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ABSTRACT

Covalent organicframeworks (COFs) have gained significant attention in many
applications due to theiporous crystallinestructureswith high architectural and
chemical robustness and customized topologies. A -tughity extended
two-dimensional(2D) hexagonal porous CQF network can be obtained through
cyclocondensation of three ib&nzenediboronic acid (BDBA) monomers by using
excess water as the chemieguilibriummanipulating agenon a highly oriented
pyrolytic graphite (HOPG) substratéhe surfaceconfined COFL can ke used as
template to recognizdifferent guest molecules, allowirfgrmation ofa host/guest
(H/G) structure. The intrinsic features of H/G structurdsad to their wide
applications in molecular recognition, catalysis, gas storsgmaratiorand directed
crystallization Driven by the potential applications, the present work in this thesis
concentrates on the preparation and properties of H/G structures based dn COF
template at the solution/solid interface.

Firstly, scanning tunneling microscopy (STM) images showttiasurfacesupported
two-dimensionalCOFR1 can act as a host architecture foeoQullerene molecules,
predictably trapping the molecules under a range of conditi©ssadsorls in the
COF1 templatein two different sites,the top-site (T) and theporesite (P) The
fullerenes occupyhe COFL1 lattice at the heptanoic acid/HOR@erface, and in

dried films of the COFl/fullerene network that can be synthesized through either



drop-deposition of fulleree solution or by a dipstielype synthesis in which the
surfacesupported COHR. is briefly dipped into the fullerene solution.

COF1 can be synthesized from different solvents. WHeR 4trichlorobeznene
(TCB) is used STM imageseveal the adsorption GfCB in the hexagonal pore of
COF-1 templateat TCB/HOPG interfaceA well-defined loop boundarformed by a
chain of pentagonal and heptagonal pores allowed us to investigate the effect of pore
shape and size on TCB adsorption, suggesting thatdemtimetrical and size effects

are important in binding the TCBNhen bothCeo and TCB are present at the
TCB/HOPG interface, TCB molecules are selectively trapped in the -gitee
whereas fullerenes adsorb on the-site of COF1. While the formerstructue is
stabilized by ClI éH hydr ogbgwvan deoWad&dwW) t h e
interactions. These results suggest thatirfacesupported2D porous COFs can
selectively bind different molecules at specific sitesdifferent types of interactian

and COFsmay offer a powerful platform for the recognition and patterning of guest
molecules

Moreover,a 2D COF1 cantemplate solutiofprocessed £ guest moleculeto form
severalsolventdependent structural arrangemeatsl morphologiesvia a 2D to3D
growth process. WhehCB is used as solvent,s&molecules form a templatefined

close packed structur&Vhen heptanoic acid is used as solvent, a range of lower
density architectures that deviate from the templafened close packingre

observed.This differenceis attributedto the ceadsorption of the heptanoic acid

at



solvent molecules, which is only achieved in the presence of the template. This work
demonstrates the possibility to precisely contmadlecular selfassembt to form
designed 3-dimersional (3D) structuresthrough the synergistic combination of

template and solvent effects.
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spans the following ranges: #.01 a.u. for both madab. (c) Optimized geometry of

one TCB in hexagonal pore (M@X/LANL2DZ), with marking the distances of
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geometry all ows for CléH (dashed blue | ine
COF1 pore as wel |l as Cl ecCl (dashed green |
mol ecul es. However, bond am sherterahacexmectedor Cl é
(i.e., shorter than the optimized distances found for a single TCB in a hexagonal pore,

see Table 4.1), and unfavourably short Hé F
between hydrogen atoms on the TCB molecules and thelQ©Fe (i.e., distances

shorter than 24=2.4 A). These closer interactions suggest that perhaps the epitaxial
heptagonal pore is expanded somewhat from thepbase dimensions reflected in

this geometry. The intdat om di st ances for Cl éadd, Cl éH
accordingly. (Only showing those less than the sum of the vdW.radii)............ 69

Figure 5.1 (a) Submolecularly resolved COE template STM image collected at

air/solid interface. Tunnelling conditions: V800 mV, I=100 pA. Image dimensions:

7.1x7.1 nnt. (b) Schematic image of honeycomb GD®ith unit cell shaded blue

and a boroxine ring together with three neighbor benzenes specified with dashed

black circle. DFToptimized topsite (c) and poresite (d) positioning of a guests&C

molecule within the COR host. The substrate graphene bilayer has been omitted for

better visibility. Detailed simulation results are given in calculation section.....75

Figure 5.2 (a) STM image with H bilayer structure collected at the heptanoic

acid/HOPG interface. Tunnelling conditions: V&6 mV, 1=42.25 pA. Image

dimensions: 19x19 nf (b) STMimage collected at the heptanoic acid/HOPG

interface showing quagiCP triple layer structure and Rlayer shifts in A and B
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patterns. Tunnelling conditions: V800 mV, 1=33 pA. Image dimensions: 15.4x15.4
nn?. (c) The schematic image corresponding to. (D)fferent architectures are
marked by indicators. (d) Model of theTPbilayer. (e) Model of the quaBiCP triple

|l ayer structure. The two fullerene mol ecul
guastsame position. (f) Models of the shift of a single IBfter molecule with respect

to the T layer in A and B patterns. (g) The DFT calculated structurepaiti&grn shift,

as shown in top view and side view. The relative positionssdeTand R1 6 are
specified in side view. For a better visualizatiome radius of & carbon atoms is
ENNANCEA.. ...t 7
Figure 5.3 A comparision of quadiCP (left), HCP (middle) and standatdCP
(right). Similar arguments can also be assigned for the-taedred cubic (FCC)
packing. The quasstructure is associated with the shift behavior of R1 fullerenes
(marked 1 in the orangadrcle) with respect to the givenlayer fullerene (marked 2).
Note that, in the quadiiCP and HCP here, the intralayers€molecules are spaced
with a distance of 1.476 nm. This is different from stand#@®P, where all the
molecules are spaced in a dist& of ~1 nm® The standardcCC close packing &

can be formed on bare HOPG, d8gure 5.10 ... e 79
Figure 5.4 STM images of a single R1 fullerene shift colleetieldeptanoic acid/solid
interface, where the CQOE lattice is represented by the black honeycomb, and the
yellow and orange circles indicate T layer and R1 layer fullerene molecules
respectively. (a) Aoattern shift. (b) Boattern shift. (c) Geometry ofdlshifts, where
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the epitaxial COFL lattice constant is a=1.476 nm according to our previous work.
(d) The collective assembly of R1 fullerenes, paralhdt. Tunnelling conditions:
V=-800 mV, 1=33 pA. Image dimensions: 6.5X6.520M.............cc..cceevreveecsrnennenn 80

Figure 5.5(a) STM image collected at the heptanoic acid/HOPG interface. The black
dashed line encloses a region of the crystal with one missigm@ecule. The inset
image shows the plan view schematic of the black dashed box region, according to the
parallel shift model. The white dashed line marks a rotatstt region. Tunnelling
conditions: V=800 mV, 1=100 pA. Image dimensions: 24.4x24.4’n(h) Detailed

STM image collected at heptanoic acid/HOPG interface showing a moiré pattern
caused by rotation of the R1 layer relative to the underlying T layer. Tunnelling
conditions: V=800 mV, |=100 pA. Image dimensions: 11.8x11.82nift) The
schematicimage corresponding to (b). Orange circles represent the R1 layer
molecules and yellow circles represent the T layer molecules. (d) The schematic
image of geometrical considerations of the region (spin centre) enclosed by the
dashed box in image (c), shiong the geometry of the rotation of the R1 layer relative
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Figure 5.6 Moirépattern of R1 layer rotated by ¢ & T ¢ (ihdicated by lines at
thebottom) with respect to the underlying T layer. The vectors of the Moirépattern t

to are shown by arrows and labeled accordingly. The lattice vectgrspaof the
underlying T monolayer are sketched at the lower right, where a magnification by a
factar 3 is applied for better visibility. Specifically, the region ijure 5.% is
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marked by colour of blue in a unit cell, where the centre of spin defifeédune 5.5

is marked with orange triangle. The calculated model is available in experimental
{01 110 o TP T P PUUPPPPPPPPN 84
Figure 5.7 (a) STM image collected at heptanoic acid/HOPG interface showing
multiple crystallization geometries for three layer structures. Tunnedorgitions:
V=-800 mV, I=200 pA. Image dimensions: 17.3x17.3°n¢n) The schematic of (a).

(c) The schematic showing position of the R2 layer relative to the R1 layer. (d) The
DFT optimized geometries of RCC and AHCP. Schematic showing the positions of
Ceoin the T layer (bottom), R1 layer (middle) and R2 layer (top) relative to each other
for an R1 layer with Apattern shift (e) and Battern shift (f)...........ccccceeiiiiiices 85
Figure 5.8(a) STM image showing the -ealsorption of heptanoic acid andldyer

Ceo collected at the heptanoic acid/HOPG interface. Tunnelling conditionsi®GO

mV, 1=50 pA. Image dimensions: 12x12 finThe hexagonal lattice represents the
COF1 template A single missing & is marked by a large black open circle. The
features at the bottom of missingoGite are assigned as CQF template. Three
small bright spots assigned as solvent molecules are marked by small black open
circles; similar adsorption ozurs throughout the lattice, but has not been indicated to
allow clearer visualization of the contrast modulation associated with these features.
One site without this small bright feature is marked by a black arrow. (b) Optimized
structure of flayer Gso with co-adsorption of heptanoic acid at bothdite and Tsite

(See section 5.5). Thesite heptanoic acid molecules appear at each of the three
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boroxine rings in the COR template. Only one -Bite adsorbed heptanoic acid
appears per pore, consistenttivithe slightly oficentre adsorption of the-dite Go
molecule. For a better illustration of the model matching with the experimental data,
scheme (b) has been modified from the actual DFT data by taking off the features
missing from the STM image (ak)(STM image collected at the supernatant
(TCB)/HOPG interface. Image dimensions: 9.6x5.4 2nriunnelling conditions:
V=-1000 mV, I=50 pA. Here, Rls€adsorbs in a templatdefined closgacked
geometry. (d) Schematic of (c) with TCB molecules in thesdrihe COFL template.

The STM images (e and f) showing theadsorption of heptanoic acid inl&yer Gso
obtained in a same collection. (e) is the forwamhn image and (f) is the
backwardscan image. Tunnelling conditions: V=1000 mV, 1=50 pA. Image
dimensions: 11.72 x11.72 rfm(g, h) are magnified images corresponding to the
regions marked by dashed black squares in (e) and (f) respectively. Image dimensions:
2.8 x 2.8 nn?. The black arrows in the images indicate the direction of scan. (f) is
2L To I 11011 o I 0 I = ) TSP PPUPPPPPPRN 38
Figure 5.9 (a-c) Successive STM images of same region collected from the TCB
supernatant/HOPG interface. Image dimensions: 80x8G.rifunnelling caditions:
V=-1200 mV, 1=50 pA. (d) Successive STM images of same region collected from the
heptanoic acid supernatant/HOPG interface. Image dimensions: 60x68. nm
Tunnelling conditions: V=800 mV, 1=100 pA. The domain morphology of the C
films in TCB waries with time, in contrast to the films formed from heptanoic acid. In
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the latter (df), individual vacancies vary from image to image, but the overall domain
structure and occupancy remains relatively constant..................uicccveneeennnnd 91
Figure 5.10(a) XRD spectra of bare HOPG (black) anéyCrystal on HOPG (red).
The peak at 2= 10.8°(d ~ 0.82 nm) corresponds to the (111) face of stand&@d
fullerene (a = 1.42 nm). Thiis also consistent with (002) of stand&t@P fullerene
with a = 1.00 nm and ¢ = 1.64 nm, but in this case we should also observe the weaker
(001) reflection at 10.2° The asterisk indicates the peak from HOP@) Scanning
electron microscopy imagef @n asymmetric é hexagonalshaped disk on bare
HOPG, prepared by dregeposition method with a solution (1.9425481) of Ceoin
NEPLANOIC ACI......eiiiiiiieeee e 93
Figure 5.11 Schematically illustration of the control of fullerene crystallization from
2D to 3D through combined solvent and template effects...............cccvvieemnnnee 96
Figure 5.12STM image<ollected from supernatant solutions ahGa) STM image
at the heptanoic acid supernatant/HOPG interface. Tunnelling conditionst 208
mV, 1=50 pA. Image dimensions: 60x60 fim(b) STM image at the TCB
supernatant/HOPG interface. Tunnelling conditiofrs100 pA, V=800 mV. Image
dimensions: 60x60 nf (c) Domain size distribution of (b). The coverage (P) &@f C
IN STM IMAGE IS 55.4%0.....cce e i e e e e as 98
Figure 5.13The optimied geometry of COE on graphene bilayer................... 104
Figure 5.14 The DFTcalculated geometry for &g on COFR1/graphene bilayer. (a)
Ceso OVer boroxine ring (fayer), (b) Go over phenyl ring, (c) Porsite Go(P-layer),
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Figure 5.15 (a) Cartesian coordinate system for-offintred adsorption simulation,
where origin is defined as the position of optimized {3ite X and Y axes represent
zigzag and armchair directions of C&Ftemplate. (b) The plot of energy change of
different offcentred positions (along X and Y axes#hwespect to optimized centred
pore-site position (Psite Table 5.1 which gave1.59 eV adsorption energy here under
the accuracy described above). The distance of each step is.0.5.A.............. 107
Figure 5.16 The DFT calculated geometry of R1 layersoCon T
layer/COFR1/graphene bilayer. (a) fattern shift. (b) Bpattern shift. (c) A close
packing. (d) Bclose packing............ooouiiiiiiiiieeen e 108
Figure 5.17 The DFT calculated geometry of R1 and R2 layaep 6n T
layer/COFR1/graphene bilayer. (a) &ACC architecture. (b) AICP architecture. (c)
B-FCC architecture. (d) BICP architeCtue................ccccuviiiiiiieeniiiiiiiieieeeee 109
Figure 5.18 Optimized structures of adsorption of solvent molecules on
COF-1/graphene bilayer. Heptanoic acid adsorbed at the sitee (a), top
phenyiring site (b) and top boroxiRBNg SIt€ (C)......eeevvvvveeeeeiiiiiiiimceeeeeeeeeienees 113
Figure 5.19 Comparing Apattern shift (a, b) and &lose packing (c, d) optimized
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Figure 6.1 Scheme of (a) 45, (b) Cro, (c) Coronene, and (d) Corannukemolecules.
Figure 6.2 Schematically illustration of binary guest molecule systems in-CQg)
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Chapter 1. Introduction

1.1.Molecular self-assemblyon 2D surfaces

Instigated by the famoudPlenty of Fbom at the Bttomo talk given by Feynman in
1959 tremendousvork has been devoteaver the pastfew decades tanake things
small ANanostructured materialsare thosdypically defined bysize spanningfrom
subnanometeto several hundred nanometérdn this size rangeglassical and
guantum behaviors are mixeethd materialsan exhibit physial propertiedifferent
from thoseof bulk materials; the study of these phenomena is collectively krasvn
nanosciencé For exampleat thenanometer scal@lectronicsband structures can be
tuned through quantum confinement effects achieugd varying the size and
dimension of naoparticles (Figure 1.1).* Another importantaspect is that making
functional units small carresult in a significant decrease in device energy
consumption and more efficient production qesses However, even if
nanomaterials cagxhibitremarkable propertiethey can be applied infaractical use
only if suitable economical nanotechnology v&ble. Thus,the development of
methods to realize massontrolled fabricabn and integration fo functional

nanodevicemto usable macroscopic systeimgssential
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Figure 1.1 (a) Schematigepresentatiorof change in the density of stateone band
according to the sizef material (metal andsemiconductor)(b) The density of state in
one band of a semiconductor as a function of dimen&epgoduced with permission

from theScience*

There aretwo commonmethodsto generatenanostructured materials amabricate
nanoscale structures a contolled and repeatable mann&rp-down and bottomup
(Figure 1.2).°> Top-down methods impose a structure or pattern on thestsate
through anexternal process. In contrast, bottoqm methods aim to guide the
assembly of components into organized structures through processes inherent in the
system The top-down approach includes serial and parallethi@ques to create
features typically in 2D over a largescale.To date, severaxcellenttop-downtype
approaches including photolithography aschnningbeam lithography have been
used to produce nanostructufedowever,these conventional techniques have the
limitations which have restrictedheir applicability, such asthe high capital and
operating costs in accessing tleifitiesanda general paucity of applicable materials

Moreover as device featureadvancehroughthe subl10-nm regimethesetop-down



approachesave begun to approactheir resolution limit” The physical limits of
defining nanoscale features mlso problematic for future size reductions in
nanostructurg for examplea layer of silicon digide must be at least four to five
atorrs thick to function as an insulatdrBecause of these challenges to both
traditional nanotechnology andchanoscience interest has been growing in the

alternativeapproachi.e., bottomup methods’

&

MM -

Top down

um —

Bottom up

nm

Figure 1.2 Two methods (tedown vs bottorup) to produce matter at the nanoscale.
Top-down methods, such as lithography, writing or stamping, are used to define the

desired features. Thbottomup techniques use sgifocesses to produce ordered



patterns of supramolecular or solgtate architectures from the atomic to the

mesoscopic scal®epoduced with permission frothe Nature Publishing Bup. °

Molecular ®If-assemblyis a promising bottomup methoalogy for largescale
fabricaton of functional nanostructuredefined asa processn which molecules (or
parts of molecules) spontaneously form ordered aggregatésout human
intervention® It is the pathway of lowest energy consumpticemd one of the few
practical strategies for making ensembles of naunosires In addition,the study of
molecular seHassembly isappealingbecauseselfassembly is one of théasic
process employed by biological systems meaning that an understanding of
selfassembly can help tnveil the mystery othe origin of life Theinvestigationof
the spontaneougormation of orderedpatternscan also bridgehe study of distinct
individual constituerstand the investigatioof systemsasawhole!!

