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Disulfide-Bridged Dynamic Covalent Triazine Polymer Thin
Films by Interface Polymerization: High Refractive Index
with Excellent Optical Transparency
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Christian Sprau, Christian Dolle, Vanessa Trouillet, Zahid Hassan, Tobias Leonhard,
Stefan Heifller, Yolita M. Eggeler, Wolfgang Wenzel, Mariana Kozlowska,

and Stefan Brdse*

1. Introduction

Exploring innovative strategies for molecular structuring of dynamic materials

that combine self-correcting intrinsic reversibility with the robustness
of covalent bonds, has been a long-standing objective from applications
perspective in fields ranging from molecular engineering to nanotechnology

Molecular structuring of covalently-linked
polymeric networks and thin-films have
attracted enormous interest due to their
diverse applications as separation mem-

and interfacial science. To establish dynamic covalent chemistry approaches
combined with interfacial polymerization, herein, a distinct synthetic approach
is reported to develop disulfide-bridged 2D polymeric C;N;S, triazine
thin-films by interfacial thiol-disulfide dynamic exchange process crosslinking
tritopic planar 1,3,5-triazine-2,4,6-trithiol molecular tectons via intermolecular
disulfide formation in the presence of |, vapors at the air/water interface
under redox condition. The resulting centimeter-scale polymeric thin-films

are covalently cross-linked, dynamic in nature, featuring tunable thickness
(6-200 nm) and significant morphological variations are realized under

the influence of varying reaction time, concentration and types of reducing
agents. Notably, C;N;S; polymer thin films exhibit a transflectance of

around 99.5% in the range from 430 to 1800 nm, show high refractive indices
(1.730-1.488) and optical anisotropy with uniaxial negative birefringence.

The C;N;S, free-standing polymer thin-films can be easily transferred

to different substrates or possibly into application-relevant forms for

device fabrications, making this useful from materials application perspective.

branes, sensors, and (opto-)electronics.!!]
Engineering covalently-linked polymeric
networks with controlled molecular ar-
rangements (2D-3D architecture) and
tuning molecular forces and interconnect-
ing bonds that bind molecular tectons
together is of fundamental relevance for
tailoring the final structural features and
functions of the material to a desired
application.?] A variety of covalent linkages
including B—O (boronate ester),’) C—N
(imide),l¥) C—N (imine),’) C—N (aromatic
system, include triazine, phenazine),®]
and B—N (borazine)”l covalent bond,
have been introduced for interconnecting
chemically-programmed diverse build-
ing blocks into molecular materials.[®]
Dynamic covalent strategies combining

intrinsic reversibility with the robustness
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of covalent bonds, where the cross-linking degree can be dy-
namically controlled, has opened up exciting new horizons of
materials exploration.[’! Prominent reversible covalent linkages
include thermo-labile alkoxyamine bonds,!'! reversible cycload-
dition (e.g., thermoreversible Diels-Alder reactions),!'!! thiol-
disulfide exchange process,!'?] and others have been envisioned
for engineering dynamic covalent polymeric materials.['3] The ox-
idative coupling of thiols (disulfide formation) is well studied,
and widely applied in responsive polymer systems (e.g., vesicles
for drug delivery),*l recyclable polymers (thermoplastics and
thermosets),[>] and peptide synthesis. However, to the best of
our knowledge, so far, disulfide based polymeric thin films by
interfacial polymerization methods have been rarely explored.!¢]
In a recent accomplishment, we introduced the concept of
disulfide-mediated polymerization to prepare hyper-crosslinked
3D-homopolymers based on tetrakis-thiophenol monomers via
reversible disulfide bond formation.!*”] The disulfide-bridged 3D-
homopolymer was synthesized in presence of hydrogen peroxide
catalyzed by sodium iodide. The reversible nature of the (—S—S—)
dynamic covalent linkages owing to their selective sensitivity
to reductive environment further enabled postfunctionalization
and depolymerization. Exploiting dynamic covalent chemistry,
challenges, and opportunities arise depending on the nature of
the interconnecting bonds (each has its own merits and demer-
its) and dimensionality of the system (2D-3D arrangements).
Moreover, for further translational potential, addressing stabil-
ity, processability, morphology preservation, and structural regu-
larity at different lengths that are more critical to functions and
certain applications yet to be demonstrated. As polymeric net-
works are mostly isolated in solid powders and their process-
ability/fabrication, particularly into thin-films and membranes,
is challenging, once synthesized have negligible solubility in
solvents.['®] In this endeavor, interfacial polymerization meth-
ods and development of new dynamic reaction pathways taking
place on interfaces are rapidly growing for the fabrication of free-
standing high quality films with a long-range order, defined thick-
ness, and tunable properties.'! In this present work, we now
report a distinct approach to disulfide-bridged 2D polymeric tri-
azine thin-films by interfacial thiol-disulfide exchange process
crosslinking planar tritopic 1,3,5-triazine-2,4,6-trithiols via inter-
molecular disulfide cross-linkages formation in the presence of

V. Trouillet

Institute of Applied Materials and Karlsruhe Nano

Micro Facility (KNMFi)

Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz, 76344 Eggenstein-Leopoldshafen,
Germany

K. Kutonova, Z. Hassan, S. Brase

Institute of Organic Chemistry

Karlsruhe Institute of Technology (KIT)

Fritz-Haber-Weg 6, 76131 Karlsruhe, Germany

T. Leonhard

Light Technology Institute (LTI)

Karlsruhe Institute of Technology (KIT)

Engesserstrasse 13, 76131 Karlsruhe, Germany

S. Brése

Institute of Biological and Chemical Systems (IBCS-FMS)
Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen,
Germany

Adv. Funct. Mater. 2023, 2303929 2303929 (2 0f16)

www.afm-journal.de

iodine vapors at the air/water interface containing a reducing
agent. The cross-linkable tritopic molecular design and interfa-
cial polymerization technique offers transferable, processable,
and flexible polymer 2D thin-films with controllable thicknesses
in the range of 6-200 nm as a function of time for 1-24 h at room-
temperature and without the need for any stimuli, templates, or
preorganization of the monomers. This unanticipated disulfide
dynamic chemistry approach and interface-confined polymeriza-
tion, i.e., the possibility to dynamically modify the reaction equi-
librium and simultaneously polymerizing molecular precursors
into fine-tuned dynamic polymeric thin-films at the interface, of-
fers certain challenges to overcome and demonstrates advantages
compared to the previously reported solution-based conventional
synthesis methods that led to insoluble and nonprocessible poly-
mer agglomerates.!?’] Due to the intrinsic high refractive index of
sulfur (n = 2.0), the high molar refraction and polarizability and
the low molar volumes of aromatic rings, sulfur-based organic
polymeric materials exhibit high refractive indices (n > 1.50) and
excellent transparency in the near infrared (NIR) region of the
spectrum which make them particularly intriguing for NIR imag-
ing technologies.?!] C;N;, S, triazine thin-films can be transferred
to other substrates or possibly into application-relevant forms for
device fabrications.

