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ABSTRACT

The energies of the frontier molecular orbitals determine the
electronic and optical properties in organic films, which is
crucial for their application as organic semiconductor materials,

e.g., in organic solar cells, and strongly depend on the ‘ ' ‘3\ o |
morphology and supramolecular structure. The impact of the 7 R gt '
latter two properties on the electronic energy levels relies

primarily on nearest neighbor interactions, which are difficult to study in thin films due to their
nanoscale nature and heterogeneity. Here we present an automated method for fabricating layered
thin films with a tailored ratio of surface to bulk sites and a controlled extent of domain edges within
the layers, both of which we use to control nearest neighbor interactions. This method uses a
Langmuir-Schaefer-type rolling transfer of Langmuir layers (rtLL) to minimize flow during deposition
of rigid Langmuir layers composed of n-conjugated molecules. Using UV-vis absorption spectroscopy,
atomic force and transmission electron microscopy we show that the rtLL method significantly

advanced the deposition of multi-Langmuir layers and enables the production of films with highly
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defined morphology. The variation in nearest neighbor interactions thus achieved and the resulting
systematically tuned lowest unoccupied molecular orbital (LUMO) energies (determined via square
wave voltammetry) enabled us to establish a handy model that functionally relates the LUMO
energies to a morphological descriptor, allowing for prediction of the range of experimentally
accessible LUMO energies.

1. Introduction

As the understanding of the role of morphologies™ and energy levels®? of organic solar cells has
been successively improved, their power conversion efficiencies and longevity have also been
steadily enhanced.” In the course of this progress, various approaches have been taken to control
the morphology and supramolecular structures, such as improving material design to tailor
supramolecular assemblies for ideal charge separation[‘” and charge transport properties[sl, but also
special deposition techniques for tailoring morphologies have been developed, such as meniscus-
guided deposition techniques and others.'® The resulting morphologies and supramolecular
structures crucially determine optical and electronic material propertiesm, that can be qualitatively

understood by considering nearest neighbor interactions involving mutual orientations®®,

intermolecular distances and number of nearest neighbors.®>

Fernandez-Torrente et al.” and Das et al.’®”! attempted to gain a deeper understanding of
morphology-property relations by investigating the influence of nearest neighbor interactions on

. varied the nearest-neighbor interactions

frontier energy levels and open circuit voltages. Das et a
by using multiple film morphologies prepared by different techniques and observed impressive
variation of the lowest unoccupied molecular orbital (LUMO) energies by approximately 120 meV,
i.e., supramolecular variation led to a three-times larger LUMO energy difference compared to Cg
and C50®” (30-40 meV"). To functionally link and enable prediction of average LUMO energies
(E84m) in thin films with a morphological descriptor, the authors® derived a simple model (Eg. 1)
that describes E315 as a function of the morphology descriptor, defined as the ratio between the

number of molecules in surface (N*¥"/) and bulk sites (N %),

mean _ pbulk  ANanlAELumo
Erpmo = ELumo + NDUIR (Eq. 1)
1+Nsurf

where AN,,,, is the difference between numbers of nearest neighbors (N,,,) for the surface and bulk
sites, and AE} ;550 is the LUMO energy stabilization imposed through each nearest neighbor
interaction.

Assuming that any stable morphology is dominated by a distinct supramolecular structure,

AN, , AE; ;10 May be considered approximately constant throughout the thin film. Then, the
bulk
average LUMO energy can be described depending on the ratio x— which accounts for the

surf’
different morphologies, and the parameters AN,,,, AE; ;0 and EPHK, where the latter refers to a
minimum LUMO energy in a dense bulk.®” Based on this model, knowledge of surface topography
and molecular packing density would suffice to predict how frontier molecular energy levels
combine to generate frontier electronic energy levels in a thin film, which is of utmost importance

for molecular thin film engineering.
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However, in the work of Das et al. the obtained data could not be uniformly modelled with a
bulk

N . -
common parameter set for the ~eurF term appearin Eqg. 1. Instead, distinct and extreme parameters

had to be used.® The issue may have originated from the highly heterogeneous morphologies
produced through different techniques. This variety of techniques, from classical lab-scale spin
casting to interfacial assembly, appears ideally suited to investigate how far electronic properties
can be controlled supramolecularly or morphologically but complicates modeling and is also not
suitable for large-scale processes, where ideally the supramolecular structure should be tuned in
respect to thermodynamic stability, charge carrier mobility, and energy level alignment in the same,
scalable process.

It remains an open question exactly what the relationship between morphology and a film’s

electronic energy levels is. Undoubtedly, improving the description of the variable morphologies and
Nbulk

films such that a uniform parameter set, i.e., may be used for modeling will yield answers.

NSsurf?’

Likewise, expanding the model to functionally relate morphologies, supramolecular structures and
electronic properties is another promising avenue to study.

