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IHEPIAHYH

H napovoa d1dakTopikn StaTpin apopd 6T MUK TPOTOTOINGT GUAA®DV YPaPeViov Kabmg Kot
OYETIKOV O01001A0TAT®OV  avaAldOywv Tov 7ov Pacilovial oto  SyaAKOYeEVIOWL UETAAA®V
petantoong MoS: koau WSy, pe otdéyo v mopackevy] Lpdk®V LAIKOV Yo EVEPYELNKES
epappoyés.  Avalvtikdtepa, ypnowpomombnkov  péBodol  TOGO  OUOIOMOAMKNG  YMUKNAG
TPOTOTOINGTNG 000 KOl TEXVIKEG VLREPUOPLOKNG ynueiog vy v mpdcdeon/aAinieniopacn

OPYOVIK®OV YPOUOPOP®V Hopiwv 6To TAEYH TOV Ypageviov kal Tov MoS; kot WS,.

[To cvykekpyéva, 6To TPAOTO UEPOS TNG OATPIPNG EMTEVYONKE N OUOLOTOAIKY] TPOGdeoN (o)
4,4-61900po-4-Bopavo-3a,4a,8-tpralo-s-vdaxeviov (boron azadipyrromethenes — azaBDPs) oe
ATOPAOLMUEVO YPAPEVIO TO OTI010 apyIKA giye Tpomomon0el KaTIAANAN HEc® ovTidpaong pe in-
situ oynuoatilopeva dpvro-dolmviakd Gloto ®OTE Vo PEPEL OUAOES GAKLVIOV, Ol OmOiEg
akoloVBw¢ avtédpacay pécm ynueiog “click” pe mapdywya azaBDP mov épepav opddeg alidiov,
kot (B) kvavivov (cyanines) akolovbmvtag tn pebodoroyio ynuknig tpomomoinong pe in-situ
oynuatiCopeva dpvio-drtalwviokd dAato mov gite £pepav €5’ apyns TIC Kuaviveg g PEPOG TG
doung Tovg, gite xpnoomoOnKay Yo TEPUTEP® GLLEVEN LE TIG KVAVIVEG LEG® OVTIOPAGEWDV

GLUTVKVOCNG TAVE GTO TAEYLLO TOV )OT) TPOTOTOIUEVOL YPAPEVIOL.

210 0e0TEPO UEPOS NG drTtpPng avamtdyOnke pebodoroyia yio T YNUWIKN TPOTOTOINGT TWV
JGACTATOV Kol QLALOUOPP®Y JLYUAKOYEVIOI®V HETAA WMV peTdnTmong MoS: kot WS 1 omoia
aKoAoVOmS EQaPUOGONKE Yo TNV TOPACKELT VPPIOIKAOV LAIK®V. Xvykekpipéva, Ppédnke ot 1,2-
sl dvia mpocdévovtor oe atéreleg Ttov Mo kor W mov ogeilovtor oe kevég Béceig S ko
Bpiokoviot oTig dkpeg Tov TAEYHoToC Twv M0S2 kau WSz, Ot ev Adym atéheteg oymuotifovrot
Katd ™ Swdikooio amo@Aoioong tov MoS: kouw WSz and ta avtiotoyyo vikd PBdong (bulk
materials) avadeivdovtag v gukolia kot evypnotio g pebodov. IMapdiinia, peretinke n
otafepdTTa. TOL SAVTN N-pEBLAOTLPPOAIIOVT TOL Ypnolpomoteital gVpEmg e HeBOSOVG
VYPNS OTOPAOI®MONG TOGO Ypaeeviov 660 Kot Tov MoS, kot WS, kar diepguvinke 1 emidpaon

K0l Ol TEPLOPIGHOL TOV GTO VAIKE TTOL TOPEYOVTOL.

AxoroVBwg, mopackevdcOnkay vPpwKd vAkd Poaciopéva oe MoSz ko WSz mov @épovv
OLLOIOTTOAKA TTPOGOEUEVES YPOUOPOPES OUAdES () TLpeviov, (B) mopeupivng, (Y) eBarokvavivng

TOL YELdUPYDPOL, Kat (8) «tedewdv» GvOpaka (carbon dots). Emmpdcbeta, mapackevdodnkay
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VPPLOKAE VAIKEG 0T OTTOinL TOL OUYAAKOYEVIOD T®V HETAAAWMV HETATTOONG £XOVV TpomoToOel £T61
MOOTE VAL PEPOVY OUUOVIOKE GAOTO. TNV GUVEYELD, Ta OETIKG POPTIO TOV AUUMVIOK®V OANTOV
YPNOLOTOWNON KOV VIO TNV NAEKTPOCTOTIKY] GUUTAEEN OPVNTIKE QOPTICUEVOV YPOUOPOP®V
onadov (a) mopeupivng, (B) morvbBelopaveiov, Kot (Y) «TeAeldv» AvOpaka TPOg GYNUOTIGUO
VEOV  VDIEPUOPLOKOYV  VPPOIKOV  VAIKGOV. Emiong, mpoypotomomOnke  vmepuoplokm
aAnAemidopaon amopAotwpévor MoS; kot WS, pe mopévio péow avamntuéng moAamAGY S-1t

JUVApE®V avAPESH GTO dVO GVGTOTIKG TOV VPPLOKOD VAIKOV.

Ol o vPp1dkd vAKE yopaktpiomKay SOUIKE HE CUUTANPOUATIKEG POCHOTOCKOTIKES Kol
Oepucés TeYVIKEG, v peAeTNONKE M HOPPOAOYiDL TOLG HE MAEKTPOVIOKY WIKPOOKOTIO,
emPefordvoviog v emrvoyy mopackevn Tovg. EmumAéov, pelemOnkav evdereydg ot
POTOPVCIKES, NAEKTPOYNUKEG KOl NAEKTPOKATAAVTIKEG O1OTNTES TOV VE®V VPPIOKOV VAKOV
ypapeviov kor MoSz kor WSz amokaAdntmvtag ) duvatdTnTo EPUPUOYNG TOVG GE CLUGTNLLOTOL

LLETATPOTNG KO SLOTNPTONG EVEPYELNG.

AgEeaic Krewda : ypagévio, MoSz, WSz, ypopoeopa, ynuiky tpomonoincmn, vppiotkd vAKd,

LETOPOPE NAEKTPOVI®V.
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ABSTRACT

This PhD thesis deals with the chemical functionalization of graphene sheets and related two-
dimensional analogues based on transition metals dichalcogenides, e.g. MoS, and WS, focusing
on the development of hybrid materials for energy conversion applications. More specifically,
both covalent and supramolecular functionalization methodologies were employed for
interaction of organic chromophores with graphene, MoSz and WS sheets.

The first part focuses on the covalent attachment of (a) 4,4-difluoro-4-boron-3a,4a,8-triazo-s-
indacene (boron azadipyrromethenes — azaBDP) on exfoliated graphene, which it was prior
chemically functionalized with in situ aryl-diazonium salts carrying alkyne groups that
subsequently reacted by "click™ chemistry with azaBDP derivatives bearing azide groups; and (b)
cyanines following the chemical functionalization methodology with in situ formed aryl-
diazonium salts which either brought already the cyanines as part of their structure or used for
further coupling with cyanines via condensation reactions onto the already modified graphene
sheets.

The second part of this thesis provides a methodology for the chemical functionalization of the
two-dimensional transition metal dichalcogenides, e.g. MoS2 and WS, which it was then applied
for the preparation of hybrid materials. In particular, it has been found that 1,2-dithiolane units
possess high affinity to Mo and W atoms due to sulfur vacancy sites that are located at the edges
of the MoS; and WS> sheets. These defects are introduced during the exfoliation process of
MoS; and WS> from their respective bulk materials, highlighting the versatility and wide utility
of the proposed procedure. In parallel, the stability of the N-methyl pyrrolidone (NMP) solvent,
which is widely used in graphene as well as MoS2 and WS; liquid exfoliation processes, was

investigated and its effects and limitations on the developed materials were examined.

Next, MoS; and WS»-based hybrid materials bearing covalently bonded chromophore groups of
(@) pyrene, (b) porphyrin, (c) zinc phthalocyanine, and, (d) carbon dots were prepared.
Additionally, hybrid materials were developed in which the transition metal dichalcogenides

were suitably modified to carry ammonium salts. The positive charges of the ammonium salts
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were then used to electrostatically interact with negatively charged chromophore groups of (a)
porphyrin, (b) polythiophene, and (c) carbon dots to construct new supramolecular hybrid
materials. Moreover, supramolecular interactions of exfoliated MoS; and WS; sheets with
pyrene were developed attributable to multiple S-x forces between the two components of the

hybrid material.

All hybrid materials were structurally characterized by complementary spectroscopic and
thermal techniques, while their morphology was studied by electron microscopy, confirming
their successful preparation. In addition, the photophysical, electrochemical and electrocatalytic
properties of newly prepared graphene, MoS; and WSz-based hybrid materials have been

thoroughly investigated, revealing their applicability in energy conversion systems.

Key words: graphene, MoS2, WS,, chromophore molecules, chemical functionalization, hybrid

materials, electron transfer
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CHAPTER 1

Graphene and transition metal dichalcogenides

ABSTRACT

The chapter deals with the properties of graphene and focuses on its covalent and non-covalent
functionalization with organic compounds and chromophores. Covalent strategies employing for
example addition reactions based on aryl diazonium salts and azomethine ylides among others
chemical reactions, as well non-covalent interactions such as n—x interactions are discussed. The
main objective is to highlight widely employed modification routes for graphene and present
interesting hybrid materials potentially suitable for energy-related applications. Standard
characterization techniques, spectroscopic, thermal and microscopy imaging, for proving the

functionalization of graphene are also discussed.

Complementing graphene, the most studied two-dimensional materials are those belonging to the
wider family of layered transition metal dichalcogenides (TMDs), with most examined
representatives those of MoS, and WS,. The TMDs have attracted significant scientific interest
due to their intriguing electronic and optical properties, and herein we highlight the main
structural features and physicochemical properties of TMDs. In addition, exfoliation
methodologies yielding single or oligolayered TMD nanosheets are presented and

functionalization strategies developed are discussed.
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1.1 GRAPHENE

Graphene is without a doubt the most studied two-dimensional (2D) nanomaterial. It is defined
by IUPAC as a single carbon layer of graphite structure, analogous to a polycyclic aromatic
hydrocarbon of quasi-infinite size. The atomic layer of graphene is formed by sp?-hybridized
carbons arranged in a honeycomb structure, with a C-C distance of 0.142 nm and energy of 112
kcal/mol. However, this definition is frequently expanded to include multiple layers of graphene.
Graphene’s high tensile strength measured at 130 GPa, Young’s modulus of 1.0 TPa, and also a
(hypothetical) density of 0.77 mg/m? renders it one of the strongest materials. Pristine graphene
is practically transparent, absorbing, on average, 2,3 % of all incident light.! Also, graphene
presents remarkable electronic properties,? with a mobility value as high as 200,000 cm?/V s.
Thanks to these extraordinary and superior properties, graphene has already revealed a large
number of potential applications with possible uses in touch screens, capacitors, spintronics
devices, fuel cells, batteries, sensors, transparent conductive films, high frequency circuits,
elimination of toxic material, and flexible electronics.® However, one the major drawbacks is the
low solubility due to -7 staking and van deer Waals interactions between the different graphene

layers.

Graphene oxide (GO) is the highly oxidized form of graphene, typically obtained after chemical
treatment under hard oxidation conditions from graphite. Hummer method is without any doubt,
the methodology mostly used to produce GO. Typically, graphite is exfoliated and chemically
modified upon treatment with sodium nitrate, potassium permanganate, sulfuric acid and
hydrogen peroxide, resulting on the incorporation of several oxygen-based groups (e.g.,
hydroxyl, carboxyl, and epoxy) onto the graphitic framework. One of the main advantages of GO
compared to pristine graphene, is that it can be easily dissolved in organic solvents and even in
water due to the presence of the polar oxygen functional groups that generate repulsion forces
between layers. However, the honeycomb lattice of GO exhibits a discontinuous sp? system,
featuring sp® carbons, holes and defects, which in turn reduce drastically the electronic
properties. The latter can be improved by reducing GO to reduced graphene oxide (rGO) and
healing the sp? system. This process can be done with several ways, including thermal annealing
or chemical reduction reaction with hydrazine. Apparently, not all the electronic properties of
graphene can be recovered since several defects such as vacancies and oxygen related groups

(i.e. COOH at the edges) still remain on the lattice.
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Production of graphene occurs by various different approaches, including liquid exfoliation,
chemical vapor deposition, epitaxial mechanical exfoliation or synthesis through molecular
assembly. From a chemist’s standpoint, some methods appear significantly more attractive than
others. Liquid and chemical exfoliation, offer chemists significant amounts of starting material as
a blank canvas to decorate and functionalize graphene sheets towards the realization of
functional hybrid materials. So far the easiest method that seems to produce graphene of

sufficient quality is liquid exfoliation.

During liquid exfoliation, graphite is dispersed in a specific solvent, followed by sonication and
finally purification of the exfoliated graphene. The exfoliation effect depends on the power and
time of sonication, the stability of the liquid medium, and the purification progress. Generally,
the time and sonication power are inversely related with the length and defects of the flake and
they can be easily studied.* The suitable liquid media are chosen in order to provide an
environment that allows the formation of stable graphene dispersions during sonication. Coleman
and co-workers® realized that closer surface energies between graphene and solvent favors the
exfoliation, with the optimal surface tension (y) being 40-50 mJ/m2. Typically, N-methyl-
pyrrolidone (NMP), dimethylformamide (DMF) and 1,2-dichlorobenzene (0-DCB) having a high
interfacial tension, 40.0, 37.0 and 37.1, respectively, are selected as appropriate solvents. These
solvents are introduced between graphene layers, hence reducing the n-n staking interactions
between layers and stabilizing single layers of graphene.® However, even when the sonication
protocol produces pristine graphene of high quality and in amounts suitable for laboratory
experiments, the concentration of the graphene dispersions obtained does not exceed 0.01

mg/mL, which is not suitable for real applications.
1.2 FUNCTIONALIZATION OF GRAPHENE

To further modify the properties, fully harness their capabilities, and even broaden the
application of graphene, chemical functionalization of such material is an absolute necessity.
Functionalization of graphene can take place either via covalently linked organic species or via
non-covalent interactions. Non-covalent modification of graphene is usually performed in liquid
media through simple mixture. However, the forces that maintain together the organic species

with graphene to yield the functionalized material only are weak interactions of van der Waals,
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columbic or n-n staking. The later are the more studied because the majority of the photoactive
molecules, e.g. porphyrin, pyrenes or perylenes have planer and aromatic structures with an
extended sp? system that excellently interact with the surface of graphene through orbital
overlapping. In fact, n-m staking interactions with organic dyes not only ensure the
functionalization but also weaken the interactions between layers enhancing the level of
exfoliation. In general, non-covalent functionalization has low stabilization energies of 2-3
kcal/mol, meaning that the organic compounds onto graphene are easily separated, being an
advantage in some fields like bioimaging but also a disadvantage for accurate photo-electronic
studies in liquid media, wherein detaching of organic dyes, cannot be abolished, masking the real

results.

On the other hand, covalent bonds have energies around 100 kcal/mol, ensuring a robust linkage
between the dyes and graphene, which is easily purified of contaminants and starting materials
without any risk of desorption. Covalent functionalization normally has a shorter distance
between graphene and the photoactive molecules in comparison with non-covalent
functionalization. Those short distances are desired for electron donor-acceptor systems. In fact,
the probability to have electron transfer between graphene and one photoactive molecule is
inversely related with the distance. Additionally, covalent functionalization has the advantage
over non covalent to attach species that have no columbic or =-n interaction, reaching the
formation of new hybrids. Generally, basal functionalization introduces groups that reduce the
attractive forces between layers of graphene and help to the exfoliation. Such effect is more
evident when the dyes employed for the functionalization has steric groups or charged species
that induce repulsions forces. However, the reactivity of graphene is low and ensuring covalent
functionalization is very challenging. On the other hand, the main drawback of covalent
functionalization is that it changes the hybridization of the graphene carbon atoms from sp? to
sp®. This process can be considered formally as an introduction of defects reducing the electronic

properties of graphene.’

In order to confirm the functionalization of graphene, spectroscopy, thermal and microscopy
imaging techniques are normally used. Spectroscopy techniques include Raman, attenuated-total-

reflectance infra-red (ATR-IR) and UV-Vis. Further, thermal analysis includes

[4]



thermogravimetric analysis (TGA) and microscopy techniques involve high-resolution

transmission electron microscopy (TEM) imaging.

Raman spectroscopy is a well stablished spectroscopic technique for characterizing graphene.
Specifically, graphene shows 3 characteristic modes at ~1350 cm™, 1590 cm™ and 2700 cm™
which corresponds to D, G and 2D bands respectively. The G-band is attributed to vibrations due
to sp? hybridized carbon atoms, while the D-band is ascribed to vibrations due to defect sites and
sp? hybridized carbon atoms. The shape and frequency of the 2D band is sensitive to the number
of graphene sheets. Covalent functionalization of graphene can be monitored by Raman
technique because perturbs the graphene’s honeycomb from sp? to sp® and moreover enhances

the intensity of D band proportionally with the range of functionalization.

The ATR-IR spectroscopy is usually employed to determine the functional groups owned to the
attached organic components. While no significant peaks were found in graphene beyond the
C=C moiety at ~1600 cm™, for graphene-based hybrids sharp characteristic peaks related with
specific functional groups such as carbonyls (1630-1750 cm™), azides (2000-2100), alcohols
(3000-3300) among others are found. Hence, ATR-IR allows the qualitative identification of the
organic addends in graphene-modified materials.

Functionalization of graphene layers enhances the solubility and allows the study of their
properties in liquid media. UV-Vis shows graphene’s characteristic continuous absorption in the
NIR region. In addition, photoactive dyes in modified graphene-based materials exhibit
characteristic absorption bands owed to the presence of the organic dyes.

TGA allows establishing the amount of functional groups by calculating the mass loss occurred
upon increasing temperature. Graphene is a stable material at high temperatures under inert
conditions, e.g. nitrogen atmosphere; however, organic materials tend to decompose between
200-550 °C. Hence, in a typical TGA graph of graphen-based hybrid materials, the loading of the

molecules added onto graphene sheets can be quantitatively calculated.

Transmission electron microscopy (TEM) imaging provides information about the lattice of
graphene showing images of the atomic layers. Firstly, TEM sheds light of the honeycomb of
graphene, providing interesting information about the average of size and the number of layers of
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the material as well as the presence of defects. Furthermore, TEM is usually complemented for
spectroscopic characterization, typically, energy dispersive X-ray (EDX) that identify the atomic
composition not only of graphene, but also of the functional hybrid materials. Additionally, a
more sophisticated electron loss energy spectroscopy (EELS) shows the presence of the atoms

and gives information about the chemical bonding.

Several strategies have been developed for the covalent functionalization of graphene. The main
ones involve addition reactions, such as addition of in-situ generated aryl diazonium salts,
addition of malonates (Bingel-Hirsch), Diels-Alder cycloaddition, 1,3-dipolar cycloaddition of
in-situ generated azomethine ylides, as well as click-chemistry and condensation reactions onto
GO.

The Bingel-Hirsch reaction is a [1+2] cycloaddition that use malonate derivatives furnishing
cyclopropane rings onto the basal plane of graphene. This versatile strategy involves the
generation of reactive carbanions from a-halo esters and their subsequent addition to a double
bond of graphene, followed by the elimination of halogen. In general, the addition takes place on
double bonds of the honeycomb of graphene furnishing cyclopropane rings. This strategy of
covalent modification of graphene has been widely studied thanks to the easily synthesis of
malonate derivatives. In fact, malonic acid allows the functionalization with different organic

structures bearing hydroxyls, forming esters who are capable to react with graphene (Figure 1).2

Figure 1. General example of chemical modification of graphene through [1+2] Bingel

cycloaddition.

Haddon and coworkers described the application of the Diels-Alder reaction in the
functionalization of graphene. This [4+2] cycloaddition has been a long-standing tool in the
synthetic arsenal of synthetic chemists focused in total synthesis,® fullerene!® and SWNT!
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functionalization. Such cycloaddition reaction tests organic molecules bearing dienophiles
(alkenes) and dienophile (four consecutive sp? carbons) of graphene, furnishing rings of 6
members in the basal plane. In addition, the alkenes present in graphene also act as the
dienophile in presence of diene derivatives. Diels-Alder reaction can be performed employing a
widely variety of alkenes or dienes bearing different groups, including electron donors such as
ethers and electron acceptors e.g. nitriles or even aromatics structures as naphthols.'? Finally,
Diels-Alder reaction is reversible under middle-high-temperatures (100-160°C) being a powerful
strategy to produce hybrids and tune of the electronic properties of graphene under mild

conditions (Figure 2).

Graphene dienophile

Figure 2. General example of chemical modification of graphene through Diels-Alder reaction.

Graphene can react with dienes (upper panel) or with dienophiles (lower panel).

The aryl diazonium salt reaction introduces aromatic species on the basal plane of graphene.
Functionalization of graphene through diazonium salt reaction is obtained in situ, by its
corresponding aniline together with sodium nitrite or isoamyl nitrite. During the
functionalization one electron is transfer from graphene to aryl diazonium salt derivative,
resulting in the formation of the corresponding radical aryl unit, which reacts with a sp?-carbon
on the lattice of graphene. Aniline derivatives employed can bear different functional groups

usually in para-position or even photoactive molecules (Figure 3).13
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Graphene

Figure 3. General example of chemical modification of graphene through in-situ generated aryl

diazonium salt reaction.

Azomethine ylides react through 1,3-dipolar cycloaddition with graphene to introduce fused
pyrrolidine rings on the lattice of graphene. Azomethine ylides are very reactive intermediate,
obtained from decarboxylation of an a-amino acid and a carbonyl species under heating
conditions. The 1,3-dipolar cycloaddition reaction is very versatile, yielding in this way a large
range of functional groups bound onto the graphene surface by employing diverse aldehydes or

substituted a-amino acids (Figure 4).14

R 0
’
/'q- Graphene, A
o* uN oH PPl
H , -H,0, -CO,
Rs

Figure 4. General example of chemical modification of graphene through 1,3-dipolar

cycloaddition reaction.

Another functionalization reaction for graphene modification is the addition of azides which
form aziridine adducts onto the honeycomb of graphene. The particular functionalization
proceeds via nitrenes as generated upon the thermal or photochemical N> decomposition of aryl
azides. The addition of specific dyes employing this reaction is possible employing the specific

aryl azide derivatives (Figure 5).%°
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Figure 5. General example of chemical modification of graphene through direct addition of

azides.

Condensation reactions are usually employed for the covalent functionalization of GO. In such
reactions alcohols, amines or thiols can easily react under soft conditions with acids of graphene
oxide. The reaction needs coupling agents or forming the acyl halide with e.g. thionyl chloride in
order catalyst the reaction in ambient conditions. The condensation reaction does not disrupt the
honeycomb of GO because the sp? carbons of the honeycomb of GO are not involved. Notably,
such functionalization reaction can involve an infinite range of functional groups or even

photoactive molecules bearing in the reactants (Figure 6).1°

Graphene oxide
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Figure 6. General examples of chemical modification of GO through condensation reactions

with (a) thiols, (b) amines, and (c) alcohols.

Common examples of noncovalent functionalization with graphene include n—mn, electrostatic and
van der Waals interactions. This allows stable functionalization with molecules that have
extended sp? systems, including chromophores e.g. porphyrins, phthalocyanines and pyrenes. In
addition, the basal plane of GO has functional groups such as epoxides, hydroxides or carboxylic

acid in its structure, for this reason, GO also has hydrogen-bonds interaction.

1.3 GRAPHENE-BASED HYBRID MATERIALS FEATURING ORGANIC
CHROMOPHORES

Due to simplicity, for the non-covalent functionalization of graphene naphthalene, anthracene,
pyrene, coronene, porphyrins and their derivatives have been employed. Nowadays, more
complex structures are studied. For example, bifunctional compounds that strongly enhance the
solubility and at the same time induce energy transfer has recently described. In a recent
example, Brunneti et. al, synthesizes and advanced diimideperylene bearing bolaamphiphiles
which is able to stabilize graphene nanosheets of microns in liquid media and reduce at the same
time the strong perylene emission, indicating a pronounced electronic communication with

graphene.t’

The possibility of attaching multiple porphyrins to graphene was also studied.*® In this approach,
firstly, an anionic porphyrine (hemo-porphyrin) was selected to stabilize graphene in liquid
media though non-covalent n-rm staking interactions. Afterwards the modified graphene was
combined with a cationic porphyrin (tetra aryl ammonium porphyrin) via columbic interactions,
producing a porphyrin/porphyrin/graphene modified material. Electronic communication was

evident by the emission quenching and faster fluorescence lifetimes.
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Figure 7. General example of non-covalent chemical modification of graphene with photoactive

molecules of (a) perylene and (b) porphyrin derivatives.

Additionally, pyrene bearing anionic heptamethine cyanine was employed for managing
electronic interactions with graphene through n-m staking. In this example, pyrene has strong
affinity for graphene, being responsible of the non-covalent functionalization without
appreciable desorption and carrying the cyanine moiety to graphene. Cyanines are photoactive
NIR dyes with strong quantum vyields. In graphene/cyanine ensembles, red-shift in UV-Vis and
fluorescence emission studies ensure appreciable electronic communication in ground and

excited state, and, in addition, charge transfer from cyanine to graphene (Figure 8).1°




Figure 8. Non-covalent chemical modification of graphene with pyrene bearing a cyanine

moiety.

The covalent functionalization of graphene featuring dyes such as porphyrins or phthalocyanines
and exfoliated graphene has been extensively studied during the last decade.?® In a representative
example described by Karousis et. al, the fluorescence of the Zn-phthalocyanine resulted in
efficient quenching in the Zn-phthalocyanine—graphene hybrid material. In fact, photoinduced
events occurs from the photoexcited phthalocyanine to exfoliated graphene evidenced by
femtosecond transient absorption spectroscopy revealed the formation of transient species such
as Zn-phthalocyanine™, yielding the charge-separated state Zn-phthalocyanine™—graphene™. In
fact, Zn-phthalocyanine—graphene can be integrated into a photoactive electrode of an optical

transparent electrode (OTE), exhibiting stable and reproducible photocurrent responses.?t

In 2014, Torres and co-workers reported the first example of exfoliated graphene covalently
connected with electron accepting Zn-phthalocyanines. Steady-state and time-resolved
spectroscopy experiments demonstrated photoinduced electron transfer from the graphene to the
electron-accepting phthalocyanines with a lifetime of 1.0+0.5 ps. Functionalization was
accomplished in two steps. First, graphene was modified through diazonium salt reaction with an
alkyl aniline derivative followed by alkyne—azide “click chemistry” reaction (Figure 9a). The

conclusions of this study is relevant for photoelectronic applications.??

Hirsch et. al, synthesized a novel graphene—porphyrin hybrid with a direct covalent linkage
between the graphene carbon network and amine porphyrin through the aryl diazonium salt
approach. Interestingly, the porphyrin is linked in a perpendicular orientation by a single -bond
to the graphene lattice, producing an uncommon orbital overlapping of graphene with porphyrin.
The red-shift observed in UV-Vis and PL suggested interesting electronic communications
between the orbitals of both, graphene and porphyrin. In fact, this type of covalently coupled
hybrid material has the potential to become an integral part in solar energy conversion and

electronic devices (Figure 9b).23
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Figure 9. (a) Electron donor-acceptor systems of Zn-phthalocyanine-graphene, and (b)
porphyrin-graphene directly connected through a single c-bond.

Additional perylene diimide was covalently attached to graphene (Figure 10a). The electronic
communication of perylene in the ground state was evident based in substantial shift of the
fluorescence emission of the dye, and the energy transfer was employed to enhance the hydrogen
catalytic production in methanol even in the absence of a sacrificial donor.?

Boron azadipyrromethenes (BDPs) are dyes that absorb in the near-IR region and with high
quantum yields related with a push-pull system as well as the rigidity of the structure that boron
confers. Electronic interactions between graphene and BDP have been studied in recent years. In
2014 Yadav et. al, found electronic communication in the ground states of BDP within a BDP-
graphene nanomaterial. An electron transfer mechanism was evident through photocurrent
measurements, in which the BDP-graphene nanomaterial has a current density of 7.5 pA/cm?22
Afterwards, in 2018, Durmus et. al, optimized the device to produce a current density of 5.51

mA/cm? with a power conversion efficiency (PCE) of 1.16% (Figure 10b).
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Figure 10. Covalent functionalization of photoactive spices of (a) perylenes and (b) BDP

derivatives.
1.4 TRANSITION METAL DICHALCOGENIDES

Transition-metal dichalcogenides (TMDs) are layered materials of similar structure to graphite,
while individual 2D layers of TMDs can be isolated in close similarity to graphene. In fact,
TMDs are the most studied 2D materials beyond graphene. The thickest layer of TMDs usually
consists of a distribution of M in a plane sandwiched between two atomic planes of X in which
M is a transition metal, typically from groups 4-7 (M = Ti, Nb, Ta, Mo, or W) and X is a
chalcogen (X=S, Se and Te), meaning that a single layer of TMDs have a height of only 3 atoms,
typically, between 0.6 and 1 nm. Due to the combination of the different metals and chalcogens
more than 40 different layered TMDs have been identified until today, however, the most
studied, stable and commonly representative TMDs are those of MoS, and WS, followed by
MoSe> and WSe. In fact, MoS; and WS; are the most investigated among the TMDs due to their
economic availability and well-established obtaining processes. The TMDs are attractive because
the electronic switch ratio, e.g. MoS; has a value of lon/loff ~108, the thickness of 0.65 nm and the
hypothetically infinite size that provide a high surface-area-to-volume ratio, their stability upon
ambient conditions and the charge density of 200 cm/Vs. Hence, TMDs are useful in electronic,
sensors and nanotechnology fields. Markedly, the value of charge density of TMDs is 1000 times
smaller than that of graphene, however, this value is higher than that of other semiconductors
such as monocrystals of silicon (120 cm/Vs) employed in common solar cells. In fact, TMDs

have been already employed as components in an extensive number of devices such as

[14]



photodetectors transistors (FETs) and solar cells, and proposed as potential alternatives to silicon
in nanotechnology.?® In addition, mono or few layered TMDs are intensively investigated for

applications in diodes, electronic switches, informatics, transistors, detectors and other devices.?’

Transition metals are covalently bonded with dichalcogenides in TMDs with energies between
1-10 eV per atom, whereas adjacent sheets interact only with van der Waals forces that are few
tens of meV per atom.?® Different distribution of M and X confers specific phases such as
hexagonal, with trigonal prismatic (Dsn) coordination, or tetragonal with octahedral (On)
coordination, which are important for the electronic properties of the materias.?® In nature, the
semiconducting H phase is mostly available in bulk (3D) TMDs crystals. Bulk TMDs normally
have an indirect band gap that depends of the number of layers, however semiconducting
monolayers of TMDs also have a sharp direct band gap, thus enhancing the emission of the
photoluminescence excitons growing by 4 orders of magnitude.®® In addition, a single TMD
monolayer can absorb between the 5-20% of all the visible light, being more prominent in the

semiconducting phases, which have specific absorption bands related with the band gap.
1.5 EXFOLIATION

The main production methods of TMDs include chemical vapor deposition and exfoliation.
Focusing in exfoliation, three different ways to obtain few layered TMDs from bulk exist,
namely, chemical exfoliation with butyl lithium (BuLi), super acid exfoliation and liquid

exfoliation.

The chemical exfoliation is performed by intercalation of lithium obtaining monolayers of
metallic MoS; from the semiconducting bulk TMDs with substantial yield.3* Lithium is a small
metal with a reduced electronegative value that can intercalated between the different layers of
TMDs and transfer electrons to the layers of TMDs, forming Li* and negative charges onto
TMDs. Columbic repulsions between the layers of TMDs promote the separation between the
nanosheets that are only kept by weak Van der Waal forces.®? This methodology can produce
monolayers of TMDs, however, chemical modification with lithium also change the phase from
semiconducting to metallic due to the hard conditions and the elevated number of electron
transfer. More recently, in 2011 Eda et. al, discovered that a defective semiconducting phase can
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be partially recovered though annealing, phenomena that deplete the excess of electrons of the

material .23

Chlorosulfonic acid is an alternative to BuL.i that keeps the desirable semiconducting phase of
TMDs unaltered upon exfoliation. In this process, chlorosulfonic acid intercalates between the
layers of the TMDs with the lone of electrons of sulfur placed in the TMDs. Basal sulfur acts as a
weak base, which can be protonated by chlorosulfonic acid, however, without being oxidized.
Protonation of TMDs is the initial step toward exfoliation due to the excess of positive charges
and repulsive electrostatic forces separate the layers of TMDs. Notably, deprotonation can take
place in the presence of a competing base such as water, which in addition, exoterically reacts
with the chlorosulfonic acid yielding sulfuric acid and HCI gas further that expand the layers and
contribute to the exfoliation. This methodology yields few and even monolayers of TMDs with
sizes of hundreds of nanometers. The major advantage of exfoliation with chlorosulfonic acid is
that it preserves all the properties of the semiconducting phase, as compared with e.g. BuL.i. This
unprecedented outcome will facilitate and enable charge-transfer phenomena within exfoliated
TMD-based hybrid materials and electrodes.® In fact, chlorosulfonic acid has advantages with
respect to simple liquid exfoliation. However, liquid exfoliation still has an important role in the
production of high quality TMDs and must be explained. Typically, solvents like NMP have
been employed® to separate the layers with the assistance of ultra-sonication, yielding single or
few-layers from bulk TMDs (Figure 11). During this procedure the solvent passes between layers
weakening the van deer Waals interactions, and stabilizing the dispersion of single or few layers
through London dispersion forces or polar interactions. Liquid exfoliation requires strong energy

during the sonication, breaking the layers in small sizes and introducing additional defects.
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Figure 11. Route for synthesis of the two different phases of TMDs through exfoliation.

