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Abstract

Luminescent group 11 metal chalcogen clusters have been of interest in the past few decades due to their
potential applications in light emitting materials. These complexes can be synthesized by a controlled
reaction between a phosphine solubilized metal complex (M = Cu, Ag) and trimethylsilylchalcogen
reagents (RESiMes and E(SiMes)2, R = organic moiety, E = S, Se) which results in polynuclear metal
chalcogen complexes ((M-ER) or (M:E)) with protective phosphine ligands. These phosphine stabilized
clusters can exhibit emission at room temperature (RT) which can be changed depending on the phosphine
ligand. This thesis focuses on incorporating 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP) and
related disphosphine ligands in group 11 metal chalcogen clusters to determine how the incorporation of
these bidentate phosphines affect the structural and the luminescence properties of these compounds. It
was observed that the incorporation of DBFDP in metal chalcogenolate clusters resulted in
[(M(EPh))«(dbfdp)2] (Ph = phenyl, x = 4, 5, 6) with efficient PLQY’s of up to 73 % at RT while the
incorporation of the related DBFDP resulted in [Cui2E¢(etdfbdp)4] with protective phosphine ligands with
red - orange emission at RT. An analysis of the structure and the photophysical properties of group 11

metal chalcogen clusters is discussed.

Keywords: metal chalcogenolates, metal chalcogenides, phosphine ligands, luminescence, emission,

photoluminescence quantum yields



Summary for Lay Audience

Group 11 metals refer to copper, silver and gold while chalcogens refer to the group 16 elements oxygen,
sulfur, selenium and tellurium. The chalcogens in combination with group 11 metals can form group 11
metal chalcogenolate or chalcogenide clusters. Chalcogenolates (RE", R = organic moiety, E =S, Se) have
a 1" charge on the chalcogen atom which has the ability to bond to group 11 metals with a 1" charge
resulting in a core made of M-ER (M = Cu, Ag) with a ratio of 1:1 between M:E. The R groups in the
chalcogenolates provide kinetic control in the assembly of the desired compound. Moreover, phosphorus
containing organic compounds (phosphine ligands) can also be incorporated in these compounds which
can provide a way to change the properties (such as luminescence - emission of light in the visible region)
of group 11 metal chalcogenolate clusters. On the other hand, chalcogenides have a 2- charge on the
chalcogen and when reacted with M®, they result in a ME core with a 2:1 ratio between the M and E.
The metal is protected by the incorporation of phosphine ligands and provides kinetic control in
synthesizing the desired species and preventing the formation of bulk M2E. The protective phosphine
ligands can result in properties such as luminescence for group 11 metal chalcogen clusters which have
potential applications in light emitting materials, optical sensors and bioimaging. This thesis describes the
incorporation of a custom / tailored phosphine ligand that has the ability to bond two metal atoms in group

11 metal chalcogen clusters and an examination of their luminescence.
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Chapter 1

1.0 Introduction

1.1 Group 11 Metal Chalcogen Clusters

Polynuclear metal chalcogen complexes have been researched extensively due to their rich structural,
chemical and physical properties. These properties depend on the elements of the cluster, the ligands and
the spatial arrangement of the atoms.[!®) Specifically, coinage metal (group 11) clusters have been of
interest due to their structural and photophysical properties with potential application in catalysis, sensors,
polymers, photovoltaic cells, luminescence signalling devices and organic light emitting diodes

(OLEDS)_[4][5][7][8]

1.1.1 Group 11 Metal Chalcogenolate Clusters (M-ER)

Group 11 metal chalcogenolate complexes show that clusters with different nuclearities and
dimensionalities can be synthesized with Cu or Ag with protective chalcogenolates and organic ligands
bonded to the metal. A common feature observed throughout these compounds is the trigonal planar /
tetrahedral geometries of the metal atoms with p», pus and ps bridging chalcogenolates and protective
ligands present at the periphery. An interesting characteristic of the high nuclearity complexes indicates
the presence of metallophilic interactions which are attractive forces between metal centres that reduce
the vibrations within the cluster reducing the loss of energy through vibrational energy. Discussed below

are examples that highlight these factors.

Coinage metal elements (copper, silver and gold) in combination with chalcogenolates have gained
interest in the past few decades due to their high potential as modifiable complexes in regard to the
dimensionality of the structure and the functionality of the organic substituents to change the molecular,
electronic and conductive properties.’Il'% The M-ER (M = Cu, Ag, E = S, Se, R = organic moiety) bond
is favoured due to the soft base - soft acid interaction between the metal and the chalcogen. The
favourability of the M-ER bond with the incorporation of different sized organic ligands can result in
molecular complexes of different sizes.”l'% These complexes have a core composed of M® and RE!
resulting in a (ME)x core with organic ligands (bonded to the metal) and the R groups (bonded to the
chalcogen) present at the periphery. Chalcogenolates (RE", E = S, Se) are known to have multiple
coordination modes with group 11 metals resulting in different structural and photophysical properties

(emission).!''l An example of a smaller sized complex is [Cux(p2-S-CsHs-OMe)o(dpppt)2] (dpppt =
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diphenylphosphinopentane) (I.I) shown in Figure 1.1.”) This represents a binuclear compound with a
copper - thiolate core with organic ligands present at the periphery. As seen in Figure 1.1, the
chalcogenolate adopts p» coordination.”) Another example to compare to (LI) is [Cuz(p-S-CeHa-
NMe»)7(PPhs)s] (LIX) (Figure 1.2) reported by Fuhr and co - workers.'!! This represents a heptanuclear
cluster with a copper thiolate core with organic ligands bonded to the copper.['!) The size and the structural

geometry of (L.I) and (I.IT) are very different from each other.!'!]

Figure 1.1: Molecular structure of [Cuz(uz-S-CsHs-OMe):(dpppt)2](1.1) (H atoms are omitted for
clarity).l’’

In (L.I), each copper atom has a tetrahedral geometry due to bonding to two thiolates and two phosphines.
In (L.ID), four of the seven Cu centres represent tetrahedral geometry (three bonds to thiolate and one to
phosphine) while the other three Cu centres have a trigonal planar geometry due to solely bonding to
thiolates. A significant difference between (L.I) and (L.IT) is that (LI.IT) has some Cu centres stabilized by
thiolate ligands only due to thiolates having more coordination modes (L2, 13 and ps). Moreover, the short
distances between the copper atoms in (LII) indicate the presence of metallophilic (cuprophilic)

interactions.['!)

Metallophilic interactions refer to the weak attractive forces between metal atoms. These attractive forces
are known as weak bonds or secondary bonds and can be observed in univalent group 11 metal atoms
(Au®, Ag® and Cu®).'?] Aurophilic interactions have been largely investigated and the short intermetallic
distances between Au centres (2.5 - 3.5 A) are used to indicate the presence of metallophilic interactions.
These Au® - Au® interactions (7 - 11 kcal / mol) are slightly stronger than van der Waals forces and are
considered unique due to the univalent atoms having closed shell configurations.'?  The linear

coordinated geometry of the Au atoms results in d orbital overlap resulting in aurophilicity. The most
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accepted theory for these Au® - Au®® interactions is the relativistic contraction of the valence electrons

[12I' Argentophilic interactions are less studied than

which is the most pronounced in heavier elements.
aurophilic interactions since linear coordinated geometry is predominantly observed in Au containing
compounds than Ag. Similar to aurophilic interactions, argentophilicity is indicated by the short Ag® -

Ag® distances (shorter than 2.5 - 3.4 A).[12]

® Cu

Figure 1.2: Molecular structure of [Cu(p-S-CsHs-NMe3):(PPhs3)4] (II1) (H atoms are omitted for
clarity).l']

Cuprophilicity refers to d'® - d'® Cu® - Cu® interactions which are weaker than aurophilic and
argentophilic forces. Cuprophilic interactions are equivalent to van der Waals forces.!'?! These interactions
are studied even less than their Ag counterparts. Since relativistic effects are more pronounced in heavier
elements, the presence of cuprophilic interactions has been controversial.'2) The major supporting
evidence for an interaction to be classified as a cuprophilic interaction is the short distance between the
Cu centres. The distance of the “bond” must be shorter than the sum of the van der Waals radii of two

Cu® atoms, with the former having a distance of 2.4 - 2.8 A _[12]

Cuprophilic interactions have similar structural and dynamic characteristics when compared to the well -
studied aurophilicity and argentophilicity. However, Cu®® and Ag® are more likely to adopt trigonal
planar / tetrahedral geometries resulting in higher coordination numbers.l'?! Copper is also a lighter
element and therefore has weak relativistic effects which also result in Cu® having a higher coordination
number. Cuprophilic interactions are relatively weak interactions and can be difficult to discern when

present along with other stronger forces such as crystal packing, hydrogen bonding and = - m interactions



but one of the key ways to determine the indication of cuprophilicity is through single crystal X - ray

diffraction.['?]

Silver chalcogenolate complexes are also considered interesting due to their structural diversity and their
emission properties.l!*! They are not explored as extensively due to their instability under light and
moisture which often leads to decomposition.['*Il15] An example of a stable silver chalcogenolate cluster

is [Agi2(SCH2CeHs)6(CF3COO)s(pyridine)s] (LX) shown in Figure 1.3.11)

The silver atoms are bridged by the thiolates via p4 coordination forming a Agi> cuboctahedron. The silver
atoms have a distorted tetrahedral and trigonal planar geometries. The trigonal planar geometry arises
from bonding to two thiolates and either one pyridine or one CF3COO".['*] The coordination ability of the
CF3COO ligand results in two of the silvers having distorted tetrahedral geometry. Another interesting
feature of these clusters is the short distances (2.935 - 3.218 A) between silver centres which indicates the
presence of argentophilic interactions.['®! Argentophilic interactions follow the same rule as cuprophilic
interactions where the distance of the “bond” must be shorter than the sum of the van der Waals radii of

two Ag atoms, with the former having a distance shorter than 3.4 A.[12117]

(N )
oozmmog;

Figure 1.3: Molecular structure of [Agi12(SCH>CsHs)s(CF3COO)s(pyridine)s] (LIII) (H atoms are omitted
for clarity).!1%

1.1.2 Group 11 Metal Chalcogenide Clusters (M:E)
Group 11 metal chalcogenides exhibit a 2:1 ratio of M:E in the core with protective ligands bonded to the

metal. Metal atoms in these clusters can have a linear, trigonal planar or tetrahedral geometry with po, ps



and p4 bridging chalcogenides. Metal atoms in the corners of the core are bonded to organic ligands and
chalcogenides while the metal atoms in the center of the core can be solely bridged and stabilized by
chalcogenides. These complexes can have different nuclearities and dimensionalities with a consistent

core ratio of 2:1 between M:E.

These clusters are researched extensively due to their ability to exhibit high ionic and high electric
conductivity in the solid state!?*] with luminescent properties which allow them to be potentially used in
medicine, catalysis and OLEDs.*IPI7I8] The difference between the metal chalcogenide and the metal
chalcogenolate clusters is that the core is composed of M® (M = Cu, Ag) and E* (E = S, Se) resulting in
a (M2E)x core with protective ligands at the periphery.['31%] These complexes are usually insoluble, and
this results in a challenge to characterize them. One of the best and most used methods to characterize

(201 An example of a stable copper

such clusters is through single crystal X - ray crystallography.
chalcogenide cluster is [Cui2Ss(dppo)4] (I.IV) (dppo = dipheynlphosphinooctane) shown in Figure 1.4
(a).'81 This core is composed solely of Cu® and S?- with a ratio of 2:1 with the phosphine ligands bonded
to the copper atoms while the sulfide ligands adopt p4 coordination modes.['8] The copper atoms in the
corners have a trigonal planar geometry due to bonding to two S* and a single PR3 ligand.['®) The Cu
atoms in the middle of the core are each stabilized by two S* resulting in a linear coordinated geometry.

The short distances between the copper atoms indicate the presence of cuprophilic interactions.[!8]

[Cui2Ses(dppo)s] (I.V) presents as a nice comparison to determine how a different chalcogen could affect
the molecular structure of these complexes (Figure 1.4 (b)).*!) Both of these clusters have a copper
chalcogenide core with a ratio of 2:1 between Cu and E (E =S, Se). [Cui2Ses(dppo)4] (I.V) is isostructural
to [Cui2Ss(dppo)4] (I.IV) with slight geometric differences. Bond lengths for Cu-Se in (I.V) are 2.295 -
2.458 A while the bond lengths for Cu-S in (I.IV) are 2.155 - 2.378 A. The longer bond lengths in (L.V)
are due to the larger covalent radii of Se (1.16 A) compared to the covalent radii of S (1.03 A).2!]
Comparing these two complexes, it can be seen that when using the same metal and organic ligand with a

different chalcogenide, the resulting cluster can be similar in structure and size.?!

In terms of silver chalcogenide clusters, they are much more difficult to synthesize even with the presence
of surface organic ligands as it can result in the formation of insoluble Ag;E (E = S, Se).[??] There are not
many reports on silver chalcogenide clusters where the core is solely composed of Ag® and E* as most
result in bulk Ag>E but there have been many Ag clusters with both chalcogenide (E*) and chalcogenolate
(RE") stabilizing ligands.[?!



Figure 1.4: (a) Molecular structure of [Cui:Sé(dppo)s] (ILIV) (H atoms are omitted for clarity)!'¥(b)
Molecular structure of [Cui:Ses(dppo)4] (I.V) (H atoms are omitted for clarity).!/

One example of a stable silver chalcogenide complex that has a 2:1 ratio of Ag:S for the core is
[Agi83So4(PnPr3)30] (L.VI)?* reported by Fenske and co - workers. This cluster is unique as all the Ag®
are stabilized by S*" with the phosphine ligands present at the periphery.[>*] Most of the silver chalcogenide
clusters are core - shell clusters where the inorganic core (Ag2S)x is protected by a shell of silver thiolates
and / or organic ligands.?”) An example for such a core - shell cluster is the [AgssS13(SAd)32] (SAd = 1-
adamantanethiolate) (I.VII) shown in Figure 1.5.1'")

The centered icosahedral core is neutral and made of (Ag>S)13 while the shell is encapsulated by 32 AgSAd
moieties. The Ag® atoms in the core are stabilized by S while the Ag®V atoms in the shell are stabilized
by the AdS™ ligands. The silver atoms exhibit various geometries (linear, trigonal planar and tetrahedral)
and the sulfide has various coordination modes (u2 - p7).'”! The cluster also has short distances between

the silver atoms indicating the presence of argentophilic interactions.[!711%]



(a)

Figure 1.5: (a) Molecular structure of [Ags5sS13(SAd)3z] (ILVII) (H atoms are omitted for clarity) (b)
(Ag2S)13 core (only sulfide atoms that form the core are shown for clarity) (c) Si3 centered icosahedral
core made of S’ shown in orange and Sz shell of RS' shown in yellow (Lines between S centres are only
shown for geometric arrangement) (figure adapted from S. Bestgen, X. Yang, I. Issac, O. Fuhr, P. W.
Roesky, D. Fenske, Chem. - A Eur. J. 2016, 22, 9933-9937. Copyright 2022 John Wiley and Sons).["’/

1.2 Synthesis Methods for Group 11 Metal Chalcogen Clusters
There have been various ways to synthesize metal chalcogen clusters. One of the earliest and still heavily
used ways is the use of H>S.1?’! Hydrogen sulfide can be either used in a condensation reaction to displace

metal oxides or it can be deprotonated by bubbling it through an aqueous base solution, resulting in sulfide



or polysulfide which can be then reacted with metal salts to result in metal sulfide complexes as shown in

Scheme 1.1.1%]
(@ Hy,o + OH —» 2 + H30*

(b) =¥ + Cu(OAc)y H,0 —> [Cus( s

Scheme 1.1: Reaction scheme (a) Deprotonation of H2S (b) Synthesis of a copper sulfide complex using
deprotonated sulfide.!*’/

This method of synthesis is not as efficient when using H,Se because it can lead to impure products.?”)

