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The incorporation of organic semiconducting materials within solid-state electronic devices provides a
potential route to highly efficient photovoltaics, transistors, and light emitting diodes. Key to the realisation
of such devices is efficient intramolecular charge transport within molecular species, as well as
intermolecular/interdomain transport, which necessitates highly ordered supramolecular domains. The on-
surface synthesis of polymeric organic materials (incorporating donor and/or acceptor moieties) is one
pathway towards the production of highly ordered molecular domains. Here we study the formation of a
polymer based upon a diketopyrrolopyrrole (DPP) monomer unit, possessing aryl-halide groups to facilitate
Received 28th October 2022, on-surface covalent coupling and functionalised with alkyl chains which drive the self-assembly of both
Accepted 14th February 2023 the monomer material prior to reaction and the domains of polymeric material following on-surface
synthesis. The self-assembled structure of close-packed domains of the monomer units, and the ordered
polymers, are investigated and characterised using scanning tunnelling microscopy and X-ray

DOI: 10.1039/d2me00232a

rsc.li/molecular-engineering photoelectron spectroscopy.

Design, System, Application

The alignment of photo sensitive polymers within optoelectronic devices is expected to play a significant role with respect to device operation and
efficiency. Understanding the role played by molecular level interactions in driving the ordering of polymers is an important step towards fabrication of
devices based upon the directed self-assembly of molecular wires. Here, a molecule containing an electron deficient n-functional unit was designed to
incorporate a leaving group promoting on-surface synthesis along a specific direction, governed by the substitution pattern of the reactive parts, and
driving the formation of 1D polymer chains. Lateral units orthogonal to the polymerization reaction arrange the molecular precursors in an ordered, chiral,
assembly. The construction of the polymers on the metal surface promises to facilitate the preparation of functional interfaces for optoelectronic materials,
and the order-directing interactions may help produce high quality films with a low number of defects. These characteristics would be attractive for the
preparation of thermally stable and well-ordered films.

Introduction can  be  incorporated into  solid-state  devices.
Diketopyrrolopyrrole (DPP) is a chemical moiety which may
act as both an electron acceptor and donor within organic
electronic-devices, and it has been shown to exhibit a high
charge carrier mobility when utilised in extended polymer
structures,”* and has been utilised within organic field effect

An underlying concept of molecular electronics is that the
bespoke properties of specific molecular species (e.g
electronic, magnetic, chemical, and optical functionalities)
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The on-surface self-assembly of molecular structures,
where non-covalent interactions give rise to local ordering,®
is a promising approach. Scanning probe microscopy
techniques (such as scanning tunnelling microscopy, STM,
and atomic force microscopy, AFM) have frequently been
employed to study such systems as they provide single-/sub-
molecular resolution of surface confined molecules. The
ordered assembly of domains may be driven by a wide range
of intermolecular interactions’ (e.g. hydrogen-bonding,
metal-organic, van der Waals) and the self-assembly of DPP
based species has been achieved via functionalisation with
alkyl side chains; driving the formation of ordered domains
confined to a surface.*’

Importantly, molecular properties can be changed and
enhanced upon polymerisation, and an appropriately
designed monomer with specific functional groups may be
polymerised into ordered nano or microstructures (with the
on-surface synthesis of graphene nano ribbons being an
important demonstration of this approach’®). A range of on-
surface synthesis protocols that result in monomer units
being covalently coupled wunder appropriate reaction
conditions have been explored (e.g. Ullmann-type reactions™
amongst others’*™*®) and precursor possessing
acceptor/donor functionality have been covalently coupled to
produce individual molecular wires characterised by STM
methodologies." %

Here we show the on-surface synthesises of polymers
formed from a functionalised DPP-monomer on an Au(111)
surface under ultra-high vacuum (UHV); as characterised by
scanning  tunnelling  microscopy (STM).  Structural
characterisation of molecular and polymeric species at
different stages of growth within the reaction allow us to
identify the role of molecular chirality and molecular
interactions, driven by alkyl chain and bromine
functionalisation of the DPP core, within the observed
ordered structures. Specifically, we show how the alkyl chains
give alignment and order to the DPP polymers and how the
thermal stability of these groups is key in maintaining this
long-range order.