Confinementof building block molecules @a a 2D surfaceis often necessarfpr the
applications of many organic electronic and optoelectronic deviosbgere the
substrate carmplay an important functional role such as the electrodeofganic
light-emitting diodeOLEDSs) or photovoltaic solar celld The substrate propersie
can also be tunebly deposition of molecels thatselfassembleFor examplethe
assembly obrganic acceptor tetracyamequinodimethandias been demonstrated to
p-dope graphenesubstrate through chargéransfer ¥ and indue a structural

rearrangemerdt coppersurfaces
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Figure 1.3 Schematidlustration of thepossiblel7 plane groups 2D, describingthe
symmetryof monolayer molecular sedfssemblyAn arrow indicates each asymmetric
unit, and unit cells are denoted with gragds.Reproduced with the permission from

American Chemical Society

Moreover the reduced dimensionality of assemlaly a surfacecan dramatically
simplify the system with only 17 plane groups possible in 2D crystallization as
compared to 230 space groups in 3D crystallizatiigure 1.3).2°> The presence of
the surface can also introduce extra effeépossible in 3D, such as the
concentratiordependent polymphism2® Confining molecular seHassemblyto a2D
surfaceoffers the advantage die application osome specializedharacterization
techniquesFor example, usingcanningtunnding microscopy(STM), the molecular

arrangement on solidurfacescan be imaged in reatpace with submolecular



resolution which provides a wealth of detailed informatiéh

2D molecular seHassemblyunder ultra-high vacuum (UHV) conditionglepends
critically on two types of interaction: molecus@bstrate interactionstabilizing the
molecules on the surfacand moleculenolecule interactionsthat define the
relationship between neighring molecules? However, when it occurs at
solution/solid interface, the solvaselvent and substrasolvent inteactions can also
play an important role in the determinatior2@f ordered pattern$

The interaction between adsorbates and solid substrate can determine molecular
adsorption geometries, sites and orientatidrie role of surface will become more
and more dominant when interactions move from weakly physisorbed to chemisorbed
organic molecule$>?° For the surfaceswith ordered arrays of dislocation networks,
steps or patches with different chemical compositfothe inhomogeneity of the
molecule substratmteraction can act as guidancdor the growth of molecular
nanostructures whose motif structuran beuniquely defined by adsorptio-site
selectivity Thus, hroughthe decoration odesignation of the surface structure, it is
possible to realize the precise controtief depositednolecular seassenbly.?®
Intermolecular interactionare anotherimportantfactor that can influence ohecular
self-assemblyThe interactions and motif structures selfassemblydependon the
nature and spatia@rrangementf functional groups in the periphery of the backbone
of molecularbuilding block. According to the strengt intermolecular interactions
can be divided as two typesonrtcovalent interactions and covalent interactions.

6



Table 1.1 Intermolecular interactions of seltassembly*

Type of interaction Strength (kJ/mol) Character
Covalent bond 350 irreversible
Coordination binding 50-200 directional
Hydrogen bond 5-65 Selective directional
vanderWaals interaction <5* Non-selective, nordirectional

*strength scales with the number of atom involvethminteraction
Sincenon-covalentinteractionsare weak and have the advantage of the reversibility
of bonding organic molecules can interact with each other to forg range ordered
structures In this context, the chemical nature of the individual molecules is
preservedn the assemlyl and non-bonding interactionssuch as hydrogen bonéfs,
van der Waal§vdW) interaction?® halogen bond€ and metabrganic coordinatiof?
(Table 1.1), drive the selfassembly procesddowever, theseweak intermolecular
interactiors are also aimitation in thesefragile structuresSuch supramolecular
assemblies are difficult to modify without lagj their structure
0] Modification of the functional groups typicallywill alter the interactions
between the constituents and thus leadifferentassemblies;
(i) performing chemistry on these assemblies is difficult without destroying their
structural integrity

(i)  the thermal and chemical robustness of their structure puts a limit on their



applications®®
By using covaleninteractionsto enhance the mechanical rigidity of structurbssée
disadvantagecan be overcomédiscussedn section1.2). In addition, conjugated
polymers can have semiconductive properties with a high efficiency of charge
transport, which islesirablefor electronic device applicatioriS.
Molecular seHassembly at the liquid/solidnterface are more convenient and
straightforward experimental approachesmpared withthose that requirdJHV
conditions!® Besides moleculsubstrate and molecufaolecule interactions,he
arrangement and stability of selfsembled structurestheliquid/solid interfacealso
dependscritically on the solvent usedThe ddicate balance amongnteractions
between solvent, solvate and substrateould give rise to thecompetitive or
coadsorptiordeposition of solvenioleculeswvith adsorbate
Solvents canbe physisorled or even selassemle on the surface to form 2D
structures32 This requires solvent molecules havkigheraffinity for the substrate
than the solvig. The solvents caalsobe coadsorbed at the liquid/solid interfada
vdW interactions with the substrater hydrogen bond ovdW interactions with the
adsorbate molecules.For example, the carboxyl functional groups of
5-octadecyloxyisophthalic acid {8SA) were observed to form hydrogen bondth
1-octanol solvent molecules leading to observed selassembly with solvent
co-adsaption. However, when 1-phenyloctanewas used as the solvent, no
coadsorption of soknt molecules could be observerhis variationimplied that

8



hydrogen bond formation was the main reason for the solvent coadsdifitione

1.4). 38

Figure 1.4 (a) STM image o$elfassemblyf CislSA moécules at doctanol/graphite
interface.The value oée L corresponds to interdigitated:€SA, identical with the one
in (c).The alue ofaek corresponds to the width of the lamella formed byctanol
molecules.Image size is 10 x 10 mn(b) Molecular model represents the area
indicated in (a)The unit cell for Ioctanol molecules coadsorptiontimo-dimensional
packing of GslSA moleculesvasproposed(c) STM image o$elfassemblof CislSA

9



molecules atl-phenyloctanggraphite interfacelmage size is 10.7 x 10.7 rfm(d)
Molecular model represents the area indicated in (c), showing no solvent coadsorption.

Reproduced with the permission from American Chemical Sotiety.

Solventscanalso provide different microenvironments for the solutseifassemble
at the interfaceslThe properties of solvenvigcosity, polarity,etc) and solubility of
solvate are all important factois control the polymorphism of sedissemblythrough
thermodynamior kinetic effects$$*2° For exampletfrimesic acid (TMA) is a building
block which can constructi ¢ h i ¢ k estuatirre (@inder moti) and Aif | ower 0
structure(mixed dimeririmer motif), both stabilized by hydrogen bosdn HOPG
surfacegFigure 1.5a).3® The solvent induced polymorphism was studmdapplying
a series of alkyl acid solvents with different dielectric constaagssolvent.
AChickenwire structureis favored inless polasolvent(low solubility) and fiflowerd
structureis favored in morepolar solvent(high solubility) The possible explanation
for this variation in monolayedentity is the stabilizatiof a TMA trimer solution
phase nucleation speci@srecursor forfiflowerd structure)in the solvent withhigh
solubility, but a TMA dimer (precursor forfichickenwiré structure) in the solvent
with low solubility. In the same contexthe selfassembly ofi,3,5benzenetribenzoic
acid (BTB), a biggeranalogue offMA, was alsofound to dependon the solvenin
use BTB canform two different structuresfichickerwireo structure andiobliqued
structure(Figure 1.5b), which differin their hydrogen bonding pattern bhoth have

the dimer motif3” Experimentsconducted to compateetweerthe solvent molecules
10



with and without hydrophilic functional groupssuggesta different mechanism
depending on whether the solvent can omcamexert strong hydrogen bondat the
formation of the interfacial monolayer structur@sthe liquid/solid intedce.If the
structure exposes a lower number of polar groups during the grinethit will be
preferred in a solvent of low dielectric constant and vice v&da.n ¢ eobliguge
structure exposes more free hydrogen bonds during the growth process,vihas
observed in more polar solvents. Althoutje abovemechanisms were proposed in
the TMA and BTB studieghe possibility of solvent cadsorptiorcamot be ruled oyt
because the porous seksembled structuresan enable the interactions between

solvent and substrate
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Figure 1.5 (a) (Top) The STM image and models for chickenwire structure of. TMA
STM image was collected at the heptanoic acid/HOPG interface. Image size: 15x15
nn?. (Bottom) The STMnage and models for flower structure of TMBAM image was
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collected at the pentanoic acid/HOPG interface. Image size: 15x153hr(b)
Schematic representation of the seeding process for the oblique pattern (left) and the
chickenwire motif (rightvith the BTB dimer as the repeating unit forming. The count
represents the number of polar functional groups exposed to the solvent, and those in
the brackets represent the number of BTB molecules involved in the asgginbly.
Schematic representation dfet propertiesfor the series of alkanoic acids from
butanoic to nonanoic acid and the respective interfacial monolapdymorphs

Reprodiced with the permission from American Chemical Soéfety

1.2.Covalent Organic Frameworks

Extended crystalline covalent organic frameworksCOF9 were first routinely
synthesizedfrom solution in a sealed reactomherethe reversible formatiorof
covalent bonds providethe meclrism for error correctiorf® Since poducing 2D
COFs can potentially deliver singlsheets of organic materjasimilar to highly
popular graphene, but wita tunable structural mot2D COFs havebeen synthesized
on surface using various approaches including Ulmann dehalognation*
carboncarbon covalent bond formation addhydration reactiof$with the method
of onsurface synthesisTopologically, a2D COF monolayeris composed of nodes
and spacersThe crosslinked 2D network can be obtainedth different symmetric
building block moleculeshroughii n 0o dadensatioro r p & ¢ eondensationas

schematially presented irFigure 1.6.*2 The successful realizatioof COF materials

12



through molecular building blocksanprovideporouscovalent frameworks that could
be functionalized into lightweight materials optimized for gas storage, photonic, and

catalyticapplicationsbased on host/guest chemistty

Boronic acid-based coupling

>— #om e e OC -0 — OO0

Cs C: Schiff-base reaction
O 30— 0

>— + >— — Q — Acylation reaction

Cs Ca oL - w0 Q‘{_O
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[/j: :\L u»_@ — N_O
s — é
Ca Cz O - wd) —» O*:.Q
Carbon-Carbon covalent bond formation
+ > - O —» OO
Cs Ca O—= e M

Figure 1.6(a) Th e fi n o d e ofor ayptlpesisooB2® KOFExamples are givermo
the right: cyclocondensation of three boronic acids molecules and tetramerization of
four 1,2,4,5tetracyanobenzen@ CNB) molecules with one Fe atorb) The spacer

approach for synthesis of 2D COFsccording to the symmetries of builders
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Corresponding examples are given on the rigitthe construction of 2D COFs: the
condensation reaction between boronic acids and diols, the Belsiéfd reaction,
polyamide formation, polyimide formation, polyester condensation, Ullmann coupling,

and Glaser couplingReproduced with the permission from Witéy.

Boronic acidbasedbuilding molecules werenitially used toproduce2D COFson
Au(111) surfaceausing thefi n o d¢amsiruction modén UHV conditions?? following
on the first bulk COFs material® Three 1,4-benzenediboronic acifBDBA)
monomers can form one boroxinesz(®) ring through cyclocondensatio(rigure
2.1a),** whereas intactBDBA molecules can form a hydrogerbond stabilized
selfassembly ommetal surface Starting from this supramolecular saésemblythe
synthesisof COF-1 through tip or electron beaminduced surfac@olymerizationof
BDBA molecules wasalso developed® However, since covalent bonds lattke
degrees of reversibilityunder UHV conditions several kinds of defegtsuch as
pentagon and heptagon poregre inherently formed, and the polymer structure
always deviated from an ideal honeycomb-wimensional network® Therefore, the

synthesis of largescale highquality COFsis desirable
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Based on the dehydration reaction of boraameadsand thermodynamiequilibrium
control strategy Li O0s and L a bakei sncgeededins congtnuabng p s
largescale  highquality COFs by using excess water as the
chemicalequilibriumrmanipulating agentin the closed and open environment
conditions respectivelyFigure 1.8).4¢%° The large 2DCOFs arrangements observed
experimentallyarestabilizedthroughthe entropic contribution of the water molecules
released durin@D polymerizationprocessof BDBA molecules(Figure 1.7).*” Thus,

the importanteffect of water in the édrmation process of an ordered ZIDF can be

understoodby Le Chat el i er dBke prpsencen afekcpssH>O during the
15



poly-condensationchanges theree energy of the reaction and fagoa reverse
reaction to a certain extefity pushing the equilibrium backwardhe enhanced
reversibility can improve theelfcorrecing abilities of theCOFs and result in the
formation of highly orderedhoneycombmolecular nanostructurekventually, after
excesswater is removed the orderedporous networks gain theirobustnessby

ceasingoond reversibility.

a. UHV
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] HO‘B‘OH UHV deposition R 3
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b Dropcast
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Figure 1.8 Synthesis of highuality 2D COF1 monolayer polymers@) BDBA
monomer sel€ondenses onto crystalline metal surfaces in UHV to form -COF
monolayer which containing various pentagonal and heptagonal ring defects (middle).
The improvement in the order of the film can be initiated through annealing this film in
a humid environment (right(b) Pre-prepared COFL nanocrystals in solution were
dropcasted onto HOPG surface (middig)milar annealing can provide a monolayer
with improved longange order (right).Reproduced with the permission from the
Nature Publishmg Group®!

