaron states
of a-6T, respectivelyXPS C1lsdata from &) pristine5 L a-6T film and d)a5 L a-6T

film with 10 A posted deposited Mg.
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Table 7.3Percentages of neutral, + polaron, and reduced species from fits to XPS S 2p

regionbefore andhfter deposition of 10 A of Mg.
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: 5L a-6T 5L a-6T + 10 AMg
Assignments -ee-0y Area% BE (eV) Area%
S2pszPolaron| 1643 | 9.0° 2.2 : 1642 | 11.5° 2.3 ]

S 2p.Polaron| 1654 | 45° 1.1 | 1°° 331655 [ 57o12 | 11173
S 2pzNeutral| 163.6 | 57.7° 2.2 : 163.7 | 55.3° 2.3 ]
S 2peNeutral| 1648 | 28.8° 1.1 | 20° 33 [ 16ag | 27.7° 13| o290 36
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Figure 7.8Raman spectra from a 5 Mi-6T thin film before (black) and after deposition of 5 A (blue), 10 A (green), 15 A (yellow)
and 20 A (red) of Al. Frequency regions labeled I, 11, lll and IV are discussed iaxte
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Figure 7.9 Relative intensities of the coplanar bands (704 and 1229 and the torsion
bands (651, 682, 1162 and 1181 %rfrom a 5 La-6T film as a function of Al coverage.
All intensities are normalized to the ring deformation modeempristinea-6T film at 704

cmt,
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Neutral

(19P-V) §
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Figure 7.10XPS S 2p data from a) a pristine |t6T film and b) a 5 La-6T film with
10 A post deposited Al; peaks shown in red and blue represent the neutral and polaron
states ofa-6T, respectively; peaks shovim purple and green are the reduced forms of

sulfur. XPS C1sdata from &) pristine5 L a-6T film and d)a5 L a-6T film with 10 A
posted deposited Al.
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The 1469 crt ECC mode in spectral region IV in Figure8 Bhows significant
broadening toward predominantly lower frequencies, indicating induceetimgetorsion
and an ECL decrease which also facilitates changes in molecular packing and charge
delocalization. Unlike Ag and Mg, in spectral region Il of Figui& a slight systematic
shift toward lower frequency and asymmetric broadening on the low frequency side is
obser ved -H) band at 0% ciim(thCAI deposition. This suggests growth of a
second lower frequency band within this envelope whiclddoe an indication of electron
transfer. However, no other new bands are observed in the spectrum; thus, definitive

e vi d e n-6Terediiction upbn Al deposition is not observed in the Raman spectra.

From theXPScore level 2p spectrahown in Figure§.10a and bdeposition of
Al yields two other reduced S 2p populatidhat appear on the lower binding energy side
in addition to reduction of the oxidized polaron state population on the high binding energy
side compard with the XPS ofthe pristine5 L a-6T film. The presence of the new
populations at lower binding energies is consistent with reduced S species that are
presumed to béue to Ako-U-6T electron transfer. The existence of more than one reduced
population illustrates the complexity of theaction processes occurring at the interface.
The population with the peak fit lines shown in green at binding energi82a0t and
163.3eV are shifted by up t4.6 eVto lowerbinding energy from the neutral form of S
2p. The detailed peak fitting reks and the peak percentader S 2p peaks of & a-6T
before and after 18 Al depositionsare shown iTable 7.4. The reduced2p populations
grow atthe expense of the neutral and polaron frfime reduced population of2p with
the lowest bindingenergy in the spectrum is close to that of the tetrahydrothiophene

form.327 In fact, this hasalso been observemteviously for Al/polythiophené?! 322|n this
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Table 7.4 Percentages of neutral, + polaron and

regionbefore andhfter deposition of 10 A oAl.

reduced species from fits to XPS S 2p

262

5La-6T 5L a-6T + 10 A Al
Assignments BE 0 BE 0
eV) Area% eV) Area%
S 2pPolaron | 164.3| 9.0° 2.2 R 164.8 | 3.4° 1.3 o
S 2prPolaron | 165.4| 45° 1.1 13.57 3.3 166.0 | 1.7° 0.5 1718
S 2pNeutral | 163.6| 57.7° 2.2 o 163.7 | 37.9° 1.1 o
S 2pNeutral | 164.8| 28.8° 1.1 86.57 3.3 164.8 | 18.8° 5.2 °6.7" 3.1
S 2prRedicedA 162.7 | 8.6° 4.9 12.9° 3.6
S 2pRedicedA B - - 163.9 | 4.4° 23 U
S 2p2ReducedB 162.1 | 16.9° 4.7 254° 3.5
S 2pzRedicedB B - - 163.3 | 8.5° 2.3 s
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Figure 7.11Proposed molecular structure for the-8 complex proposed by Dannetun

et al3?®(Used with permission.)
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Table 75 Peakfit results for the XPSC 1sregionbefore andafter deposition of 10 A of
Al or Ca

Pristine 5La-6T 5L a-6T + 108 Al 5L a-6T + 104 Ca
BE (eV) | FWHM (eV) % BE (eV) | FWHM (eV) % BE (eV) | FWHM (eV) %
283.6 0.662 12.2 | 282.9 1.5 10.8
284.4 1.17 83.0 | 284.4 1.17 46.5 | 284.6 1.18 4.0
285.2 1.24 39.5 | 285.6 1.67 89.3

