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ABSTRACT: The properties of low band gap polymers in devices such as solar cells are strongly influenced by their morphology
and ability of self-organization in thin films and interface properties. We study the influence of alkyl and alkoxy side chain position
for four conjugated, alternating oligothiophene-benzothiadiazole copolymers on the molecular orientation in thin films and
electronic interface properties using photoemission, X-ray absorption spectroscopy (XAS) at the sulfur K edge, and polarization
modulation-infrared reflection—absorption spectroscopy (PMIRRAS). The interface charge transfer (ICT) model is used to explain
interface properties of the polymers on substrates with different work functions. We find that the position of the side chains has a
significant influence on the orientation and thus on self-organization properties of the polymers in thin films, whereas the electronic
structure is less affected. The preferred molecular orientation is further affected by annealing, leading to a higher degree of ordering.
Results from complementary methods with different surface sensitivities (XAS in total electron yield and fluorescence mode and
PMIRRAS) are discussed.
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1. INTRODUCTION

Properties such as flexibility, coloration, and semi-transparency
make polymers ideal candidates for novel optoelectronic
devices. As an example, a promising application field of
polymer-based organic solar cells (OSCs) is building
integrated photovoltaics with visible-light transparency.'™
For donor—acceptor-based bulk heterojunction (BHJ) organic
photovoltaic cells, low band gap (LBG) polymers are
established as a material for the donor component. They
exhibit an increased absorption in the visible and near infrared
regions of the solar spectrum compared to polymers with
larger gaps.* Typically, LBG polymers consist of electron-
deficient and electron-rich moieties, utilizing the intra-
molecular push—pull effect. Based on a similar chemical
approach, non-fullerene acceptor materials were recently
developed, enabling a further increase in the effective
absorption of light and an optimized donor—acceptor
interaction.” As a result, power conversion efficiencies of
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organic solar cells are now comparable with other types of solar

3,7,8

cells. A fine-tuning of both the chemical structures of

photoactive materials and electronic properties is pre-requisite
for applications in organic photovoltaic devices.*””

In this context, the self-organization in polymer thin films is
an important issue, affecting, among others, the length scale of
phase separation, the composition of both phases, lateral
distribution of the components through the interface, and the
mobility of positive and negative charge carriers. Besides the

processing conditions, pre- and post-processing treatments of

EZIAPPLIED -
il IALS

Received: September 8, 2022
Accepted: November 28, 2022
Published: December 13, 2022

https://doi.org/10.1021/acsaem.2c02919
ACS Appl. Energy Mater. 2022, 5, 15290—15301


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sven+Bo%CC%88lke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Batchelor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Fru%CC%88h"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benedikt+Lassalle-Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tina+Keller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Trilling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Forster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Forster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ullrich+Scherf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Chasse%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heiko+Peisert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.2c02919&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/5/12?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/12?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/12?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/12?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Energy Materials

www.acsaem.org

N
HexEt EtHex ‘g-N

1a

1b

N
HexEt EtHex 'g-N
2a

N
HexEt EtHex 'g-N
2b

Figure 1. Studied copolymers. The side chain at the thienylene spacers (alkyl and alkoxy) is varied for 1a/2a and 1b/2b as well as their position

(1a/1b and 2a/2b).

the substrates and organic layers, the chemical structure
determines the arrangement of the polymer chains.

The aim of this study is the investigation of relations
between the chemical structure of LBG polymers and the
ordering in thin films. We suppose that self-organization
properties determined for pristine polymer films are also
important for blends, since driving forces in both cases are
intermolecular interactions. This was already observed for the
polymer-fullerene blend, even if the degree of ordering
decreases after blending.10 In such cases, the exact chemical
structure of the blend materials may affect the molecular
orientation and ordering.

Several spectroscopic techniques enable the investigation of
the ordering and orientation of polymers; very often, X-ray
diffraction is applied (e.g, refs 11 and 12). Alternatively, X-ray
absorption spectroscopy (XAS) (or near-edge X-ray absorption
fine structure, NEXAFS) can be utilized to probe molecular
orientation of the polymer backbone in thin films, which is, in
particular, useful for blend systems with small domain
sizes.'”"*™"7 Most XAS studies in the literature have been
carried out in the soft X-ray region at the low atomic number K
edges, for example, carbon and nitrogenls’lg in the total
electron yield (TEY) mode with an information depth of about
10 nm.”” Another method for the determination of the
molecular orientation of polymers is polarization modulation-
infrared reflection—absorption spectroscopy (PMIRRAS).*' >

To ensure maximal bulk sensitivity, we performed XAS
measurements at the S K edge in the fluorescence yield (FY)
mode and compared them to surface-sensitive measurements
in the TEY mode. These results are compared to PMIRRAS,
another bulk-sensitive method. Since side chains may affect
significantly the film-forming properties in thin films of LBG
polymers,”®*” we vary the substitution pattern in conjugated,
alternating oligothiophene-benzothiadiazole copolymers. In
addition, the influence of the substitution on -electronic
properties is studied by X-ray photoelectron spectroscopy
(XPS), ultraviolet photoelectron spectroscopy (UPS), and
ultraviolet—visible spectroscopy (UV/vis).