In exfoliated TMDs, defects are mostly generated during the sonication process, and they are
concentrated at the edges, based in the vacancies of any of the M or X atoms.*® In fact, such
vacancies are common in mono and few layered TMDs and have been found in a wide variety of
techniques.®” For example, TEM images of MoS, single layers showed that basal sulfur
vacancies are the most abundant type of defects with densities of the order of ~1.2 10 m? in
both exfoliated and CVD-grown MoS,. However, double sulfur basal plane vacancies were
found principally in exfoliated MoS; in the range of ~10%® m23® The densities of single and
double vacancies are corresponding to ~10 and 1 per every 1100 MoS: units, assuming that the
basal plane defects still provide a good quality of sheets. On the other hand, at the edges, are full

of Mo and single or double S defects (Figure 12).
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Figure 12. Representative defects of monolayer of MoS;.
1.6 FUNCTIONALIZATION OF TMDS

The scientific community got a tremendous interest to conduct covalent and non-covalent
functionalization of TMDs during the last years. Similarly to graphene, functionalization of
TMDs modify their properties, take full advantage of their capabilities, and even broaden their
application, hence, chemical functionalization of single and layered TMD materials is an
absolute necessity. In fact, functionalization of exfoliated TMDs can enhance the emission of
band gap and prevents re-staking. Other advantage of functionalization is the passivation of
TMDs, protecting for undesired effects such as oxidation. In the last years, doping of TMDs has
been widely studied due to the tuning of the optical properties. In fact, doping of TMDs with
electro-active species via electron donor (adding electrons) or electron acceptor (adding holes),
modify the charge-carrier density, acquire tremendous interest in as a component in transistors an
in solar cells.?®3 Unfortunately, TMDs tend to be rather inert to chemical functionalization,

being challenging the production of functionalized modified TMDs materials.

Briefly, the main advantage of non-covalent functionalization of TMDs with organic dyes is that,
in principle, such functionalization preserves the optical and electronic properties of TMDs that
are remarkably precious in the semiconducting phase. Predominantly, the forces that keep in
contact a non-covalent functionalization are van der Waals, hydrophobic and =-S interactions.
Those forces are very week, hence, non-covalently interacting moieties with TMDs can be easily
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detached, recovering pristine TMDs material and making accurate studies in liquid media
difficult.*

In fact, the weak interactions in non-covalent functionalization of TMDs, requests to develop
covalent strategies to produce stable chemically modified TMD-based materials in order to
enhance their utility in technological applications. Covalent attachment results on strong bonding
to TMDs, ensuring strong and close contact, which is not obtained in non-covalent interactions.
Covalent functionalization of TMDs has been performed in both the semiconducting and metallic
phases. Despite the lack of reactivity, different strategies have been developed to perform stable
covalent functionalization. Functionalization depends on the phase, being more reactive the T-
phase because it has more distortion areas and is reach in electrons, allowing nucleophilic
reactions to occur, however in the last years several studies have been performed aiming the
covalent functionalization of TMDs with H-phase. In this frame, thiol functionalization,

diazonium salt reaction and chemical coordination with metals are the main strategies employed.

The nature of TMDs and functionalized modified TMDs can be studied through spectroscopy,
thermal and microscopy imaging techniques. Spectroscopy techniques that are used in order to
study TMDs are usually Raman, ATR-IR, UV-Vis and photoluminescence (PL) emission, while

thermal analysis include TGA, and microscopy imaging is mainly based onTEM.

TMDs have sharp modes in Raman spectroscopy. Metallic phase of MoSz is more rich than
semiconducting, having additional signals, the so-called J1, J> and J3 modes at 150, 225 and 325
cm, respectively.** In addition, the bands Aig at ~379 cm™, Elyg at ~403 cm™ and 2LA(M) at
~451 cm shed light about, the out-of-plane vibrations of S atoms, the in-plane vibrations of S
and the defects present in the nanosheets of MoS», respectively. Additionally, the frequency
difference between the Elzg and Aig modes, ranging between 21-28 cm™, has been related with
the number of layers, of TMDs, being lower the number of layers at higher frequencies.*> The
range of covalent functionalization can be controlled through 2LA(M) node, in fact, addition of
defects on the basal plane of TMDs perturbs the nature of sulfur atoms, enhancing the 2LA(M)
node. On the other hand, reduction of the 2LA(M) band is related with the reduction of the

defects, for example, as occurred by sulfur vacancies healing. Along similar lines is the situation
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with the Raman spectrum for others TMDs, e.g. the Raman spectrum of exfoliated WS, shows
the 2LA(M) at 348 cm™, the Elygat 353 cm™ and the Aig at 419 cm™,

Similar to graphene, the ATR-IR spectroscopy of functionalized TMDs is employed to determine
the functional groups due to the presence of organic units carried in the functionalized TMDs.
While no significant peaks were found in any TMDs, organic molecules possess sharp
characteristic peaks related with specific functional groups such as alcohols, (2500-3100), N-H
(3500-3300) carbonyls (1630-1750 cm™), among others.

The electronic absorption spectrum at the region UV-Vis shows in semiconducting phase of few
or mono-layers the excitonic bands of MoS; at ~ 629 and 685 nm and the indirect excitons at ~
481 and 523 nm. In WS, the direct exciton is found at ~ 640 nm and the indirect excitonic bands
are at ~ 426, 481 and 566 nm. Those bands provide useful information about the nature of the
bonds. In fact Coleman et. al. correlated the position of the bands ~ 685 nm in MoS; and ~ 640
nm in WS;, with the number of layers in the material.** In opposite, metallic phases in both
MoS; and WS; have different morphology, without no characteristic bands in the excitonic
spectra. Once TMDs are functionalized with photoactive molecules, additional bands associated
with the organic dyes are distinguishable. In fact, shift of those signals are associated with

electronic communications of the bands of TMDs and the ground state of the organic dye.

PL emission is without any doubt, a powerful tool that sheds light to the nature of TMDs. Only
the semiconducting phase has a direct band gap. However, the emission is thickness dependent.
Due to the strong hybridisation between the d-orbitals of transition metal an indirect band-gap
exists, which strongly depends on the number of layers. Conversely, the direct band-gap of
TMDs is unaffected by interlayer interactions. The photoluminescence originating from the
direct band-gap transition (A exciton) is observed stronger and more intense by orders of
magnitude in monolayer than in oligolayered and bulk material. Notably, although the
photoluminescence energy due to the A exciton only slightly blue-shifts with decreasing
thickness, the presence of large blue-shifts originating from the indirect band-gap transition,

indicate strong and weak interlayer coupling for the indirect and direct transition, respectively.**

TGA allows establishing the amount of functional groups attached on the functionalized TMDs

by calculating the mass loss occurred while increasing the temperature. TMDs are stable at high
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temperatures under inert conditions, e.g. nitrogen atmosphere, with small mass loss occurring at
temperature higher than 550 °C, due to the presence of defects. Therefore, the mass loss of
functionalized TMDs between 200-550 °C corresponds to the thermal decomposition of the
organic addends.

Similarly with graphene, TEM microscopy imaging is employed to confirm the presence of
TMDs in the functionalized material and as well as to give information about the morphology,
defects and phases. EELs or EDX, provide information about the functionalized materials, in
which carbon species are easily distinguishable from the transition metals and dichalcogenides.

Photoactive species such as metal-phthalocyanines have been non-covalently interacted with
layered TMDs, tuning the transition-metal dichalcogenides properties such as charge-carrier
density. Once an electron is photoexcited in the conduction band of MoSe, it is transferred to
Ni-phthalocyanines, but this does not happen in the case of MoS: because the conduction band of
MoS; is less energetic that the excited states of the MoSe2.*% Similarly, physisorbed Mg-

phthalocyanines or Ni-phthalocyanines can accept electrons for WSex.

Typically, thiol derivatives have been explored for the covalent functionalization of defective
TMDs in both semiconducting and metallic phase.** During the functionalization, sulfur
coordinates with the metal of TMDs at chalcogen vacancies. However, ligand conjugation of
thiols to Mo atoms of TMDs,** “6 is a rather debatable route of functionalization, since thiols can
convert to the corresponding disulfides (Figure 13) in a catalytic reaction activated by the
presence of MoS,, which eventually physisorb onto the basal plane of TMDs.*’
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Figure 13. General example of chemical modification of semiconducting or metallic TMDs

through thiol functionalization.

In 2015, a reaction was described between metallic TMDs* and organohalides such as methyl
iodide or iodoacetamide resulting in the formation of covalent C-S bond. During this reaction,
rich-in-electron metallic MoS, acts as a nucleophilic in a Sn2 reaction that attacks the
organohalides, being the halogen the leaving group. In fact this reaction can be performed in
semiconducting phase employing tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s) as a
catalyst, wherein aryl-halides derivatives of pyrene, coumarin and porphyrin show stable basal
functionalization.®® Such reaction can tune the optical properties of the TMDs and have
applications in optoelectronics. However, the method described above disrupts the basal plane,
by adding distortions, and a significant reduction of the charge carrier density is expected (Figure
16).
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Figure 16 General example of chemical modification of metallic TMDs through halide

derivatives.

Next, metallic MoS: can react with aryl diazonium salt by covalent functionalization at the basal
plane.>® During the reaction aryl radical is obtained though electron transfer from MoS; to the
aryl diazonium salt derivative. The basal functionalization route is obtained through radical
recombination between the species involved. Varying the reactant amounts, time and
temperature was possible to transform the metallic MoS; to semiconducting. Such methodology
allows further functionalization, for example chemically modified TMDs were further

functionalized with cobaloxime®® or Ru(I1)(bpy)-Cl-*2 compounds though chemical coordination.
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However due to the non-well characterized metallic/semiconducting phase, their use in

optoelectronics could be problematic (Figure 17).

NH,
Sodium nitrite -
>
-N,

Figure 17. General example of chemical modification of metallic TMDs through with diazonium

salt reaction.

At this point it is clearly stated that performing a basal functionalization of semiconducting
TMDs without disrupting the electronic properties is challenging. In 2015, Bakes et. al, achieved
an additional basal functionalization by cationic metal complexes using the rich-chalcogens
surface of TMDs as ligands in a Lewis acid—base type of coordination chemistry.>® Metals such
as Cu?*, Zn* and Ni%* ions were identified as suitable anchors to the TMD chalcogens. The
functionalized materials had good solubility and UV-Vis spectra showed no alteration of the
optoelectronic properties of TMDs. However, this functionalization has no any physical

application beyond p-type doping in covalent functionalization (Figure 18).
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Figure 18. Representative example of basal functionalization of semiconducting TMDs through

coordination reaction of cationic metal complexes.
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CHAPTER 2

Scope of research

The strategic objective of the PhD thesis is the development of novel hybrid materials, based on
graphene and TMDs featuring organic photo- and/or electro-active components, with interesting
photophysical and redox properties, potentially suitable to be employed in energy-related
processes. The scope of the conducted research to accomplish the objective is two-fold, namely
to (a) covalently incorporate organic dyes with absorption in the NIR region onto graphene
sheets, and (b) functionalize transition metal dichalcogenides (TMDs), MoS and WS, as related

two-dimensional analogues of graphene, with chromophore moieties.

In Chapter 3, the covalent functionalization of exfoliated graphene sheets with 4,4-difluoro -4-
boron-3a,4a,8-triazo-s-indacene (boron azadipyrromethenes — azaBDP) derivatives was
accomplished. The exfoliated graphene was initially modified upon reaction with in-situ
generated aryl diazonium salts to carry terminal alkyne chains. In parallel, azaBDP derivatives,
specifically designed to feature azide units, were synthesized following a multi-step synthetic
approach and then reacted with the pre-modified graphene sheets via “click-chemistry”
conditions. In addition, graphene sheets were functionalized with aryl diazonium salts bearing
cyanine derivatives as part of their structure as well as amine moieties which were subsequently
employed in condensation reactions with cyanines possessing a free carboxylic acid group. Of
particular importance was the incorporation of ethylene glycol chain as part of the azaBDP
structure to enhance the solubility of the graphene-based hybrid materials. The structures of the
graphene-based hybrid materials featuring azaBDPs and cyanines as addends are collectively
presented in Figure 1. All hybrid materials were comprehensively characterized by
complementary spectroscopic, thermal and microscopy imaging techniques, while the optical and
redox properties were assessed by electronic absorption, fluorescence emission and
electrochemistry. Overall, upon photoexcitation electron/energy transfer processes from the dyes
to graphene acting as acceptor were observed. Due to these processes the newly prepared
graphene-based hybrid materials are expected to find interesting applications in the energy-
related field.
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Figure 1. Graphene-based hybrid materials featuring (a) azaBDPs, and (b) cyanines as addends.

In Chapter 4, a new methodological approach developed for the covalent functionalization of
MoS; and WS; is presented. Specifically, it was found that 1,2-dithiolanes can efficiently bind at
the edges of MoS, and WS at sulfur vacant sites of defected Mo and W (Figure 2). Those
defects are formed during the exfoliation procedure from the bulk. In parallel, the stability of N-
methyl pyrrolidone (NMP), which is widely employed as solvent in wet exfoliation approaches
for both graphene and TMDs was studied. Furthermore, the effect and implications of NMP in

the exfoliated materials were assessed.
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Figure 2. Functionalization of TMDs based on the addition of 1,2-dithiolanes.

In Chapter 5, building on the functionalization of TMDs with 1,2-dithiolanes, covalently
modified TMDs with (a) carbon dots, (a) porphyrin, and (c) zinc phthalocyanine, according to
Figure 3, were prepared. The newly developed hybrid materials were fully characterized by
complementary spectroscopic, thermal and microscopy imaging techniques. The photophysical
and electrochemical properties of the hybrid materials were assessed and interesting properties
based on photoinduced charge-transfer interactions were identified. In addition to the
aforementioned covalently formed hybrid materials, modified TMDs featuring ammonium

moieties were also prepared.
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Figure 3. Covalently incorporated (a) pyrene, (b) porphyrin, (c) zinc phthalocyanine, and (d)
carbon dots onto TMDs.

In Chapter 6, the positive charges due to the presence of ammonium moieties on modified
TMDs were exploited to electrostatically associate negatively charged chromophore species of
(@) porphyrin, (b) polythiophene, and (c) carbon dots. The latter approach allowed preparing
TMD-based ensembles in which the organic dyes were non-covalently associated. In addition,
the supramolecular immobilization of pyrene via multiple =-S interactions with exfoliated MoS;
and WS sheets was accomplished. All ensembles were fully structurally characterized and their
morphology was imaged with electron microscopy, proving their successful preparation.
Furthermore, the photophysical, electrochemical and electrocatalytic properties of the new

materials were evaluated, revealing high prospects for applications in energy-related schemes.
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Figure 4. (a) Electrostatically associated (a) porphyrin, (b) polythiophene, and (c) carbon dots,
with TMDs and (d) supramolecularly immobilized pyrene on MoS; and WS;.
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CHAPTER 3

Functionalization of graphene

ABSTRACT

Exfoliated graphene has attracted increased attention for the development of donor-acceptor
materials towards improved energy conversion applications. The development of novel donor-
acceptor systems consisting of cyanine or azabodipy dyes and graphene has been accomplished.
Cyanines and azabodipy are attractive dyes possessing remarkable optical properties in the NIR
region. In fact, the characteristic fluorescence emission of the dyes is quenched once are
covalently attached to graphene, revealing photoinduced intra-ensemble energy and/or electron
transfer from the dyes to graphene. On the other hand, the presence of charged cyanines and
ethyleneglycol chains in the hybrid materials enhances their solubility in various solvents. These
findings highlight the importance of graphene covalent functionalization aiming at the creation

of novel donor-acceptor graphene hybrids for advanced optoelectronic applications.
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3.1 INTRODUCTION

Graphene is a 2D material with a sp?-hybridized carbons atoms arranged in a honeycomb
structure, with a C-C distance of 0.142 nm, being one of the most investigated materials during
the last 10 years. Its intrinsic properties such as excellent electrical and thermal conductivity
combined with high strength and stiffness render it an excellent material for advanced
technological applications. In this context, graphene bears the potential to emerge as an
indispensable material in nanotechnology, acquiring special interest for the next generation of
ultrafast transistors,? or energy conversion® in which highly efficient photocurrent* have been
recorded. Unfortunately, the large and inexpensive production of monolayer and defect free

honeycomb of graphene still is a handicap, reducing its practical uses.

Alternatively, sonochemical exfoliation of graphite is regarded as a scalable and relatively cheap
approach for the production of mono- and few layers of graphene, preserving the electronic
properties. ° Usually, ultra-sonication of graphene is performed in specific solvents providing
enough energy to break the m—n interactions onto the lattice of each layer, expanding and even
insolating single layers of graphene.®

The exfoliated graphene could be functionalized through covalent and non-covalent interactions.
The covalent attachment of organic moieties involves chemical reaction with the C=C of
graphene and results in strong bonding of two species, whereas non-covalent functionalization
occurs through physisorption, mainly via van der Waals or n-n staking interactions. Then, the
strong covalent bond allows the efficient purification of the functionalized graphene by filtration,
which is not possible for non-covalently interacting species with graphene. In fact,
functionalization with photoactive molecules confers potential applications for solar energy
conversion,’ especially when the photoactive molecule possesses an extended planar n-m system
such as in the case of pyrenes,® or porphyrins.® However, only few examples combine graphene
with photoactive molecules possessing absorption in the near-infrared (NIR) region, which
constitutes a significant portion of the solar spectrum. In particular, cyanines represent an
interesting class of ionic light harvester dyes, showing an intense NIR absorption that spans from

750 to 900 nm.%° In addition, new fluorophores based in azaborondipyrromethenes (azaBDPs)
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acquired importance because they possess near-IR absorption and emission with quantum yield
higher than 40%, thus making them attractive materials to participate in electron donor-acceptor

systems,!! bio-imaging or sensing.?

On the other hand, one of the main drawbacks of graphene is related with its low solubility,
making rather challenging a proper study in liquid media. Lack of solubility is mainly due to
attractive forces van der Waals forces as well as n-n staking between layers. However, several
ways have been proposed to enhance the solubility of graphene, comprising its covalent
functionalization with tert-butyl steric groups, positive or negative charged as well as the
addition of soluble species (i.e. ethylene-glycol).'® In fact, hybridization of graphene with

cyanines or azaBDP could tailor the photo-electronic properties and increase solubility.

Additionally, azaBDPs derive from the well-studied BDPs, which are photoactive molecules
with substantial absorption in the visible region of the electromagnetic spectrum. BDPs have
been extensively combined with other potential chromophores such as ferrocene,!* Rh-
porphyrin®® or pyrenes® performing electron-transfer systems for energy harvesting applications.
In this context, azaBDP is an ideal candidate for building electron donor—acceptor systems
absorbing and emitting in the near-IR region.}” In fact, azaBDPs bearing an additional
photoactive moiety have been examined as parts of hybrids with othe carbon-based

nanomaterials such as fullerenes!® and nanotubes.®

Firstly, we functionalized graphene with cyanines 1, 2, 3 and 4 yielding hybrid materials 8, 9, 10
and 11, respectively. In addition, we synthesized azaBDP derivatives 14, 15, 19 and 20 and
employed them in the functionalization of exfoliated graphene yielding hybrid materials 17, 18,
21 and 22, respectively. Markedly, cyanines and azaBDP bear functional groups that enhance
solubility of the developed hybrid materials such as the presence of an ethyleneglycol chain,
allowing a proper spectroscopic study in liquid media. In addition, azaBDP 19 and 20 bear a
second photoactive species of porphyrin in 19 and Zn-porphyrin in 20, respectively, that
enhances electronic interactions. Both dyes, cyanines and azaBDP, were found to have
interesting electronic interactions with graphene in the ground and excited states. Additionally,
the features of cyanines 1-4 and azaBDP 15, 19-20 and functionalized graphene 8, 11, 18, 21 and
22 were studied by electrochemistry and features of azaBDP, 14, 15, 19 and 20 were detected by
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EDX spectroscopy. Moreover, IR showed the presence of cyanines and azaBDPs in the hybrid
materials, while SEM and TEM imaging offered detailed information about the morphology of
the hybrid materials. Hybrids 8-11, 18, 21 and 22 proved to have interesting photophysical and

redox properties, which in turn make them attractive materials in energy conversion applications.
3.2 RESULTS AND DISCUSSION

The preparation of graphene-based hybrid materials 8-11 incorporating cyanine dyes 1-4 is
shown in Figure 1. Exfoliated graphene, obtained upon treatment with chlorosulfonic acid
according to a previously reported procedure,?® was initially functionalized through a
diazotization reaction,?* employing N-tert-butoxycarbonyl (BOC) protected derivatized aniline 5
and isoamyl nitrite to in-situ form the aryl diazonium salt able to covalently add to the graphene
skeleton. Cleavage of the BOC protecting group by trifluoroacetic acid revealed plethora of
amino functionalities onto the graphene sheets that were further condensed by the cyanine dyes 1
and 2 possessing free carboxylic species, yielding hybrids 8 and 9, respectively. Notably, the first
hint for the preparation of 8 and 9 arose by employing the Kaiser test. With the latter we were
able to quantify the amount of free amine groups in 8 and 9, ca. 15 umol g%, which was found
significantly lowered as compared with the one based in the precursor material 7, ca. 140 pmol
g%, hence proving the success for the condensation reaction between 7 and cyanines 1 and 2.
Analogously, by employing cyanine dyes 3 and 4, carrying aniline moieties, in diazotization

functionalization reaction with exfoliated graphene, hybrids 10 and 11 were prepared.
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Figure 1. Functionalization of graphene-based hybrid materials 8-11 incorporating cyanine dyes
1-4.

The characterization of hybrid materials 8-11 was accomplished by complementary
spectroscopic, thermal and electron microscopy imaging means. In more detail, Raman
spectroscopy was employed to prove the successful covalent modification of exfoliated graphene
with the in-situ formed aryl diazonium salts, yielding 6. In the Raman spectrum of 6, three bands
located at 1330, 1580 and 2670 cm™ are discernable as shown in Figure 2. The G-band at 1580
cm™ is attributed to vibrations due to sp? hybridized carbon atoms, while the D-band at 1330 cm
! is ascribed to vibrations due to defect sites and sp® hybridized carbon atoms. The shape and
frequency of the 2D band located at 2670 cm™ is sensitive to the number of graphene sheets.?
Evidently, an increased D/G ratio is found for 6 as compared with that owed to exfoliated
graphene (Io/lc = 0.42 for 6; Ip/lc = 0.20 for exfoliated graphene). Furthermore, the D/G ratio for
materials 8 and 9 was found unaltered (Io/lc = 0.42) as compared to that of 6, in accordance with
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the fact that the cleavage of the BOC unit followed by condensation with cyanine dyes 1 and 2,
respectively, do not further disrupt the skeleton of graphene, hence verifying the accomplishment
of their preparation. In addition, the G-band for hybrids 8 and 9 was marginally shifted by ca. 3
cm?, as compared to the value registered for exfoliated graphene, implying the development of
charge-transfer phenomena between the NIR dyes and the graphene sheets. As far as the Raman
spectra for hybrids 10 and 11 concern, the D-band in both hybrids was enhanced as compared to
that derived from exfoliated graphene (Figure 2), proving the successful covalent introduction of
the cyanines dyes 3 and 4, respectively, onto the graphene sheets.
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Figure 2. (a) Raman spectra for exfoliated graphene (black) and graphene-based materials 6
(grey), 8 (green), and 9 (red), normalized at the G-band and obtained upon 633 nm excitation. (b)
Raman spectra for exfoliated graphene (black) and graphene-based materials 10 (red) 11 (blue),

normalized at the G-band and obtained upon 514 nm excitation.

Next, attenuated-total-reflectance infrared (ATR-IR) studies further confirmed the effective
coupling of aniline derivative 5 onto exfoliated graphene. In graphene-based material 6,
characteristic strong carbonyl vibrations at 1698 and 1630 cm™ attributed to the presence of
benzamide and BOC units, respectively, were evident. Markedly, in 7 the latter was disappeared,
reflecting the effective cleavage of BOC that gives rise to the presence of free -NHz groups. In
graphene-based hybrid material 8, the carbonyl amide vibration was found enhanced as a result
of the formation of new amide band at 1640 cm™, while also the vibration owed to the carboxylic

acid moiety in the cyanine dye 1 at 1720 cm™ was accordingly disappeared (Figure 3a). Similar
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is the situation with the ATR-IR spectrum for hybrid 9 (Figure 3b). In the ATR-IR spectra of 10
and 11 only the C-H stretching vibration modes were discernable at 2800-2900 cm™ (spectra not

shown).
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Figure 3. ATR-IR spectra for (a) graphene-based materials 6 (black), 7 (gray), and 8 (green) and
cyanine dye 1 (blue) and (b) free cyanine dye 2 (red) as compared with functionalized graphene-

based material 7 (grey) and hybrid 9 (black).

The functionalization degree for 8 and 9 was evaluated by thermogravimetric analysis (TGA).
Exfoliated graphene is thermally stable under inert nitrogen atmosphere. For modified graphene-
based material 7, a mass loss of 12% was observed in the temperature range 200-560 °C, while
for hybrids 8 and 9 the corresponding weight loss was 22 % and 17 %, respectively (Figure 4a).
On this basis, the loading of cyanine dyes 1 and 2 onto graphene was calculated as 1 per every
270 and 360 carbon atoms for 8 and 9, respectively. Analogously, from the thermal
decomposition of 10 and 11 the mass loss observed, 2 and 8% respectively, (Figure 4b) the
loading of 3 and 4 was calculated to be 1 unit per every 1560 and 900 carbon atoms for 10 and
11, respectively. Although this represents a rather small amount of dyes incorporated onto the
graphene sheets, it is consistent with the small perturbation of graphene lattice in 10 and 11 upon
the covalent incorporation of 3 and 4, as revealed with the small enhancement of the D-band in

the corresponding Raman spectra (Figure 2b).
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Figure 4. Thermographs for (a) exfoliated graphene (grey), graphene-based material 7 (blue),
hybrids 8 (green) and 9 (red) and (b) exfoliated graphene (grey), hybrids 8 (green) and 9 (red)

obtained under nitrogen atmosphere.

The morphology of graphene-based hybrid materials 8-11 was examined by FE-SEM imaging.
Briefly, after dispersing the material by mild sonication in hexane, a drop was deposited onto the
sample holder and examined. A representative image for 8 is shown in Figure 5a. It reveals the
presence of overlapping oligolayered graphene sheets, of various sizes, with typical folding and
ripple patterns. Although the exact number of layers cannot be accurately estimated, the absence
of large graphitic particles is obvious, as it is also proved by Raman spectroscopy (cf. Figure 2).

Similar were the morphological findings for hybrids 9, 10 and 11 (Figure 5b-d).
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Figure 5. Representative FE-SEM image for graphene-based hybrids 8, 9, 10 and 11.

The dispensability of hybrids 8-11 was enhanced in polar solvents such as N,N-
dimethylformamide (DMF), allowing to perform spectroscopic studies in solution. Hence,
examining possible ground-state interactions between cyanine dyes 1 and 2 with graphene within
hybrid materials 8 and 9, respectively, UV-Vis-NIR studies were performed. The electronic
absorption spectrum for 8 obtained in DMF, showed the characteristic continuous absorption in
the NIR region owed to graphene, followed by a broadened band centered at 660 nm (Figure 6a),
corresponding to free cyanine dye 1 possibly possessing different conformational structures on
graphene. This finding not only guarantees the successful integration of 1 onto graphene, by
covalently forming hybrid 8, but also indicates appreciable electronic interactions between the
two species at the ground state. In case of hybrid 9, the UV-Vis-NIR spectrum is a simple
superposition of the absorption spectra owed to graphene and cyanine dye 2 (Figure 6b),
suggesting the absence of appreciable interactions in the ground state. The low loading of 3 and
4 within hybrids 10 and 11 (Figure 6¢ and d) respectively, handicapped the electronic absorption
measurements. In the latter, the characteristic absorption bands due to 3 and 4, centered at 657

and 787 nm, respectively, were masked under the continuous and strong absorbance of graphene.
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Figure 6. Absorption spectra of (a) free cyanine dye 1 (red) and graphene-based hybrid material

8 (black), (b) free cyanine dye 2 (red) and graphene-based hybrid material 9, (c) free cyanine dye

3 (red) and graphene-based hybrid material 10 (black) and (d) free cyanine dye 4 (red) and
graphene-based hybrid material 11 (black), obtained in DMF.

Next, focusing on excited state interactions, photoluminescence assays for hybrids 8 and 9 in
comparison with the corresponding free cyanine dyes 1 and 2, for samples displaying equal
absorbance at the excitation wavelength, were performed. Upon 660 nm excitation, 1 revealed a
broad emission band centred at 757 nm (Figure 7a). Markedly, in hybrid 8, the latter emission
was found significantly depressed, indicating strong electronic interactions between graphene
and 1, within 8 at the excited state, following electron and/or energy transfer as the decay
mechanism of the singlet excited state of 11", Then, on the basis of the time-correlated-single-
photon-counting method, the photoluminescence lifetime profiles for 1 were acquired. Analysis
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of the time-profile of the decay at 757 nm upon excitation at 654 nm for the 1" was
monoexponentially fitted with a lifetime of 0.84 ns. On the other hand, the decay component in
hybrid 8 was found to be 500 ps. Analogously, the photoluminescence of hybrid 9, at 810 nm
was found quenched as compared to the one attributed to the free cyanine dye 2 (Figure 7Db),
while the corresponding lifetimes for 2 and 9 were evaluated as 0.81 ns and 250 ps, respectively.
The photoluminescence spectra for hybrids 10 and 11, as compared with those of the
corresponding free cyanine dyes 3 and 4 are presented in Figure 7c and d. In addition, the
emission time profiles for graphene-based hybrids 10 and 11 were characterized by quicker
decays, as compared with those registered for the free cyanine dyes 3 and 4, respectively, and in
analogy with those belonging to hybrids 8 and 9. Collectively, those findings are related with
intrahybrid transduction of electron and/or energy from the electron donors 1-4 to graphene in
hybrids 8-11, respectively. The emission rate constants (k%) and quantum yields (&%) for free
cyanine dyes 1-4 and graphene-based hybrid materials 8-11 were calculated based on equations

(1) and (2), respectively, and presented in Table 1.
Equation 1: k® = (1/zf)nybrid - (1/7r)dye,
where 7z is the fluorescence lifetime of each specie.

Equation 2: &° = kS/(1/tf)nybrid
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Figure 7. Photoluminescence spectra (excitation at 660 nm) for (a) free cyanine dye 1 (red) as
compared with hybrid 8 (black), (b) free cyanine dye 2 (red) as compared with hybrid 9, (c) free
cyanine dye 3 (red) and graphene-based hybrid material 10 (black) and (d) free cyanine dye 4
(red) and graphene-based hybrid material 11 (black), obtained in DMF.

Next, shedding light on the redox properties of the hybrid materials, cyclic voltammetry (CV)
measurements performed on acetonitrile employing BusNPFg as electrolyte in a standard three-
electrode cell with glassy carbon as working electrode and platinum wires as counter and
pseudoreference electrodes were conducted. Hybrid materials 8 and 9 exhibit a reversible
oxidation at 0.80 and 0.11 V versus Fc/Fc*, cathodically shifted by approximately 10 and 4 mV,

respectively, as compared with the oxidation processes registered for the corresponding free



cyanine dyes 1 and 2. These shifts are attributed to intra-hybrid electronic interactions between
the dyes and graphene sheets, rendering easier the oxidation of the latter within the graphene-
based hybrid materials. Furthermore, a peak at -0.45 V associated with the reduction of graphene
similarly with other reports,? as well as additional reversible reduction processes centered at -
1.24 and -1.06 V, were identified in hybrids 8 and 9. Disappointingly, due to the limited
solubility of 10 and 11 we were not able to register suitable and reliable redox data. Collectively,

the redox data are presented in Table 1.

Table 1. Summary of photophysical and electrochemical data for cyanine dyes 1-4 and
graphene-based hybrids 8-11.