Among the techniques developed to control thin film morphologies and supramolecular structures,
the Langmuir film deposition techniques stand out™, for their ability to selectively tune packing
densities™™ and surface-to-volume ratios and are in principle scalable.!®! Consequently, for
reappraising Eq. 1 we will first investigate whether Langmuir-type deposition alone enables
fabrication of fullerene thin films that differ similarly substantially in LUMO energies as those

. and whether the Langmuir technique yields film morphologies that can be

presented by Das et a
uniformly analyzed. If the latter criterion can be fulfilled, the Langmuir technique, with the related
layer-by-layer deposition, shall enable the variation of packing densities at constant surface-to-
volume ratios and vice versa, which should allow evaluation and refinement of the above-mentioned
model. Beyond these anticipated fundamental insights into the role of nearest neighbor, i.e.,
intermolecular interactions, for the position of frontier energy levels, this work will quantify to what
extent supramolecular structures, morphologies, and electronic properties of practically applicable
thin films can be varied using the Langmuir, and related techniques, alone. Because scalability and
automation are key for industrial production and robust data acquisition, respectively, an automated
rolling transfer Langmuir layer (rtLL) deposition for efficient multilayer deposition is introduced in
this work. The resulting layer stacks with varied morphologies and supramolecular structures will be
optically, electronically, and morphologically characterized using UV-vis transmission spectroscopy,
squarewave voltammetry, transmission electron and atomic force microscopy, and grazing incidence
wide angle x-ray scattering.

2. Results and discussion
2.1. Assembly to monolayers
To investigate whether supramolecular structures and morphologies can be systematically tuned using the Langmuir

technique we employ the amphiphilic fullerene derivative MPEGCq, (bis-polyethylene glycol malonate Cg) introduced
above (see
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Figure 1).* The Langmuir isotherm (

Figure 1b) shows how surface pressure (M), measured using a Wilhelmy balance, rises with
decreasing mean molecular areas (mma). A decreasing mma corresponds to an increasing surface
concentration of the water-insoluble amphiphiles (here MPEGCq), thus providing control over
lateral molecular intra-layer structures. The M(mma) isotherm (

Figure 1b) rises from about mma=140 A? towards lower mma. Between 80 A% and 60 A2 the
compression modulus™ (Cs) of MPEGCq, reaches its maximum (C 5280 mN/m,

Figure 1a), thus indicating rigid buckyball monolayers (cf. the liquid-to-solid phase transition of

[15-16]

stearic acid (SA) monolayers at approx. 25 A2 and 80 mN/m in the gray curve in

Figure 1a). The highest rigidity of the MPEGCg, Langmuir layer at mmac(C s .)=68 A2 corresponds to
the inflection point in the M(mma) isotherm being referred to as the collapse point of the
monolayer."”! Consequently, the Langmuir technique provides a tool to systematically tune the mma
from loose to dense and rigid packings at the collapse point of the monolayer.

If we consider close-packing of equal spheres within a quasi-two-dimensional monolayer (

Figure 1c2) the theoretically smallest mma for each fullerene (diameter d=7 A, intermolecular
distance diner=3 A)°* ** amounts to

MMac ao.theo = ((7+3) A £ 0.5 A)* - sin(60°) = (87 + 9) A% (Eq. 2).

The error in the fullerene unit cell lengths of 0.5 A accounts for variations in intermolecular distances
possible at room temperature according to the theoretical work of Das et al.®”! Consequently, rigid
monolayers that are compressed to the collapse point (mmac < mmac p.teo) below the theoretical
minimum in-plane mma must feature supramolecular structures that are more densely packed than
the perfect 2D-monolayers shown in

Figure 1c2, e.g., layers where fullerenes are alternately squeezed out of plane (
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Figure 1c1). A similar supramolecular structure of alternately offset fullerenes has been proposed by
Wang et al."® for crown-ether-functionalized derivatives. Layers at larger mmas, i.e., mma>mmac zp.
theo, are either less densely packed or are composed of densely packed domains, as illustrated in

Figure 1c3-4. Consequently, targeting mmas between 120 A2 and 75 A?, or the corresponding surface
pressures, respectively, provides a systematic means of varying supramolecular structures or
morphologies via the Langmuir technique.