286.7 1.46 4.8 | 287.2 1.56 3.2 287.7 2.00 6.7
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past work,Al-to-polythiopheneelectron transfewas proposed tmmduce new 2p peals
near 162.5 eValthough the 2p12 and S2ps2 peakswerenot well resolved and no peak
fitting was attempted?! 322Although reduced sulfur ithe form of silfide ($) typically
shows a binding energy lower than 162 eV, the reduced sulfurdasbserved hemmay
bedue tothe appearancaf S by Al-to-a-6T electron transfer and/or formation of-&IC
bonds. Overall, these spectra indicttie complexity of the interféal molecular processes
occurring Unfortunately, lhere are few insights into aif the posile Al/a-6T reaction
products.Ab initio quantum calculationreported by Boman et 3° suggest that Al is
preferentially band to thea-C of the thiophene rings. Instead of binding to every
thiophene unit, the binding event is more energeti¢allgrablefor localizationon certain
thiophene uni The propose-6T-Al complex publishegreviouslyby Dannetud?®! is
shownin Figure 7.11.The AC bondlengthwas calculated to be 2.0 comparabléo
that of theAl-C bond in trimethydluminum (1.96 A).2%° Thus, 8 evidence suggests a
strong charge redistribution which modifies the geometric structure of the chain and

induces localization ofp electrons.

The evolution othe XPS core level As electronsvas also monitored before and
afterdeposition ofLl0 A of Al; thespectraareshown in Figures 7.10c and drespectively.
Detailed peak fgare tabulated iffable 7.5In contrast tahe unchanged Ts peaks ahe
a-6T/Ag (Figures 7.4c and d) and-6T/Mg interface (Figures 7.7c and d), addition to the
three C 1s population observed from prisén6T film, upon Al depositiona broad low
binding energy peafgrows in at 282.9 eV which is close to the previously reportdg C
peak in metallic carbide®! 332Additionally, an extra Cls peak gsws in atthe slightly
higher binding energgf 285.2 eV which is close to theX3 peak in @-Al, 33! 332and in
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this case could suggest foation of AFS-C bonds. All evidence poirgto electron transfer
induced reaction chemistrythie Al/a-6T interfaceconsistentvith the conclusiosdrawn

from the S 2p spectra that Ahay be boundo carbon or sulfur.

U-6T/Calnterface

Figure 712s hows t he Raman s {Efint befaren(black)and pr i st i
after deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) A of Ca. In addition to the
U6T normal modes, significant new spectral signatures are observed suggesting chemical
readion at the interface. @nplete peak assignmerdretabulated inTable 7.6.Upon Ca
deposition, two new broaenvelopesmerge in the spectral regions between 1180 and
1400 cm! and 1470 and 1600 cinThese bands are assigned to theuld Gmodes of
amaphous carbon (&),2% %8respectively. In fact,-€ is a @mmon product as the result
of reaction chemistry between aromatic systems anddepsisited Al and Ca. As has been
shown in multiple cases in previous work from this laboratoi@, farmation is usually

initiated by aromatic ringeduction bythese meta|?®: 39 41, 42

Additionaln ew weak bands i n-6TWCasystampappedr at@850f r om t
950, 1150 and 2070 cth Theseareassignedo d(C-H),24 n(S-C-C-H),% d(S-Cl C-H),24
and n(CI C)*®** modes, respectivelywhich additionally confirms the occurrenceof
chemical reaction/degradation initiatedthg deposited€a Based on the presence of the
Past resulfd also suggest that electron transfer drives hydride extraction from aromatic
organics by Ca to form CaH and subsequently C#t¢reby forming the alkyne species.

Aswas observed fahea-3T/Cainterfacea p e a k ald/s8 Catbhband&°rfear
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Figure 7.12.Raman spectra for a pristine 5 ME6T film before (black) and after 5 A (blue), 10 A (greetd, A (yellow) and 20 A

(red) deposition of Ca.

267



268

Table 7.6 Peak frequencies and assignments for a 5 a#T film before and after

deposition of 5 A oCa

Frequemcy
5. a-6T Conf or mat
PostCaj & Packing | Ref
704 704 Coplanar [2%9
650 d &) -G[@H+t or g 2
750 Coplanar & 240
950 n(S-C-H) 264
1075 1054 d( &) 240
1150 d( OC-SH) 264
. 2 4 06,2
- 1162 Di stortedq 5,63
240,
- 1 148 Di storted 5,53
1225 1272 Copl anar | 24816
- 1286 CaH/CaH 269
240,
1 486 1 486 n(-C=4¢ 315,
] 1510 n{-C=gof mul 240
1525 popul ation ®'®
240,
186 186 n{-C=4¢ 315,
13606 D-Band -B&a nG
1725 Impurities
1766 P
] 2100 necr g -
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1289 cmt is also observedurther validatinghis assertion. In comparison to the previous
experimental results for the reaction of Ca with solid state benzene or pytittiimghene
has a smaller ring 8¢, and therefore, the inteng strain caused by triple bond formation
is much higher. As a result, ring opening produetsy bemore favored.

Possible reaction mec h amhand postledosted Cp at hway
are proposed in FigureIB. Anyof t he hy dr63 gréon sadical formechby U
electron transfer from Ca may be extracted by C&@ sul t i ng i n -6The f or me
radicals of different forms that are unstable. These can undergo ring opening reactions to
form triple bonds either ithin the terminal thiophene ring or anywhere in the middle of
the system. Once radicals are formed, an alternative pathway can occur, namely radical
induced polymerization, which may form a variety of different products with different
conjugation lengthas shown in the lower left box in Figurdl3. Band broadening in the
ECC r an g eT/@afspettra suggests that more than on€ E@pulation exists,
which is possibly due to the presence of these polymerization products possessing different

molecular conformations and chain lengths.