COFsprocessed under ambient conditievith monomer deposition from solution by
16



drop-castingoffer much convenience for further applicatidfsut still bear many
disadvantages, for exampl@shomogeneous coverages, including unwanted bilayers;
insufficient reproducibility; contaminations; solubility issuesiich canlimit the size

of the domairs. Recently, n order to further improve thguality of COFR1, a new
synthesis procedure afsing vapordepositioninstead of solutiomepositionwas
developed.The progressively smaller lengttharacterization on samplesanifested
that thesampleprepared by vapor depositigarotocol similarly yields high quality

COF1 monolayersbut significantlyreduces sample contaminatit

1.3.Host/Guestchemistry based on 2Dremplates

H/G chemistryis the importantconcept in supramolecular chemistwyhich describes

the formationof unique structural complexes composd#dwo or more molecules or
ions held togethewia non-covalent interactionsThe mutually specific recognition
between the host netwodnd the guest moleculésthe core idea of H/@hemistry
Although hstorically developed in organic and aqueous sohs, the principles of
supramoleculaH/G chemistryhave beersuccessfullymplemenedin selfasseml#d
systems on solid surfac&The reason why iggle layer molecular host/guest (H/G)
architectures on surfadeve attracted a lot of attenticmbecause theganprovide a
novel route towards porous materials that may find applications in molecular

recognition, catalysis, gas storage aagaratior?’ >3
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Figure 1.9 (a) Schematic ofconjugated oligthiophene macrocycle, which is
intrinsically porous (b) STM image of a monolayer ofacrocycle on HOPG The
adsorption of G is indicated with white arrowlmage area: 11.6 nm 8.7 nm;
Scanning conditions: VZ00mV, 1= 44 pA.(c) Calculated model of a closely packed
monolayer ofassembled template with intrinsic porous host molecwédh a
hexagonal arrangementnset picture exhibitside view of the calculated energy
minimum conformation of aligothiopheneCso complex. Reproduced with the
permission from Wile$# (d) lllustration of the TMA chickenwire host, which is
extrinsially porous. TMA molecules adrawn with the vdW surfaces of the atoms.
The extrinsic single cavity stabilized blgyydrogenbonds is indicated in the right
enlarged sketch(e) STM constant current image of the TNI& hostguest structures.
The diameter of the pores is 1.1 nm, and the unit cell of the hexagonal network is
a=b=1620. 1 n m aXfad depicted i the upper right corner. The adsorption

of two Csp molecules inside the pores of the TMA host network appear as bright
18



protrusions. Image dimensions: 10 x 10 hirReproduced with the permission from

American Chemical Sociefy.

Surfaceconfined H/G structuresrely on hierarchical interactions: the interactions
binding the hosmonomertogether are stronger than the interactions binding the guest
to the host® The presence of a solid surface can also provide additional stability for
the resultant H/G structures througiie moleculesubstrate interactionsThe 2D
poroushost networksan be constructed imtrinsic or extrinsicways. The mtrinsic
porosity is inherent to the chemical structure of twnstituent molecute whereas
extrinsic porosity results from necovalent (or covalent) assembly of thenstituent
molecules, whichusuallydo not bear porosity in isotéon (Figure 1.9). The ntrinsic
porous seHassemblechosttemplate istypically stabilized by vdW interacticgp® >°
while an extrinsic porous seHassembledhost template can be stabilized through
seweral different interactiongTable 1.1). Although kased on hierarchical interactions
of H/G, rigid host templateswith fixed pore sizes, such ashose sustained by
hydrogen bondingor metatligand interactions are favorable for guest selectivijty
flexible host networkstabilizedby vdW interactions also provide reasonably high
selectivity Because ofthe ability to design interactionsn a host networkvia
judiciously chosen molecular componentee majority of H/G studies carried on
solid surfaces have focused extrinsically porous systentsor example, isoreticular
scalability of COF cavities can beachievedthroughsimply increasinghe size ofthe

molecularbuilding blocks??
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H/G structures can offer spatially controlled fixation, observation, and precise
manipulation of matter down to the single moleculeele which is an essential
requirement for nanotechnology applicatidf$he manipulationof a singlemolecule
55,59 can becarried out bySTM at the liquid/solid interfacevithout the need for
experimentallychallenging UHVtechniques.For example,the proof of principle
work has been reported Hyriess| wherethe adsorption site of &g molecule in a
TMA template can bemanipulatedby varying the tunneling currerthrough an
STMtip.>®

H/G chemistry is also associatetth the study ofselectiverecognition of a molecule
(guest) by another molecul@ost) via the formation of nortovalentinteractions
Severalstrategiedor selectivity in guest bonding hawen developed based on the
geometry of host such as pore siZ?&€% shap&*%® and chirality* or chemical
environmentof hosf®. For example,wo different shape speciesnbe trapped by a
nanotemplate at the same tirfiggure 1.10). A novel hydrogen bonding molecular
network with two different cavities can ermed from tetraacidic azobenzene
(NN4A). The coronendCORO) molecule is only entrapped in tiexagonakavity
due to the pore size and shape &&d will be entrapped irexclusively in the
triangular cavities.The network can serve as a supramolecular nanoporous tetoplate
simultaneously accommodateCeo and coronene molecules forming a
coronene/G/NN4A ternary architectureBased on similarselective recognition
principles, anumber of multicomponent H/G system&re alsoreported, wherein
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either the host template or the guest spec@scomprise more than one type of
molecular building block®®%8 For exanple, the complexity oH/G self-assembly was
extended to a three component HH&Bchitecture assemblingt the solutiorsolid
interface. Instead of using a single of typegokst, a heteromolearl guest cluster
composed of coronenand isophthalic acid(ISA) could be immobilized in host

network formed bylehydrobenzannulengDBA) derivative 5°

a .
Network
OH
(0] (0]
Ny
N
HO
o NN4A

HO

Figure 1.10 The chemical structures of the NN4A and guest moleqagestN4A,(b)
coronene(c) Ceso. (d) The STM image of coronengfBIN4A ternary architecture at

alternate bias and currentmage dimensions: 4141 nnt The line at which the bias
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changed is marked by a green arrow. The scanning conditions of upper area and lower
one are 1=1055 pA, V=516 mV and 128 pA, V=968 mV, respectivelye) A
molecular model of coronene andoGnolecules cadsorbed on NN4A netwks.

Reproduced with the permission from Wigy.

Molecular recognition in H/G chemistry can constitgeofof-concept for the
design of sensord.For example, e modulation of theonductivity of the active
conducting materials upon the H/G binding event can be transduced into electric
signals, as shown iRigure 1.11.7* Confining a guest in a 2D host structure represents
the ultimate limit of design for aarganic field effect transistdvasedsensorwhere
devices with thiractive layersare used for thehighresponse speed and sensitivity to

target molecule&

Drain Source

o )
- o
o

() *
\

Conducting Laver

Substrate

Y Supramolecular Host
o Guest analyte

Figure 1.11 Graphic representation of a FET chemical sen<or.

In addition, he growth of template networksable to form H/G structure$,hasalso
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been anmportantmethodologyfor controllingcrystallization irio thethird dimension

using molecular building blocks. For example, abilayer Hbonded Kagoné
structuré® and seHaggregation op-stackedheterocirculen€d have beerobserved
based on 2D H/G structure. Moreovei)drene and their derivativewith non-planar
geometry when stabized by weak interaction on 2D templates, can promote
configuratiors defined bythe templatethat deviate from standard clepacking®®

578 The cooperativeinteractionof H and G speciesvas manifested through the
observation othe inducedgrowth ofa second layer o& supramolecular framework

by the trapped fullerenes(Figure 1.12).”° Although H/G structures have so many
potential applications, the COFs based H/G structure have not been investigated

intensively.
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Figure 1.12 (a) Schematidllustration of the random rhombus tilinfprmedby the
terphenyd3,3",5,5tetracarboxylic (TPTC) acid framework Different hexagonally
ordered network of poras highlighted by AE. (b) STM image of TPT@etworkafter
adeposition of €. The locations of 5 are visible as bright spots in the image and the
underlying TPTC netork is not visible. Scale baf:6 nny (c) STM image of TPTC
bilayer immediately collected aft€so deposition.The ceadsorptionstructureof Cso
and bilayer TPTC frameworgan be identifiedThe firstlayer of TPTC framework is
visible with an altered contrast and tesecondTPTC molecules appear with the long
axis of the molecules as brighigd-like features. Scale bartl nm (d) Schematic
representatiorof theco-adsorption ofCsol bilayer structure consisting of two overlying

pores of type AReproduced with the permission from the Nature Publishing Gféup
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1.4.Thesis djectivesand organizations

My thesisfocuses on the development BfG structuresbased onCOFs®® Since
COFsacing as templatdhave not been intensively investigatéus projectoffers a

first look atthe stability andarchitecturesaccessible through @OF/guest system

The successfuldirect synthesis of single layer 2D CQF on highly ordered
pyrolytic graphite(HOPGY* is foundational to this work

The goal of thisnvestigationis to explorea range ofdifferent architectureof H/G
based on COFs templat€he sphericalCso is usedas a modelguest moleculeas
shown inFigure 2.3. The method otharacterizatioms mainly STM. This thesiswill

offer both fundamentalunderstanding and a novelethodologyfor H/G structures
based on COR template opening the gate for a range of further investigation
applicatiors-targetedH/G structures

In Chapter 2, the synthesimethod of COFL and the basic principle of STM
characterization are introduced.

In Chager 3, COF1 act as a robust host foretfullerene guest molecules at the
solution/solid interface and under ambient conditions, demonstrating the possibility
for COFRbased host/guest architectures at monolayer thickness. At both the
solution/solidinterface and in dried films, COF presents a lattice with two distinct
fullerene adsorption sites: a pore site, where then@lecule is adsorbed on the
underlying HOPG, and a top site, where the fullerene is adsorbed on the boroxine

ring.
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In Chapter 4,the effect of pore shape and size on shé/entadsorptionhasbeen
investigatedThe resultsshowthat different solvent moleculesanpresent distinctive
influence on theadsorbedposition of Cso molecules suggesting that CQOEF lattice

can separate gst molecules, opening opportunities for applications in molecular
patterning and recognition.

In Chapter 5, COFR1 shows the capability to serve as the template fo8Da
nanofdrication with atomic precisiorthe templatadefined packing, which deviates
from standard close packing, depends on the solvent for the fullerene molecules: a
templatedefined closgpacking motif is achieved usirig2,4trichlorobenzene (TCB)

as solvent, whereas lowdensity quasclose-packed polymorphs are observed when
using heptanoic acid as solvent. The sohdmspendent polymorphism and
morphologies can be described in terms of a temypliaten solvent ceadsorpton
effect.

Finally, in Chapter 6, the conclusion and perspectivesgiaven.
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Chapter 2. Experimental techniques

2.1.COF synthesison HOPG and guest molecule

'xﬁ”:3"‘!?:3{'1"‘}:{.‘?:-"__-____________::,.—- ~~~~~
» H,0 i }:,; ,g,.--‘-i:\?? : //; 2
BRI S RS RS < % o o
. === x @ \ Xk /X T
. R Sy, O\ XX/
oS« SR e N
R e,
X8
BDBA COF-1 Boroxine
b.

<+ Valve:slightly open

<+ Sample position

<+ water

characterization Thermal treatment

Figure 2.1 (a) The scheme o€OF1 and thechemical reaction for synthesizing
template: selcondensation of BDBA monomers gives rise to 2D QCGEmplate

wherein defects are recovered through the reversible reaction that occurs in the
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presence of water. The scheme of the boroxine ring is enlargied inset circlé® (b)

The schentg illustration of thesetupof synthesizing COE on HOPG substrate.

BDBA COFs were formed following procedures ddsed previously®®® 1 mg of
1,4-benzenediboronic acid (Tokyo Chemical Industry Co. Ltd) was added to 1.5 ml
heptanoic acidqr 1,2,4tricholorobezée), and then sonicated for approximately 30
min. Thisstepproduced a whitish suspensioh5 m of this BDBA suspension was
dropped onto freshly cleaved HOPG (StructBrebe International, grade SPlor

SP}2, Figure 2.2) and put into a reactor with a volume of ~16 &80 m deionized
waterwas added to the bottom of the reactor, and a valve to ambient was left slightly
open to maintain an open system. Thére reactor was placed in an oven preheated

to 1253 and left for 60 min.
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Figure 2.2 STM image of HOPG. Image dimensions: /4.2.2 nni. Tunneling

conditions: V=19 nV, I= 1000 pA. The hexagonal latticenstant of HOPG is 0.246

nm.

After the thermal treatment, the reactor was taken out of oven and allowed to cool for
at least 20 min before the samples were removdst synthesis procedure is
schematically shown iRigure 2.b. Subsequently, the samplegen characterized by

STM at theair/solid interface. The scheme of reaction is showrHigure 2.1
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Figure 2.3 Scheme ofso guest molecule

After the presenceof COFR1 is confirmedwith STM, an amountof Ceo guest
moleculesin different solventwith a known concentration was applied ontbe
HOPGsubstrate.

Cso is the one of the most widely used guest molecules in 2D H/G investigafion.
8183 Since its discovery in 1988,Cso hasreceived tremendous attention due to its
uniquestructureand properes It consists 020 hexagonal and 12 pentagonal rings
arranged with icosahedral symmethigure 2.3). Carbon atora arebonded toeach
otherthrough sp hybridized bondsbut doublebondstend not to be present at the
pentagonal ringsThis results inpoor electron delocalizatioand electron deficient
property permittingthe formation of chargeansfer complexes with suitable donors
Thus Cso has beenregarded as a potential moleculawilding blockin molecular

engineering, novel materials synthesend supramolecular chemistryor the
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applicatiors of photovdtaics andield effect transista858’

2.2.ScanningTunneling Microscopy (STM)

The STM is capable ofmaging surfaces with an atomic resolutittwasinvented by

Gerd Binning and Heinrich Rohrer in 1981 at IBKfrich .2%%° They receivedhe
Nobel Prize in Physics five years later the many implications of STM on surface
characterizationFigure 2.4 shows the essential elementsSdiM. A metallic probe tip,
usually made of W or Ht alloy, is attached to piezoelectric transduc&g placing

the tip very closéa few of Angstromyto the conductive surface and applying a bias
voltage between them, there is a probability that an electron will transfer from the tip
towards surface or from the surface to the tipe to the overlap of electron
wavefunctions in the tip and sample. Such aremir is a quantuamechanical

phenomenortunneling asdiscussed in detail below.
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Figure 2.4 Schematiadiagram of tle scanning tunneling microscgpyroduced by

Michael Schmicnd GrzeqgorzPietrzak and used undeZC BY¥-SA 2.0 AT

From anelementary model, the basic featurestloé tip-vacuumsamplejunction
tunneling can beeakcribed, as shown frigure 2.5. In quantummechanicsthe static
state of an electromn the potential described by(z) can berepresentedoy a
wavefunctiony £) which satisfiesime-independenschidinger's equatian

——7 a Yar a q &, (2.1)

WhenE>U(z), Eqg. €.1) hasa solution

1 https://creativecommons.org/licenseséa/2.0/at/deed.en
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ra o mQ (2.2)
where

N — (2.3

o)

is thewave vector and n is the quantum number.

WhenE<U(z), Eq.(2.1) has a solution

|— (ix |- T[ 'Q ’ (2'4)
where
I — (2.5)
is the decay constant.
U(z)
v
— Vacuum level
Sample
b £ Tip

Figure 25 An illustration of STM mechanism: the onedimensional
metatvacuummetal tunnelingjunction. The sample (left) and the tip (right) are
modeled as senmfinite pieces of freelectron metal. The work functionis
represented ag, defined as the minimuthermodynamic work requiregd remove an
electron from the bulk to the vacuum levekghcting the thermal excitation, the
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Fermi level, E, is the upper limit of the occupied states in a bulk metal. Here, the
work functions of tip and sample are assumed to be equal. The bias voltage leading to
the realignment of Fermi levels of sample &ipds represent as eV. Tispatial width

of vacuun(energy barrier)is indicated asS*

By applying a bias voltag¥, the electrons at the state with energy leveEn lying
betweenEr-eV andEr havea chance to tunnel into the tip. The probahilityfor an
electron in thenth state to penetrate a certain barrier &f S

-8g msQ . (2.6)
We can assume that bias V is much smaller tharvalue of the work function.e.,

e\l f, then

| : (2.7)

o)

is the decay constant of the sample states close to Fermi level in the energy barrier
region.
The tunneling current is directly related to the number of states on the sanfplee
within the energy interval eVit is convenient to defin¢ghe local density of states
(LDOS), r«(z, E) as the number of electrons per unit volume per unit energy at a
given point in space and a given energy.

m O -B $ as. (2.8)
Including all the energy states within the energy interval, the tunneling current can be
written in terms ofthe LDOS of the sampler tip (depend on the direction of bias

voltage)
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(2.9)

Figure 2.6 The Bardeen approach of tunneling thedty.

However, this elementary model does not considetht@enal activation andolving
Schidinger's equationf whole system is typically diffictl Instead of trying to solve
the equation for the coupled systeffigure 2.6a), Bardeendeveloped arapproach
based on perturbation thedtystarting with two free subsyster(Bigure 2.6b and c)
to calculatethe tunneling current through the overlap of the wavefunctions of free
systems usingermbd golden rule.
With a bias voltage V, the total tunneling current is

) —. Q0 Qi Q0 f " 0 Qaofi” O fdHsQ) (210
where "QO p Qw0 O ¥Q"Y s theFermi distributionfunction, and
rs(E) andr 7( Eare the density of stateBPQS) of the sample and the tip. M is the
tunneling matrix element determined by the overlap of the surface wavefunctions of
the two subsystems at a separation suyfexgressed as

o

- Z— [z Q%Y (2.11)
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wherec andj are the wavefuctions of tip and sample.