Both H>S and H>Se can be highly toxic and lethal thus, scientists have transitioned into finding safer ways
to synthesize metal chalcogen clusters.?>261 Yam and co - workers reported the synthesis of [Cua(p-
dppm)a(ps-S)](PFs)2] (dppm = diphenylphosphinomethane) (I.VIII) produced by reacting [Cux(p-
dppm)2(CH3CN)2]** (LIX) with Na,S (3).27! They also reported several other copper chalcogenide and

silver chalcogenide clusters by using Na,S and Li>Se as reagents.[?]

Similar to the early synthesis method of using HoS to synthesize metal chalcogenide complexes, free
chalcogenol reagents (REH, E =S, Se, R = organic moiety) can be used to synthesize metal chalcogenolate
clusters.[?81301 These reactions proceed under mild conditions and result in products with high yield. An
example of this cluster is the [CuSAr’"™], (I.X) synthesized by reacting HSAr'"™ (Ar'"™ = -C¢H3-2,6-
(Ce¢H3-2,6-1Pr2)2) with mesitylcopper as shown in Scheme 1.2.531]

H Cu Dipp Dipp,
. . Cu
D D THF 77
4 PP Ipp + 4 _ T a0 - + 4
80 °C, 2 days Cu
Dipp Dipp

Scheme 1.2: Reaction scheme for the synthesis of [CuSArt™], (IX) (Dipp = -CsHs3-2,6-(CsHs-2,6-
iPr;).31

This synthesis method is very convenient to produce metal chalcogenolate clusters but chalcogenols can
be unstable and air sensitive (especially thiols and chalcogenols with smaller R groups). Another method
used to synthesize metal chalcogenolate clusters is by using alkali metal analogues such as REA (A =

alkali metal = Na, Li).3?) The alkali metal analogues can provide selectivity and increased nucleophilic



reactivity due to the A-E bond.[*J An example of a metal chalcogenolate complex produced through this

synthesis method is [Cus(u-dppm)s(us-S'Bu),]BF4] (I.XI) by Yam and co - workers.?*]

1.2.1 Silylated Chalcogen Reagents for the Synthesis of Group 11 Metal Chalcogen Clusters

One of the most efficient ways to synthesize a metal chalcogen cluster today is by using
trimethylsilylchalcogen reagents, E(SiMes), and RESiMe; (E = S, Se, R = organic moiety).’134 These are
attractive reagents because they serve as soluble and easy to handle sources of chalcogens.**l These
chalcogen reagents react readily with metal salts (MX,) (X = leaving group) resulting in a M-E bond with

the elimination of the silane (X-SiMe3) as shown in Scheme 1.3. H2IB4I36137]

2LMX  + (SiMe3), —  [LMxE))  + 2 XSiMe;

LMX +  RE(SiMes) — [L(MER))] + XSiMeg

M = Cu, Ag, Au =S, Se, R = Organic group
X = Leaving group (Cl, OAc) L = Organic ligand

Scheme 1.3: General reaction scheme for the synthesis of metal chalcogen clusters (n = 1,2,3... y =
1,2,3...) (Metal in the metal salts is also bonded to a ligand).!/1[?/34[361137]

The reactivity of the metal salts (MX) with the trimethylsilyl chalcogen reagents can be controlled by
changing the nature of X.[PI34B37] The thermodynamic formation of the X-SiMes drives the reaction
forward which depends on the bond strength of the Si-X bond.[!I2136] The silyl reagents are also soluble
in common organic solvents at low temperatures which allow for a controlled synthesis of the desired
cluster while reducing the formation of the thermodynamically driven binary M,E.[N-BIB6) The silane
product is soluble in solvents and does not hinder the crystallization of the desired metal chalcogen
cluster.®®) Some metal chalcogenide clusters produced by this method of synthesis include
[Cui2Se(dppo)s] (LIV) (dppo = diphenylphosphinooctane)'®! (Figure 1.4 (a)), [CuzsSe13(PEt2Ph)i4]
(LXID! and [AgissSes(PnPr3)s0] (VD24 reported by Fenske et al. Examples of the metal
chalcogenolate clusters synthesized by using trimethylsilyl chalcogen reagents include [Cux(S-CsHa-
OMe)x(dpppt)2] (I.I) (dpppt = diphenylphosphinopentane)®! (shown in Figure 1.1), [Cuz(SePh)2(dpppt):]
(LXIID®! (Figure 1.6), [Agz(SPh)7(dppm)s] (LXIV) (dppm = diphenylphosphinomethane)!?! and
[Aga(SeiPr)s(dppm),] (LXV).[2]



Figure 1.6: Molecular structure of [Cux(SePh):(dpppt)>] (LXIII) (H atoms are omitted for clarity).l/

1.3 Phosphine Stabilized Group 11 Metal Chalcogen Clusters

Metal chalcogen clusters have a tendency to form the thermodynamic stable binary phases (M:E).H1-B31536]
Protective ligands are used to prevent their decomposition and stabilize the kinetic product of interest.[!)
BI36] One of the most common ligands used are monodentate / bidentate phosphines.[!IBI3¢] Some
examples of metal chalcogen clusters with phosphine ligands are [CuiseSe73(PPhs)so] (LXVI)40]
[Agi88So4(PnPr3)20] (IL.VI)?4, [Cua(SePh)2(PPhs)s]) (I.XVID)? and [Ag7(SPh);dppm] (I.XIV)! reported
by Fenske et al. In terms of metal chalcogenolate clusters, the organic moiety bonded to the chalcogen
provides kinetic stability, but the incorporation of phosphine ligands can be used to change the structural

and electronic properties of these clusters to control properties such as luminescence.

The synthesis of the cluster depends on the thermodynamic driving force of the Si-X bond and also more
importantly, it also depends on the phosphine ligand used.[2BI371139] The sterics of the phosphine play a
big role in stabilizing as well as the size and the shape of the metal chalcogenide core.l'3134 The very
first step in synthesizing a phosphine stabilized metal chalcogen cluster is to form the reactive species
using the phosphine to solubilize the metal salt as shown in Scheme 1.4.111313% Once the phosphine
stabilized metal salt complex is synthesized, it serves as an excellent entry point for the insertion of the
chalcogen by using trimethylsilylchalcogen reagents as shown in Scheme 1.3.''3) This results in
polynuclear metal chalcogen complexes which can have luminescent properties in the solid state.2137]
These polynuclear complexes have the potential to be used in organic light emitting diodes (OLEDs) due

to their high rigidity which results in high photostability and quantum yields of emission.!!8]
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MX + FPRg  ——— [MX(PRy)ly

MX  + dpPRy ———— = [(MX)x(dpFRy)],
M = Cu, Ag, Au dpP = diphenylphosphine R = Organic group X = Leaving group (CI, OAc)

Scheme 1.4: General reaction scheme for the synthesis of phosphine stabilized metal complexes (x =
1,2,3...y=123...)1BI53%

1.4 Luminescence, Photoluminescence: Fluorescence, Phosphorescence, Thermally Activated
Delayed Fluorescence and Photoluminescence Quantum Yields
The definition of luminescence is “a spontaneous emission of radiation from an electronically excited
species (or from a vibrationally excited species) not in thermal equilibrium with its environment”.*!] There
are different types of luminescence and each one depends on a different type of excitation (for example:
chemiluminescence, electroluminescence, bioluminescence). Photoluminescence is the emission of light
and is described as “the direct photoexcitation of the emitting species”.[*!! Photoluminescence arises from
the absorption of photons (the wavelength is inversely proportional to the energy difference between the
ground and the excited state of the electron) that can lead to the excitation of an electron; the molecule
then emits light as it returns to its ground state.l*?! The absorption of photons results in LMCT (ligand to
metal charge transfer, where the ligand is the donor and the metal is the acceptor) or MLCT (metal to
ligand charge transfer, where the metal is the donor and the ligand is the acceptor). Charge transfer can
occur between ligands and metal centres where one of them is an electron donor (Lewis base) and the
other is an electron acceptor (Lewis acid). The absorption of light results in an electron transition from the
donor to the acceptor.*’] These transitions have high molar absorptivity values and can often be observed

in the visible region.[*’]

Two principal types of photoluminescence exist: fluorescence and phosphorescence.[**) One of the main
differences between the two types is the time it takes for the electron to return to its ground state.[*>] For
fluorescence, the emission of light can last from picoseconds to nanoseconds whereas in phosphorescence,
the emission can last for microseconds or longer.[*!! Phosphorescence is longer lived because of the spin
forbidden transition resulting in a different spin state multiplicity due to inter system crossing!*?l as shown

in Figure 1.7.
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Figure 1.7: Simplified version of emission from the singlet state showing fluorescence and triplet state
showing phosphorescence (figure adapted from literature).[*!/

Intersystem crossing (S; = Ti) is a spin forbidden process because of the lack of effective spin orbit
coupling (SOC - arises from the electron repulsion effect)!*S! and thus, the rate for phosphorescence is
slower. Transition metal complexes have a central metal that has significant spin orbit coupling and results
in efficient intersystem crossing and phosphorescence.[*”] The process of intersystem crossing makes
photoluminescent transition metal complexes suitable candidates for organic light emitting diodes
(OLEDs) through mechanisms such as thermally activated delayed fluorescence (TADF) and
phosphorescence (PH).[#7148]

TADF involves using thermal energy to undergo reverse intersystem crossing to re - populate S; (due to
the small AE(Si-T1) gap), so that there is efficient light emission from the singlet state giving rise to
adequate photoluminescence quantum yields (PLQY's) as shown in Figure 1.8.1471 Whereas PH arises from
intersystem crossing and has efficient light emission from the triplet state with high PLQYs.*¥! PLQY's
are calculated by using the ratio between the number of photons emitted (Nem) to the number of photons
absorbed (Naps). Therefore, this calculation gives a measurement of photoluminescence efficiency whether

it be by fluorescence or phosphorescence pathways.*"]
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Figure 1.8: Simplified version of emission shown as thermally activated delayed fluorescence (TADF) and
phosphorescence (figure adapted from literature).[*1/[#7]

When incorporating emissive compounds in light emitting materials such as OLEDs, the theoretical
efficiency of fluorescence is only 25 % whereas the maximum theoretical efficiency of phosphorescence
and TADF is 100 %. (41 When electrons are excited, they have four different exciton states (one singlet
and three triplets due to statistics and degeneracy).[*”] Singlet states populate the S; while triplet states
populate the Ti. Therefore, 25 % of the emission takes place from S; via fluorescence and 75 % takes
place from T, by phosphorescence.l*”l With the process of SOC, theoretically all of the excitons from the
S state can be transferred into the T; state, resulting in a 100 % emission efficiency from the triplet state
(phosphorescence). Similar to phosphorescence, the fast process of reverse intersystem crossing can result

in a 100 % transfer of excitons from T; = S; resulting in a maximum 100 % efficiency via TADF.[*7]

1.5 Luminescent Group 11 Metal Chalcogen Complexes incorporating Phosphine Ligands

In 1993, Yam and co - workers reported the first phosphine stabilized luminescent copper sulfide and silver

sulfide complexes: [Cua(pu-dppm)a(ps-S)](PFe)2] (I.VIID) and [Ags(u-dppm)a(us-S)](PFe)2] (LXVIII).2%

The photophysical and photochemical properties of the M® tetramers were investigated and it was

concluded that the long-lived excited state was due to the ligand to metal charge transfer process LMCT

(E* 2 My) (E =S, M = Cu) with some mixing of sd and pd orbitals of the metals.[>” Since then, there has
13



been a significant amount of research that has been conducted in phosphine stabilized luminescent metal
chalcogen clusters. Recently, Eichhofer and co - workers have examined the use of o donating phosphine
ligands in stabilizing copper (I) chalcogenide clusters and how these affect the photophysical properties.
Various copper chalcogenide clusters were synthesized where some had different phosphine ligands but
the same core structure while others had the same phosphine ligand but different core structures.!?!]

General structures of these clusters are shown in Figure 1.9.

P ¢ (b) »

Figure 1.9: General core structures of copper (I) sulfide clusters with phosphine ligands
(a)[Cu12Ss(dpppt) 4] (1.XIX) (b)[Cu20S10(PPh3)s] (1.XX) (c)[Cu24S12(PEt3Ph) 5] (1.XXI)
(d)[Cuz20S10(P'Bus)s] (LXXII) (C and H atoms are omitted for clarity) (adapted with permission from A.
Eichhofer, G. Buth, S. Lebedkin, M. Kiihn, F. Weigend, Inorg. Chem. 2015, 54, 9413—9422. Copyright
2022 American Chemical Society).*!/

Bright red phosphorescent emission was observed at ambient temperature for complexes containing
CuizEePs (E = S, Se) cores. These complexes showed high PLQYs between 21 % - 63 %.12!] Through
these observations, it was noted that the type of phosphine ligand as well as, surprisingly the crystal
packing (triclinic vs. tetragonal) can affect the PLQYSs. It was reported that all transitions below 495 nm
involved electron donation from the cluster core to the phosphine ligand.?!! The phosphine ligands used
all had phenyl rings and thus low lying empty * orbitals; the complexes displayed electron transitions
from the orbitals of the copper chalcogenide core to these ligand - based orbitals.?!! Clusters that had
phosphine ligands devoid of aromatic rings had transitions exclusively within the copper chalcogenide

core. In these cases, electronic transitions involved HOMOs, HOMO - 1, HOMO - 2 (mostly comprising
of d(Cu) and p(S) orbitals) and LUMOs (mostly comprising of Cu orbitals). For some complexes,

14



decreasing temperature resulted in increased intensity of emission while other complexes showed

decreased intensity.?!]

For luminescent metal chalcogenolates, one example is [Cuz(pu-S-CsHa-OMe)2(dpppt)2] (LX) (Figure 1.10)
that displays solid state emission at room temperature (Aem = 465 nm).[°! Another example of a luminescent
copper chalcogenolate complex is [Cui3(SePh)i3(PPhs)4] (I.XXIII) reported by Zhu and co - workers
which exhibits red luminescence with Aem = 727 nm in the solid state. This cluster does not display high
emission intensity at room temperature but decreasing the temperature to 80 K increases the efficiency by
4 - fold while also resulting in a hyposchromic shift (Aem = 680 nm).[*%1 Both (I.I) and (I.XXIII) exhibit
LMCT where the HOMO is localized over the copper chalcogenolate core and the LUMO is localized
over the phosphine ligands.