Additionally, XPS spectra of t h&l/C&intetfpce weealya on f or
acquiredandshown n Figures 7l4aandb Up t o t hree pouakations
observed al61.7and162.9eV, 160.8and162.0eV, and160.2and161.4eV for the S
2pw2 and 2p.2 peaks, respectively. As shown by the data in Table 7.5, these grow in at the
expense of he neut r al-6T @opuatiopso Tha majon popilation of reduced
species whose signals are shown as the green lines exhibits a shift to lower binding energy
by up to 3.4 eV. This large shift is consistent with the formation of fully reduéed S

species®®? likely in the form of CaSRecall that the Raman spectra suggest reaction
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chemistry initiated by -6€&luéncately esulting nahasf er fr
formation of aC andalkynecontainingproducts. Thse observationsn combination with

the XPSevidence of & formation,imply that the formation of-&€ andalkynesis theresult

of sulfur extraction from théhiophene rings in pathways initiated by the initial thiophene

reduction.

Evolution ofthea-6T C 1s spectra before and after AGCa depositionwerealso
acquired and theresults shown ifrigures 7.14c and dPeak fit results are given ifable
7.5. Similar to thea-6T/Al interface, upon depositioof Ca,a single high binding energy
C 1s population grows int@ahe expense of the original twd 1s populationsthese may
indicate formation of thioether (CS-C), which exhibis slightly lower binding eneiigs
thanthe C 1s peakior a C-O-C speciesat 285.4 e\?*! 3320r a slightly reducedp3 C1s
specieswith a binding energy in the range of 285.3 to 285.7°¢V.These XPS data are
consistentvith evidence in bottheRamarandS 2p spectrahat indicatesulfur extraction
from a-6T initiated by Cao-a-6T electron trarfer, leavinga variety of carbon forms
behind. Compaxkkto the C 1s spectrdrom the Al/a-6T interface the C1s peak of the
pristinea-6T is consumedo a muchgreaterextert with Ca,suggestinghatthe reaction is

close to completionwhena-6T contacs Ca than Al.

Compaing all four a-6T/LWFM interfaces, vapor deposited metal atoms impact
thea-6T surface through different pathwapstinclude metal nanoparticle formation and
metallization penetration and reaction chemistry. Figure Bi&wsa plotof the relative
Raman intensi¢ésof thea-6T bandnear 1467 cn as a function of Ag (blue), Mg (black),

Al (pink) and Ca (orange) coverageplot contaimng onlythe Al and Ca data is shovas
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Proposed Radical induced reaction mechanism

Possible reaction dghiophene

HeS\_H H S\ _H Ho SO WS Ho S
\ — = Y orh c
H + Ca }_gj- Ca _>\§__/7)/ . \SLCECH_EL }CECH
. . . H H . . .
Possible radical induced Possible ring opening

polymerization products

pathways

Figure 7.13.Proposed pathwdyor r eacti on of t hi op h-@&mpaymerizatiom (b&@tam I¢ft) amgpring a n d

opening (bottom right) pathways induced by Ca deposition
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Figure 7.14XPS of S 2p signals from a) a pristine &46T film and b) a 5 la-6T film

with postdeposited Ca; peaks shown in red and blue represent the neutral and polaron
statesa-6T, respectively; peaks shown in light blyeirpleand green are three reduced
formsof sulfur. XPS C 1signals fronc) a pristine5 L a-6T film and g a5L a-6T film

with postdeposited Ca
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Table 7.7 Percentages of neutral, + polaron and reduced species from fits to XPS S 2p

regionbefore andhfter deposition of 10 A ofa

273

5L a-6T 5La-6T + 10 ACa
Assignments BE 0 BE 0
eV) Area% eV) Area%

S2p 3/2 Polaron 164.4| 2.31.0 . 164.4| 2.31.0 .

S2p 1/2 Polaron 1656 1.1°04 | >4 13 1656] 1.1°04 | >4 13

S2p 3/2 Neutral | 163.6 | 23.53.2 163.6| 23.53.2

S2p 1/2 Neutral | 164.8 | 11.81.6 35548 e g 11816 | SO0 48
S2p 3/2 RedcedA 161.7| 4.1°0.1 6.1°03
S2p 1/2 RedcedA B B B 162.9| 2.0°0.2 T
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Figure 7.15 b. All peak intensitiés these plotsire normalized to that of the pristiné/&h
a-6T film prior to metal deposition. Theariety of intensity trends suggesery different
metallization processes and chemical reactivity. Mg andoAm nangarticles which
supportSERSprior to metallizationwith its concomitanintensityattenuation Al and Ca
both initiatea-6T Ramanintensity changeupon depositionin which, after an initial
intensity increase due to possisjgectraloverlap with undeyling new product peak€a
deposition induces more drastic intensitienuationndicatinga more reaction chemistry
and metallization All of these observationadicatethat Raman intensity evolution upon
metal deposition ighe result ofa combinatiorof the effects of SERS,metallization and
reaction chemistryThe fourmetak behave differentlypossibly due tontrinsic properties
andbr for extrinsic reasons. A detailed discussion of metallization behavior and the

correlationwith reaction chemistryis containedn Chapter 8.

Implications for Interface lergetics

The proposed chemistry for each of these interfaces is the result of the interfacial
energetics of t he -6 a the metaisa Rrdposad ey levall s |, U
diagrams for each interface are shown in Figuié.7The HOMO and LUMO levels for
b u | -&T h&ve been reported to be&2 and-2.2 eV?"4with respect to the vacuum level,
respectively. These levels are represented as Gatisgaistributions about these central
values for convenience in Figurel8. The LUMO is represented with a long tail on the
lowenergysidemer esenting |l ow density of state fAgap

expected noidealities in molecular conformation, packing, orientation, substrate
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Figure 7.15a) Relative intensities of the 1467 ¢inand from a 5 Mla-6T film as a function of Ag (blue), Mg (black), Al (pink) and

Ca (orange) coverage. b) Zoomiedlot of the Al and Ca data. All intensities are normalized to that of thepri&tL a-6T spectum.
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properties, and the possibility of small amountsaftaminants (see work by Matsushima

and other¥®:320. 334,335, 33 within these films.