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. The four studied
dithienylcyclopentadithiophene (dithienyl-CPDT)-benzothiadiazole
(BT) copolymers are shown in Figure 1. The synthesis was adopted
from previously established protocols,”*™>" described in detail in the
Supporting Information. The substitution pattern at the thienylene
spacers (alkyl and alkoxy) was varied. For ease, the polymers are
abbreviated as 1a, 1b, 2a, and 2b in the following (the number refers
to the spacer type, and the letter refers to the position). The choice of

polymers was motivated by the crucial role of hexyl-thiophene
moieties in the ability of self-organization in thin films."* On the other
hand, the exchange of alkyl side chains by alkoxy chains may improve
the photostability of polymers.>> The polymers have similar molecular
weights (14, 10, 15, and 10 kg/mol for polymers 1a, 2a, 1b, and 2b,
respectively).

Polymer thin films were prepared by doctor-blade casting in a
nitrogen atmosphere from 0.2 and 0.5% (w/w) solutions in
chloroform, resulting in film thicknesses in the range of S nm (XPS
and UPS) and 50 nm (XAS and PMIRRAS). For XAS and PMIRRAS,
either gold-covered silicon wafers or indium tin oxide (ITO, Hoya
Corporation, sheet resistance R = 10 Q/[]) were used as a substrate.
Prior to deposition, the substrates were cleaned using chloroform and
iso-propanol, followed by a UV/ozone treatment for 15 min. Gold
substrates for XPS/UPS measurements were treated with UV/ozone
for 1 h. Polyethylenimine (PEI) on ITO was doctor-blade-casted in a
nitrogen atmosphere from 0.1% (w/w) solution in isobutanol at
80 °C and subsequently annealed to 110 °C for 10 min.

2.2. Methods. XPS and UPS measurements were performed using
a multichamber ultrahigh vacaum (UHV) system with a base pressure
of 5 X 107! mbar. The spectrometer is equipped with a helium
discharge lamp (Leybold-Heraeus UVS10/35), a conventional Mg X-
ray tube (Omicron DAR 400), and an Omicron hemispherical
analyzer (EA 125). UPS spectra have been measured using He I
radiation (21.22 eV). The energy scale was calibrated with respect to
the binding energies of Au 4f,,, (84.0 eV) and Cu 2p;,, (932.6 eV).
For the estimation of the composition, sensitivity factors from Yeh
and Lindau were used.*® For ultrathin films, the film thickness was
estimated by the comparison of intensities of the substrate and
overlayer compared core level spectra. The mean free path was
estimated according to Seah and Dench.*® In the case of thicker films,
the thicknesses were estimated from the linear dependence of
concentration of the polymer solution for doctor blade casting,
checked by the thickness obtained from the extinction in UV/vis
spectra.

XAS spectra at the sulfur K edge were measured at the LUCIA
beamline™ of synchrotron SOLEIL in Saint-Aubin, France. The
polarization degree of the p-polarized synchrotron radiation was
>0.95. The setup enables the variation of the incidence angle between
1S and 90° with respect to the sample surface. Spectra were measured
in a vacuum chamber (1072 mbar) in the FY and TEY mode
simultaneously. The beam energy was monochromatized with a
Si(111) double-crystal monochromator, and the beam size was about
2 X 4 mm. The energy of sulfur K edge spectra was calibrated to
reproduce the sodium thiosulfate pre-edge peak maximum at 2470.8
eV. Differences of energy positions of former studies (refs 10,14, and
17) are ascribed to a different calibration procedure (reference ZnSO,
at 2482.4 eV). All XAS spectra were divided by the incident photon
flux and normalized to the same step height.