According toEq. 2.10, lhe intensity of tunneling current determinedoy the LDOS
of sample and tipris andr 7), bias voltage Er-eV) andtip-surface distance (M).
When STM is conducted in the constant current mode, for a ¢ivas voltage, the
measured sitpl actuallyis the cowmolution of LDOS within the energetic internal
(Er-eV) and thetopology € positior). Therefore,an STM image is not a pety
topographic image, but also contains the LDOS information. By changingidise b
voltage, the involved energetic interval LDOSEHA€eV) can be modified. Thus,
different bias voltage typically will give different imagentrast

In practice STM requires an extremely flat substratewn to atomic level, because
STM tips have difficulties in scanning very steep featuFes. ambient conditions,
HOPG is the most commonly ubsesubstrate since it is a nadlly layered inert
material and the fresh large flat surface can be easily ig@prough peeling away
the top layer by an adhesive tape.

If STM is performed at the solution/solid interface, the organic solvents in use
typically comply with the following requrement§l) for the sake of corenence
they shouldhave a low vapor preareso thatthe STM measuremenése performed
undera rdatively constant environmemntithout the need of a closed cell, (@)der
the experimental condition@pplied bias between tip and sampkigy should be
electrochemically inert, (3) the compouotinterestcan bedissolved in themand (4)
they have a low affinity for adsorption on the substrate usézsssolvent adsorption
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is explicitly desired®!
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Chapter 3. Solution and air stable host/guest
architectures from a single layer covalent organic

framework

Daling Cui Jennifer M. Macleod, Maryankbrehimi, Dmitrii F. Perepichkaand
Federico RoselChem. Commur2015,51, 1651016513.

Daling Cuié sontribuion: thecollection and analysis of data, drafting manuscript.

3.1.Introduction

COFshave gained considerable attention, since first being synthesized if°2805,
robust porous crystalline solids that can be synthesized niorgorate
applicationspecific functionalizatiof?®® By employing precursor molecules with
different functional groups,dvonic acid(BA}based COFs can be tailored for specific
applications, for exaple the storage of hydroget® and other gase§®’ or
photoconductivity®®® A number of investigations, both experimetiai®® and
theoreticalt??1% have focused on bulk heterojunctdormed by COFs witlordered
charge donors and acceptors, targeting applications in photovoltaics.

The layered structure of COFs is analogous to the packing of graphene into graphite,
with noncovalent (dispersive and electrostatic) interactions stabilizivey asal
planes defined by the 2D CO#f%sinto 3D crystals. There is hence considerable

interest is isolating 2D sheets of COF, motivated by analogy with the exceptional
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materials properties of graphelle!®® COF plateletsseveral &yers thickcan be
produced by delaminaing 3D COFs through sonicatidi!%® or mechanical
exfoliation!® The direct synthesis of single layer 2D CQffsa substrate addresse

the advantage of defining the orientation of the COFs, which is necessanyo&ir
device applicatios!'®'! and allows for the use of tailored vagsmlid reactions to
produce 2D COF&'?

The surfaceconfined synthesis of COFs has previously been carried out by
selfcondensatin of BDBA under UHV Under these conditions, the rapid removal of
the byproduct water molecules precludes reversibility and leads to a relatively
disordered network of poly(BDBAY: '** a single layer of COR.3° When
synthesized osurface underambient pressure and elevatéuimidty, defect
correctionwithin the COF latice leads to improved structural ord&t® As has been
demonstrated in 3D COE¥! the range of available BA derivatives allows to tune the
structural properties of surfasgnthesized COF¥

On the other hand, extensive worksHaeen carried out on surfacenfined, single
layer H/G architectures where the host ismancovalent porous molecular network
stabilized bye.g, hydrogen bond®; 76 8lvdW interactions* > 115or metatorganic
coordinationt'® The formation and characterization of these H/G networks has been
performed under both UHV conditions® 76 1816 gnd at the solutionkolid
interface>*°> 81 Compared with these naovalent networks, thebustnessf COFs

presents anadvantagefor preparation ofsystems with covalent guest molecules,
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opening the door to a range of namctional hosiguestmaterials.

In this chapterwe reporton the synthesisof a singlelayer H/G structurethat uses
HOPGsupportedCOF1 as the hosttemplate This template stabilizefullerene

guests at the solution/solid interface; in turn, the solution/solid structure can be dried

to produce an aistable H/G architecture. The insertion of guest molecules can also be

i mpl emented using a fddi psupporteckCGiDA meigpddo d, wh e
into a solution of fullerene molecules and allowed to dry. These results indicate that
singlelayer COFs may be suitable for applications in molecular sensing or trapping as

H/G architectures, and reveal a simple synthesis route that can be apptiesl

fabrication of 2D donor/acceptor networks.

3.2.Results and discussions

Figure 3.1 (a) Image revealing molecular resolution of the GOBtructure(top) and
atomic resolution of the underlying HOPRGottom) Image conditionsbias voltage

V=-800 mV, tuneling current 1=100 pA (top); ¥-19 mV, 1=1000 pA (bottom}b)
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Autocorrelation of the image shown in (a). The small lattice (HOPG) and the large
lattice (COF1) have a clear commensurate relationship. T@F1 aligns with the
HOPG along both lattice directions, with each unit vector having an identical length of

six HOPG lattice constants.

The COF1 template was prepared ddOPG according to methods previously
described in the literature (seg@@rimentd Method3.4%°° Boroxine (BOs) ringsare
formedthrough cyclocondensation of thrB®BA monomergo produce an extended
structure of COF1, which consists ofhexagonalcavities STM measurements that
simultaneously reveal the atomic lattice of HOPG and the-C@tesh indicate that
COF1 aligned withHOPG with a¢p @ epitaxial unit cellas shavn in Figure 3.1.
This corresponds to a lattice parameter of 1.476, mamd suggests a slight
compression with respect teray diffraction measured periodicity df54 nm for
bulk COF1 solid3 In all experiments, the presence of GDBn the HDPG surface
was confirmed usingSTM, which revealed the distinctive honeycomb lattice
extending over domairtens of nanometers in size.

After confirming the presence of C&Fon the surface, a solution oGQullerene in
heptanoic acidvas applied dropvise to theCOF. Following the application of the
fullerene solution, COR was still evident in STM images, and stable adsorption of

fullerenes was observed
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Figure 3.2 H/G structuresat the solution/solid interfacéhe images ir{a) and (b)

show the observed fullerene adsorption geometries, denoted as top site and pore site,
respectivelyThe structures irfic) and (d) show proposed models for these adsorption
sites Scanning condition bias voltageV=-800 mV, tunneling current I=100 pA.

Image widthga) 5.3 nm and (b) 7.@m.

Using a dilute fullerene solution (2 10° M), a relatively low fullerene guest

occupation density was obtained, allowing the position ofthe fullerene guest
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molecules to baliscerned clearly, as shown Figure 3.2a and b Two different
fullerene adsorption sites can be identifiedFigure 3.2a, COF1 is discernibleas a
low-contrasthexagonal templateyhereadbright protrusionsindicatethe positions of
the fullerenemolecues In this image, the fullerene molecules do not lie within the
pores of the host structure, as is typically observed for other sy3téfh§' instead,
eachfullerene molecle is adsorbed on topf aboroxine ring ofthe COF. We denote
this site,shownschematicallyn Figure 3.2c, as a top siteA similar adsorption on top
of the host framework was observed f@so adsorption on oligothiophene
macrocycles, whera stable 1:1 doneacceptor complexs formed betweenhe Ceo
and the electron rich oligothiophene macrocycRé. Electrostatic forces are also
significantin COFR1 as evident from the bulk 3D cryststiucture of COH. The
latter exhibitsABAB (staggered) packing of the 2D basal planes, which positions a

benzene ring above each boroxine fhg.
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Figure 3.3 Consecutive STM images of H/G architectui@®: the starting geometry
with a small domain of § guest molecules inside the host templéigfinal geometry
in the same area with & molecules in a new distribution which demonstrates a
transfer of guest molecules induced by STM tip. Image width: 8.5Soanning

conditiors: bias voltagev=-800 mV, tunneling current =100 pA.

The ullereneguestscan also adsorb withithe pores of the BDBA mesh We denote

this adsorption site as the pore site and assign it as slightyentér within the
BDBA pore Figure 3.2d). In Figure 3.2b, the fullerene guests appear localized at the
lower side of the COR pores. Since this image was acquired by scanning in an
upward direction, we interpret the asymmetric appearanckeeofjuests as resulting
from an offcentre adsorption (rather thae,g, attractive tipsample interaction,
which we would expect to lead to brightntrast at the top of the pojedThe
tip-sample interaction effect is shown Figure 3.3. The adsorptionsite appears to
occupy the same position within the pore for all fullerene guests observagune

3.2b. We previously observed similar domaiuide positioning offullerene guests in
hydrogenbonded oligothiophene host networks, where we attributed the devigen
organization to the electrostatic ordering resulting from a partial charge transfer to the
fullerene®?

Although we did not perform a systematic study, we anecdotserved a
preference for togite adsorption of fullerene§top-site adsorption is observed

approximatelyten timesmore frequentlythan poresite adsorptin). Adsorption of
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heptanoic acid within the pore, as has been postulated for other porous 2D
nanostructures at the solution/solid interf&Cesould affect the adsorption kinetics of
poresite fullerene, making tepite adsorptiorfavourable(Discussed in chapter 4)

Our nolecular mebanics calculationsSection3.5 suggest that porsite fullerene
adsorption is energetically preferred withpest to adsorption on the COBetween

the possible adsorption sites on the COF, adsorver a boroxine ring is favoured
with respect to adsorption over a phenyl ring. Bhase densitipFT also indicate an
energetic preference for fullerene adsorption over the boroxine compared to the

benzene.

Figure 3.4 H/G structuresat the air/solid interfaceThe images ifa) and(b) show top
siteadsorptionandimage in(c) showspore site adsorption, respectivel) shows an
isolated fullerene moleculend (b) is a stable domain dbp site adsorption of &

molecules at air/solid interface. Imiag parameters: voltage 24800 mV, tunneling

current 1I=100 pA. Image width(a) 5.6nm (b)17.2 nm(c) 5.4nm

We were able to obtain and image dried films of the Q@&lerene H/G systerhy

allowing the solvent to evaporate in ambjeas shown irFigure 3.4. Figure 3.4a
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demonstrates a difference between adsorption at the solution/solid interface and the
air/solid interface: at the air/solid interface, and with sparse guest populatiesitetop

Cso can be movedhterally along the rim othe COF by the STM tipWe could not
similarly manipulate the topite fullerenes at the solution/solid interfasaggestig

that thesolutionmayplay a rolein stabilizing the fullerenes in this sjter that the &

can be easily removed to solution by the tip. We also found that tkstéofullerene
guests in dried films could not be moved with the tip when the reletimeentration

of guest molecules was higeeeFigure 3.4b, suggesting that isolated guest molecules

are destabilized with respect to those contained in a regular lattice of guests.

Figure 3.5 Schemsc illustration of dipstick synthesis of C@Ffullerene H/G
structure The image inb) shows the asynthesized COE on HOPG. Following

immersion into a solution ofeggin heptanoic acida) and subsequent drying, STM
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images like tht in (c) reveal COF1 populated with & guest molecules. Imag

parametersyvoltage \=-800 mV, tunneling current 1I=100 pA.

The dried H/G monolayer could also be conveniently obtained through dipstick
method: following the preparation of C&Fon HOPG, the HOPGubstrate was
dipped vertically into asuspensiorof fullerene in heptanoic acidith a nominal
concentration ofLl0® M. The substrate was held in the solution for less than five
seconds, and was subsequently left to ainder ambient conditienfor 12 hous
(Figure 3.5). Images acagjred after air drying Kigure 3.5¢) revealed near complete
occupancy of the COE host by Ceo guest molecules. We conducted control
experiments in which a HOPG substrate without €lOKas dipped into a fullerene
suspension of the same nominal concentratior® (1) and allowed to dry. In this
case, STM imaging did not reveal any molecularcstmes at the surface. Instead,
only typical HOPG features were present, suggesting that the stabilization of the
fullerene molecules on the HOPG is dependent on the formation of dL@@Erene

H/G structure.

3.3.Conclusions and perspectives

We have showithat COF1 can actasa robusthostfor Ceo fullereneguest molecules
at the solution/solid interface and under ambient conditions, demonstrating the
possibility for COFbased host/guest architectures at monolayer thickness. At both the

solution/solid interface and in dried films, CQFpresents a lattice vittwo distinct
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fullerene adsorption sites: a pore site, where then@lecule is adsorbed on the
underlying HOPG, and a top site, where the fullerene is adsorbed on the boroxine ring.
Dried COF1/fullerene films can be produced either through drop deposir by
dipping the HOPGupported COHR into the fullerene solution. The predictable
trapping of fullerene molecules using CQFepresents a proaff-principle example

of the utility of 2D boronic acid based COFs for applications in sensing or trapping
molecules where the COF is exposed to a solution containing the target molecule
Since boronic acid derivatives can form a wide variety of template architectures with
different functionalizationsthis approach has an inherdigxibility that could be
exploited to produce surfagmaounted sensors amenable to integration into device

architectures.

3.4.Experimental methods

Synthesis of BDBA COFs BDBA COFs were formed following procedures
described previousf?®® 1 mg of 1,4benzenediboronic acidT¢ékyo Chemical
Industry Co. Ltd) was adddd 1.5 ml heptanoic acid (99%, Siga#ddrich), and then
sonicded for approximately30 min. This produceda whitish suspension 7.5 of

this BDBA suspensionwas dropped onto freshly cleaved HOPG (Structure Probe
International, grade SP) and put into a reactor with a volume of ~16 ml. 330
deionized water waadded tothe bottom ofthe reactor and avalve to ambient was

left slightly opento maintain an open system. &'entire reactowas placed in an
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ovenpreheated td 2 5 and leftfor 60 min. After the thermal treatment, the reactor
was taken out of oven amdlowed to cool for at least 20 min before the samples were
removed. Subsequently, the samples were characterized by scanning tunnelling
microscopy at the solidir interface.

H/G synthesis by dropasting Following the experiment of drewise test, 10t 1 of

a solution of fullerene (99.5%,Sigma Aldrich) in heptanoic acid99%, Sigma
Aldrich) with a concentration of 210° M, close to saturatioh’® was applied ont@
substrate with a previoustyrown BDBA COF- Dried films were formedby leaving

these same samples in ambiem 12-16 hours

H/G synthesis by dipstickFollowing the experiment of dipstick test, the HOPG
substrate with preparation of BDBA COFs was dipped into a suspension of fullerene
(103 M) in heptanoic acid. The HOPG was held in the solution for less fthan
seconds and was subsequently left to dry under ambient conditions for 12 hours.

STM measurements:STM was performed at room temperature under ambient
conditions, using a Digital Instruments STM equipped with a Nanoscope llla
controller. Tips were cuorm Pbgro.2 wire (Nanoscience Instruments). Bias voltages
are reported with respect to the STM tip. STM images were processed using the free
WSxM software'!® The images were rendered using the standard grayscale color

mapping, after which false colour (brown) wagerlaidon the COFL in Figure 3.2.
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3.5.Calculations

Adsorption geometries for fullerene adsorption were investigated using molecular
mechanics calculations using MM+ as impleteenin HyperChem. A cluster
representing COR was placed on top of larger hexagonal graphene cli&tgiré¢

3.6) all coordinates of which were frozen. The optimization was run until the energy
change was <0.000001 kcal/mol over 100 cycles. The achieved gradient was <0.02
kcal/mol/A (in most cases <0.&cal/mol/A).

The COF1 was found to be the most stable with its unit cell vector coalignediveth
graphene zigzag directioAlignment along the armchair direction svaisfavoured

by 0.2 kcal/mol Although the structure for the C@Fpore does not refte the exact
epitaxial relationship identified in our experiments, we expect that the geometry used
in these calculations correctly captures the relative energetics between the different
adsorption sites.