As shown in Figure 16, the work function®f Ca at 2.9 e¥3and Al at4.2 e\?"3
both fall below the central energy of th&JMO distribution; however, due to the tailing
states that extend into the optical band gap, electron transferdeoandAl into the
LUMO becomes feasible. The work function of Ag i6 4\#"3 and falls deep within the
HOMO | e v68&,lhavingino dverlap with the LUMO levels; the position of the Fermi
energy of Agbel ow the HOMO | evels make®TtoeAgect rr on

feasible to create the polaron state.

The i nt e6f formedavithdvig stdihds out among this group of metals. Bulk
Mg has a work function of 3.7 &{#which would be expected to have some overlap with
t h &T LUMO levels depending on the breadth of the LUMO density of states. If this
were true, then one would pretia greater tendency for electron transfer from the Mg to
U-6T than for Al, which has a work function of 4.2 eV. However, the experimental results
obtained here using both Raman spectroscopy and XPS are clear that su¢b-bhéTal
electron transfer doesot occur. Instead, an increase in the polaron state population is
observed with Mg deposition i-6TdoMgaDespieg part.
the possibility of reaction products hindering further reaction, unexpected interface
energetcc oul d al so be the reason for the poor r

6T.

In these experiments, metals are vapor deposited onto the organic films from a

Knudsen cell. Although the size distribution of the evaporated metals striking the organic

276



277

Ca 6T Al 6T Mg 6T Ag
EAIP EA IP

IP=-6.11 eV IP=-5.98 eV

HOMO
-5.2eV IP=-7.66 eV IP=-7.58 eV
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film surface is not known, it is expected that the vapor impinging on the surface is a mixture

of isolated atomsral metal clusters of a variety of sizes. For organic surfaces poorly wet

by these metal forms, it is expected that at least some of the metals aggregate into small
nanoparticles with bulkke properties. However, the distribution of metal sizes on the

organic surface is also unknown. Therefore, the energy needed to extract one electron from

the metal may be somewhere between the metal ionization potential and the bulk metal

work function depending on the size distribution of metals on the surface. Basieel on

behavior observed for Ag, Al, and Ca, the energetics of the deposited metals appear to be

closer to those of the bulk metal work functions than the isolated atom ionization potentials.
However, the fAapparent wor k f tarcenditiomsnsd f or M
clearly much | arger than the bul k metal val
6T LUMO level is clearly not observed. Moreover, the slight increase in polaron state
population indicated by the XPS results suggests at least partic har ge transfer |
6T HOMO to the Mg. Thus, Mg seems D be uni
films in that, instead of forming large bdlike nanoparticles, Mg appears to form smaller

clusters which have a larger work function.

More ingght into this disaggregated behavior of Mg is also observed at the interface

of 2, 2&r5% &, 23p)wighrMg, the details of which are discussed in Chapter 8

of this Dissertation.
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Conclusions

This chapter reports unexpected chemistry atirtkerface between the organic
donor m odT eanduAge Mg,UAl and Ca. Combined vibrational and electron
spectroscopy evidence sho®)s}6 T conformation changes upon metal deposit)ole
doping from Ag and Mg ta-6T; and3) electron transfer frorAl and Ca causing reduction
of t-@7 efilm Wo products that include aAl-a-6T complex and CaS and aC,

respectivelyThe proposed scenasitor this reaction chemistry are shownFigure 7.17.

In a real OPV device, the interfatenergy leved arelikely to changedrastically
upon metal depositiors shownin Figure 7.18a-6T to high work function metal (Ag/Mg)
felectron transf@rwill causeU-6T HOMO level depletion and ultimately a decrease in the
vacuum level. In contrast, low work function meta ( e . g . -6Ylelectro@ aansfet o U
wi || i nduc e6TLWMOIlevels geveattiallytcdusing &h increase in the vacuum
level. These results not only reveal the complicated interfacial chemistry that is possible
when metal electrode materialeavapor deposited onto organic donor molecules as the
last step of organic photovoltaic device fabrication, but also provide some insight into the
effect of the metallization processes of the first several metal atoms landing onto organic

films on metal eactivity.
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Figure 7.17 Proposed-6T/metal interface chemistry.
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CHAPTER 8

PENETRATION AND IMPACT DEPTH OF PHYSICAL LY VAPOR
DEPOSITED SILVER, MA GNESIUM, ALUMINUM AND CALCIUM

Metal-organic interfaces are widely relevant to a variety of applications including
organic photovoltaics (OPV$Y! organic lightemitting diodes (OLEDs}® **°organic
field effect transistors (OFET$}? and organic spin valves (OS\&}: 32 Interface
energetic barriers created during formation of the ratgdnic contact is one of the most
critical challenges for improving performance of these devi®e¥* As discussed in
Chaptes 6 and 7of this Dissertationand reported previousk 2° formation of new
interfacial species can induce unexpected changes in interfacial energetics. Even if no
interfacial chernstry occurs, intermixing of the metal with the organic will create a-built
in electric field gradient® Therefore, understanding the nature of the interfacial chemistry
and the dept of their intermixing could provide critical guidance for materials choices and

alsoanswer key questions regarding modificatiomeérface fabrication protocsl

Most current research on metal penetratioio organic films is mainly from
molecular dynamics simulations. Popular metal electrode candidate materials are selected
as representatives for calculation including?Ang,3! Co2° Al**and C&"® From theory,
in general, it is predicted that the metadjanic interface isoft with respect to metaésd
there is possible interfadmrrier formation. However, the penetration depth of the metals
is limited to within ® A and varies for different metaldgapitoet al. claim that individual

Au atoms tend to form clusters when contacting dodecanethiedssdimbled monolayers
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(SAMs), and the penetration behavior of Au is temperature depefideat.Ag, the size

of the clusters formed also dictates the penetration behavior. Small clusters (<55 atoms)
are able to move more freely and roll over the surface, and are thus less likely to metalize,
while heavy clusters are suhastially impeded by the organic film and easy to metaffize.