The peak fit analysis of XPS and XAS spectra was performed using
UNIFIT.*® XPS spectra were described by a Voigt profile peak shape
(convolution of Gaussian and Lorentzian peaks) and a Shirley model

https://doi.org/10.1021/acsaem.2c02919
ACS Appl. Energy Mater. 2022, 5, 15290—15301


https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02919/suppl_file/ae2c02919_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02919?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

a e=c cis]| b)|—s~
) —coc ) ac S2p
—CS —— sum curve
—— C-N/C=0
—— sum curve 1a
— . -
2 2 2
> A | 5 | 3
; : e}
g § &
= > iy
2 2 2 2a
c
2 2a §> 2a 2
£ c £
A 26 25
T T T T T T T T T T T T T T
294 292 290 288 286 284 282 170 168 166 164 162 404 402 400 398

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Figure 2. XPS core level spectra of thin films on gold for the four studied polymers. (a) C 1s, (b) S 2p, and (c) N Is.

background. XAS spectra were fitted by Gaussian peaks, and the
position of the step background function was calculated based on S 1s
binding energies and the work function of the sample. Simulations of
XAS spectra were carried out by applying time-dependent densi
functional theory as implemented in the ORCA program package.’
The hybrid functional B3LYP with basis set def2-TZVP was chosen.
Only excitations from localized S 1s orbitals were allowed. The
geometry optimization was carried out as described below for IR
spectra. In order to reproduce the experiment, the absolute energies
were shifted by about 2%.

PMIRRAS was performed using a Vertex 70v spectrometer
(Bruker) with the PMASO module. Random orientation reference
measurements were made using pressed KBr pellets and measured in
the transmission mode. The DFT calculations were carried out for
trimers and shortened side chains, using Gaussian 16°° at the B3LYP/
6-31G* level of theory. It is known that the frequencies calculated by
DFT generally overestimate fundamental frequencies, for example,
due to incomplete treatment of electron correlation, neglect of
mechanical anharmonicity, and approaches of basis sets.””~*' For the
chosen basis set, we use a scaling factor of 0.97, in excellent agreement
with the literature (e.g, refs 39—43).

3. RESULTS AND DISCUSSION

3.1. Characterization and Electronic Structure. As a
first step, the composition of the four polymers in thin films
was checked with XPS. In Figure 2, C 1s, S 2p, and N 1s core
level spectra are shown for thin films of the four polymers on a
gold substrate. Due to the presence of different, chemically
inequivalent carbon species, the corresponding C 1s spectra
appear comparably broad. The carbon spectra can be fitted
with essentially three components: an aromatic carbon (C=
C) at a binding energy of 284.8 eV, alkyl carbon (C—C, 285.2
eV), and carbon bonded to sulfur (C—S, 285.7 eV). In
addition, at higher binding energies, components assigned to
C—N and C—O were found, described by a single component
in C 1s core level spectra. The binding energies are in good
agreement with the literature.***> The appearance of possible
shake-up satellites was neglected in this fitting model.

From the number of chemically inequivalent carbon atoms,
we expect different intensity ratios for carbon components of
the C 1s spectra C—C/C=C/C—S/C—N(O) of 1/0.41/0.28/
0.07 (polymers 1a and 1b) and 1/0.44/0.30/0.15 (polymers
2a and 2b). The intensities are in good agreement with the
stoichiometric composition (Table 1), indicating the absence
of carbon impurities.

15292

Table 1. Relative Intensities of Carbon and Sulfur
Compounds in XPS Core Level Spectra, Shown in Figure 2

polymer la 1b 2a 2b
Cc-C 1 1 1 1
C=C 0.38 0.35 0.40 0.40
C-S 0.26 0.25 0.26 0.26
C-N/C-0 0.06 0.06 0.13 0.13
S 2p(T)/S 2p (BT) 3.9:1 3.7:1 3.9:1 3.9:1

“The number of peaks and their relative position were fixed. The
values are in good agreement with the stoichiometric composition.

As for related polymers,45 the two different sulfur species in
S 2p core level spectra arising from thiophene and
benzothiadiazole moieties can be well distinguished (Figure
2b). They were described by two doublets with a spin—orbit
splitting of 1.20 eV. The binding energies of the S 2p;/,
component is 164.3—164.4 and 165.8—165.9 eV for thiophene
(T) and benzothiadiazole (BT), respectively. The intensity
ratio of both doublets is in good agreement with the
stoichiometry (4:1), as summarized in Table 1. Also, the
appearance of a single nitrogen species is observed for the two
chemically equivalent nitrogen atoms (Figure 2c), and the
overall chemical composition (Table S1, Supporting Informa-
tion) indicates a successful preparation of thin films of the
pristine polymers.

Electronic properties of organic semiconductors may depend
crucially on slight changes in the chemical structure. An
example is the introduction of fluorine atoms, resulting in a
drastic increase in the ionization potential (position of the
highest occupied molecular orbital (HOMO) with respect to
the vacuum level).”® However, also the optical gap and
electronic interface properties can be tuned by chemical
modifications.