Material ¢ (PS) kS (sY) @S Eox (V) Erea! (V) | Erea? (V)
Free cyaninedye 1 | 840 0.90 -1.19
Hybrid 8 500 8.10 x 108 0.40 0.80 -0.45 -1.24
Free cyanine dye 2 810 0.15 -1.16
Hybrid 9 250 2.77 x 10° 0.69 0.11 -0.45 -1.06
Free cyanine dye 3 1183 0.35 -1.34
Hybrid 10 475 1.26 x 10° 0.48

Free cyanine dye 4 1074 0.20 -1.35
Hybrid 11 366 1.81x10° | 0.67

The preparation of 4,4-difluoro-4-boron-3a,4a,8-triazo-s-indacene (azaborondipyrromethene —
azaBDP) derivative was accomplished as follows. In the beginning 2-(2-methoxyethoxy)ethan-1-
ol A reacts with tosyl chloride in dry dicloromethane (DCM) yielding ethylene-glycol derivative
B. After purification, B reacts with 4-hydroxybenzaldehyde forming 2,4-diarylpyrrole derivative
C and then this compound reacts with nitromethane yielding 5-nitroso derivative D. Compound
D reacts with ammonium salts under microwave treatment conditions to give symmetric
azadipyrromethene derivative 12. AzaBDP 13 was obtained through boron complexation of 12
employing boron trifluoride diethyl etherate in presence of N,N-diisopropylethylamine (DIPEA).
The synthesis of compounds B, C, D, 12 and 13 is shown in Figure 8a. The preparation of highly
soluble azaBDP dyes bearing lauric acid (azaBDP 15) and tetra-porphyrin (azaBDP 19) was

performed through coupling reactions as is showed in Figure 8b and c. Briefly, the acid group of
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lauric acid, porphyrin or azidoazetic are activated by N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDCI) and 4-dimethylaminopyridine (DMAP) through
coupling reaction with the aromatic alcohol moieties of azaBDP derivatives 12, 13 or 14. The
structural characterization is presented in detail in the experimental section. Covalent
functionalization with graphene yielding graphene-based hybrid materials 17, 18, 21 and 22 is
shown in Figure 8b and c. Briefly, exfoliated graphene was initially functionalized through
diazotization reaction, employing 4-((trimethylsilyl) ethynyl) aniline and isoamyl nitrite to in-
situ form the aryl diazonium yielding 16. Click chemistry between azide groups in 15 and 19 and
alkyne group in 16, yielded hybrids 17 and 21, respectively. It is worth noting that copper was
avoided due to the affinity of complexation of the azaBDP. A recent methodology was
performed in which a base such as diisopropylamine (DIPA) abstract the acidic proton of
arylynyl forming a reactive carbanion with affinity for azide group.?* Further chemical reactions
between hybrid 17 with boron trifluoride diethyl etherate in presence of DIPEA ensured the
formation of material 18. Finally, metal coordination between porphyrin in 21 with Zn(OAc)2 in
a mixture of 8/2 DCM/MeOH yielded graphene-based hybrid material 22.
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Figure 8. Synthesis of (a) azaBDP derivative 13, (b) hybrid 17 and 18 and (c) hybrid 21 and 22.
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The characterization of hybrid materials 16-18, 21 and 22 was accomplished by complementary
spectroscopic, thermal and microscopy means. In detail, Raman spectroscopy was employed to
prove the successful covalent modification 16 in which G, D and 2D bands, located at 1330,
1580 and 2659 cm™ are discernable as shown in Figure 9. In hybrid 16, the 2D band was red
shifted by 15 cm™ as compared with that of exfoliated graphene, meaning that functionalization
reduces the number of layers. In addition, an increased D/G ratio is found for 16 as compared
with that owed to exfoliated graphene (Io/lc = 0.40 for 16; Ipo/lc = 0.08 for exfoliated graphene)
associated with the success of covalent functionalization, by generating of sp® carbon atoms.
Furthermore, the D/G ratio for materials 17 and 21 was found practically unaltered (Ip/lg = 0.42
and 0.41, respectively) as compared to that of 16, in accordance with the fact that click reaction
with azaBDP dyes 15 and 19, respectively, do not further disrupt the skeleton of graphene.
Further, the D and 2D-band was blue-shifted by 18 and 38 cm™ for hybrids 17 and by 3 and 5
cm?in 21, respectively, probably due to electronic interactions at the ground states between the
dyes and graphene. In fact, focusing in the 850-1600 cm™ region of 15 and 19 Raman spectra
show a series of signals principally associated with the C=C, C=N bonds of the macrocyclic
structure. As far as the Raman spectra for hybrids 21 and 22 concern, the D-band intensity in
both hybrids remain unaltered as compared to the precursors 17 and 21 respectively. On the other
hand, the position of D, G and 2G bands was blue shifted by 4, 8 and 5 cm™ in 18 with respect to
17, but remained unaltered in 22 with respect to 21 as the graphene lattice remained unaltered.
Finally, the Raman signals of the dye in 18 and 22 have a predominant blue shift, in some being
as large as 14 cm™ as compared with that of the free dye. The strong shift of some of the signals
can be due to the covalent functionalization ensuring a close contact between graphene and

azaBDP and moreover higher electronic communication.
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Figure 9. Raman spectra for (a) exfoliated graphene (gray) and graphene-based materials 16
(pink), 17 (black), and 18 (red) and (b) exfoliated graphene (gray) and graphene-based materials
16 (pink), 21 (black), and 22 (red) normalized at the G-band and obtained upon 633 nm

excitation.

Next, ATR-IR studies further confirmed the effective “click” chemistry in 17 and 21 based in a
loss of azide signal at 2111 and 2108 cm™ from the azaBDP 15 and 19. This not only confirms
the covalent functionalization, but also strongly indicates the absence of any non-covalently
interacting free azaBDP. In addition, characteristic strong carbonyl vibrations at 1753 and 1736
cm? in 15 and 1755 and 1731 cm™ in 19, and signals of C-H signatures at 3000-2770 cm™,
aromatic features at 1700-1500 and ether signals at 1241, 1163 and 1139 cm™ from in 15 and 19
also are present in 17 and 21 (Figure 10). Inclusion of boron in 17 yielding 18 was visible in IR
through red-shift of the carbonyls at 1729 and 1712 cm™. Additionally, ATR-IR spectra of
azaBDP 20 show distinguishable carbonyls at 1735 and 1728 cm™ which are shifted in the
hybrid 22, appearing at 1720 and 1713 cm™, respectively.
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Figure 10. ATR-IR spectra for (a) azaBDP 15 (blue), and graphene-based materials 17 (black),
and 18 (red) and (b) free azaBDP 19 (blue) and 20 (olive) and graphene-based materials 21
(black), and 22 (red).

The degree of functionalization for hybrids 16, 17, 18, 21 and 22 was evaluated by TGA. For
modified graphene-based material 16, a mass loss of 5.0% was observed in the temperature range
200-600 °C, suggesting the presence of one functional group per every 230 C while for hybrids
17 and 21 the corresponding mass loss was 10.7 and 10.0 % (Figure 11) suggesting a load of
azaBDP dyes 15 and 19 onto graphene of 1 per every 330 and 381 carbon atoms, respectively.
Analogously, from the thermal decomposition of 18 and 22 the mass loss observed was 16.5%
and 12.9%, which corresponds to 1 azaBDP unit per every 427 and 380 carbon atoms,

respectively.
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Figure 11. Thermographs for (a) exfoliated graphene (grey), graphene-based material 16 (pink),

17 (black) and 18 (red) and (b) exfoliated graphene (grey), graphene-based material 16 (pink), 21
(black) and 22 (red) obtained under nitrogen atmosphere.

The morphology of exfoliated graphene and hybrids 16, 17, 18, 21 and 22 was examined by
high-resolution transmission electron microscopy HR-TEM and supported by EDX imaging.
Exfoliated graphene is a low defective material. The functionalization of graphene with the aryl
diazonium salt resulted in more defects in the graphene network, being in in harmony with the
information obtained in Raman. A representative image for 18 shows similar features without
including additional damage on the basal plane (Figure 12a). In addition, EDX shows O and N as
well as F and B signals in 18 revealing the addition of the dye azaBDP 15 and its BF2 inclusion,
in line with ATR-IR and TGA (Figure 12d). On the other hand, high magnification TEM images
of materials 21 and 22 revealed an enhanced roughness, probably due to the addition of the
azaBDP 19, which is bulky moiety (Figure 12b and 12 c). In addition, the presence of 19
contributes to additional exfoliation, showing oligolayered material with size of several hundred
nanometers. EDX data not only support the incorporation of azaBDP dyes 19 in 21 but also the

metalation of the porphyrin in 22 due to the presence of the Zn signal (Figure 12e and f).
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Figure 12. Representative TEM image for (a) 18 and (b) 21 and (c) 22 and EDX of graphene-
based hybrid (d) 18, (e) 21 and (f) 22 in which the presence of Cu, Mo and Cr is due to the
substrate.

Material 16 has unstable dispersions in the majority of the solvents while it is marginally soluble
in 1,2-dichlorobenzene (0-DCB). On the other hand, azaBDP 15 has two chains of
ethyleneglycol and one alkyl chain responsible for the enhanced solubility observed. In fact,
materials 17 and 18 show similar behavior producing stable dispersion in any of the solvents, for
1 hour. After 24 h, the materials have a solubility of 0.6, 0.2, 0.2 and 0.1 mg/ml in solvents like
0-DCB, DCM, DMF and acetone. As far as the solubility for hybrids 21 and 22 concerns,
azaBDP 19 and 20 bear two chains of ethyleneglycol, hence they exhibit good dispensability
after 24 h in solvents as 0-DCB, DMF, MeOH and acetone with solubility of 0.8, 0.9 0.2 and 0.2
mg/ml, respectively (Figure 13). The latter result is a clear advantage compared to the non-
modified graphene, allowing us to perform photophysical studies in various solvents.
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Figure 13. Representative solubility of 22 after (left) 1hour and (right) 24 hours in (1) 0-DCB,
(2) DMF, (3) MeOH, (4) H>0O and (5) acetone.

Next, UV-Vis-NIR studies were performed in order to shed light to the possible ground state
interactions between azaBDP dyes 13, 19 and 20 with graphene, within hybrid materials 18, 21
and 22 respectively. AzaBDP 15 have two prominent bands at 313 nm (Soret) and 611 nm (Q
band). The electronic absorption spectrum for 17 obtained in DCM is dominated by the
characteristic continuous absorption in the NIR region of graphene, followed by a broadened
band centered at 640 nm (Figure 14a) being red shifted by 29 nm compared with the free
azaBDP 15. This finding ensures the successful integration of 15 onto graphene, and also
indicates appreciable electronic interactions between the two species at the ground state. In case
of hybrid 18, the UV-Vis-NIR spectrum shows higher azaBDP intensities at 696 and 748 nm
corresponding to the inclusion of boron in 17. Azide group of 15 is sensitive to the presence of
boron, forcing us to use 13 as a representative azaBDP reference material. Markedly, azaBDP 13
and dye within hybrid 18 share the same sp? skeleton. Moreover, 18 possesses a different
morphology as well as a strong red-shift by 21 nm compared with the free dye 13, attributed to
the strong electronic interactions between the two species at the ground state. The porphyrin
bearing in azaBDP induces changes to the UV-Vis-NIR spectra of 19, adding a sharp Soret band
at 418 nm, small Q bands at 515, 550, and 590 nm and moving the azaBDP Q band at 673 nm. In
fact, the shift of both, azaBDP and porphyrin suggest strong interactions between both species in
the ground states. Hybrid 21 not only exhibits the Soret band of the porphyrin at 414 nm but also
shows a blue shift of the Q bands at 515, 534 and 576 nm and a red shift of azaBDP at 685 nm,
indicating more electronic interactions of dye 19 within hybrid 21. Hybrid 22 possesses a Soret
band at 423 nm and Q bands at 564 and 690 nm corresponding to the bands at 420, 549 and 673
nm of azaBDP 20. Such appreciable shift suggests that porphyrin metalation changes the

electronic interaction of 22 at ground states of dye 20 with graphene.
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Figure 14. Absorption spectra of (a) free azaBDP 13 (olive) and 15 (blue) and graphene-based
hybrid material 17 (black) and 18 (red), (b) free azaBDP 19 (blue) and 20 (olive) and graphene-
based hybrid material 21 (black) and 22 (red), obtained in DCM.

Photoluminescence spectroscopy measurements were carried out to elucidate possible
interactions between dyes 13, 19 and 20 with graphene, within hybrids 18, 21 and 22,
respectively, at the excited states. Firstly, we conclude that dye 15 and hybrid 17 have no
emission, but after boron inclusion in 18, the appearance of a band at 709 nm guarantees the
successful integration of boron in the azaBDP skeleton (Figure 15a). A considerable depression
of the emission of 18 compared with that of 13 is observed in samples possessing equal optical
concentrations. On the other hand, dye 19 has two photoactive species, an azaBDP that emits at
705 nm under excitation at 680 nm and one porphyrin that emits at 650 nm when is excited at
420 nm. However, the emission of dye 19 is governed by the band of azaBDP although it is
excited at porphyrin excitation region (Figure 15b). The latter result indicates strong electronic
communication between the two photo-species, due, probably for electron-crossing-system or
energy transfer from S? and/or S* excited porphyrin orbital to S* azaBDP and followed by
emission relaxation. The attachment of 19 to graphene (material 21) results in additional changes
in the electronic behavior of dye 19 comprising an enhanced ratio of intensity emission
porphyrin/azaBDP as well as strong quenching and red shift of both signals to 652 and 711 nm,
suggesting an additional electronic pathway competing in this new system (Figure 15c). A

plausible explanation is that part of the electrons on the excited states of porphyrin and azaBDP

[59]



are transferred to graphene, consequently graphene will reduce the electron transfer of porphyrin
to azaBDP and enhance the ratio of intensity emission porphyrin/azaBDP. Inclusion of the metal
in 19 yields 20 and produces strong changes in the morphology of the dye in comparison with
starting material 19. First, a new emission intensity related with the new 3Zn*-porphyrin at 602 is
acquired. Additionally, the bands of the porphyrin and azaBDP at 648 nm and 704 nm are blue-
shifted due to the new overlapping with Zn. Additionally, the signals of dye 20 are moved to
606, 656 and 715 nm within graphene in hybrid 22. This red shift accomplished with quenching
as well as enhancement of the ratio of intensity emission porphyrin/azaBDP suggesting a
electronic communication of the orbitals of azaBDP and graphene in 22. In fact, graphene
produces higher quenching in azaBDP than in zn-porphyin, probably because part of the
energy/electrons of the excited states of the azaBDP is transferred to excited orbitals Zn-
porphyrin and graphene and finally, 3Zn*-porphyrin also transfer to graphene.
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Figure 15. Photoluminescence spectra (a) at excitation at 660 nm for free azaBDP 13 (olive) and
graphene-based hybrid 18 (red), (b) at excitation at 420 nm for free azaBDP 19 (blue) and
graphene-based hybrid material 21 (black) and at excitation at 650 nm for free azaBDP 19
(purple) and graphene-based hybrid material 21 (brown) and (c) at excitation at 420 nm for free
azaBDP 20 (olive) and graphene-based hybrid material 22 (red) and at excitation at 650 nm for
free azaBDP 20 (dark yellow) and graphene-based hybrid material 22 (dark orange), obtained in
dichloromethane.

Notably, time-resolved emission studies bring more light about the electronic interactions in the
excited states between the different species. Analysis of the time-profile of the decay at 708 nm

upon excitation at 654 nm for azaBDP 13 was mono-exponentially fitted with a lifetime of 1.40
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ns. On the other hand, the decay component in hybrid 18 has an additional time of 0.9 ns,
concluding in electron or energy transfer from azaBDP to graphene, according with emission
spectra. Analogously, the photoluminescence of hybrid 21, at 706 nm has a second decay
parameter of 0.3 ns as compared to the mono-exponential free azaBDP dye 19 of 1.2 ns. More
interesting is that this second decay of azaBDP in 21 remained at porphyrin excitation,
evidencing electron or energy transfer from porphyrin to azaBDP and finally to graphene.
However, material 22 has not reduced lifetimes, of the azaBDP in the dye 20 neither under
excitation in azaBDP nor porphyrin region, but an additional 3 times faster decay was registered
through porphyrin excitation and emission (exc. 441, em. 650) suggesting strong changes in the
role of 19 and 20 dyes hybrids with graphene. In fact, a plausible explanation is that S? or St
porphyrin excitation produce electron or energy transfer to azaBDP, then azaBDP fast transfers
to 3Zn*-porphyrin which finally transfer to graphene. These findings are in line with
photoluminescence assays, revealing electron or energy transfer cascade systems. The decays,
emission rate constants (k%) and quantum yields (&%) for free azaBDP dyes 13, 19 and 20 and
graphene-based hybrid materials 18, 21 and 22 were calculated based on equations (1) and (2),

respectively, and presented in Table 2.

Table 2. Summary of photophysical and electrochemical data for BDP dyes 13, 19 and 20 and
graphene-based hybrids 18, 21 and 22 in DCM.

Parameters [Material 1 (NS) T2 (NS) kS (sh) @3
13 14
18 1.5 0.9 3.97x10° 0.36
hexc= 654nm |19 1.2
Aem=707nm 21 1.3 0.31 2.48x10° 0.76
hexc= 441nm [19 0.92
Aem=707nm 21 1.3 0.30 2.61x10° 0.77
hexc= 441nm |20 2.64
Aem=650 nm 22 1.98 0.77 7.97x10°8 0.61
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3.3 EXPERIMENTAL SECTION
3.3.1 Materials

Instrumentation. *H and *C NMR spectra were recorded in a 300 MHz Varian instrument
operated by Vjnmr software, with TMS used as internal standard and D20 as solvent. Steady-
state UV-Vis electronic absorption spectra were recorded on a PerkinElmer (Lambda 19) UV-
Vis-NIR spectrophotometer. Steady-state emission spectra were recorded on a Fluorolog-3
JobinYvon-Spex spectrofluorometer (model GL3-21). Pico-second time-resolved fluorescence
spectra were measured by the time-correlated-single-photon-counting (TCSPC) method on a
Nano-Log spectrofluorometer (Horiba JobinYvon), by using a laser diode as an excitation source
(NanoLED, 375 nm) and a UV-Vis detector TBX-PMT series (250-850 nm) by Horiba
JobinYvon. Lifetimes were evaluated with the DAS6 Fluorescence-Decay Analysis Software.
Mid-infrared spectra in the region 500—4500 cm™ were obtained on a Fourier transform IR
spectrometer (Equinox 55 from Bruker Optics) equipped with a single reflection diamond ATR
accessory (DuraSamplIR 1l by SensIR Technologies). A drop of the solution was placed on the
diamond surface, followed by evaporation of the solvent, in a stream of nitrogen, before
recording the spectrum. Typically, 100 scans were acquired at 2 cm™ resolution. Micro-Raman
scattering measurements were performed at room temperature in the backscattering geometry
using a RENISHAW inVia Raman microscope equipped with a CCD camera and a Leica
microscope. A 2400 lines mm grating was used for all measurements, providing a spectral
resolution of + 1 cm™. As an excitation source the Ar* laser (633 nm with less than 2.65 mw
laser power) was used. Measurements were taken with 60 seconds of exposure times at varying
numbers of accumulations. The laser spot was focused on the sample surface using a long
working distance 50x objective. Raman spectra were collected on numerous spots on the sample
and recorded with Peltier cooled CCD camera. The intensity ratio Ip/lc was obtained by taking
the peak intensities following any baseline corrections. The data were collected and analyzed
with Renishaw Wire and Origin software. Thermogravimetric analysis was performed using a
TGA Q500 V20.2 Build 27 instrument by TA in a nitrogen (purity >99.999%) inert atmosphere.
X-ray photoelectron analysis (XPS) was performed with a Kratos AXIS Supra. The spectra were
obtained using a monochromatized Al-Ka source at 1486.6 eV running at 15 kV and 10 mA.

The survey spectrum was measured at 160 eV pass energy and for the individual peak regions,
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spectra were recorded with pass energy of 20 eV. The energy resolution was < 0.48 eV. The
analysis of peaks was performed with the Casa XPS software, using a weighted sum of
Lorentzian and Gaussian components curves after Shirley background subtraction. The binding
energies were referenced to the internal C1s standard at 284.6 eV. High-resolution tranmission
electron microscopy (HRTEM) was performed on an aberration-corrected (image corrector) FEI
Titan Cube microscope, working at 80 keV. STEM imaging and EELS studies have been
conducted using an aberration-corrected FEI Titan Low-Base microscope operated at 80 kV.
This microscope is equipped with a Cs probe corrector and a Gatan Tridiem ESR 865 EELS
spectrometer. The energy resolution was ~1 eV. The convergence and collection angles were 25
and 50 mrad, respectively. To increase the signal/noise ratio, the datasets were then de-noised
with the open-source program Hyperspy by using principal component analysis routines. TEM
images were taken at room temperature using a JEOL JEM-2100F, operated at an acceleration
voltage of 80 keV under a pressure of 10~° Pa. The samples were sonicated in 3 mL hexane for 1
minute using an ultrasonic bath sonicator (Nanoruptor, NR-350, Cosmo Bio Co. Ltd), and 10
drops of the dispersion solution were deposited onto carbon-coated copper grids. TEM images
were recorded on a Gatan MSC 794 1 kx1 k CCD camera with a typical exposure time of 0.3 s.

3.3.2 Synthesis
Preparation of graphene-based hybrid materials 8 and 9.

In a typical reaction, 15 mg of exfoliated graphene were dispersed by sonication in 10 mL of dry
dichloromethane under nitrogen atmosphere. Then, the cyanine dye (15 mg for 1 and 10 mg for
2) was added, followed by the quick addition of 4-dimethylaminopyridine (8.2 mg) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (5.5 mg), and stirred at reflux for 96 hours. After that
period, the reaction mixture was cooled down to room temperature, filtered over a PTFE
membrane filter (pore size 0.1 um) and washed with a large amount of dichloromethane to
remove completely any organic residual matter. The newly prepared graphene-based hybrid

materials 8 and 9 were obtained as solids and stored under dark.

Preparation of graphene-based hybrid materials 10 and 11.
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In a typical reaction, 10 mg of exfoliated graphene were dispersed by sonication in 10 mL of o-
DCB, under a nitrogen atmosphere. Then, a solution of the NIR dye (30 mg for aniline derivative
cyanine dye 3 and 35 mg for aniline derivative cyanine dye 4) in 5 mL of acetonitrile was added,
followed by the quick addition of isoamyl nitrite (10 mg) and the reaction mixture was stirred at
60 °C, under N2, for 96 hours. After cooling down to room temperature, the reaction mixture was
diluted with 30 mL of DMF, filtered over a PTFE membrane filter (pore size 0.1 um) and
washed with a large amount of DMF and DCM to remove completely any organic residuals. The
newly prepared graphene-based hybrid materials 10 and 11 were obtained as solids and stored

under dark.

Procedure for the synthesis of B: In a stirred solution of diethylene glycol momomethyl ether
A (25 g, 0.208 mol) and tosyl chloride (33.75 g, 0.177 mol) in dry dichloromethane (250 mL)
under N2 at 0°C, freshly distilled triethylamine (24.18 g, 0.239 mol) was added dropwise over 1
h. The mixture was stirred for 3.5 h at r.t., filtered, and the filter cake washed with
dichloromethane. The combined filtrates were washed with H,O (2x100 mL) and brine (100
mL), dried (Na.SO4) and the solvent evaporated. The oily residue was filtered (through cotton
wool in pipette), and the filtrate dried in vacuo, yielding 41.06 g (85%) of a clear yellow oil. H-
NMR (300 MHz, CDCls): ¢ (ppm) 7.82 — 7.76 (m, 2H), 7.35 — 7.31 (m, 2H), 4.14 — 4.18 (m,
2H), 3.70 — 3.66 (m, 2H), 3.59 — 3.55 (m, 2H), 3.49 — 3.45 (m, 2H), 3.34 (s, 3H), 2.44 (s, 3H);
BC-NMR (75 MHz, CDCls): ¢ (ppm) 144.92, 133.12, 129.84, 128.06, 71.93, 70.80, 69.34,
68.83, 59.17, 21.61. (Figure17 shows 'H and 3C-NMR of B).
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Figure 17. *H-NMR (top) and *C-NMR (bottom) of B.

Procedure for the synthesis of C: In a stirred solution of compound B (38 g, 0.139 mol) in dry
acetonitrile (600 mL) under N2, were added successively potassium iodide (60 mg, 0.36 mmol),
4-hydroxybenzaldehyde (25.4 g, 0.208 mmol) and potassium carbonate (28.75 g, 0.208 mmol)
and the mixture was refluxed for 24 h. The white solid formed was filtered off and washed with
acetonitrile. The combined filtrate and washings were concentrated, the oily residue was
dissolved in ethyl acetate (300 mL), washed with 0.3N NaOH (3 x 200 mL) and brine, dried
(NazS04) and the solvent evaporated, yielding C (23.47 g, 75%) as a yellow oil. *H-NMR (300
MHz, CDCls): & (ppm) 9.87 (s, 1H), 7.84 — 7.89 (m, 2H), 7.03 — 6.99 (m, 2H), 4.23 — 4.20 (m,
2H), 3.89 — 3.86 (m, 2H), 3.73 — 3.70 (m, 2H), 3.58 — 3.55 (m, 2H), 3.38 (s, 3H); *C-NMR (75
MHz, CDClz): 6 (ppm) 190.88, 163.94, 132.03, 130.17, 114.99, 72.04, 70.95, 69.60, 67.85,
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59.19. ESI HRMS calcd for C1,H1604: 224.25, found: m/z =224.30. (Figure 18 shows 'H and
13C-NMR of C).
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Procedure for the synthesis of D: In a stirred solution of compound C (11g, 0.049 mol) and 4’-
hydroxyacetophenone (6.67 g, 0.049 mol) in ethanol (80 mL), 10% aq. NaOH (20 mL) was
added and the resulting mixture was heated to reflux for 18 h. After cooling down, the solvent
evaporated and water (300 mL) was added. Washing with DCM (pH = 12) removed mainly
unreacted compound C. Aqueous layer Acidified with 10N HCI to pH = 10 and washed with
CHCIl> (minor impurities removed). Further acidification to pH 9-7 and subsequently
dicloromethane washings extracted product D. Further acidification extracted unreacted 4’-
hydroxyacetophenone. The pH 9-7 washings were combined, dried (Na:SO4) and solvent
evaporated. The residue was treated with cold methanol and filtered, affording compound D
(4.64 g, 28 %) as yellow dust. *H-NMR (300 MHz, CDCls): 6 (ppm) 8.47 (bs, 1H), 7.92 (d, J =
8.7 Hz, 2H), 7.72 (d, J = 15.6 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 15.6 Hz, 1H), 6.95
(d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 4.10 — 4.06 (m, 2H), 3.86 — 3.82 (m, 2H), 3.74 —
3.71 (m, 2H), 3.62 — 3.59 (m, 2H), 3.40 (s, 3H); *C-NMR (75 MHz, CDCls): § (ppm) 189.55,
161.52, 160.77, 144.32, 131.21, 130.38, 130.22, 127.85, 119.43, 115.77, 114.97, 71.98, 70.68,
69.70, 67.43, 59.06. MALDI-MS calcd for CH220s: 342.1457, found: m/z 342.1454 (Figure 19
shows 'H and **C-NMR and MALDI-MS of D).
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Procedure for the synthesis of E: A stirred solution of compound D (6 g, 17.52 mmol), MeNO>
(5.35 g, 87.62 mmol) and EtoNH (6.41 g, 87.62 mmol) in MeOH (125 mL) was heated to reflux
for 5 h. Another round of MeNO/Et,NH was added and heating continued for 18 h. Another
round of MeNO2/Et:NH was added and heating continued for 4 days. After cooling down, aqg.
sat. NH4Cl (= 250 mL) was added, the mixture was extracted with CH2Cl, (3x150 mL),
combined organics washed with H>O and dried (Na;SO4). Evaporation of the solvent left
compound E (7.07 g, 100 %) as orange/red viscous oil. 1H-NMR (300 MHz, CDClz3): & (ppm)
7.78 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 6.82 — 6.79 (m, 4H), 5.49 (bs, 2H), 4.77 (dd, J
=123, 6.4 Hz, 1H), 4.61 (dd, J = 12.3, 8.3 Hz, 1H), 4.16 — 4.05 (m, 3H), 3.83 — 3.80 (m, 2H),
3.72 - 3.69 (m, 2H), 3.60 — 3.57 (m, 2H), 3.38 (s, 3H), 3.36 — 3.23 (m, 2H); 13C-NMR (75 MHz,
CDClI): 6 (ppm) 195.93, 161.92, 158.26, 131.48, 130.82, 128.94, 128.61, 115.80, 115.17, 80.00,
72.03, 70.71, 69.81, 67.46, 59.12, 41.36, 39.09. (Figure 20 shows ‘H and *C-NMR of E).
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Procedure for the synthesis of 12. Compound E (50 mg, 0.124 mmol), ammonium acetate (334
mg, 4.338 mmol), MeOH (1 mL) and a magnetic stirrer were placed in a 7 mL microwave vial,
and the suspension was MW irradiated for 1h at 95°C (set: 100W, 95°C, 60 min; during the
course: 5 W, 10 psi). A blue / purple solid was formed, methanol (5 mL) was added, the mixture
was centrifuged and the residue was washed with methanol and petroleum ether leaving 12 (20
mg, 44%) as blue / iridescent violet solid. *H-NMR (300 MHz, DMSO-ds): 6 (ppm) 13 — 9.5 (br,
3H), 8.04 (d, J = 8.7 Hz, 4H), 7.89 (d, J = 8.6 Hz, 4H), 7.40 (s, 1H), 7.04 (d, J = 8.9 Hz, 4H),
7.00 (d, J = 8.7 Hz, 4H), 4.19 — 4.16 (m, 4H), 3.79 — 3.76 (m, 4H), 3.62 — 3.59 (m, 4H), 3.49 —
3.46 (m, 4H), 3.26 (s, 3H); *C-NMR (75 MHz, DMSO-dg): 6 (ppm) 159.87, 158.51, 154.05,
148.37, 140.57, 129.83, 128.36, 126.23, 122.64, 116.37, 114.36, 113.55, 71.31, 69.75, 68.94,
67.22, 58.08. MALDI-MS calcd for Ca2HasN3Os: 717.8061, found: m/z 718.3130 [M+H"]
(Figure 21 shows *H and *C-NMR and MALDI-MS of 12).

[72]



2 8 8 8 2 8 2 8 383 8 @ 8 & 8 g
~ ~ o w - - ”™ L ~ ~ - - o
e Fa
o9w'E
e o
8rE K
(150 o 9
65°€ ¥y e
[ £ [
19°€ Sy
9°€ 9Tk - ]
aE z_vv, Fy
we 61'p
6L He
Lo
w
La
w
L
o
L
w
&
20t~ vk
£0L ¥
90!, - ¥z
M.v ove/ PR
88 €
RNV- | es
2087 4 »,
S0'8
o -3
I | ©
o) o
o) O Q [
/ o
-
N/ "
z 6501— | <
Sl 2
Le [ [#

NO\/\O
§ )
HO

el

120

11.5

12.5

130

40

45

70 65 60 S5

75

160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85
f1 (ppm)

165

0EIE8LL

1000

896Z 0L

800

700

600

500

300

sETLL |

69086 ¢

200
o

200

Figure 21. *H-NMR (top), *C-NMR (middle), and MALDI-MS (bottom) of 12.