Giro et al. claimed that organic surface morphology is the key factor for Al penetration.
Based on their calculatiopsmorphous regions and grain boundaries would not only offer
more opportunities for atoms to migrate but also provide more freedom of movement to
soft surfaces** Experimentally, Lee et al. observed from medium energy ion scattering
analysis (MEIS) that Al diffuses up to @& into tris(8-hydroxyquinolinato) alminum

(Algs) and that deep diffusion is diminished when sufficient Al aggregates at the sdffaces.

The penetration of Ca is complicated by possible reaction cherflistrgvious
literature reports contain considerable controversy regarding the behaviar &dbaldo
et al. suggest that diffusion of Ca atoms into ordered organic surfaces is not favored and
that the interaction between metal and organic is very weak. Therefore, electron doping is
less likely tooccur® This result is inconsistent with other calculations supporting little to
no penetration of CH. However, Raman spectroscdpyand other photoelectron
spectroscopy results support significant interfacial chemistry and penetragithrs dip to
70 A, 328 345respectively. The QAlqgs systemis another extensively studied system due to
its application in OSVs. Xu et & and Borgatti et al*?> both show photoelectron
spectroscopy and microscopgtd to argue that Co only reacts with Add the very surface

and forms a complex with no significant penetration beydhd. 1

Most research has focused on theoretical calculations that necessarily neglect the

imperfections of organic films and the complexity of interfacial molecular processes when
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these metals are brought in contact with organics. The limited experimental tibssrva

are not very systematic or conclusivelore importantly these also tend to lack
consideration of these processes at a molecular level. Moreover, no reports have been
published comparing candidate metal electrodes, which is absolutely essentiakiofte

metal electrode material choices and fabrication protocol modification.

Following spectroscopic study of metaiganic interfacial molecular processes
bet ween Ag, Al, Mg and Ca and ealtihg edpthiempeh & e
andsexUt hi o p6Tetmeweredidcussed iChaptes6 and 7 this Chapter describes
the spectroscopiestimatiornof both thepenetration depth afifferentmetak as well as the
impact depth of the reaction chemist®aman spectroscopy is combined with ttiep
sensitive anglelependent xay photoelectron spectroscopyXPS) to explore

oligothiophene reduction chemistry as a functiodeyjosited metahicknesses.

Results andDiscussion

Metal Thicknessdependen8T/Ca and 3T/Mg Interfacel@mistry Evidence fronRaman

Joectroscopy

Figure8.1a shows Raman spectra of a pristine 5 ML (15T film at 120K
before (black) and after deposition of 5 (blué) (green), 15 (yellow), 20 (red), 25 (light
blue) and 30 (mgenta) A of Ca. As reported irh&pter 6 significant molecular processes
are observable upon Ca deposition dueCteto-a-3T electron transfer Complicated
reactionchemistryis suggested by the Ramapectraand multiple interfacial products are

formed including products with carbon triple bonds formed from thiophene ring opening
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Figure 8.1 Raman spectra of pristine a) 5 ML (15 A) and b) 17 ML (5@4T films before (black) and afteleposition of 5 (blue),
10 (green), 15 (yellow), 20 (red), 25 (light blue) and 30 (magenta) A of Ca at 120 K.
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processes as well as multiple radizaluced polymerizatioproducts Themultiplicity of

new bands evident in FiguBla suggests new bonds &wemed. Figure8.1b shows the
Raman spectra from a pristine 17 ML (&) a-3T film before and after deposition of 5,
10, 15, 20, 25 and 30 A of Ca. Compared to the spectra in Feglmethe same Raman
bands from new interfacial products grow in withdegposition, however with much lower
intensityrelative to the normad-3T modes. Raman spectroscopy samples the entire 50 A
film, suggesting that a significantly largeercentag®f thea-3T film is reduced in the 5

ML film with the same amount of Ca degtion compared to th&0 ML film.
Quantitatively, this is consistent with the fact that the Ca atormrganic molecule doping

ratio in the 5 ML film is approximately three times thathe 17 ML film.

A second important observation in FiguBelb is that the Raman intensity is
attenuated with Ca thickness indicating Ca metallizadionop of the 17 ML film. Little
to no intensity attenuation is observed with the 5 ML film after depositi@® &f of Ca
indicating penetration of Ca into and underhetie film instead of metékzing on the
surface This observation can be explained by stronger attractive interactions between
metal atoms compared to thobetweenmetal atoms an@-3T molecules A similar
observation has been reported previously in Witievassuggestdthat the metal atoms
tend to form aggregates on the organic surface, because they are less able to move freely
due to poor wetting" **Presumably, on thicka-3T films, Ca atomdail to penetrate the
entire film thickness andreforced to form islands and mdiak onthe surface while on
thin a-3T films, Catends to pass through most of the film to form clusters, nanoparticles