Therefore, we investigated the influence of the side chains
on the electronic structure of the four studied polymers and
their interfaces using UPS together with UV/vis. For the
evaluation of interface properties, we chose two substrates with
significantly different work functions ®: PEI (D, = 3.3 eV)
and gold (Au, @, = 5.2 €V). The ionization potential (IP),
the optical band gap (Eg*), and @,,, of the polymer films on
the two substrates and the work function difference A = @, —
@, are summarized in Table 2. The IP was calculated by the
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Table 2. Summary of Electronic Parameters of Studied
Polymer Films Prepared at Room Temperature without
Subsequent Annealing on PEI and Gold as Obtained from
UPS and UV/Vis®

1P Dorg/A
polymer PEI Au B PEI Au
la S.1 5.2 1.66 3.8/+0.5 4.6/-0.6
1b S.1 5.3 1.94 3.7/+0.4 4.6/-0.6
2a 4.8 4.8 1.43 3.8/+0.5 4.6/-0.6
2b 4.6 4.8 1.57 3.8/+0.5 4.5/-0.7

“Spectra are shown in Figures S1 and S2 (Supporting Information).
All values are given in eV.

sum of the work function of the polymer @, and the onset of
the HOMO position in UPS valence band spectra. A Tauc
plot"” was used to determine the optical band gap from UV /vis
spectra (Figure S2, Supporting Information).

Although, for some films of highly oriented small molecules,
an orientation-dependent IP was observed,*®* in most cases,
this parameter can be regarded as a material property. We
cannot completely rule out that a different (substrate-
dependent) morphology of the ultrathin films may affect the
ionization energy to some extent. However, the dependence of
the IP on the substrate (Table 2) is small, considering an error
bar of +0.1 eV. Noticeably, the IP for the polymers with alkyl
groups (la and 1b) is about 0.4 eV higher compared to
polymers with alkoxy groups (2a, 2b), whereas the position of
the side chains has minor influence on IP. Also, the optical gap
is larger for polymers with alkyl groups: Comparing 1a/2a and
1b/2b, it increases by 0.23 and 0.37 eV, respectively. A

possible reason might be that the electron-withdrawing alkoxy
group increases the electron-deficient character of the
thiophene moiety, reducing both the optical gap and the
ionization potential. The dependence of the optical gap on the
position of the side chain (cf. 1a/1b and 2a/2b) might also be
affected by the detailed arrangement of the polymers in the
thin film. The UV/vis spectra of polymers 2a/2b in Figure S2
(Supporting Information) exhibit distinct shoulders at the low
energy side (higher wavelength), which might be ascribed to
the high degree of aggregation.

The work function @, of the four polymer films on PEI
and Au distinctly deviate from the work function of the pristine
substrates, indicating that a simple vacuum level alignment
regime at these interfaces cannot be assumed and an interface
dipole is formed. Surprisingly, almost independent of variations
of the electronic structure (IP and EgF), the work function
upon deposition of the polymer films increases by 0.4—0.5 eV
on PEI and decreases by 0.6—0.7 eV on Au. Corresponding
energy level diagrams are shown in the Supporting Information
(Figure S3).

A common model for the interpretation of weakly
interacting interfaces formed by organic semiconductors on
different substrates is the integer charge transfer (ICT)
model.”*>* Within this model, a pinning due to an integer
charge transfer across the formed interface is expected if gy, >
ICT* or @, < ICT™. The positive and negative integer charge
transfer levels ICT" and ICT™ are associated with geometri-
cally fully relaxed positive and negative polaron levels, often
located 0.4—0.7 eV above the HOMO and below the LUMO
(lowest unoccupied molecular orbital), respectively.”” On the
other hand, if ICT™ < @, < ICT", the absence of a charge

a) LBG polymers on Au, annealed to 130 °C

b)
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Figure 3. (a) Examples for Sls excitation spectra of LBG polymers on Au at angle ® = 90° between the sample surface and direction of the p-
polarized synchrotron light. The different sulfur moieties are shown as peak fit components, for thiophene (T) green and for benzothiadiazole (B)
orange. (b) Calculated XAS spectra of cartesian vector components x (black), y (red), and z (blue) for benzothiadiazole and (c) for thiophene
moieties.
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Figure 4. (a—d) S K edge XAS spectra for the four studied polymers on ITO at angles ® = 15°, ® = 35°, and ® = 90° between the sample surface
and direction of the (p-polarized) synchrotron light. The measurement geometry is shown as an inset. The colored ellipses in the molecule
structure illustrate the origin of feature T (thiophene related, green) and feature B, and B, (benzothiadiazole related, orange).

transfer and thus a vacuum level alignment regime is expected
since @y is settled in the band gap between polaron levels of
the organic semiconductor.