2.2. Deposition of Langmuir layers

Langmuir and Blodgett developed the eponymous Langmuir-Blodgett (LB) deposition technique as a
way to systematically vary film thicknesses while maintaining uniformity throughout each
independent layer for a given supramolecular structure.>** In the LB method, a floating Langmuir
layer is compressed to a constant surface pressure (Mgep=const.) by constraining the interfacial area
available to the layer which is then deposited onto a substrate by vertical up- or downstrokes,
thereby maintaining the surface pressure constant through feed-back-controlled feed of the
Langmuir layer. ™ However, the monolayer is often only partially transferred to the immersed
substrate, whose width is usually smaller than the widths of the assembled monolayer, thus causing
shear in the Langmuir layer floating at the air-water interface which is critical for maintaining

constant surface pressure and film uniformity during deposition.”*

As an alternative technique, Langmuir and Schaefer (LS)?" developed the horizontal lift-off method.
Here, the lipophilic surface of the Langmuir layer must adhere to the substrate for deposition.
Although a single LS deposition does not require feed or flow of the Langmuir layer (LL) during
deposition, transfer of multiple layers with the classical LS technique at the same local area at the
air-water interface requires flowing of the LL into the nascent vacancy generated in the LL after its
partial deposition on the small substrates. For the MPEGCq, fullerenes studied in this work, the
described obstacles result in inhomogeneous morphologies of LB and LS films (Figure Sl 2 a-c), LB
transfer ratios that are strongly scattering with successive deposition from the same spot

(Figure SI 2 d,e), and decreasing UV-vis absorption per layer (Figure SI 2 f-i).

To circumvent the need for notable LL flow at deposition and to automate LS-type multilayer
deposition at systematically varied sections of the LL at constant surface pressure, we developed a
rolling transfer Langmuir layer (rtLL) deposition technique, which is illustrated in Figure 2 (cf. other

LB-related techniques that involve rolls, 13> 3¢ 13%.22))

Using this rtLL technique, multiple layers of specific supramolecular structures with highly
homogeneous morphologies could be efficiently produced (Figs SI 5 - 6), which is crucial to
systematically research and understand the influence of nearest neighbor interactions on the
electronic properties of the resulting films. Particularly, the new automated rtLL deposition method
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provides reproducibly fabricated and tailored films for detailed investigation of the dependence of
LUMO energies on the ratio between MPEGCg, molecules in bulk and surface sites and on the
deposition pressure.

2.3. Range of reduction potential and LUMO energy variation

To investigate whether Langmuir-type fullerene assembly by rtLL deposition yields supramolecular
structures and film morphologies that give rise to similarly large LUMO energy variations as reported

] where different film production techniques were employed, MPEGCg, Langmuir

in literature
layers are deposited at systematically varied packing densities, i.e., deposition surface pressures, and
varied layer numbers. The reduction potentials determined via square wave voltammetry (Figure 3)
show a strong dependence on the number of stacked rtLLs and the deposition pressure M,,,. The
most negative reduction potential vs. vacuum energy (referred as Eumo> in the following) is
obtained for the highest packing density (M. =15 mN/m, #rtLL=36: E[{/{0 min=-4-12 V), i.e., the
largest deposition pressure, and the largest number of rtLLs. The least negative reduction potentials
are measured for the fewest number of layers and a medium packing density (#rtLL=4,

Mr=5 mN/m: E[1310 max=-4.04 eV) and for the loosest packing (#rtLL=24, Ny, =1.2 mN/m:
E3i0=-4.05 eV), thus resulting in a LUMO energy variation of 0.08 eV (80 meV) achieved with the
Langmuir technique alone.

Compared to the LUMO energy variation of 120 meV reached through employing various film

8} the variation in film morphologies and supramolecular structures via the rtLL

production methods,
method is more systematic and shall facilitate developing models that connect morphological and
supramolecular descriptors with electrochemical properties. Importantly, the rtLL deposition
technique facilitates sample fabrication as it enables automatized coating of several substrates
(according to the number of substrates mounted to the roll), thus allowing parallel production of
multiple samples at identical M,y and, if desired, varied #rtLL-values. The sample series that was
produced using the rtLL technique contained duplicates to yield robust electrochemical and
morphological data sets. The blue spheres shown in Figure 3 represent individual samples and the
black error bars show the standard deviation of the peak-fits used to determine the reduction peak
maxima of each rtLL film. Individual squarewave voltammograms (Figure S| 18 to Figure S| 27) reveal
that reduction peaks become narrower, better resolved, and shift to more negative potentials as
mean

discussed above, i.e., to lower E[7375, with increasing #rtLL and Myy,.

In the model introduced in Eq. 1, E[{370 is described to be dependent on the number of molecules in

surface (NS%f) and bulk sites (N?%¥), as well as AN, AE; yy0 and EZAE .. Although the numbers
of surface and bulk sites might be taken directly from the rtLL parameters in Figure 3, the
morphologies and supramolecular structures of the films are investigated experimentally in detail
using samples with mean molecular area A= 117, 96, and 78 A2 thus revealing the structural details
discussed above on the basis of the M(mma) isotherm, see

Figure 1.
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2.4. Morphological and supramolecular structure variation in rtLL films

Transmission electron microscopy (TEM) images of deposited MPEGCg, monolayers (Figure Sl 16)
confirm the formation of islands of similar packing densities at low deposition surface pressures
(Nwu=1.2 mN/m), discussed above for interpretation of the isotherms (mma > 90 A2, NN < 10 mN/m,