2. Result and Discussion

2.1. Interfacial Synthesis of Disulfide-Bridged Dynamic C;N,S,
Triazine Polymer Films

In the current study, tritopic planar tectons of triangular shape
bearing predisposed thiol reactive groups at the peripheries
(see Figure 1) were chosen to generate dynamic covalent poly-
meric thin-films. 1,3,5-Triazine-2,4,6-trithiol (TTCA) was sub-
jected to thiol oxidation and disulfide reduction conditions si-
multaneously employing iodine vapors as an oxidizing agent
in a closed system at the water interface at room temper-
ature (experimental setup is shown in Figure S1, Support-
ing Information). Disulfides are generated under oxidative
conditions of thiols, while the reducing agent forms thiols
from disulfides. In this current study, three different reduc-
ing agents, namely tris(hydroxypropyl)phosphine (THPP), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP-HCI for simplicity
denoted as TCEP) and dithiothreitol (DTT) were investigated. For
a reference, blank films were synthesized in the absence of re-
ducing agent under similar experimental conditions. THPP and
TCEP are among the extensively used tertiary phosphine-based
disulfide reducing agents due to their water-soluble nature and
the advantage of being air stable facilitating ease of handling un-
der ambient laboratory conditions. Different concentrations (5,
1, 0.2, and 0.1 eq) of the three reducing agents with respect to
TTCA were tested and 0.2 eq was chosen as optimal concentra-
tion for the formation of patterned films in all the four cases un-
der similar experimental conditions (see Table S1, Supporting
Information). The pH of the four reaction systems were mon-
itored by taking aliquot at 0 min and at time intervals of 4, 6,
10, 14, and 18 h reaction time, gradual decrease in pH was ob-
served as shown in Figure S2 (Supporting Information). Under
acidic conditions in the pH range of 3—4, a trend in the pat-
terned film formation was observed in agreement to the reducing
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Figure 1. Interfacial synthesis of disulfide-bridged dynamic covalent C3N;S; triazine polymer thin-films through reversible disulfide bond formation
(top); optical images of polymer in powder and film form (middle); AFM topography images showing different surface texture of the films formed in
the absence of reducing agent (blank) and by using three different reducing agents THPP, TCEP, and DTT (bottom). All AFM images are 8um in width.
Reduction reaction carried using TTCA monomer (1 eq), respective reducing agent (0.2 eq) in water/THF solvent (9:1v/v) at room temperature (=22 °C).

ability of reducing agents (TCEP > THPP > DTT),/??! such as
more pronounced hexagonal units are observed in the case of
TCEP, THPP, weak in DTT and less pronounced in the case of
blank films. On contrary to THPP and TCEP, DTT as a reduc-
ing agent is less active in acidic medium (pKa of DTT is ~8.6),!?%]
despite this fact the thinnest film (%50nm) among the three was
formed in the presence of DTT. To confirm the active role of re-
ducing agents in the formation of patterned films, we carried the
experiments using the oxidized form of TCEP, THPP, and DTT.
No patterned films were observed, these results highlight the sig-
nificance of reducing agents in the formation of patterned films
plausibly by regulating the rate of reduction reactions, reaction
dynamics and crystallites growth. Other parameters, including
reaction time for variable thickness (Figure S2, Supporting In-
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formation) and iodine concentration were optimized. Iodine was
tested in dissolved form (dissolved in the reaction mixture) and in
the form of vapors (self-dissolution in the reaction mixture with
time) (Figure S3, Supporting Information).

This protocol exploits the advantages of the dynamic nature of
the thiol-disulfide exchange reaction that enables the formation
of self-corrected structures due to the labile nature of reversible
disulfide bonds with interfacial synthesis that permits attainable
rearrangement of building units, nucleation, and growth of ex-
tended periodic hexagonal arrays to generate 2D films with tun-
able thickness. In comparison to the solution-based conventional
synthesis methods,!?") synthesis on the water—air interface per-
mits apparently specific preorganization of the TTCA monomers
and the regular assemblies direct the formation of ordered,
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free-standing C;N,S; triazine polymer thin-films. The 2D poly-
meric thin-film of C;N;,S; features confined molecular arrange-
ments predominantly driven in lateral directions by disulfide co-
valent linkages and stabilized by noncovalent z—r stacking. The
resultant layered polymer thin films are anticipated to form by
strong in-plane disulfide-bridged covalent interactions and weak
van der Waals force between the layers. Employing this syn-
thetic approach, centimeter-scale free-standing polymeric thin-
films were prepared without advanced/complex instrumentation
required. In principle, lateral dimensions of polymeric thin films
can be determined by the water surface-size in a vessel available
for polymerization.

These films are easily transferable to other substrates, hence
allowing convenient structural characterization through vari-
ous spectroscopic and imaging techniques, and possibly into
application-relevant forms for device fabrications.

2.2. Covalent C;N,S, Triazine Polymer Thin-Film Characterization

The molecular structures and morphological patterns of the poly-
meric films were analyzed by spectroscopic methods and mi-
croscopy imaging techniques. Disulfide bond formation in the
polymer thin-films was confirmed by Raman and ATR-IR (at-
tenuated total reflection infrared absorption spectroscopy) spec-
troscopy (Figure 2A,B). The formation of disulfide bonds in the
polymer thin-films is confirmed by the appearance of an intense
band at 966 cm™" assigned to strongly Raman active S—S bend-
ing mode, and S—S stretching modes at 498, 512, and 529 cm™.
Vibrational bands at 1125 and 1225 cm™! assigned to the C=S
and C—N groups disappear on polymer formation.[?3]