units

Results

The on-surface synthesis of polymeric DPP structures
requires a suitably functionalised DPP core. We employ DPP
species functionalised with aryl halide and alkyl chain groups
(3,6-bis(4-bromophenyl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-c]

pyrrole-1,4-dione - Br,Hex,DPP, see ESI{ for details of
synthesis); chemical structure of Br,Hex,DPP shown in
Fig. 1a with dimensions indicated in Fig. 1b(i). The nitrogen
atoms of the DPP core are alkylated with hexyl chains, which
have previously been shown to facilitate ordered on-surface
self-assembly,® and aryl bromide groups provide access to
Ullmann-type covalent coupling reactions on surfaces.'>*>*®
It is worth noting that the self-assembly of precursor units
may have significant impact upon the reaction pathway of
coupling processes®’ and that this approach, amongst
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others® (including alignment to surface features**** and
reactions within molecular pores®>*®) offers a paradigm for
controlling on-surface synthesis. The functionalisation of the
DPP core with hexyl chains is selected as a route to modulate
the balance of molecule-molecule interactions driven by
interactions between the aromatic DPP cores and those
driven by alkyl chain interactions. Within three-dimensional
structures formed from DPP variants functionalisation with
short (e.g. butyl), or no, alkyl chains the self-assembly is
driven by interactions between the DPP cores. The inclusion
of longer chains (e.g. octyl) results in structures dominated
by lamella-type packing of interdigitating alkyl chains.>” Such
a motif is frequently observed within surface confined two-
dimensional self-assembly.”® Here we have obtained, by
inclusion of hexyl chains, a balance between interacting DPP
cores and between alkyl chains such that the self-assembled
structure contains rows of DPP cores (where proximity may
allow Ullmann-type coupling) and local ordering of the rows
is facilitated by the interdigitated alkyl chains.

A scheme of the on-surface reaction for Br,Hex,DPP on
Au(111) is shown in Fig. 1a. The pro-chiral nature®*?° of
Br,Hex,DPP, with respect to adsorption on the surface leads
to two enantiomeric chiral species (labelled M and P, as
shown in Fig. 1b(ii) and (iii)), and hence on-surface coupling
may give rise to M-M, P-P, or equivalent M-P and P-M
products (see Fig. 1c) which will influence the geometry of
the resultant polymers.

A monolayer coverage of Br,Hex,DPP on Au(111) was
prepared via thermal deposition under UHV conditions and
subsequently imaged using STM. Fig. 1d shows the observed
self-assembled structures where a majority and minority
phase are observed (minority phase indicated with a white
arrow). Within the majority phase, two principal directions
are identified (green/blue arrows), with the ‘@’ axis of the
molecular lattice running approximately parallel to the (1 1
-2) directions of the Au(111) surface. The measured
dimensions of the unit cell, @ and b, are found to be a = 1.1 +
0.1 nm, b = 1.4 + 0.1 nm; which is in excellent agreement
with the proposed model (shown in Fig. 1le - derivation
presented in ESIt), with @ = 1.2 + 0.1 nm and b = 1.5 + 0.1
nm. The proposed model is a geometry optimised structure
based wupon the experimentally determined lattice
measurement and a consideration of inter and intra-
molecular steric effects (see ESIT). Our proposed arrangement
suggests that the alkyl chains play a role in ordering the
observed structures (van der Waals interactions between
parallel alkyl chains are known to be a driving force in self-
assembled structures’® - indicated by blue dashed lines in
Fig. 1e). The self-assembled structure proposed is homo-
chiral (either all M or P species present), but the resolution of
the STM data precludes identification of molecular chirality
within individual domains. However, a consideration of
homo- and hetero-chiral domains allows us to preclude the
presence of hetero-chiral molecular structures due to steric
effects (see ESIT). Following deposition, a racemic mixture of
the adsorption-induced chiral enantiomers is assumed with

This journal is © The Royal Society of Chemistry and IChemE 2023
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(a) Scheme of the Ullmann-type coupling reaction expected from heating Br,Hex,DPP on Au(111). (b) (i) Predicted dimensions of a single