(b)

Figure 1.10: (a) Molecular structure of [Cu(S-CsHs~-OMe)>(dpppt)z] (I.1) (H atoms are omitted for
clarity) (b) Emission of [Cux(S-CsH4-OMe):(dpppt):] (I1) (adapted from B. Hu, C. Y. Su, D. Fenske, O.
Fuhr, Inorg. Chim. Acta 2014, 419, 118—123. Copyright 2022 Elsevier).”]

Silver chalcogenolate clusters also have potential to be used as photofunctional materials but a major
obstacle with using these compounds is that they are unstable and have poor luminescence at room
temperature.>!! One example of a luminescent silver chalcogenolate cluster is [Agi4(SCsH3F2)12(PPhs)s]
(LXXIYV). This cluster has an Ags** core that is enclosed by a cube of [Ag*(SCsH3F2"); PPh3] which share
one corner (SC¢H3F2) between them. It is important to note that the central Ag atoms have the oxidation
state Ag(/ Ag® which result in an octahedral Ags*" core which is very rare in thiolate protected Ag clusters.
Another feature of this cluster is that all the thiolates adopt a p3 coordination and bond to three Ag atoms.
The transitions inside the cluster results in yellow luminescence at room temperature.l®?l Compound

(I.XXIV) emits yellow in solid state and in solution as shown in Figure I.11 and has Aem = 536 nm. While
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it displays emission at RT, the photoluminescence quantum yield is only 0.1 %. It is also unstable in

solution for long periods of time and loses luminescence in the presence of oxygen or light.[>2]

Figure 1.11: (a) Molecular structure of [Ag14(SCsH3F3)12(PPhs)s] (LXXIV) (H atoms are omitted for
clarity) (b) Emission of [Agi4(SCsH3F3)i2(PPhs)s] (LXXIV) in DCM (c) Emission of
[Ag14(SCsH3F ) 12(PPh3)s] (L XXIV) in the solid state (adapted with permission from H. Yang, J. Lei, B.
Wu, Y. Wang, M. Zhou, A. Xia, L. Zheng, N. Zheng, Chem. Commun. 2013, 49, 300-302. Copyright 2022
Royal Society of Chemistry).’%

1.6 A Better Phosphine Ligand: 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP)

Copper (1) iodide clusters have yet to be incorporated as OLEDs due to their general poor processability
and weak electroactivity. However, in a recent article the use of 4,6 - bis(diphenylphosphino)dibenzofuran
(DBFDP) has shown to promote strong luminescence behaviour in stable copper (I) iodide clusters.?!
The use of this ligand resulted in improved solution processability and electroactivity of the clusters
compared to mononuclear / dinuclear copper complexes and other copper iodide clusters (for example:
TTPPCul (I.XXYV) (TTPP = 2,2’ - (phenylphosphinediyl)bis(2,1 - phenylene)bis(diphenylphosphine)
(Figure 1.12))531134 a5 well as dual emission characteristics. Dual emission here is described as two MLCT

excited states existing together caused by a specific substitution pattern on the bridging phosphine
ligand.[*3]
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Figure 1.12: Molecular structure of [CulTTPP] (L.XXV) (H atoms are omitted for clarity).’¥

The emission decay of [Cua(ps-1)s(po-dbfdp)s] (ILXXVI) is temperature dependent as the lifetime of
TADF decreases as the temperature increases (milliseconds to microseconds). The fraction curves of PH
and TADF also show a strong temperature dependent relationship due to dual emissive character. As
shown in Figure 1.13, (I.XXVI) shows strong temperature dependent luminescence as TADF increases
as temperature increases while PH increases as temperature decreases. Interestingly, (. XXVI) shows dual

emissive behaviour (TADF and PH) at room temperature as the ratio between TADF and PH at room

temperature is 1:1.
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Figure 1.13: Temperature dependent TADF and PH emission of [(Cusly)(dbfdp):] (1. XXVI) with lifetime
decays (figure adapted from M. Xie, C. Han, J. Zhang, G. Xie, H. Xu, Chem. Mater. 2017, 29, 6606—6610.
Copyright 2022 American Chemical Society).’’

DBFDP was selected while keeping two ideas in mind>3:
1) The distance between the two P atoms

2) The rigidity promoted by the phosphine ligand
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(a) (b)

Figure 1.14: (a) 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP) (b) Molecular structure of
[(Cudly)(dbfdp)>] (LXXVI) in the crystal (H atoms are omitted for clarity).’%/

The distance between the two P atoms gives this ligand the ability to bridge two metal centres. Moreover,
the energy gap between the HOMO and the LUMO is large and that results in a high - energy - gap
chromophore.[*3 The two properties of this ligand allow it to be able to coordinate with Cul to result in
the desired Cusls cluster with a PLQY of ~5 %.0°% Density functional theory (DFT) calculations of
(L.XXVI) show the HOMO and the LUMO in the ground state. The HOMO of this complex is located on
the Cusls unit while the LUMO mainly consists of the dibenzofuran group and phosphorus coordination

sites as shown in Figure 1.15 which results in (M+X)LCT (metal + halide to ligand charge transfer).

HOMO LUMO

Figure 1.15: DFT Calculations for [(Cusly)(dbfdp):] (L. XXVI) (figure adapted from M. Xie, C. Han, J.

Zhang, G. Xie, H. Xu, Chem. Mater. 2017, 29, 6606—-6610. Copyright 2022 American Chemical
Society).l’%
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1.7 Scope of Thesis
This thesis focuses on incorporating the 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP) and related

ligands in group 11 metal chalcogen clusters to examine how these phosphine ligands affect the structural,
electronic and photophysical properties of these complexes. Chapter 2 focuses on incorporating the
bidentate DFBDP ligand in group 11 metal chalcogenolate clusters with an analysis of their molecular,
electronic and luminescent properties. It also discusses how the nature of the chalcogen, and the group 11
metal can be used to change the structural and photophysical properties. Chapter 3 focuses on synthesizing
a custom DBFDP ligand which is incorporated in copper chalcogenide clusters to determine how this
ligand effects the molecular and photophysical properties. Chapter 4 summarizes the results from Chapter

2 and 3 and suggests future directions for projects involving the DBFDP ligands.
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Chapter 2

2.0 Luminescent Group 11 Metal Chalcogenolate Clusters with Conjugated
Diphosphine Ligands

2.1 Introduction

Polynuclear metal chalcogenolate complexes are researched extensively due to their wide range of
structural, chemical and photophysical properties.[!! Specifically, coinage metal elements (copper, silver
and gold) in combination with chalcogenolates have been of interest due to their high potential as
modifiable complexes in regard to the dimensionality of the structure and the functionality of the organic
substituents to change the electronic and conductive properties.[?*] These complexes can be used as light

emitting materials because of their rich photophysical properties (emission at room temperature).[2}-4]

These clusters can be easily synthesized using silylated chalcogen reagents (RESiMes, R = organic moeity,
E =S, Se) with metal salt complexes (LMX, L = organic ligand, M = Cu, Ag, X = leaving group: OAc,
Cl) bonded to a ligand.l'I5H8 The formation of X-SiMe;s drives the reaction forward and results in the
metal chalcogenolate core.l'8)8] The size and the structure of these clusters can vary depending on the
organic ligand used as well as the sterics of the organic moeity bonded to the chalcogen.!'IPI1% The
presence of the R group bonded to the chalcogen provides kinetic stability and prevents the formation of
the CuzS binary phases.PH12I Organic ligands can also be incorporated in order to control properties

such as luminescence.PI#I11H2]

Two interesting examples are [Cua(p-S-CsHs-NMe2)2(dpppt)2] (ILD¥  and  [Cux(p-Se-CoHa-
NMe»)2(dpppt)2] (ILII) reported by Fenske and co - workers where the incorporation of diphosphine
ligands resulted in dimeric species exhibiting photoluminescence (Aem = 480 nm).3! The emissions in these
complexes arise from LMCT (ligand to metal charge transfer) where the HOMO is composed of the copper
sulfur core and the LUMO is composed of the phosphine ligands.l*) Compounds (IL.I) and (ILII) are
isostructural to each other with slight geometric differences. The bond lengths for Cu-S for (ILI) are
2.384(2) - 2.436(2) A whereas the bond lengths for Cu-Se for (ILII) are 2.4867(4) - 2.5210(4) A. The
bond lengths for (IL.II) are slightly longer which can be attributed to the larger covalent radii of Se (1.16
A) compared to the covalent radii of S (1.03 A).BI#I31 When comparing the emission for (ILI) and (ILII),
both complexes emit at 480 nm at room temperature which shows that changing the chalcogen from S to

Se can result in similar emission properties.
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Another  example to  consider is  [Cus(P"S)4(CH3CN)] {dLII) (PSS = 2-
(diphenylphosphino)benzenethiolate) (Figure 2.1) which has emission at 526 nm with PLQYs
(photoluminescent quantum yields) of 19 % at room temperature.'¥l These transitions arise from
(M+X)LCT where the HOMO is composed of the d orbitals of Cu and p orbitals of S and the LUMO is
composed of the phenyl rings.['*) Complex (ILIII) has a tetranuclear core with p, and s bridging thiolates.
The copper centres have a tetrahedral geometry and the short distances between the Cu centres (2.776(1)

A) indicate the presence of cuprophilic interactions.!']

® Cu

P
ON

Figure 2.1: [Cuy(P"S)4(CH3CN),] (P"S = 2-(diphenylphosphino)benzenethiolate) (ILIII) (H atoms are
omitted for clarity).!!¥]

The bidentate 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP) was recently incorporated in copper
iodide clusters to form the cubane [Cusls(dbfdp),] (ILIV).['S] The use of this phosphine improved
functions of the Cu4ls (ILIV) such as solution processability as well as the electron transport and they
now have the potential to be incorporated in organic light emitting diodes (OLEDs).['>] Complex (ILIV)
emits at 491 nm at room temperature with photoluminescence quantum yields (PLQYs) of ~5 %. The
emission arises from the MLCT (metal to ligand charge transfer) where the HOMOs consist of the orbitals

of the Cusl4 core and the LUMOs are composed of the ©* system of the dibenzofuran backbone.[!*]
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Figure 2.2: 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP).[1%/

Since the incorporation of DBFDP showed promising results with Cul clusters, this work reports on the
synthesis of group 11 metal chalcogenolate clusters (M-ER, M = Cu, Ag, E =S, Se, R = Ph) with DBFDP.
Five different clusters were synthesized by first reacting the CuOAc, AgOAc and CuCl with DBFDP
resulting in [(CuOAc)2(dbfdp)2] (2.1)!1'%), [(AgOAc)2(dbfdp)z] (2.2)!!7! and solutions of DBFDP with
CuCl. These phosphine ligated metal complexes were then reacted with PhESiMes (E = S, Se) at low
temperatures to yield [Cus(SePh)s(dbfdp)2] (2.3), [Ags(SePh)s(dbfdp)2] (2.4), [Cus(SPh)s(dbfdp)] (2.5),
[Cus(SPh)4Cl(dbfdp)2] (2.6), [Ags(SPh)s(dbfdp).] (2.7). As complexes (2.3) - (2.7) displayed
luminescence at ambient temperature when irradiated with the UV lamp (A = 254 nm and 365 nm), their
photophysical properties were investigated in detail to determine how the bidentate phosphine ligand

affects the structural and electronic properties of group 11 metal chalcogenolate clusters.

2.2 Results and Discussion

2.2.1 Synthesis and Characterization of [Cus(p23-SePh)«(u-dbfdp)2] (2.3), [Ags(u2/3-SePh)s(u-
dbfdp):] (2.4), [Cus(pr3-SPh)s(u-dbfdp)s] (2.5), [Cus(pz3-SPh)«Cl(u-dbfdp)s] (2.6), and
[Ag4(p23-SPh) 4(u-dbfdp).] (2.7)

It is well documented that phosphine ligated CuOAc, AgOAc and CuCl react with chalcogen reagents
with -SiMe3 moieties.!'® [(CuOAc)2(dbfdp)z] (2.1), [(AgOAc)2(dbfdp).] (2.2) and solutions of DBFDP
with CuCl thus represented as a good entry point for the preparation of copper chalcogenolate and silver
chalcogenolate complexes containing the DBFDP ligand. The synthesis of complexes (2.3) - (2.5) and
(2.7) were carried out by adding 2 equivalents of PhESiMes [E = S, Se] to solutions of [(MOAc)2(dbfdp):]
(M = Cu, Ag) in THF or DCM. The synthesis of complex (2.6) was carried out by adding 0.8 equivalents
of PhSSiMe; to solutions of DBFDP with CuCl in DCM as shown in Scheme 2.1.
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THF or DCM

[Cu4(SePh)4(dbfdp),] (2.3)

M=Cu, E=
A e |Aq(SePh)s(dbidp)s] (2.4)
[((MOAc)(dbfdp)] + 2 PhESiMe, M =Ag, E = 6 610010p)2! (2.
THF
> [Cus(-Ph)s(dbfdp),] (2.5
ToLEC > [Cus(-Phs(dbidp) (25)
THE
M=Ao E = = [Agy(=Ph)4(dbfdp),] (2.7)
78°C - RT
- AcOSiMez
DBFDP + CuCl + 0.8 Ph-SiMes DCM___ o [Cus(=Ph),Cl(dbfdp),] (2.6)
78°C - RT
- CISiMe;

Scheme 2.1: Synthesis schemes of group 11 metal chalcogenolate complexes (2.3) - (2.7).

The addition of PhESiMe; at -78 °C to solutions of [(MOACc)2(dbfdp):] and solutions of DBFDP with
CuCl resulted in a reaction between OAc / Cl and SiMes, which further resulted in the formation of the
metal chalcogenolate core and the elimination of the silane. The progression of the reactions was
monitored by observing the change in luminescence using a handheld UV lamp as the temperature
increased. The solutions of (2.1), (2.2) and solutions of DBFDP with CuCl only exhibited pale yellow
luminescence. After adding the chalcogen, a significant change in the luminescence to bright yellow or

orange was observed in the reaction solutions.

The addition of PhSeSiMes to solutions of [(CuOAc)2(dbfdp):] (2.1) in DCM resulted in changes to the
colour of the solution from pale to intense yellow with no further change in colour observed from -78 °C
to room temperature. The progression of the reaction can also be observed by the change in luminescence
from pale yellow to orange. It was then layered with heptane as a counter solvent which resulted in the
crystallization of yellow needles with green - yellow luminescence. The reaction can also be conducted in

THF and proceeds the same way, but crystallization was more favourable in DCM than THF.

The 3'P{'H} NMR spectrum of [Cus(pz/3-SePh)s(u-dbfdp)2] (2.3) showed a low frequency shift to -18
ppm compared to [(CuOAc)2(dbfdp).] at -16 ppm.['%] There is only one broad signal which suggested that

the signal is an average of all the phosphorus environments. This low frequency shift could be due to the
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presence of higher density of the electron cloud from the selenium versus OAc. Similar shifts for other
PR3 ligands have been reported in literature as a result of the coordination of copper to
chalcogenolates.['112%] The broadening of the signal in complex (2.3) (W12 = 66.0 Hz) likely takes place
because copper has two NMR active quadrupolar nuclei *Cu and ®Cu (I = 3/2). This broadening has been

reported with other PR3 ligands.[?!)