We note that the mechanisms for the energy level alignment
depend strongly on the strength of the interaction at the
interface. In addition, the interpretation of ICT levels is a topic
of debate. As an example, for molecules deposited on clean
metal surfaces prepared in ultrahigh vacuum, the introduction
of a dielectric spacer layer may change a chemisorption-driven
fractional charge transfer to an electrostatically driven integer
charge transfer mechanism.>**® On the other hand, in most
cases, studies on particular interfaces are not suited to validate
the applicability of different models for the interface energetics
at the huge variety of organic—substate interfaces. Here, we
focus on the comparison of the energy level alignment of four
polymers with different substitution patterns, and for a deeper
discussion of the nature of the integer or fractional charge
transfer levels, we refer to the literature (e.g, refs S5—60).

The appearance of large dipoles A at all studied interfaces
(Table 2) indicates a pinning at the ICT levels. For polymer
thin films on the low work function substrate PEL a pinning to
ICT" is expected, whereas on the gold substrate, a pinning to
the ICT* level occurs. However, if a pinning regime is
established in all cases, the @, values in Table 2 imply that
ICT* and ICT™ are located at about 3.8 eV and 4.6 eV,
respectively, almost independent of the polymer structure and
other electronic properties (IP and Eg™). On the other hand,
ICT" is found in a broader range of 0.2—0.6 eV above the
HOMO (cf. IP — q)org(Au) in Table 2). We note that a strong
variation of ICT™ with respect to IP was also reported for
poly(3-hexylthiophene) as a function of annealing.”” Thus, the
results imply that the position of ICT levels, important for the
energetics in devices, cannot be predicted straightforwardly
from other electronic parameters. Moreover, one might
speculate that the side chains do not affect the ICT levels
significantly, as long as the aggregation in thin films changes
dramatically.

Further information about the (unoccupied) electronic
structure can be gained by XAS. Figure 3a shows S K edge
absorption spectra from all four polymer thin films, annealed at

130 °C, on a gold substrate at normal incidence (@ = 90°) and
measured in the FY mode. For related polymers,'* the spectra
can be well described by a set of single peaks obtained from
application of a peak fit routine, where features B, and B,
(orange peaks) are assigned to transitions predominantly
localized at the benzothiadiazole species (2471.4 and 2473.5
eV) and T (green peak) is assigned to thiophene species
(2472.1 eV). The assignment of spectral features is confirmed
by time-dependent DFT calculations (using ORCA®’) shown
in Figure 3b,c. In the upper panel, we show calculated sulfur K-
edge spectra from the benzothiadiazole (BT) unit, and in the
lower panel, we show calculated sulfur K-edge spectra from the
thiophene (T) unit, each separated into their cartesian vector
components x (black, in-plane parallel to the backbone), y
(red, in-plane perpendicular to the backbone), and z (blue,
out-of-plane). In the lower photon energy range (<2475 eV),
two intense peaks are visible for BT, whereas the spectrum of
T is dominated by a single peak. B and T peaks appear at
different photon energies, allowing an assignment of T to
thiophene and B, to BT moieties, as shown in Figure 3a. An
energy separation of 0.7 eV is in excellent agreement with the
experiment. The calculations reveal that the lowest lying
feature contains, more exactly, out-of-plane (z-) polarized
transitions of both moieties. The relative intensity of the out-
of-plane transition for thiophenes is expected to be weak, in
agreement to our calculations in Figure 3c. Furthermore, the
calculations suggest that the intensity at the position of the B,
component in Figure 3a is determined, to a large extent, by BT
(x-polarized). However, the energy separation with respect to
Bl and T (1.6 and 0.9 eV) deviates by 0.5 eV from the applied
four component fitting model in Figure 3a, most likely due to
the considerable overlap of the various contributions of BT
and T moieties. Therefore, we use Bl and T features for the
evaluation of polarization-dependent intensities. The fourth
component in Figure 3a (blue curve) cannot be unambigu-
ously attributed to a particular moiety on the basis of our
calculations.

As might be expected from the chemical composition, all
sulfur K edge XAS spectra can be described by the same
model, as shown in Figure 3a, and side chains and a possible
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different aggregation have a negligible influence on the local
electronic structure at the sulfur atoms. Closer inspection of
Figure 3 shows that the intensities of the B and T moieties
depend on the polymer, in particular, intensities of polymer 1b
differ from those of the other three polymers. The reason for
this could be a difference in the molecular orientation, which
will be discussed in more detail in the following.

3.2. Molecular Orientation in Thin Films. The vector
components of calculated S K XAS spectra in Figure 3b,c
exhibit a strong dichroism of the observed intensities with the
direction of the electric field vector of incoming light. In other
words, if the XANES spectra of polymer films show strong
differences depending on the angle of incoming light, then
there should be a particular preferred orientation in the films.