BroHex;DPP as modelled via molecular mechanics geometry optimisation (see ESI). (ii) and (iii) Show the M and P chiral arrangements of the
molecule as induced by surface interaction. (c) Scheme showing two possible chiral arrangements of monomers within a polymer. This
adsorption-induced chirality could lead to non-linear/kinked polymers [hexyl chains removed for clarityl. (d) STM topograph showing self-
assembled structures formed by Br,Hex,DPP (bias = 2 V, current = 20 pA). Accompanying this is a zoom of a 2D-FFT filtered image of the lattice,
with lattice dimensions, a and b, indicated alongside overlay of proposed molecular structure (@ = 1.1 = 0.1 nm and b = 1.4 + 0.1 nm). () Shows
the molecular lattice as modelled by molecular mechanics geometry optimisation (@ = 1.2 + 0.1 nm and b = 1.5 + 0.1 nm).

co-existing homochiral domains being formed during self-
assembly. This would suggest that homochiral interactions
are an important driver of the self-assembled structures, and
that the monolayer crystal formed can be considered a
conglomerate (overall racemic mixture preserved with distinct
homochiral domains present).?®

Another feature of the proposed self-assembled structure
shown in Fig. 1e is the potential for halogen bonding
between bromine and oxygen atoms attached to the DPP core
(dashed red line). Indeed, this interaction is seen in the solid
state for this compound (see ESIf). Halogen bonding is
highly directional, and may influence molecular self-
assembly via the anisotropic electron distribution around
covalently bonded halogens, allowing the strongly
electronegative halogen species to interact with another
electronegative group by virtue of a small electrophilic region
which forms on the halogen atom at the opposite side to the
covalent bond.*"*?

To explore the progress of the on-surface polymerisation
reaction, the sample was sequentially heated; to 100 °C, 200
°C, 250 °C and 350 °C. The reaction products following
heating were characterised by STM, (see Fig. 2a-c). Previous

This journal is © The Royal Society of Chemistry and IChemE 2023

studies of aryl-bromides on the Au(111) surface indicate that
scission of the C-Br is likely to occur in the range 100-250
°C.**™*2 Qur results indicate that initial polymerisation occurs
at a temperature of 100 °C (Fig. 2a); short (1-30 nm length)
chains are observed to form distinct ordered domains of
varying size. These polymer domains are typically of a smaller
size than those seen in the close-packed islands observed
before annealing (¢f Fig. 1d). Further discussion of the
polymerisation details on the molecular level are provide
below. Initially we focus on the large-scale morphologies
observed as a function of temperature.

Following annealing at 100 °C, the polymer domains are
observed to run along several directions, with the polymers
within each domain being highly aligned. The angular
distribution of polymer alignment, relative to the fast-scan
direction (x-axis), for the chains in Fig. 2a is shown in
Fig. 2d. While there is a high degree of polymer alignment
within individual domains, when several images are
compared there is no evidence to support a unique
relationship between the polymer orientation and the major
crystallographic  directions of the underlying Au(111)
substrate (although our data does not categorically preclude

Mol. Syst. Des. Eng.
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Fig. 2 STM images of the polymer structures formed following annealing the surface to; (a) 100 °C (bias = 2 V, current = 40 pA); (b) 200 °C (bias
= 2V, current = 20 pA); and (c) 350 °C (bias = 2 V, current = 20 pA). (d) Angular orientation of polymer chains in (a). (e) Angular orientation of
polymer chains in (b). (f) XPS data showing the Br 3p region following deposition of Br,Hex,DPP on Au(11l) (orange line, top) and subsequent

annealing of the surface to 100 °C (blue line, bottom).

a more subtle interaction with the surface crystallography or
the herringbone reconstruction - see details in the ESIf). We
propose that the local ordering within the domains, post-
anneal, is driven by the initial ordering of the unreacted
Br,Hex,DPP species within close-packed domains, with the
proximity of the aryl-bromide groups facilitating covalent
coupling.