The molecular structure of (2.3) was determined by single crystal X - ray diffraction. Complex (2.3)
crystallizes in the triclinic space group P1 and Z of 1. Molecules of (2.3) reside about a crystallographic
inversion centre. Complex (2.3) has a Cus core with p; and p3 bridging selenolates with phosphine ligands
present at the periphery. In (2.3), two copper centres have a distorted tetrahedral coordination due to
bonding with one phosphorus and three bridging selenium. The other two copper sites have a distorted
trigonal planar coordination due to bonding with one phosphorus and two bridging selenium as shown in
Figure 2.3. [Cue(u-dppm)a(us-SePh)s](BFs)2] (ILV)12% reported by Yam and co - workers has a similar
arrangement to (2.3) for the selenolates and the Cu atoms. In (IL.V), each selenolate has p3 coordination

and the Cu centres have trigonal planar and tetrahedral coordination geometries.??) The bond lengths
reported for Cu-Se in (IL.V) range between 2.369(1) - 2.579(4) A.12%1 The bond lengths of (2.3) are well
within the range of the ones reported for (IL.V).12%

/

! S / N .
/ \ ~
K
/ \
¥

Figure 2.3: Molecular structure of [Cus(SePh)4(dbfdp):] (2.3) in the crystal (Cu - Se: 2.3651(3) -
2.5797(3) A, Cu - P: 2.2022(6) - 2.2412(5) A, Cu(l) ~ Cu(2): 2.6246(4) A) (H atoms are omitted for
clarity). The molecule resides about a crystallographic inversion centre.
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Complex (2.3) is very similar in structure to [Cus(P"S)s(CH3CN).] (ILIID!4 (Figure 2.1). The
chalcogenolates in (2.3) and (ILIII) differ in nature (Se vs. S) and in terms of their organic moiety but
they both represent a tetranuclear core with p and ps bridging chalcogenolates and tetrahedral / trigonal
planar Cu centres.'¥ The short distance between the Cu centres (Cu(1) — Cu(2) 2.6246(4) A) in (2.3))

indicates the presence of cuprophilic interactions since the distance is within the range of 2.4 - 2.8 A.[?2]

As complex (2.3) showed interesting results regarding the dimensionality of structure, Ag was
incorporated to see how changing the metal affects the structure of group 11 metal chalcogenolates with
bridging DBFDP. Similar to the preparation of (2.3), 2 equivalents of PhSeSiMes were added to solutions
of [(AgOAc)>(dbfdp)>] in THF at -78 °C which resulted in a change of the latter from a cloudy, and pale-
yellow solution to a cloudy colourless solution until -30 °C. The progression of the reaction was also
determined by using a handheld UV lamp as the addition of PhSeSiMe;s resulted in a change from pale
yellow to golden yellow luminescence. The solution became clear and was pale yellow in colour as it
warmed to room temperature. The luminescence decreased as the solution warmed and at room
temperature, there was no visible luminescence. The THF was then removed under vacuum and the
crystalline powder was dissolved in toluene and layered with diethyl ether. This resulted in the

crystallization of colourless blocks of [ Ags(12/3-SePh)s(u-dbfdp):] (2.4).

The 3'P{'H} NMR spectrum of the crystals of (2.4) showed a low frequency shift to -11 ppm (Wi =
108.0 Hz) when compared to [(AgOAc)»(dbfdp):] at -6 ppm. There is again only one broad signal which
suggested an average of all the phosphorus environment. The change in chemical shift could be attributed
to the Ag bonding to Se. Silver has two NMR active nuclei with a spin of %4: '’ Ag and '"Ag. Therefore,
two doublets might be expected in the 3'P{'H} NMR due to the splitting caused by the two NMR active
nuclei of Ag. There is only one broad signal observed in the *'P{'H} NMR spectrum. A similar
observation has been reported in literature where the *'P{'H} NMR spectrum for [Ag>(u-R2PCH2PR2)3]*

(23] The doublets due to coupling

(ILVI) (R = Me, Ph) shows only one broad peak at room temperature.
for (IL.VI) are seen at low temperatures (< -35 °C) but the limited solubility of (2.4) prohibited a similar

investigation.[231124]
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Figure 2.4: Molecular structure of [Ags(SePh)s(dfbdp):] (2.4) in the crystal (Ag - Se: 2.5145(9) -
3.0222(9) A, Ag - P: 2.4371(18) - 2.4769(19) A, Ag ~ Ag: 2.9910(8) - 3.1320(8) A) (H atoms are omitted

for clarity).

Complex (2.4) crystallizes in the triclinic space group P1 and Z of 2. Compound (2.4) has a hexanuclear
core with o and p3 bridging selenolates and protective phosphine ligands at the edges. The core for (2.4)
can also be considered as a dimer of [Ag3(SePh)3]. In (2.4), Ag(1), Ag(2), Ag(5) have a trigonal planar
coordination geometry due to bonding with one phosphorus and two bridging selenium. Ag(3) and Ag(6)
also have a trigonal planar coordination due to bonding with three selenium while Ag(4) has a tetrahedral
geometry due to bonding to one phosphine and three selenolates as shown in Figure 2.4. The reported
silver selenolate cluster, [Ags(SeiPr)s(dppm)2)] (ILVII) by Fenske and Langetepe has selenium in two
coordination modes (u2 and p3) with bond lengths of Ag-Se ranging from 2.509(4) - 2.847(3) A.1*%
Although (IL.VII) is structurally different from (2.4) as (IL.VII) only consists of 4 Ag atoms whereas (2.4)
consists of 6 Ag, the Se atoms in (IL.VII) have the same coordination modes as (2.4) and all the Ag atoms
in (IL.VII) have a trigonal planar geometry. The bond lengths reported for (2.4) are within the range for
literature values reported for (ILVII).!*’! As for (2.3), possible metallophilic interactions are observed in
(2.4). Argentophilic interactions are similar in nature to cuprophilic interactions but instead they are
between two silver atoms. Argentophilic interactions follow the same rule as cuprophilic interactions
where the distance of the “bond” must be shorter than the van der Waals radii of two Ag atoms, with the

former having a distance shorter than 3.4 A.[20]
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[Cusa(p23-SePh)a(p-dbfdp)2] (2.3) and [Age(p2s-SePh)s(p-dbfdp)2] (2.4) show significant structural
changes when switching the group 11 metal from Cu to Ag. (2.4) is a bigger complex than (2.3) as (2.4)
consists of 6 Ag atoms whereas (2.3) consists of 4 Cu atoms. Given that changing the group 11 metal
shows interesting structural differences, altering the chalcogenolate (from Se to S) to determine if the
incorporation of a different chalcogen (S) would result in similar conformations (as observed for (2.3) and

(2.4)) was the next progression in this vein of research.

Similar to the preparation of (2.3) and (2.4), the addition of 2.0 equivalents of PhSSiMes to solutions of
[(CuOACc)2(dbfdp)2] in THF at -78 °C resulted in a change from a cloudy pale - yellow solution to a cloudy
yellow solution with orange - yellow luminescence (reaction progression was determined by the change
in colour of solution and the change in the colour of emission). The solution became clear and was yellow
in colour as it warmed from -10 °C to RT with orange - yellow luminescence. The THF was then removed
and the resultant crystalline powder was dissolved in toluene and layered with ether which resulted in the

crystallization of yellow needles of [Cus(p2/3-SPh)s(u-dbfdp)2] (2.5) that exhibited green luminescence.

The *'P{'H} NMR spectrum of (2.5) showed a low frequency shift to -17 ppm compared to
[(CuOAc)(dbfdp)] at -16 ppm.!®! This low frequency shift is explained by the coordination of copper to
chalcogenolates and the broadening of the signal in complex (2.5) (W12 = 86.0 Hz) takes place because
of the two quadrupolar active nuclei of Cul?!l as mentioned for [Cus(u2/3-SePh)s(u-dbfdp)2] (2.3).

Complex (2.5) crystallizes in the monoclinic space group C2/c and Z of 4. Molecules of (2.5) reside about
a 2 - fold rotation axis with a glide plane. Compound (2.5) has a pentanuclear core made of 5 Cu atoms
with po and ps3 bridging thiolates with the phosphine ligands present at the periphery. In (2.5), Cu(1),
Cu(3), Cu(4) and Cu(5) have a trigonal planar coordination. Cu(1), Cu(3) and Cu(4) are bonded to one
phosphorus and two bridging sulfur. Cu(5) has a trigonal planar geometry but is only bonded to three
thiolates. Cu(2) has a tetrahedral geometry as it is bonded to three thiolate ligands and one phosphorus as
shown in Figure 2.5. When comparing this to the structure of (2.3), (2.5) is a slightly larger cluster as (2.5)
has 5 Cu atoms compared to 4 Cu atoms for (2.3). The selenolates in (2.3) and the thiolates in (2.5) both
exhibit (o and p3 coordination modes. An interesting difference between (2.3) and (2.5) is the fifth copper
atom in (2.5) which is only bonded to thiolates.

Compound (2.5) can be compared to the previously reported cluster [Cus(P"S)4(CH3CN)2] (ILII) (Figure

2.1) which has the same chalcogen (S) and coordination modes of both p; and p3 with Cu-S distances
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between 2.272(2) - 2.578(2) A.l"Y1 Compound (ILIII) is structurally different than (2.5) as (ILIII) has 4
Cu atoms with a different organic moiety on the chalcogen. Nevertheless, the thiolates in (2.5) show both
coordination modes with the bond lengths such as in the cluster reported.['* (2.5) can also be compared
to a slightly larger cluster [Cug(SPh)s(PPhs)4] (ILVIII) that has p, and ps bridging thiolates with Cu-S
distances between 2.228(2) - 2.342(1) A.*7] This cluster although larger than (2.5) has the same
chalcogenolate and coordination modes and only differs in the number of Cu atoms. When comparing
bond lengths of (2.5) to the bond lengths of (IL.IIT) and (IL.VIII), the bond lengths are well within the
reported distances.['427]. The Cu-Cu distances also suggest the presence of cuprophilic interactions. The
evidence of cuprophilic interactions is again observed in (2.5) as the distance between two Cu atoms are

within 2.4 - 2.8 A.[22]

Figure 2.5: Molecular structure of [Cus(SPh)s(dbfdp):] (2.5) in the crystal (Cu - S: 2.2111(10) -
2.4494(10) A, Cu - P: 2.1816(10) - 2.2617(10) A, Cu -~ Cu: 2.6942(6) - 2.8223(6) A) (H atoms are omitted

for clarity).

An interesting observation is that when (2.5) is recrystallized from DCM, it results in colourless needles
of [Cus(p23-SPh)4Cl(p-dbfdp)z] (2.6). The crystals formed in DCM (2.6) transform and have a chloride
functionality. A more efficient way of obtaining (2.6) was by adding 0.8 equivalents of PhSSiMes to
solutions of DBFDP with CuCl in DCM at -78 °C and warming to room temperature. The solution had
yellow luminescence at cold temperatures which became orange as it warmed to room temperature. It was
then layered with heptane as a counter solvent and resulted in the crystallization of colourless needles of

(2.6) with teal luminescence.
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The 3'P{'H} NMR spectrum of the crystals of (2.6) showed a high frequency shift to -15 ppm (Wi, =
22.5 Hz) compared to [(CuOAc)(dbfdp).].['6! As mentioned for (2.3) and (2.5)1"°120], the trend in shift for
(2.6) is expected to be towards low frequency but the high frequency shift could be explained by the

presence of the electron rich chloride.[?®]

Complex (2.6) crystallizes in the monoclinic space group P2;/m and Z of 2. Molecules of (2.6) reside
about a mirror plane. (2.6) has a pentanuclear core similar to (2.5) with p2 and p3 bridging thiolates with
a terminal chloride functionality. The core for (2.6) can also be viewed as a distorted square pyramid
formed from the 5 Cu atoms. In (2.6), four copper centres have a trigonal planar coordination due to
bonding with one phosphorus and two bridging sulfur. The unique copper also has a trigonal planar
coordination due to the bonding with one chlorine and two bridging thiolates as shown in Figure 2.6. The
previously reported cluster [Cug(SPh)s(PPhs)s4] (ILVIII), has coordination modes of both p; and p3 with
distances between 2.228(2) - 2.342(1) A.127] The thiolates in (2.6) show both coordination modes with the
bond lengths such as in the cluster reported. No evidence for cuprophilic interactions were observed in

(2.6) as the distances between two copper atoms are all greater than 2.8 A [2%]

Figure 2.6: Molecular structure of [Cus(SPh)4Cl(dbfdp):] (2.6) in the crystal (Cu - S: 2.2371(10) -
2.3050(7) A, Cu - P: 2.2253(9) - 2.2369(9) A, Cu - Cl: 2.2429(15) A) (H atoms are omitted for clarity).
The molecule resides about a mirror plane bisecting Cu(3)/S(2)/S(3)/CI.

Changing the group 11 metal from Cu to Ag when using PhSSiMes resulted in [ Aga(p2/3-SPh)a(u-dbfdp)2]
(2.7). (2.7) was synthesized in a similar way as (2.5) by adding 2 equivalents of PhSSiMe3 at -78 °C to
solutions of [(AgOAc)2(dbfdp)] in THF. The addition of PhSSiMe; resulted in no observable change as
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the solution remained cloudy and pale yellow from -78 °C to -40 °C with green - yellow luminescence.
The solution started to become clear and turned orange as it warmed to room temperature. As the solution
warmed to room temperature, the luminescence decreased and at room temperature, there was no visible
luminescence. The THF was removed under vacuum and the resultant crystalline powder was dissolved
in toluene and layered with ether. This resulted in the crystallization of orange plates with green - yellow

luminescence.

The *'P{'H} NMR spectrum showed a low frequency shift to -11 ppm (W12 = 177.6 Hz) when compared
to [(AgOAc)(dbfdp).] at -6 ppm. The low frequency shift can again be due to the presence of sulfur as

mentioned for (2.5).231124129T No P-Ag coupling was observed.

Complex (2.7) crystallizes in the triclinic space group P1 and Z of 1. Molecules of (2.7) reside about a
crystallographic inversion centre. (2.7) has a tetranuclear cluster core (similar to [Cua(p23-SePh)s(p-
dbfdp):] (2.3)) with 2 and p3 bridging thiolates with DBFDP ligands present at the periphery. In (2.7),
two silver centres have a distorted tetrahedral coordination due to the bonding with one phosphorus and
three bridging thiolates. The other two metals have a trigonal planar coordination due to the bonding with
one phosphorus and two bridging thiolates as shown in Figure 2.7. A very similar cluster to (2.7) has been
reported in literature. [Ags(SPh)s(PPhs)s] (ILIX) displays both p» and ps coordination modes for the
thiolate ligands with the Ag-S distances of 2.497(4) - 3.0006(8) A.*%) Compound (ILIX) is structurally
similar to (2.7) as both these compounds have 4 Ag atoms and the same thiolate. Interestingly, (2.7) is
also very structurally similar to [Cua(p23-SePh)s(u-dbfdp).] (2.3) and [Cus(P"S)s(CH3CN),] (TLIIT).['4
Complexes (2.3) and (2.7) have a different group 11 metal and chalcogenolate but form a similar
tetranuclear core with p2 and p3 bridging chalcogenolates. Compound (ILIII) also has a tetranuclear core
formed from 4 Cu atoms with p, and p3 bridging thiolates!'¥] which is similar to the Ag tetranuclear core

and thiolates for (2.7).