Fullerene adsorption was examined for the pore sitel for two pssible top site
adosorptionsover a boroxine ring and ev a phenyl ring in the CGE. In all cases,

Ceo is most stable when adsorbed with a hexagonal ring facing down.

The most stable adsorption was found to be in the pore sitg,=at3.1 kcal/mol.

This was followed by adsorption in a boroxine top site ¥£11.2 kcal/mol) and
finally a benzene top site {E -10.2 kcal/md). The calculated geometries are shown

in Figure 3.6.

Using gasphase density functional theory (DFT), as implemented in the Gaussian09
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software!3®

we considered the adsorption geometries of the fullerene molecules above
the COF1 pore. Since the graphene layer was not included in these calculations,
several dihedral angles were frozen in the €Qpore in the vicinity of the fullerene.
Calculationswere performed at the B3LYR&LG level, which we do not expect to
capture all relevant dispersive interaction®3LYP Calculations of the
fullerene/COF1L geometriesconverged with respect to forces (both force and
rootmeansquareforce) and revealed theame relative energetics indicated by the
molecular mechanics calculationadsorption above the boroxine was favoured as

compared to adsorption above the benzene (calculatedllies werel.31 kcal/mol

for adsorption above boroxine ar@l48 kcal/mol ér adsorption above benzene).
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Figure 3.6 molecular mechanics calculated geometries for pore site adsoi(afictop

site adsorption over a phenyl rirfg) and top site adsorption over a boroxine rifwj.
Oxygen atoms are represented by red, carbon atoms (fullerene and COFs) are
represented by blue and carbon atoms (graphite) are represented by green.
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CrystEngComnp2017,19, 49274932
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4.1.Introduction

H/G chemistry in twedimensional (2D) supramolecular networks has been
extensively studied as a means to immobilize a variety of guest molecules, with
potential applications in separation technology, molecular recognition, sensing,
catalysis and nanoscale patternthd?°In general, H/G networks rely on hierarchical
interactions: the interaction bindj the host together is stronger than the interaction
binding the guest to the host. The host networks are typically sustained by hydrogen
bonding>> " & 8ydw forces?* 12! or metalligand interactiort!® whereas the
adsorption of guest molecules mainly occwia weaker interactions, typically
London dispersion forces with the host as well as with the underlying substrate.
However, moving away from se#fissembled templates may offer some new
opportunities for the stabilization of guest molecules. @QDFshave recently bee
exploral as host systerf?; 122123 gpening the possibility of using stronger interactions

to stabilize molecules into the pores. GOFa well ordered 2D porous material that
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can be synthesizedthrough the onsurface polycondensation of BDBA,is a
promising candidate for this application.

The mutually specific recognition between the host network and the guest molecules,
i.e, a form of molecular recognitionis at the core of hosguest chemistrj?*12°

Design strategies for selectivity in guest bonding have often relied on tuning the host
geometry, such as pore si#!, shape®? and chirality?* Much less is known about

how to use the interaction between host and dé&$his is mainly due to limitations

of hierarchical interaction strength imposed by -ssdembled host templates. This
aspect can be addressed by using a covaibotiged template, such as GQOF

which enables a route to molecular remitign through a range of different
interactions, including hydrogen bonding, halogen bonding or vdW interactions.

Here, we show that a template of GDIEan host,2,4trichlorobenzeneTCB) guest

mol ecul es that are stabil i zThe addoriptiorois gh X éH
enabled through a combination of factors, including host pore size and shape, and
specific stereochemical arrangement of binding sites. By introducing a solutigs of C

in TCB onto the COHA template, we observe that selective adsanpbioCso on the
top-sites of the CORA template is obtained simultaneously by trapping TCB within
the poresite. This work demonstrates a strategy to separate and recognize molecules

through different interactions within a covalent porous 2D template.
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4.2.ResUts and discussions

Figure 4.1 (a) STM image of COR synthesized iTCB, collected at the air/solid
interface. Image width: 60 nm. Scanning conditions-¥300 mV, 1= 100 pAb) STM
image of COFL synthesized in heptanoic acid, collected at the interface of heptanoic
acid and HOPG. A small domain of Phase Il is marked by black circle. Image width: 60

nm. Scanning conditions: V=800 mV, 1=100 pA.

Using TCB as solvent, the syntiesf COF1 on HOPG produces a high density of
small domains acrosshe surface, as shown ifrigure 4.1a. The obtained
surfaceconfined porous network is qualitativeigentical to the one formed using
heptanoic acid as solvefiftin both cases, the large COF sheets appear to comprise
multiple domains that have grown together, leaving disordered regions evident at the
domain boundaries. However, when using TCB, we also observed ordered domain

boundaries, as described below.
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Figure 4.2 (a) COFR1 STM image showing the grain boundary consisting of pentagon
and heptagon rings, connecting two domains rotated by B@iih respect to one
another, as shown by the dashed and solid biaels. The image was collected at the
interface of TCB and HOPG. Image width: 15 nm. Scanning conditions18GO mV,

I= 100 pA.(b) The epitaxy of COR and HOPG at grain boundary region. Phase I:
a1;= ax= 1.476 nm; Phase Il: = b>=1.42 nm. Image width: 9.6 nn{c) Schematic
structure of the rotational grain boundary identified in (b), i.elo@p defect with €
symmetry. Fiveand sevenfold rings are shaded by blue and green, respec{dgly.
Line profile of the measured heighHbag the black solid line in (a). The positions of
benzene rings in COE are marked as x and the positions of adsorbed TCB molecules

are marked as 3.

As shown inFigure 4.2a, the COFL polycrystalline film synthesized in TCB
comprises two different domain orientations tilted at an aag&0+13 to each other
and separated by a grain boundary (GB). In our analysis of the epitaxial sHgiion

of COR1 and HOPGKigure 4.2b), we attribute the dominant domain as Phase.},

56



the COF1 lattice aligned with HOPG with & ¢ epitaxial unit cell, which
corresponds to a lattice parameter ©f1a476 nm, as reportéd previous work® The

lattice of Phase | is represented doyall blue hexagons ifigure 4.2b. The smaller
domain is denoteds Phase lIThe orientation of this domain, along the HOPG
armchair direction, is nearly commensurate for a 100 superstructure
(corresponding to}3 3 unit cells).We previouslycalculated that the phase Il epitaxial
orientation of COFL should be energetically disfavou@dconsistent with our
infrequent experimental observation of the phase. Phase Il has also occasionally been
observeddr COF1 synthesized frorheptanoic acigSeeFigure 4.1b)

The GB region inFigure 4.2 consists of elementanppological defects, pentagons
(shaded blue) and heptagons (shaded green). These defects represent some of the
basic building blocks of the disordered GOmetwork that have been observed on
oriented noble metal surfaceade UHV,** “6where the random digibution of these
topological defects can be attributed to kinetic trapping during synthesis, since the
waterdriven selfcorrection mechanism is not available under UHV conditions.
However, the ordered pentagonal/heptagonal defects that we observeworthere
directly analogous to defects formed in another sihayer covalent system,e.,

single layer graphen@’'2° According to the atomic model proposed by Cockaghe
al.,**°the chain of alternating pentagon argbtagon defects is consistent with a loop
GB o graphene, as shown Kigure 4.2c. Compared with the linear GB, reported by

Xu et al. in COFs formed by benzeiig3,5tricarbaldehyde (BTA) and
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p-phenylenediamine (PDAFJ! the loop defect dundary has the lowest energy per
dislocation core, suggesting that this defect is likely to form under conditions where
mobile dislocations exist. This is consistent with our €0$§ynthesis method, since
defect correction within the COF lattice leadsingproved structural order under
humid synthesis conditiorf8.In our case this translates to the minimization of energy
at domain boundaries through the inclusion of dellined StonéVales type
defectst?’

The presence of the loop boundary defect enables us to identify the adsorpi® of

in the COF1 pore.Figure 4.2d shows the apparent height profile along the zigzag
direction of Phase | CQOE lattice (the black sl line in Figure 4.2a). The adsorption

of TCB in hexagonal rings can be clearly distinguished by comparison with the

apparent height of the heptagonal ring.
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Figure 4.3 (a) The detailed STM image of one TCB molecule adsorbingtlieo
hexagonal ring formed by CQOE Image width: 2.1 nm. Scanning conditions: V=
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-1000 mV, I= 100 pA(b) DFT-calculatedstructureof one TCB in hexagonal pore
(MO6-2X/LANL2DZ) Das hed bl ue and bl ack | ines repre:

and CI| éQ@ivelyr espe

High resolution STM images allow us to elucidate the-gosist structure formed by

the hexagonal pore of C@Fand TCB molecule, as shown iRigure 4.3a. Thesix

phenyl rings in the backbone of CQFcan be easily distinguished, as are
submolecular features associated with the adsorbed TCB molecule. These features

may correspond to the three chlorine atoms or contrast of the benzene ring, and their
presence gygests stable adsorption of the TCB molecuée that the molecule is not

rotating)>® Our gasphase DFT calculations suggest that the TCB adsorption is
stabilized through @rhacfiods, ds yndicatedgFgmre4lBo ndi ng i
consistent with previous work, we identify these interactions through CI...H distances

that are shorter than the sum of thea@t H vdW radii, as shown ifable4.1.132133

The electron density associated with the chlorine atoms in the TCB molecule is
anisotropically distributed, as shown iRigure 4.6.1** The nucleophilic belt

orthogonal to the covalent bond, with higher electron density and showing negative

el ectrostatic potential, forms XéH hydroge
on the COF1 backbone (dashed blue lifé).A| t h o u gHole of the chidrine

atoms points toward the nucleophilic oxygen atom of the -C@dfotted black line in

Figure 4.3b), theinteraction between the chlorine and the oxygen is screened by the

hydrogens on the phenyl rings, as showrRigure 4.6. Our DFT calculation confirms
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that the chlomeoxygen distance is too large (~4.38 A) to allow significant

interaction.

¢ J
»
w2

Figure 4.4 (a-c) The sequential collection of STM images showing the evolution of

adsorption of TCB in the grain boundary defe@gferent geometries are marked by
different dashed color circle: heptagonal ring (green circle); hexagonal ring (red
circle); pentagonal ring (blue circle). Image width: 5.8 nm. Scanning conditions: V=

-1000 mV, I= 100 pA.

The presence of theentagonal/heptagonal defects at the GB allows us to explore the
topological and pore size dependence of the guest molecule adsorption. In previous
work, fullerene guest molecules were shown to preferentially adsorb in the
irregularlyshaped pores presenat domain boundaries in a nanoporous
hydrogerbonded network ofTMA.8! However, in contrast to the TMA network
where the domain boundary dynamically evolt¥she loop defects in CQE are

stable during STM scanning and present a-@eflned moleculatemplate, as shown

in Figure 4.4. The diameters of pentagonal rings (blue dashed line) and heptagonal

rings (green dashed line) are 813nm and 1.959 nm respectively, as compared to the
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hexagonal pore size (red dashed line) of 1.758"hRores of different sizes can
adsorb different numbers of guesblecules, as showm Figure 4.4a-c. There is no
adsorption of TCB in pentagonal rings; basic considerations reveal that a TCB
molecule cannot be included in this pore without creating interference between
hydrogen atoms on the TCB and the pentagor
distances smaller than twice the hydrogen vdW radius), as shadwguire 4.7.

Two TCB molecules can adsorb simultaneously in the heptagonal pore, as shown in
Figure 4.4. The adsorption of a different number of guest molecules within different
pore sizes drives from the commensurability of host and guest molecules. Networks
with sufficiently large cavities can host clusters of molec(fi€$.15The adsorption

of TCB in porous selssembled networks has been reported previously for
largepore selfassembled templaté$!including instances where TCB was trapped

in closepacked domains within the pof®3’In the pesent study, DFT calculations
suggest that both intdrCB C1| é C| i nt erGCR | ©In&sH aindt eTrCaBc t i
stabilize the adsorption of the TCB pair within the heptagonal pagerge 4.8).

The occupation states of the pentagonal and hexagonal pores appear unchanged with
time under STM scanning: the pentagonal pores remained empty, whereas the
hexagonal pores retain a single TCB molecule. Conversely, the adsorpti€@Bof T
molecules in  heptagonal rings exhibits dynamical change. The
adsorptiordesorptioareadsorption process of two TCB molecules can be clearly
distinguished in STM images, as rkad by green circles iRigure 4.4a-c. Although
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both empty pores and doukbecupied pores were observed, we did aetect the

intermediate statd,e., single TCB adsorbed in a heptagonal ring. The most likely
explanation fo this is the relatively weak stabilization for an individual TCB

molecule in a heptagonal pore. Unlike the matched symmetry between the TCB and

the hexagonal pore, the reduced symmetry of the heptagonal pore is a poor match for

the TCB molecule, reducing he number of possible CléH c

molecule, and rendering singheolecule adsorption unfavourable.

Figure 4.5 (a) The topsite selective formation inggCOF1 system. Image width: 12
nm. Scanning conditions: V :800 mV, | = 100 pA(b) Schematic image of tegite
selective formation in §/COF-1 system. The shaded blue circles over benzene rings
represent the closed packed background in STM imagesiieoiso molecules are

placed over boroxine rings, corresponding to the large bright spots in (a).

Previous work showed that&introduced from solution containing heptanoic acid as

solvent adsorbs on the CE&Ftemplate in two different sites, the tepe and
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poresite®° The topsite geometry corresponds to the adsorption of fullerene molecule
on the boroxine ring and posite corresponds to the adsorption of a fullerene
molecule in the hexagonal pore. Our preseqpeements reveal thategintroduced
from solution in TCB exhibits a differerddehaviour, as shown iRigure 4.5a. Our
interpretation of hle STM data is shown iRigure 4.5b, that is consistent with the
results obtained in the absence af.CTherefore, we attribute the tighthacked
hexagonal pattern to TCB molecules adsdrle the COFL pores (indicated as
shaded blue circles iRigure 45a and b), and the higtontrast, largeperiodicity
hexagonal domain toggmolecules adsorbed on tsfies. The togsite adsorption of

Ceo is consistent with the calculated geometry, ehilre architecture is stabilized by
vdW interactiong?

The growing body of literature on H/G architectures based onC8Qlggests that the
solvent used for  deposition plays an important role in the adsorpof the guest
molecules. Rs 6 wor k s & molecules dgrawt layelBy-layer sequentially
from COF1 template dispersed inghenyloctane, suggesting that the solvent does
not compete with & for adsorption in the pore sité Using heptanoic acid as
solvent, we anecdotally observed a preference fossitepadsorption of fullerenes,
suggestinghat heptanoic acid may compete for adsorption in the-gitgeCombined
with the present results, this suggests that the solvent can be used to select the initial
adsorption site for fullerenes, that is TCB anghknyloctane will select for tegite

and poresite adsorption, respectively; whereas heptanoic acid cannot predictably
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select between the adsorption sites

4.3.Conclusionsand perspectives

A 2D porous COH layer was synthesized on HOPG from solution in TCB. Two
different epitaxial orientations of @~1 were observed, with a welefined loop

boundary defect formed by a chain of pentagonal ring and heptagonal ring separating

the two domain orientations. STM images collected at the TCB/solid interface reveal

the adsorption of TCB within the hexagomalres of the COR template. Our DFT

cal cul ations show that this host/ guest st
bonding. The presence of the loop boundary defect permitted the investigation of the
effect of pore shape and size on TCB adsorption: n8 Was adsorbed in the
pentagonal pores, but the larger heptagonal pores accommodated two TCB molecules,
stabilized thorough a combinati antef CI| éH
TCB solution allowed us to investigate the molecular recognitionroplete. When

both Go and TCB are present at the solution/solid interface, TCB molecules are
selectively trapped in the pores of the GDEemplate, whereas fullerenes adsorb on

top of the COFL in sites identified as top sites. The selective adsorptidrCéf and

Ceo in COF1 suggests that the different adsorption sites in the-C@iitice can be

used to separate guest molecules by different interactions, opening opportunities for

applications in molecular patterning and recognition.
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4.4.Experimental methods

Synthesis of BDBA COFsMonolayer COF1 on HOPGwas formed through a
modification of procedures described previously, where heptanoic acid was used as
solvent!®*® In the present experiments, 1.8 mg of-thehzenediboronic acid (Tokyo
Chemical Industry Co. Ltd) was added to 1.2 ml X{Bighlorobezene (99%, Sigma
Aldrich), and then sonicated for approximately 30 min. This produced a whitish
suspension. 151 of this BDBA suspension was dropped onto freshly cle@BG
(Structure Probe International, grade 2pknd placed into a reactaith a volume

of ~16 ml. 130t | of deionized water was added to the bottom of the reactor, and a
valve to ambient was left slightly open to maintain an open system. The entire reactor
was placed in an oven preheated to N25and left for 60 min. After the thermal
treatment, the reactor was taken out of the oven and allowed to cool down for at least
20 min before the samples were removed.