The ATR-IR spectra were collected for the monomers TTCA,
the polymer in powder form, blank, and THPP films. The TTCA
monomers show major bands at 1524, 1109, and 750 cm™~" which
are characteristics of the nonaromatic, trithione form of triazine
ring. Explicitly, the strong band at 1109 cm™! assigned to the
C=S stretching vibration is absent in the polymers due to the
absence of resonance on polymerization. Similarly, bands in the
range of 2899-3136 cm™! are attributed to N—H stretching in
triazine groups. Polymer films show bands around 1466, 1230,
and 825 cm™!, which are characteristic of the aromatic triazine
groups. The absence of S—H bands in the range between 2500—
2660 cm™! and C=S band around 1109 cm™' confirms the for-
mation of disulfide bonds and thus formation of the polymer as
anticipated.?% The exactly similar ATR-IR spectra observed for
blank, THPP, TCEP, and DTT films, infer that the polymer films
formed in the presence and absence of reducing agent are chemi-
cally identical (Figure S4, Supporting Information). The elemen-
tal composition of the polymer films was further validated by X-
ray photoelectron spectroscopy (XPS) measurement. The S 2p
photoelectrons lines can be clearly identified for all the samples
including TTCA monomers and the polymer samples, both in
powder form and thin films, as shown in Figure 2D. The S 2p
doublet of the TTCA monomers with S 2p;, at a binding en-
ergy of 162.7 eV is assigned to the C=S species. For all the poly-
mer samples S 2p, , shifts clearly to a higher binding energy
of 164.8 eV and is attributed to the C—S—S—C species confirm-
ing the formation of disulfide polymers on oxidative polymeriza-
tion of TTCA monomers.!?)] C 1s spectrum (Figure 2E) shows
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two main contributions, the most intensive one at 288.1 eV as-
signed to N=C—N[?*l and a second one at 285.0 stemming from
the usual observed surface contamination. This also explains the
presence of two oxidized carbon species in a low amount and
the corresponding oxygen species (O 1s not relevant here). N 1s
spectrum (Figure 2F) shows a peak at 399.7 eV (C=N—C) in the
ratio of 1:1 with C 1s at 288.1 eV, confirms the presence of tri-
azene rings in the films. In addition, no P 2p peaks were de-
tected in the THPP and TCEP films (Figure S5, Supporting Infor-
mation). Considering the C=S to S—S peak ratio of 0.02 for the
THPP, TCEP, and DTT films, establishing a correlation with cor-
responding reducing ability is not obvious. Nevertheless, the two
times higher ratio (0.04) observed in the case of blank samples,
this attribute is most probably in agreement to the self-correcting
trait induced by the reducing agents.

To investigate the textural features of the polymer films, atomic
force microscopy (AFM) was used in Peak Force tapping mode to
record the topography (Figure 1; and Figures S6-S9, Supporting
Information). AFM images demonstrate and confirm the distinct
surface hexagonal morphologies of polymer films formed using
different reducing agents. Based on the planar and triangular
TTCA monomers, as anticipated, a hexagonal base structure is
observed. In comparison to the blank samples, periodically well-
organized and more pronounced regular hexagonal motifs are
observed in the case of THPP, distorted hexagons for the TCEP,
and homogenous thinner hexagons in the case of DTT. These
observations were further validated by the transmission electron
microscope (TEM) images (Figure 3A-C), showing a distorted
hexagonal base structure in blank film. Similar base structure
merged with distorted hexagonal crystallites was observed in the
case of THPP and TCEP films. Furthermore, we collected the
(S)TEM images of the blank (6 nm) and THPP (34 nm) films after
1and 2 h of reaction time, respectively. In both cases, we observed
separated islands of 2 and 4 pm in diameter, respectively, within
the film. From the (S)TEM image (Figure 3D,F) of the THPP
sample, we deduced that islands with their own boundaries are
close enough within the range of less than 100 nm and farther
apart on microscale. We presume that the disulfide films follow
the “birth-and-spread mechanism,”?°! where the initial crystal-
lites emerge by the oxidative polymerization of thiols. Crystal-
lite growth could then proceed via incorporation of planar rigid
monomers arranged on the surface under the influence of con-
fined growth at interface.['*’! In parallel to the oxidative coupling
of thiols, reducing agents induce disulfide bond dissociation and
regulate the crystal growth process with corresponding reducing
ability resulting in patterned films with distorted hexagonal crys-
tallites. Apparent differences observed in the film thickness (film
growth) and surface textures under similar reaction conditions
with different reducing agents are plausibly attributed to differ-
ent reaction kinetics.

To further investigate, imaging ellipsometry was applied to
characterize the thickness and morphology of the polymer films.
The simultaneously obtained optical properties are discussed fur-
ther below. For the studies, all films were grown for a stan-
dard reaction time of 24 h and transferred to commercially avail-
able silicon wafer substrates. Differently colored regions can be
observed by the naked eye in all samples owing to variations
in the film thickness (Figure 2G-K, insets). A gradual increase
in the film thickness from the peripheries to the center of the
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Figure 2. Characterization of C;N;S; triazine polymer thin-films by. A) Raman, B) ATR-IR. C) TEM cross-section showing a thin film lamellar structure
(scale bar represents 1 pum for top image and 50 nm for bottom image); by XPS analyses D-F) showing S 2p (161-168 eV), C 1s (282-292 eV), and
N 1s (397-406 eV) regions; by imaging ellipsometry. G-K) Exemplary Imaging Ellipsometry Raw Data, A@505.3 nm, image width 500 um, insets:

photographic images of the film. G) Blank (gray scale scale 150°-350°).

H) THPP (gray scale scale 170°-370°). |) TCEP (gray scale scale 150°-350°). )

DTT (gray scale scale 100°-300°); and K) thickness of the main phase determined at two different positions on each sample and L) WLI images showing
a gradual increase in films thickness as a function of time.
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A) blank-24 h

Figure 3. TEM images of A) blank, B) THPP, and C) TCEP films collected after 24 h of reaction time. D) STEM images of blank (6 nm in thickness) and
E) THPP (34 nm in thickness) films collected after 1T and 2 h, respectively, of reaction time. F) Magnified STEM image shows the edges of neighbouring

crystallites in the THPP film.

film were observed in the range of 159-259, 173-292, and 169—
303 nm for the blank, THPP and TCEP films, respectively. The
DTT films showed streaky appearances with varying thickness in
the range of 43-52 nm. The imaging ellipsometry data exhibits
dotted structures in the range 50-100 um of a ~100 nm higher
thickness than the main phase for the blank sample. On the con-
trast, the density of these structures is drastically reduced to al-
most not existent for the samples prepared in the presence of re-
ducing agents. The reaction time plays an important role in the
formation of the polymer thin-films and controlling their thick-
ness. A gradual increase in the films thickness as a function of
interfacial reaction time (2-24 h) was monitored by white light in-
terferometry (WLI) and is shown in Figure 2L (for WLI studies,
films were transferred on glass coverslips). The 2D blank film
of 6 nm in thickness was observed after 1 h and gradually in-
creases as a function of time to 162 nm in 24 h. The 2D THPP
film of 35 nm in thickness was observed after 2 h, and gradu-
ally increases as a function of time to 185 nm in 24 h. By com-
paring the blank and THPP films, we infer that the film growth
is comparatively faster in the presence of THPP reducing agent.
We anticipate that this is a diffusion modulated process, permit-
ting better monomer accessibility for the ordered film formation
due to healing of defects and overgrown triazine assemblies. Fur-
thermore, the cross-section of the interfacial 2D film exhibits pre-
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cisely ordered long range lamellar structure, as evidenced by the
TEM image shown in Figure 2C.