When comparing the bond lengths of (2.7) to (ILIX)!*’], the bond lengths of (2.7) are within this range but
some are even shorter (Ag(1)-S(1) and Ag(1)-S(2)). This could be due to using the more rigid phosphine
which pinches the two Ag centres together resulting in the thiolates to be closer with shorter bond
distances. No argentophilic interactions were observed as the distance between two silver atoms was
greater than 3.4 A .12 It is important to also note that the although crystals of (2.7) were good enough to

obtain crystal data, the quality of the data was poor as the crystals were small and weakly diffracting. The
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molecule is also disordered and therefore has two different fractions. The bond lengths listed in Figure

2.7 refer to fraction 1.

Figure 2.7: Molecular structure of [Ag4(SPh)4(dbfdp):] (2.7) in the crystal (Ag - S: 2.442(8) - 2.897(16)
A, Ag - P: 2.414(8) - 2.442(8) A) (H atoms are omitted for clarity). (The molecule resides about a
crystallographic inversion centre).

2.2.2 Photophysical properties of Metal Chalcogenolate Complexes (2.3) - (2.7)

It has been previously reported that the use of DFBDP results in strong luminescence behaviour in stable
copper (I) iodide clusters. The ability of DBFDP to bridge two Cu atoms and the rigidity due to the ligand
results in efficient PLQY’s of [Cusls(dbfdp).].l'37 The incorporation of DBFDP could result in
luminescence of the complexes prepared. When crystals of (2.3) - (2.7) were irradiated with a handheld
UV lamp (A = 254 nm and 365 nm), it was observed that (2.3) - (2.7) were similarly emissive in colour

when irradiated with either wavelength. The luminescence of crystals of (2.3) - (2.7) is shown in Figure

2.8.

An interesting observation was that the crystals of (2.3) had very different luminescence features when
suspended in DCM and after the removal of DCM. When (2.3) was crystallized in DCM, the crystals
exhibited neon green emission in the reaction solution (DCM and heptane) when irradiated with the UV
lamp (365 nm) (Figure 2.9 (a)). After isolating the crystals and drying them under vacuum, (2.3) turned
into a powder which exhibited orange luminescence when irradiated with the UV lamp (365 nm) (Figure
2.9 (b)). This property of (2.3) may arise due to the potential luminescence vapochromism (also known as

vapoluminescence) which is a common phenomenon for organometallic compounds.*!132]
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Vapochromism refers to the change in colour and / or emission of a compound depending on the absorption
or desorption of gas and / or vapour.*!32] The incorporation of vapours and / or gases can change the
intermolecular interactions in the crystal lattice. For example, the changes in weak metal-metal
interactions, m stacking, hydrogen bonding, and van der Waals forces could result in a different colour of
emission.BU21 Although  structurally  different, [Cwls(TMP)s] (ALX) (TMP = fris(3-
methylphenyl)phosphine) exhibits vapochromic behaviour with MeCN.[*3] The emission spectrum of
(IL.X) showed significant changes depending on MeCN adsorption / desorption.[*3! Compound (I1.X) has
a Aem = 583 nm with MeCN absorption and a Aem = 533 nm with MeCN desorption.*¥] Complex (2.3) also
exhibits potential vapochromism as the desorption of DCM resulted in a qualitative observation of a

bathochromic shift in emission compared to the green emission of crystals of (2.3) in the reaction solution.

) (f)

Figure 2.8: (a) Emission of [Cu4(SePh)4(dbfdp):]((2.3) THF)) (b) Emission of [Cu4(SePh)(dbfdp):] (2.3)
(c) Emission of [Ags(SePh)s(dbfdp):] (2.4) (d) Emission of [Cus(SPh)s(dbfdp):] (2.5) (e) Emission of
[Cus(SPh),Cl(dbfdp):] (2.6) (f) Emission of [Ag4(SPh)4(dbfdp):] (2.7). (Qualitative observation of the
emission of solid - state samples at room temperature when irradiated at 365 nm).
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Figure 2.9: (a) Emission of [Cu4(SePh)s(dbfdp):] (2.3) (in DCM and heptane) (b) Emission of
[Cuq(SePh)4(dbfdp):] ((2.3)DCM)) after isolation and removal of DCM under vacuum. (Qualitative
observation of the emission of solid - state samples at room temperature when irradiated at 365 nm).

The emission and excitation spectra of (2.3) - (2.7) were obtained in the solid state. When comparing the
clusters to each other, a notable difference in the Aexc and Aem can be seen. The change from copper to
silver affects the intensity of the luminescence and results in a hypsochromic shift whereas, the change
from selenium to sulfur only shifts the emission hypsochromically. The emission and excitation spectra
are shown in Figure 2.10 and 2.11. DFT calculations have been done for the model complex (2.3) and

reported in section 2.2.3 Theoretical Calculations for [Cus(pz3-SePh)«(u-dbfdp):] (2.3)

For ((2.3)THF)), Aexc was determined to be 470 nm and A.m was observed at 560 nm with a PLQY of
34 %. The Aemis in the green - yellow region which is also seen visually in Figure 2.8. For (2.3), Aexc =
475 nm with Aem =570 nm. Comparing ((2.3) THF)) to (2.3), (2.3) has a slight bathochromic shift in terms
of Aexc and Aem. When making the comparison to the emission of [Cus(P"S)s(CH3CN)] (ILIII) at 526
nm!'# which is similar in structure but different in the chalcogen, the emission of ((2.3)'THF)) and (2.3)
both have bathochromic shifts. Interestingly, the PLQY of ((2.3) THF)) and (2.3) at room temperature are
34 % and 30 %, respectively which are up to 1.8 times higher than the PLQY reported for (IL.IIT) at room
temperature (PLQY = 19 %).1'41 Compound (2.3) therefore, shows an improved PLQY which could be

due to the presence of a different chalcogen, the different phosphine ligand or a combination of both.

Changing the metal from Cu to Ag resulted in [Age(SePh)s(dbfdp)2] (2.4). The Aexc for (2.4) was
determined to be 400 nm with Aem at 530 nm with a PLQY of 5 %. The difference between complex (2.3)

and (2.4) is the transition metal used which causes a change in the structure from a tetranuclear core for
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(2.3) to a hexanuclear core for (2.4). The changes in structure and nuclearity for (2.4) could be the reason
for a slight hypsochromic shift for the emission as well as the PLQY. This can also be seen visually as the

colour of emission of (2.4) is more blue - green compared to (2.3).

Changing the chalcogen to S when using Cu resulted in [Cus(SPh)s(dbfdp)2] (2.5). The Aexc and Aem for
(2.5) were determined to be at 465 nm and 530 nm respectively with a PLQY of 73 %. The difference
between (2.3) and (2.5) is the chalcogen (from Se to S) with a change in 4 Cu atoms for (2.3) to 5 Cu
atoms for (2.5). Comparing this to the Aem (560 nm) and PLQYs (34 %) of complex (2.3), (2.5) has a
hypsochromic shift with a PLQY that is 2.2 times higher. Comparing this to the Aem (530 nm) (2.4), the
Aem Of (2.5) is the same but there is a drastic difference between the PLQYs. (2.4) has a PLQY of 5 %
whereas, the PLQY of (2.5) is 14.3 times higher which could be attributed to the differences in nuclearity
and chalcogen. Moreover, when comparing to the already reported [Cus(P*S)4(CH3CN),] (ILIIT) with Aem
at 526 nm with PLQYs of 19 % at room temperaturel!4], (2.5) shows a similar Aem with 3.8 times higher
PLQYs. Although, (ILIII) and (2.5) are structurally different from each other due to the number of Cu

atoms and the chalcogenolate, (2.5) shows impressive PLQY's at room temperature.
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Figure 2.10: Excitation spectra of (2.3) - (2.7) in the solid state at room temperature. The selected Aexcmax)
for these complexes range between 360 nm - 470 nm.
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Figure 2.11: Emission spectra of (2.3) - (2.7) in the solid state at room temperature. (Aexe = 470 nm
((2.3) THF)), Aexe = 475 nm (2.3), Aexe =400 nm (2.4), Aexe = 465 nm (2.5), Aexe = 390 nm (2.6), Aexc =
360 nm (2.7)) The Aem for these complexes range between 510 nm - 570 nm. (The noise seen in (2.4) and
(2.7) is due to the low emission intensity of the compounds).

While compound [Cus(SPh)4Cl(dbfdp)2] (2.6) is very different from (2.3) - (2.5) and (2.7) due to its
chloride functionality, it still exhibited emission at room temperature. Aexc and Aem for (2.6) were
determined to be at 390 nm and 510 nm, respectively with PLQY's of 10 %. The different crystal packing

and the chloride in (2.6) compared to (2.5) may be the reason for the hypsochromic shift in emission as

well as the drastic decrease in PLQY's (10 % for (2.6) compared to 73 % for (2.5)).

Interestingly, [Aga(SPh)4(dbfdp)2] (2.7) is structurally similar to (2.3) as both complexes have 4 metal
atoms in the core with p, and ps3 bridging chalcogenolates. While their molecular structures are similar,
(2.7) incorporates Ag atoms and thiolates which results in a Aexc at 360 nm and Aem at 540 nm with a PLQY
of 9 %. The Aem of (2.7) has a slight hypsochromic shift with lower PLQY's compared to (2.3) (560 nm
with 34 % PLQYs). Another comparison to be made is to complex (2.5) where changing the group 11
metal from Cu (2.5) to Ag (2.7) resulted in a difference of the number of metal atoms in the core. This
difference of the nature of the metal as well as the nuclearity in (2.5) and (2.7) does not result in a

significant change in the Aem as the Aem are 530 nm and 540 nm, respectively but it may the reason for a

large difference in PLQYSs of (2.5) (PLQY =73 %) and (2.7) (PLQY =9 %).
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2.2.3 Theoretical Calculations for [Cu4(123-SePh)(u-dbfdp):] (2.3)

Calculations were carried out with TURBOMOLE employing Perdew-Burke-Ernzerhof (PBE) exchange
energy and Hartree-Fock exchange energy in 3:1 ratio and polarized triple zeta valence basis set (def2-
TZVP) (F. Weigend, personal communication). The density functional theory (DFT) simulations show
that the electronic transitions in the cluster arise from HOMO, HOMO - 1, HOMO - 2, HOMO - 3 to
LUMO and LUMO + 1. The major contribution for the HOMO region is from the p orbitals of selenium
while the minor donation is from the d orbitals of copper. The LUMO region is mostly comprised of the
n* orbitals of the furan ring shown in Figure 2.12. Complex (2.3) exhibits (M+X)LCT which is the same
transition type reported for [Cus(P"S)s(CH3CN):] (ILIII) and [Cusls(dbfdp)z] (ILIV).'4IUS] The
observation made for the DFT calculations for (2.3) is also consistent with the DFT calculations reported
in literature for (IL.IIT) and (IL.IV).!45] Compound (ILIV) has HOMO comprised of the Cusls core with
major donations from both elements while the LUMO consists of the n* system of the dibenzofuran
ring.['> It was observed that HOMO - 1, HOMO - 2 and HOMO - 3 for (2.3) have major donations from
the p orbitals of selenium with minor donation from the d orbitals of copper while the LUMO + 1 is
comprised of the dibenzofuran ring. The observations for the HOMO - 3s and LUMO + 1 are also
consistent with the DFT calculations reported for [Cusls(dbfdp).] (IL.IV) where the HOMO - 3s are

composed of the Cusls core while the LUMO consists of the dibenzofuran ring.[!>]

The transitions taking place from the HOMO’s to LUMO’s have a AE(S:-T1) ranging from 0.010 - 0.086
eV. Due to the small AE(S:-T1), it can be hypothesized that (2.3) can repopulate the S; state (due to
intersystem crossing) resulting in TADF.?4 Thermal re - population to the S; state occurs when the
AE(S1-T1) < 100 meV which results in TADF. When comparing to other group 11 metal complexes such
as [Cus(P*S)4(CH3CN).] (PSS = 2-(diphenylphosphino)benzenethiolate) (IL.IIT) which has a AE(Si-Ti) =

0.096 V!4 and specifically the AE(Si-T1) = 0.04 eV of [Cusls(dbfdp)2] (ILIV)[!®], the AE(S:-T)) values

for (2.3) have an acceptable range. Variable temperature experiments will be required to investigate this.

The oscillator strength (f) of (2.3) ranges between 0.000 to 0.045. Oscillator strength is the probability of
an emission taking place when electromagnetic radiation is applied.*>37) Therefore, the higher the (f),
the higher the probability of an emission taking place.*>371 Comparing the (f) of (2.3) to the (f) reported
in literature for (ILIII) (f = 0.0093)!'*) and (ILIV) (f = 0.009)!'%), the (f) for (2.3) is up to 5 times higher.
Therefore, it can be deduced that the probability of the emissive transitions taking place in (2.3) is high.
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Since complexes (2.3) - (2.5) and (2.7) all have the same basic structure (at least two metal atoms bonded
two phosphines and 2/3 chalcogenolates), it can be hypothesized that the transitions in the other

compounds may also arise from the ME core to the dibenzofuran ring.
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OHn
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HOMO - 2, -4.942 eV HOMO - 3, -5.081 eV
Figure 2.12: DFT Calculations for [Cus(SePh)4(dbfdp):] (2.3) displaying the HOMOs and LUMOs
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2.3 Experimental

2.3.1 General Considerations

All experiments were carried out under an inert atmosphere of high purity, dried nitrogen using standard
Schlenk line techniques on a double manifold vacuum line. All solvents used were either distilled over the
appropriate desiccant under nitrogen or were dried by using a commercial Mbraun MB - SP series solvent

purification system.

Dibenzofuran (TCI America), silver acetate (Fisher chemicals), chlorodiphenylphosphine (TCI America)
and n - butyllithium (Acros Organics) were purchased and used without further purification. CuCl was

purchased from Sigma Aldrich and purified by literature procedures.®]

Tetramethylethylenediamine (TMEDA) was refluxed over KOH pellets for three hours and distilled under
nitrogen according to the literature procedure.**) Copper (I) acetate, phenyl(trimethylsilyl)sulfide and
phenyl(trimethylsilyl)selenide were synthesized by a colleague using literature procedures and were used
without further purification.[*011411421 4 6 - pis(diphenylphosphino)dibenzofuran (DBFDP) was synthesized
by incorporating two literature procedures with a few modifications (all steps were conducted under an
inert system).*3144 [(MOACc)2(dbfdp).] (M = Cu, Ag) were generated in situ as previously reported.[!6117]
A signal at 8p = -6 was observed for the *'P{!H} NMR spectrum of [(AgOAc)2(dbfdp):].