[73]



Procedure for the synthesis of 13: In a solution of dry DCM (30 mL) with 12 (200 mg, 0.279
mmol) was added diisopropylethylamine (361 mg, 2.79 mmol). The mixture was stirred for 0.5 h
and then BF3-Et20 was added (593 mg, 4.179 mmol). The reaction continued for 18 h. Then, sat.
aq. NH4ClI (3 mL) was added, and the mixture was stirred for 5 min. The solvent was evaporated
under vacuo and 20 mL of water (20 mL) was added. Then, the suspension was filtered in vacuo
and successively washed with water, 1:1 MeOH/H.0, MeOH (2x3 mL), Et.O (3 mL) and
petroleum ether affording 13 (213 mg, 100%) as violet dust. Spectroscopic data for 13. tH-NMR
(300 MHz, DMSO-ds): ¢ (ppm) 10.38 (bs, 2H), 8.14 (d, J = 8.6 Hz, 4H), 8.05 (d, J = 8.6 Hz,
4H), 7.41 (s, 2H), 7.12 (d, J = 8.6 Hz, 4H), 6.94 (d, J = 8.6 Hz, 4H), 4.22 — 4.17 (m, 4H), 3.80 —
3.75 (m, 4H), 3.64 — 3.58 (m, 4H), 3.50 — 3.45 (m, 4H), 3.26 (s, 6H); *C-NMR (75 MHz,
DMSO-ds): 6 (ppm) 160.59, 159.77, 156.99, 144.08, 141.29, 131.84, 130.51, 124.69, 121.98,
117.75, 115.75, 114.84, 71.31, 69.75, 68.90, 67.37, 58.08. MALDI-MS calcd for
Ca2H43BF2N30g: 765.3033, found: m/z 765.3021 [M] (Figure 22 shows H and **C-NMR and
MALDI-MS of 13).
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Figure 22. *H-NMR (top) 3C-NMR (middle), and MALDI-MS (bottom) of 13,



Procedure for the synthesis of 14: In a round bottom flask, lauric acid (88 mg, 1.05 equiv),
azaBDP 12 (300 mg, 1 equiv.) for 1a, EDCI (252 mg, 3 equiv.) and DMAP (205, 3 equiv.) were
added in dry dicloromethane (50 mL). The reaction mixture was stirred under nitrogen at room
temperature for 18 hours. Then, the organic phase was extracted with H.O (5 x 100 mL), dried
over MgSQ;4 and purified by column chromatography (Hexane/DCM/acetone 50/90-80/10-20% )
(F3, 100 mg, 25%) as dark blue solid. Spectroscopic data for 14. *H NMR (300 MHz, CDCl3) §
8.06 — 7.79 (m, 5H), 7.63 (t, J = 7.8 Hz, 3H), 7.13 (d, J = 8.5 Hz, 2H), 7.04 (s, 1H), 6.96 (d, J =
8.8 Hz, 2H), 6.90 — 6.68 (m, 5H), 4.31 — 4.05 (m, 4H), 3.93 (m, 4H), 3.86 — 3.69 (m, 4H), 3.64
(m, 1H), 3.43 (m, 6H), 2.61 (m, 2H), 1.78 (m, 2H), 1.29 (s, 16H), 0.89 (t, J = 6.8, 5.5 Hz, 3H).
13C NMR (75 MHz, cdcls) § 172.13, 160.44, 158.93, 158.68, 158.45, 158.01, 153.66, 151.74,
150.68, 149.40, 145.98, 144.93, 143.68, 141.85, 137.32, 130.18, 129.80, 129.61, 128.85, 127.44,
127.28, 126.66, 126.47, 124.26, 122.11, 121.80, 115.90, 115.29, 114.18, 113.97, 113.72, 113.23,
110.11, 71.94, 70.67, 70.55, 69.90, 69.84, 69.78, 67.32, 67.10, 59.01, 58.97, 34.40, 31.88, 29.62,
29.60, 29.49, 29.31, 29.27, 29.17, 24.92, 22.65, 14.09. ESI HRMS calcd for CssHssN3OgH™:
900,4794, found: m/z 900,4799 [M+H]" (Figure 23 shows *H and 3C-NMR and Ms of 14).
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Figure 23. *H-NMR (top) *3C-NMR (middle), and ESI-MS (bottom) of 14.
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Procedure for the synthesis of 15: In a round bottom flask, azaBDP 14 (100 mg, 1 equiv.),
EDCI (252 mg, 3 equiv.) and DMAP (205, 3 equiv.) were added in dry dicloromethane (50 mL)
and then was added 0.1 ml of Azoacetic acid. The reaction mixture was stirred under nitrogen at
room temperature for 18 hours. Then, the sovent of the reaction was evaporated under vacuo
without temperature. The solid was washed with water, redisolved in DCM, dried over MgSO4
and purified by column chromatography (Hexane/DCM/acetone 50/40-30/10-20%) (F2, 20 mg,
17%) as dark blue solid. Noted that azide group is sensitive to the temperature. Spectroscopic
data for 15. 'H NMR (300 MHz, cdcls) & 8-007.63 (m, 4H), 7.68 — 7.46 (m, 4H), 7.11 (d, J = 8.1
Hz, 2H), 6.92-6.52 (m, 8H), 4.26 — 4.13 (m, 2H), 4.12 — 3.99 (m, 2H), 4.00 — 3.87 (m, 4H), 3.89
—3.74 (m, 4H), 3.72-3.59 (m, 4H), 3.54 — 3.36 (m, 6H), 2.68 — 2.52 (m, 2H), 2.37 (s, 2H), 2.08 —
1.69 (m, 4H), 1.25 (s, 14H), 0.97 — 0.77 (m, 3H). *C NMR (75 MHz, cdcls) § 169.37, 160.25,
158.86, 158.55, 158.08, 158.04, 153.48, 150.70, 143.66, 137.63, 130.18, 129.90, 129.77, 128.88,
127.92, 127.34, 126.62, 124.39, 121.84, 115.95, 115.23, 114.05, 113.80, 113.70, 110.33, 109.97,
71.96, 70.57, 69.93, 67.30, 67.17, 58.99, 58.94, 31.91, 30.91, 29.64, 29.50, 29.44, 29.12, 24.95,
22.67, 21.21, 14.10. ESI HRMS calcd for CseHesNsO10: 983,1760, found: m/z 984,5906 [M+H]*
(Figure 24 shows *H and *C-NMR and ESI-MS of 15).
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Procedure for the synthesis of 16: In a typical reaction, 80 mg of exfoliated graphene were
dispersed by sonication in 15 mL of 0-DCB, under a nitrogen atmosphere. Then, a solution of the
4-((trimethylsilyl)ethynyl)aniline (70 mg) in 5 mL of 0-DCB was added, followed by the quick
addition of isoamyl nitrite (1 ml). The reaction mixture was stirred at 120 °C, under Ny, for 7
days with occasional sonication. After cooling down to room temperature, the reaction mixture
was diluted with 1 M of tetra-n-butylammonium fluoride trihydrate 30 mL in DMF and stirred
overnight. Then filtered over a PTFE membrane filter (pore size 0.1 um) and washed with a large
amount of DMF and DCM to remove completely any organic residuals. The newly prepared

graphene-based hybrid material 16 was obtained as solids and stored under dark.

Procedure for the synthesis of 17: Diisopropylamine (1.5 ml) was added to a solution of
modified graphene 16 (60 mg) and compound 14 (16 mg) in DMSO (16.8 mL) at room
temperature and stirred under a N, atmosphere. The reaction was stirred during 14 days with
occasional sonication. Then, the reaction was filtered in a filter of 200 nm of porous and
extensively washed with DMF, acetone and DCM. After that period, the reaction mixture was
filtered over a PTFE membrane filter (pore size 0.1 um) and washed with a large amount of
dichloromethane to remove completely any organic residual matter. The newly prepared

graphene-based hybrid material 17 were obtained as solids and stored under dark.

Procedure for the synthesis of 18: Boron trifluoride-diethyl ether complex (2ml) was added to
a solution of modified graphene 17 (50 mg) in DCM (10 mL) and diisopropylethylamine (0.5 ml)
at room temperature and stirred under a N> atmosphere. The reaction was stirred during 2 days
with occasional sonication. After that period, the reaction mixture was filtered over a PTFE
membrane filter (pore size 0.2 pm) and washed with a large amount of MeOH to remove
completely any organic residual impurity. The newly prepared graphene-based hybrid material
22 were obtained as solids and stored under dark.

Procedure for the synthesis of 19. In a round bottom flask, TTP-COOH (21 mg, 0.9 equiv),
azaBDP 15 (28 mg, 1 equiv.), EDCI (19 mg, 3 equiv.) and DMAP (12, 3 equiv.) were added in
dry dicloromethane (50 mL) and the reaction was stirred under nitrogen at room temperature
over weekend. Once free porphyrin was not detected by thin chromatography, 0.1 ml of

Azoacetic acid and small spatula of EDCI was added to the reaction. The reaction mixture was
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stirred under nitrogen at room temperature for three days. Then, the solvent of the reaction was
evaporated under vacuo without temperature. The solid was washed with water, resolved in
DCM, dried over MgSO4 and purified by column chromatography (Hexane/DCM/acetone 50/40-
30/10-20%) (20 mg, 15%) as dark blue solid. Spectroscopic data for 19. 'H NMR (300 MHz,
CDCls) 6 8.98-8.78 (m,8 H), 8.62 (d, J = 7.9 Hz, 2H), 8.40 (d, J = 8.0 Hz, 2H), 8.30 — 8.15 (m,
9H), 8.15 - 7.95 (m, 6H), 7.75 ( 10H), 7.54 (m, 4H), 7.12 — 6.85 (m, 8H), 4.22 (m, 4H), 3.94 (m,
4H), 3.82 — 3.69 (m, 4 H), 3.63 (m, 4H), 3.46 — 3.35 (m, 6H), 2.17 (s, 2H).*C NMR (75 MHz,
CDCl3) & 165.00, 160.28, 152.96,147.98, 145.57, 143.87, 142.02, 142.01, 141.98, 134.81,
134.53, 132.07, 131.59, 131.20, 131.18, 131.16, 131.10, 130.93, 130.88, 130.78,130.75, 130.62,
130.61, 129.62, 128.70, 128.66, 128.59, 127.79, 127.77,126.70, 126.58, 126.54, 125.42, 122.06,
121.80, 121.36, 120.66, 120.64, 120.44, 120.42, 118.22, 118.20, 114.89, 114.70, 94.99, 71.98,
70.82, 69.69, 67.56, 59.11, 50.46. MALDI-HRMS calcd for CgoH71BF3N10O10: 1488.5416,
found: m/z 1489.5518 [M+H]* (Figure 25 shows ‘H and *C-NMR and MALDI-HRMS of 19).
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Figure 25. 'H-NMR (top) *C-NMR (middle), and MALDI-MS (bottom right) of 19.

Procedure for the synthesis of 20. Zinc acetate (20 mg) in 2 ml of MeOH was added to a
solution of 19 (20 mg) in DCM (8 mL) at room temperature and stirred under N2 atmosphere.
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The reaction was stirred overnight. After that the solvent was evaporated under vacuum, the
residue was dissolved in DCM (20 mL) and washed with H.O (2 x 50 mL). Finally the solvent
was dried over MgSO4 and evaporated in vacuo. Yield 95%. The compound 20 is a dark
blue/purple solid. Spectroscopic data for 20. *H NMR (300 MHz, CDCls) & 8.96 (s, 8H), 8.61 (d,
J=7.9Hz, 2H), 8.40 (d, J = 6.8 Hz, 2H), 8.31 — 7.85 (m, 15H), 7.78 (s, 11H), 7.53 (m, 3H), 6.98
(m, 8H), 4.19 (s, 1H), 3.89 (s, 4H), 3.74 (s, 4H), 3.60 (s, 4H), 3.40 (s, 6H), 2.34 (s, 2H). 1°C
NMR (75 MHz, CDClz) & 165.12, 165.05, 164.62, 160.20, 159.72, 158.06, 152.98, 150.38,
150.27, 150.20, 149.48, 148.74, 143.80, 142.71, 134.70, 134.41, 132.38, 132.28, 132.16, 132.08,
132.01, 131.46, 131.15, 130.90, 130.88, 130.74, 129.55, 128.44, 127.53, 126.76, 126.55, 125.42,
122.04, 121.80, 121.55, 121.35, 119.24, 115.94, 114.86, 114.68, 110.00, 77.00, 71.82, 70.65,
70.59, 69.68, 69.61, 67.48, 62.97, 59.52, 58.99, 53.41, 50.41. (Figure 26 shows *H and *C-NMR
of 20).
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Procedure for the synthesis of 21. Diisopropylamine (1.5 ml) was added to a solution of
modified graphene 16 (60 mg) and compound 19 (16 mg) in DMSO (16.8 mL) at room
temperature and stirred under a N2> atmosphere. The reaction was stirred during 14 days with
occasional sonication. After that period, the reaction mixture was filtered over a PTFE
membrane filter (pore size 0.1 um) and washed with a large amount of dichloromethane to
remove completely any organic residual matter. The newly prepared graphene-based hybrid

material 21 was obtained as solid and stored under dark.

Procedure for the synthesis of 22. Zinc acetate (10 mg) in 2 ml of MeOH was added to a
solution of modified graphene 21 (21 mg) in DCM (8 mL) at room temperature and stirred under
a N2 atmosphere. The reaction was stirred during 2 days with occasional sonication. After that
period, the reaction mixture was filtered over a PTFE membrane filter (pore size 0.2 um) and
washed with a large amount of MeOH to remove completely any organic residual impurity. The

newly prepared graphene-based hybrid material 22 was obtained as solid and stored under dark.
3.4 CONCLUSION

In this chapter covalent grafting of NIR cyanine dyes 1-4 with exfoliated graphene through aryl
diazonium salt reaction, was accomplished, yielding hybrids materials 8 — 11. All hybrid materials
were comprehensively characterized by complementary spectroscopic, thermal and microscopy
imaging techniques, while the optical and redox properties were assessed by electronic
absorption, fluorescence emission and electrochemistry. Overall, upon photoexcitation
electron/energy transfer processes from the dyes to graphene acting as acceptor were observed.
Due to these processes the newly prepared graphene-based hybrid materials are attractive in

energy-related field.

In addition, NIR azaBDP dyes 13, 19 and 21, specifically designed to feature azide units, were
synthesized following a multi-step synthetic approach and then reacted with the pre-modified
graphene sheets via “click-chemistry” conditions forming hybrid materials 18, 20 and 22. The
hybrid materials were fully characterized by complementary spectroscopic, thermal and electron
microscopy imaging techniques. Furthermore, based on electronic absorption and steady-state
and time-resolved photoluminescence spectroscopic assays, deactivation of photoexcited

azaBDPs via energy/electron transfer to graphene takes place.
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CHAPTER 4

Modification of transition metal dichalcogenides

ABSTRACT

The covalent functionalization of wet exfoliated semiconducting MoS. by 1,2-dithiolanes
bearing an ethylene glycol alkyl chain terminated to a butoxycarbonyl-protected amine and a
photoactive pyrene moiety was accomplished. The MoS,-based nanohybrids were fully
characterized by complementary spectroscopic, thermal and microscopy techniques. Markedly,
density functional theoretical studies combined with XPS analysis demonstrated preferential
edge functionalization, primarily via sulfur addition along partially sulfur saturated zig-zag MoS;
molybdenum-edges, preserving intact the 2D basal structure as confirmed by high resolution
transmission electron microscopy and electron energy loss spectroscopy. Based on steady-state
and time-resolved photoluminescence spectroscopy assays, appreciable excited state electronic
interactions between the photoactive pyrene and the semiconducting MoS», within the MoS,-
pyrene hybrid, were identified. Furthermore, a detailed study on the wet exfoliation of MoS;
revealed that N-methyl-2-pyrrolidone, usually employed as solvent in the process, was
susceptible to chemical degradation, giving rise to strong photoluminescence and interfering with

the optical properties of MoS;.
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4.1 INTRODUCTION

Transition metal dichalcogenides (TMDs) are layered nanomaterials consisting of an atomic
plane of a transition metal sandwiched by two atomic planes of chalcogens. Bulk TMDs are
semiconductors with an intrinsic band-gap and exhibit noteworthy optical and electronic
properties desirable for energy storage and conversion,*’ photodynamic/photothermal therapy®®
and sensing.l%'? However, despite the close similarity of TMDs to graphene, they offer
significant advantages related to their band-gap dependent electronic properties,*> 1 which can
be tuned by altering the transition metal and/or the chalcogen composition. In this context, it is
imperative the functionalization of TMDs, permitting their better manipulation and processing in

wet media by improving solubility in common organic solvents.

Diverse methodologies for exfoliating TMDs from the bulk exist, giving access predominantly to
the metallic polytype lattice structure with octahedral coordination geometry.*>?* Notably, NMP
is the prototypical solvent for the dispersion of a wide range of carbon nanomaterials including
graphene,? fullerenes,? and nanotubes?*. This general applicability of NMP is attributed to the
matching of surface tension and Hansen solubility parameters with those carbon-based
nanomaterials,?>?" resulting in low enthalpy of mixing, hence allowing individualization and/or
debundling of nanotubes and exfoliation of graphene followed by their dispersion at high
concentration. Consequently, there is renewed interest in employing NMP for 2D materials
beyond graphene and liquid exfoliation of MoS; and WS,. However, while clearly an effective
solvent, NMP is also known to be very susceptible to sonochemical polymerization?® and
degradation?®® under the standard processing techniques for exfoliation of 2D materials. In
addition, the yield and degree of exfoliation of TMDs are also sensitive to the concentration of
dissolved oxygen and water present in the solvent.?®3! The process involves chemical
modification of NMP, generating degradation and polymerization products, which are difficult to
characterize and maybe present as residual contaminants which influence the properties of the
exfoliated 2D nanosheets. The influence of degradation during exfoliation may lead to
considerable variation of the performance of NMP as a solvent for TMDs (as well as other

nanomaterials) and potentially skewing of the measured optical properties and solubility
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parameters of TMDs towards those of pristine NMP. Furthermore, it should be pointed out that
the optical properties of NMP are also influenced by its degradation, with yellowing of the
solvent usually attributed to increased scattering and of sonication products.? In addition, optical
spectroscopy of NMP dispersions is further complicated, albeit rarely acknowledged in the

literature on manomaterials, by weak photoluminescence of the solvent.3233

Exfoliation with chlorosulfonic acid is an alternative methodology to obtain semiconducting
MoS. or WS, in which the individual layers of the TMDs are protonated by the superacid,
however, without being oxidized, and kept apart due to developed electrostatic repulsive
interactions.®* Nevertheless, despite the progress achieved so far with the exfoliation of MoSs, its
covalent functionalization is underdeveloped. In fact, the limited functionalization procedures
reported to date mainly utilize exfoliated MoS, of the metallic polytype 1T, obtained by
treatment with n-butyl lithium (n-BuLi), in which the negative charges on MoS: due to charge-
transfer from n-BuLi, are quenched by diazonium salts?® and alkyl halides.*>® Conversely,
functionalization of semiconducting 2H-MoS: is achieved via conjugation of thiols at sulfur
vacancies?® %% and metal carboxylate salts coordination to surface sulfur atoms.*° Therefore, it
is absolutely desirable and timely to develop new functionalization routes for semiconducting

MoS: species and equally important to understand where and how functionalization occurs.

Herein, the degradation effect of different NMP samples employed for the sonochemical
exfoliation of MoS. and its implication in the optoelectronic properties was examined.
Additionally, the covalent functionalization of exfoliated semiconducting MoS: by 1,2-dithiolane
derivatives was accomplished. Moreover, the location (“where”) and the manner (“how”) this
functionalization occurs, based on density functional theoretical studies supported by X-ray
photoelectron spectroscopy (XPS) and confirmed by high-resolution transmission electron
microscopy (HRTEM) imaging and electron energy loss spectroscopy (EELS) was reported.
Notably, the 1,2-dithiolane component possesses high binding affinity for Mo atoms, particularly
those located at the edges of the corresponding TMDs, where sulfur vacancy sites were naturally
introduced after chemical exfoliation from the bulk.® Such a facile approach for the chemical
functionalization of MoS; offers the advantage of keeping intact the basal plane of MoS, and
preserving to great extent their novel surface properties as well as their semiconducting

character, while also allows the incorporation of a plethora of suitably modified organic
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derivatives targeting diverse applications. Importantly, the presence of defects at the edges of
MoS;, as generated by either chemical exfoliation?® %41 or jon irradiation,* guarantees the
universal utility and versatility of the functionalization route. The newly derived MoS2-based
nanohybrids were fully characterized, while their optical properties were examined.

4.2 RESULTS AND DISCUSSION

Despite NMP being an excellent solvent for handling 2D nanomaterials, it suffers from
degradation generating polymerized byproducts, which influence the properties of the examined
nanosheets. These NMP degradation products emit in the same region where the excitonic bands
of MoS; appear, handicapping correct assignment and bringing difficulties in proper
spectroscopic characterization. In order to provide sufficient evidence to justify the undesired
effect of NMP, we spectroscopically investigated its optical properties by screening samples of
different ages and their behavior under sonication conditions. In more detail, Figure 1a shows
UV-Vis absorption spectra for NMP samples stored in closed containers, in the dark and under
ambient conditions for one, four and nine years. The samples were not externally treated in any
way. Similar discoloration was also observed for sonicated NMP as well as produced from as-
received NMP (HPLC grade, >99% purity). It is evident that such changes arise from increased
optical absorption in the wavelength range below 450 nm. Given that NMP has been reported to
be weakly photoluminescent,®? the samples were illuminated with a 405 nm laser. Under this
excitation, all samples were observed to exhibit strong blue-green photoluminescence with
intensity clearly increasing with both ageing and sonication of the NMP, as shown in the inset

photographs in Figure 1a.
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Figure 1. (a) UV-Vis absorption spectra of NMP showing absorbance below 450 nm increasing
with the age of the NMP, from NMP-1 to NMP-9. Inset: Photographs of NMP-1, NMP-4 and
NMP-9 exhibiting strong blue-green photoluminescence under illumination with 405 nm laser
pointer. (b) UV-Vis absorption spectra for as-received NMP (black) and sonicated NMP (red).

In order to ascertain the extent of the emission from the new species, photoluminescence
spectroscopy was performed to obtain photoluminescence excitation (PLE) maps containing all
excitation and emission spectra (Figure 2a and b). These PLE maps indicated that NMP exhibits
broad photoluminescence with peak emission around 400 nm under excitation at 325 nm. In
addition, the spectroscopic changes after sonochemical degradation were illustrated by changes
in the intensity of photoluminescence. For any given excitation wavelength, the peak intensity
increased with the age of the NMP, resulting in the increasing brightness shown in the
photographs in Figure 1. The as-received NMP exhibited only very weak photoluminescence,
with Raman features observed as prominently as the photoluminescence peaks. For sonicated
NMP, the photoluminescence intensity was increased by an order of magnitude with appreciable

emission across the whole visible spectrum.
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Figure 2. Photoluminescence excitation maps for (a) NMP and (b) sonicated NMP.

While the differences in absorbance between the samples were small, the differences in
photoluminescence intensity were significant and therefore not simply due to the increasing
absorbance. This suggests that the increasing photoluminescence was due to the emergence of
new species whose concentration or photoluminescence efficiency increases with degradation.
The photoluminescence spectra for peak emission (Aem = 400 nm, Aexc = 325 nm) of NMP and
sonicated NMP are shown in Figure 3 and can be fitted as the sum of two components at
approximately 380 nm and 440 nm. These two photoluminescence components correspond to
two emission species in the samples. When excited at lower energy than one or both of the
species, as is common for photoluminescence measurements of 2D materials, the breadth of the
features resulted in a red-shifted contribution of that feature to the photoluminescence spectrum.
This was illustrated by the significant photoluminescence intensity shown in the PLE maps for
long wavelength excitation of sonicated NMP. The emission was dominated by the feature at 440
nm, which showed an apparent red-shift with increasing excitation wavelength and could result

in secondary excitation of the dispersed nanomaterial.
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Figure 3. Photoluminescence spectra for peak emission with dexc = 325 nm for (a) NMP and (b)
sonicated NMP, showing two component fitting with features at around 380 nm and 440 nm, the
latter of which dominates photoluminescence emission in the sonicated NMP. Note the presence
of broadened Raman feature at 358 nm (~2900 cm™1), which has been excluded from the peak
fitting.

The individual spectra of aged samples, showed a progressive enhance of the photoluminescence
emission spectra with their antiquity at 405 nm excitation, suffering small changes when the
spectra were recorded at 340 nm (Figure 4). Note the intensity increase at the same excitation
wavelength as for the photographs under laser excitation in Figure 1 and the instrument-
broadened Raman features at ~460 nm, which were neglected from the curve fitting. This fact
clearly showed that the decomposition has strong relation with the age of the NMP even in under

ambient conditions.
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Figure 4. (a) Photoluminescence spectrum of NMP-1 for 340 nm excitation with two-component
fitting confirming spectroscopically similar emission to that of NMP and sonicated NMP. (b)
Photoluminescence spectrum of aged NMP for 405 nm excitation with single component fitting

due to excitation of only the lower energy species in the samples.

Time-resolved photoluminescence spectroscopy was performed to provide characterization of
the photoluminescence lifetimes of the species in the NMP samples. Figure 5 shows time-
resolved photoluminescence measurements with excitation wavelength of 336 nm at an emission
wavelength of 400 nm, chosen to be as comparable as possible with the steady-state spectra
shown above. It is evident that the total photoluminescence lifetime was significantly increased
for sonicated NMP compared with NMP. These time-correlated emission measurements can be
fitted as the sum of exponential components, as shown in Figure 5, where both samples were
found to have a short-lived species with lifetime around 1 ns and a longer-lived species with
lifetime around 5 ns. In addition, sonicated NMP was found to have a third component with
significantly greater lifetime of 19 ns. The relative abundances of the two shorter-lived species
indicated that they likely correspond to the two components from the steady-state data, while the
longer-lived species in sonicated NMP was a much smaller contribution, which was not
identified in the steady-state fitting. In addition, the increase in the individual component
lifetimes could suggest that the photoluminescence observed in as-received NMP was not due to
the pristine NMP but due to the onset of ambient degradation. Greater delocalization of the
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electron-hole pair in the excited state led to the observed increase in the excited state lifetime. As
such, the overall increase in lifetime with degradation is consistent with the formation of a larger,

possibly polymerized, species.
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Figure 5. Time-resolved photoluminescence measurements of (a) NMP and (b) sonicated NMP
for emission at 400 nm under excitation at 336 nm, fitted as the sum of exponential components,
whose time constants are shown inset, with increased lifetimes and an additional component

present in sonicated NMP.

Subsequently, *H NMR spectroscopy was performed to identify any covalently-modified species
which were present at trace. In addition to the expected proton peaks for the NMP, the NMR
spectra show a number of peaks present at around 0.1% by number. The peaks with chemical
shifts of around 5 ppm in Figure 6 were attributed to alkenyl protons, suggesting the formation of
R-C=CH: species, while the peaks around 0.9 ppm corresponded to protons in a methyl group.
These characteristic features were also observed in a previous study of sonochemical degradation
of NMP which proposed a mechanism for formation of an enamine species (-N-C=C-) which
underwent polymerisation to form oligomeric nanoparticles.?® The observation of similar
features in the NMR spectra suggested that this mechanism could describe degradation due to
both sonication and ageing. Furthermore, the presence of these features in the NMR spectra of all
samples suggests that any degradation product was also present, at lower concentration, in the as-

received NMP. Notably, the alkenyl and methyl protons associated with the previously-proposed
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mechanism of enamine formation and polymerization, were present and show downfield shifts
relative to the as-received NMP. This is consistent with the downfield shifting of peaks expected
due to deshielding by a nearby n-system, which could be a conjugated species, giving rise to the
absorption and photoluminescence in both aged and sonicated NMP.
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Figure 6. 'H NMR spectra showing proton environments in NMP additional to those of the
unmodified molecule with features corresponding to alkenyl species at a chemical shift of 5 ppm
at around 0.1% (a) by number relative to the unmodified NMP molecules, (b) increasing

intensity from the as-received to the sonicated NMP.

To illustrate the influence of NMP degradation, the photoluminescence spectrum for MoS;
exfoliated into NMP for excitation at 450 nm is shown in Figure 7a. High quality of
semiconducting MoS: dispersions typically show weak photoluminescence since emission is
only from monolayer nanosheets and self-absorbance reduces the outgoing signal. As such, the
photoluminescence spectrum shows features at low intensity corresponding to A and B exciton
photoluminescence at ~680 nm and ~625 nm, respectively. The intense broad feature at ~530 nm
is not due to the MoS; but is instead due to the NMP, observed at longer wavelength under
excitation at 450 nm. To confirm this, the MoS; dispersion was centrifuged at high speed to
sediment the nanosheets out of the dispersion. The NMP was then discarded and the material was
redispersed into aqueous surfactant solution in a manner similar to liquid cascade

centrifugation.*® Figure 7b shows the photoluminescence spectrum for the dispersion of MoS: in
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surfactant and water. The broad background due to the feature at ~530 nm is no longer present,
confirming that it is indeed photoluminescence from the degraded NMP, and the spectrum shows
only the photoluminescence from the MoSz, albeit dominated by the B exciton due to self-
absorbance by multilayers in the range of the A exciton. Together these spectra demonstrate the
influence of NMP degradation on the photoluminescence spectra of liquid-exfoliated TMDs and
present a potential route, through sedimentation and redispersion, to transfer nanomaterials into

fresh or different solvents to minimize the influence of solvent degradation on spectroscopy of

2D materials.
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Figure 7. (a) Photoluminescence spectra for MoS: showing emission of NMP considerably more
prominent than, and overlapping with, emission of MoS,. Inset: expanded view of the same
spectrum showing A and B exciton photoluminescence of MoS,. (b) Photoluminescence
spectrum of MoS; after centrifugation and redispersion into surfactant and water, showing the
absence of the broad background NMP photoluminescence.

Having resolved the issue with NMP and associated problems, exfoliated semiconducting 2H-
MoS, was prepared from the bulk upon chlorosulfonic acid treatment.3* Next, the
functionalization of exfoliated 2H-MoS; by 1,2-dithiolane derivatives bearing either an ethylene
glycol alkyl chain terminated to a butoxycarbonyl (BOC)-protected amine 1a or a pyrene 1b as
an electron donor was accomplished (Figure 8). The functionalized MoS»-based nanohybrids 2

were found to be soluble in DMF, ca. 1.2 mg/mL, while their solubility in dichloromethane,
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acetone and THF was limited. The so-derived MoS,-based nanohybrids can be stored in DMF
for months, without observing precipitation, hence justifying their stability in wet media.
Treatment of 2a with gaseous HCI results in cleaving the BOC-protecting group, yielding the
cationic ammonium derivatized MoS»-based material 2c, soluble in protic solvents and aqueous

media. The amino-loading of 2c was calculated by performing the Kaiser test and found to be

103 umol/g.
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Figure 8. Reaction route for obtaining functionalized MoS-based nanohybrids 2 from exfoliated

semiconducting MoS; flakes.

The MoS;-based nanohybrids 2a-c were fully characterized by complementary spectroscopic,
thermal and electron microscopy techniques. Markedly, the functionalization appears to
primarily occur via sulfur addition along partially sulfur-saturated zig-zag MoS, molybdenum-
edges. Complementary density functional studies combined with XPS analysis demonstrated the
preferential edge functionalization, preserving the 2D basal structure of the functionalized MoS-
based nanohybrids as confirmed by HRTEM imaging and EELS. This is an extremely important

finding, shedding ample light on the location and the manner the functionalization of exfoliated
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2H-MoS; with 1,2-dithiolanes proceeds, hence allowing the design and development of a

plethora of interesting hybrid materials for diverse applications - see Chapters 4 and 5.

In more detail, the developed functionalization largely deviates from recent studies based on
thiol reactions, which were shown to oxidize to the corresponding disulfides which eventually
only adsorb onto MoS,.** With our experimental protocol, a mixture of exfoliated MoS; and 1,2-
dithiolane derivatives 1la or 1b in DMF was stirred at 70 °C for 36 hours. Then, the reaction
mixture was filtered over a PTFE membrane (0.1 um pore size) and the solid residue collected
onto the filter was extensively washed with dichloromethane to remove organic impurities,
yielding MoS»-based nanohybrids 2. The strong binding of the organic addends on the MoS; was
proved by examining their electronic absorption profile after extensive washing cycles to remove
any loosely bound (physisorbed) organic compound. Evidently, after four consecutive washing
cycles, the UV-Vis spectrum of functionalized MoS»-based materials 2 remained unaffected,
namely the characteristic absorptions due to pyrene as well as due to the MoS; retained their
intensity, while also the filtrate failed to show characteristic absorptions due to the pyrene

species.

Attenuated-total-reflectance IR assays gave spectroscopic proof for the success of the
functionalization. Briefly, strong C-H stretching and bending modes are discernible in the 2840-
2970 cm™ range, while the ethylene glycol unit gives rise to vibrational modes in the region
1130-1190 cm™? for functionalized materials 2. Particularly for 2a, two carbonyl moieties are
identified at 1650 and 1710 cm™ owed to the amide and BOC protecting units, respectively - the
latter is absent in the IR spectrum of 2c, in which free amine functionalities are present - while

for 2b, only the ester carbonyl is identified at 1730 cm™ (Figure 9a and b).
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Figure 9. ATR-IR spectra for (a) 1,2-dithiolane derivative 1a (red) and functionalized MoS-

based hybrids 2a (black) and 2c (grey), and (b) 1,2-dithiolane derivative 1b (red) and MoS,-
pyrene hybrid 2b (black).

Next, Raman spectroscopy was employed as a valuable tool to obtain meaningful insight on the
functionalization of MoS; with 1,2-dithiolanes. Upon in-resonance excitation at 633 nm, more
rich spectra as compared with those when measurements conducted under off-resonance
conditions at 514 nm were acquired. Upon comparison of the Raman spectra for functionalized
MoS: with those owed to exfoliated MoS; flakes, the following points are deduced: (a) the
intensity of the 2LA(M) mode at 447 cm™ was decreased for the functionalized MoS;
nanohybrids, for spectra normalized at the A1y mode located at 404 cm™, in accordance with
Raman studies performed on differently functionalized MoS; species,?! and (b) phonon modes
directly related to the metallic polytype of MoS; at 150, 225 and 325 cm™,%: 46 were totally
absent, hence proving the semiconducting nature of MoS; in the functionalized nanohybrids 2.

The Raman spectrum for 2b and 2c are shown in Figure 10.
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Figure 10. Raman spectra (633 nm) (a) exfoliated semiconducting 2H-MoS: (gray) as compared
with functionalized MoS;-pyrene 2b (black), and (b) exfoliated semiconducting 2H-MoS: (gray)

as compared with nanohybrid 2c (black).

Additional proof for the success of the covalent functionalization of MoS» with 1,2-dithiolane
derivatives 1a and 1b was delivered by thermogravimetric analysis (TGA). Exfoliated MoS> is
thermally stable up to 250 °C under nitrogen atmosphere. However, in MoS»-based nanohybrid
2b an 8.1 % mass loss in the temperature range 250-550 °C was observed (Figure 11a). The
latter is attributed to the thermal decomposition of the organic functionalities covalently bonded
to Mo at the edges of MoS,, i.e. at sulfur vacancies. Actually, the loading of one pyrene moiety
onto MoS; was calculated to be one per every thirty-two MoS; units. Similarly, from the TGA
for 2a (Figure 11b), the loading of one organic addend per every twenty-four MoS; units was
calculated. Markedly, the relatively low mass loss observed in the TGA for nanohybrids 2 clearly
proves that the organic functionalities were covalently anchored onto MoS;, contrasting the case
where physisorption occurs, in which the coverage of MoS; is very high reaching a loading of

one organic unit per every two Mo atoms.**
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Figure 11. Thermographs for (a) exfoliated MoS> (gray) and functionalized MoSz-pyrene 2b
(black), and (b) exfoliated MoS> (gray) and functionalized MoS,-based nanohybrid 2c, obtained

under nitrogen atmosphere.