For thiophenes and benzothiadiazoles, S1s — 7* and S1s —
o* transitions are close in energy,H’m_é4 and thus, a prediction
of the polarization of a transition is not straightforward. The
DFT calculations in Figure 3b,c reveal that for the four
investigated polymers, features around T are mainly polarized
in-plane, parallel to the polymer backbone, whereas B, is
mainly determined by the out-of-plane transitions. In the
energy range of B,, in-plane transitions, perpendicular to the
backbone, are predicted. The behavior is similar to related
polymers."

Angle-dependent XAS spectra for all four polymers as
prepared on ITO are shown in Figure 4 together with the peak
fits. The fits yield energetic values B, = 2471.4 eV, T = 2472.2
eV, and B, = 2473.4 eV. The assignment of the main features
at these photon energies was already discussed (cf. Figure 3).
The “bump” at higher photon energies (about 2480 eV) is not
related to the polymer and ascribed to sulfur in the glass
substrate on which ITO was deposited (corresponding XAS
measurements are shown in Supporting Information, Figure
S4, and scanning electron microscopy and energy-dispersive X-
ray (EDX) measurements are shown in Supporting Informa-
tion, Figure SS).

The S K edge XAS spectra of the polymer films prepared on
ITO, at room temperature (Figure 4), exhibit a distinct angular
dependence of all components, except for the spectra of
polymer 1b. It seems that, in particular, the position of the
alkyl side chains can have a strong influence on the orientation
of the polymers; possibly, the aggregation of the polymer
backbones is hindered for this substitution pattern. This is
supported by the corresponding UV/vis spectra (Figure S2,
Supporting Information). A possible aggregation band at the
low energy side is hardly visible for the film of polymer 1b; the
spectrum is only slightly broadened compared to the spectrum
measured in solution. In contrast, the significant broadening of
thin film spectra of polymers with alkoxy side chains (2a and
2b) indicates a higher degree of aggregation.

The XAS spectra for polymers 1a, 2a, and 2b, shown in
Figure 4, exhibit a similar angular dependence: The intensity
maximum of T is found at normal incidence (90°), whereas the
maximal intensity of B, is observed at grazing incidence (15°).
Since T is polarized in the x-direction (along the polymer
backbone) and Bl is out-of-plane (cf. Figure 3b,c), this
behavior indicates a preferred “face-on” orientation of the
polymer backbones parallel to the substrate surface. Polymer
1b might be either disordered in the film or oriented with
larger tilt angles of the orbital planes (close to the magic
angle). In the latter case, however, larger tilt angles of both the
backbone (x) and the plane of the backbone with respect to

the sample surface have to be present, since we do not observe
a clear angular dependence for both T and B,.

A closer inspection of the data in Figure 4 reveals distinct
differences of the dichroism. In Table 3, we summarize relative

Table 3. Dichroism: Relative Peak Fit Intensities of B, and
T Components at Normal Incidence (® = 90°) with Respect
to Grazing Incidence (@ = 15°) for all Four Polymers as
Deposited at Room Temperature (Spectra Shown in Figure
4) and after Post-deposition Annealing to 130 °C (Spectra
Shown in Figure S7, Supporting Information)

polymer la 1b 2a 2b
room temperature B, 0.36 0.88 0.25 0.34
T 2.17 1.19 2.56 2.33

annealed (130 °C) B, 0.18 0.38 0.15 0.2§
T 3.51 1.50 3.07 2.43

intensities of B1 and T components at normal and grazing
incidence (I(90°)/I(15°)). Intensities were taken from peak
fits of spectra shown in Figure 4. A figure with a zoom into the
region of interest is shown in Supporting Information, Figure
S6. The dichroism for polymer 2a is the strongest but similar
to polymers la and 2b. In contrast, for polymer 1b, the
dichroism is almost negligible, and intensity variations are less
than 20% (cf. also Figure S).

Polymer 1a, annealed to 130 °C
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Figure S. Comparison of the angular dependence of the intensity of T
and B, components of polymer 1a on ITO and gold, both annealed to
130 °C. The dashed lines are shown to guide the eyes regarding

expected intensity trends in the case of “face-on” oriented polymer
chains.