H/G synthesis Following the confirmation of monolayer C&F on the HOPG
surface usinggT™M, 15 {1 of 1,2,4TCB (99%, SigmaAldrich) was applied onto the
substrate. Subsequently, the samples were characterized by STM at the solvent/solid
interface.To investigate the adsorption of fullerenes, {li5supernatant solution of

Ceo (99.5%, SigmaAldrich) in 1,2,4TCB was applied onto a pmepared COR
template.

STM measurementsSTM was performed at room temperature at the ligoit

interface, using a Digital Instruments STM equipped with a Nanoscope llla controller.
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Tips were cut form RBglro. wire (Nanoscience Instruments). Bias voltages are
reported with respect to the STM tip. STM images were calibrated with Cl@fice

parameter (1.476 nm) using the free WSxM softitdre

4.5.Calculations

GasphaseDFT calculations were carried out using Gaussiari®t previous work,

we compared the performance of a number of functionals and basis sets for
calculationsofselhi s sembl ed systems compri si¥ig XéH a
and found that the combination of MQ@X3YLANL2DZ provides an accurate

description of energies for halogbonded systemd.he MO06 functionals are known

to be more accurate for systems involving 4tonalent interactions and hencene

chosen for the description of halogeanded systemlo simulate surface adsorption,

all geometries were constrained to remain planar.
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Figure 4.6 (a) Molecular electrostatic potentidESP) map (MO@X/LANL2DZ) for
isolated TCB in the gas phase (3D vie{) Molecular ESP map of optimized
geometry (MO&X/LANL2DZ) for TCB in COHR hexagonal pore. The ESP maps for a
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and b are expressed in atomic units (a.u., Rydberg/e) on 0.0004 €&whi0.004

e/Bohfi sodensity surfaces, respectively. The
spans the following ranges: #.01 a.u. for both a an¢{chOptimized geometry of one

TCB in hexagonal pore (MEBX/LANL2DZ),with marking the distances @@ | é H

(dashed blue line) interatomaontacts (Only showing the distances less than the sum

of the vdW radii for CléH contacts)

Figure 471 ndi cati ve geometry for TCB in penta
between hydrogens on the TCB molecule and hydrogens on thd @QrE are below
2 vdW radii for hydrogen (2F2.4 A),'4° suggesting that the TCB molecule cannot be

accommodated in a planar adsorption geometry in the pentagonal pore.
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Figure 4.8 Optimized geometry for two TCB molecules in a heptagonal pore. This
geometry al |[(dashedluk bne int€actoht between the TCB and the

COF1 pore as well as Cl é @dns betdemrsthegvwb TQBr e e n | i
mol ecul es. However, bond distances for CIl é
(i.e., shorter than the optimized distances found for asifi@B in a hexagonal pore,

see Bble4.l ) , and unf av o (@asketdbiown lire)interaction$dexibt

between hydrogen atoms on the TCB molecules and thelQgdke (i.e., distances

shorter than 24=2.4 A). These closer interactions suggest that perhaps the epitaxial
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heptagonal pore is expanded somewhat from thgbase dimensiongflected in this
geometry. Theinter-atom distancesf o r CICé €ldnd HE H are marked

accordingly. (Only showing those less than the sum of the vdW radii)

Table 4.1 Van der Waals radiit*?and calculated interatom distancé

Van der Waals radii Calculated inter-atom
distance
= 1 2 I+ IC) 21 dun duc deroy
TCEB/hexagon N/A | 267A | NA
1204 | 1754 | 240A | 2054 | 3504
TCB/heptagon 18448 | 2224 | 3024

*The inter-atom distancesin Table 4.1 are reported by selecting smallest value in
calculation for each case. For detailed data list, please check corresponding calculated
graphics.
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effects
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5.1.Introduction

Understanding structueroperty relationships of materials is a central objective of
nanoscience. This understanding is particularly critical when a molecule or compound
can aggregate idifferent crystalline phaseg,e. polymorphs, which exhibit altered
physical or chemical propertié&:43 Predicting the occurrence of polymorphs and
producing materials with unusual structures are two important chadlengeterials
sdence and engineering. Polymorphism is routinely observed in both 32@&nd
crystals. Several parameters can control the formation of polymorphs in molecular
crystals, such as the solvent employed**14® temperaturé® *3and the presence or
absence of a substrate that may facilitate epitaxial gréit$l4’

In 2D, the ue of STM permits the direct visualization of molecular architectures with
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submolecular resolution, providing detailed insights into polymorphisnt'®
Surfaceconfined 2D selassembly can be used as a meamsthie controlled
atomicallyprecie nandabricationof 3D object$*® andis regardedas a promising
strategyto increag overall device densityin the third dimensior %151 This
approach is welsuited for the realizationof tailored polymorphs with oubf-plane
anisotropyby bottomup metlods, effectively bridging the gap between 2D and 3D
investigationg>#%4

The growth of template networksable to formH/G structure€? *?°hasproven to be
an importantapproachfor controlling crystallization inio thethird dimensionusing
molecularbuilding blocks. H/G structures rely on hierarchical interactions, in which
the template is stabilized by relatively robust and directional interaci(such as
hydrogenbonding and metal coordination) and guest molecules are templated through
wealer interactions$® %% 1®|n a monolayer 2D film, tharchitecture is governed by
both the adsorptivinteractionshetweerthe substrate arthe deposited molecule$d

and GY> ™ andthe intermoleculaH/G interactions’®>’4 Beyond the first layer, the
structure is stabilized by intermolecular interactions aldhe. formation of a bilayer
H-bondedkagoné structuré® and sekaggregation ofp-stackedheterocirculengé
have beembserved as examples of growth into the tllirdension perpendiculato

the surface starting from a 2D H/G layerThe use of norplanar guestse.g,
fullerenes and their derivatives, when stabilizday weak interaction with 2D
templats, can promoteonfiguratiors that deviate from standard clgsackingdue to
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the structuredefined by the template?® "°’® The codependent relation between
trapped fullerenesand the growth of a second layer o& supramolecular framework
represents aooperativeinteractionof H and G specie$. Although these examples
demonstrate the possibility of arranging molecules f&into 3D, defining the 3D
spatial organization of films contaig small molecules still remains an important
challenge?®® since small compounds without functional groups tend to lack
directional interaction&"1%8

The solvent effect is also a wédhown factor that may lead to different polymorphs,
through ceadsorption effects (known aspseudopolymorphisht®'%! and
solventinduced polymorphisat 3738 144driven bythermodynamics or kinetic§: 162

For example, different polymorphs of TMA and B¥8° were observed subject to the
solvent used. The solvent dependence of the formation of theutaledlayers has
been examined in terms of the properties of the solugmtsrity, solvophobicity,
solubility etc),®® solventsolvent interactions, molecular shape, and packing
constraints®® Co-adsorption involving different solvent molecules allonws fa
fine-tuning of selfassembled architectur&8.However, although many reports focus
on either the solvent or the templatess is known about how the two effects work
jointly in molecular crystal growth.

Here, weshow that two distinct approaches to controlling crystallization, template
and solvent, work together to define the observedobptane fullerene packing in
solutionprocessed fullerene films. Using a planar aromatic solvent molecule (TCB),
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the monolayerporousCOF1 guide fullerene guest moleculds a templatalefined
close packing. Varying the solvent to an aliphatic (heptanoic acid),utleehes
crystdlize in a number of different lessense polymorphs. Our STM imagpndDFT
calculations collectiely suggest the observeguasiclosepacked geometries are
stabilized through cadsorption of heptanoic acid

This work demonstrates the possibilibycreate new polymorphendtunemolecular
packing through the synergistic effect of template and sbtha-adsorption
simultaneously. The combination of these two effects can effectively control
molecular packing beyond the first layer, even for higdygnmetric building blocks
like fullerene. The ability to arrange fullerenes into distinct packing cprddide a
useful approach towards improvingevice performancein thin-film based

architectureg® such as field effect transissst® or photovoltaics’
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5.2.Results and discussions

=

Figure 5.1 (a) Submolecularly resolved COR template STM image collected at
air/solid interface.Tunnellingconditions: V=800 mV I=100 pA. Image dimensions:
7.1x7.1 nn?. (b) Schematic image of honeycomb GO#ith unit cell shaded blue and

a boroxine ring together wh three neighbor benzenes specified with dashed black

circle. DFT optimized topsite (c) and poresite (d) positioning of a guestdgmolecule
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within the COF1 host. The substrate graphene bilayer has been omitted for better

visibility. Detailed simulatia results are given inalculationsection

COFs are a recently discovered class of porous crystalline materials with high
architectural and chemical robustness and customized topofdglekigh-quality
extended hexagonal porous GOF template can be obtained through
cyclocondensation of thre8DBA monomers by using excess water as the
chemicalequilibrium-manipulating agentRigure 5.1a and bY*°° In previouswork,

we demonstrated that thmonolayer COFR1 mesh preferentially grows in a 66
epitaxial unit cell on HOPG, corresponding to a lattice parameter of 1.476 nm, and
showed thaCso adsorls in the COFR1 templatein two different sitesthe top-site (T)

and theporesite (P)2° T-site andP-site geometries correspond to the adsorption of the
Ceo guest molecule on the boroxine ring and in the hexagonal pore, respectively.
Corresponding DFT simulatiomsults are presentedkiigure 5.1c, d andrigure 5.14.

We have previously reported an-offntred adsorption for-gite G at the heptanoic
acid/HOPG interfac& Our present DFT calculations suggest t@st adsorbs most
stably at the centre of the poreidure 5.15). The offcentred adsorption observed
experimentally could support the hypothesis of solvent coadsoriiiee section
5.2.2), since moving the & off centre allows solvent access to the HOPG substrate

beneath the pore.
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5.2.1Ceo selfassembly at heptanoic acid/HOPG interface

5.2.1.1.Multiple -layer structures with P-site as bottom layer

Side view ':Z

P-T bilayer Quasi-HCP

f.

P »

/, y

Y 1

s »

A pattern B pattern
 rai Top view Side view

O Pore site(P) . Top site(T) . ‘lmr;vs:'dlhvﬂ

Figure 5.2 (a) STM image withP-T bilayer structurecollected at the heptanoic
acid/HOPG interface.Tunnelling conditios: V=-776 mV, 1=42.25 pA Image
dimensions 19x19 nn?. (b) STM imagecollected at the heptanoic acid/HOPG
interfaceshowing quasHCP triple layer structure and Rlayer shifs in A and B
patterrs. Tunnelling conditios V=-800 mV I=33 pA Imagedimensions15.4x15.4
nn?. (c) The schematic imagmrrespondingo (b). Differentarchitectures are marked
by indicatos. (d) Model ofthe RT bilayer. (e) Model ofthe quasiHCP triple layer

structure. T h e t wo full erene no lare @adsédrb=d in thar k e d
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guastsame position(f) Modek of the shift ofa singleR1r layer molecule withrespect
totheT layerin A and B patterngg) The DFT calculated structure ofpattern shift,
as shown in top view and side view. The relative positionssittTand R1 & are

specified in side view. For a better visualization, the radius ¢ofc@bon atoms is

enhanced.

Multi-layer Gso thin films were prepared by drageposition of fullerene guest
molecules in heptanoic acid onto gpeepared COHR-covered HOPG and imaged at
room temperature with STMn previous work, the adsorbedsdgOmolecules were
observed to order intdomains comprising a single adsorption &t€resently, we
show that combination of T and P adsorption sites can also occur in the same region
through the formation of a bilayer. For instance, we have obserbigyar structure
consisting of Fsite Go in combination with ar-site G, which we denotasa P-T
bilayer (Figure 5.2a), which is consistent witthe small domais reported by Plast
al'??2 In Figure 5.2a, a hexagonal mesh representing the QOfRattice is
superimposedn the STM image. Bright spots are interpreted as @olecules.

Two T-site Cso molecular lattices, locatealver boroxine rngs, can beidentified and
represented by open circles)(Bind spots (J). These lattices coexistith P-site G,
defining theP-T bilayer structureKigure 5.2d). The cohesive energy of Pbilayer is
-2.36 eV, higher than the su@2.12 e\j of the Rsite and Tsite energiesTgble 5.1,
DFT-D3). When both the Bite and the -Bite are occupied, additional stability is

gained from the interaction between the adjacent fullerene molecules. Hothever,
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existence of FI' structure relies on the adsorption ofsike Go, which can be

influenced by the solvent in usé.

Quasi-HCP HCP Standard-HCP
(less-dense packing) (template defined close-packing) (standard close-packing)

Figure 5.3 A comparision of quasHCP (left), HCP (middle)and standareHCP
(right). Similar argumentscan also be assigned for the facentred cubic (FCC)
packing. The quaststructure isassociated witithe shift behavior of R1 fulleres
(marked 1 in th@rangecircle) with respect to the giverlayer fullerere (marked 2.
Notethat, in the quastHCP and HCPherg the intralayer Go molecules are spaced
with a distance of 1.476 nm. This different from standardHCP, where all the
molecules are spaced in a distance of ~1'#fithestandardFCC closepackingCso

canbeformed on bare HOPG, sdagure 5.10.

The COF1 template can host a variety of multilayer structurethisdl layer, named
asthefirst raised layer (Rdr), canadsorb abovéhe P-T bilayer to form a tripldayer
structure(STM image inFigure 5.2b and schematic ifigure 5.2e). As shown in the
schenatic view this triple layer presents a qudisixagonal clospacked(quastHCP)

structureWe def i ne t HHCB stractre lbecafisq af éhe shiit between the
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first and third layers (sekigure 5.3), which differs from the HCP in which the first

and third layer molecules are positioned in registry with one another.

5.2.1.2.Bilayer structures with T-site as bottom layer

V3a

6

Parallel-shift

Figure 5.4 STMimagesof asingle R1 fullerenshift collected at heptanoic acid/solid
interface, where the CQOE lattice is represented by the black honeycomb, and the
yellow and orange circles indicate T layer and R1 layer fullerenaecules
respectively(a) A-patternshift. (b) B-pattern shift.(c) Geometry of the shifts, where
the epitaxial COFL lattice constant is a=1.476 nm according to our previous Wadik.
Thecollective assemblyf R1 fullerems, paralletshift Tunnellingconditiors: V=-800

mV, 1=33 pA. Imagelimensions6.5%6.5 nnt.

A monolayer of flayer, with no corresponding molecules in thsite,can also form
the foundation for further adsorptiorin this casethe R1y layer can shift in two
distinct geometries withespecto theT-layer We denote them as-pattern shift and
B-pattern shift each of whichexists inthreefold symmetrywith respect to a given
T-site fullerene as shown irFigure 5.2f. Our calculations support this observation
and show that Aand B shift are stable structures with thimdingenergy of the R%

fullerene calculated asaE -0.21 eV and E= -0.25 eV respduovely (Figure 5.16 and
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Table 5.1). The DFT optimized structure of thepatten shift is presented iRigure

5.2g. When fulldomainsof R1r fullereneslinearly shiftin the same direction (Ror

B- pattern), we denote thisllective assemblys a paralletshift (see Figure 5.4d).

The Rlp7 layer alsohas the sameeometry Figure 5.2b and c). Through a
combinationof distances measured from STM images and geometrical considerations,
we find that he shit distance othe R1 layerrelativeto the given Tlayerfullereneis

0.43 nm, which is thealf-lengthof the hexagonatdge, as shown iRigure 5.4. This

is consistent with our calculation result (0.42 nm). However, the observation of shift
structures runs c oun-paeking grirwiplaéd® dinaei tiedRl o d s ki i 6
layer adsorption site is not the thifedd centre described by theldyer Go, which is

the enthalpicallyfavoured templatelefined closepacked structure, with a binding
energy of -0.73 eV (Aclose packingseeFigure 5.16 andTable 5.1). We attribute the

observed shift trapped R1lsmotif to the effect of ceadsorption of solvent

molecules associated with the growth process, explained hereafter.