To monitor the qualitative distribution of the thiol groups
on the surface of the films synthesized using different reduc-
ing agents, confocal laser scanning microscopy (CLSM) was em-
ployed. For CLSM studies, the thin film samples were placed
in thiol-specific fluorescent dye solution (maleimide-TRITC
(tetramethylrhodamine isothiocyanate), 4 um in DMF) for 1 h,
where samples undergo Michael-type addition reaction of thiols
and maleimide, resulting in the fluorescent labeling of the thiol
groups. These films were rinsed by treatment with water/DMF
to remove unreacted dye precursor. Thus the relative intensity
of the CLSM images correlates with pattern formation and tex-
tures on the surface (Figure 4). Darker regions (low fluorescence
intensity) are optically distinct from thiols high coverage regions
(brighter intensity). THPP and TCEP films exhibit hexagonal mi-
crostructures darker in the center and brighter at peripheries.
This demonstrates that the microstructured darker regions (in
the CLSM images) are lacking thiol groups, thus are comprised of
denser polymers having more disulfide bonds in the center of the
hexagonal motif and, comparatively, more thiol groups at the pe-
ripheries. In the case of DTT film, homogenous brightness, thus
homogenous thiol distribution in the center and peripheries, is
observed.
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Figure 4. Microscope images of the C3N;S; polymer thin-films. A) digital microscope, B) CLSM images in transmission mode, and C) CLSM images in
florescence red channel. CLSM samples were prepared by postfunctionalization of thiol groups with maleimide-TRITC (4 um in DMF). In all images the

scale bar is 10 um.

2.2.1. Reaction Thermodynamics of the S—S Bond Dissociation

To rationalize experimental observations and to better under-
stand chemical processes during oxidative disulfide based film
formation in the presence of reducing agents in a one pot

Adv. Funct. Mater. 2023, 2303929 2303929 (7 of 16)

system, quantum-mechanical (QM) calculations and computer-
aided simulations were performed. As the formation of disul-
fide based polymers via thiol oxidation is a well-established poly-
merization route, we intended to understand the influence of re-
ducing agents on the thermodynamics of disulfide dissociation

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95LB01 7 SUOLLLIOD SAIIe1D) 3[cfedldde U Ag peusenob e Sl VO ‘85N JO Sa|nJ o Akeuqi8UlIUO A8]IA LD (SUONIPUOD-PUe-SWLBI 0D A | IM Aleid]1jBU JUO//SdIY) SUONIPUOD PUe SIS 1 8L 89S *[£202/60/90] Uo Aeiqiauljuo A3(1m ‘@16ojouyos | o uonminsu| Bunisiey Aq 62680202 WiPe/Z00T OT/I0p/W0d A3 (1M ATeiqijeul|uo//sdny ol pepeojumoq ‘0 ‘8Z0£9TIT



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

. 4 sH
oW Yo RO

Reaction a s- Y Y Ho *
A 2 “ — o
/
)¢ o . .,
S
)\H OH -
o} H
Reaction b Hs)\ )\S/ Y Y SH 4+ HO * OJIP,\)LOH , I)\ O)W\P/—}
N Hs” N7
s Do <,
SH
)\ SH OH
Reaction ¢ N )\N OH

X

adhern S

_— 2 ¥
HS/”\N)\SH S

Figure 5. Dynamic reactions representing disulfide bond dissociation under ambient temperature and pressure in the presence of different reducing

agents: a) THPP; b) TCEP; and c) DTT.

reactions. QM calculations of reactions between disulfides and
three different reducing agents, i.e., THPP, TCEP, and DTT
(Figure 5), were performed.

The structure optimization of all the reagents was performed
with density functional theory (DFT) at the B3LYP[?¢l-D3-(BJ)[?’]
/def2TZ VP! and TPSS!*1-D3-(BJ)/def2TZVP level of theory in
Turbomole v.7.4. All structures were confirmed by vibrational
analysis. Detailed information is provided in the Supporting In-
formation.

Thermodynamic functions describing the S—S bond breaking
in the presence of the reducing agent (Table 1) indicate high spon-
taneity of the backward reactions with the fastest bond breaking
using TCEP and THPP. The Gibbs free energy of these reac-
tions is —28.67 and —27.32 kcal mol™!, using B3LYP, respectively
(Table 1), with rather small impact of the implicit solvent con-
sideration (Table S2, Supporting Information). On contrary, DTT
reducing agent seems to be slightly less reactive (AG of —1.61

Table 1. The Gibbs free energies, enthalpy, and entropy values (in
kcal mol™") of disulfide dynamic reactions (Figure 5) computed using
B3LYP/def2TZVP and TPSS/def2TZVP level of theory in the gas phase un-
der ambient temperature and pressure.

Reaction a THPP Reaction Reaction

b TCEP cDTT

B3LYP AG —27.32 —28.67 -1.61
AH —-1.66 -1.74 -1.09

AS 0.086 0.090 0.002

TPSS AG —28.61 —29.32 —2.56
AH -1.63 -1.70 —1.04

AS 0.090 0.093 0.005
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and —2.56 kcal mol™' in the gas phase using B3LYP and TPSS,
respectively), but still preserving the spontaneous character of
the backward reaction. The solvation impact is rather small, in-
creasing the absolute value of the energy by ~3 kcal mol~'. This
agrees with the experimental observation of TCEP being a bet-
ter reducing agent than DTT for the cleavage reaction of disul-
fide bonds.[?2>3%] The combination of fast forward and backward
reactions permits the dynamical nature of bond formation and
breaking toward the film formation.

Due to the complexity of the process and the size of the fast
growing polymer fragments, the kinetic analysis of the reactions
studied was not performed. To further understand the polymer
structure and the unit cell formed, the formation of various frag-
ments was investigated. Here, both structure order (i.e., the po-
tential to possess triazine-based rings located parallel with re-
spect to the surface) and the energetics of the S—S bond formed
(i-e., with explicit impact of cooperative effects resulting from the
n-mer size) were considered. Hypothetical polymeric fragments
(Figure 6), comprising two to eight triazine rings, were optimized
in DFT.