For many polymers, a post-deposition annealing may affect
the morphology, improving long-range ordering and thus
optoelectronic properties of the films.”>~’> However, the
molecular orientation is not always affected by this treat-
ment.”” For the four studied polymers, the intensity ratio
1(90°)/1(15°) of B1 and T components after post-deposition
annealing to 130 °C is summarized in Table 3 (bottom rows).
The intensities were taken from peak fits of polarization-
dependent XAS spectra, shown in Figure S7 (Supporting
Information). For all four polymers, polarization-dependent
intensity variations increase significantly upon annealing, that
is, values in Table 3 are lower for Bl and higher for T
compared to room temperature. The largest dichroism after
post-deposition annealing is observed for polymers 1a and 2a,
indicating a more pronounced “face-on” orientation compared
to polymer films deposited at room temperature without post-
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Figure 6. Comparison of the angular dependence of the intensity of T and B, components of polymer 1a on ITO (a) and gold (b), measured in FY
and TEY modes. After deposition, both films were annealed to 130 °C. The similar curves indicate an almost homogeneous orientation of the

polymer chains.
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Figure 7. (a—d) PMIRRAS spectra of S0 nm-thick polymer films on gold before (blue) and after annealing (red) compared to IR spectra from
polymers in KBr (black). All spectra were normalized to the maximal intensity of the band at about 1485 cm™". Clearly visible, weakest intensity

variations were observed for polymer 1b (e.g, band at 827 cm™).

annealing. After annealing, also polymer 1b is the preferred
“face-on” orientation on the substrate surface, even if this trend
is less distinctive in comparison to the other polymers. These
examples show that depending on the chemical structure, a
post-deposition annealing might be crucial to achieve the
desired morphology and ordering. For applications such as
photovoltaic cells where a high amount of similar oriented
molecules is crucial for the efficiency, post-deposition

15296

annealing is advantageous for all four polymers and
indispensable for polymer 1b.

3.3. Influence of the Substrate on the Molecular
Orientation. The influence of the substrate was studied using
polymer 1a, a polymer which exhibits both a high dichroism at
room temperature and after post-deposition annealing. Films
of a similar thickness were prepared on gold and ITO
substrates and subsequently annealed to 130 °C. Polarization-
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dependent S K edge XAS spectra (Figure S7, Supporting
Information) were measured at six different angles, ranging
from normal incidence (® = 90°) to grazing incidence (® =
15°) (cf. inset of Figure 4). For a face-on oriented molecule
and 100% linear polarization of the p-polarized synchrotron
radiation, the angle-dependent intensity can be described by a
simple cos® @ function for out-of-plane (z-polarized) and a
sin® @ function for in-plane (x or y polarized) transitions.”””*
Assuming further pure polarization of the components (T: in-
plane and B;: out-of-plane, cf. Figure 3), their normalized
intensities can be compared to sin* 6 and cos® @ curves, as
shown in Figure 5. Data were normalized to sin®(15°) and
c0s*(90°) for B, and T, respectively.

The data points in Figure 5 follow fairly well the ideal sin® 6
and cos® 0 curves (dashed), indicating a high degree of
orientation and ordering on both substrates. The results show
that for the example of polymer 1la, there is only very little
influence of gold or ITO substrates on the orientation of the
polymer in thin films. This is crucial for the next part of this
work, where we compare two different methods, XAS and
PMIRRAS. For PMIRRAS, we need a highly reflective metal
substrate, and because there is no substrate dependence, we
can compare our XAS data not only on gold but also on ITO
substrates with our PMIRRAS measurements on gold.

3.4. Depth Dependence of the Molecular Orienta-
tion. In many cases, the molecular orientation and arrange-
ment are not homogeneously distributed in the whole polymer
film. Since the mean free path of electrons is much smaller
(few nm)** compared to photons, the comparison of spectra
measured in TEY and FY modes allows us to distinguish
differences of the molecular orientation on the surface of the
polymer film and in the bulk of the 50 nm-thick films. In
Figure 6, we compare relative intensities of angle-dependent
XAS spectra measured simultaneously in TEY and FY modes
for polymer 1a on ITO and Au after post-deposition annealing,
The corresponding spectra are shown in Figures S7 (FY) and
S8 (TEY) (Supporting Information).

The data show that there are only very minor differences
between the data points from TEY and FY spectra, revealing
that the orientation of the polymer in the upper few
nanometers is very similar to the bulk of the film with a
thickness of about 50 nm.

This gives us the opportunity to compare the results of XAS
in FY and TEY modes to a further, rather bulk sensitive
method: PMIRRAS. PMIRRAS spectra of all four polymers in
thin films of about 50 nm on Au are shown in Figure 7 before
(blue curves) and after annealing (red curve) together with IR
spectra of the polymers pressed in KBr pellets (black curves).

Although for molecules with a preferred orientation,
particular vibration bands are suppressed due to the surface
selection rules (e.g, refs 75—78), one can assume that the
polymer powder in KBr exhibits a random orientation (i.e.,
average of all possible orientations). Thus, deviations from the
black line in Figure 7 indicate a preferred orientation of the
polymer in film. Clearly visible in Figure 7, very strong
intensity variations can be observed for polymers 1a, 2a, and
2b (see, e.g, bands at 800—850 cm™), whereas differences
between the blue/red and black curve are minor for polymer
1b. Thus, a preferred orientation for polymer 1b is hardly
visible. Already this qualitative comparison is in good
agreement with the results of XAS measurements. For a
detailed view, separated PMIRRAS spectra are shown in Figure
S9, Supporting Information.