Figure 5.5 (a) STM image collected #he heptanoic acid/HOP@terface.The Back
dashed lineencloses a region of the crystal with anessing Go molecule.The nset
image shows the plan view schematithetblack dashed bosegion, according to the

parallel shift model The white dashed line marks a rotatguft region Tunnelling
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conditiors; V=-800 mV, 1=100 pA. Image dimensias1 24.4x24.4 nm. (b) Detailed
STM imagecollected at heptanoic acid/HOPG interfasaowing a moi¢ pattern
caused byrotation of the R1 layer relative tothe underlyingT layer. Tunnelling
conditiors: V=-800 mV, 1=100 pA. Image dimensios: 11.8x11.8 nm. (c) The
schematic image correspand to (b). Orange circles represettieR1 layemolecules
and yellow circles represerthe T layer molecules (d) The schematic image of
geometrical considerationsf theregion (spin centre) enclosed by the dashedibox

image(c), showingthe geomety of therotation oftheR1 layer relative taheT layer.

Figure 5.5a shows a film wherthe R1 layerexhibits predominantly parallel shitt.
However, another collective adsorption geometry is also possible: the R1 layer can be
rotatedrelative tothe T-layer, forminga domain witha flower-like appearancémoiré
pattern Figure 5.5b), referred to as aotatedshift alignment(see Figure 5.5d). The
R1 lattice and Fayer latticeare rotated by27+1°with respect to one another and the
schematic is given ifrigure 5.5c. The rotation can be interpreteaccording tothe
threefold symmetry oftheshift behavior of an R1 fullerene (Figure 5.2f).
Surroundingthe rotation centre, three R1 fullerenes move clockisa distance of
half-length of a hexagonal edge, leading to a “3ébtation of the R1 lattice with
respect tathe T layer (Figure 5.5d). The effect of stacig the rotatedshift R1 layer
and T-site layer gives rise to a flowelike appearance in STM imageshich can be
attributed to the influence of thenoiré pattern superlattice on the electronic

properties probed by STH’
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In theschemeshown inFigure 5.5d, theR1 layeris rotatedby an angle of 30°andhas
a different lattice constant/ipA ¢ p& x Wi) from the T layer (a=1.476 nm)
Howeverin the STM image oFigure 5.9, theR1 latticeis rotated by27+1°with
respect tothe T-layer lattice. This likely occurs because, in a large domain size, a
slight relaxation in the R1 lattice will be preferred energetically, witbtated angle
of 27° between R1 and T laysand R1 lattice constant matched to that offtHayer.
Neverthelesghe rotateeshift canstill introduce strain inocalizedregions unlike the
fully relaxedparalletshift. R1 fullerenes exhibit a preference fadsorling atbinding
sites describé by the T layeri.e,, the parallel shift sites. e fullerenes inthe
rotatedshift R1 layer are also constrained thy rotated R1 latticeThe rotated shift
lattice does not perfectly match the parallel shift lattiidee local tradeoff between
the peferencefor binding siteson the T layer andthe constrainbf the rotated R1
lattice resultsn a positioning offsebf the Ceo moleculesfrom one another along the
R1 highsymmetry directions, creating a zigzag appeardseeblue dashed linén
Figure 5.5b). Compared with the parallelshift, the strain introduced by
rotatedalignment seems to make tharchitecture energetically less favorable
consistentwith Figure 5.5a where paralleshift is dominant. Typically, the area af
rotatedshift domainis less than one unitell of the superlattice dhe moiré pattern,

as shown irFigure 5.6.
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Figure 5.6 Moirépattern of R1 layer rotated by 8 J (indicated by lines at
the bottom) with respect to the underlying T layer. The vectors Mdhépattern ty, t
are shown by arrows and labeled accordingly. The lattice vectarsaof the
underlying T monolayer are sketched at the lower right, whemgagnification by a
factor 3 is applied for better visibility. Sgécally, the region ofFigure 5.5b is marked
by colour of blue in a unit cell, whettbe centre of spin defined Figure 5.5¢c is

marked with orange triangle. The calculated model is available in experimental

section.
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5.2.1.3.Tri -layer structures with T-site as bottom layer

. The Raised 2" layer
(R2 layer)

Figure 5.7 (a) STM imagecollected at heptanoic acid/HOP@terface showing
multiple crystallizationgeometries fothree layerstructures.Tunnellingconditiors:
V=-800mV, I=200 pA. Image dimensiond 7.3x17.3 nni. (b) The schematic of (afc)
Theschematic showingosition ofthe R2 layerrelativeto the R1 layer.(d) The DFT
optimized geometries of RCC and AHCP. Schematicshowng thepositiors of Goin
theT layer(bottom) R1 layer(middle)and R2 laye(top) relative to each otheior an

R1 layer withA-pattern shift(e) and Bpattern shift(f).

For the case where tlel shiftis parallel,we observedanother layer superimposed
on top oftheR1 layer, denoted dberaised seconthyer R2, which together withthe
R1 andT layess forms a triplelayer structure, as shown iRigure 5.7a. In this
architecture the R2 fullerenes adsorb in the thréald hollow site formed by R1
fullerenes, creating thdose packed structuf&igure 5.7c).

Ceo molecules of R1 and R2 doat occupy the exact position defined in a
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templatedefined closepacked modeldue to the shift in the R1 layedsing the
COF1 host template and-layer as a referencthe parallelshift of R1 will give two
possible positions for molecdén the R2 layer. h Figure 5.7e, a paralletshift in A
patternpositions arR2 layer Go nearly above d-layer G, defining a structure that
we denote as ACP, and another occupig@adsitionnearly abovein empty site ithe
T-layer, defining theA-FCC structure A similar nomenclaturean beassignedor the
B pattern shift shown inFigure 5.7f. R2 molecules iA-FCC and BFCC occupy the
same position with respect tthe reference (T-site/COF1) layer, although the
structures themselves are Adentical due to the geometry of tR4 layer. InFigure
5.7, The A pattern shift and B pattern shdteseparatedby a white dashed lineand
the black dashed box shows thkggnmentof A-FCC and BFCC. Our calculations
suggest that each fullerene in R2 has an adsorption enetg).6€V (Table 5.1) and

the corresponding optimized geometries are gimdfigure 5.7d andFigure 5.17.

5.2.2Identification of the solvent caadsorption effect

The structural analysisbovesuggests that R1eemolecules, which adsorb in the
lessdense shift motifs instead of templatefined closgacking, lead to the
formation ofthis diverse array of polymorphic structures. Using heptanoic acid as
solvent, we never observed the Rdmplatedefined closgpacked structure (the
threefold hollow site described by T layerespite the thermodynamic advantage it

offers.
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There are two primary effects that help to favour the shifting in R1 laygrather
than to closeacking: electrastics ¢ or a solvent effec To explore the
electrostatic e#icts, we performed Bader charge analysis of the DFT simulated
structures. These calculations show that the charge transferred betweesit¢hant
the shift R1 Go is negligible and that the charge distributioihthe R1 shift Go is
essentially the samas that of a free §g (SeeTable5.2). This is consistent with our
calculated energies for the binding between the shifCRland the corresponding
T-site fullerene, which are essentially identical whether the fullerene disner
calculated in the presence or absence of the-T/@faphee bilayer substrate {6.2
eV, seelable 5.1). These results indicate that the shift Ry iBolecules arstabilized
through vdW interactions with the underlying-site fullerene, ruling out the

anisotropic electrostatic effects potentially caused by the presence of the substrate.

169170

«—
Backward Backward
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Figure 5.8 (a) STM image showing the-@misorption of heptanoic acid andldyer Gso
collected at the heptanoic acid/HOPG interface. Tunnelling conditigas1000mV,

|I=50 pA Imagedimensions: 1212 nn?. The hexagonal lattice represents the GDF
template. A single missingséds marked by a large black open circle. The features at
the bottom of missingeesite are assigned as COFtemplate. Three small bright
spotsassigned as solvent molecules are marked by small black open;caiotdar
adsorption occurs throughout the lattice, but has not been indicated to allow clearer
visualization of the contrast modulation associated with these feat(nes site
without ths small bright feature is marked by a black arrgh).Optimized structure of
T-layer Gso with co-adsorption of heptanoic acid at bothdite and Tsite (See section
5.5). The TFsite heptanoic acid molecules appear at each of the three boroxine rings in
the COF1 template. Only one -Bite adsorbed heptanoic acid appears per pore,
consistent with the slightly edentre adsorption of the-3ite Gomolecule. For a better
illustration of the model matching with the experimental data, scheme (b) has been
modfied from the actual DFT data by taking off the features missing from the STM
image (a).(c) STM image collected at the supernatant (TCB)/HOPG interface. Image
dimensions: 9.85.4 nnt. Tunnédling conditions: V=1000 mV, 1=50 pA. Here, R1s€
adsorbs in agmplatedefined closgpacked geometryd) Schematic of €) with TCB
molecules in the pores of the CQRemplateThe STM images (e and f) showing the
co-adsorption of heptanoic acid inf@iyer Gso obtained in a same collectio(e)is the
forward-scan image andf) is the backwarescan image.Tunnelling conditions:
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V=-1000mV, I=50 pA Image dimensions: 11.7211.72 nm. (g, h) are magnified
images corresponding to the regions marked by dashed black squares in (e) and (f)
respectivly. Image dimensions: 2:82.8 nn?. The black arrows in the images indicate

the direction of scan. (f) is also shown in (a).

In Figure 5.8a, some smaller bright spadse visiblewithin the T layer The size of
these features~0.39 nm) is consistent with previous observations of upright
heptanoic acid (~0.35 nm}! suggesting the possibility of eadsorption of solvent
molecules in the interstitial spacdhe position of a small bright featuvgthin one

pore is also influenced by the scarmdirection of the STMIn the forward scan, the
small bright spot locates in the center described by thiste Teo moleculegFigure

5.8g). But in the backward scan, the small bright spot locates asymmetricallyni@to

of the thee equivalent cornerg={gure 5.8h). The positional site of this smallight

spot is associated with the direction of scan. This observation supports our hypothesis
that these small bright features are-ar@nted heptanoic acid molecules and the
flexibility of the heptanoic acid molecule offers the explanation for the diftere
placement of bright spot feature associated with STM scan direction.

Hence, weproposethat the formation of shifted R1es€can be attributed to the
co-adsorption of heptanoic acid in the void spaces betweemGlecules in the T
layer (Table 5.4 and Figure 5.8b).3° Heptamic acid molecules are known to orient
with their carboxyl groups pointed towards the surface and their alkyl chains pointing

out of the surface Table 5.3 and Figure 5.18); the chains are likely to be
89



disordered.”* Heptanoic acid molecules can also orient with their carboxyl groups
upward, forming a dimer with another solvent moleé¢ifeSince the length of
heptanoic acid (~1.0 nm for monomer and Brh for dimer) is comparable with
(bigger than}he diameter of G, the protruding alkyl chains would prevent the R1

Ceo from adsorbing in a templatiéefined closgpacked motif Figure 5.19). In STM
images, the arrangement of coadsorbed alkylated solvent molecules typically cannot
be clearly resolved in 2D0:°%1%% 13 much less in our case of <alsorption in 3D
space. Thus, no conclusion can be drawn about the precise adsorption arrangement or
conformation of the solvent molecules in the gaps betweem@lecules However,

even in the absence of a detailed understgndf the adsorption geometry,FD
calculations in which heptaic acid molecules have been added to the unit cells of
shift-structure architectures suggest that the presence of the incorporated solvent

molecules stabilizes the shift structuréale 5.4).
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5.2.2.1. Control experiment: Cs selfassembly at TCB/HOPG

interface

Figure 5.9 (a-c) Successive STM images of same region collected from the TCB
supernatant/HOPG interface. Image dimensioB@x80 nn?. Tunnelling conditions:
V=-1200mV, I=50pA. (d-f) Successive STM images of same region collected from the
heptanoic acid supernatant/HOPG interface. Image dimensi®@®x60 nn¥.
Tunnelling conditions: V=800 mV, 1=100 pA. The domain morphology of thefltns

in TCB varies with time, in contrast to tfiems formed from heptanoic acid. In the
latter (df), individual vacancies vary from image to image, but the overall domain

structure and occupancy remains relatively constant.

To test tle solvent coadsorption hypothesis, we performed the same expetisiegt
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a different solvent. Instead of heptanoic acid, we applied the supernatagd iof C
TCB, a planar aromatic solvent without alkyl chains, to afgbeicated COFL
monolayer. Based on our previous work, we expect the TCB to adsorb flat in the
COF1 pores®® Using TCB as solvent, we obtained the enthalpietiored
templatedefined closgpacked motif of R1 €, as shown irFigure 5.8c. TheMoiré
patternformed by rotateghift was not observedndicatingthe absence dahe R1

shift structure Moreover the Gpo film in TCB is less stable under $Tscanning than

Ceo films in heptanoic acid, as shown kigure 5.9. Based on the energetics of the
fullerenes alone, this observation is counterintuitive, since the tergdfitesd
closepaclked R1 o is more stable than shift R1sFigure 5.16). However, taking

into account the coadsorption of solvent molecules, this observation is consistent with
the increased stability of the fullerene layer due to interactions with standing
heptinoic acid moleculesTade 5.4 andFigure 5.19). The planar, poreonfined TTB

cannot interact with raised layers and therefore offers no stabilization.

5.2.2.2. Solvent ceadsorption leading to polymorphism

We suggest that the @ sorption of solvent molecules is responsible for the observed
polymorphism: ceadsorbed heptanoic acid statly inhibits the formation of the
closepacked fullerene structure, which is instead allowed by the smaller planar TCB
solvent moleculesWithout the COFL template, & molecules crystallize into a

standareFCC Gyo close packed crystal on HOPG, rather than forming
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pseudopolymorphic phases incorpargtheptanoic acid (Séegure 5.10).16% 174175

HOPG
HOPG+C,,

Intensity (a.u.)

(111)

1'0 1'1 1'2 1'3 1'4 1’5
26 (degree)

Figure 5.10 (a) XRD spectra of bare HOPG (black) andoCrystal on HOPG (red).

The peak at 2= 10.8°(d ~ 0.82 nm) corresponds to the (111) face of stand&@d
fullerene (a = 1.42 nm). This is also consistent with (002) of stard&# fullerene

with a = 1.00 nm and ¢ = 1.64 nm, but in this case we should also observe the weaker
(001) reflection at 10.2° The asterisk indicates the peak from HOP @) Scanning
electron microscop image ofan asymmetricCeo hexagonalshaped diskon bare
HOPG, prepared by dregdeposition method with solution (1.942 102 M) of Ceo in

heptanoic acid.

In Figure 5.10, x-ray diffraction(XRD) data andscanning eletron microscop$KEM)
image for the solution processedulk Cso crystals are shown These results are
consistenwith Hy e o n S u ¥*évkerestamdald close paekl bulk Go crystals
were prepared through vapsolid processionThis suggests thaheptanoic acid
solvent molecules d@ninfluence the standard close packing structutles motif
structureof Cgo crystalsin solutiondepositionis just like what they exhibit when in

vapordeposition.
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However, there may be important differences between bulk and thin §mAC
necessary comparison betweeg flm on bare HOPG and our present work (with
COF-1 template) is ésired.

Cso Weakly interact with HOPG substrate through vdW interactiéng/®There have
been numerousxperimental studies about the growth @§ @ HOPG in UH\A/7181
Although different experimental conditions can affect the morphologiesodiii@, 182
the motif structure of Cso film has beenconfirmed to consist of astandard
closepacked arrangement ofs€Cmoleculeson HOPG byboth STM75 17918 gngd
low-energy electron diffractiolf 184 The standard closgacking films in these
references suggest HOPG substrate plays a relatively minimal rble arrangement
of Cso molecules, unlike COR covered HOPG where the lattice constant ef C
packing can be modified by template network.