The computed bond dissociation energies (BDE) were found
to be in the range of 56-64 kcal mol~! (Table S3, Supporting
Information), that agree well with the experimentally reported
values.’! Data obtained shows that the six-membered units in
the polymer is the most probable structural unit with the highest
energy of S—S bond formed, i.e., permitting structural stability.
In most of the cases of two to five triazine based polymer frag-
ments, the formation of the distorted polymer units was detected
as the most preferable one. We understand that the polymer for-
mation process may involve not direct polymer unit formation (as
depicted in Figure 6) during experiments and lots of dynamic re-
actions and interface processes may impact higher planarization
of the polymer units (note that with the cluster approach here we
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Figure 6. Hypothetical polymeric units (n-unit-mers) optimized at the B3LYP-D3(B])/def2TZVP level of theory.

cannot properly model such effects), therefore these calculations
serve only as a basic understanding. We have found the source
of such deformation in the preference of cis S—S bond forma-
tion over the trans S—S (Figure 7) with the energy difference per
one S—S bond of 4.04 kcal mol~! at 0 K. Since the gain of the

Adv. Funct. Mater. 2023, 2303929 2303929 (9 of 16)

S—S bond geometry is stronger in smaller fragments, deformed
units are preferable to be formed. It should be mentioned that
starting from the six-membered polymer unit, higher planariza-
tion of the optimized polymer unit was found, i.e., the energy dif-
ference between two local minima is 0.845 eV (19.50 kcal mol ).
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AE ;. rans=4.04 kcal mol™

Figure 7. Representation of the cis (left) and trans (right) conformers of
the formed diaryldisulfide. Rotation about the S—S axis is subject to a low
barrier: Disulfides show a preference for dihedral angles C—S—S—C ap-
proaching 90°.

This shows that the interplay between the energy gain due to the
geometrical preference of the polymer unit and the S—S bond
formed (BDE of 64.3-61.0 kcal mol™! in the distorted and pla-
nar polymer unit in the gas phase, i.e., (A) and (B) in Figure 6).
Since the planar unit is more likely to result in ordered poly-
mer, it was considered for further calculations of polymer prop-
erties.

2.3. Optical Properties

Optical properties of the polymeric films were studied by the
UV-vis—NIR and imaging ellipsometry. Imaging ellipsometry
studies along with refractive index and film thickness, have also
provided information on structural properties like optical density,
morphology, and structural anisotropy.

2.3.1. UV-Vis—NIR

The UV-vis—NIR absorption spectrum of the monomer (TTCA
in THF) was first compared to the film experimental absorbance
when recorded in standard 2-beam-mode. As shown in Figure 8,
the disulfide bond formation in polymers exhibit a blueshifted ab-
sorption band at 288 nm in comparison to the TTCA monomers
which show maximum absorbance at 292 nm. In addition,
the polymer films’ transmittance, reflectance and transflectance
were recorded in an integrating sphere (details are provided in
the Experimental Section). The polymer thin films exhibit a trans-
flectance of around 99.5% in the range from 430 to 1800 nm,
with around 85% transmittance and 15% reflectance. Reflection
bands in the visible region seem to originate from thin-film in-
terferences and vary with film thickness and surface roughness.
Notably, the polymer films exhibit high transparency in the entire
visible range and an excellent transmittance of around 85% even
at 1800 nm, which expands the potential applications of disulfide
polymer films in the infrared-emitting field. Very similar trans-
flectance with an onset of absorption at 320 nm was observed in
all thin film samples, and for the DTT film slightly blue shifted
onset was observed. Thus, UV-vis—NIR spectra clearly indicate
that the disulfide bridged triazine polymer films show a promis-
ing level of high optical transparency in the visible and NIR re-
gion.

The UV-vis absorption spectrum of the monomer (TTCA in
THF), and transmittance, reflection, and transflectance spectra
of the polymer films were recorded in standard 2-beam-mode
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and in an integrating sphere (details are provided in the Exper-
imental Section). As shown in Figure 8, the disulfide bond for-
mation in polymers results in a blueshifted absorption band at
288 nm in comparison to the TTCA monomers with a maximum
absorbance at 292 nm. The polymer thin films exhibit a trans-
flectance of around 99.5% in the range from 430 to 1800 nm, with
around 85% transmittance and 15% reflection. Reflection bands
in the visible region seem to exist due to the surface roughness
and the respective light interferences at the film surface. Notably,
the polymer films exhibit high transparency in the entire visi-
ble range and an excellent transmittance of around 85% even
at 1800 nm, which expands the potential applications of disul-
fide polymer films in the infrared-emitting field. Very similar ab-
sorptivity (1-transflectance) with the onset absorption at 320 nm
was observed in all thin film samples, while in the DTT film a
slightly blueshifted onset was observed. Thus, UV-vis—NIR spec-
tra clearly indicate that the disulfide bridged triazine polymer
films show a promising level of high optical transparency in the
visible and NIR region.

Furthermore, degradation of the disulfide film was also con-
firmed by UV-vis studies. We studied the THPP-mediated de-
polymerization of the disulfide film by immersing the disulfide
polymer film in THPP solution and the UV-vis spectrum was
recorded as a function of time. To confirm depolymerization,
monomer formation was detected over 24 h reaction time by
UV-vis spectroscopy of the solution. An absorption band around
292 nm appeared within 5 min, on depolymerization of the poly-
mer, gradual increase in the monomers band intensity was ob-
served with increasing reaction time, which was attributed to the
distinctive absorption band of TTCA monomer (Figure S10, Sup-
porting Information). These results confirm that, in the pres-
ence of reducing agent, the cross-linked disulfide polymer film
readily degrades and converts into smaller species. Addressing
the polymer recycling challenges, the inherent bio-degradability
and intriguing feature of on-demand chemical depolymeriza-
tion of disulfide based materials into small-molecules make this
class of materials promising for practical applications with com-
plete materials’ circularity.l®?] The reversible and dynamic fea-
tures of the disulfide exchange reaction intrinsically shall pro-
vide the polymeric films with self-healing properties. To inves-
tigate the self-healing characteristics, we cut the polymeric films
into two pieces. Self-healing capability under controlled reaction
conditions in the presence of a reducing agent works well. De-
tails of the self-healing experiments and microscopic images are
provided in the Supporting Information (Figure S11). The recy-
cling as well as self-healing capability of the disulfide polymers
via thiol-disulfide exchange reaction further highlight the impor-
tance of dynamic disulfide based functional materials.

2.3.2. Imaging Ellipsometry

The refractive index and relevant optical properties of the blank,
THPP, TCEP, and DTT films (on Si-wafers) were characterized
by imaging ellipsometry and the results are provided in Figure 9.