Figure 1). At larger surface pressures (M,,=15 mN/m) the LS layers show a uniform density in areas
larger than 0.01 um? (Figure Sl 16¢). Grazing incidence wide angle x-ray scattering (GIWAXS)
measurements have been performed for multi-rtLL systems to probe the structural parameters of
layered rtLL films (see Figure SI 17). The 2D GIWAXS diffraction pattern of the rtLL films deposited at
M. =15 mN/m show discrete reflections that are particularly pronounced for the film composed of
36 rtLL. These reflections are extended along the polar angle in the detector plane[24], thus indicating
textured polycrystallinity. Although the photographs of the films in Figure SI 5 show largely
homogenous and flat MPEGCq rtLL films, lines parallel to the longitudinal edge of the substrates
appear upon increasing M, and #rtLL, which are interpreted as signatures of the GIWAXS-detected
polycrystallinity. We attribute these lines to Langmuir layer distortions during deposition because a
small mismatch between the distance covered by a full turn of the roll and the circumferences of the
roll with the mounted planar substrates. These distortions are minimized through choosing narrow
substrates to best resemble the curvature of the roll with the assembled substrates

Atomic force microscopy (AFM) topographies shown in Figure 4 were analyzed to determine surface

surface The analysis of the AFM-determined

roughness, areas, and number of surface molecules N
topographical surface areas (Axrv) reveals that these topographical surface areas are only little larger
than the corresponding image sections areas (see Table Sl 2). Consequently, the films can be
considered very smooth, regardless of the small film distortions. This smoothness is an important
prerequisite to determine the numbers of molecules in the individual layers of the rtLL films with

uniform accuracy.

As detailed in the SI, the number of surface molecules was calculated by dividing Axry by the average
area demanded by each molecule in the surface layer. The latter can be determined directly from
the Langmuir isotherm at the point of deposition, mma,;;, and thus relates to the Langmuir layer
floating at the air-water interface. This results in:

Nsurface _ Aarm (Eq. 3) .

n mmapy

To account for the deposition process, mma can be derived as the inverse surface concentration
following a Lambert-Beer-type approach, as detailed in Sl chapter 1.1:

Abs(1) - Ny-mmagps

e = 1L (Eq. 4).
Rewriting Eq. 4 yields
1 _ AbS(A)'NA (Eq 5),

mmagps  €(A)-#LL

and employing mmaas (Eg. 5) instead of mmay, in Eg. 3 we obtain
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Nsurface _ Asrm (Eq. 6) .

Abs mmay bs'

Eg. 6 allows us to calculate the number of molecules in the surface of deposited layer stacks when €
is chosen as a constant reference value (we will use €ojytionmax=(970241544) L/(mol-cm), see Fig. SI 4
and Table SI 3) to account for possibly incomplete layer transfer from the air-water interface to the
substrate, as indicated by varying absorption.

Agec #LL

Similarly, the total number of molecules in the films can be calculated according N5t* = p—
I

Agoc #LL . . . . .
and Njggal = =% = where A,-areas are the image section areas shown in Figure 4. The resulting
mmagagps

ratios that are either based on isotherm- or UV-vis absorption spectra-derived lateral molecular
concentrations and read as:

surface surface

Nn — AAFMiAAAFM . mmaniAmman — AAFM + ANH (Eq 7) and
NEptal mmapgtAmmarg Agec* #LL Agec #LL — = Nfptal )
surface surface

Naps _ _ AarmtBAprm  mmaagpstAmmaaps _ Aarm + ANAbs (Eq. 8)
nigtal mmagpstAmmagps Asec* #LL Agec-#LL — — Notal ’

respectively. Noting that mmanand mma,,s appear in both numerator and denominator of
equations 7 and 8, respectively, identical ratios are seen for both approaches, however their
uncertainties differ. Ammay; values originate from averaging isotherms, Ammay,, refers to the
reproducibility studies discussed in chapter 1 of the Sl, and AA,qy, results from averaging forward and
backward scans. The uncertainties of the number ratios are calculated through error propagation, as
detailed in chapter 6 in the Sl, and are larger for absorption- than for isotherm-derived values,
particularly for low layer numbers #rtLL, as shown in Figure 4. In the following connection between
the morphological descriptor NS¥rface /ytotal gnd LUMO energies, both types of uncertainties are
employed.

2.5. Relation between morphological, supramolecular and electronic properties

The model introduced above (Eq. 1) describes LUMO energies which are dependent upon the ratio
between the number of molecules at surface and bulk sites, N?¥k /Nsurface However, we feel that
using the inverse ratio Nu7face /total (et jnstead of N™), thus resulting in NS¥face /total_
values ranging from 0 to 1, is a handier morphology descriptor than the previously used. Using the
new descriptor, Eq. 1 becomes (S| chapter 7):

mean _ pbulk Nsurface. AN, AELymo
tmo = Ergmo + —iotal (Eq. 9).

Nsurfuce

Employing x = Wyields

Tiwo = ANwnAE ymo - x + EDGiKo (Eq. 10) .