'H and 3'P {!H} NMR spectra were recorded on the Bruker Avancelll HD 400 (B400) with frequencies of
400.130 MHz and 161.976 MHz, respectively. The 'H NMR spectra were referenced to the residual proton
solvent in CDCls. The *'P{'H} NMR spectra were referenced to the 85 % H3;POs. Attenuated Total
Reflectance Infrared (ATR - IR) spectra of samples of (2.3) - (2.7) were obtained using Bruker Alpha II
Spectrometer. The data were analyzed using the OPUS - Operator Default Software. The peaks in the IR
spectrum of each compound are ranked according to their relative intensity and the ranks are shown in
brackets (1 = 12, strongest to weakest intensity). Melting points of samples of (2.3) - (2.7) were recorded
on a Gallenkamp melting point apparatus under N; atmosphere. Samples of (2.3) - (2.7) were also prepared
for elemental analysis under N> atmosphere. Elemental Analysis was performed at the Centre for
Environmental Analysis and Remediation by Patricia Granados at Saint Marys University in Halifax,

Nova Scotia.

Single crystal X - ray data were completed by Dr. John F. Corrigan on a Bruker Kappa Axis Apex2

diffractometer at a temperature of 110 K. The sample was placed on a MiTeGen polyimide micromount
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with a small amount of Paratone - N oil. The raw data were scaled, and absorption corrected using
SADABS and the frame integration was done by SAINT.* 4] SHELXT program was used to solve the
structure.[*”] All hydrogen atoms were obtained from the initial solution, introduced at idealized positions
and were allowed to ride on the parent atom. The structural model was fit to the data by full matrix least
squares based on F2. The structure was further refined using the SHELXL program from the SHELXTL

suite of crystallographic software.*!

In the collection of the solid photoluminescence, crystalline powders of (2.3) - (2.7) were adhered to 2-
sided Scotch tape (410B, 3M, Saint Paul, MN) on a custom-made platform with a 45-degree angle between
the excitation beam and emission collection. The emission and excitation slit widths were optimized for
the signal strength. The 2-sided tape was chosen from many brands to have a very low PL signal. The
crystalline powder was spread over the tape to prevent the excitation beam from exciting the tape. The

data were analyzed by using FelixGX version 2 software made by Photon Technology International (PTT).

PLQY were measured with crystalline powders of (2.3) - (2.7) that were placed in the sample holder of a
Hamamatsu C11347-11 Quanrarus Absolute PL Quantum Yield Spectrometer. The emission spectra were
recorded and analyzed using the default software and quantum yields were corrected using average 50

scans. No correction for possible sample reabsorption was accounted for.

2.3.2 Synthesis of [Cuy(SePh).(dbfdp):] (2.3)

[Cu2(OAc)2(dbfdp)2] was prepared with DBFDP (0.106 g, 0.200 mmol, 1.00 equiv.) and CuOAc (0.024
g, 0.20 mmol, 1.00 equiv.) by stirring for an hour in 20 mL of DCM. PhSeSiMe; (0.080 mL, 0.400 mmol,
2.00 equiv.) was added at -78 °C. The solution was warmed slowly to room temperature. The solution was
layered with heptane and yellow crystals of (2.3) were observed after 3 days. The resulting crystals were
isolated and washed twice with 20 mL of pentane and dried under vacuum for 5 - 6 hours (0.045 g, 46 %
yield based on CuOAc). 'H NMR (400 MHz, CDCl3, 23.5 °C): 8 =7.96 (s, 4H), 7.74-7.46 (m, 72H), 7.03-
6.93 (m, 20H). 3'P{'H} NMR (161 MHz, THF, 23.5 °C): & = -18 ppm. ATR IR (¢cm™): 3048 w(Ph-H
stretch) (12), 1571 (9), 1469 (10), 1433 (4), 1410 (7), 1389 (8), 1175 (3), 1093 (5), 1066 (11), 1019 (6),
723 (2), 686 (1). m.p. > 224 °Cgecomp. Elemental analysis: [Cus(SePh)s(dbfdp).]: Caled: 59.08 % C and
3.72 % H, Found: 59.01 % C, and 3.97 % H. Aexc =470 nm, Aem= 560 nm, PLQY = 34 %. Crystal structure
data, bond angles and bond lengths are attached in the Appendix in Tables S2.1, S2.2 and S2.3. '"H NMR
and *'P {'H} NMR are attached in the Appendix in Figures S2.1 and S2.2.
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2.3.3 Synthesis of [Ags(SePh)s(dbfdp).] (2.4)

[Ag2(OAc)2(dbfdp).] was prepared with DBFDP (0.103 g, 0.190 mmol, 1.00 equiv.) and AgOAc (0.032
g, 0.190 mmol, 1.00 equiv.) by stirring for one hour in 20 mL of THF. PhSeSiMes (0.08 mL, 0.40 mmol,
2.00 equiv.) was added with stirring at -78 °C. The solution was slowly warmed to room temperature. The
THF was removed under vacuum and the crystalline powder was dissolved in toluene and layered with
ether. Colourless crystals of (2.4) were observed after 3 days. The resulting crystals were isolated and
washed twice with 20 mL of pentane and dried under vacuum for 5 - 6 hours (0.038 g, 45 % yield based
on AgOAc). 'H NMR (400 MHz, CDCl3, 23.5 °C): 8 = 7.98-7.96 (d, 4H, J = 8.2 Hz), 7.34-7.17 (m, 81H),
6.82-6.74 (m, 12H), 6.59 (s, 11H). 3P {!H} NMR (161 MHz, CDCl3, 23.5 °C): =-11 ppm. ATR IR (cm
1): 3047 w(Ph-H stretch) (12), 1570 (9), 1469 (10), 1433 (4), 1410 (7), 1391 (8),1182 (3), 1093 (5), 1065
(11), 1019 (6), 730 (2), 687 (1). m.p. = 140 °Cgecomp. Elemental analysis: {[Ags(SePh)s(dbfdp).] C7Hs}:
Calcd: 50.25 % C and 3.30 % H, Found: 53.51 % C and 3.47 % H (The 'H NMR spectrum shows only
one NMR active product. The elemental analysis was conducted twice at separate facilities and results in
the same elemental analysis values which did not match the calculated values. Additional analysis is
needed to check for compound homogeneity). Aexc =390 nm, Aem= 530 nm, PLQY =5 %. Crystal structure
data, bond angles and bond lengths are attached in the Appendix in Tables S2.4, S2.5 and S2.6. '"H NMR
and *'P {'H} NMR are attached in the Appendix in Figures S2.3 and S2.4.

2.3.4 Synthesis of [Cus(SPh)s(dbfdp)] (2.5)

[Cu2(OAc)2(dbfdp)2] was prepared with DBFDP (0.113 g, 0.210 mmol, 1.00 equiv.) and CuOAc (0.026
g, 0.210 mmol, 1.00 equiv.) by stirring for an hour in 20 mL of THF. PhSSiMes (0.080 mL, 0.420 mmol,
2.00 equiv.) was added at -78 °C. The solution was warmed slowly to room temperature. The solution was
layered with heptane and yellow crystals of (2.5) were observed after 3 days. The resulting crystals were
isolated and washed twice with 20 mL of pentane and dried under vacuum for 5 - 6 hours (0.042 g, 51 %
yield based on CuOAc). 'H NMR (400 MHz, CDCl3, 23.5 °C): 8 = 7.84 (s, 4H), 7.24-7.12 (m, 82H), 6.76-
6.58 (m, 16H). 3'P{'H} NMR (161 MHz, THF, 23.5 °C): § = -17 ppm. ATR IR (¢cm™): 3071 w(Ph-H
stretch) (12), 1575 (9), 1469 (10), 1434 (4), 1408 (7), 1393 (8), 1173 (3), 1094 (5), 1080 (11), 1019 (6),
735 (2), 684 (1). m.p.> 260 °Cgecomp. Elemental analysis: {[Cus(SePh)s(dbfdp).]-1.5 C7Hg}: Caled: 65.12
% C and 4.32 % H, Found: 65.14 % C, 4.35 % H. Aexc = 465 nm, Aem = 530 nm, PLQY = 73 %. Crystal
structure data, bond angles and bond lengths are attached in the Appendix in 7Tables S2.7, S2.8 and S2.9.
'"H NMR and 3'P {'"H} NMR are attached in the Appendix in Figures S2.5 and S2.6.
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2.3.5 Synthesis of [Cus(SPh),Cl(dbfdp).] (2.6)

DBFDP (0.140 g, 0.26 mmol, 1 equiv.) with CuCl (0.026 g, 0.260 mmol, 1.00 equiv.) was stirred for one
hour in 20 mL of DCM. PhSSiMes (0.080 mL, 0.420 mmol, 1.80 equiv.) was added while stirring at
-78 °C. The solution was warmed slowly to room temperature. The solution was layered with heptane and
colourless crystals of (2.6) were observed after 3 days. The resulting crystals were isolated and washed
twice with 20 mL of pentane and dried under vacuum for 5 - 6 hours (0.053 g, 54 % yield based on CuCl).
'"H NMR (400 MHz, CDCl3, 23.5 °C): 8 = 7.60-7.58 (d, 4H, J = 8.2 Hz), 7.33-7.06 (m, 78H), 6.60-6.56
(t,4H, J = 8.2 Hz), 6.27-6.23 (t, 4H, J = 7.6 Hz), 6.04-6.00 (t, 6H, J = 8.2 Hz). *'P{'H} NMR (161 MHz,
CDCl3, 23.5 °C): 8 =-15 ppm. ATR IR (cm™!): 3053 w(Ph-H stretch) (12), 1573 (9), 1471 (10), 1434 (4),
1412 (7), 1395 (8), 1189 (3), 1094 (5), 1022 (11), 1014 (6), 738 (2), 690 (1). m.p. = 192 °Cgecomp. Elemental
analysis: {[Cus(SPh)4CI(dbfdp).]0.25 C7His}: Caled: 62.10 % C and 4.02 % H, Found: 59.62 % C and
3.89 % H. Aexe = 390 nm, Aem = 510 nm, PLQY = 10 %. Crystal structure data, bond angles and bond
lengths are attached in the Appendix in Tables S2.10, S2.11 and S2.12. '"H NMR and 'P {'H} NMR are
attached in the Appendix in Figures S2.7 and S2.8.

2.3.6 Synthesis of [Ag4(SPh).(dbfdp):] (2.7)

[Ag2(OAc)2(dbfdp).] was prepared with DBFDP (0.113 g, 0.210 mmol, 1.00 equiv.) and AgOAc (0.035
g, 0.210 mmol, 1.00 equiv.) by stirring for an hour in 20 mL of THF (cloudy yellow solution). PhSSiMe3
(0.080 mL, 0.420 mmol, 2.00 equiv.) was added while stirring at -78 °C. The solution was slowly warmed
to room temperature. The THF was removed under vacuum and the crystalline powder was dissolved in
toluene and layered with ether. Orange crystals of (2.7) were observed after 2 days. The resulting crystals
were washed twice with 20 mL of pentane and dried under vacuum for 5 - 6 hours (0.032 g, 31 % yield
based on AgOAc). 'H NMR (400 MHz, CDCl3, 23.5 °C): 6 = 8.00-7.98 (d, 4H, J = 8.2 Hz), 7.24-7.19 (m,
72H), 6.76 (s, 10H), 6.65 (s, 10H). 3'P {'H} NMR (161 MHz, CDCls, 23.5 °C): § = -11 ppm. ATR IR
(cm™): 3050 w(Ph-H stretch) (12), 1571 (9), 1467 (10), 1433 (4), 1408 (7), 1388 (8), 1170 (3), 1082 (5),
1076 (11), 1022 (6), 732 (2), 688 (1). m.p.= 133 °Cqecomp. Elemental analysis: {[Ags(SPh)4(dbfdp).]0.5
C7Hg}: Caled: 60.14 % C, and 3.85 % H, Found: 58.28 % C and 3.89 % H. Aexe = 360 nm, Aem = 540 nm,
PLQY =9 %. Crystal structure data, bond angles and bond lengths are attached in the Appendix in 7ables
S2.13, §2.14 and S2.15. 'H NMR and 3'P {'H} NMR are attached in the Appendix in Figures S2.9 and
S2.10.
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2.4 Conclusions

The addition of PhESiMes (E = S, Se) to [(MOAc):(dbfdp).] M = Cu, Ag)!!S117] resulted in metal
chalcogenolate complexes with (CuSe), (AgSe), (CuS) and (AgS) core and bridging DBFDP.
[Cus(SePh)s(dbfdp)2] ((2.3)THEF), [Cus(SPh)s(dbfdp).] (2.5) and [Ags(SPh)s(dbfdp).] (2.7) displayed
green - yellow emission in the solid state at room temperature, with a PLQY of 34 % ((2.3) THF), 73 %
(2.5) and 9 % (2.7). [Ags(SePh)s(dbfdp)2] (2.4) and [Cus(SPh)4Cl(dbfdp).] (2.6) displayed teal coloured
emission in the solid state at room temperature, with a PLQY of 5 % and 10 % respectively. Compound
(2.3) also exhibited potential vapochromism behaviour with green - yellow emission of crystals when in
the reaction solution (DCM and heptane) and orange emission after removal of DCM. (2.3) had PLQYs
of 30 %. It was also observed that the reaction solutions of (2.3) had orange luminescence but green -
yellow luminescence in the solid state, while the reaction solutions of (2.5) and (2.6) had yellow
luminescence but green - yellow and blue - green luminescence in the solid state, respectively. The
solutions of (2.4) and (2.7) displayed no visible luminescence in solution at room temperature but when
crystallized, they had blue - green and green - yellow emission, respectively. The differences in
luminescence and PLQY's can be attributed to the nature of the metal (Cu vs. Ag), chalcogen (S vs. Se),
and the number of metal atoms present in the complexes as the number of metals forming the core can
vary from 4 - 6. Due to these complexes having efficient PLQY's of up to 73 %, (2.3) - (2.7) as luminescent
metal chalcogenolate clusters incorporating the DBFDP ligand could have potential application in OLEDs.

Future work will be to obtain emission and excitation data for complexes (2.3), (2.5) and (2.6) in solution.

Figure 2.13: (a) Emission of the reaction mixture of [Cus(SePh)(dbfdp):] (2.3) (b) [Cus(SPh)s(dbfdp):]
(2.5) and (c) [Cus(SPh),Cl(dbfdp):] (2.6) at room temperature when irradiated at 365 nm. (Qualitative
observation of the emission of solution - state samples at room temperature when irradiated at 365 nm).
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Chapter 3

3.0 Luminescent Copper Chalcogenide Clusters with Conjugated Diphosphine
Ligands

3.1 Introduction

Ligand stabilized group 11 metal chalcogenide clusters have been researched extensively in the past
decade due to their diverse structures and photophysical properties which allow these complexes to have
applications in fields of optoelectronics, bioimaging and photochemistry.[!*] These complexes are of
interest because of their long - lived excited states and due to the ability to change the structure and the
photophysical properties depending on the organic ligand used.’l®) The organic ligands can affect the
electronic structure of these compounds leading to HOMO - LUMO energy gaps which can result in
properties such as luminescence.l”) The ability to modulate the electronic and optical properties through
ligand engineering makes these complexes interesting candidates for organic light emitting diodes

(OLEDs).B1I¥!