The optical properties of the polymeric films were determined
using a uniaxial Cauchy-layer. The refractive indices show nor-
mal dispersion behavior with decreasing values as the wave-
length increases. Blank, THPP, and TCEP films lie in the high
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Figure 8. A) UV—vis absorption spectrum of the monomer (TTCA in THF), THPP, and blank polymer films recorded in standard 2-beam-mode. B)
UV—vis—NIR transflectance. C) transmittance; and D) reflectance spectra of all the polymer films were recorded in integrating sphere. Color code in all
four graphs, blank (blue), THPP (green), TCEP (red), DTT (black), and quartz reference substrate (gray).

refractive index polymer (HRIP) class with the in-plane n values
of around 1.673 even at 1000 nm. The in-plane (n,) and out-of-
plane (n.) average refractive indices and the birefringence val-
ues (An(d) = n.(A) — n,(4)) varied only slightly over the sam-
ples with a weak trend of decreasing magnitude of birefringence
from the periphery to the center of the film. The determination
of the birefringence of the DTT samples was only possible with
low accuracy due to parameter correlation caused by the much
lower thickness. All the films exhibit linear optical anisotropy
with a uniaxial negative birefringence, which is characterized by
the presence of a higher refractive index along the ordinary, in-
plane direction than in the extraordinary, out-of-plane direction.
It is reported that the uniaxial negative birefringence is critically
associated with the backbone linearity and rigidity as well as in-
trinsic polarizability of the polymers.[*]

In contrast to the disulfide polymer films reported in this
work (with refractive indices in the range of 1.47-1.76 and with
high uniaxial negative birefringence values in the range of 0.05—
0.25), the analog disulfide polymer examples in the literature
show significantly smaller birefringence values. For instance,
for polyamide with thioether linkages n = 1.7701 and An =
< 0.0076,**) for triazine-based polyphenylene sulfides n =
1.6902-1.7169 and An = 0.0015-0.0042,535] for poly(sulfur-co-
dovinyl benzene) n=1.97 and An=0.0010,1*® for poly(2-hydroxy-
1,4-phenylene sulfide) n = 1.80 and An = 0.003. The higher
birefringence values observed in our systems lie well within the
range of liquid-crystals polymers.*”] Our results demonstrate
that the films formed are structurally precise, 2D periodic net-

Adv. Funct. Mater. 2023, 2303929 2303929 (11 0f15)

works, where the disulfide bridged triazine rings impart large re-
fractive indices along the in-plane direction with strong optical
anisotropy. Notably is the appearance of extraordinary dispersion
of the birefringence for the periphery of the blank and the TCEP
samples and the TCEP sample overall. Here, the birefringence
is almost constant over the whole wavelength range, compared
to the normal dispersion with decreasing uniaxial negative bire-
fringence with increasing wavelength. This property is of special
interest for potential application of these films as optical compen-
sators as it yields a constant retardance over a broad wavelength
range.l!

In polymers containing aromatic groups, birefringence is
closely related to the anisotropy in the orientation of aromatic
rings, where high anisotropy leads to high birefringence. To cor-
relate molecular order in the polymeric films, we further per-
formed computational studies that support the imaging ellip-
sometry data.

2.3.3. Refractive Index of Large Molecular 2D Network

To correlate the molecular order in 2D polymer network and the
refractive index, we considered a system with perfectly ordered
structure (i.e., with six-membered rings oriented parallel to the
surface) and the system with slight disorder. For the perfectly or-
dered structure, the orientation of the normal vector of all ring
structures in the system is to the surface’s orientation. For the
structure with disorder, a random distortion, which is described
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Figure 9. Optical properties of the polymer films as determined by imaging ellipsometry; ordinary and extra-ordinary refractive indices of different
samples A) and the corresponding birefringence values D) each at two different locations of each sample and for a wavelength of 632.8 nm (the
error bars represent the 90%-confidence values of the fit, wavelength dependent refractive index for the Blank B) and THPP sample C) and E,F) the
corresponding birefringence spectra (the shaded areas represent the 90%-confidence values of the fit).

by a Gaussian distribution, was applied to the orientation of every
ring structure. For the structure with slight disorder, a random
distortion to orientation of every ring structure with a Gaussian
distribution was introduced.

In order to quantify the molecular order, we consider an orien-
tation parameter, which is defined as

(cosd,) =% 2 (nie) (1)

where n, is the normal vector of the ring fragment i and e, is the
orientation of the normal vector in z-direction of the surface. The
orientation parameter is computed from the dot product between
the normal vector and the surface, corresponding to the align-
ment between the ring fragment and the surface. The molecu-

Adv. Funct. Mater. 2023, 2303929 2303929 (12 O‘FTG)

lar order of a polymer network structure was then analyzed by
computing the average orientation parameter of all fragments
in the system. When cos? @, = 1, the ring fragment is parallel
to the surface. When cos? 6, = 0, the ring fragment is perpen-
dicular to it. As a result, the more ring fragments are ordered
parallel to the surface, the higher is the average orientation pa-
rameter. The distributions of the orientation parameter of ring
fragments of both perfectly ordered structure and structure with
disorder are depicted in Figure 10D,E. For the ideally ordered
structure, the orientation of all ring fragments equals to one.
For the structure with disorder, most of the normal vectors of
the fragments are not aligned parallel to the z-axis, which results
in a distribution across different orientation parameters in the
system.

Using Equations (S17) and (S18) (Supporting Information),
the refractive index of polymer network structure with different

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95LB01 7 SUOLLLIOD SAIIe1D) 3[cfedldde U Ag peusenob e Sl VO ‘85N JO Sa|nJ o Akeuqi8UlIUO A8]IA LD (SUONIPUOD-PUe-SWLBI 0D A | IM Aleid]1jBU JUO//SdIY) SUONIPUOD PUe SIS 1 8L 89S *[£202/60/90] Uo Aeiqiauljuo A3(1m ‘@16ojouyos | o uonminsu| Bunisiey Aq 62680202 WiPe/Z00T OT/I0p/W0d A3 (1M ATeiqijeul|uo//sdny ol pepeojumoq ‘0 ‘8Z0£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

DIOO
80
L 60
4
3
= 40
20
0.0 0.2 0.4 0.6 0.8 1.0
cos?6
20
15
-t
=
3
Qo
V10
- ]
0.0 0.2 0.4 0.6 0.8 1.0
cos?6