Eqg. 10 represents a linear relation between the average LUMO energy, E[fi15, and the morphology

descriptor NSwrface yytotal \where AN, AE; ;0 is @ parameter that accounts for the
supramolecular structure through the difference in nearest neighbor numbers between bulk and
surface sites, AN,,,,, and LUMO energy decrease per nearest neighbor interaction, AE; ;;p0- In Figure
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5a, the gray lines represent E[375 (x) graphs at a constant AE} ;0 of 65 meV and varying AN,

according the experimental work of Fernandez-Torrente et al.®™ The blue line refers to AE, yp0 =

8] and a physical

109 meV according to the quantum chemical calculations of Das and co-workers
limit value of AN,,;,, = 11. The lowest measured LUMO energy (highest packing density at M, =

15 mN/m and largest #rtLL of 36) was used as Efb‘,% (-4.124 eV) for all graphs in Figure 5a.

The data points in Figure 5a for densely packed films (M., = 15 mN/m, mma,y, = 78 A2, purple
symbols) approximately fall between the lines of AN,,,,AE; ypo = 2 - 65 meV and AN, ,AE; ypo =
3-65meV, i.e., an effective LUMO energy difference between surface and bulk molecules of

130 meV to 195 meV. Depending on which value is considered for AE; ypmo, ANpp varies between 2
and 3, which is physically reasonable for the case of dense packing of equal spheres where a bulk
molecule is surrounded by 12 nearest neighbors while a molecule in a flat surface is lacking three of
these neighbors, cf. the earlier work of Das et al.® If these data are fitted with the linear function
defined in Eq. 10, the resulting slope AN,,,,AE; ymo specifies the total effective LUMO energy
variation possible for morphologies captured by the NS%7face jNtotal descriptor ranging between 0
and 1.

For decreasing surface pressure at deposition (M), AN,,AE[ ymo increases (Figure 5b) from

150 meV (N = 15 mN/m) to 220 meV (M, =5 mN/m). As discussed above, the films deposited at
low surface pressure can be composed of domains, thus resulting in surface states with reduced
nearest neighbor interactions at domain edges. We propose that the resulting apparent increase in
AN,,,, and AE; ;0 With decreasing MN,y,, respectively, are the origins of the AN, ,AE; ymo Vvariation.
However, this variation is considered small as compared to the earlier work where different thin film
production methods were employed to achieve LUMO energy tuning or when compared to the
influence of the surface to bulk state number ratio NS¥7/ace /Ntotal on the average LUMO energy.

The data for My, = 1.2 mN/m might be approximated with EP¥K, = —4.124 eV and AN, AE; ymo =
11- 109 meV, the latter being unphysically large (AN, AE; ymo = 1.2 eV). A reduced slope would
be obtained for stretched Ns¥r/face /total ya)lyes. Because of its non-molecular resolution, AFM
systematically underestimates the surface area, which becomes more and more important with
increasing roughness at decreasing deposition pressures. To circumvent this problem, extensive
matrix embedding studies are presently under way.

For layers deposited as condensed films (M, =5 and 15 mN/m), we have shown here a systematic
experimental tuning of LUMO energies of thin films by tailoring the weight of surface states (via
#rtLL) and intra-layer edge states (via M,y,). In a theoretical work, Poelking and co-workers have
shown that a similar variation (up to few hundred meV) can be expected for other dyes when
ionization potentials, cf. HOMO energy, are determined as a function of the considered layer
thickness.” Our revised model allows the prediction of experimentally accessible tuning ranges of
frontier energy levels using a small set of experimental data including a handy morphology
descriptor, which could be valuable for the design of functional layers in (opto)electronic devices,
such as solar cells. The rtLL deposition technique presented here provides a scalable and automated
way to fabricate such layers with highest precision.

This article is protected by copyright. All rights reserved.
9

351801 SUOWILLIOD BAERID 3[qed1idde aL Aq peuencb ale S WO 8N J0 S9N oy A%iqIT2UIIUO AB]IM UO (SUORIPUOD-PLE-SULBYLI0D"AB | W AR U IUO//SAIY) SUORIPUOD PU. SIS | 8U) 385 *[£202/80/22] U0 ARIqIT 8UIIUO A3 11 ‘Sioul]i] O A1sBAIIN Ag 900G0EZ0Z BWPR/Z00T OT/I0PALI0Y A3 |IM ARG [BU 1 U0//Schy Wil pepeojumoq el ‘560 TZST