and island®n theunderlyingsubstrag.
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Figure 8.2 Raman spectra of pristine a) 5 ML (15 A) and b) 50 MLO(A% a-3T films before (black) and after deposition Mg up to
200 A at 120 K.
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Compared to Ca, Mg exhibitsignificantly different behavior ora-3T films.
Figures8.2a and b shows the Raman spectral results at 5 ML (15 A) versus 50 MA)(15
a-3T/Mg interfaces, respectivelwith increasgng Mg thickness As can be seen in Figure
8.2a, deposition of up to DA of Mg does mt introduceany newbands or cause any
frequency shiff or intensity attenuation in the spectrum of the pristine 5avaT film
indicating that no reaction chemistry wretallizationoccurs With the 50 MLfilm, no
spectral changandicatve of reactionchemistryareobserved until Mg thicknessof 65
A and greater are reached. Moreover, no significant metallization is observed with up to
200 A of Mg. Collectively, these observations reveal thatéMgibitsa greater ability to
penetratea-3T films compared to Ca. Similar to Ca, the Mg atoms tend to penetrate the
entire 5 ML thin film andnetalize on thesubstratethis islikely due to he poor wetting
of thea-3T by Mg and less retentioaf Mg within thea-3T matrix However, in contrast
to Ca, Mg is less reactive and therefore causes no chemical changes-8THigm. Also,
compared to Ca, Mg exhibits a greater ability to penetrate intihidier 50 ML (150 A)
films as indicated by the absence of any signal attenuation with increasidgpdsition
(Figure8.2b.) Interestinglyfor the 50 ML film , new Raman bands graow when the Mg
thickness reaches 65 @d beyondThis is the first time that reaction chemistry is only

observed with high metab-organic doping ratios for thiokrganicfilms.

As discussed in Kkaptes 6 and 7 OT/metal interface chemistry is strongly
correlated with interface energetics. If the surface work function of metal nanoparticles
overlaps the LUMO distribution of the organimetatto-organic electron transfer an
occur. As noted above, the energy levels within the 3T film are assumed to have
asymmetridGaussian distributions with tailing statesated withithe HOMOGLUMO
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Figure 8.4 Relative Raman intensity af-3T mode 1469 crhupon a) Ca deposition onto 5 ML (pink) and 17 ML (purpledT film;
b) Mg deposition onto 5 ML (pink) and 50 ML (purpk)3T film. All Raman intensities are normalized to that of the corresponding

pristne a-3T film with the same thickness before metal deposition
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bandgap306: 320, 334,36, 336, 346£ gy thea-3T/Mg case, as shown in Figuses, the long tail

of the LUMO states are intended to represent gap states that may be caused by packing
irregularities in thea-3T film, grain boundaries, or unknown defects of other sotis. T
work function of blk Mg is proposed to barely align with these states, makingdvgjr
electron transfer ana-3T reduction possible. However, tRaman spectra shothat the

first 55 A of Mg deposition does not cause any reaction chemistry or metallization. These
observatns lead to several conclusions. First, the excellent penetration ability and poor
wetting of thea-3T surface by Mg makes the percentage of Mg retained in the film low,
requiring at least 65 A of Mg to accumulate sufficient Mg within the film to induseticn
chemistry. Secondly, given the limited extent of reduction, the small amounts of Mg that
areretainedn thea-3T film must largely exist in the form of isolated metal atoms or small
clusters for which electron donation ability is better describgdhle Mg ionization
potential instead of that of the surface work function as shown in F&Bir&dhe large
ionization potential of Mg prevents electron transfer into dh&T LUMO. Therefore,
electron transfer events only occur with larger Mg thicknesisasallow sufficient Mg
accumulation to form nanoparticles or surfaces with work functions closer to that of the

bulk, adding to strong electron donation ability.

Additionally, the Raman intensitieattenuatedifferently for different metal
deposition ad differenta-3T film thicknesses. Figure 8ghowsthe relative intensity
change of 1469 cthmode upon Caepositiononto 5 ML (pink) and 17 ML (purple-
3T film. The steeper slope of the latter indicates more rapid metallization of Ca on thicker
(17 ML) than ona thinner (5 ML) a-3T film. This observation speaks to the direct

correlation between Cgenetrationand metallization ability. With similar inteface
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reactivity, (referto the discussion of reaction chemistry betweera@@a-3T in Chapter

6) the thicker film is morecapableof retainng Ca atoms and facilitetg metallization
compared tahe thin film which provide a greatempossibility for Ca peetration. The
penetration behavior of Migito a-3T films of different thicknesss further consistent with
thisreasoning. A plot of Raman intensity evolutionfeg1469 cm modefrom 5 ML (pink)

and 50 ML (purple)a-3T films as a function of Mg coveragis shown inFigure 8.4b.
Consistent with the observation from the Raman specfayures 8.2a and b, due to the
strong penetration and poor reactivity abibfMg, deposition does not cause antensity
attenuatiorfrom the5 ML a-3T film; however, inthe thicker film (50 ML) no intensity
attenuation is observed untile Mg coverage rea@s50-65 A at which pointreaction
chemistryoccurs A verydramatidossin intensityis observed once the reaction chemistry
starts. This obseation clearly reveals the strong correlation between reactivity and
metallization abilitylInitially, less reactive Mg atoms andébustersdisperse and penetrate
through the upermost layes of the a-3T film without metalization Oncea sufficient
amaunt of Mg is deposited and staraggregahg into nanoparticlessurface reaction
chemistryoccurs Interfacial reaction could possibly serve as a crifical e t daatord 0 n

to immobilize metal nanoparticles and accelerate the metallization process.