For a more quantitative approach, we calculated angles
between the polymer backbone and substrate surface after
Debe for PMIRRAS®' and after Stohr and Outka” for XAS
measurements. We note that in both cases, these angles denote
“average angles”, that is, the angular distribution or the
presence of partly disordered regions is neglected. For the
calculation of angles from PMIRRAS, we used IR bands at
about 1414 cm™' (asymmetric stretching vibration, cyclo-
pentadiene), 1377 cm™' (symmetric stretching vibration,
cyclopentadiene), and 825 cm™" (out-of-plane vibration, C—
H). Assignment of the bands to their corresponding vibrations
follows DFT calculations (Figure S10 and Table S2,
Supporting Information). The Euler angles ¥ (angle of x
rotated around the surface normal) and ® (angle between z
and the surface normal) of the molecule’s internal cartesian
coordinates with respect to the surface normal were calculated

1 .2 _ L+r(zx) 21
14 r(zx) and sin” © = 1+ r(yx) + r(zx)’

where x is the intensity of the IR signal at 1414 cm™, y at 825
cm™}, and z at 1377 cm™. These equations can be applied for
moieties with C,, symmetry (cyclopentadiene), as well as for
D, and D,, symmetry.”"”® The angle between the polymer
backbone and the sample surface is obtained from Euler angles
by use of a rotation matrix (cf. ref 78).

For XAS, we determine the intensity ratio of two spectra
measured at different angles of incoming light. Each intensity
follows I(®) = P(sin* a sin®> ® + 2cos* a cos> ®) + (1 —
P)sin® @, where @ is the angle between the sample surface and
incoming light, P the degree of polarization (we assume 0.95),
and « is the tilt angle.

Angles between the polymer backbone and substrate surface
from PMIRRAS and XAS are summarized in Table 4. In the

. .2
according to sin” ¥ =

Table 4. Angles between the Polymer Backbone and
Substrate Surface from PMIRRAS and XAS“

polymer la 1b 2a 2b
Room Temperature

Au, PMIRRAS 20° 34° 22° 21°

ITO, XAS T 24° 33° 21° 23°

ITO, XAS B, 22° 34° 17° 21°
Annealed (130 °C)

Au, PMIRRAS 14° 34° 23° 23°

ITO (Au), XAS T 17° (18°) 29° (36°) 19° 22°

ITO (Au), XAS B, 12° (15°) 22° (34°) 10° 17°

“Noticeably, in agreement with XAS results, average tilt angles for
polymer 1b are significantly larger, which may indicate a higher
degree of disorder. Both methods XAS and PMIRRAS deliver very
similar, complementary results.

case of XAS, both T and B1 intensities can be used to calculate
the molecular orientation with respect to the substrate surface.
In most cases, the results based on T and Bl intensities in
Table 4 are in good agreement, and the small deviations might
be due to the not pure in-plane or out-of-plane character of the
transitions (cf. Figure 3) and restrictions of the peak fits with a
single component. Most important, for all polymers, the
calculated angles obtained from PMIRRAS are in excellent
agreement with the XAS data. The agreement is the best for
PMIRRAS and XAS obtained from thiophene subunit T. The
all in all agreement shows that both complementary methods
are well suited for determination of molecular orientation in
thin films, at least, as long as the orientation is homogeneous in
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the whole film as for the studied polymers. We note that a
preferred molecular orientation implies a high degree of
ordering and a high ability of self-organization. However, vice-
versa, if we find no preferred molecular orientation, a high
ordering in the film cannot be ruled out completely.

4. CONCLUSIONS

‘We have shown that neither the introduction of oxygen nor the
alternating position of the side chains has a notable influence
on the position of charge transfer levels at the studied
interfaces, in spite of the optical gap and the ionization
potential changes. Highest ionization potentials and optical gap
are observed for polymers with alkyl side chains.

In contrast, the preferred molecular orientation, indicating a
high degree of ordering, depends strongly on the position and
kind (alkyl or alkoxy) of the side chain at the thienylene
spacers. The comparison of polymers 1a and 1b shows that the
exact position of the alkyl side chain might be crucial for the
molecular orientation. Post-deposition annealing can increase
the tendency significantly of a preferred “face-on” orientation
in all cases.

The homogeneous molecular orientation within the 50 nm-
thick films enables the comparison of different methods for the
determination of the molecular orientation with different
surface sensitivities: XAS in FY and TEY modes and
PMIRRAS. All methods deliver comparable and consistent
information about orientation of polymers in thin films.
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