3. METHODS
Synthesis: MPEGCq, was synthesized as described by Das et al.**.

M1(A) isotherm characterization and Langmuir layer stack fabrication: For M(A) isotherm
characterization, CHCI; (Carl Roth, ROTISOLV®, min. 99,8 %, UV/IR-Grade) solutions of MPEGCqg
(0.1 pmol/mL, 400 pL) were spread onto ultra-pure-water (0.2 uS/cm) subphase (temperature
controlled at 25°C) of LB trough (KSV 5000, length = 520 mm, compression length = 475.2 mm,
width = 150 mm). To allow complete evaporation of the solvent, 20 min are granted before starting
barrier movement (10 mm/min, 2 mN/m/min) and M(A) isotherm recording. Four MN(A) isotherm

were recorded, averaged, and error bands were calculated. The compression modulus C*; was

dll

calculated from the averaged isotherm by applying the formula Cs* = —A - (a).[lsl Ao Was

determined by extrapolating the steepest slope of the isotherm (in the range of C"'; max). Langmuir
layer deposition (at different surface pressures M: 0.5 to 15 mN/m) was carried out on a KSV NIMA
Alternate Langmuir (L) and Langmuir-Blodgett (LB) trough). For LB deposition, the KSV NIMA
Alternate L and LB trough-integrated dipping mechanism (alternate) was used to carry out upward
stroke deposition (upstroke speed: 5 mm/min). For LS deposition, also the integrated dipping
mechanism (dip) and a custom-made adapter allowing horizontal alignment of the substrate were
used (dipping speed: 3 mm/min). A custom-made rolling transfer system was built for Langmuir layer
deposition (rtLL: rolling-transferred Langmuir layer), consisting of a carriage-mounted roller on a
V-slot driven by a custom-made controller consisting of an Arduino Nano and an A4988 stepper
motor driver driving a NEMA-17 stepper motor. The roll (& = 12 mm) was 3D printed. The
dimensions of the quartz glass substrates were 30 mm x5 mm x 1mm, glassy carbon substrates were
45 mm x 2.2 mm x 1 mm and silicon substrates were 20 mm x 2.2 mm x 1 mm. The rtLL velocity was
9 mm/min.

Spectroscopic investigation: UV-vis measurements were carried out using a CARY 5000
spectrometer from Varian in absorption mode within the wavelength range from 800 nm to 200 nm.
UV-vis absorption measurements of fullerene solutions in chloroform were carried out in quartz
glass cuvettes (obtained from Thorlabs) with a thickness of 2 mm (CV10Q700F), 4 mm (CV10Q1400F)
and 10 mm (CV10Q3500F). UV-vis absorption measurements on thin films were carried out on fused
silica (thickness 1000 + 20 um, double side polished, roughness average < 1 nm) from SIEGERT
WAFER. Pure solvent in cuvettes or blank or stearic acid (SA) LB-coated quartz glasses in sample and
reference beam path were used to record the baseline. Mathematica routines were used for offset-
correction and for removing the spectral steps at 350 nm, caused by a light source change (Tungsten
halogen to deuterium arc). First, the step at 350 nm was removed, then the spectra were smoothed
via the moving average method and finally residual offsets were eliminated by setting the minimum
between 750 and 800 nm to zero.

Supramolecular structure and morphological characterization: For transmission electron
microscopy (TEM) measurements holey carbon film-coated copper TEM grids coated with a
continuous 2 nm thin carbon membrane (QUANTIFOIL® R 2/1, 400 mesh) were cleaned by Argon
plasma treatment for 120 s (Diener Electronics). Subsequently, a stearic acid (SA) monolayer was
deposited (Mgep = 10 mMN/m) through LB-upstroke onto the Argon plasma hydrophilized carbon
support. MPEGCg, Langmuir layers were compressed until 1.2, 5 and 15 mN/m, respectively, and LS-
type deposited at the corresponding target surface pressures onto the SA monolayer. TEM images
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were acquired with a 200 kV FEI Tecnai G* 20 equipped with a 4kx4k Eagle HS CCD and a 1kx1k
Olympus MegaView camera. Micrographs were adapted in terms of brightness and contrast using
the software Gwyddion (2.51 version). The TEM micrograph shown in Figure Sl 16e was base-
flattened using the Gwyddion software and the color spread transformation was performed with the
software GIMP (2.10.28 version) to maximize the contrast.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were carried out at Argonne
National Laboratory beamline 8-1D-E'**! of the Advanced Photon Source. The instrument operates
with x-ray photons at 10.91 keV with a beam of 200 um x 10 um. At incident angle o;,= 0.14°, the
x-ray footprint is about 4 mm long, so the average sampling is over a spot of 4 mm x 0.2 mm. The
exposure time is ~ 10 s. The sample is under vacuum during the measurement. Pilatus 1M detector is
mounted 0.217 m distance to the sample, on an elevation stage that allows us to vary the detector
height and record a second exposure. The two exposures can be combined to fill in the gaps of
inactive pixels at the border between detector modules, thereby also demonstrating that the
scattering from the sample remains constant, i.e., radiation damage does not occur in this exposure
time. This procedure, as well as corrections for detector non-uniformity, x-ray polarization and
geometrical solid-angle considerations, and subsequent data reduction was carried out using the
GIXSGUI?® package for Matlab. The fullerene thin films were prepared on single side polished silicon
substrates, immersed at least overnight in isopropanol before usage. One monolayer of stearic acid
(SA) was LB-deposited at 10 mN-m™ prior to the rolling transferred Langmuir layers. The deposition
parameters for rolling transfer of MPEGCg, were 12 and 36 layers at approximately 15 mN-m™. The
samples were stored under ambient conditions for shipping.