In total, the Raman spectral evidence &BT/Ca and 3T/Mg interfaces reveals
that, in general, Ca and Mg do not veeBT surfaces and exhibit significant penetration
ability into a-3T films. Ca causes reaction chemistry at the interfacéesmbto metallize
on thickera-3T films, while Mg is more inert and penetrate8T more readily compared

to Ca. Reaction chemistry only occurs when significant amounts of Mg are retained in the

film thatpossibly form nanoparticles which behave closer to bulk Mg
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XPS of Ag, Al, Mg and Cadthllization ona-6T Surfaces

Other widely used metal electrode materials in the organic electronics industry are
Ag and Al. In order to compare differences in metallization processes among different
metals in organic films andhvestigate the depth of the reaction chemistry, XPS is
employed. Semguantification of OT S 2p core levels allowseto accurately explore OT
film reduction and evaluate the depth of this reaction chemistry from attenuation of the
photoelectron intengit Limitations of the sampling environment of the XPS system used
here require that these studies be done at room temperature in contrast to the Raman
spectroscopy studies described above which were performed at 120 K. Therefore, for these
s t u d{6Teisused ibstead ai-3T due to the higher vapor pressur@e8T under UHV

conditions.

XPS spectra in the S 2p bi neTfilngbefermer gy
and after deposition of 15 A of metal wdiscussed irChapter 7New S 2p peaks with
binding energies lower relative to the original S 2p peaks are observed with Al and Ca
deposition indicahg formation of reduceda-6T forms. In contrast, deposition of
equivalent amounts of Ag and Mip not result in generation of amgw S 2p peaks

indicating no electron transfer reactsat thesenterfaces

In order to better observe metal penetration presemsd allow exploration of
greaterpenetrationdistanes, thicker organic filng are desirable.Toward this end, the
normalzed intensities of the S 2p pedksm a 50 ML thicka-6T film are plotted in Figure
8.5 as a functiorof metaldeposition thickness for Ag, Al, Mg and CBhe intensities

plotted in this figure includthe summedntegrated aresof all observed 2ppopulations.
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Figure 8.6 Evolution of S 2p peaks of a 50 ML (150 A)6T film upon Mg deposition at
OXPS take-off angle.The relative intensities shown in this figure andhe same intensity

scale Cps values of the highest peak (near 164.2 eV) are labelled in the spectra
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Mg depositions of up to B0A in thickness do not cause any attenuation of the S 2p
intensites indicating that Mg penetrates through the entire thickness of the SOnML
with little metallization on the film surface. Alsasshown in the XPS data inigure 8.6
throughout the entire course of deposition od B0of Mg, no S 2p peaks due to reduced
species are observed either at the very surface or in the bulk. These observations are
completely consistent with the results for #e8T/Mg interfaces discussed abothat
confirm the relative chemical inertness atibng penetration ability of Mgn OT films.
Nonetheless, the penetrationM§ in a-6T at room temperature is greater thathi@a-

3T film at 120K. This may be due tthe higher reactivity o&-3T in contact with Mghan
a-6T or simply a function oftte temperature differenci sum, the proposed scenario for
Mg deposited onto a DA a-6T film is that it penetrates through the entire film thickness

with little metallizationon the surfaceor retentionwithin the film.

In contrast, deposition of Ad | or Ca o mT fim causes Bignifithnt U
S 2p peak intensity attenuation to varying degrees indicatetgllization of these metals
on t he s ur-6TdilmePlots bf narrhaized(S 2p intensities upon akld Ca
deposition aregiven as pinkand orangedata points in Figure.5 respectively; the
intensities with these metals show the most dramatic attenuation. The S 2p intensities
diminish to almost zero with.03 10'® metal atomgor Al and Ca, respectivelyyhich is
equivalento only 45A of Al and 1354 of Ca This intensity reduction indicates the high
propensity for metallization of the¥e met al
films. Ag shows the same metallization ability with the fB€13 10'® atomsdeposited,
yet no metallization with further deposition up to @A in thickness. This behavior

suggests that further deposition of Ag bey8r@ 10'° atomsterndsto penetrate through
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Figure 8.7 Evolution of S 2p peaks for a 50 ML (150 &)6T film upon Ag deposition at
O%ake-off angle.The intensities of these spectra are normalized to #®/Ssignal from
a150A a-6T film. Relative intensies of the S 2p bandsdecreasavith Ag coverage as
shown a decrease in signal level is alsbservedwith an increase i\g coverageCps

values of the highest peak (near 164.2 eV) are labelled in the spectra
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the film inst ea d6Teudrfacedtisalsolndter thai &g does notrédece U
t h T film as evidenced by the absence of any new peaks in the XeBasim Figure

8.7.

Metal penetration ito organic filmshas been discussed extensively in the previous
literature. The diverse and unusual penetration behavior observed here could be due to
differences in the initial kinetic energy across this seriemetals when landing on the
organic surface. Wang et al. calculated the penetration depth of Co atoms with 0.15 eV,
1.0 eV, 5.0 eV and 10.0 eV initial kinetic energies. Their results show larger penetration
depths with higher initial kinetic energiékhese authos also point out thgpenetration is

dictated by the metab-organic energy transfer during the firstt s after landing®

In the work reported here, the kinetic energies of the metal atoms deposited by
physical vapo deposition have a relatively narrow distribution compared to other
deposition methods such as sputteff{dn vapor deposition, the initial kinetic energy is
approximately equal toglb, where I is the Boltzmann constant and epresents the
boiling temperature of the metal. From thevalues for Ag, Al, Mg and Ca ##485.15
K,3472740.15K,3*® 1380.15K3*° and 1757.15K,3° respectively, the kinetic energies are
calculated to be 0.21, 0.23, 0.11 and 0.15 eV, respectively. Thus, the initied &imergies
for all of these metals are on the same order of magnitude leading to no expectation of any
differences in penetration based on kinetic energy. Moredgewith the smallest kinetic
energy, penetrates-6T films the most, whereas Al, whiclathe largest kinetic energy,
penetrates the least. This evidence clearly indicates that differences in metal penetration