Figure 10. A) The 2D planar polymer (hexamer units) structure system; B) and C) show the x-z and x-y plane of the structure, respectively. The distribution
of the ring structure orientations in the polymer network with an orientation parameter, cos?,, in the system of D) perfectly ordered structure and E)
structure with disorder. cos?0, accounts for the angle between the normal vector of the ring structure and the surface. The count is the number of ring

structures in the polymer system with the orientation parameter.

molecular order was calculated. Both ordinary (in-plane) and
extraordinary (out-of-plane) components of the refractive in-
dex are listed in Table 2. The refractive index in the ordi-
nary direction is larger than in the extraordinary direction
and the difference between the ordinary and extraordinary
components of the refractive index An = n, — n, of the perfectly
ordered polymer network structure is larger than the one with
disorder. This suggests that highly ordered polymer networks
should possess a large difference between the components of the
refractive index. This observation is also consistent with the stud-
ies for other materials, where similar dependence of An and the
anisotropy of the material was reported.*”! In the next step, we
calculated the orientation parameter corresponding to the refrac-
tive index values determined via spectroscopic ellipsometry for
our samples using (cos?8,) = 1 for the ideally ordered system

Ang,
2 _ ample
<COS 92>Sample - A”o (2)

where An, is the birefringence for the ideally ordered system or
the intrinsic birefringence of the ring fragments. The results are

Table 2. The calculated refractive index of ordered and disordered polymer
network structure upon illumination at 632.8 nm.

Polymer network n, ne An
Perfectly ordered 1.865 1.400 —0.464
With disorder 1.811 1.481 —-0.330
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displayed in Figure 11. The produced polymer films thus show a
preferential alignment of the ring fragments parallel to the sub-
strate, with the TCEP showing the highest orientation parameter
of around 0.5 at the periphery of the sample, meaning that on
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Figure 11. Orientation parameter of produced polymer films calculated
from the birefringence values determined by imaging ellipsometry and the
birefringence of an ideally ordered system determined by computational
studies (The error bars are determined from the 90%-confident values of
the ellipsometric fit).
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average 50% of the ring fragments are oriented parallel to the
substrate in this location. This degree of orientation may sound
low, it is still far from the random fragment orientation detected
in isotropic materials.?*¢ The orientation realized with our sys-
tems lies well in the range reported for liquid-crystal polymers.*’!

3. Conclusion

In summary, we demonstrated a distinct approach for interface-
confined engineering of disulfide-bridged 2D polymeric C;N;S,
triazine thin-films by thiol-disulfide exchange process crosslink-
ing tritopic 1,3,5-triazine-2,4,6-trithiol molecular tectons via in-
termolecular disulfide formation that appears also to be com-
patible with other function-inspired tectons bearing a flat core
with predisposed multiple polymerizable thiol reactive groups at
the peripheries. Taking advantage of the disulfide dynamic chem-
istry in combination with an interfacial polymerization strategy
this approach enables the formation of covalently cross-linked 2D
thin-films with controllable thickness. The C;N;S; triazine thin-
films are dynamic in nature because of the (—S—S—) bridges,
mechanically stable and can be easily transferred to other sub-
strates or possibly into application-relevant forms for device fab-
rications, making this useful from materials application per-
spective. We prepared these polymeric thin-films on centime-
ter length-scale without advanced/complex instrumentation. In
principle, other dimensions of polymeric thin films can be pre-
pared by simple adjustment of the water surface area available
for polymerization. To comprehend the thermodynamic proper-
ties of the disulfide dynamic processes involved in the forma-
tion of the 2D materials, QM calculations were carried out. We
determined that the reduction reactions toward the S—S bond
breaking are fast and spontaneous, enabling efficient dynamics
of covalent bond formation in the thin-films. A set of QM cal-
culations was also performed to get a better insight of the op-
timized unit cell and the early-step structure of the thin-films.
The computed bond dissociation energies per S—S bond show
higher preference toward cis conformation of the S—S bond
formed (4.04 kcal mol~! better than trans), resulting in the for-
mation of distorted thin-films fragments (especially when 2-
5 triazine molecules are forming the unit structure). However,
due to the interplay of the cooperative effects of the thin-films
structure geometry and S—S bond energy (of around 61 kcal
mol), the planarization of the thin-films toward highly ordered
molecular structure is possible with the six triazine molecules
in a hexamer unit. Experimental data revealed an outstanding
optical performance of disulfide-based triazine polymer films
with high transparency over the whole visible and NIR region,
making them particularly intriguing for NIR imaging technolo-
gies, with large refractive indices along the in-plane direction ac-
companied by uniaxial negative birefringence. The refractive in-
dex of the large molecular thin-films was computed based on
the Thole model via Clausius—Mossotti equation, which con-
nects the microscopic properties and the macroscopic proper-
ties in terms of molecular polarizability and relative permit-
tivity. It permitted us to illustrate the relation between the re-
fractive index and its components for the ordered and disor-
dered thin-films: highly ordered thin-films are characterized by
a large difference between the ordinary and extraordinary com-
ponents of the refractive index leading to uniaxial negative bire-
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fringence. The comparison between the experimental and model
results proof the formation of polymeric films with a high de-
gree of preferential order. Although the film formation mecha-
nism with more details remains to be elucidated, specific meth-
ods such as surface sensitive grazing incidence wide-angle X-
ray scattering techniques could be helpful to provide more in-
sights probing the molecular order. It may provide information
about the 2D crystallites sizes, inter-molecular separation, and
molecular orientation during the growth process and our future
work will be focused in these directions. We believe the inter-
facial polymerization method, as well as the presented dynamic
molecular polymeric materials could find utility in structure-
dependent application possibilities, for instance in the field of
optics.

4. Experimental Section

Materials:  All the chemicals and solvents were used as received
from the commercial sources. Chemicals include, 1,3,5-triazine-2,4,6-
trithiol (TTCA, 95% from Sigma-Aldrich), Tris(hydroxypropyl)-phoshin
(THPP, >80% from Sigma-Aldrich), DL-Dithiothreitol (DTT, >98%
from Sigma-Aldrich), iodine (I,, >99.8% from Sigma-Aldrich), Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP-HCI, Fluorochem Ltd, UK),
and tetrahydrofuran for spectroscopy Uvasol (VWR Chemicals).

Stock Solutions Preparation: 1) TTCA (24.8 mg, 0.139 mmol) in a
100 mL volumetric flask was dispersed in 10 mL of THF and 80 mL of
water, dissolved by sonication and the final volume was made up with
distilled water. 2) THPP (2.92 mg, 0.014 mmol) in a 10 mL volumetric
flask was dissolved in T mL of THF and 9 mL of water. 3) TCEP (4.01 mg,
0.014 mmol) in a 10 mL volumetric flask was dissolved in 1 mL of THF
and 9 mL of water. 4) DTT (2.16 mg, 0.014 mmol) in a 10 mL volumetric
flask was dissolved in 1 mL of THF and 9 mL of water.