Atomic force microscopy AFM was performed on a Dimension Edge from Bruker. The silicon tip has a
radius of approx. 10 nm and was used in tapping mode with a frequency of 0.4 Hz. Resolution was
512 pixel x 512 pixel. The post-processing of the data was performed with the Gwyddion software
(2.51 version). For the topography images, the following processing steps were performed: “base
flatten”, “align rows” with the selection mean of differences, “remove scars”, “polynomial
background”, set minimum value as zero point (“fix zero”). The color scale was used in a fixed range.
The actual area was read out via the “statistical quantities tool”. For the phase images, the following

n u

processing steps were performed: “base flatten”, “align rows” with the selection mean of

” u

differences, “remove scars”, “polynomial background”, set minimum value as zero point (“fix zero”).

Electrochemical measurements: For square wave voltammetry (SWV) measurement, a grounded
ZAHNER ZENNIUM pro electrochemical workstation controlled via THALES software was used. The
electrochemical cell was positioned inside a Faraday cage during the measurement. The
electrochemical cell has got three screw openings for inserting the electrodes and a gas inlet. As
working electrode, a glassy carbon plate (45 mm x 2.2 mm x 1 mm, partially immersed) bare or
coated with the respective MPEGCg, thin film was used, as counter electrode a platinum spiral and
as refence electrode a leakless miniature Ag/AgCl electrode from eDAQ. All electrodes were put
through a septum, the glassy carbon plate was hold by a flat copper crocodile clip. The SWV
measurement was carried out under Argon flow in TBABF, (tetrabutylammonium tetrafluoroborate:
99 % purity, Sigma Aldrich, recrystallized once in deionized water, dried and stored under argon
atmosphere before usage) (0.06 M in MeOH (Thermo Scientific™, ACROS OrganicsTM, 99.8 %, extra
dry, over molecular sieves, AcroSea|®)) with Ferrocene as internal standard and reference for
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determining the LUMO energy levels. Negative scans were running from +0.4 to -1.3 V vs. Ag/AgCl,
positive scans were running from +0.4 to +1.0 V vs. Ag/AgCl (eDAQ). Negative as well as positive
scans were carried out with 10 Hz frequency, 50 mV amplitude, 2 mV step, 25 ms integration time.
The sampling procedure consisted of two negative scans, followed by two positive scans and one or
two negative scans.

Data processing was carried out by a Mathematica routine. Second cathodic scan was subtracted from first cathodic scan,
followed by an offset correction for both cathodic and anodic scan. The current density was determined by applying the
area of active layer deduced from the measured immersion depth of the glassy carbon plate electrode. The maximum of

the first reduction potential of MPEGCgj in the thin films of different deposition parameters was determined via peak fits,
also applied to the ferrocene to ferrocenium (Fc/Fc’) oxidation peak.

The respective LUMO (Lowest Unoccupied Molecular Orbital) energies [eV vs. vacuum energy level] were determined via
the following equation:

Erymo = — [Eabsolute potential (:C—i) - E (:C—i) + ET°® (MPEGCg) | [eV] 127, with maximum redox responsel2®!
2 2

consideration instead of its respective onset(?’] as detailed in the SI (chapter 3).
Eabsolute potemia|(Fc/Fc+): 5.1V 1 35 detailed in the SI (chapter 3.3).
Repetition measurements were carried out to ensure the global trend.

Density functional theory calculations: Quantum chemical structure optimizations along with the

29} and electrostatic potentials were carried out using density

calculations of electron densities
functional theory (DFT) as implemented in the GPU-accelerated program TeraChem™. valence
double-T basis set Ahlrichs- pVDZ with polarization functions on all atoms as introduced by Ahlrichs
and co-workers®™ was used to optimize the geometries for all the molecules, whereas electrostatic
potentials were calculated with the triple- basis set 6-311++G"? 53 Hybrid functional B3LYP®* was

B¢ enabled. Electrostatic potentials

used for all calculations, with Grimme’s D3 dispersion correction
ranging on a color scale of -0.08 to 0.08 units were plotted on the electron density iso-surface of

0.0001 a.u.
Statistical analysis:

e [(A) isotherms: See Sl chapter 9: “Statistical analysis of the MPEGCg, M(A)-isotherm”

e Reduction potentials: See data evaluation routines in Sl sections “3. Square-wave
voltammetry (SWV) data” and “Summary of MPEGCg, model layer system SWV
investigation...”

o NUee/N©R calculations:See S section 7 “N*"™%/N""' calculations” (Table SI 2 and
Table SI 3)

o E™ umo Vs. N*U/N™" ratios: See Sl section 8 “E™*" ymo Vs. N*7¢/N?" (Table S| 4)

Details of processing of UV-vis, AFM, TEM and GIWAXS data are provided in the section
“Supramolecular structure and morphological characterization”.