Similar analysis is performed for the polymer structures
obtained after annealing to 200 °C (STM topography shown
in Fig. 2b, with angular distribution shown in Fig. 2e). In
contrast to the range of polymer orientations observed within
a single STM image after annealing at 100 °C, additional
annealing has resulted in larger domains, where the polymer
chains are locally aligned; for example, polymer chains
running from the bottom left to the top right of the STM
image (shown in Fig. 2b) maintain local parallel ordering,
but the chain direction varies across the image. We suggest
that during the anneal sufficient thermal energy is provided
to allow the short polymers to diffuse, producing longer
chains which often align with surface structures (such as
parallel to step-edges) to maximise the polymer length.
Further annealing at 350 °C (Fig. 2c¢) results in a loss of long
range ordering of the polymer structure, with local ordering
of neighbouring chains (parallel alignment) observed, but
with frequent intersection of polymer chains being present.

Mol. Syst. Des. Eng.

The elevated temperature here may facilitate cross-linking
reactions between DPP-polymers as a result of C-H activation
in the phenyl rings in the biphenyl units of neighbouring
chains. Since there are several positions that may be
activated, the inter-chain reactions are expected to lead to a
loss of order, as seen for other aromatic systems."® The lack
of any regular structure supports this hypothesis of non-
specific C-C linking with loss of hydrogen.

Our interpretation, that the change in structure is due to
an on-surface coupling reaction, is supported by X-ray
photoelectron spectroscopy (XPS) measurements of the Br 3p
region (Fig. 2f) for the as deposited (orange) and annealed to
100 °C (blue) samples. Due to spin-orbit splitting two peaks
are expected for each Br environment (1/2 and 3/2).
Comparison of the expected binding energies of C-Br and
Au-Br species (red and green lines in Fig. 2f) with our
experimental data indicates that prior to annealing, the Br-C
bond within Br,Hex,DPP is intact.*” Following annealing to
100 °C no significant peaks are observed, indicating that the
environment of the Br has changed, which we attribute to the
cleavage of C-Br bonds. Although we observe no peaks in the
Br 3p region following annealing, it is likely that the presence
of two distinct chemical environments, the expected spin-
orbit splitting, and the potential for the desorption of Br
species at these temperatures’® will combine to obfuscate any

This journal is © The Royal Society of Chemistry and IChemE 2023
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peaks within the noise level of our measurements. As such,
our XPS data supports the cleavage of the C-Br but does not
necessarily support the complete removal of Br from the
surface at 100 °C (note: C1s shows no significant changes -
see ESIf). In line with several STM studies of Ullmann-type
coupling reactions involving bromine functionalised species,
we do not observe evidence within our STM data for Br atoms
at the Au substrate following C-Br bond scission**** (NB
related studies involving iodine materials frequently show
the presence of iodine atoms>>*%).

We now focus on molecular level details of the polymer
structures formed after annealing. Fig. 3a shows an overview
of a domain of the linearly aligned polymer chains formed by
heating to 100 °C. There is a clear uniform directionality for
chains within the region, alongside discontinuities along the
length of the chain (indicated by red arrows). The presence of
kinks in predominantly straight chains is likely caused by the
adsorption-induced chirality of the Br,Hex,DPP discussed in
Fig. 1c: we find that the geometry of these kink sites match
our chiral models (see ESIf). The prevalence of kink sites
amongst the 100 °C structures was measured to be 1 in 27
(56 kinks identified within a region of 1530 monomer units),
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implying a largely defect free and enantiopure polymer
structures. The homochiral nature, (M) or (P)n, is confirmed
via a comparison with the racemic, P-(M-P)n-M, structure
(Fig. S107). Alignment of the homochiral polymer structure
provides good agreement with respect to the bright/high
regions within the topographic STM images (assigned to the
aromatic species within the polymer chains), whereas the
racemic polymer structure does not spatially align with the
STM data. Domains of homochiral polymers are observed to
occur separately to one another (see Fig. 2a), potentially
driven by the homochirality of the large self-assembled
domains of the unreacted monomer prior to annealing. This
may give rise to localised regions with a high proportion of
monomers of a single enantiomer that would lead to the
observed homochiral reaction products. An overlay of
Br,Hex,DPP monomers onto the structures formed after
annealing at 100 °C structures is shown in Fig. 3b. Here,
monomers, dimers, and longer polymers are identified
(position of a line profile indicated with a red line - data in
Fig. 3e). Fig. 3c demonstrates how the arrangement of the
hexyl chain interdigitation (green lines) determines the chain
separation (discussed below - see Fig. 4). Similar to the self-