To investigate the effect ons€packing motif when solvent is present on HOPG
surface, we performed STM characterization at the supernatant soluterin(C
heptanoic acid and TCB)/bare HOPG interféfttn contrast to UHV condition, we
did not olserve the selassemblyof Ceo on HOPG. This can be explained by the
affinity between & and solvent molecules and thago@olecules experience fast
adsorption and desorption between solution species and adsorption on the HOPG
surface, so that STM cannobserve any stable selfsemblied feature ofs6 This
also suggests that solvent (heptanoic acid and TCB) andl@ne cannot form
pseudopolymorph at the solution/HOPG surfadas suggests that the-ealsorption
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of solvent molecules in thee€film is driven by the template. Solvent-adsorption

can occur because the templatduced packing creates solvesited void spaces
between & molecules. This is different from previous investigations, where
polymorphism was driven by solvent-adsorption hrough stronger solutgolvent
interactions, such as hydrogen bonds, or through sebteface interaction®: 133 145

159, 161

To summarize, Go molecules have been previously observed to pack in a standard
close packing structure on HOPG surface. This occurs in both film and gulikn@zr
vacuum deposition conditions, for bullsg@vhen solutiorprocessed (heptanoic acid).
However, athe solution/HOPG interface, we were unable to observeasstfmbly of

Ceo, and no reports of this. Conversely, in the presence of-C@rthe TCB/HOPG
interface, a templatdefined close packed structure was obtained and at the heptanoic
acid/HOPG inteflace, a less dense packing structure was obtained, which we assigned
as a templatériven solvent ceadsorption effectThese discussions arehgenatically

shown inFigure 5.11.
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Figure 5.11 Schematically illustration of the control of fullerene crystallization from

2D to 3D through combined solvent and template effects.

5.2.3 Additional solvent effects on film packing andmorphology

Thermodynamics. Besides the cadsorption effect, the properties of solvents, such
as polarity and solvophobic effect, can also influence theaseémbled structures
through an environmental change for they @olecules. Although the dieleatri
constants of heptanoic acid (3.04 ) and TCB (2.24) are different, we do not expect this
to affect fullerene assembly, since solvent polarity mainly influences molecular
selfassembly stabilized through hydrogen bonding or dimhpmle interaction by
changing the microenvironment of adsorbates’3# >9Solvophobic effects may also

play a role in this case since we have polar solvent angbolan solute. A nopolar

solute hasa stronger propensity to form a clepacked structure in more polar
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solvents, to reduce the interface between tfieowever, here the cloggcked
structure is obtained in a less polar solvent, which does not follow this trend, and
precludes solvophobicity as a contributing effect.

Kinetic effects on the packing motif. Kinetic effeds are also known to lead to
polymorphism'® 1621t js reasonable tosgume that the R1 shift structure is kinetically
favored with respect to the templatefined closgpacked structureAccording to

Ost wal doés 1 sevemlifstatestexst) thes state initially adopted will not be
the most stable, but will instead be the state nearésetoriginal state in free energy.

A rapid adsorption ratd.€., the number of molecules adsorbing from the liquid onto
the surface per unit of area and time) @ @ay lead to the shift adsorption R%oC
because the system is trapped in a higmergy state'®? However, the TCB
supernatant, which contains a higher concentration sftl@in heptanoic acitf®
should produce a faster adsorption rate than a heptawdi solution, and could
therefore be expected to give rise to shifted adsorption, which runs counter to our
experimental observation of the R1 templdédined close packed structure.
Therefore, the adsorptienate related kinetic trapping of the polympb can also be

ruled out.
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C. Domain size distribution
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Figure 5.12 STM images collected from supernatant solutionsef(& STM image at
the heptanoic acid supernatant/HOPG interface. Tunnelling conditdnast200mV,
=50 pA Image dimensions: 680 nn?. (b) STM image at the TCB
supernatant/HOPG interface. Tunnelling conditions: 1=100 pA;80€ mV. Image
dimensions60x60 nn¥. (c) Domain size distribution of (b). The covera§® ¢f CGsoin

STM image i$5.4%.

Kinetic effects o the morphologies of Go films. Although kinetic effects do not
account for the observed polymorphism, they have a discernible effect on the
morphology of the film. From the heptanoic acid supernatagatntlecules have a
tendency to form large domains on the CDREemplate, with domain boundaries
occurring as a consequence of the domain structfuitee COF1 monolayer Eigure

5.12a andFigure 5.9).122 However, Go molecules adsorbed from the TCB supernatant
are confined insmall clusters (se€&igure 5.12b and Figure 5.9). A simple size
distribution analysis of § domains inFigure 5.12b indicates an exponential decay
relationship between the number of domains &ed sizes, as shown iRigure 5.12c,

suggesting that the growth from TCB supernatant is consistent with a percolation
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growth modef®” Anecdotally, STM images with low coverage af@©n COF1 were
much more frequently obtained in TCB than that in heptanoic &hid may suggest
a lower growth rate, & in the TCB system. We can treat the attachment of en®C
a preexisting nuteate as a monomolecular process. Following-érser chemical
kinetics, Ri s proporti ahallBwhel e ximapdiks the
difference in chemical potential of theystallizing species, kis the Boltzmann
constant, and T is the absolute temperature. Since we used supergaianbdih
heptanoic acid and TCB, the solution is equilibrated with the precipitatiosoof
Mheptanoic acigolution Can be assumed t@ woughly equal to t&e-solution during the growth
process. Under this assumption, the higher rate of grovélheBtanoic acid), can be
ascribed to the lower nptanoic acittrystar ThiS is consistent with our expectation and
observation stated abovee., the ceadsorption of heptanoic acid stabilizego C
crystallization.

This morphological observation is similar to the competitagsorption of two
different analytes from binary mixture solutiof{$,and the same argument can be
applied here. The different sizes of the domains suggest significant differartbes i
nucleation rate and growth rate of each morphology. The analytical model can be
defined as a ratic=Rg/Rn with the growth rate, & and nucleation rate,NRA large
ratior gives rise to the formation of wetirdered domains extending over largeaare
as observed for heptanoic acid. On the contrary, a smallrratieans that domains
nucleate quickly yet grow slowly, yielding numerous small domains; this is consistent
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with the morphology of COffemplated G in TCB. As we described above, the
higher solubility of Gso in TCB suggests the relationnf CB)>Ry(heptanoic acid).

In addition, the ceaadsorption with different solvent molecules gives the relation:
Rc(heptanoic acid)>RTCB). Together these indicate thi@beptanoic acid)XTCB),

which is comistent with our morphological observations.

5.3.Conclusions and perspectives

Monolayer COF1 films can induce theelfassemby of fullereneinto multiple layer
structurs at the solution/solid interface. The templdédined packing, which
deviates from statard close packing, depends on the solvent for the fullerene
molecules: a templatgefined closepacking motif is achieved using TCB as solvent,
whereas lowedensity quasclosepacked polymorphs are observed when using
heptanoic acid as solvent. The smitdependent polymorphism and morphologies
can be described in terms of a templdteen solvent caadsorption effect. The
results presented here highlight the important role of the solvent, not just in
influencing 2D seHassembly, but also in defininD architectures. Through a
judicious combination of solvent and template, (pseudo)polymorphic films can be
formed with packing geometries that have not been observed under other conditions.
This suggests a pathway towards using the combination of 2Datrgoid solvent
effects to control molecular sedssembly precisely into the third dimension, even in

the absence of directional solkgeluteor solutesolvent interactions.
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5.4.Experimental methods

Synthesis of BDBA COFs Monolayer COFL on HOPG was formedollowing
procedures described previou$ty? 1.0 mg and 1.4 mg of 1denzenediboronic acid
(BDBA, Tokyo Chemical Industry Co. Ltd) was added to 1.5 ml heptanoic acid (99%,
Sigma Aldrich)®® and 1.2 ml 1,2 4richlorobezene TCB, 99%, Sigma Aldrich),>®
respectively. This step was followed by sonication for ~30 min which produced
whitish suspensions.01t | of BDBA suspension was dropped onto freshly cleaved
HOPG (Structure Probe International, grade-5BF SP42) and placed into a reactor

with a volume of ~16 ml. 130{ 1 of deionized water was added to the bottom of the
reactor, and a valve to atmosphere was left slightly open to maintain an open system.
The entire reactor was placed in an oven preheated taN12&nd left for 60 min.

After thermal tretment, the reactor was taken out of the oven and allowed to cool
down for at least 20 min before the samples were removed.

H/G synthesis Following the confirmation of monolayer C&F on the HOPG
surface, 10 pof a known concentration solution of fullee2(09.5%, SigmaIdrich)

in heptanoic acid or TCB was applied otite substrates prepared with precursors in
heptanoic acid or TCB. Subsequently, the samples were characterized by STM at the
solution/solidinterface.

STM measurementsSTM was performed at room temperatatethe liquid/solid
interface using a Digital Instruments STM equipped with a Nanoscope llla controller.

Tips were cut from a B#lro> wire (Nanoscience Instruments). Bias voltages are
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reported with respect to th@d'Bl tip. STM images were calibrated with CQHattice
parameter (1.476 nm) using the free WSxM softwatenages were smoothed using
Gwyddion softwaré®®
Characterizatiorof Cso crystalon bare HOPGThe morphologyand crystal structe
were characterizedvith a scanning electron microscopJEOL JSM6300F)and an
X-raydiffractometer(Para | y t i ¢ ®#doMRDOuBigy CuKgradiation.
Model for the Mbirépattern: The ontinuum model of theommensuratévioiré
patternfrom atwistedhexagonal bilayeis summarized as follows*
The lattice of guest molecden the bottom monolayer has an underlying Bravais
lattice with basis vectors which we choosedas and = .
The Bravais lattice is expressed as:
TITH T$ &,
The rotated angle of R1 layer relative to T layer which gives a commensurate
structureis defined by equation:

O [ ——

HEPIT A ————, (5.1)

[ o

whereD 1 [ ,pandm are coprimgositiveintegers, 1t “jo.
The primitive vectors of the superlattice for a commensurate structure of angle

—I D are as follows [gcd(p,s) is the greatest common divisor of p and s]:
()  Ifged(p,1)=1,
< a O e
< O wm 0O == i ' (5.2
(i) If gcd(p,3)=3,
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<« 0O wh b
< - = -j.i' (5.3)

We observd a rotated angleof ~ 27° With equation (1), we knoviij€¢ 18 p ¢ @
for[ ¢ xJ

Here, we give an approximate example, where m=5 and (geii{ p,1)=1),giving
aje¢ M pok C&TOJ

The vectors ofhe superlatticeassociated with theoiré pattern are expressed as:

<« uF P&

<« p& pX¥

The resulting moir@attern is shown ifigure 56.

5.5.Calculations

Density functional theory (DFT) calculatiodsmsed on slab model were performed
with the Vienna Abinitio Simulation Package (VASFY!%installed at the SciN&¥
supercomputer clusters of Compute Canddfal calculations were made using the
PerdewBurke-Ernzerhof approximation (PBE} of the exchangeorrelaton
potential, the projector augmented wave (PARA’ method,and a planevave basis

set. Final calculations were performed using zamping DFTD2!°® and DFFD3%°
methods of Grimme, a correction whitdkes into account vdW for potentialezgies

and dispersion effectvia a semiempirical approach, yielding more accurate
geometries of the adsorption structures compared to those obtained from uncorrected
DFT calculations. Unless stated otherwise, all the calculations were first performed at

the gamma point with an energy cut off of 450 eV, followed by a higher accuracy

103



level using Sirreducible kpoints (3 3 1 k-points) with the cut off energy of 750 eV,

until the net force on each atom was less than 0.02 eV/A and the energy change
between tb two steps was smaller than 0.00001 eV. Except the bottom layer of
graphene, all the atoms, including top layer of graphene,-C@Rd Go molecular

layers were relaxed during the simulation.

5.5.1. COF-1/graphenebilayer

Graphene bilayer COF-1/Graphene bilayer

|

Side view of COF-1/Graphene bilayer

o>

Figure 5.13 Theoptimizedgeometryof COF1 on graphene bilayer

The lattice parameter of a 6 graphene layer was first optimized to be 14.8 A (for
the range of 12.76 Ato 16.76 A in the step of 0.1 A). Then, an AB bilayer of graphene
(144 atoms) was optimized in a unit cell with the dimension of a=14.8 A, b=14.8 A,
¢=40.0 A, and the angle betwearandb vectors equal to 60° The graphene bilayer
distance was calculated to be 3.25 A using {DPTand 3.50 A using DFD3.

The optimum lattice parameter of CQFwas found to be 15.2 A (for the range of

14.5 A to 15.3 A'in steps of 0.1 A). To model CQFetwork on periodic graphene,
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the lattice of the COR was adjusted to be commensurate with graphene bilayer.
Therefore, COFL was compressed from 15.2 A to 14.8i& ( by 2.6%). COFL was
optimized for its most stable geometry and location with respect to the underlying
graphene bilayer. The bottom layer of graphene was kept frozen, but the graphene top
layer and COFL atomswere relaxed, here and for all subsequent calculations in
which Cso molecules were added. The graphene bilayer distance became 3.23 A using
DFT-D2 (3.49 A using DFID3), close to the optimized distance described above. The
optimized distance between CQFnd the graphene top layer was found to be 3.30 A

(3.49 A using DFID3).

5.5.2. Cso molecules adsorbed on COR/graphene bilayer

The adsorption of onesgwith a 6ring facing down at tlee different adsorption sites
top-boroxinesite (Figure 5.14a), top-phenytsite (Figure 5.14b), and poresite Figure
5.14c), gave the following stable structures. In agreement with our prewiolesular
mechanics calculatiof§ the topboroxine site was confirmed to be more stable than
top-phenyl site ¢eeTable 5.1). In the following discussion, unless stated otherwise,
top-site refers to the teporoxine structureTop-site Go adsorption with a #ing
facing down gave an energy within 0.004 eV differe to that of the-@8ing top-site.

The RT bilayer was alsoaculated Figure 5.14d).
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a. Top-site Cg over boroxine ring b, Top-site Cq, over phenyl ring

d. P-T bilayer Cq,

Figure 5.14 The DFFcalculated geometry fordcon COR1/graphene bilayenia) Ceo
over boroxine ring (flayer), (b) Ceo over phenyl ring(c) Poresite Go(P-layer), (d)

P-T bilayer Go.

Starting from the optimizedentredporesite (Figure 5.14c), the offcentred poresite
Cso Wassimulated, asinglepoint calculationsusing DFFD3 at the gamma point with
an energy cut off of 450 e\by shifting centredCeo along zigzag and renchair
directions of COFL. These calculations showed that the centred-pibeeadsorption

is more stable than the simulated-oéintred poresite adsorption geometriekigure

5.15).
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Figure 5.15 (a) Cartesian coordinate system for -gntred adsorption simulation,
where origin is defined as the position of optimized fmitee X and Y axes represent
zigzag and armchair directions of C&Ftemplate(b) The plot of energghangeof
differentoff-cented positions (along X and Y axesith respectto optimizedcentred
pore-site position (Psite Table 5.1, which gave1.59 eV adsorption energy hareder

the accuracy described above). The distance of each step is 0.5 A

For the twelayer Go, four structures were calculated: (1) two shifuctures
(A-pattern shift and fattern shift), which were observed at heptanoic acid/HOPG
interface, represdéing two directional shifts with respect to the given-siie Go
(Figure 5.14a), and (2) two templatéefined closepacked structures which have high
symmetry (Aclose packing and 4flose packing), observedat TCB
supernatant/HOP@terface The shift structures are energetically much less stable
than close packed struces. The adsorption energies of B& Cso Over thetop-site

structure for these structures are listedl@le 5.1. The final optimized geordries
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are presented iRigure 5.16.

a. A-pattern shift b- B-pattern shift

A-close packed structure B-close packed structure

Figure 5.16 The DFT calculated geometry of R1 layeps @n T layer/COFl/graphene
bilayer. (a) A-pattern shift. (b) B-pattern shift.(c) A- close packing(d) B- close

packing

Cso growth of the R2 layer was simulated by adding a thigel tolecule ovetthe
bilayer structureKigure 5.16a and b). The adsorption energies of the Bza® listed
in Table 5.1. The final optimized geometriesf different arbitectures are shown in

Figure5.17.
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Figure 5.17 The DFT calculated geometry dR1l and R2 layer Cso on T
layer/COFR1/graphene bilayer(a) A-FCC architecture (b) A-HCP architecture(c)

B-FCC architecture(d) B-HCP architecture.
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