Examining the morphology of the functionalized materials, HR-TEM images revealed that the
flakes of MoSz-pyrene 2b vary from single- to oligo-layer, with largely damage-free basal plane
(Figure 12a and b). Although the edge structure was difficult to be determined conclusively, there
is evidently strong preference for zig-zag edge orientation, consistent with theoretical
predictions*” 8 and experimentally observed structures,*® *° suggesting that 50% S and 100% S
saturated zig-zag molybdenum-edges should be thermodynamically preferred.**%! The HR-TEM
images also showed the presence of material at the edges, which may correspond to
carbonaceous species. In order to investigate that point, spatially-resolved EELS studies were
carried out. In more detail, Figure 12c displays the EEL spectrum recorded in a region close to
the edge of a flake belonging to functionalized MoS-pyrene 2b nanohybrid - see also high-
angular annular dark field (HAADF) scanning TEM (STEM) image displayed as inset of Figure
12c. Apart from the expected Mo and S contributions, the C-K edge was visible. The fine
structure of this C-K signal (shown in Figure 12d) includes a significant n* pre-peak, consistent
with attribution to the organic addend incorporated in 2b hybrid material and different to the one
of amorphous carbon, further proving the success of functionalization of semiconducting MoS:

with pyrene species.>?>
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Figure 12. (a, b) HR-TEM micrographs of functionalized MoSz-pyrene 2b. Edges are primarily
zig-zag type, with evidence of protruding chain-like carbonaceous material, terraced layers with
extensive exposed edges. (c) EEL spectrum acquired in a flake of functionalized MoS,-pyrene
2b shown in the inset. The S-L23, M0-Mss, C-K and Mo-My;3 edges are highlighted in this
spectrum. (d) C-K edge fine structures (ELNES), extracted from the spectrum shown in Figure

5c. The scale bar of all images is 1 nm.

Next, density functional theory modeling was employed to better understand the
functionalization mechanism. In order to gain insight into the covalent binding behavior, the
interaction of 3-methyl-1,2-dithiolane with the MoS; edge and basal plane was firstly modeled.
The former molecule represents the covalent linking segment of la-c with the carbon chain
attached to neighboring S atoms of MoS; either in the basal plane or at zig-zag 100% S
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molybdenum-edge (Figure 13a-d). Preferential binding for the edge compared to the basal plane
was found to be 2.54 eV per molecule for the most stable configuration. At the edge, 3-methyl-
1,2-dithiolane was most stable with its carbon chain approximately perpendicular to the edge
(Figure 13b) breaking apart a single S, pair. The other less stable edge configurations resulted in
two broken S, pairs, which then reconstruct horizontally (Figure 13c, d). Neighboring bonds in
MoS: around the covalent anchoring site were also distorted, notably in Figures 6¢ and d, the
distance between Mo atoms connected to the S atoms bound to the carbon chain of 3-methyl-1,2-
dithiolane was reduced from 3.13 A for the bulk to around 2.96 A.

> +051eV 9 - 9=D+0.29eV

Figure 13. (a-d) 3-methyl-1,2-dithiolane binding to MoS; edge: (a) Schematic representation, (b)
most stable binding configuration found for the edge functionalization, with the aliphatic chain
connected to S atoms from the same reconstructed edge S pair, (c, d) less stable configurations
with the aliphatic chain connected to S atoms from neighboring S> pairs. Enthalpy differences
(eV) are relative to structure in Figure 6b. Atom color code: green-blue = Mo, yellow = S, grey =
C, white = H, red = O.
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Starting with the most stable 50 % S zig-zag edges, 1,2-dithiolanes can directly bind to the
exposed Mo at this edge, saturating and resulting in 100 % S coverage with covalently attached
species, preferentially in a binding configuration perpendicular to the edge (cf. Figure 13b). This
converts the sulfur bonding at the extensive edge sites to a configuration much closer to the bulk,
and can also be viewed as filling ‘vacant sulfur’ edge sites. The model is supported by XPS
studies of the semiconducting MoS, samples before and after functionalization with 1b (i.e.
MoS.-pyrene 2b hybrid material) as depicted in Figure 14. Before functionalization, the S 2p
signal shows a superposition of the conventional semiconducting MoS: signal, the split peak pair
at 163.4 and 162.2 eV, with a second pair of peaks at 163.1 and 161.9 eV, typically associated
with “vacancy” or damaged material,® which it was asocciated here with the unsaturated sulfur
edges. After functionalization, these additional peaks were removed as the edges all become
fully sulfur saturated. At the same time, there was very little change in the Mo 3d signal.
Notably, the XPS signal showed no secondary peaks corresponding to oxidized S and Mo
proving the high purity of functionalized MoSz-pyrene 2b hybrid material. The same was also

confirmed by the EELS measurements (cf. Figure 12c).
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Figure 14. XPS (a, b) S 2p and (c, d) Mo 3d signal from (a, c) exfoliated semiconducting MoS>
and (b, d) functionalized MoSz-pyrene 2b hybrid material. Components in maroon show the

presence of MoSz, while in grey are due to vacancies or damaged material.

The UV-Vis spectrum for 2a in DMF exhibits the characteristic features due to the
semiconducting polytype of MoS,. Discernible are the excitonic transitions at 400, 500, 630 and
690 nm (Figure 15a), justifying the semiconducting nature of the functionalized MoS»-based
species.>® For the pyrene modified MoS;-based nanohybrid 2b, additional bands directly derived
from the optical absorption of the pyrene are identified at 315, 330 and 345 nm (Figure 15b),
hence, directly implying the success of the functionalization reaction. Overall, the UV-Vis
spectrum of MoSz-pyrene nanohybrid 2b is a simple superimposition of the spectra owed to the
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semiconducting polytype of MoS; and to the pyrene derivative 1b, implying the absence of

appreciable electronic interactions between the two species in the ground state.
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Figure 15. UV-Vis absorption spectra of (A) exfoliated MoSz and (B) MoSz-pyrene hybrid 2
(black) as compared with pyrene 1b.

On the other hand, at the excited states, strong electronic communication between MoS; and
pyrene within 2b was identified. More precisely, based on steady-state photoluminescence
assays, the characteristic emission bands of pyrene in 1b, located at 376, 396 and 418 nm upon
photoexcitation at 340 nm, were quenched in 2b (Figure 16a), for samples possessing equal
absorptions at the excitation wavelength. Notably, a blank sample prepared by mixing exfoliated
MoS with pyrene derivative 1b failed to show photoluminescence quenching of the pyrene
emission (Figure 16b). Hence, intrahybrid transduction of electron and/or energy from the pyrene
singlet excited state to MoS; for 2b occurs, implying that MoS: acts as electron/energy acceptor.
Moving further, based on the time-correlated-single-photon-counting method, the fluorescence
lifetime profiles for 1b were obtained and analyzed. The evaluation of the time profile of the
fluorescence decay at 396 nm for the singlet-excited state of free pyrene in 1b was
monoexponentially fitted with a lifetime of 3.79 ns. Conversely, two decay components in MoS;-
based nanohybrid 2b were identified. Biexponential fitting for the fluorescence decay gives rise

to a slower component with 5.01 ns, attributed to non-interacting pyrene and a faster one with
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280 ps, corresponding to the fluorescence quenching of the emission intensity of the singlet
excited state of pyrene in MoS,-pyrene 2b. Then, based on equation (1) the quenching rate
constant k® for the singlet excited state of pyrene in MoSz-pyrene 2b was evaluated as 3.3x10° s
!, Furthermore, by employing the equation (2), the quantum yield &% for 2b was determined to
be 0.85.

(1) K4 = (Lr)-(Lo)
(2) @ = [(Ur)-(Lo) [/ (L)

where 1r refers to the lifetime of the fast-decaying component in 2b, and 1, refers to the lifetime

of free pyrene in 1b.
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Figure 16. Photoluminescence spectra (excitation at 340 nm) for (a) 1,2-dithiolane-based pyrene
derivative 1b (red) as compared with functionalized MoSz-pyrene 2b hybrid material (black) and
(a) dithiolane-based pyrene derivative 1b (red) as compared with blank samples prepared upon

mixing with functionalized MoSz-pyrene nanohybrid 2b (black), obtained in DMF.
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4.3 EXPERIMENTAL SECTION
4.3.1 Materials

Instrumentation. 'H and®C NMR spectra were recorded in a 300 MHz Varian instrument
operated by Vjnmr software, with TMS used as internal standard and D20 as solvent. Steady-
state UV-Vis electronic absorption spectra were recorded on a PerkinElmer (Lambda 19) UV-
Vis-NIR spectrophotometer. Steady-state emission spectra were recorded on a Fluorolog-3
JobinYvon-Spex spectrofluorometer (model GL3-21). Pico-second time-resolved fluorescence
spectra were measured by the time-correlated-single-photon-counting (TCSPC) method on a
Nano-Log spectrofluorometer (Horiba JobinYvon), by using a laser diode as an excitation source
(NanoLED, 375 nm) and a UV-Vis detector TBX-PMT series (250-850 nm) by Horiba
JobinYvon. Lifetimes were evaluated with the DAS6 Fluorescence-Decay Analysis Software.
Mid-infrared spectra in the region 500—4500 cm™ were obtained on a Fourier transform IR
spectrometer (Equinox 55 from Bruker Optics) equipped with a single reflection diamond ATR
accessory (DuraSamplIR 1l by SensIR Technologies). A drop of the solution was placed on the
diamond surface, followed by evaporation of the solvent, in a stream of nitrogen, before
recording the spectrum. Typically, 100 scans were acquired at 2 cm™! resolution. Micro-Raman
scattering measurements were performed at room temperature in the backscattering geometry
using a RENISHAW inVia Raman microscope equipped with a CCD camera and a Leica
microscope. A 2400 lines mm™* grating was used for all measurements, providing a spectral
resolution of + 1 cm™. As an excitation source the Ar* laser (633 nm with less than 2.65 mw
laser power) was used. Measurements were taken with 60 seconds of exposure times at varying
numbers of accumulations. The laser spot was focused on the sample surface using a long
working distance 50x objective. Raman spectra were collected on numerous spots on the sample
and recorded with Peltier cooled CCD camera. The intensity ratio ID/IG was obtained by taking
the peak intensities following any baseline corrections. The data were collected and analyzed
with Renishaw Wire and Origin software. Thermogravimetric analysis was performed using a
TGA Q500 V20.2 Build 27 instrument by TA in a nitrogen (purity >99.999%) inert atmosphere.
X-ray photoelectron analysis (XPS) was performed with a Kratos AXIS Supra. The spectra were
obtained using a monochromatized Al-Ka source at 1486.6 ¢V running at 15 kV and 10 mA.

The survey spectrum was measured at 160 eV pass energy and for the individual peak regions,
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spectra were recorded with pass energy of 20 eV. The energy resolution was < 0.48 eV. The
analysis of peaks was performed with the Casa XPS software, using a weighted sum of
Lorentzian and Gaussian components curves after Shirley background subtraction. The binding
energies were referenced to the internal C1s standard at 284.6 eV. High-resolution tranmission
electron microscopy (HRTEM) was performed on an aberration-corrected (image corrector) FEI
Titan Cube microscope, working at 80 keV. STEM imaging and EELS studies have been
conducted using an aberration-corrected FEI Titan Low-Base microscope operated at 80 kV.
This microscope is equipped with a Cs probe corrector and a Gatan Tridiem ESR 865 EELS
spectrometer. The energy resolution was ~1 eV. The convergence and collection angles were 25
and 50 mrad, respectively. To increase the signal/noise ratio, the datasets were then de-noised

with the open-source program Hyperspy by using principal component analysis routines.
4.3.2 Synthesis

General procedure for the synthesis of 1,2-dithiolanes 1a and 1b. In a round bottom flask, a-
lipoic acid (1.6 mmol), tert-butyl-(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (2.00 mmol,
1.25 equiv.) for 1a or 1-pyrenebutanol (1.6 mmol, 1 equiv.) for 1b, EDCI (4.8 mmol, 3 equiv.)
and DMAP (4.8 mmol, 3 equiv.) were added in dry dicloromethane (100 mL). The reaction
mixture was stirred under nitrogen at room temperature for 18 hours. Then, the organic phase
was extracted with H,O (5 x 100 mL), dried over MgSOs and purified by column
chromatography (petroleum ether/ethyl acetate 50%). Yield ~ 80%. Spectroscopic data for la:
'H NMR (300 MHz, CDCls) &: 6.07 (s, 1H), 5.01 (s, 1H), 3.58 (m, 8H), 3.44 (d, J = 4.6 Hz, 2H),
3.30 (s, 2H), 3.11 (m, 2H), 2.44 (m, 1H), 2.18 (t, J = 7.3 Hz, 3H), 1.89 (m, 1H), 1.66 (s, 4H),
1.43 (s, 9H); 3C NMR (75 MHz, CDCls) §: 172.80 (1C), 155.97 (1C), 79.31 (1C), 70.24 (1C),
70.15 (1C), 56.40 (1C), 40.32 (1C), 40.19 (1C), 39.14 (2C), 38.42 (1C), 36.20 (1C), 34.61 (2C),
28.86 (1C), 28.39 (3C), 25.37 (1C) (Figure 17 a, c). Spectroscopic data for 1b: *H NMR (300
MHz, CDClz) &: 8.17 (d, J = 9.3 Hz, 1H), 7.97 (m, 7H), 7.77 (d, J = 7.8 Hz, 1H), 4.06 (t, J = 6.4
Hz, 2H), 3.39 (m, 1H), 3.28 (t, J = 7.5 Hz, 2H), 2.98 (m, 2H), 2.23 (m, 3H), 1.77 (m, 5H), 1.51
(m, 4H), 1.32 (m, 2H). 3C NMR (75 MHz, CDCl3) &: 173.54, 136.31, 131.42, 130.87, 129.86,
128.59, 127.49, 127.27, 127.22, 126.64, 125.83, 125.09, 125.01, 124.90, 124.81, 124.72, 123.27,
64.18, 56.30, 40.15, 38.44, 34.54, 34.10, 33.04, 28.73, 28.66, 28.13, 24.71 (Figure 17 b, d).
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Figure 17. 'H (a, b) and *C (c, d) NMR spectra.

General procedure for the preparation of functionalized MoS2-based nanohybrids. In a
round bottom flask, exfoliated MoS> (20 mg) and 1,2-dithiolane derivative (1a or 1b; 10 mg) in
DMF (10 mL) were stirred at 70 °C for 36 hours. After that period, the reaction mixture was
filtered through a PTFE membrane (0.1 mm pore size), the solid residue was extensively washed
with DMF and dichloromethane and then collected as a dispersion in dichloromethane. In order
to deprotect the BOC group, 5 mg of the material 2a were redisperse in dichloromethane and
treated with gaseous HCI. The reaction mixture was left under stirring for 12 hours and then

filtered through a PTFE membrane (0.2 um pore size) to yield 2c.

Sonochemical degradation of NMP. Experiments were performed with a Sonics Vibra-Cell
VCX130 ultrasonic probe employing 20 mL of NMP, which was sonicated for 1 hour at 75%
amplitude (~30 W power output), to produce the sample designated as sonicated NMP. For the
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liquid-exfoliated MoS, samples, bulk MoS, powder was added to 20 mL of NMP at an initial
concentration of 25 mg/mL. The supernatant was then discarded and the sediment was
redispersed into another 20 mL of NMP. This was then sonicated for 1 hour at 50% amplitude
with a pulse of 6 s on and 2 s off. The sample was then centrifuged for 1 hour at 2000 g, the
sediment was discarded and the supernatant was collected. After the final centrifugation, all
samples were left to stand overnight before characterisation. For the non-degraded samples, as-
received NMP was used throughout the process. For the degraded samples, sonicated NMP was
used throughout the process.

4.4 CONCLUSION

In this chapter we showed that covalent functionalization of exfoliated MoS; with 1,2-dithiolanes
occurs preferentially at the sheet edges, with functionalization likely progressing via
physisorption to the basal plane followed by migration and chemisorption to the edge. The
presence of the 1,2-dithiolane end-group in our attaching species facilitates incorporation at the
available edge sites. This is mediated through easy variation in sulfur saturation (50-100%) along
the edge sites. Preferential edge reactivity is highly reminiscent of the chemistry of non-
exfoliated MoS», known for its strong catalytic capability, and suggests that other bulk MoS:
functionalization and treatment strategies may be transferable to the 2D system. Furthermore, the
photophysical properties of the hybrid material 2b featuring charge-transfer interactions were

scrutinized revealing potentiality for managing energy conversion schemes.

In addition, we demonstrated that NMP can not be used as solvent in any spectroscopic study of
TMDs because it is susceptible to degradation under sonochemical treatment or with ageing
under ambient conditions. Both, ambient and sonochemical degradation result in chemically
similar products, which give rise to strong visible photoluminescence of the NMP, masking any
photochemical assays.
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CHAPTER S
Covalently incorporated photoactive units onto

transition metal dichalcogenides

ABSTRACT

Exfoliated semiconducting MoS, and WS, were covalently functionalized with 1,2-dithiolane-
modified carbon nanodots (CNDs). The newly synthesized CND-MoS, and CND-WS; hybrids
were characterized by spectroscopic, thermal and electron microscopy imaging methods. Based
on electronic absorption and fluorescence emission spectroscopy, modulation of the
optoelectronic properties of TMDs by interfacing with CNDs was accomplished.
Electrochemical studies revealed facile oxidation of MoS> over WS; in the examined hybrids,
suggesting it to be better electron donor. Excited state events, investigated by femtosecond
transient absorption spectroscopic studies, revealed ultrafast energy transfer from photoexcited
CNDs to both MoS; and WSo. Interestingly, upon MoS> photoexcitation charge transfer from an
exciton dissociation path of MoS; to CNDs, within CND-MoS;, was observed. However, such
process in CND-WS; was found to be absent due to energetic reasons. The present study
highlights the importance of TMD-derived donor-acceptor hybrids in light energy harvesting and
optoelectronic applications. Furthermore, the fundamental information obtained from the current
results will benefit design strategies and impact the development of additional TMD-based

hybrid materials to efficiently manage and perform in electron-transfer processes.

Furthermore, covalently modified MoS; and WS, with porphyrin moieties were prepared and
fully characterized. Efficient photoluminescent quenching of the porphyrin’s emission by MoS>
and WS> was identified, implying the existence of effective deactivation of the singlet excited

state of porphyrin via charge/energy transfer to MoS2 and WS; in the corresponding hybrids.

Finally, zinc phthalocyanine (ZnPc) carrying an 1,2-dithiolane oxide linker was employed to
functionalize MoS; at defected sites located at the edges. The structure of ZnPc-MoS> was fully
assessed by complementary spectroscopic, thermal and microscopy imaging techniques.
Markedly, evidence of charge or energy transfer in the hybrid was demonstrated using time-

resolved photoluminescence spectroscopic assays.
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5.1 INTRODUCTION

Transition metal dichalcogenides (TMDs) consist of an atomic thick layer of transition metals
sandwiched by two atomic layers of chalcogens. The atoms within discrete layers of TMDs are
covalently connected, whereas adjoining layers interact each other via multiple van der Waals
forces.! Although the crystal structure of TMDs can greatly vary, depending on the number of
the d-electrons of the transition metal, the most commonly observed polytypes are those with
trigonal prismatic D3y symmetry possessing semiconducting properties and with octahedral On
coordination which conversely show metallic behavior.? Furthermore, the presence of tunable
band gap in TMDs and their layered-dependent optoelectronic properties give them high
prospect for technological applications.® Nonetheless, managing and controlling the electronic
properties of semiconducting TMDs, which are governed by excitonic transitions, is mandatory
for their realization as prototype devices in energy-related applications such as solar cells,
photodetectors and photo-catalysis. To this end, among other sophisticated and complicated
processes employed in nano-sized semiconducting materials, a facile yet straightforward
approach to gain precise control over the optoelectronic properties is by decorating the surface of
TMDs with photo- and/or electro-active species* and tuning the charge-carrier density.>

Covalent functionalization unlocks the potentiality of TMDs by opening new opportunities and
broadening the spectrum of applications.® The starting point, prior of applying chemical means to
modify the structure of TMDs, is to efficiently exfoliate oligo-layered nano-sheets, leading to the
formation of stable colloidal dispersions. The most widely employed exfoliation strategies for
TMDs are based on treatment of the bulk material with butyl lithium under inert conditions,
giving access to the metastable metallic polytype, which can be converted to the semiconducting
one by annealing,” and chlorosulfonic acid, yielding TMDs with semiconducting properties.®
Based on such exfoliated TMDs, routes for the covalent bonding and/or coordination of organic
species have been explored targeting either the basal plane or the edges of TMDs. Despite that
the basal plane of TMDs is highly inert, because chalcogen atoms are saturated, while metal
atoms are not easily accessible for functionalization, since they are embedded beneath the
chalcogen layer, organic addends were anchored via reactions with organoiodides and aryl
diazonium salts.® In addition, organometallic complexes with TMDs!® were also formed.
Conversely, exploiting sulfur vacant/defect sites existing at the edges and the high binding

affinity of molybdenum for 1,2-dithiolanes, the functionalization of exfoliated semiconducting
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MoS; with 1,2-dithiolane derivatives was accomplished.!* However, interfacing TMDs with
photoactive species via robust covalent bonding toward the development of advanced hybrid
materials has yet to be fully matured. Veritably, the development of such hybrids deserves
investigation, especially in the context of their ability to function as donor-acceptor systems upon

photo-illumination.

Carbon nano-dots (CNDs) are recognized as promising materials for energy conversion
schemes.!? In general, CNDs are photo-chemically stable,™® and possess size in the order of 1-10
nm.!* The CNDs are abundantly prepared by economic, facile and environmental benign routes,
mainly involving poly-condensation reactions of small organic molecules at medium or elevated
temperatures under hydrothermal or microwave irradiation conditions.®® Notably, depending on
the precursors employed for the synthesis, the periphery of the surface of CNDs can be decorated
with diverse functional units, which can serve as anchors to conjugate other species en route the
preparation of functional hybrid nanomaterials. For example, CNDs have already been
covalently conjugated with carbon nanotubes,'® porphyrins!’ and extended tetrathiafulvalene
(exTTF)!® and found to participate in photo-induced charge-transfer processes. Among the
marked characteristics of CNDs are the broad and tunable absorption in the visible region and
the intrinsic photoluminescence,*® while interestingly, CNDs can act as either electron donors or
acceptors, owed to their bivalent redox character.?° This is to say that upon photo-irradiation,
CNDs donate electrons when assembled with carbon nanotubes or perylenediimides,'® 2! and
accept electrons upon interaction with porphyrins and exTTF.17:18.22

Next, porphyrins have an 18m-electron aromatic structure, absorb efficiently light in the visible
region with high molar absorbance coefficients and relatively high quantum yield. Such
compounds are also photo-chemically stable and possess redox potentials and photo-physical
properties that can be easily tuned by altering the metal center of the macrocycle or through
modification of the peripheral substituents.?® Therefore, porphyrins are quite attractive materials
for participating in charge-transfer processing as electron donors. Without surprise, a plethora of
supramolecularly and covalently associated porphyrins with graphene, the direct all-carbon two-
dimensional analogue of TMDs, have been reported.?* Similar to porphyrins, phthalocyanines
also are electron donor structures which have been employed as active components in variety of

nano-carbon materials such as graphene,? 26 and fullerenes?’. The major characteristic feature of
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phthalocyanines is the intense absorption in the near-IR region, which is beneficial when donor-

acceptor hybrids for managing charge-transfer processes are considered.?

Functionalization of TMDs with CNDs, porphyrins and phthalocyanines is of high interest en
route the development of novel hybrid nanomaterials for energy conversion. Specifically, herein
we present the conjugation of modified CNDs, porphyrin and Zn-phthalocyanine species,
featuring 1,2-dithiolane moieties, at the edges of exfoliated semiconducting MoS, and WS,.
Moreover, the comprehensive characterization together with the assessment of the photo-
physical and electrochemical properties of the aforementioned TMD-based hybrid materials is

presented.

Starting with CNDs, the modulation and engineering of the optoelectronic properties of
photoexcited TMDs was accomplished. The newly prepared CND-MoS; and CND-WS; hybrid
materials were fully characterized by complementary spectroscopic, thermal and electron
microscopy imaging means, undoubtfully verifying the structures derived by the
functionalization process. The optical and redox properties of CND-MoS; and CND-WS; were
probed by electronic absorption, fluorescence emission spectroscopy and electrochemistry,
respectively, revealing the existence of excited state intra-hybrid electronic interactions between
the two species, while also showing that MoS2 was a better electron donor compared to WSo.
Furthermore, with the aid of femtosecond transient spectroscopy, by exciting the TMD part
within the hybrid materials, strong electronic interactions between the two species leading to
photo-induced charge-separation only within CND-MoS: but not for CND-WS; were identified.
In addition, upon excitation of CNDs in CND-TMDs ultrafast energy transfer from excited
CNDs to both MoS; and WS> was identified.

Similarly, the porphyrin-MoS2, porphyrin-WS; and Zn-phthalocyanine-MoS; materials were
comprehensively characterized by spectroscopic, thermal and microscopy means. Moreover,
electronic interactions between porphyrin and Zn-phthalocyanine with MoS; and WS,, upon
photoexcitation, were identified. The fundamental information obtained from the current study
will impact the development of additional TMD-based hybrid materials to efficiently manage
and perform in electron-transfer processes aiming to photovoltaic and solar energy related

applications.

[125]



5.2 RESULTS AND DISCUSSION

Firstly, the properties and structure of CNDs were studied. CNDs 1 were prepared at room
temperature,  exploiting  carbodiimide  chemistry.  The  coupling agent  N,N'-
diisopropylcarbodiimide was employed to selectively catalyze the condensation of citric acid
(CA) and ethylenediamine (EDA) (1:1 molar ratio) at room temperature (See experimental

section) affording 1 as product of the reaction.

OH

N N OH
2

ZI

coupling agent 25°C

H ~o

OH

Iz

CNDs 1

Figure 1. (a) Reaction of CA with EDA to produce CNDs 1.

The optical properties of CNDs 1 were studied by UV-Vis spectroscopy (Figure 2a), steady state
photoluminescence spectroscopy (Figure 2b) and time-resolved photoluminescence
spectroscopy. An absorption band at 350 nm appears in the UV-Vis spectrum of 1, which is
directly related to the photoluminescence emission at 445 nm. The optical properties of CNDs 1
are very similar to those obtained from different amine and carboxylic acid precursors, as

reported in the literature,12® 142 16, 17,29
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Figure 2. (a) UV-Vis, and (b) excitation (black) and emission (red) spectra of CNDs 1.
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In the IR spectrum of CNDs 1 (Figure 3a) the typical C=0 stretching mode of the carboxylic
group splits in two bands. The band at 1710 cm™ reflects the carboxylic acid involved in H-bond,
while the band at 1780 cm™ is the free form. The former exhibits a significantly higher intensity
than the latter one. This indicates that almost all of the carboxylic groups are involved in H-
bonds. The amide vibrational modes | and 1l are found at 1653 and 1560 cm™, respectively.
Their shifted position is comparable to the peptide bond vibrational modes and reflects the amide
participation in H-bonds that increases the rigidity of the polymer.*® More features, such as O-H
and N-H stretching, are observed at 3500-2900 cm™ and C-O and C-N stretching at 1438, 1402,
1341 cm™. Therefore, IR spectroscopy reveals that the structure of CNDs 1 encompasses a high
involvement of H-bonds and ionic supramolecular interactions that contribute to enhance the

rigidity of the system.

'H NMR assays of the CNDs in D20 allowed gathering significant information about the
chemical structure and connectivity of the material (Figure 3b). Based on these NMR results, the
chemical structure of CNDs 1 is unambiguously identified as a non-conjugated polymer
consisting of the condensation product between CA and EDA. Furthermore, NMR spectroscopy
provided valuable information regarding the conformation of the polymeric carbon dots. In the
H NMR spectra, the sharp line-shape of the peaks (singlets and triplets) strongly suggests a
compact and static structure, in fast motion with respect to the time of response of the technique.
The high density of sharp signals is related to the variety of static chemical environments that
surrounds these protons and can be explained with the presence of various chain isomers of the
repetitive unit that coexist in the polymer, as well as with the existence of different ionized
forms. These data highlight the branched and rigid conformation of the polymeric CNDs.
Conclusively CNDs possess a polyamide structure and their optical properties are due to their
rigidity, while there was not identified any conjugated n-rt system within CNDs 1.
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Figure 3. (a) IR, and (b) *H NMR spectra of CNDs 1.

Condensation reaction of CNDs 1 with butylamine enhances the lipophilicity of the material, by
introducing plethora of butyl units. Next, lipoic acid, activated by (3-dimethylaminopropyl)-N’'-
ethylcarbodiimide, was condensed with 1 vyielding modified CNDs 2. Spectroscopic
characterization of 2 by 'H NMR shows the methylene protons of citric acid and
ethylenediamine structural components (4.0-2.3 ppm) and butyl units (1.6-0.7 ppm), while new
signals between 2.6-1.5 ppm, corresponding to the incorporation of the 1,2-dithiolane moiety in
2 (Figure 4a) were identified. In addition, in the IR spectrum of 2, the intensity of the band due to
the stretching of the amide unit (C=0) at 1685 cm™ was enhanced as compared to the
corresponding band present in 1 (Figure 4b). Further proof for the successful modification of
CNDs was delivered by the Kaiser test, where the amount of free amines on CNDs 2 was found
significantly decreased as compared to the corresponding value calculated in CNDs 1, from 1810

pmol/g for the latter to 72 umol/g for the former.
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Figure 4. (2) *H NMR spectrum, and b) ATR-IR spectra for as-produced CNDs 1, butylamine
modified (blue), and lipoic acid modified CNDs 2 (red).

In parallel, bulk MoS; and WS, were wet exfoliated by chlorosulfonic acid,® and following the
functionalization methodology for TMDs with 1,2-dithiolanes,!! the conjugation of modified
CNDs 2 was accomplished, furnishing CND-MoS; 3 and CND-WS; 4 according to Figure 5.

Ext. MoS, /WS,
—_—

Yo

CNDs 2 (

CND-MoS, 3 . | CND-ws, 4

Figure 5. Illlustrative preparation of CND-MoS: 3 and CND-WS: 4 upon covalent 1,2-dithiolane

functionalization of exfoliated semiconducting MoS; and WS> nanosheets.
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The newly derived hybrid materials were found to be soluble in polar solvents such as
dimethylformamide (DMF), o-dichlorobenzene, and methanol, while they remained insoluble in
less polar and apolar solvents such as dichloromethane, toluene, and hexane. In fact, 3 and 4
showed the highest solubility in DMF, with the corresponding registered values being 0.48 and
0.44 mg/mL, respectively. Notably, the stability of 3 and 4 in DMF was high, evidenced by the

absence of precipitated material even after a period of a few months.

Next, complementary characterization of CND-MoS; 3 and CND-WS; 4 by IR and Raman
spectroscopy, thermogravimetric analysis (TGA) and transmission electron microscopy (TEM)
imaging was performed. The presence of characteristic bands at 1640 and 1550 cm™, related with
stretching and bending modes of carbonyl amide vibrations were evident in the ATR-IR spectra
of 3 and 4 (Figure 6). In addition, C-H stretching vibrations at 2960 and 2915 cm™ due to the

alkyl chain of 1,2-dithiolane were present.

N
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Figure 6. ATR-IR spectra of 3 (black) and 4 (grey).

Transmittance (a. u.)

Comparing Raman spectra of exfoliated MoS, and 3, obtained upon excitation under on-
resonance conditions at 633 nm and normalized at the Ay mode at 404 cm™, it was found that
the intensity of the 2LA(M) band associated to disorder and defects® and located at 447 cm™
was found decreased in 4 as compared to that owed to exfoliated MoS; (Figure 7a).3? The latter
comes as a result of the reduced number of S defects due to edge functionalization of Mo0S2.%
Moreover, the absence of the characteristic phonon modes of metallic polytype MoS: so-called

J1, J2 and Js at 150, 225 and 325 cm?, respectively,®* ascertained the semiconducting behavior of
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MoS: in the hybrid material 3. Regarding hybrid material 4, bands due to 2LA(M), E'24, and Ay,
upon on-resonance excitation at 514 nm, were evident at 350, 354 and 419 cm, with the
intensity of the 2LA(M) mode decreased by 20% as compared to that due to exfoliated WS>
(Figure 7b). Furthermore, for both 3 and 4, the Aig and E*>g modes found red-shifted by 1-2 cm™
as compared to the values registered for exfoliated MoS, and WS, respectively. The latter is
attributed to intra-hybrid charge-transfer phenomena developed between CNDs 2 and the TMDs,
in accordance with literature reports.® Since 2 is highly fluorescent, weak and broad Raman
bands attributed to —-NC=0, C=0 and C-H units were observed for both 3 and 4 only upon
excitation at 1064 nm (Figure 7c-d).
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Figure 7. Raman spectra normalized at Aig mode for (a) exfoliated MoS: (blue) and 3 (black) at
dexc 633 nm, and (b) exfoliated WS> (blue) and 4 (grey) at Aexc 514 nm. (c, d) Raman spectra at
Aexc 1064 nm for CNDs 2 (red) and 3 (blue), and CNDs 2 (red) and 4 (grey), respectively.
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The loading of CNDs onto MoS; and WS, in hybrid materials 3 and 4, respectively, was
evaluated by TGA (Figure 8). The modified CNDs 2 bearing 1,2-dithiolane units were thermally
stable up to 200 °C under nitrogen atmosphere, while a 65% of mass loss was identified at the
temperature range 200-500 °C. Since MoS; and WS; are thermally stable in that temperature
range, the observed mass loss for 3 and 4, 7.5% and 3.0% respectively, is related to the
decomposition of modified CNDs present in the two hybrids. Although this is a relatively small
mass loss, it is consistent with the edge functionalization of the limited S vacant sites of MoS>
and WS,.

100+

) ———
200 300 400 500 600 700 800

Temperature (°C)
Figure 8. Thermographs for 2 (red), exfoliated MoS> (dotted black), exfoliated WS, (dotted

gray), 3 (black), and 4 (grey), obtained under inert atmosphere.