Reaction Mixture Preparation: Reaction mixtures for the above men-
tioned four reactions A-D were prepared from the stock solution in the
following ratios

Blank film: TTCA stock (20 mL), water and THF 9:1v/v (4 mL) depicted

THPP film: TTCA stock (20 mL), THPP stock (4 mL)

TCEP film: TTCA stock (20 mL), TCEP stock (4 mL)

DTT film: TTCA stock (20 mL), DTT stock (4 mL)

Preparation of Disulfide-Triazine Thin Films: The experimental setup of
the disulfide-triazine thin film formation is shown in Figure ST (Support-
ing Information). The reaction mixture of the above mentioned four reac-
tions were prepared in separate beakers (@ 6 cm) and these four beakers
were placed in a desiccator (170 X 250 mm?). 100 mg of iodine in a 10 mL
glass vial was placed in the bottom of the desiccator (the setup is shown in
the Supporting Information). The reactions were left undisturbed at room
temperature for 24 h. These films were rinsed by treatment with water/THF
three time to removed unreacted precursor components and stored in dis-
tilled water. The polymer films stored on the water surface were transferred
on demand to quartz, TEM grids or silicon wafers for spectroscopic char-
acterizations.

Characterizations: ATR-IR spectra were collected using a Bruker Ten-
sor 27 spectrometer equipped with a Bruker Platinum ATR accessory (dia-
mond crystal, one reflection, angle of incidence 45°, background air). Ra-
man spectra were collected using a Senterra Il Raman microscope (Bruker
Optics, Ettlingen, Germany). The excitation laser, A = 532 nm, was oper-
ated at 6.25 mW, and the integration time for each measurement was 20
s, with four coadditions (4 x 5 s). An Olympus MPLAN 20x objective,
NA 0.4 (Olympus, Tokyo, Japan), was used for visualization of the sample,
focusing the excitation beam as well as for collimation of backscattered
light.

Digital XPS measurements were performed using a K-Alpha+ XPS spec-
trometer (Thermo Fisher Scientific, East Grinstead, UK). The Thermo
Avantage software was used for data acquisition and processing. All

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95LB01 7 SUOLLLIOD SAIIe1D) 3[cfedldde U Ag peusenob e Sl VO ‘85N JO Sa|nJ o Akeuqi8UlIUO A8]IA LD (SUONIPUOD-PUe-SWLBI 0D A | IM Aleid]1jBU JUO//SdIY) SUONIPUOD PUe SIS 1 8L 89S *[£202/60/90] Uo Aeiqiauljuo A3(1m ‘@16ojouyos | o uonminsu| Bunisiey Aq 62680202 WiPe/Z00T OT/I0p/W0d A3 (1M ATeiqijeul|uo//sdny ol pepeojumoq ‘0 ‘8Z0£9TIT



ADVANCED
SCIENCE NEWS

ADVANCED
UNCTIONAL
MATERIALS

T

www.advancedsciencenews.com

powders and films were analyzed using a microfocused, monochromated
Al Ka X-ray source (400 um spot size). The K-Alpha+ charge compensa-
tion system was employed during analysis, using electrons of 8 eV en-
ergy, and low-energy argon ions to prevent any localized charge build-up.
The spectra were fitted with one or more Voigt profiles (BE uncertainty: +
0.2 eV) and Scofield sensitivity factors were applied for quantification.[“]
All spectra were referenced to the C 1s peak (C—C, C—H) at 285.0 eV bind-
ing energy controlled by means of the well-known photoelectron peaks of
metallic Cu, Ag, and Au, respectively. Microscope images were collected
using a Keyence VHX 900F (Osaka, Japan) microscope, equipped with two
zoom lenses and magnification range between 20 and 2000. The image
sensor is composed of micro lenses, color filters, and photodiodes. Im-
age sensors gather light intensity information, in order to create a color
image, a RGB (red, green, blue) color filter is placed in front of the pho-
todiodes. The absorbance was determined from direct optical transmit-
tance of thin film samples on quartz substrates and monomers in THF
solution recorded in double-beam mode with a UV-vis—NIR spectropho-
tometer (Agilent Cary 5000). The monomers absorbance was measured
with a THF-filled cuvette placed in the reference beam. The reflectance,
transmittance, and transflectance spectra of the thin films on quartz sub-
strates were measured employing an integrating sphere (Agilent Exter-
nal DRA-1800 with Small Spot kit) and under normal light incidence for
transmittance (sample in front of sphere), close-to-normal (8°) incidence
for reflectance (sample at the back of the sphere) and at 15° incidence
for transflectance (center-mounted sample within the integrating sphere).
The atomic force microscopy (AFM) measurements were performed on a
Dimension lcon Atomic Force Microscope (Bruker, USA) operated in Peak
Force Quantitative Nanoscale Mechanical mode. A Scanasyst-Fluid probe
(Bruker, USA) was used, with nominal values of k = 0.7 N m~, radius =
20 nm, and = 150 kHz. The probe oscillated along the vertical axis in off-
resonance at 2 kHz. The image resolution was 256 X 256 pixels, and the
analysis of the AFM data was performed by Gwyddion software. For the
TEM images, disulfide thin film samples were transferred from the water
surface onto TEM grids with an ultrathin carbon support film or placed
on Quantifoil films with support less round holes. (S)TEM data were ac-
quired with an image-side aberration corrected FEI Titan with a CEOS cor-
rector, operated at a primary energy of 300 keV (TEM) or a FEI Osiris mi-
croscope, operated at 200 keV (STEM). The spherical aberration for TEM
was tuned to be 2 um, and images were acquired using a 4 k CMOS cam-
era (TVIPS XF416). Data were analyzed with GMS 3 and Image]. Imag-
ing ellipsometry was performed using a multi-wavelength imaging null-
ellipsometer (nanofilm ep4, Accurion GmbH, Géttingen, Germany). Mea-
surements were taken at an angle of incidence of 50° in the wavelength
range of 400-800 nm. To evaluate the experimental data, an optical box
model was used. Silicon substrates were fitted with database values for Si
and SiO,. The optical properties of the polymer were fitted by a uniaxial
Cauchy-layer. The optical birefringence is determined from the direction-
dependent refractive indices as An = n.(4) — n,(4) (e = extraordinary,
out-of-plane direction, o = ordinary, in-plane direction). Details of the com-
putational methods are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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