Apparent Height (A)

0 5 10 15 20 25 30 35

Length (A)

Fig. 3 a) STM image (bias = 2 V, current = 40 pA) of an area of polymer chains formed by heating to 100 °C, kinks within polymers indicated by
red arrows. b) Molecular model overlaid onto the image of polymer chains, with the blue and yellow DPP cores highlighting the two interface
enantiomers. c) Simplified model demonstrating the role of alkyl chain interactions in influencing the shape of the domains. d) Plot of the number
of visible bright spots within a chain against length of polymer chain. e) Line profile along a polymer chain showing the correspondence between
peak positions and molecular structure (line profile position shown by red line in Fig. 3b).
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Fig. 4 a) Histogram showing the distribution of polymer chain lengths following annealing at 100 °C and 250 °C. b) Histogram of chain spacing
between polymer rows following annealing at 100 °C and 250 °C. c-e) Models of different hexyl chain configurations, and the corresponding

expected chain spacing.

assembled structures prior to annealing, our STM derived
model of the chain structure indicates that the linear
polymer chains are homochiral. The resolution of our STM
data does not allow the chirality (M or P) of the homochiral
polymer chains to be determined from a consideration of the
chirality of individual monomer units. However, the kinks
may be identified as a specific chiral structure, allowing the
specific chirality of the covalently coupled linear chains
either side of the kink to be identified.

The line profile in Fig. 3e shows variations in apparent
height along the length of the polymer, resulting in ‘brighter’
regions (the location the line profile was taken is shown with
a red line in high resolution image Fig. 3b). The frequency of
bright spots is observed to increase linearly with the chain
length (see Fig. 3d). The separation between the first and last
bright features in chains with three bright features is
measured to be 2.18 nm + 0.02 nm, in good agreement with
the expected separation of the outer aryl rings within a
covalently bonded DPP dimer (see line profile - Fig. 3e);
indicating that under these imaging parameters the DPP
units within the polymers appear ‘dark’. As can be seen in
Fig. 3d, each additional monomer to the chain adds one
additional bright spot (with pairs of phenyl rings forming
one indistinguishable peak).

Mol. Syst. Des. Eng.

A comparison of the polymers formed after annealing to
100 °C and 250 °C reveals details of additional reactions at
higher temperatures and provides information on the
thermal stability of the polymers. Fig. 4a shows the
distribution of the measured chain lengths following
annealing at 100 °C and 250 °C, with an average length of
4.14 nm for the chains at 100 °C. The comparatively shorter
chain lengths (for the lower temperature anneal) are
potentially driven by the initial arrangement of the close-
packed structure of the as-deposited monomer material.
These close-packed structures bring the reactive Br-aryl
groups into close proximity, with only minimal
rearrangement being required to facilitate the required
bonding geometry. In this respect, the van der Waals
interactions between hexyl chains, and halogen bonding,
drive both the order of the close-packed structure and the
aligned polymers. Heating further, to 250 °C, results in a
broadening of the distribution of the measured polymer
lengths as well as an increase in the average length to 9.14
nm (as shown in Fig. 4a). This observation indicates that the
Ullmann-type polymerisation had not progressed to
completion following the initial anneal to 100 °C (with the
small domains of polymers prohibiting longer chain growth
due to local misalignment of the reactive end groups - from

This journal is © The Royal Society of Chemistry and IChemE 2023
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the STM data it is not possible to determine if these chains
retain Br atoms at their termination).