The hybrids 3 and 4 were morphologically imaged by HR-TEM. A few drops of a dispersion of
the materials in hexane were deposited on the TEM grid and imaged after the solvent was
evaporated. Extensive imaging of several different areas and flakes of 3 and 4 revealed that the
size of MoS; and WS is in the order of few hundred nanometers, e.g. around 200-400 nm.
Although mostly oligolayered flakes were observed, most likely due to restacking of the TMDs
during the drying process of the sample after depositing it on the TEM grid, the presence of some
monolayered ones were also identified. In order to get better insight on 3 and 4, TEM studies
complemented with spatially-resolved electron energy loss spectroscopy (EELS) were
performed. Figures 9a and 9f show high angle annular dark field (HAADF) scanning TEM
(STEM) micrographs for 3 and 4, respectively. Based on the following spectroscopic/chemical

TEM analyses, the bright small objects, observed in these images, were assigned to CNDs
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covalently anchored on TMDs flakes. This is confirmed by energy dispersive X-ray spectroscopy
(EDS) analyses (Figures 9b, g) and EELS (Figures 9c-e and 9h-j, respectively). Figure 9c
displays an ADF micrograph of 3 and an EELS spectrum-image (SPIM) recorded in the red
marked rectangular area. Three EEL spectra were extracted in the highlighted square regions
(Figure 9e(i)-(iii)). The S-L.,3 and Mo-M edges are visible in the three spectra and correspond to
MoS,.% It is worth mentioning that no MoOx was observed highlighting the high quality and
purity of the materials. In addition, C was detected in specific areas, see the presence of the C-K
edge (Figure 9e(ii)-(iii)). This C-K edge, which is superposed to the Mo-Mo*’ edge, is associated
with the presence of 2 within the hybrid 3. The chemical C map obtained from the analysis of C-
K edge (Figure 9d) clearly supports this finding.%® Indeed, 2 is observed not only in the ADF-
STEM micrograph (Figure 9c) but also in this C-map (Figure 9d). Similar assays were performed
for 4 and from TEM analyses (Figures 9f-j) the presence of 2 attached on WS, was confirmed.
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Figure 9. Representative HRSTEM-ADF images for (a, d) 3, and (f, h) 4. (b, g) EDS on the
squared white areas in (a, f), respectively. In the red regions of (c, h) spectrum-images SR-EELS

were recorded. (d, i) Carbon elemental maps extracted from the integrated intensity of the C-K
edge of the two EELS spectra-image recorded in the red areas in (c, h). (e) Three spectra from
the sum of 9 (3x3) EELS extracted from the marked areas of the EELS SPIM of (c). The C-K
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edge (~284 eV) is observed in (ii) and (iii) superposed with the Mo-M edge. The S-L>3and Mo-
M edge of MoS: are visible in the 3 spectra ((i)-(iii)). (j) Similar analysis for 3 as in (e). Three
spectra from the sum of 16 (4x4) EELS extracted from the EELS SPIM of (h), showing the S-
Loz and C-K (in this case only in (ii) and (iii)) edges.

Focusing on the optical properties of 3 and 4, electronic absorption and fluorescence assays were
conducted. In more detail, characteristic bands centered at 680, 620, 485, 400 nm, and 645, 535,
475, 420 nm, corresponding to semiconducting MoS, and WSy, respectively (Figure 10a) were
identified for hybrids 3 and 4, respectively. Unfortunately, the strong absorption features of 2
masked the broad band of modified 2, appearing at 370 nm, hence hampering to defer conclusive
statements regarding possible intra-hybrid electronic communication between the two species in
the ground state. Nevertheless, the situation is rather clear at the excited state, wherein the strong
emission of modified 2, centered at 470 nm upon excitation at 370 nm, was found blue-shifted by
30 nm, at 440 nm, and quantitatively quenched in both 3 and 4 (Figure 10b). The later postulates
the occurrence of an additional deactivation path for the singlet-excited state of 2, through an
energy or charge-transfer process. Next, analysis of the fluorescence emission decay profiles at
450 nm for the singlet excited state of CNDs upon excitation at 376 nm, gave a
monoexponentially fitted lifetime of 6.3 ns. However, the corresponding analysis for 3 and 4
resulted in a biexponential decay, with the identification of major faster components with 1.2 and
1.1 ns lifetime, corresponding to the quenching of singlet excited state of CNDs 2 in 3 and 4,
respectively.
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Figure 10. (a) Absorption and (b) emission spectra (Aexc 370 nm) of 3 (black), 4 (grey) and 2

(red), in DMF.

The electrochemical behavior of 3 and 4 was successively investigated in DMF (Figure 11). The
cyclic voltammogram (CV) of exfoliated MoS: revealed irreversible oxidations at Epa = -0.08
and 0.48 V and reductions at Epc = -1.20 and -1.69 V vs Fc/Fc*. In 3, the first oxidation wave
was too broad to pick the peak potential, while the second one was better defined with an Epa =
0.54 V. The two reductions were located at Epc = -1.48 and -2.20 V as a consequence of the
covalent functionalization. The CV of exfoliated WS, revealed irreversible oxidations at Epa =
0.23 and 0.44 V and reductions at Epc = -1.40 and -1.98 V. Upon covalent attachment of 2, the
oxidation waves broadened, making it difficult to identify the peak potential, while the reduction
was anodically shifted to Epc = -1.37 and -1.63 V. Importantly, both MoS, and WS, were found
to be electroactive and such property persisted upon chemical functionalization with 2. The facile
oxidation of MoS over WS, suggests it to be better electron donor. The CV of 2 revealed no

measurable electrochemical activity within the potential window.
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Figure 11. Cyclic voltammograms of (a) exfoliated MoS, (b) exfoliated WSo, (c) 3, and (d) 4 in
DMF containing 0.1 M of n-BusNCIO4 as electrolyte. Scan rate = 100 mV/s.

The excited state events were probed by femtosecond pump-probe transient absorption
spectroscopy in DMF, where dispersion of the hybrids was appreciable. The samples were
excited at 370 nm, corresponding mainly to the excitation of 2 and at 425 nm corresponding
mainly to the excitation of TMDs. In agreement with literature reports,®® immediately after 425
nm excitation of exfoliated MoS», three minima at 503, 637 and 696 nm due to excitonic
transitions as seen in the absorption spectrum, and two maxima at 595 and 663 nm corresponding
to induced absorption of B and A excitons, were observed (Figure 12a). During the first 10 ps, all
peaks experienced blue shift ascribed to cooling of hot excitons and/or inter-excitonic
interactions. In the case of exfoliated WS>, two minima at 545, and 652 nm (B and A excitons,
by comparison with the absorption spectrum) and two maxima at 516 and 617 nm were observed

(Figure 12b). The peak positions also experienced a small blue-shift of 2 nm within the first 10

ps.
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Figure 12. Femtosecond transient absorption spectra at the indicated delay times of exfoliated

(@ MoSz and (b) WS», in DMF at the excitation wavelength of 425 nm. The right-hand panel

shows intensity-wavelength maps.

Figure 13 shows the transient absorption spectra and intensity-wavelength maps of CNDs 2,
CND-MoS; 3 and CND-WS; 4 dispersions in DMF at Aexc 370 nm mainly exciting the 2. The
transient spectra of CNDs (Aexc 370 nm) revealed positive peaks at 460 and 590 nm (Figure 13a)
originating from transitions involving excited 2. The decay of these peaks was rather slow,
consistent with the longer fluorescence lifetime of 2 (6.3 ns). When exfoliated MoS; and WS;
were excited at 370 nm (Figure 13b, c), the spectra revealed features corresponding to these
materials, however, with much diminished peak intensities compared to that shown in Figure 12
at Aexc 425 nm. These observations suggest that at Aexc 370 nm, in addition to CNDs, both MoS>
and WS; also get excited to some extent. Interestingly, when 3 and 4 were excited at 370 nm, the
peaks corresponding to the excited 2 revealed rapid deactivation with simultaneous development
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of strong excitonic peaks of MoS, and WS, more so for 3 than that for 4 (Figure 13d-e). These
results indicate occurrence of energy transfer from singlet excited 2 to MoS; and WS; in the
hybrids. In both hybrids the excitation transfer was complete within 4-5 ps, indicating an
efficient process.
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Figure 13. Femtosecond transient absorption spectra at the indicated delay times of (a) 2, (b)
MoS; and (c) WS (d) 3, and (e) 4 in DMF (Aexc 370 nm). The right-hand panel shows intensity-

wavelength maps.

Next, the hybrids were excited at 425 nm, wherein majority of MoS, and WS; have absorbance.
The transient spectral features of 3 (Figure 14a) were distinctly different from that of exfoliated
MoS; (Figure 12a), especially with respect to the peak time profiles (see intensity-wavelength
maps). Figure 14a(iii) shows the time profile of the 688 nm peak of exfoliated MoS; and 3
corresponding to the excitonic peak at 688 nm. The recovery of the exciton peak was slow for 3
suggesting occurrence of excited state events from the excited MoS; to the covalently linked 2.
Earlier, a facile oxidation was observed for MoS> (Epa = -0.08 V) suggesting that it could act as
an electron donor generating charge separated state.® In such an event, charge transfer from a
dissociated excitonic state would be promoted to 2 conduction band, generating a charge
separated state. The hole in MoS> layer would recover slowly due to a charge recombination
process. On the other hand, transient spectra recorded for 4 (Figure 14b) were close to that of
unmodified WS, (Figure 12b). The time profiles of the 652 nm peak (Figure 14b(iii)) were

superimposable suggesting lack of major excited state events such as charge transfer from
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excited WS, to 2. This could be rationalized to the harder oxidation of WS, (Epa = 0.23) that

would dampen any charge transfer events due to energy considerations. Hence, no further

analysis was performed on this hybrid material 4.
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Figure 14. Femtosecond transient spectra of (a) 3, and (b) 4, in DMF (Aexc 425 nm). The right-
hand panels show (ii) intensity-wavelength map and (iii) an overlap time profile of the 688 nm of
3 (blue) and exfoliated MoS; (red) and 652 nm of 4 (blue) and exfoliated WS> (red).

Further, the transient data of exfoliated MoS, and hybrid material 3 were subjected to global
analysis for kinetic evaluations (Figure 15). Decay associated spectra of exfoliated MoS>
revealed three major components; the spectrum at 2.3 ps consists of positive peaks at the spectral
range, where excitonic peaks are expected. The spectrum at 1.1 ns had decay of positive
transients. The final component with over 3 ns related to only the excitonic signals with positive
shift relative to A exciton. Earlier, for the ultimate decay of the excitons, a lifetime of around 30
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ns was established.® Interestingly, for 3, at least 5 components were needed for satisfactory fit.
The component at 1 ps was too fast to be assigned to any excited state process as several ultrafast
processes such as vibrational cooling, solvent relaxation, etc. occur. The 4.2 and 1.3 ps
components had features of excitons in the growth and decay, respectively. The 246 ps
component had features in the 450-550 nm range, ascribed to trionic state that revealed faster
decay. The long-lived decay component had only the excitonic features similar to that observed
for unmodified MoS,. These results suggest that the charge separation occurs with a time

constant of about 250 ps in the hybrid 3.
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Figure 15. Decay associated spectra of (a) exfoliated MoS», and (b) 3 for the transient data

shown in Figure 14 and Figure 12,

Moving on the development of TMD-based hybrids with porphyrin and Zn-phthalocyanine, the
1,2-dithiolane-based porphyrin (H2P) 5 was initially synthesized by a condensation reaction
between o-lipoic acid and 5-(4-aminophenyl)-10,15,20-(triphenyl)porphyrin, and the product
was confirmed by NMR spectroscopy and mass spectrometry (see experimental section). Next,
based on the general functionalization protocol of exfoliated transition metal dichalcogenides
with 1,2-dithiolanes,® reaction of exfoliated MoS, and WS, with 5 yielded H.P-MoS, hybrid
material 6, and H2P -WS> hybrid material 7, respectively, according to Figure 16. Filtration of
the reaction mixture over a PTFE membrane (0.2 um pore size) followed by extensive washing
with dichloromethane, assured the removal of any non-covalently physisrobed porphyrin 5

species from the MoS, and WS, nano-sheets. The purified hybrid materials 6 and 7 showed better
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solubility in DMF, benzonitrile and isopropanol, while they were completely and completely insoluble in

dichloromethane and water.

H,P-MoS, 6

Figure 16. Reaction route for obtaining H2P-MoS; and H2P -WS> hybrid materials 6, and 7

respectively.

The successful covalent incorporation of 5 on MoSz and WSz was initially probed by vibrational
spectroscopic means. Attenuated total reflectance infra-red ATR-IR spectroscopy revealed for
hybrid materials 6 and 7 (Figure 17) the presence of (a) C-H stretching vibration modes due to
the alkyl chain that connects the porphyrin unit with the transition metal dichalcogenides at 2950
and 2848 cm, (b) amide carbonyl vibration at 1660-1652 cm™, and (c) the aromatic C=C
bending modes at 1590 cm™.
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Figure 17. ATR-IR spectra for 5 (red) and (a) H2P-MoS: hybrid material 6 (blue), and (b) HzP-
WS hybrid material 7 (purple).

Similar to CND-MoS; 3, Raman spectrum of H.P-MoS, 6 obtained by excitation at 633 nm
under on-resonance conditions for MoS, revealed characteristic modes for MoS; in the region
150-500 cm™. In more detail, Raman bands centered at 451, 403 and 379 cm™ (Figure 18a)
associated to the 2LA(M) due to disorder and defects, the out-of-plane vibrations of S atoms Aigq
and the in-plane vibrations of S and Mo atoms E'g modes, respectively. The location of El,q and
Ay, precisely their frequency difference calculated to be 24 cm™ which is directly related with
the thickness and number of layers of MoS;,3! showcasing the presence of few MoS; layers in
the hybrid material 6. Markedly, the intensity ratio of the modes 2LA(M)/A1q for 6 decreases by
around 60%, as compared to the corresponding one for exfoliated MoS2, proving that the amount
of sulfur vacancies was reduced. The latter is well understood by considering the MoS:
functionalization, as occurred by the grafting of 1,2-dithiolane moiety of 5, at the edges
possessing Mo atoms with S vacant sites. Along similar lines is the situation with the Raman
spectrum for the exfoliated WS> and the corresponding hybrid material 7. In brief, the Raman
spectrum of exfoliated WS, shows three bands, namely the 2LA(M) at 348 cm™, the Eyq at 353
cm™ and the Aiq at 419 cm™® (Figure 18b). In H2P-WS; hybrid material 7, a 10% of reduction in
the intensity ratio of 2LA(M)/A1g was observed (2.0 for 7 vs 1.8 for WSy), associated with the
functionalization of WS, with the 1,2-dithiolane-based porphyrin 5.
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Figure 18. (a) Raman spectra for exfoliated MoS> (gray) and H2P-MoS; hybrid material 6 (blue)
at 633. Inset: Raman spectra for HoP-MoS> hybrid material 6 (blue) and exfoliated MoS: (gray)
at 514 nm. (d) Raman spectra at 514 for exfoliated WS (gray) and H2P-WS; hybrid material 7

(purple).

Thermogravimetric analysis (TGA) delivered information related with the degree of
functionalization in 6 and 7. Since exfoliated MoS, and WS, were found to be thermally stable
under nitrogen atmosphere in the temperature region 100-800 °C, the mass loss observed in the
modified nano-sheets is directly related to the thermal decomposition of the organic addends.
Hence, the mass loss of 9% for 6 and 17 % for 7 (Figure 19a) occurred up to 520 °C is ascribed
to the porphyrin addend. Based on those mass losses, the loading of one porphyrin moiety per 54

and 20 units of MoS; and WS, respectively, was calculated.
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Figure 19. Thermographs for exfoliated MoS; (gray), exfoliated WS, (dot gray), H2P-MoS;
hybrid material 6 (blue) and H2P-WS; hybrid material 7 (purple).

The morphology of modified MoS; and WS, with porphyrin addends was imaged with the aid of
FE-SEM. Aggregations were observed in all materials (Figure 20a and b) most likely due to
sample preparation for imaging. Even though dispersions of 6 and 7 in dichloromethane were
drop-casted onto the sample-holder and imaged after the solvent evaporated, restacking of the
nano-sheets during the evaporation of solvent took place. Nevertheless, the size of the flakes can
be estimated to be few hundreds of nm, while the lattice of MoS> and WS> within 6 and 7 was

observed undamaged and free of visible defects.
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Figure 20. Representative FE-SEM images for (a) H2P-MoS; hybrid material 6, (b) H2P-WS;
hybrid material 7.

Next, focusing on the optical properties of the H:P-MoS; 6 and H2P-WS; 7, the electronic
absorption spectra were registered and compared with those derived from the free porphyrin 5. In
more detail, the UV-Vis absorption spectrum of 5 showed a sharp absorption at 418 nm owed to
the Soret or B band (n—n*), accompanied by small Q (n—n*) bands at 516, 550, 596 nm and
648 nm (Figure 21). The UV-Vis spectra for hybrid materials 6 and 7 represented basically a
superimposition of the spectra belonging to the individual components. The spectra 6 and 7 are
dominated by the characteristic Soret band at 418 nm, while also some bands due to MoS; (418,
625 and 686 nm) in 6 and due to WS> (474, and 642 nm) in 7 were discernable.
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Figure 21. Absorption spectra of (a) free porphyrin derivative 5 (red), H.P-MoS; hybrid material
6 (blue) and H2P-WS; hybrid material 7, in DMF.
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Next, electronic interactions at the excited state between porphyrin and MoS2 or WS> within
hybrid materials 6 and 7 were probed by fluorescence emission spectroscopy. Specifically, upon
excitation at the Soret band (i.e. 420 nm) of 5, strong fluorescence emission centered at 650 and
720 nm was observed. Photoexcitation of hybrids 6 and 7 at 420 nm resulted on significant
depression of the porphyrin’s photoluminescence as compared with that registered for 5, for
samples possessing equal absorption at the excitation wavelength (Figure 22). These findings
imply the existence of effective deactivation of the singlet-excited state of 5 via charge/energy
transfer to MoS> and WS> in hybrids 6 and 7, respectively. Exactly the same result, namely
quenching of photoluminescence, was obtained when the Q-bands of the porphyrin were excited
at 516, 550, 596 or 648 nm (Figure 22b-d). In addition, time-resolved photoluminescence assays
based on the time-correlated-single-photon-counting method were conducted to get further
insight on the electronic communication between the porphyrin and MoS; and WS; within
hybrids 6 and 7, respectively. The fluorescence decay profile for porphyrin 5 was
monoexponenetially fitted, showing a lifetime of 10.1 ns. Instead, hybrids 6 and 7 better fitted
with a biexponential equation, giving rise to both a faster lifetime of 2.2 and 1.8 ns, accompanied
for a slow of 9.7 and 8.6 ns, for 6 and 7, respectively. The fast processes are related with
transduction of charge/energy from the photoexcited porphyrin to MoS, and WS, while the
slower ones are attributed to free porphyrin. The quenching rate constant and quantum vyield of
the singlet excited state were calculated to be 1.41x10® and 1.43x10® s and 0.56 and 0.57, for 6
and 7, respectively. Further, both techniques are in agreement with the results, probing strong

electronic interactions between the two components, porphyrin and TMDs, at the excited states.

[146]



U
=n

Emission (a. u.)
Emission (a. u.)

600 650 700 750 800 6s0 700 750
Wavelength (nm) Wavelength (nm)
c d -
=S =
2 &1
g Z
ié - E
= o
650 700 750 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 22. Emission spectra of free porphyrin derivative 5 (red), H2P-MoS; hybrid material 6
(blue) and H2P-WS; hybrid material 7, at (a) Aexc 420 nm, and (b) Aexc 516 nm, (¢) Aexc 550 nNm,
(d) Xexc 595, obtained in DMF.

In the last part of the study, the functionalization of MoS> with Zn-phthalocyanine was
accomplished. Briefly, the synthetic route started with the condensation of zinc-metallated 4-
((4,17,24-tri-tert-butylphthalocyanine-9-yl)oxy)ethan-3-amine with a-lipoic acid, yielding zinc
phthalocyanine 8. The chemical structure of 8 was confirmed by NMR spectroscopy and mass
spectrometry (see experimental section). Reaction with MoS, in DMF at 70 °C for 96 hours
afforded ZnPc-MoS; hybrid material 9 (Figure 23). The hybrid material 9 was isolated in the

solid-state via filtration on a PTFE membrane filter (0.2 um pore size), followed by extensive
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washing with dichloromethane. The latter allowed to completely remove unreacted 8 as well as
soluble organic byproducts formed, confirmed by the absence of any UV-Vis bands in the

electronic absorption spectrum of the filtrate.
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Figure 23. Functionalization of exfoliated semiconducting MoS; with ZnPc derivative 8 yielding
ZnPc-MoS; hybrid material 9.

The first indirect proof for the success of functionalization and production of 9 was given by the
solubility enhancement achieved and the stability attained in wet media. Although exfoliated
MoS: is marginally soluble in DMF (ca. 0.4 mg/mL) and practically insoluble in other solvents,
the ZnPc-MoS; hybrid material 9 showed superior solubility in DMF (ca. 3.4 mg/mL), while
also dissolved in MeOH (ca. 0.7 mg/mL) and benzonitrile (ca. 0.8 mg/mL). In fact, those
solubility values refer to samples that remained stable even after a period of few weeks, without
observing any precipitation, contrasting the case of exfoliated MoS> which after a couple of days
in DMF significant precipitation was observed (Figure 24). The presence of tert-butyl units as
side groups in ZnPc is judged beneficial for improving solubility since they lay perpendicular to

the phthalocyanine core, keeping apart adjacent MoS; layers via steric repulsive forces.
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Figure 24. Digital images of soluble ZnPc-MoS; hybrid material 2 in DMF (ca. 1.4 mg/mL) as
compared with those of exfoliated MoS; in DMF. The presence of significant precipitation in the

latter is evidenced after 7 days.

The Raman spectrum of ZnPc-MoS: hybrid material 9, obtained by excitation at 633 nm under
on-resonance conditions for MoS, revealed not only characteristic modes for MoS; in the region
150-500 cm™ but also bands attributed to ZnPc derivative 8 at 1150-1600 cm™. In more detail,
Raman bands centered at 451, 403 and 379 cm™ (Figure 25) associated to the 2LA(M) due to
disorder and defects, the out-of-plane vibrations of S atoms Aq and the in-plane vibrations of S
and Mo atoms E',q modes, respectively. The location of E',q and Aug, precisely their frequency
difference calculated to be 24 cm™ is directly related with the thickness and number of layers of
MoS;,*! showcasing the presence of few MoS; layers in the hybrid material 9. Markedly, the
intensity ratio of the modes 2LA(M)/Aqg for 9 was found to be 0.5, decreased by around 60% as
compared to the corresponding one for exfoliated MoSz, proving that the amount of sulfur
vacancies was reduced. The latter is well understood by considering the MoS: functionalization,
as occurred by the grafting of 1,2-dithiolane moiety of ZnPc derivative 8, at the edges possessing
Mo atoms with S vacant sites. In addition, the Aig and E'2¢ bands for ZnPc-MoS; hybrid material
9 appeared red-shifted by 4 cm™ as compared with the ones due to exfoliated MoS; (ca. 402 and
377 cm, respectively), attributed to intrahybrid charge-transfer phenomena between ZnPc and
MoS,.%* Specifically, the latter red-shift of these phonon modes is directly associated with n-
doping of MoS;, as induced by electron donation from ZnPc within hybrid material 9. In addition
to the 2LA(M), A1q and Elzy modes, a lower frequency band at 178 cm™ is observed, which is
assigned as Aig-LA(M). It is also worth noticing the absence of the metallic MoS> polytype so-

called Ji, J» and J; bands at 150, 225 and 325 cm™, respectively,® therefore assuring that

[149]



semiconducting is the predominant phase of MoS: the hybrid material 9. Then, focusing in the
1150-1600 cm™ region of the Raman spectrum of 9, ZnPc showed signals at 1214 and 1279 cm™
related with the isoindole bending vibration, 1326 cm™ associated with the C-C stretching
vibration of the pyrrole groups, 1424 cm™ correlated with the C-N-C bridging mode and the
most intense peak at 1505 cm that correspond to the stretching vibration of the C-C band in the
pyrrole®® were evident. In fact, the 1214 and 1326 cm™ bands of ZnPc in hybrid material 9 were
found blue-shifted as compared with those due to intact ZnPc derivative 8 (i.e. 4 and 4 cm™,
respectively).
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Figure 25. a) Raman spectra (Aexc 633 nm) normalized at the Aig mode, and b) ATR-IR spectra
for exfoliated MoS; (black), ZnPc derivative 8 (blue) and ZnPc-MoS; hybrid material 9 (red).

Complementary to Raman spectroscopy characterization of 9, ATR-IR, thermogravimetric
analysis (TGA) and transmission electron microscopy (TEM) imaging was subsequently
performed. In the ATR-IR spectrum of ZnPc-MoS; hybrid material 9 is mainly governed by the
presence of aliphatic C-H stretching vibration bands at 2957, 2916 and 2866 cm™, stretching and
bending of the carbonyl amide at 1652 cm™ and the C-N at 1486 cm™ (Figure 26). All of those
bands are similarly present in the IR spectrum of ZnPc derivative 8, corroborating the loading of
MoS:; sheets with ZnPc units.
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Figure 26. ATR-IR spectra for exfoliated MoS; (black), ZnPc derivative 8 (blue) and ZnPc-
MoS: hybrid material 9 (red).

Information related with the degree of functionalization and the loading of ZnPc onto MoS:; in
the hybrid material 9 was delivered by TGA. The thermal stability of ZnPC-MoS; hybrid
material 9 in the temperature range 100-800 °C under inert atmosphere was assessed and
compared with the corresponding individual species, exfoliated MoS; and ZnPc derivative 8.
While exfoliated MoS; is practically thermally stable up to around 500 °C, above which starts to
decompose due to the presence of defects, losing 4.9 % up to 800 °C, ZnPc derivative 8
decomposes in the temperature range 200-530 °C, leaving behind 50 % due to Zn atom as well as
amorphous carbon residue. For the hybrid material 9, the 4.3% mass loss observed at 200-550 °C
(Figure 27) is related with the presence of ZnPc covalently anchored on MoS; and represents one
ZnPc per every 103 units of MoS». Considering the covalent attachment of 3,4-dithiolanes at
sulfur defected sites located at the edges of MoSy, the relatively low-loading of ZnPc was

expected.
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Figure 27. TGA of ZnPc derivative 8 (blue), exfoliated MoS; (black) and ZnPc-MoS2 9 (red).

A typical HR-TEM image for 2 is shown in Figure 2d. After imaging numerous flakes, the lateral
diameter of MoS: in exfoliated MoS> and hybrid material 2 is found to be around 100 nm on
average. TEM imaging shows that dark dots, highlighted for clarity by yellow arrows, are
localized at edges of MoS,, while the surface remains intact. In contrast to its surface, the edge of
MoS>, at which S vacant sites are concentrated, are more reactive in the functionalization with
the 1,2-dithiolane oxide moiety present in 1. According to the aforementioned reactivity, the dark
dots are attributed to Zn atoms of Pc.
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Figure 28. Representative TEM image of ZnPc-MoS; hybrid 9

The solubility achieved in ZnPc-MoS; hybrid 9 allows performing solution spectroscopic assays
and examine possible electronic interactions between the two species forming the hybrid
material. Initiating with UV-Vis absorption measurements, ZnPc derivative 8 possesses
characteristic absorption features, the Soret or B band (m—n*) at 351 nm and three Q bands
(n—7*) at 609 assigned to the stretching vibration of the macrocycle, 650 due to the dimers and
the strongest band at 675 nm related with the monomer, while for exfoliated MoS> the A and B
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excitonic transitions at 683 and 626 nm, respectively, followed by direct transitions from the
valence to the conduction band at 492 and 393 nm exist. Focusing in ZnPc-MoS; hybrid material
9, the major absorption due to ZnPc at around 680 nm masks the A excitonic band of MoS,,
while in reverse the B excitonic band of MoS: overshadows the ZnPc absorption centered at 609
nm (Figure 29). Although such overlapping effects do not allow to deliver robust and conclusive
statements about possible electronic interactions between ZnPc and MoS; within hybrid material

9 at the ground sate, amelioration of the absorption of MoS; in the NIR region.
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Figure 29. UV-Vis spectra of exfoliated MoS: (black), ZnPc derivative 8 (blue) and ZnPc-MoS;

hybrid material 9 (red), obtained in DMF.

Evaluating the electronic interactions at the excited states, upon excitation of 8 and 9 at 609 nm,
for samples possessing same optical concentration, an appreciable quenching of ZnPc emission
at 692 nm in 9 is observed (Figure 30a). The latter is in agreement with the corresponding
fluorescence lifetime profiles (Figure 30b). While 8 exhibited typical monoexponential decay of
2.7 ns associated with the S1 state, an additional three times faster lifetime decay was registered
for 9.
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Figure 30. a) Emission spectra (Aexc 609 nm), and b) fluorescence decay lifetime (Aexc 654 nm)
for ZnPc derivative 8 (blue) and ZnPc-MoS: hybrid material 9 (red), obtained in DMF.

5.3 EXPERIMENTAL SECTION

5.3.1 Materials

Citric acid anhydrous (>99.5%), tricarballylic acid (99%), ethylendiamine (99+%), N,N'-
diisopropylcarbodiimide (99%), nickel (Il) nitrate hexahydrate (98.5%), iron (II1) chloride
(97%), cobalt (II) nitrate hexahydrate (98%), zinc (II) chloride (>97%), magnesium (II) nitrate
hexahydrate (99%), calcium (1) chloride dihydrate (99%), copper (I1) nitrate hemi(pentahydrate)
(98%), lead (II) nitrate (>99%), mercurium (II) nitrate hydrate (98%), were used without further
purifications. Dialysis tubes with molecular weight cut-off (MWCO) 0.5-1 KDa were bought
from Spectrum Labs. The microwave-assisted reaction was performed in a CEM Discover SP
reactor employed in open-batch modality. Samples were prepared on silica substrates by drop
casting of diluite water solutions. Particle height distribution analysis was carried out by using
the Gwyddion software. Size exclusion chromatography was performed on a system composed
by: pump (lzasa Scientific), automatic injector (lzasa Scientific), PL aquagel column OH-mixed-
H (Agilent) and refractive index detector T-REX (Wyatt Technology). The mobile phase (0.1 M
sodium acetate) was flowed at 1ml/min at 35°C. For the calibration, PEO/PEG polymers were
used in the range of 1970-44400 g/mol. The samples were dissolved in the mobile phase at
concentration around 1mg/ml. The DLS measurements were recorded on a Malvern Nano
Zetasizer HT, on a 10 mm path-length plastic cuvette. Elemental analyses were performed in a

Thermo Flash EA 1112 instrument with ~3 mg of powder samples. Infrared absorption
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measurements were performed on powder samples pressed with KBr into pellets with a Bruker
Vertex 70 spectrometer. *H and **C NMR spectra were recorded in D20 solutions at 25 °C on a
Bruker AV500 spectrometer (8 in ppm and J in Hz) at a *H NMR operating frequency of 500.13
MHz. *H and *C NMR spectra were referenced using the solvent signal as an internal standard.
The assignment of the *H NMR signals and the corresponding **C NMR peaks was carried out
using standard H-*C edited-HSQC and 'H-*C HMBC (Juc = 8 Hz) 2D-experiments. The
determination of the diffusion coefficients D (m?%/s) was performed at controlled temperature
(300 K) in spinning solutions of the corresponding compounds in D20 (concentrations about 2
mM). The values of delta (6) and delta (A) were optimized for each sample. In the case of 6 the
values found were in the range 1.7-2.0 ms, while for A the optimized values ranged from 0.17-
0.20 s. X-ray photoelectron spectroscopy (XPS) measurements were taken with an ESCAPIus
spectrometer using a Mg anode (1253.5 eV) and a power of 225 W. XPS data analysis was
performed with casaXPS software. UV/Vis absorption spectra were recorded on a Shimadzu
UV-2401 PC spectrophotometer. Photoluminescence excitation and emission spectra were
recorded on a Horiba Jobin Yvon Fluoromax-P, slits of excitation and emission at 1 mm. All the
spectra were recorded at room temperature using 10 mm path-length quartz cuvette. Pico-second
time-resolved fluorescence spectra were measured by the time-correlated-single-photon-counting
(TCSPC) method on a Nano-Log spectrofluorometer (Horiba JobinYvon), by using a laser diode
as an excitation source (NanoLED, 375 nm) and a UV-Vis detector TBX-PMT series (250-850
nm) by Horiba JobinYvon. Lifetimes were evaluated with the DAS6 Fluorescence-Decay
Analysis Software. Mid-infrared spectra in the region 500-4500 cm™ were obtained on a Fourier
transform IR spectrometer (Equinox 55 from Bruker Optics) equipped with a single reflection
diamond ATR accessory (DuraSamplIR Il by SensIR Technologies). A drop of the solution was
placed on the diamond surface, followed by evaporation of the solvent, in a stream of nitrogen,
before recording the spectrum. Typically, 100 scans were acquired at 2 cm™ resolution. Micro-
Raman scattering measurements were performed at room temperature in the backscattering
geometry using a RENISHAW in Raman microscope equipped with a CCD camera and a Leica
microscope. A 2400 lines/mm grating was used for all measurements, providing a spectral
resolution of + 1 cm™. As an excitation source the Ar+ laser (633 nm with less than 2.65 mW
laser power and 514 nm with less than 0.91 mW laser power) was used. Measurements were

taken with 15 seconds of exposure times at varying numbers of accumulations. The laser spot
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was focused on the sample surface using a long working distance 50x objective. Raman spectra
were collected on numerous spots on the sample and recorded with Peltier cooled CCD camera.
The data were collected and analyzed with Renishaw Wire and Origin software.
Thermogravimetric analysis was performed using a TGA Q500 V20.2 Build 27 instrument by
TA in a nitrogen (purity >99.999%) inert atmosphere.