Phosphine ligands are one of the most common organic ligands that are incorporated in the shell of copper
chalcogenide clusters in order to prevent the formation of the thermodynamically driven binary phase of
bulk Cuz:E (E = S, Se).BISIBHI0N T 1993, the Yam group reported the first luminescent copper sulfide
complex [Cus(p-dppm)s(ps-S)](PFe). (IILI) (dppm = bis(diphenylphopshino)methane).l'']  The
photophysical and photochemical properties of the Cu® tetramer were investigated and it was concluded
that the long lived excited state was due to the ligand to metal charge transfer process LMCT (E* 2> M)
(E=S, M= Cu).l'!l

These phosphine stabilized copper chalcogenide complexes tend to have a general formula of (Cu:E)x (E
=S, Se) for their core with phosphine ligands present at the periphery.[®! The synthesis of these compounds
is first done by reacting the phosphine ligand with the metal salt (CuX, X = leaving group: OAc, Cl) to

12][13

form a reactive species which is soluble in common organic solvents.[6l!2Il13] Once the phosphine

solubilized metal complex is synthesized, it serves as an excellent entry point for the insertion of the

[S1e]12

chalcogen by using trimethylsilylchalcogen reagents. 1 The formation of X-SiMe; drives the reaction

forward resulting in a copper chalcogenide core with protective phosphine ligands bonded to the copper.F!

[12][14]-[16]
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Recently, Eichhofer and co - workers demonstrated the effect of different phosphine ligands on the
structure and the photoluminescence quantum yields (PLQYs) of copper chalcogenide clusters.!!”l They
synthesized several copper sulfide clusters with different phosphine ligands. Some phosphine ligands
resulted in a similar core structure whereas some resulted in completely different core structures.[!”] The
common theme throughout was the maintenance of the 2:1 ratio between Cu:E (E = S, Se). Bright red
emission was observed for complexes containing a Cui2EsPs (E = S, Se) core at ambient temperature.
These clusters showed high PLQY's between 21 % - 63 % at ambient temperature.!!”! Through these
observations, it was noted that the type of phosphine ligand as well as, surprisingly the crystal packing
(triclinic vs. tetragonal) can affect the PLQYs.!'”! The lifetime studies showed that the emission
corresponded to phosphorescence as the emission lasted a few microseconds at ambient temperature.l'”]
The phosphine ligands had phenyl rings and thus low lying empty n* orbitals; the complexes displayed
electron transitions from the orbitals of the copper chalcogenide core to these ligand - based orbitals.['”]
Clusters that had phosphine devoid of aromatic rings had transitions exclusively within the CuzE core.
Electronic transitions involved HOMOs (mostly comprising of d(Cu) and p(S) orbitals) and LUMOs

(mostly comprising of Cu orbitals).[!”]

4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP) has recently proven to be a good ligand for Cul

cubane clusters resulting in frameworks with photoluminescence quantum yields (PLQYSs) of ~5 % as

Gt}

o)

I”’I:,. A.n\\\\

shown by Xie and co - workers.['8]

Figure 3.1: 4,6 - bis(diphenylphosphino)dibenzofuran (DBFDP).['%

The incorporation of this ligand onto Cualy clusters raises the potential for these frameworks to be used in
organic light emitting diodes (OLEDs).['8] The emission arises from the metal + halide to ligand charge
transfer (M+X LCT).[!8] The transition for the [Cusls(dbfdp):] (ITILII) takes place from the HOMO and
HOMO - 3s which are composed of the Cul units to the LUMO which is composed of the n* system of

the dibenzofuran moiety.['®) Since phosphine stabilized copper chalcogenide clusters also display
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photoluminescence, it was of interest to investigate if / how the DBFDP ligand would affect their structural

and electronic properties.[!”]

Figure 3.2: Molecular structure of [(Cu4ly)(dbfdp):] (IILII) (H atoms are omitted for clarity).['¥/

The incorporation of DBFDP in copper chalcogenide (CuzE, E =S, Se) clusters of undetermined structures
was previously investigated. These complexes exhibited bright red luminescence with PLQY's of ~4 %
but suitable sized single crystals could not be obtained to determine their molecular structure.['”) Elemental
analysis indicated that the ratio of the CuzE core (E =S, Se) to DBFDP was ~ 2:1 but the low solubility
of these complexes in organic solvents made it a challenge to recrystallize them.['”) Therefore, the

incorporation of a substituted DBFDP was explored.

In a recent article, Xie and co - workers showed how introducing donating groups on the backbone of the
dibenzofuran affects the electronic structure and the PLQY's of Cul clusters.?! The donating groups DCz
(carbazole) and DtBCz (tert butyl carbazole) were first incorporated on the 2,8 positions of the
dibenzofuran resulting in DCzDBF (IIL.IIT) and DtBCzDBF (IIL.IV). Compound (IIL.III) and (ITL.IV)
were used to synthesize the substituted phosphines DCzDBFDP (II1.V) (DCz = carbazole on 2,8 positions)
and DtBCzDBFDP (II1.VI) (DtBCz = fert butyl carbazole on 2,8 positions) as shown in Figure 3.3.2%)
The Cul cubane clusters formed were [Cusls(DCzdbfdp)] (IIL.VII) and [ Cusl4(DtBCzdbfdp),] (IIL.VIII).
The PLQYs of these complexes increased up to 65 % and resulted in less cluster centered (CC)
transitions.[?’! Cluster centered (CC) transitions result in the loss of energy due to irradiative transitions as
the transitions involve metal to halide charge transfer (MXCT) (X = Halide) and serve as a quenching site

[20]

of excited energy.[2l2!] CC transitions result in the distortion of the excited states and due to the

destabilization of the excited state, this results in the loss of energy (for example: heat) and the inhibition
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of radiative transitions (for example: emission).[?2l The incorporation of DCz and DtBCz on the backbone
of the dibenzofuran decreases the gap between the HOMO and HOMO - 3 resulting in the suppression of
CC transitions and an increase in radiative transitions.!?! These donating groups result in more ligand
centered transitions as the HOMO and HOMO - 3s are mostly comprised of the donating groups while the
LUMO consists of the dibenzofuran ring.!*°) Compared to the HOMO and HOMO - 3s of [Cusl4(dbfdp):]
(ITL.IT), the orbitals of (IIL.VII) and (IIL.VIII) have minimal donation from the Cusls units and result in
less CC transitions and more ligand centered transitions with high PLQYs (up to 15 times higher than
(ITILIL)).

z

O (s

Z
Ph2 2 H H

DCz DtBCz
Figure 3.3: Substituted 4,6 - bis(diphenylphosphino)dibenzofuran.*"/

The incorporation of the DCz and DtBCz substituted phosphine was therefore an attractive route to
synthesize and characterize the molecular structure of copper chalcogenide clusters while improving their
PLQYs. However, attempts to prepare the substituted dibenzofuran (IILIII) and (IILIV) could not be
achieved in high purity or yield, so another donor group (ethyl) was incorporated into the backbone of the

dibenzofuran.

Herein, the preparation and the incorporation of the bidentate phosphine 2,8 - diethyl(4,6 - bis -
(diphenylphosphino))dibenzofuran (EtDBFDP) in copper chalcogenide clusters is reported. EtDBF (2,8 -
diethyldibenzofuran) (3.1) was first synthesized by reacting 2,8 - dibromodibenzofuran with ‘BuLi using
air sensitive techniques. Then, the substituted dibenzofuran phosphine was synthesized using literature
procedures resulting in EEDBFDP (3.2).['8] Ligand (3.2) was then further reacted with CuOAc to form the
reactive and soluble metal acetate phosphine complex. Bis(trimethylsilyl)selenide and
Bis(trimethylsilyl)sulfide were then introduced to solutions of the phosphine solubilized CuOAc resulting
in [(Cui2Ses)(etdfbdp)s] (3.3) and [(Cui2Se)(etdfbdp)s] (3.4). Crystals of (3.3) and (3.4) displayed
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luminescence at ambient temperature when irradiated with a UV lamp. A full analysis of their molecular

structure and their photophysical properties will be conducted.
3.2 Results and Discussion

3.2.1 Synthesis and Characterization of EtDBF (3.1) and EtDBFDP (3.2)

The molecular structure of the previously prepared [(Cu2E)x(dbfdp)y] complexes by the Corrigan group
could not be obtained as the single crystals were micrometer in size and could not be measured.['”! These
compounds had low solubility in organic solvents and so recrystallization attempts to grow bigger crystals
was not successful. Therefore, the incorporation of the substituted phosphine presented as an attractive
route to synthesize (CuzE) clusters. It was hypothesized that the substitution in the backbone of the
dibenzofuran (DBF) would result in changes in solubility and / or different crystal packing which could
possibly result in single crystals of suitable size to determine the molecular structure. Multiple attempts
were made to synthesize the substituted dibenzofuran DCzDBF (IIL.III) and DtBCzDBF (IIL.IV) reported
by Xie and co - workers?" in order to incorporate these into the previously prepared (CuzE)«(dbfdp)y
clusters. The first step was to brominate the 2 and 8 positions on the dibenzofuran ring as shown in Scheme

3.1.120

Br Br

CHCl3
Bro, +
RT, 24 hours

O
O

Y

Scheme 3.1: Synthesis of 2,8 - dibromo - dibenzofuran.’"/

Once the dibenzofuran ring was brominated, the carbazole / fert-butyl-carbazole was added in

nitrobenzene with copper powder and potassium carbonate and refluxed for 48 hours as shown in Scheme

3.2.20]

Br Br

K2003, Cu (S)
+ 27 >
Nitrobenzene, 200 °C 48 hours

o)

Z =DCz, DiBCz

Scheme 3.2: Synthesis of carbzole substituted dibenzofuran./*’/
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Once synthesized, multiple attempts were made to purify the product through precipitation, extraction and
column chromatography, but (ITLIII) or (ITILIV) could not be obtained in high purity or yields. Since
(ITILII) and (IILIV) could not be obtained in high purity, (IILV) and (IIL.VI) could also not be
synthesized and therefore, (II1.V) and (IIL.VI) could not be incorporated in CuzE clusters.

Since the substitution on the 2,8 positions of the dibenzofuran ring with carbazole / tert - butyl carbazole
failed, an attempt was made to form a Grignard with the 2,8 - dibromo - dibenzofuran to introduce a simple
ethyl group. Unfortunately, 2,8 - dibenzofuran would not form a Grignard. A Wurtz Fitting reaction with
Na® and a lithium halogen reaction with Li° followed by the addition of bromoethane were also tried but
did not result in a clean substitution. However, the organolithium reagent, ‘BuLi was used which resulted
in a lithium halogen exchange under the conditions outlined in Scheme 3.3. This was then followed by the
addition of EtBr and resulted in a clean substitution with good yields (93 %) of EtDBF (3.1) as shown in
Scheme 3.3.

Br Br

1. 4 BuLi, THF, -78 °C - RT Q
O Q 2. 2 EtBr, THF, -78 °C - RT

'0) (@)

Scheme 3.3: Synthesis of 2,8-diethyl-dibenzofuran (EtDBF) (3.1).

The '"H NMR spectrum of (3.1) confirmed the presence of the ethyl protons in the aliphatic region together
with aromatic proton signals. A 3C{'H} NMR spectrum is also attached in Appendix 3.1 as Figure S3.1.
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Figure 3.4: (a) "H NMR spectrum (CDCI3): EtDBF (3.1) (b) Zoomed in aliphatic region of EtDBF (3.1)
displaying the triplet and the quartet multiplicities of the ethyl group.

To prepare the substituted phosphine, "BuLi with tetramethylethylenediamine (TMEDA) was added to the
solution of (3.1) in order to deprotonate at the 4,6 positions. This was followed by the addition of the
cholordiphenylphosphine (PPh2Cl) resulting in EtDBFDP (3.2) (shown in Scheme 3.4) with yields of
40 %.[18]

1. TMEDA, "BuLi, Ether, -78 °C - RT
2. Ph,PCl, Ether, -78 °C - RT -
0 3. Dichloromethane, deoxygenated water (0]
Ph, Ph,

Scheme 3.4: Synthesis of 2,8-diethyl(4,6 - bis-(diphenylphosphino))dibenzofuran (EtDBFDP) (3.2).1%]

The *'P{'H} NMR spectrum of (3.2) showed a single peak at -16 ppm corresponding to one environment
for the phosphorus centre (Figure 3.5). A similar chemical shift at -16 ppm was observed for the
unsubstituted DBFDP.!!8] The 'H, 3C{'H} and 3'P{'H} spectra are attached in Appendix 3.1 as Figure
S3.2, 83.3 and S3.4.
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Figure 3.5: 3P {{H} NMR spectrum (CDCl3): EtDBFDP (3.2) &: -16 ppm.

3.2.2 Synthesis and Characterization of [Cui:Ses(etdbfdp)4] (3.3)

It has been shown recently that DBFDP acts as a bidentate phosphine ligand when reacted with CuOAc
resulting in [(CuOAc)2(dfbdp).] (IL.IX).!'”) The Cu centres have a distorted tetrahedral coordination due
to the bonding with two P atoms and two bridging O from the acetate ligands, as shown in Figure 3.6.11°]
Since there are no structural changes made at the phosphorus atoms, EtDBFDP (3.2) should also behave
in a similar way and should act as a bidentate phosphine ligand when reacted with CuOAc. Compound
(3.2) in a similar fashion, was therefore reacted with one equivalent of CuOAc in THF to yield a clear and
colourless solution. It is well documented that phosphine ligated CuOAc reacts with chalcogen reagents
with -SiMes moieties.PI6I12123] The reaction between the AcO-SiMes drives the reaction forward resulting

in a CuzE core which phosphine ligands present at the periphery.

Figure 3.6: Molecular structure of [(CuOAc):(dfbdp),] (IILIX) (H atoms are omitted for clarity). °/
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This represented a good entry point for the preparation of copper chalcogenide complexes containing the
EtDBFDP (3.2) ligand. The synthesis of complex (3.3) was done by adding 0.5 equivalents of Se(SiMes)»
to solutions of (3.2) with CuOAc in THF, as shown in Scheme 3.5.

: THF
1 EtDBFDP + 1 CuOAc + 0.5 5¢(SiMeg)s » [CuysSeg(etdbfdp),]

-78 °C - RT
-AcOSiMe;
-EtDBFDP

Scheme 3.5: Synthesis of [Cu:Ses(etdbfdp)4] (3.3).

The colour of the solution changed from colourless to pale yellow to orange as the solution warmed to
-20 °C. The reaction solution was then then layered with heptane at this temperature. Red - orange crystals
with red luminescence formed after 2 - 3 days. The warming of the reaction solution of (3.3) to room
temperature resulted in a brown coloured solution with no luminescence which indicated the formation of
bulk CuzSe which can be common for copper chalcogenide clusters left in solution at room

temperature, ! 7124125]

The molecular structure of (3.3) was determined by single crystal X - ray diffraction. Complex (3.3)
crystallizes in the monoclinic space group P2i/c and Z of 2. In (3.3), all Se atoms have a p4 coordination
geometry and form a near to ideal octahedron with the Cu centres bridging at the edges. Eight Cu centres
have a trigonal planar geometry due to bonding with one phosphorus and two bridging Se. The other four
Cu centres in the middle of the core have a linear coordination geometry due to bonding to two bridging
selenium as shown in Figure 3.7. Interestingly, the CuzE core for (3.3) is isostructural to [Cui2Ses(dppo)4]
(ITIL.X) (Figure 3.8) (dppo = diphenylphosphinooctane) reported by Eichhdfer and co - workers with

slightly different geometric parameters.!'”]