SUPPORTING INFORMATION

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: Panel (a): Compressional modulus of MPEGCg, (blue) and stearic acid (gray) as reference; Panel (b): Langmuir
isotherm of MPEGCg, and stearic acid (SA), surface pressures used for deposition and the corresponding mean molecular
areas (red dots), Lewis structure of MPEGCg, together with a picture of the electrostatic potential distribution at a
smoothened van der Waals surface; Panel (c): lllustrations of possible MPEGCg, assemblies at the air-water interface
that are in agreement with the mean molecular areas at deposition.
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Figure 2: (a) Rolling transferred Langmuir layer (rtLL) deposition setup; (b) Magnified view of the role with mounted
substrates. (c,d) Schematic representation of the rtLL deposition process.
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Figure 3: Reduction potentials of MPEGCg, layers as function of surface pressure at deposition M,;,; and number of rolling
transferred Langmuir layers (#rtLL). The data points at identical N,,- and #rtLL-values refer to repeat measurements on
different samples. The error bars are obtained from peak fits of the electrochemical reduction peaks.
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Figure 4: AFM images (a) — (g) for different rtLL films. (a), (b) and (d) layer stack deposited on quartz glass substrate with
a monolayer stearic acid below (c) and (e) — (g) layer stack deposited on glassy carbon plate. Ratio number of surface
sites to the number of total sites (N*"7°/N'") (center) as a function of the surface pressure M,;, and the number of
rolling transferred Langmuir layers (#rtLL) of which the organic thin film layer-stack consists of. The ratios are calculated
by considering mean molecular areas as determined by the surface pressure at deposition (blue spheres) and as
measured via UV-vis absorption spectroscopy (orange spheres), thus enabling determination of error bars.

This article is protected by copyright. All rights reserved.
17

85U8D17 SUOWILLID BANea1D) 3|qedlidde aLyy Aq pausenob ale sl VO ‘8sh 4O Sa|ni o ARig1T 8UIIUO AB]1M UO (SUO I IpUOD-PpUe-SWLeH LD A8 | IM" Afe.q U1 |UD//:SdRY) SUORIPUCD PUe SWwie | 8L 88S *[£202/80/2Z] Uo Arld)Tauliuo A8|IM ‘sioul||l JO A1sienlun Aq 900S0£Z02 ewiPe/Z00T OT/I0pW0d" A 1M Areld jpu|uoj/Sdny wouy pepeojumoq ‘el ‘Se07TZST



Accepted Article

HlekeiBa1 _ »
i |

mean

Figure 5: Panel (a): E7j/yo plotted as a function of N

109 meV (blue line). The different slopes of the

Open symbols and horizontal error bars refer to N
from UV-vis absorption spectra. Filled symbols refer to N

surface )Nt 3ccording Eq. 10 using AELUMO = 65 meV (grey lines),
mean

o (x) graphs result from the different AN,,,AE ;10 parameters.
surface \*°%! L tios calculated from surface concentrations deduced
surface \*°%2l L atios calculated from isotherm-determined mma,

i.e., depending on the number of layers only. Panel (b): Zoom of the data shown in panel (a) including line fits.

B2 e

41z }

olf

o B8 10V
—12
n?
i
al
il
° .
® s
L T
 Aw
L
L TR T
wpes wpeibels & O NN
bk kT e B dektn e
[ l‘.'. oa on i

N——

[T

LAl

g, ev)

410

“m an nx > ‘e axn

Py gy

This article is protected by copyright. All rights reserved.

18

85U8D7 SUOWILLID BANeR1D 3|qedlidde 8Ly Aq pausenob ale sl VO ‘8sh 4O Sa|nu o ARig1T 8UIIUO AB]1M UO (SUOIIpUOD-PUe-SWLBH LD AB | IM" Afe.q Ul |Uo//:SdRY) SUORIPUCD Pue Swie | 8L 88S *[£202/80/2Z] Uo Al auliuo A8|Im ‘sioul||l JO A1sienlun Aq 900S0£Z02 eWPe/Z00T OT/I0pAW0d" A3 1M Are.d jpu|uoy/Stny wouy pepeojumoq ‘el ‘Se0tTZST



TOC

A rolling transfer of Langmuir layers of amphiphilic C60 derivatives is shown to enable the
production of films with highly defined morphology. The resulting systematically tuned lowest
unoccupied molecular orbital (LUMO) energies enable the establishment of a practical model that
functionally relates the LUMO energies to a morphological descriptor. This allows prediction of the
range of experimentally accessible LUMO energies.
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