Electron microscopy imaging. STEM imaging and EELS studies were conducted using an
aberration-corrected FEI Titan Low-Base microscope operated at 80 kV. This microscope was
equipped with a Cs probe corrector and a Gatan Tridiem ESR 865 electron energy loss
spectroscopy (EELS) spectrometer. The energy resolution was ~1 eV. The convergence and
collection angles were 25 and 50 mrad, respectively. The EELS studies were conducted in STEM
mode, using the spectrum-line scan mode. To increase the signal/noise ratio of the EEL spectra,
the datasets were then de-noised with the open-source program Hyperspy by using principal

component analysis routines.

Femtosecond transient absorption spectroscopy. Ex-periments were performed using an Ultrafast
Femtosecond Laser Source (Libra series) by Coherent Inc. (Santa Clara, CA) incorporating
diode-pumped, mode locked Ti:Sapphire laser (Vitesse) and diode-pumped intra cavity doubled
Nd:YLF laser (Evolution) to generate a com-pressed laser output of 1.45 W. For optical
detection, a Helios transient absorption spectrometer from Ultrafast Systems (Sarasota, FL) was
used. The source for the pump and probe pulses were derived from the fundamental out-put of
Libra (Compressed output 1.45 W, pulse width 100 fs) at a repetition rate of 1 kHz. About 95%
of the funda-mental output of the laser was introduced into a TOPAS-Prime-OPA system with
290-2600 nm tuning range from Altos Photonics Inc., (Bozeman, MT), while the rest of the
output was used for generation of white light continuum. Kinetic traces at appropriate
wavelengths were assembled from the time-resolved spectral data. Data analysis was performed
using Surface Xplorer software supplied by Ul-trafast Systems. All measurements were

conducted in de-gassed solutions at room temperature.
5.3.2 Synthesis

Synthesis of CNDs 1. 1.0 g of anhydrous citric acid (5.2 mmol, 1 equiv.) was dissolved in 5.0

mL of DMF. The solution was cooled in an ice bath and 2.6 mL of diisopropyl carbodiimide
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(DIC, 3 equiv.) were added. Subsequently, 0.35 mL of EDA (1 eq.) in 5 mL of water were
slowly added and the reaction was stirred for 30 minutes at room temperature, during which the
mixture turns its color from slightly yellow to red. The filtered reaction was stopped by adding
slowly during a time of 3 hours a NaOH solution at pH=10, until no formation of DIC-urea
precipitate was observed. The crude was diluted in ultrapure water, filtered and washed with
ethyl acetate. During these operations the coupling agent urea byproduct, in the form of a white
precipitate, was removed. The water phase was dialyzed against ultrapure water (MWco = 0.5-
1.0 KDa, 3 days, twice a day). The dry product was obtained by freeze-drying, with a yield in

mass of 29 wt. %. It appears as a brownish powder.

Synthesis of CNDs 2. The addition of 0.21 g of butylamine to 0.5g of CNDs 1 allowed the in-
situ introduction of butyl groups on the CNDs surface, enhancing lipophilicity and at the same
time consuming all remaining carboxylic groups, in presnce of diisopropyl carbodiimide (DIC, 3
equiv.) and 0.35 mL of EDA (1 eq.). Then, the solution was filtered to remove the DIC urea
byproduct, the filtrate was washed three times with diethylether and the excess of butylamine
was removed under vacuum evaporation. Finally, the water phase was purified by dialysis in
ultrapure water (molecular weight cut-off = 0.5-1 kDa, 3 days). The dry product of CNDs-NH:
(0.7 g) was obtained as a yellow powder by freeze-drying. In the next step, CNDs-NH2 (200 mg)
were dissolved in a mixture of methanol (5 mL) and dichloromethane (25 mL) and cooled to 0
°C. In another flask, lipoic acid (300 mg) was dissolved in dichloromethane (5 mL), cooled at 0
°C and 336 mg of (3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) were added. After 20
minutes, the lipoic acid solution was poured into that of CNDs-NHz. The reaction mixture was
left under stirring for 24 hours and after that period additional lipoic acid (100 mg) and EDC (56
mg) were added. After 3 hours the reaction mixture was extracted with distilled water, aqueous
NaOH (pH=11) and with brine. The organic phase was dried over MgSOg, the dichloromethane
was partially evaporated by vacuum and diluted with ethyl acetate, resulting on the precipitation
of the particles (centrifugation at 3200 rpm, 5 minutes). The redispersion-precipitation process
was repeated until the lipoic acid spot in TLC disappeared. The precipitate was dissolved again
in methanol/dichloromethane 1:1 v/v and dried over MgSOs to obtain CNDs carrying 1,2-

dithiolane chains as a brown solid, after vacuum evaporation of the solvent.
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Exfoliation of semiconducting MoSz. Bulk MoS (150 mg) were dispersed in chlorosulfonic
acid (15 mL), sonicated for 2 hours and left under stirring at room temperature for 700 hours.
Afterwards, cold water was added drop by drop with extreme care — please notice that the
reaction is exothermic and releases gaseous hydrochloric acid. Next, the mixture was filtrated
over a PTFE filter (0.2 um pore size) and washed with a good amount of methanol and acetone.
The solid material was added to 150 mg of N-methyl pyrrolidone and sonicated for 1 hour (tip
sonication at 30-35% of amplitude (100% of 200W)). After 3 days the supernatant was taken,
filtrated on PTFE filter (0.2 um pore-size) and washed with a large amount of methanol, acetone

and dichloromethane.

Preparation of hybrid materials CND-MoS2 3 and CND-WS: 4. The 1,2-dithiolane modified
CNDs 2 (50 mg) were dissolved in methanol (1 mL). In an-other flask, exfoliated TMDs (20 mg)
were dispersed in DMF (10 mL) by sonication (10 min) and dropped in the CNDs solution. The
flask was covered with aluminum foil and the reaction mixture was stirred at 70 °C for 4 days.
After that period, it was cooled and filtered through a PTFE membrane (0.2 nm pore size). The
solid residue was extensively washed with methanol and dichloromethane to obtain the CND-
TMDs.

Preparation of porphyrin 5. In a round bottom flask, a- lipoic acid (1.6 mmol), tert-butyl (2-(2-
(2-aminoethoxy)ethoxy)ethyl)carbamate (4.8 mmol, 3 equiv.), 4-Dimethylaminopyridine (4.8
mmol, 3 equiv.) and 4-(10,15,20-triphenylporphyrin-5-yl)aniline (1.6 mmol) were added in dry
dicloromethane (100 mL). The reaction mixture was stirred under nitrogen atmosphere at room
temperature for 18 hours. Then, the organic phase was extracted with H,O (5 x 100 mL), dried
over MgSOg4 and purified by column chromatography (petroleum ether/ethyl acetate 50%). Yield
~ 80%. *H NMR (300 MHz, CDCls) & 8.84 (m, 8H), 8.20 (m, 8H), 7.93 — 7.81 (m, 2H), 7.77 (s,
9H), 7.48 (s, 1H), 4.27 (s, 1H), 3.53 (ddd, J = 22.3, 12.4, 5.4 Hz, 2H), 2.75 — 2.63 (m, 1H), 2.54
(t, J =7.2 Hz, 2H), 2.36 (s, 1H), 2.05 — 1.45 (m, 6H). *C NMR (300 MHz, CDCls) § 171.38 (C,
Aril Amide), 142.19, 8x (C) 138.04, 2x (C) 137.66, 3x (C) 135.12, 2x (CH) 134.60, 4x (CH)
131.21 8x (CH), 127.79 3x(CH), 126.76, 6x (CH), 120.26, 2x(CH) 118.04, 4x(CH), 56.49(CH),
40.34(CH.), 38.56(CH), 34.76(CH2), 29.77(CH2), 28.97(CH>), 25.35(CH.). ESI-HRMS calc.
for Cs2Ha30NsS2: 817,2909, found: m/z 840.28006 [M+Na]".
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Figure 31. (a) *H NMR, (b) 3C NMR obtained in CDCls and (c) ESI-HRMS of 5.

Preparation of hybrid materials H2P-MoSz2 6 and H2P-WS:2 7. In a round bottom flask,
exfoliated MoS, or WS, (15 mg) and 5 (10 mg) in DMF (10 mL) were stirred at 75 °C for 72
hours. After that period, the reaction mixture was filtered through a PTFE membrane (0.2 pum
pore size), the solid residue was washed with DMF and dichloromethane to obtain material 6 or

7 as black powder.

Synthesis of ZnPc 8. In a round bottom flask, o-lipoic acid (31 mg, 0.15 mmol), N,N'-
dicyclohexylcarbodiimide (30 mg, 0.24 mmol) and 4-(dimethylamine)pyridine (5.1 mg, 0.09
mmol) were dissolved in dichloromethane (6 mL) and stirred under argon atmosphere at 0 °C.
After 30 minutes, (2-(2'-aminoethoxy)-tri-tert-butylphthalocyaninato zinc (I1) (100 mg, 0.12
mmol) was added and the reaction mixture was stirred for 12 hours at room temperature. After
that period, the reaction mixture was diluted with dichloromethane and extracted with aqueous 2
M HCI, NaHCO3 and brine. The organic layer was dried with MgSQs, concentrated in vacuum
and purified by column chromatography (dichloromethane:tetranydrofuran/95:5) to afford 74 mg
of ZnPc 8 (58 %). *H-NMR (DMSO-ds) & 1.40-1.78 (m, 37H, 3x[(CH3)C](CHy)), 2.26 (t, J=7,
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2H, S-(CH)2-(CH)z2), 2.73 (g, J= 7, 1H, (CH)-(CH.)2), 3.76, (br s, 2H, CH2NH), 4.61 (br s, 2H,
CH20), 7.79 (br s, 1H, HPc), 8.23-8.36 (m, 4H, HPc), 8.89 (m, 1H, HPc), 9.25-9.46 (m, 6H,
HPc). HRMS (MALDI-TOF, Dithranol): m/z: [M] calc. for CsaHssN9O3S2Zn 1007.331; found
1007.399. See Figure 32
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Figure 32. (a)'H NMR spectrum of ZnPc derivative 8 obtained in DMSO-ds and (b) HR
MALDI-TOF-MS of ZnPc derivative 8 obtained with dithranol matrix.

Preparation of ZnPc-MoS2 hybrid material 9. Exfoliated MoS; (50 mg) and ZnPc 8 (5 mg) in
DMF (10 mL) were stirred at 70 °C for 4 days. After that period, the reaction mixture was
filtered through a PTFE membrane (0.2 um pore size), the solid residue was washed (5 x 5 mL)

with dichloromethane and then collected as a black solid.

5.4 CONCLUSION

In summary, the synthesis of CNDs 1 and 2 and CND-MoS> 3 and CND-WS; 4 hybrid materials
was accomplished. The hybrid materials were fully characterized by complementary
spectroscopic, thermal and electron microscopy imaging techniques. Furthermore,
electrochemical assays revealed that MoS, was a better electron donor compared to WSo.
Photochemical events upon preferential photoexcitation of 2 and TMDs were probed. Excitation
of 3 and 4 at 370 nm revealed ultrafast energy transfer from excited 2 to MoS; and WS, while
exciting the TMDs within the hybrid materials at 425 nm, charge transfer in 3 but not in 4 was
seen. The observed excited state electron transfer processes bring us one-step closer to utilize the

covalently modified TMDs in donor-acceptor type hybrids for energy harvesting applications.
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In addition, covalent grafting of poryphyrin 5 onto exfoliated MoS, and WS> was accomplished,

forming hybrid materials 6 and 7, which were fully characterized. Furthermore, based on

electronic absorption and steady-state and time-resolved photoluminescence spectroscopic

assays, deactivation of photoexcited porphyrin via energy/electron transfer to MoS; and WS,

takes place.

Finally, covalent grafting of ZnPc 8 carrying an 1,2-dithiolane oxide linker on semiconducting

MoS; was proven to be a versatile method of building ZnPc-MoS2 9 donor-acceptor systems. By

systematic optical absorption and fluorescence spectroscopy and fluorescence lifetimes,

deactivation of photoexcited phthalocyanine via energy/electron transfer to MoS; takes place.

Such hybrid materials may be useful for energy concersion applications.
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CHAPTER 6

Non-covalent functionalization of transition

metal dichalcogenides with photoactive units

ABSTRACT

Ammonium-modified MoS, and WS> were prepared and characterized by complementary
spectroscopic, thermal, and microscopy imaging means. The positive charges on functionalized
MoS; and WS, due to the presence of ammonium units, were exploited to electrostatically bring
in contact anionic species of a porphyrin, carbon dots (CDs), and poly (3-thiophene sodium
acetate). Efficient fluorescence quenching of porphyrin, CDs and poly (3-thiophene sodium
acetate) by MoS> and WS> was observed and attributed to photoinduced electron/energy transfer.
Furthermore, the electro-catalytic performance of CDs/MoS; was assessed towards the hydrogen
evolution reaction and found superior as compared to that owed to the individual CDs species.

In addition, basal plane functionalization of MoS, and WS, with pyrene via multiple S-n
interactions furnished MoSa/pyrene and WS,/pyrene nanoensembles. Energy transduction from
the photoexcited pyrene to the transition metal dichalcogenides was identified. Moreover, the

non-covalently immobilized pyrene was found to protect MoS. and WS by inhibiting oxidation.
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6.1 INTRODUCTION

Two-dimensional nanomaterials, in particular, layered transition-metal dichalcogenides (TMDs),
have triggered increasing scientific interest and stay at the forefront of recent research
investigations.!™ This is not only due to their unique structure in which a metal cation is bonded
to four chalcogenide anions in a honeycomb lattice, but also to their exciting physicochemical
properties,> ® and great potentiality in nano-electronics, energy storage, sensing, and catalysis.
Molybdenum and tungsten disulfide, MoS, and WS, as typical examples of TMDs, form
different polytypes, semiconducting or metallic, depending on the exfoliation process

employed.*/

A major drawback of TMDs materials is associated with poor solubility, since multiple van der
Waals forces between the layers keep them tightly together. Those forces, preventing the
separation and individualization of sheets within the TMDs, can be overcome by chemical
functionalization and the incorporation of species that due to steric and/or electronic reasons may
keep apart, by avoiding re-stacking, the sheets of TMDs. Hence, functionalization of TMDs is
imperative for fully harnessing their capabilities, and broaden their application in a variety of
fields. However, TMDs tend to be rather inert; chalcogen atoms in the basal plane are saturated
and not highly reactive, while the metal atoms are embedded beneath the chalcogen layer, thus
not susceptible to functionalization. Nevertheless, reactions of metallic MoS; with organoiodides
or diazonium salts yielded MoS,-based materials carrying organic addends at the basal plane.®
Moreover, ligand conjugation of thiols to Mo atoms of metallic MoS,'° as a rather debatable
route of functionalization, since thiols can convert to the corresponding disulfides in a catalytic
reaction activated by the presence of MoS», which eventually physisorb onto the basal plane of
MoS2,2° was also reported. However, a more straightforward route for obtaining functionalized
MoS; and WS involves reaction with 1,2-dithiolanes, which possess high binding affinity for
Mo and W atoms with S vacant sites located at the edges.?! In fact, with the latter approach,
innovative hybrid materials with interesting photophysical properties, with the advantage of
preserving intact the basal plane since the functionalization reaction occurs only at edges, where
the majority of S defects are concentrated.?! Nevertheless, considering that the covalent bonding

between the addends and the TMDs may affect the intrinsic electronic properties of the latter,
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alternative approaches were considered. Hence, phthalocyanines,? tetrathiafulvalene®® as well as

perylene and porphyrin dyes®* were physisorbed in a non-destructive manner onto TMDs.

Porphyrins, widely tested in artificial photosynthetic systems, possess an 18zn-electron aromatic
structure, absorb efficiently light in the visible region with high molar absorbance coefficients,
are photochemically stable and have redox potentials and photophysical properties that can be
easily tuned by altering the metal center of the macrocycle or through modification of the
peripheral substituents.? All these features, make porphyrins quite attractive materials for
participating in charge-transfer processing as electron donors. As a result, a plethora of
supramolecularly and covalently associated porphyrins with graphene, the direct all-carbon two-

dimensional analogue of TMDs, have been reported.?®

Next, carbon dots (CDs), since their serendipitously discovery in 2004,%” proved to be a valuable
new entry in the horizon of carbon-based nanomaterials. In general, CDs are nano-sized
particles, with diameter in the order of 10 nm or less, showing solubility in aqueous and organic
media,?® biocompatibility?® and photochemical stability.>®> Among the novel physicochemical
properties of CDs is their intrinsic photoluminescence,® which can be exploited in energy
conversion schemes.®? In particular, photoinduced energy and/or electron transfer processes in
CDs have been identified, for example, when combined with carbon nanotubes,® graphene
oxide,3* perylene diimides,*® and porphyrins.3® Moreover, the high stability and good electrical

conductivity of CDs enable them to be considered as interesting contenders for electrocatalysis.®’

On the other hand, polythiophenes, exhibit environmentally stable behaviour and can find useful
applications in organic electronics such as for example in field effect transistors, organic solar
cells and organic light emitting devices.3® For instance, a water soluble polythiophene derivative
was combined with graphene quantum dots to yield hybrid nanostructures, which upon
fabrication in an organic photovoltaic device exhibited a power-conversion efficiency of
1.76%.%° Conversely, incorporating Ceo as electron acceptor species within water-soluble
polythiophene micelles, resulted in quenching of the emission of polythiophene, indicating the

development of photoinduced excited state interactions.*

Although unique the structure of TMDs, it is handicapped by the direct exposure of all atoms to

the environment, which in turn can induce significant structural modifications, thus, affecting the
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novel electronic, optical and mechanical properties.** Edges and defected sites of TMDs are
susceptible to oxidation, when exposed under atmospheric conditions and/or moisture to light
illumination, forming oxides, which significantly disturb the properties of the material and
subsequently the performance in energy and tribology related applications.*? In fact, even defect-
free TMDs can be oxidized at the basal plane when exposed to atomic oxygen found in low earth
orbit environment,** which can severely impact their use as lubricants for space machines. In
addition, the presence of oxygen on the surface of TMDs can become a critical issue in most
opto-electronic applications, where high electrical conductivity and carrier mobility is required.

Based on the aforementioned considerations, the electrostatic association of a porphyrin, CDs
and poly(3-thiophene sodium acetate) possessing negative charges to modified TMDs bearing
opposite charges, was accomplished. Furthermore, intra-ensemble electronic interactions
between the two species within the so-formed electron donor-acceptor porphyrin/TMDs,
CDs/MoS; and poly(3-thiophene sodium acetate)/TMDs ensembles, were scrutinized. Also, the
electrocatalytic performance of CDs/MoS. towards the hydrogen evolution reaction (HER) was
assessed. In addition, the non-covalent immobilization of pyrene onto the surface of MoS: and
WS, via S-n forces, yielding MoS./pyrene and WS/pyrene ensembles was performed.
Interestingly, on top of the electronic communication identified, protection from photo-

degradation of MoS and WS; by light from the physisorbed pyrene was found.
6.2 RESULTS AND DISCUSSION

Initially, bulk MoS> and WS, were exfoliated to semiconducting nanosheets upon treatment with
chlorosulfonic acid, according to our previously reported protocol.*® Next, exfoliated MoS; and
WS> were functionalized with 1,2-dithiolane tert-butyl carbamate (BOC) derivative 1 yielding
materials 2a and 2b, respectively (Figure 1a). The BOC protecting group in 2a and 2b can be
efficiently removed by acidic treatment of their solutions with gaseous HCI, to furnish 3aand 3b,
respectively, in which positively charged ammonium terminating units decorate the edges of
modified TMDs. The work up procedure followed, namely, filtration of the reaction mixture
through a PTFE membrane with 0.2 um pore size followed by extensive washing of the solid
residue obtained on top of the membrane filter with dichloromethane, assured that all TMDs-

based functionalized materials were free from non-covalently interacting organic species. Zeta-
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potential measurements revealed high difference in the values obtained between exfoliated MoS>
(-28 mV) and WS; (-24 mV) as compared with those owed to ammonium modified materials 3a
(+2.6 mV) and 3b (+0.5 mV), respectively. Hence, noting that zeta-potential measures the
overall surface charge of the system and not that due to individual species, the presence of
positive charges in the ammonium modified TMDs 3a and 3b is unambiguously proven.
Additionally, the amount of ammonium units existing onto modified MoS, and WS, was
calculated by performing the Kaiser test and found to be 49 and 47 umol/g for 3a and 3b,
respectively. Then, having in hand functionalized MoS; and WS; carrying positive charges in the
form of ammonium units in 3a and 3b, respectively, Coulombic interactions were employed to
bring them in contact with negatively charged porphyrin 4, CDs 5, and poly(3-thiophene sodium
acetate) 6, forming porphyrin/MoS; 7a and porphyrin/MoS; 7b, CDs/MoS: 8, poly(3-thiophene
sodium acetate)/MoS, 9a and poly(3-thiophene sodium acetate)/WS> 9b, nanoensembles,
according to Figure 1.

$ _ Exfolated Mos; or WS; _ % %%%% HCi (9 &
RGN 1 £5%
en &8 4 /L‘“‘ 8y
p 522/ 3o &
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Figure 1. (a) Functionalization of MoS: leading to ammonium modified MoS,-based material 3.
Formation of (b) porphyrin/MoS; 7a and porphyrin/WS; 7b, (c) CDs/MoS; 8, and (d) poly (3-
thiophene sodium acetate)/MoS; 9a and poly(3-thiophene sodium acetate)/WS, 9b ensembles

based on electrostatic interactions.
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Spectroscopic evidence for the successful functionalization of exfoliated MoS, and WS, with
1,2-dithiolane derivative 1 and the cleavage of the BOC protecting units was delivered by ATR-
IR and Raman assays. In particular, the presence of the carbonyl amide and BOC protecting units
in 1 gave rise to stretching vibrations identified at 1650 and 1710 cm™, respectively. The same
functional units can be found in 2a, however, after BOC deprotection only the amide carbonyl is
identified at 1650 cm™ in ammonium modified material 3a (Figure 2a). In addition, characteristic
stretching vibrations due to aliphatic C-H units were present in both 2a and 3a materials at
around 2900-2980 cm™. Analogously, BOC-protected and ammonium modified WS;-based

materials 2b and 3b gave rise to similar IR bands (Figure 2b).
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Figure 2. ATR-IR spectra for (a) BOC modified MoS,-based material 2a (black) and ammonium
modified MoS-based material 3a (red) and (b) BOC modified WS»-based material 2b (black)
and ammonium modified WS»-based material 3b (red).

Next, Raman spectroscopy upon on-resonance excitation conditions, 633 nm for MoS> and 514
nm for WSy, revealed richer spectra as compared to those acquired under off-resonance
scattering conditions, due to strong electron-phonon coupling interactions.** For exfoliated
MoS;, three characteristic bands were evident, the in-plane E;q at 376 cm™, the out-of-plane Asq
at 404 cm™ and the 2LA(M) at 448 cm™ vibration modes (Figure 3a). The intensity ratio of
2LA(M) over Aig bands was found 0.52 for 2a, almost double as compared to the value of 0.27
measured for exfoliated MoS,. Since the 2LA(M) is associated with disorder and defects on

MoS;, also providing valuable information on the electronic states of MoS», the corresponding
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intensity changes may well be attributed to the incorporation of the organic addends in 2a, which
simultaneously facilitates further exfoliation of the modified MoS, sheets in wet media.
Although detailed analysis is beyond the scope of this work, the overall Raman spectrum
characteristics for the ammonium modified MoS»-based material 3a were almost identical with
that owed to 2a, revealing that the BOC deprotection did not influence the electronic structure of
MoS;. Similar behavior was found in the Raman of WS;-based materials. For exfoliated WSy,
the 2LA(M), Elyg and A1q modes were evident at 350, 355 and 419 cm™, respectively (Figure
3b). Also, other first- and second-order bands with smaller intensity were evident (e.g. 176, 230,
297, 312 and 324 cm™), however, their analysis is not relevant with the current study. The
intensity of the ratio loLawy/lag Was also increased from 0.39 for exfoliated WS>, by almost 50%,
to 0.58 for 2b and 3b, which can be associated with the modification of WS, by the 1,2-
dithiolane tert-butyl carbamate and the improvement of the level of exfoliation,*® due to

solubilization enhancement achieved.
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Figure 3. Raman spectra for (a) BOC modified MoS;-based material 2a (black), ammonium

modified MoS»-based material 3a (red) and (b) BOC modified WS»-based material 2b (black),
ammonium modified WS,-based material 3b (red).

Continuing the characterization of ammonium modified 3a and 3b in the solid-state,
thermogravimetric analysis (TGA) gave information about the stability of the materials and
allowed to estimate the amount of ammonium units decorating the modified TMDs. Under

nitrogen atmosphere, 3a and 3b are thermally stable up to 200 °C and then starts the thermal
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decomposition of the organic addends that continues up to 550 °C. Beyond that temperature,
decomposition of the lattice at sulfur defected sites takes place. As it is shown in Figure 4, a
mass loss of 2.6% for 3a and 2.3 % for 3b was observed, corresponding to the loading of one
organic unit per every 48 MoS; units and 35 WS; units, respectively. The relatively low loading
can be safely rationalized by considering that the 1,2-dithiolane modification of MoS, and WS;
network took place at the edges, where S vacancy sites were naturally introduced during the

chemical exfoliation from the bulk.?
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Figure 4. Thermographs for (a) BOC modified MoS»-based material 2a (black), ammonium
modified MoSz-based material 3a (red) and (b) BOC modified WS»-based material 2b (black),

ammonium modified WS»-based material 3b (red).

Morphological insight on the modified MoS. and WS> materials comes from FE-SEM imaging.
Briefly, 3a and 3b were dispersed in MeOH and a drop was deposited onto the sample holder
and thoroughly examined. Representative images for 3a and 3b obtained at lower and higher
magnification as shown in Figure 5, reveal the presence of rectangular overlapping oligolayered
MoS, and WS sheets of varied size. The observation of semi-transparent sheets can be safely
associated with the presence of few (or even mono) layers of TMDs, with lattice free of any
visible defects and absence of large bulk particles, suggesting that the functionalization
methodology applied as well as the acidic treatment for the removal of the BOC protecting group

did not affect the original structure of the material.

[177]



Figure 5. Representative FE-SEM images obtained at lower (left panel) and higher (right panel)

magnification for (a) MoS-based material 3a, and (b) WS2-based material 3b, respectively.

Next, having in hand ammonium modified MoS, and WS, with positive charges in material 3,
and negatively charged porphyrin 4, CDs 5 and poly (3-thiophene sodium acetate) 6, electrostatic
attractive interactions between the species bearing opposite charges were exploited en route the
realization of porphyrin/MoS; 7a, porphyrin/WS, 7b, CDs/MoS: 8b, poly (3-thiophene sodium
acetate)/MoSz 9a and poly(3-thiophene sodium acetate)/WS, 9b ensembles.

The realization of porphyrin/MoS; 7a and porphyrin/WS, 7b ensembles was monitored by
absorption and emission spectroscopy techniques, based on titration assays. The titration of
anionic porphyrin 4 with positively charged ammonium modified materials 3a and 3b was
performed in benzonitrile, while the concentration of the porphyrin remained invariant during the
titration measurements. More precisely, a benzonitrile solution of porphyrin (10 M) was titrated
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by adding increasing volumes (0 to 450 uL) of MoS,-based material 3a or WS»-based material
3b and the corresponding absorption spectra were recorded. The main features present in the
UV-Vis spectrum of porphyrin 4 were at 421 nm (Soret band) and 516, 552, 592 and 650 nm (Q
bands), while, any absorption spectral changes in the presence of increasing amounts of 3a and
3b in benzonitrile were negligible. As seen from the representative UV-Vis spectra (Figure 6a),
the decrease in the intensity of the Soret band by the presence of 3a or 3b is not dramatic,
suggesting weak electronic interactions between the two species, porphyrin and MoSz or WSy, in
the ground state. It should be noted that subtraction of the absorption background owed to MoS:
and WS> occurred in order to allow a well-defined observation of the titration results. UV-Vis
titration spectra without subtraction of the MoS; and WS bands are in Figure 6b-c, where the
characteristic absorptions for the semiconducting phase of MoS appear at 630 and 680 nm,
while for WS; appear at 645 nm. It is worth to mention that first addion 10 ul of 3b in figure ¢
doesn’t not affect to the optical properties due to the low amount of positively charged

ammonium WS, material, detecting appreciable changes ones extra 40 ul are added.
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Figure 6. Absorption spectra of anionic porphyrin 4 upon incremental additions of positively
charged MoS;-based material 3a (a) without and (b) with subtraction of MoS: signals and (c)
absorption spectra of anionic porphyrin 4 upon incremental additions of positively charged WS-

based material 3b, in benzonitrile.

In stark contrast, turning to steady-state fluorescence measurements, quite strong interactions in
the excited state were observed. Figure 7a shows fluorescence spectral changes of the
porphyrin’s emission during increased additions of positively charged ammonium modified

MoS; 3a in benzonitrile, when excited at 420 nm. Particularly, the intensity of the porphyrin-
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centered fluorescence, with maxima at 655 and 720 nm, was found to depend on the
concentration of 3a and progressively quenched, specifying the formation of 7a ensembles. In an
analogous fashion, quenching of the porphyrin’s photoluminescence upon incremental additions
of positively charged ammonium modified WS, 3b (Figure 6b), leading to the realization of 7b
was observed. Notably, in blank titration assays of the negatively charged porphyrin 4 employing
neutral 2a and 2b instead of the positively charged 3a and 3b, (Figures 7c and 7d, respectively),
a significantly lower quenching rate for the emission of porphyrin was observed, proving the
beneficial role of the electrostatic interactions between the two components for achieving
effective electronic communication. Overall, these results justify the efficient deactivation of the
singlet-excited state of porphyrin to MoS; or WS; either via energy or electron-transfer as the

effective decay mechanism.
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Figure 7. (a) Emission titration assays of anionic porphyrin 4 upon incremental additions of (a)

positively charged MoS»-based material 3a, (b) WS»-based material 3b, (c) neutral MoS»-based
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material 2a and (c) neutral WS»-based material 2b respectively. Measurements were conducted

in benzonitrile upon excitation at 420 nm.

Next, to further support the results obtained and get additional insight on the electronic interplay
between porphyrin and MoS> in 7a and WS> in 7b, time-resolved photoluminescence studies
based on the time-correlated-single-photon-counting method were performed. The fluorescence
decay at 655 nm corresponding to anionic porphyrin 4 was monoexponentially fitted with a
lifetime of 9.21 ns. However, by the same fitting of the fluorescence decay of 7a and 7b, the
corresponding lifetimes were evaluated to be faster, 4.23 and 3.97 ns, respectively. The latter
result is rationalized by considering appreciable Coulombic interactions between the species
bearing opposite charges. Hence, transduction of energy from photoexcited porphyrin to MoS; in
7a and WS; in 7b occurs and the quenching rate constant k5, and quantum yield &% of the
singlet excited state were calculated to be 1.43 x 108s™ and 1.28 x 108s, and 0.57 and 0.54, for

7a and 7b, respectively.

Moving on the electrostatic association of CDs with TMDs, Figure 8 shows the electronic
absorption spectra of CDs 5 upon addition of incremental amounts of ammonium modified MoS;
3a. Again, subtraction of the MoS; absorption background allowed a clear observation of the
titration effects. Evidently, a progressive red-shift for the absorption of CDs 5 is observed,
namely from 350 to 355 nm after the addition of 320 uL of 3a. Moreover, an isosbestic point at
310 nm, consistent with strong electronic communication between the two species in the ground
state, was developed. Notably, when blank titration assays were conducted, by employing the
neutral MoS»-based derivative 2a instead of the positively charged 3, none of the aforementioned
results were observed (Figure 8b), thus, proving the beneficial role of attractive Coulombic
forces not only in the establishment of the CDs/MoS> ensembles but also on the progression of

effective interactions between MoS; and CDs.
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Figure 8. Absorption spectra of anionic CDs 5 upon incremental additions of (a) positively
charged MoS»>-based material 3a. Inset: Enlargement of the 300-320 nm region, where the
isosbestic point is developed, (b) neutral MoS;-based material 2a with subtraction of MoS>
signals. (c) Absorption spectra of anionic CDs 5 upon incremental additions of positively
charged MoS;-based material 3a. Inset: Enlargement of the 450-720 nm region showing

absorption bands due to MoS..

Meaningful insight on photoinduced electronic interactions between MoS; and CDs at the
excited states was derived from photoluminescence measurements. Steady-state assays revealed
that the 460 nm fluorescence emission of CDs 5, upon excitation at 370 nm, was progressively
quenched upon addition of the ammonium modified MoS»-based material 3a (Figure 9a), for
samples possessing equal absorbance at the excitation wavelength. Notably, when blank assays
were conducted, by incorporating the neutral MoS»-based derivative 2a instead of the positively
charged 3a, a lower quenching rate for the emission of CDs 5 was observed (Figure 9b), ascribed
to the inner filter effect of MoS»>. These results suggest strong electronic interactions at the
excited states between the positive and negative species within the CDs/MoS; ensemble. The
photoluminescence quenching is supportive of photoinduced electron and/or energy transfer as

the decay mechanism for the transduction of the singlet excited state of CDs.
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Figure 9. Emission titration assays of anionic CDs 5 (20 ug/mL) upon incremental additions of
(@) positively charged MoS,-based material 3, and (b) neutral MoSz-based material 2.
Measurements were conducted in water for samples possessing equal absorbance at the

excitation wavelength of 370 nm.