The role of the hexyl chains in the alignment of the
polymer structures is further elucidated by considering the
separation between neighbouring polymers. Fig. 4b shows
the distribution of chain separations following annealing.
Following the anneal at 100 °C, the separation of the chains
is broadly uniform, being generally around 0.9-1.0 nm
(which is in agreement with a hexyl chain configuration for
the polymers with the alkyl chains orientated in the rotamer
(2-2) position- see Fig. 4d and S91). This specific chain
conformation results in the expected inter chain separation
and could be the cause of the visible diagonal staggering
between smaller chains in the more heterogeneous domains,
as shown in Fig. 3c. Heating further, to 250 °C, results in a
much wider spread of separations (0.7-1.5 nm) with a
significant reduction in the minimum separation between
polymer chains (to around 0.7-0.8 nm). These smaller
dimensions are consistent with a process whereby hexyl
chains begin to break off at higher temperatures, with a
separation of 0.7 nm being consistent with two parallel
polymers with no hexyl chains present (Fig. 4c). The
additional space generated by the loss of alkyl chains may
facilitate a conformational change between the two accessible
rotamers. Fig. 4e shows how an alternative alkyl chain
conformation could be expected to stabilise a chain
separation of around 1.3 nm. Here the chains are in the
rotamer (1-1) orientation, which increases interchain
separation compared to the rotamer (2-2) orientation. The
combination of the loss of alkyl chains and conformation
change is proposed to stabilise the structures shown in
Fig. 4c and e, and is in agreement with the distribution of
inter-chain separations shown in Fig. 4b.

Conclusion

In conclusion, we have demonstrated that the on-surface self-
assembly and polymerisation of functional DPP species is
significantly influenced by specific functional groups. Here,
alkyl chains are observed to influence both the close-packing
of the reactant molecules and the ordering of the polymeric
product. Similarly, the bromine moieties (selected to facilitate
on-surface synthesis) also influence the stability of the close-
packed precursor units, which in turn is likely to affect the
reaction pathway and ultimate alignment of the polymeric
product. We demonstrate that the alkyl chains play a key role
in the alignment of the DPP polymers and show how the
thermal stability of these groups is key in maintaining the
long-range order of the polymers. In addition, we have shown
that pro-chiral nature of the DPP-based monomers results in
homochiral self-assembled structures of the unreacted
monomers and the polymer reaction product. It is expected
that the alignment of photo sensitive polymers is key to
maximising the efficiency of optoelectronic devices, and
hence the role of molecular level interactions driving the

This journal is © The Royal Society of Chemistry and IChemE 2023
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ordering of these polymers is an important step towards
development of such devices.

Experimental methods
STM

Au on mica samples (Georg Albert PVD GmbH) were cleaned
via cycles of Ar ion sputtering (20 minutes at 0.75 keV, 8.5 x
107 mbar) and annealing (573 K for 20 minutes). Sample
cleanliness determined via scanning tunnelling
microscopy (STM) prior to deposition of Br,Hex,DPP.
Thermal deposition was conducted using a Knudsen-type
evaporation cell (K-Cell) at a temperature of 190 °C for a
period of 2 hours at a pressure of 1 x 10°® mbar. STM data
was acquired using an Omicron STM-1 system, with Nanonis
control electronics, operating at room temperature under
ultra-high vacuum (UHV) conditions: base pressure <2 x 10™°
mbar. Imaging was performed using electrochemically etched
tungsten tips, functionalised with gold during on-surface tip
preparation (bias is applied to the sample). Sample annealing
is performed via resistive heating of a silicon wafer mounted
behind the Au/mica sample: temperature estimates are based
upon thermocouple readings from the sample receptor which
were calibrated to the sample temperature via a combination
of pyrometer measurements of the Si and a
thermocouple affixed to the sample plate. Samples were
annealed to 100 °C, 200 °C, 250 °C and 350 °C with an
estimated error of +50 °C.

was

wafer

XPS

X-ray photoelectron spectroscopy (XPS) was acquired using a
SPECS DeviSim near ambient pressure XPS (NAP-XPS)
instrument operating in ultra-high vacuum (UHV) mode at a
pressure <1 X 10~° mbar. Spectra were measured using a
Phoibos 150 NAP hemispherical analyzer with 20 eV pass
energy and monochromatic Al Ko X-rays (1486.7 eV). The
samples were transported between the STM and XPS sites
using a vacuum suitcase at a pressure <1 x 10~*° mbar.
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