areless likelyto be due to initiakinetic energes of the atoms but more dependent on the
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chemical nature of the metals themselwesluding thér ability to wetthe organicfilm of

interest and the reactivity tfiemetals wherin contact withorganics

The Dept h -6TfReduction Chemistry Induced by Ca and @p@sition

With knowledge of the penetration and film retention behavior of these different metals in
hand, it is important to further explore the depth and profile of the interface reduction
c h e mi s-6T for thé reactile metals Ca and Al. Fig8t8shows the p spectra for

a pristine 50 ML (18 j ) -6TUfilm after deposition of Ca thicknesses up to 135 A. The
spectra are taken at two tag# angles of 0nd 60%o provide further insight into reaction
depth.The electron intensity émitted from a depth af below the surface can be represent

by equation8.1, first developed by Seah et%kfrom Beers law.
0 A aB— (8.1)

Here lois theelectron intensitywvhen generated, represerd the inelastic mean
free path of the electron, d is the depthhafelectronfrom the top othe surfaceandqis
the electron takeff angle. Ifonedefinesthe sampling depth as the depth from which 95%
of all photoelectrons escape from the surface, in other wglds 5%, he sampling
depth of XPSwithaOtakeo f f angl e using Al KU (1486.6 eV
three times the inelastic mefnae path(IMP) of S 2p electrons ia-6T. The inelastic mean
free pathfor S 2p electrons ir-6T can be estimatedsingthe NIST Electron Inelastic
MeanFreePath databasé¢Version 1.2 developed by Powell and Jablond¥. The

calculation performed witthe TanumaPowell, and Penn algorith@PR-2M)>>3provides
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an IMP of 33.7A, yielding samplingdepths for 0and &° takeoff anglesof 101.1A and
50.6A, respectivelyUsingtheGires (G1) equatiorf>the IMP is calculated to be 4685
whichyields sampling depths for 8hd ®°takeoff anglesof 140A and 704, respectively.
Consideing both of thee calculationresults,a rough estirate for the 0%ake -off angle
sampling depthis 100-140 A andthat for the60%ake-off angle is50-70 A. The former
value represents almost the entire thickness of the 50 ML filire wihe latter value
represents onlyhe top half of the filmTherefore, comparison of the XPS data taken at
these two tak®ff angles provides insight into the depth of the reaction chemistry

exploringcompositiorl differencesat different film depth.

Figure 8.8 shows the evolutiontbie S 2p peaks at both*@nd 60 takeoff angles
upon Ca depositioss Ca thickness increaséwo S2p peak due to reduced specg®w
in atlower binding energies depattby thelight blue and greelinesin Figure 8.8.Using
the summed integrated intensities of the $2pnd 2p2 peaks for the native and reduced
forms, he peak intensity ratio of reducé#6 T t o t h@&T inoreasesvitheCa U
thicknessfor both 0° and 60 takeoff angles as shown iRigure 8.9 The slopes of the
increase in this ratio with Ca thickness are the same for bottoth&agles although the
relative amounbf the reduced species is slightly higharthe top half of thea-6T film
during the first 6%\ of Ca depositionindicaing that this reductioneaction initially occurs
more atthe surfacethan deeper in the filmAs Ca thickness exceeds 65 A, the relative
intensities of the reduced S 2p species become constant at the surface while they continue
to increase in deeper r egi o-ATsalmostcomplely f i | m u.
disappears. These observatians consistent with reduction of significant portions of the

entire 19 -&T film by Ca. The reduction occurs more at the surface for the first 65 A

302



303

of Ca deposited, yet impacts the bulk fibwentually This behaviorindicatesthe strong

reactivity ofCain contact witha-6T.

Al de p o s i-6 alsw nausesfilmaedudtion, giving rise tarereasen the
secondary S 2p population indicated by reduced species at lower binding energies in Figure
8.10in XPS spectra acquired with badhand 60 takeoff anglesThe S2p peak due to
the reduced species atepictedby thegreenlinesin Figure 8.10In contrast to th€ala-
6T interface Al doesnot convert all nativa-6T to its reduced form before Aletallization
dramatically attenuatethe XPS intensites both at surface andor the entire film,

suggestingdwerreactivity of Al compardto Ca.

Figure 8.11 shows plsbf the S 2p intensities for theducedspeciegpopulationrelative
to those fomative 6T as a function of AthicknessFor data acquired with the 668ke
off angle the relative intensities increase initially with 5 A of Al deposition, but then
remain relatively constant. The relative intensity values at a&@ff angle for Al
thicknesses up to 35 A are higher than thasa 0°takeoff anglg suggeting thatthe
surface compsition in the top 5670 A remains relativelyconstant regardless &l
thickness. In contrast the spectra acquired with a 0%ail@df angle exhibit a systematic
increase in the intensity of thedeced population relative to tmative U-6T suggesting
somesystematic Al penetration intie full a-6T film. At low metal doping ratig the
fractionof thereducedpopulationthroughout thdilm is lowerthanthat within the firs60-
70A, but as thedoping ratio increasegeduction continues to occur in the entire fdoch
that eventually the fraction of reduced species in the entire film exce#tt within the

nearsurfaceregion
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Figure810Ev ol uti on of the S 2T finewpdndl dépositiona 50 ML
at 0%nd 60%ake-off angles.Cps values of the highest peak (near 164.4 eV) are labelled
in the spectra
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