Next, based on the time-correlated-single-photon-counting method, the fluorescence emission
decay profiles for CDs 5 were acquired (Figure 10a). The analysis of the decay profiles at 460
nm (excitation at 376 nm) for the singlet excited state of CDs 5 was exclusively
monoexponentially fitted with a lifetime of 14.0 ns. Addition of the positively charged MoS,-
based material 3 to the negatively charged CDs 5 resulted in biexponential fitting, giving rise to
the identification of two components, namely, one with the same lifetime, attributed to non-
interacting CDs and a faster new one with 3.0 ns lifetime, corresponding to the fluorescence
quenching of the emission intensity of the singlet excited state of CDs within the CDs/MoS;
ensembles. By comparing the lifetime of unbound CDs with the one attributed to the CDs/MoS>
ensembles, the quenching rate constant k°; and the quenching quantum yield @5, were estimated
to be 2.67x108 s and 0.79, respectively. This is further confirmed upon examination of the
fluorescence decay profile for the blank measurement employing neutral MoS;-based derivative
2, which remained monoexponentially fitted, following the lifetime of intact CDs 5 (Figure 10b).
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Figure 10. Decay profiles for 5 upon incremental additions of (a) positively charged MoS;-based

material 3a and (b) neutral MoS;-based material 2a.

The electrocatalytic activity of CDs/MoS; 8 towards the hydrogen evolution reaction (HER) was
examined by employing a rotating disc working glassy carbon electrode in a standard three-
electrode glass cell at a scan rate of 5 mV/sec in 0.5 M H2SOas. In general, MoS; are promising
materials for HER, based on the overpotential and Tafel slope values they exhibit.*®4” In
addition, the aqueous solubility of CDs together with the presence of surface functional groups
contribute to draw hydrated protons, thus enhancing proton adsorption capacity,*® Based on the
above and considering that hydrogen binds too strongly to S, hence leaving as primary active site
for MoS> the Mo edge, the performance of CDs/MoS; towards the HER was probed by linear
sweep voltammetry. The polarization curve of CDs/MoS: along with those of individual CDs 5
and bare glassy carbon electrode for comparison are shown in Figure 16a. For a given potential,
the cathodic current increased for CDs/MoS> as compared to that based on individual CDs 5 and
the bare carbon glassy electrode. The evolution of gaseous hydrogen for CDs/MoS; was
visualized as bubbles appearing at currents as small as 0.5 pA/cm?, with enhanced rate at around
-0.7 V vs RHE. Since the cathodic current density is proportional to the amount of hydrogen
evolved, the latter result highlights the better catalytic activity for CDs/MoS; and prominent
hydrogen evolution behavior exhibiting an onset overpotential near -0.5 V vs RHE, which is
lower than the individual CDs 5 by around 150 mV. The better electro-catalytic activity of
CDs/MoS:; is mainly attributed to a synergic effect due to enhanced charge-transfer Kinetics
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owed to the intimate contact between the two species CDs and MoS; as well as the presence of
active sites in MoS,. Next, the linear regions of the Tafel plots (Figure 11b) were fit to the Tafel
equation, n = B log j + a, where 7 is the overpotential, j is the current density and B is the Tafel
slope, to further characterize the fluent charge transport efficiency and the efficacy of the electro-
catalytic reaction. Analysis of the Tafel slope helps to elucidate the possible HER mechanism
and define the rate-limiting step. The Tafel slope for CDs/MoS; ensemble was found to be 22
mV/dec, smaller than that owed to CDs 5 by 4 mV/dec. Considering that smaller Tafel slope
suggests that for the generation of an equivalent current only a lower overpotential is needed to
apply, the electro-catalytic activity of individual CDs 5 is improved upon realization of the
CDs/MoS; ensemble. The latter improvement in charge transport is attributed to good electrical
contact between the two components in the donor-acceptor CDs/MoS> ensemble, in which
charge-transfer phenomena prevail. Moreover, the small Tafel slope of CDs/MoS, manifests that
the electrochemical desorption of adsorbed hydrogen atoms onto the modified electrode to
generate hydrogen is the rate-limiting step — see equations 2 and 3 below. Based on the widely
applied mechanisms for the HER, initially a proton is adsorbed onto the electrode surface via a
reduction process (Volmer adsorption [Eqg. (1)]) followed by either direct bonding of the
adsorbed hydrogen atom with another proton and electron transfer from the electrode surface
(Heyrovsky desorption [Eq. (2)]) or recombination of two hydrogen atoms adsorbed on the

electrode surface (Tafel desorption [Eq. (3)]).

Volmer adsorption: H* + = 2 H’(ads) 1)
Heyrovsky desorption: H'@ads) + H* + e~ 2> H> (2)
Tafel desorption: H'(ads) + H'(ads) 2 H> (3)
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Figure 11. (a) Linear sweep voltammograms for the HER of CDs/MoS: 8 (black), individual
CDs 5 (red) and bare glassy carbon electrode (dotted). Inset: enlarged region near the onset. (b)
Tafel plots for CDs/MoS: (black) and individual CDs 5 (red) showing overpotential vs current
density.

Next, focusing on the integration of poly (3-thiophene sodium acetate) 6 on TMDs, the formation
of ensembles 9a and 9b was realized upon addition of aqueous 3a and 3b to water-soluble 6,
based on a series of titration assays, monitored by electronic absorption spectroscopy. In more
detail, the UV-Vis spectrum of 6 exhibits a strong and broad absorption band around 400 nm due
to m-* transitions of the conjugated polymer backbone, corresponding to the non-aggregated
amorphous polymer domains.*® Upon incremental additions of 3a and 3b, the excitonic bands of
MoS; at 629 and 687 nm and of WS, at 654 nm started to evolve (inset, Figure 12a-12b).
Subtraction of the absorption background due to MoS; and WS allowed a clear observation of
the titration effect on the polymer’s absorption features, during formation of 9a and 9b.
Specifically, a blue-shift of 4 and 9 nm of the polymer’s band after a total of 290 pL and 40 pL
was observed for 9a and 9b, respectively (Figure 12a and 12b). This hypsochromic shift
corresponds to conformational changes on the structure of 6, as the long n-n conjugation system
of the coplanar polythiophene breaks®® due to the developed attractive electrostatic interactions
with the modified TMDs 3a and 3b. In addition, the absorption band due to 6 was progressively
decreased upon interaction with 3a and 3b. Considering that the unstacked carboxylate unit
absorbs more light in intact polymer 6, the latter decrease identified in the corresponding
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absorption band of the ensembles 9a and 9b can be safely attributed to efficient interactions
developed between the carboxylate units of 6 and the ammonium species of 3a and 3b,
respectively. On the other hand, in blank titration assays performed by employing exfoliated
MoS, and WS, neither a blue-shift nor a decrease in the polymer’s absorption features were
observed (Figure 11c and d), showcasing the role of modified MoS; and WS, with ammonium

units for the effective Coulombic association with negatively charged 6.
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Figure 12. Absorption spectra of anionic 6 upon incremental additions of (a) positively charged
MoS,-based material 3a with subtraction of MoS> signals (b) positively charged WS»-based
material with subtraction of WS, signals and Inset: UV-Vis absorption spectra of 6 upon

incremental additions of ammonium modified (a) MoS2-based material 3a and (b) WS2-based
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material 3b. Absorption spectra of anionic 6 upon incremental additions of (a) neutral MoS;-

based material 2a and (b) neutral WS,-based material with subtraction of WS signals.

Photoluminescence spectroscopy measurements were carried out to elucidate possible
interactions between 6 with 3a and 3b at the excited states. Aqueous 6 exhibits fluorescence
emission centered at 555 nm, upon excitation at 395 nm. This photoluminescence band gradually
decreases with increasing amounts of ammonium modified MoS; 3a or WS, 3b (Figure 13a and
b), thereby leading to the realization of 9a and 9b, respectively. These outcomes prove the
effective deactivation of the singlet-excited state of 6 to MoS; and WS, via energy and/or
electron transfer as the decay mechanism. Besides, when blank assays were investigated, by
incorporating exfoliated MoS, and WS; instead of the positively charged ones, a substantially
lower quenching rate for the emission of 6 was observed (Figure 13c and d). The observation of
intra-ensemble photo-induced processes from poly(3-thiophene sodium acetate) 6 to MoS; and
WS: is consistent with the oxidation potential of the former, precisely the energy of the singlet
excited state of 6, that lies above the conduction band of MoS; and WS,. The energy for the
singlet excited state of 6 can be easily obtained from the crossing point of the corresponding
absorption and emission spectra (Figure 14) and found to be 2.50 eV. On the other hand, the
conduction band edges for MoS, and WS, were calcualted to be 4.27 and 3.96 eV below the
vacuum level, respectively, as a result of the higher reactivity of Mo vs W.! Hence,
photoexcited electron/energy transfer from 6 to both MoS. and WS, within 9a and 9b
respectively, is an energetically favored process. Moreover, the degree of fluorescence emission
quenching of 6 in the presence of WS, is more prominent than that registered by MoS,. For
instance, for the quantitative emission quenching of 6 (2 mL, 10 mM) addition of 290 uL of 3a
(0.33 mg/mL) is required, while only 40 puL of 3b (0.33 mg/mL) produces similar result — see
Figure 13a and b. This fact is attributed to the smaller energy difference between the singlet
excited state of 6 and the conduction band of WS, calculated to be 1.46 eV, as compared to that
of MoS; which is calculated to be 1.77 eV.
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Figure 13. Emission titration assays of anionic 6 upon incremental additions of (a) positively
charged MoS,-based material 3a, (b) positively charged WS;-based material 3b, (c) neutral
MoS»-based material 2a and (d) neutral WS»-based material 2b respectively. Measurements were
conducted in benzonitrile upon excitation at 395 nm.
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Figure 14. Absorption spectra and fluorescence emission spectra of anionic poly (3-thiophene
sodium acetate) 6. From the crossing point of the two spectra the energy of the singlet excited
state of 1 is derived as 2.50 eV.

In order to get additional insight on the electronic communication between 6 with MoS; and
WS, within 3a and 3b, time-resolved photoluminescence assays based on the time-correlated-
single-photon-counting method were conducted. Polymer 6 shows a decay at 555 nm, which was
monoexponentially fitted with a lifetime of 0.6 ns. On the other hand, ensembles 3a and 3b were
better correlated with a biexponential fitting, which after analysis gave rise to lifetimes of 0.12
and 0.6 ns for 3a and 0.14 and 0.6 ns for 3b. While the slow lifetimes were identical to those due
to free polymer 6, the faster new ones 0.12 and 0.14 ns, for 3a and 3b, respectively, correspond
to the fluorescence quenching of the emission intensity of the singlet excited state of the polymer
within the ensembles 3a and 3b. Then, the quenching rate constant and quenching quantum vyield
were estimated for both 3a and 3b are 6.67x10%nd 5.48x10° and 0.80 and 0.78 respectively.

To further investigate the interactions between 6 with modified MoS; and WS> within ensembles
9a and 9b, Raman measurements were carried out under on-resonance conditions (633 nm for
MoSz-based materials and 514 nm for WSz-based materials) on drop-casted films of the
materials. As far as ensemble 9a concerns, on top of the aforementioned observations, an

additional band at 1460 cm™ after subtracting the intense fluorescence of 9 was observed (Figure
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15a). The latter band is due to the C=C of the thiophene ring®? and found to be red-shifted by 5
cm™ as compared with the corresponding band registered for intact 6. Similar is the situation
with the Raman spectra due to WS;-based materials. In this case, WS, the band due to the C=C
of the thiophene in 9b was red-shifted by 10 cm™ centered at 1455 cm™, as compared to intact 6
(Figure 15b).
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Figure 15. Raman spectra for (a) exfoliated MoS; (blue), ensemble 9a (red), 6 (black), obtained
upon 633 nm excitation, and (b) exfoliated WS> (olive), ensemble 9b (brown) and 6 (black),

obtained upon 514 nm excitation.

The morphology of the ensembles 9a and 9b was assessed by SEM imaging. The pictures are
clearly different as compared with the previous images in Figure 16 for 3a and 3b materials,
being clearly seen that MoS, and WS, are covered by soft organic matter due to the presence of
polymer 6. The latter is further corroborated due to the lack of crystallinity of the commonly
observed flat structures of TMDs becoming wrinkled and roughen upon integration of the

polymer.
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Figure 16. Representative FE-SEM images obtained for (a) MoS;-based material 9a, and (b)

WS,-based material 9b, respectively.

In Figure 17, the general scheme for the non-covalent functionalization of TMDs with pyrene, in
which the latter is physisorbed onto the 2D layered materials, is presented. The MoS2/pyrene and
WS,/pyrene nanoensembles 11a and 11b, respectively, were obtained free of non-immobilized
pyrene by filtering the reaction mixture over a PTFE filter (100 nm pore size) and subsequently
washing the solid residue obtained onto the filter with dichloromethane. The process was
followed by monitoring the electronic absorption spectrum of the filtrate until no signatures due

to pyrene were observed.
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Figure 17. Non-covalent functionalization of exfoliated TMDs by physisorption of pyrene 10
onto 2H-MoS; and 2H-WSy, furnishing 11a and 11b ensembles.
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The solubility of 11a and 11b was calculated with the aid of UV-Vis spectroscopy by initially
estimating the molar absorptivity as 3.24 L g cm™ at 400 nm for 11a, 3.04 L g cm™ at 465 nm
for 11b and then applying the Beer-Lambert law. In general, 11a and 11b ensembles present the
best solubility in DMF (100 pg/mL), while they disperse well in 0o-DCB (50 pg/mL), too.

Electronic absorption spectroscopy studies were performed in DMF and absorption bands of
pyrene at 315, 330 and 345 nm were detected in both TMD-based 11a and 11b ensembles.
Moreover, the typical signals owed to the semiconducting polytype of MoS> at 400, 500, 630 and
690 nm for 11a (Figure 18a) and of WS> at 420, 465, 535 and 640 nm for 11b (Figure 18b) were
identified. Markedly, the aforementioned bands were found broadened and red-shifted as
compared to the ones owed to the exfoliated 2H-MoS; and 2H-WS;, implying the presence of

ground state electronic interactions between pyrene and the TMDs.
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Figure 18. (a) UV-Vis spectra for free pyrene 10 (red) as compared with nanoensemble 1la
(black) and exfoliated MoS> of the semiconducting polytype (gray) and (b) UV-Vis spectra for
free pyrene 10 (red) as compared with nanoensemble 11b (black) and exfoliated WS, of the

semiconducting polytype (gray), obtained in DMF.

The strong emission of pyrene was beneficial to employ it as convenient and sensitive probe for
identifying intra-ensemble interactions at the excited states within ensembles 1la and 11b.
Photoluminescence of monomeric pyrene with fine structure in the 370-430 nm region was

observed for free pyrene 10 upon photoexcitation at 340 nm in DMF. Then, after adjusting the
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optical concentration of 1la and 11b with that of 10 at the excitation wavelength, the
photoluminescence was registered. It was found that the emission owed to pyrene was
appreciably quenched in 1la and 11b as compared to that of 10 (Figure 19a and 19b,
respectively). Evidently, the efficient quenching of fluorescence in 11a and 1la implies strong
electronic interactions of non-covalently immobilized pyrene with MoS; and WS. In order to
further support our results and get additional insight on the electronic communication between
the individual species within ensembles 11a and 11b, time-resolved fluorescence measurements
were performed by employing the time-correlated-single-photon-counting method. The time
profile of the fluorescence decay at 396 nm for the singlet-excited state of free pyrene 10 was
monoexponentially fitted with a lifetime of 9.66 ns. Notably, the corresponding fitting for 11a
and 11b was biexponential, giving rise to two components, a faster one with lifetime 275 and
238 ps, respectively, ascribed to efficient interactions of pyrene with MoS, and WS,
respectively, and a slower one with 5.36 ns attributed to non-interacting pyrene. The quenching
rate constant kS, for the singlet excited state of pyrene was then calculated to be 3.53x10° and
4.14 x10° s for MoSz/pyrene 11a and WS,/pyrene 11b, respectively, while the corresponding
quantum yield &%, was found to be 0.96 and 0.97, respectively.
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Figure 19. (a) Photoluminescence spectra for free pyrene 10 (red) as compared with
nanoensemble 2a (black), obtained in DMF upon excitation at 340 nm. (b) Photoluminescence
spectra for free pyrene 1 (red) as compared with nanoensemble 11b (black), obtained in DMF
upon excitation at 340 nm. (c) Photoluminescence decay time profiles for free pyrene 10 (red)
and nanoensemble 11a (black). (d) Photoluminescence decay time profiles for free pyrene 10

(red) and nanoensemble 11 (black).

Regardless that pyrene 10 was only physisorbed onto MoS, and WSy, thermogravimetric
analysis (TGA) was performed to shed light on the amount of pyrene decorating the TMDs. In
this context, an appreciable mass loss of 5.9 and 3.9%, under nitrogen in the temperature range

400-600 °C, was observed for 11a and 11b, respectively (Figure 20). The aforementioned mass
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loss, associated with the decomposition of the pyrene material, allowed us to calculate the
immobilization of one pyrene unit per every 20 Mo atoms for 11a and per every 27 W atoms for

11b, respectively, representing a rather high coverage.
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Figure 20. TGA of (a) 11a (red) as compared with exfoliated MoS of the semiconducting
polytype (black), (b) and 11b (red) as compared with exfoliated WS> of the semiconducting
polytype (black) under nitrogen atmosphere.

Next, Raman spectroscopic study was performed in order to unveil important structural
information for 11a and 11b. Exciting MoS; by 514 nm with less than 0.1 mW power at ambient
conditions, MoS/pyrene 1la and exfoliated MoS, materials, showed spectra with the same
characteristics. Bands at 378, 405 and 446 cm™ were distinguishable and related with the so-
called Elzg, A1g and 2LA(M), modes, respectively. The absence of the characteristic peaks from
the metallic polytype, Ji, J. and Jz at 150, 225 325 cm?, respectively, showcases the
semiconducting properties of MoS. in the 1la ensemble. However, the situation was
dramatically changed for exfoliated MoS once the power of laser irradiation was increased to
0.9 mW. New and strong Raman bands evolved located at both lower and higher energies and
attributed to oxidized states of Mo. Specifically, the emergence of well-resolved bands centred at
843 and 859 cm™ due to MoO4 and MoQg,* and at 948 cm™ due to MoO3™ on top of the Ely,
Ayg and 2LA(M) modes, govern the spectrum of exfoliated MoS: (Figure 21). In addition, broad
features with peaks at 151, 332 and 332 cm™ attributed to MoO3>® were also observed, showing

the quick photodegradation of the material upon light irradiation in ambient conditions.
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Remarkably, when MoS./pyrene 11a was subjected to the same exposure conditions (514 nm
with 0.9 mW) no perturbation of the MoS; structure was observed as the corresponding Raman
spectrum of 11a retained its original features (Figure 21a). Similar was the situation with the
Raman spectra for WSz/pyrene 11b and exfoliated WS. In brief, under on-resonance conditions
with red laser illumination (514 nm, with less than 0.1 mW power at ambient conditions) three
intense and distinguishable bands at 350, 355 and 418 cm™, due to the 2LA(M), E'z and Aig
modes, respectively, were evident (Figure 21b). However, upon increasing the laser power to 0.9
mW, exfoliated WS, showed additional Raman peaks at 127 and 257 cm™ related to WO3 as well
as a peak at 294 cm™ associated with WO accompanied by two sharp peaks at 688 and 805 cm™
linked to WO species (Figure 21c).>* All those bands associated to WOx species were absent
when WS,/pyrene 11b was exposed to light irradiation even at higher laser power conditions
(Figure 21d). It should also be noted the proportional reduction of the MoS, and WS;
characteristic modes E';g, A1g and 2LA(M), according to the degree of oxidation. Consequently,

pyrene plays an important protecting role of MoS; and WS, from oxidation.
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Figure 21. Raman spectra acquired at ambient conditions upon excitation at 514 nm with 0.1
mW (red) and 0.9 mW (black) laser power for (a) exfoliated MoS,, (b) MoS2/pyrene 11a, (c)
exfoliated WSz, and (d) WS./pyrene 11b.

In order to investigate more in detail and at the local scale the pyrene covering/functionalization
of the TMDs materials, in particular MoS; flakes, we performed different TEM analyses. Indeed,
such kind of analyses are required to have access to this structural and chemical information at
the (sub-)nanometer level,%. Figure 22 shows the ensemble of these TEM results. Figure 22a and
c correspond to two STEM high-angular annular dark-field (HAADF) images of two flakes of a
pyrene functionalized MoS; sample (Figure 22a) and a pristine MoS» sample (Figure 22c). Both
of the samples have followed the same light irradiation treatment at ambient conditions. Two
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different EELS spectrum-line (SPLI) have been acquired following the two green lines that can
be observed in these micrographs. For each of them, two different regions, marked as (i) and (ii)
in each of the figures, have been selected. The two EELS spectra selected in Figure 22b show the
S-L23, M0-Mys, C-K and Mo-M3 edges. The Mo and S edges correspond to the MoS: flake and
the carbon content confirms the presence of the pyrene moieties in the samples.®® It is important
to note that, even if we have examined close to 15 different areas of different flakes, oxygen has
not been detected in this pyrene functionalized sample. This is not the case for the other pristine
(no pyrene functionalized) sample that has also been irradiated. In fact, we have performed
similar EELS on this sample (Figure 22c and d), and in this one, oxygen has been easily
detected. This oxygen, (see Figure 22d-iii), corresponds to the oxidation of the flake, where a
mix of molybdenum oxide and molybdenum disulfide can be observed in this region. This
conclusion can be clearly inferred from the comparison of the S-L.3 edge in the two different
selected regions of the SPLI of Figure 22c. The S-L»3 edge of the EEL spectrum marked as
Figure 22d-iii is similar to this one obtained by other authors investigating a mixture of MoOx-

MoS; phases in nanomaterials.
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Figure 22. (a) and (c) HAADF-STEM micrographs of a pyrene functionalized MoS; flake and a
pristine MoS; flake, respectively. Two EELS spectrum-lines have been recorded on these flakes,
see the green lines marked in the Figure 22a and c. (b) 2 EELS spectra corresponding to the sum
of 7 spectra recorded in each of the 2 areas highlighted in red (i) and blue (ii) in the Figure 22a,
respectively. Carbon (corresponding to the pyrene), sulfur and molybdenum (associated to the
MoS,) are detected in these spectra. (d) 2 EEL spectra corresponding to the addition of 8 spectra
collected in each of the 2 regions highlighted in orange (iii) and red (iv) in Figure. 22c,

respectively. The presence of oxygen denotes the clear oxidation of this MoS; flake, see the text.

Shedding light on the oxidation mechanism, initially, oxygen from air is physisorbed onto the
exfoliated MoS; and WS;. In the next step, upon laser irradiation, the surface of TMDs is
damaged, with defected sites created and stabilized by chemisorbed oxygen. At the same time,
sulfur atoms may come out from the lattice and replaced oxygen ones, resulting in structural

deformation. In fact, sulfur vacancies are thermodynamically favorable to be replaced by
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substitutional oxygen species.®® Localized heating, due to Raman laser irradiation conditions,
further damages the chemisorbed TMDs surface, abundantly generating structural defects and
etching the surface. Such transformations are evidenced in the Raman spectra of exfoliated MoS:
and WS; after prolonged irradiation period, where not only new bands due to MoOx and WOx
were evolved but also the intensity of the characteristic Aig, E2g and 2LA(M) modes was

reduced.

Conversely, pyrene immobilized on the basal plane of TMDs by non-covalent interactions acts as
barrier, insulating TMDs from the outer environment and avoiding physisorption of oxygen. This
is evidenced by observing unaltered Raman spectra for 11a and 11b even after enhancing the
laser power irradiation. Notably, materials stored under ambient conditions for more than two
years remained structurally unaltered, showing that pyrene not only prevents the oxidation but
also the aging of TMDs.%

6.3 EXPERIMENTAL SECTION
6.3.1 Materials

Instrumentation. *H and*C NMR spectra were recorded in a 300 MHz Varian instrument
operated by Vjnmr software, with TMS used as internal standard and D20 as solvent. Steady-
state UV-Vis electronic absorption spectra were recorded on a PerkinElmer (Lambda 19) UV-
Vis-NIR spectrophotometer. Steady-state emission spectra were recorded on a Fluorolog-3
JobinYvon-Spex spectrofluorometer (model GL3-21). Pico-second time-resolved fluorescence
spectra were measured by the time-correlated-single-photon-counting (TCSPC) method on a
Nano-Log spectrofluorometer (Horiba JobinYvon), by using a laser diode as an excitation source
(NanoLED, 375 nm) and a UV-Vis detector TBX-PMT series (250-850 nm) by Horiba
JobinYvon. Lifetimes were evaluated with the DAS6 Fluorescence-Decay Analysis Software.
Mid-infrared spectra in the region 500—4500 cm™ were obtained on a Fourier transform IR
spectrometer (Equinox 55 from Bruker Optics) equipped with a single reflection diamond ATR
accessory (DuraSamplIR Il by SensIR Technologies). A drop of the solution was placed on the
diamond surface, followed by evaporation of the solvent, in a stream of nitrogen, before
recording the spectrum. Typically, 100 scans were acquired at 2 cm™! resolution. Micro-Raman

scattering measurements were performed at room temperature in the backscattering geometry
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using a RENISHAW inVia Raman microscope equipped with a CCD camera and a Leica
microscope. A 2400 lines mm™ grating was used for all measurements, providing a spectral
resolution of £ 1 cm™. As an excitation source the Ar* laser (633 nm with less than 2.65 mW
laser power) was used. Measurements were taken with 60 seconds of exposure times at varying
numbers of accumulations. The laser spot was focused on the sample surface using a long
working distance 50x objective. Raman spectra were collected on humerous spots on the sample
and recorded with Peltier cooled CCD camera. The intensity ratio ID/IG was obtained by taking
the peak intensities following any baseline corrections. The data were collected and analyzed
with Renishaw Wire and Origin software. Thermogravimetric analysis was performed using a
TGA Q500 V20.2 Build 27 instrument by TA in a nitrogen (purity >99.999%) inert atmosphere.
X-ray photoelectron analysis (XPS) was performed with a Kratos AXIS Supra. The spectra were
obtained using a monochromatized Al-Ka source at 1486.6 eV running at 15 kV and 10 mA.
The survey spectrum was measured at 160 eV pass energy and for the individual peak regions,
spectra were recorded with pass energy of 20 eV. The energy resolution was < 0.48 eV. The
analysis of peaks was performed with the Casa XPS software, using a weighted sum of
Lorentzian and Gaussian components curves after Shirley background subtraction. The binding
energies were referenced to the internal Cls standard at 284.6 eV. High-resolution tranmission
electron microscopy (HRTEM) was performed on an aberration-corrected (image corrector) FEI
Titan Cube microscope, working at 80 keV. STEM imaging and EELS studies have been
conducted using an aberration-corrected FEI Titan Low-Base microscope operated at 80 kV.
This microscope is equipped with a Cs probe corrector and a Gatan Tridiem ESR 865 EELS
spectrometer. The energy resolution was ~1 eV. The convergence and collection angles were 25
and 50 mrad, respectively. To increase the signal/noise ratio, the datasets were then de-noised

with the open-source program Hyperspy by using principal component analysis routines.

The electrochemical experiments were performed with a AUTOLAB PGSTAT302N
potentiostat. Cyclic voltammetry assays were carried out in a three-electrode cell employing a
0.1 M NaClOs in dry acetonitrile as supporting electrolyte at a scan rate of 20 mV/s were
employed. Photoelectrochemical measurements were carried out on spray-coated samples on
FTO substrates (covering area 1 cm?) as working electrode, which were illuminated through a

quartz window by a 150 W Xenon arc lamp (LOT-Oriel GmbH, Germany).
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6.3.2 Synthesis

General procedure for the preparation of functionalized amonium-based nanohybrids. In a
round bottom flask, exfoliated MoS, or WS, (20 mg) and 1 (10 mg) in DMF (10 mL) were
stirred at 70 °C for 36 hours. After that period, the reaction mixture was filtered through a PTFE
membrane (0.1 mm pore size), the solid residue was extensively washed with DMF and
dichloromethane and then collected as a dispersion in dichloromethane obtaining 2a or 2b. In
order to deprotect the BOC group, 5 mg of the material 2a or 2b were redisperse in
dichloromethane and treated with gaseous HCI. The reaction mixture was left under stirring for

12 hours and then filtered through a PTFE membrane (0.2 um pore size) to yield 3a or 3b.

Synthesis of carbon dots CDs 5. 2.0 g of citric acid monohydrate (9.5 mmol) were dissolved in
16 mL of ultrapure water. Upon addition of 0.64 mL of ethylenediamine (9.5 mmol) the solution
was heated up through microwave irradiation. The mixture was irradiated in order to keep the
temperature at 140°C for 6 minutes, after that the irradiation was stopped. This yields in a
yellow, transparent solid product, highly soluble in water. The product was dissolved in ultrapure
water and dialyzed against ultrapure water (MWCO = 0.5-1.0 KDa, 3 days, twice a day). The dry
material CDs 5§ was obtained by freeze-drying, with a yield in mass of 22 wt. %. Characterization

data are shown in Figure 23.
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Figure 23. (a) Diameter distribution of CDs by dynamic light scattering. (b) AFM image and
height distribution of CDs. (c) *H NMR spectrum of CDs in D0. (d) ATR-IR spectrum of CDs

5.

Synthesis of 3-thiophene methyl acetate. Thiophene-3-acetic acid (1 g) in dry methanol (20
mL) with a 0.05 mL H>SO4 was refluxed for 24 hours. Then, the reaction poured onto the
ultrapure water and extracted with dichloromethane. The organic phase was dried over
magnesium sulfate and the solvent was evaporated to yield a pale-yellow liquid. Yield: 80 %.
Synthesis of poly (3-thiophene methyl acetate). The monomer 3-thiophene methyl acetate (2
mmol) was dissolved in 10 mL of dry chloroform and FeCls (8 mmol) dissolved in 10 mL of
chloroform was added dropwise under inert atmosphere. The reaction mixture was stirred at
room temperature for 24 hours, then poured into methanol and the precipitate was filtered. The
filtered polymer was washed with methanol and water several times to remove unreacted
monomer and any FeCls residue. The obtained poly (3-thiophene methyl acetate was dried at
room temperature overnight.

Synthesis of poly (3-thiophene sodium acetate) 6. Poly (3-thiophene methyl acetate) (100 mg),
deionized water (50 mL) and aqueous 2 M NaOH (10 mL) were placed in a double-neck flask

and refluxed overnight. After that period, the reaction mixture was filtered and the supernatant
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centrifuged at 4000 rpm for 5 min in order to remove any insoluble materials. The collected
supernatant was transferred inside a dialysis tubing and dialyzed against deionized water for 3
days at room temperature. Subsequent evaporation of water by freeze-drying technique gave 1 as

a reddish solid. Characterization data are shown in Figure 24.
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Figure 24. (a)'H-NMR spectrum of poly (3-thiophene sodium acetate) 6 in D,O. (b) FTIR
spectra of poly (3-thiophene methyl acetate) (poly-(3TMA) and poly (3-thiophene sodium

acetate) 9.

Titration assays — preparation of 6-9. Aliquots of 3a or 3b (0.33 mg/mL) were added to diluted
4, 5 or 6 (2 mL, 10 uM) and changes after each addition in the UV-Vis absorption and
fluorescence were recorded.

General procedure for the preparation of functionalized TMDs/pyrene. In a round bottom
flask, exfoliated MoS> or WS (20 mg) and pyrene (10 mg) in DMF (10 mL) were stirred at 70
°C for 36 hours. After that period, the reaction mixture was filtered through a PTFE membrane
(0.1 mm pore size), the solid residue was carefully washed with 1 ml of DMF 1 ml of
dichloromethane and then collected as a dispersion in dichloromethane obtaining 11a or 11b. In
order to deprotect the BOC group, 5 mg of the material 2a or 2b were redisperse in
dichloromethane and treated with gaseous HCI. The reaction mixture was left under stirring for

12 hours and then filtered through a PTFE membrane (0.2 um pore size) to yield 3a or 3b.

6.4 CONCLUSION
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In summary, we accomplished via attractive Coulombic interactions the formation of nanosized
ensembles featuring modified MoS, and WS, bearing positive charges, due to the incorporation
of ammonium units, and a negatively charged porphyrin, carbon dots and poly (3-thiophene
sodium acetate). The ensembles were fully characterized via spectroscopic (ATR-IR and
Raman), thermal (TGA), and microscopic (SEM) means. Moreover, electronic absorption and
photoluminescence titration assays unambiguously verified the formation of porphyrin/MoS;,
porphyrin/WS,, CDs/MS,, poly (3-thiophene sodium acetate)/MoS, and poly (3-thiophene
sodium acetate)/WS, ensembles 7a, 7b, 8, 9a and 9b respectively. In combination with time-
resolved photoluminescence measurements, the transduction of energy from the photoexcited
porphyrin, carbon dots and poly (3-thiophene sodium acetate) acting as an electron donor, to
MoS: or WS, acting as acceptors, was revealed. Moreover, the electrocatalytic performance of
CDs/MoS; was evaluated regarding the HER and found improved in comparison with that of the
individual CDs species. Without a doubt, such CDs/MoS;, ensembles performing in electron
donor-acceptor schemes can be further exploited for managing charge-transfer processes as well
as for electro- catalysis and may be useful for advancing the field of energy conversion in a wide
range of technological and environmental applications. In addition, the supramolecular
immobilization of pyrene via multiple -S interactions with exfoliated MoS; and WS; sheets was

accomplished and was found that pyrene protects MoS2 and WS by inhibiting oxidation.
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