Compound (ITI.X) also has a near to ideal octahedron formed of the Se atoms with Cu bridging the
edges.!”l The bond lengths reported for the 8 Cu atom in the corners bonded to Se and P in
[Cui2Ses(dppo)a] (II1.X) range between 2.355(2) - 2.458(2) A while the Cu-Se distances in the middle of
the core range between 2.295(1) - 2.307(2) A.['7l The bond lengths for the analogous Cu-Se bonds for
(3.3) range between 2.3606(14) - 2.4632(16) A while the Cu-Se bonds in the middle of the core range
between 2.2705(14) - 2.3186(16) A. All of the bond lengths for (3.3) are well within the range to the ones
reported.
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For (3.3), the distances between pairs of Cu centres bonded to the same phosphine ligand, (Cu(1)-Cu(2)
and Cu(3)-Cu(4)) are 2.9563(17) A and 2.8771(17) A. The distances between the other two Cu pairs,
(Cu(1)-Cu(3) and Cu(2)-Cu(4)) are 2.9868(15) A and 2.8484(15) A. These distances show no presence of
cuprophilic interactions. The analogous distances observed in (IILX)!'7], (2.8953(17) - 3.0412(19) A) are
on average longer than those observed for (3.3). This may be due to incorporating the bidentate EtDBFDP
(3.2) because it pinches the two adjacent metal centres closer together resulting in shorter distances.
Whereas, the phosphine in (II1.X), bonds to metal centres on opposite ends (vertically) resulting in larger
distances between adjacent Cu atoms.[!”] These shorter bond lengths within the cluster of (3.3) could result
in more rigidity in the cluster. CuCu distances of the central 4 Cu atoms and the adjacent 4 Cu atoms

range between 2.5966(16) - 2.8477(16) A indicating the presence of cuprophilic interactions.

® Cu

Figure 3.7: Molecular structure of [Cui2Ses(dbfdp)4] (3.3) in the crystal (Cu - Se: 2.2705(14) - 2.4632(16)
A, Cu-P:2.298(3) - 2.318(3) A, Cu ~ Cu: 2.5966(16) - 2.9868(15) A) (H atoms are omitted for clarity).
(The molecule resides about a crystallographic inversion centre).
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® Cu
Se

®cC

Figure 3.8: Molecular structure of [Cui:Ses(dppo)s] (ITLX).["7]

3.2.3 Synthesis and Characterization of [Cui:Ss(etdbfdp).] (3.4)
The synthesis of (3.4) was attempted by adding 0.5 equivalents of S(SiMe3). to solutions of (3.2) with
CuOAc in THF, as shown in Scheme 3.6.

| THF
1 EtDBFDP + 1 CuOAc + 0.5 (SIMe3)2 > [CU12 6(etdbfdp)4]

-78 °C - RT
-AcOSiMe3
-EtDBFDP

Scheme 3.6: Synthesis of [Cu2Ss(etdbfdp)4] (3.4).

The addition of S(SiMes) at -78 °C to solutions of (3.2) with CuOAc results in a reaction between OAc
and SiMej; resulting in the formation of a (Cuz2S)x core and the elimination of the silane. The colour of the
solution changed from colourless to pale yellow to deep yellow as the solution warmed to -20 °C. The
reaction solution was placed at -20 °C overnight and layered with heptane at this temperature. Red - orange
crystals exhibiting red luminescence formed after 3 - 4 days together with copious amounts of colourless
precipitate. The precipitate likely indicates the presence of unreacted CuOAc / phosphine which would
mean that the complete reaction to form (3.4) requires further probing in terms of temperatures and time.
The solution of (3.2) and CuOAc with S(SiMe3)> was also warmed to room temperature but only resulted

in a brown coloured solution (similar to the reaction solution of Se(SiMes),) with no luminescence
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indicating the formation of the bulk CuS. This is common for copper chalcogenide clusters left in solution

at room temperature,[!712412]

A full analysis of the molecular structure of (3.4) is still required. X - ray diffraction data of poorly
scattering crystals show that it is isostructural to [Cui2Ses(etdfdp)a] (3.3). The data are not reported in this
thesis. However, the measured cell constants are reported in the experimental section. It has been
previously shown that when using a different chalcogen with Cu and the same phosphine, it can result in
isostructural molecular structures. Replacing Se with S in [Cui2E¢(dppo)s] results in [Cui2Se(dppo)4]
(ITL.XT) with slight geometric differences such as shorter Cu-E bond lengths due to the small covalent
radii of S (1.03 A) compared to Se (1.16 A).BI'7] A similar observation is made for (3.4) where the

molecular structure of the sulfide analog is isostructural to (3.3) with the same cell constants.

3.2.4 Photophysical Properties of [Cui:Ses(etdbfdp)s]) (3.3) and [Cui:2Ss(etdbfdp)s]) (3.4)

It has been previously reported that the use of DFBDP results in strong luminescence behaviour in stable
copper (I) iodide clusters.['¥) The ability of DBFDP to bridge to two Cu atoms and the rigidity of the
cluster results in efficient luminescence of [Cusls(dbfdp).] (IILII).I'8 DBFDP was also previously used
to synthesize copper chalcogenide clusters [(CuzE)x(dbfdp)y] which resulted in orange crystals with bright
red luminescence. These complexes had PLQY's of ~4 % but suitable sized crystals could not be obtained
to determine their molecular structure.['”] Therefore, (3.2) was used to synthesize copper chalcogenide
clusters in an attempt to produce crystals of suitable size to determine the molecular structure of these

complexes while also determining how the photophysical properties were affected.

It was observed that the reaction solution of (3.2) and CuOAc did not have significant luminescence. When
Se(SiMes), was added at cold (-78 °C) temperatures, it resulted in an instant change in luminescence. The
appearance of luminescence in the reaction solutions as well as the change in luminescence with rising
temperatures serves as an indication that a reaction is taking place. The reaction solution was similarly
emissive for both wavelengths (Aexe = 254 nm and 365 nm) when irradiated with the handheld UV lamp.
The solution exhibited yellow luminescence between reaction temperatures of -70 °C and -20 °C (Figure
3.9(a)). As the reaction solution warmed, the luminescence became a brighter yellow - orange and at

-20 °C, the luminescence of the solution was bright orange.
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Figure 3.9: (a) Emission of the reaction mixture of EtDBFDP (3.2) with CuOAc and Se(SiMe3): in THF
at -40 °C (b) Emission of crystals of [Cuiz2Ses(etdbfdp)4] (3.4) (Qualitative observation of the emission of
the reaction solution and solid - state samples at room temperature when irradiated at 365 nm).

The reaction solution was layered with heptane at -20 °C and resulted in red - orange crystals of (3.3) with
red luminescence when irradiated with the UV lamp (254 nm and 365 nm) (Figure 3.9 (b)). The colour of
the crystals as well as the qualitative observation of the luminescence is consistent with phosphine
stabilized copper selenide crystals, as reported by Eichhofer and co - workers.!'") Compound (ITL.X) also
form as red crystals with bright red luminescence. Aexc for (3.3) were determined to be 425 nm, 475 nm,
and 520 nm with Aem = 653 nm as these excitation wavelengths resulted in the highest intensity of emission
at 653 nm. Out of the three determined excitation wavelengths, Aexe = 475 nm resulted in the highest
intensity for Aem = 653 nm. The excitation and the emission spectra for (3.3) are shown in Figure 3.10 and
Figure 3.11, respectively. This contrasts to the Aexe = 350 nm which results in the highest intensity Aem at
638 nm for [Cui2Ses(dppo)s] (IIL.X) (dppo = diphenylphosphinooctane) with PLQY's of 53 %.[!") The
drastic difference in the Acxc resulting in a similar Aem of (3.3) to (IIL.X) may be due to the incorporation
of EtDBFDP (3.2) as the phosphine is the key difference between (3.3) (incorporates EtDBFDP (3.2)) and
(ITL.X) (incorporates dppo). (3.2) has low lying empty * orbitals compared to dppo and therefore the
transitions in (3.3) require less energy (longer wavelength) to result in a similar emission wavelength. A

full analysis of the photophysical properties of (3.3) will be conducted.
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Figure 3.10: Excitation spectrum of [Cu:Ses(etdbfdp)s] (3.3) in the solid state at room temperature. The
selected Aexcimax) for this complex is at 475 nm.
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Figure 3.11: Emission spectra of [CuixSes(etdbfdp)4] (3.3) in the solid state at room temperature. The
highest intensity for Aem (653 nm) is when the sample is irradiated at 475 nm.

Similarly, the reaction solution of (3.2) and CuOAc with S(SiMes)> displayed luminescence as the
chalcogen was added. The solution was emissive at both wavelengths (A = 254 nm and 365 nm) when

irradiated with the handheld UV lamp. The solution exhibited yellow luminescence between reaction
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temperatures of -70 °C and -20 °C (Figure 3.12). Compared to the solution of (3.2) and CuOAc with
Se(SiMes)2, the luminescence for the solution of (3.2) and CuOAc with S(SiMes)> was more yellow in
colour. As the reaction solution warmed to -20 °C, the luminescence became a brighter yellow. This
difference in luminescence between the reaction solutions of (3.3) and (3.4) could be due to the difference

in the chalcogen used or due to an incomplete reaction as mentioned earlier.

Figure 3.12: Emission of the reaction mixture solution of EtDBFDP (3.2) and CuOAc with S(SiMe3): in

THF at -40 °C with a handheld UV lamp. (Qualitative observation of the emission of the reaction solution
when irradiated at 365 nm).

Similar to (3.3), when reaction solutions of (3.2) and CuOAc with S(SiMes), were warmed to room
temperature, they also became brown in colour with no visible luminescence likely indicating the presence
of copper sulfide. Since the solution was unstable at room temperatures, it was layered with heptane at
-20 °C which resulted in red - orange crystals of with red luminescence when irradiated with the UV lamp
(254 nm and 365 nm). A full X - ray structural and photophysical analysis on the crystals will be
conducted. The colour of the crystals as well as the luminescence observed is again consistent with
phosphine stabilized copper sulfide crystals reported by Eichhdfer and co - workers.!'”] For example, the
complexes [Cui2Ss(dpppt)s] (IILXII) (dpppt = diphenylphosphinopentane) and [Cui2Ss(dppo)s] (ITL.XT)
(dppo = diphenylphosphinooctane) also crystallize as red - orange crystals. These complexes also have
bright red luminescence at ambient temperature with emissions at 648 nm and 665 nm, respectively.[!”]

The reported complexes also had PLQY's of up to 48 % and 67 %, respectively.[!”]
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3.3 Experimental

3.3.1 General Considerations

All experiments were carried out under an inert atmosphere of high purity, dried nitrogen using standard
Schlenk line techniques on a double manifold vacuum line. All solvents used were either distilled over the
appropriate desiccant under nitrogen or were dried by using a commercial Mbraun MB - SP series solvent

purification system.

Dibenzofuran (TCI America), bromine (Alfa Aesar), tert - butyl - lithium (Sigma Aldrich), bromoethane
(Sigma Aldrich), chlorodiphenylphosphine (TCI America) and » - butyllithium (Acros Organics) were
purchased and used without further purification. Tetramethylethylenediamine (TMEDA) was refluxed
over KOH pellets for three hours and distilled under nitrogen according to the literature procedure.”
Copper (I) acetate, bis(trimethylsilyl)sulfide and bis(trimethylsilyl)selenide were synthesized by a
colleague using literature procedures and were used without further purification.!?12°1 2.8 -

dibromodibenzofuran was synthesized according to the literature procedure.[2’]

'H, 3'P{'H}, BC{'H} NMR spectra were recorded on the Bruker Avancelll HD 400 (B400) with
frequencies of 400.130 MHz, 161.976 MHz and 100.613 MHz respectively. The 'H NMR spectra were
referenced to the residual proton solvent in CDCls. The 3C{!H} NMR spectra were referenced to the
carbon atoms in CDCl;. The *'P{"H} NMR spectra were referenced to the 85 % H3POsa.

Single crystal X - ray data collection were completed by Dr. John F. Corrigan on a Bruker Kappa Axis
Apex2 diffractometer at a temperature of 110 K. The sample was placed on a Mitegen polyimide
micromount with a small amount of Paratone N oil. The raw data were scaled, and absorption corrected
using SADABS and the frame integration was done by SAINT.BUBU SHELXT program was used to solve
the structure.l*?! All hydrogen atoms were obtained from the initial solution, introduced at idealized
positions and were allowed to ride on the parent atom. The structural model was fit to the data by full
matrix least squares based on F2. The structure was further refined using the SHELXL program from the

SHELXTL suite of crystallographic software.!33]

3.3.2 Synthesis of EtDBF (3.1)
2,8 - dibromodibenzofuran (1.24 g, 3.83 mmol, 1.00 equiv.) was dissolved in 150 mL of THF and stirred
at room temperature for a few minutes. ‘BuLi (15.3 mL, 15.3 mmol, 4.00 equiv.) was then added dropwise

to the cold (-78 °C) reaction solution which resulted in a yellow solution. As the reaction warmed to room
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temperature, the colour of the solution turned brown - yellow with a colourless - beige precipitate. The
solution was then cooled again to -78 °C and EtBr (0.850 mL, 11.5 mmol, 3.00 equiv.) was added dropwise
while stirring. This resulted in an instant colour change to pale yellow with colourless precipitate. At room
temperature, the solution was clear and yellow in colour. 50 mL of deoxygenated water was added to the
reaction solution and the THF was removed under vacuum. The product was then extracted with DCM (3
x 30 mL) and further dried using MgSOs4. Solvent was then removed which resulted in (3.1) as a yellow
oil. (0.80 g, 93 % yield). 'H NMR (400 MHz, CDCl3, 23.5 °C): 6 = 7.75 (s, 2H), 7.45 (d, 2H J = 8.5 Hz),
7.25 (d, 2H, J = 9.1 Hz), 2.80 (q, 4H, J = 7.6 Hz), 1.33 (t, 6H, J = 7.6 Hz). BC{'H} NMR (400 MHz,
CDCl3, 23.5 °C): 8 = 155.1, 138.8, 127.1, 124.4, 119.5, 111.3, 29.0, 16.5. 'H, and *C{'H} NMR spectra

are attached in the Appendix. 'H and *C{'H} chemical shifts match the literature values.[*¥]

3.3.3 Synthesis of EtDBFDP (3.2)

(3.2) was synthesized using similar literature procedures as used for DBFDP.[!#]

(3.1) (0.80 g, 3.50 mmol, 1.00 equiv.) was dissolved in 50 mL of diethyl ether and stirred at room
temperature for a few minutes. TMEDA (1.58 mL, 10.6 mmol, 3.00 equiv.) was added to the stirring
solution at room temperature. "BuLi (6.93 mL, 10.6 mmol, 3.00 equiv.) was then added dropwise to the
cold (-78 °C) reaction solution which resulted in a yellow solution at cold temperatures. The solution was
then warmed to room temperature and stirred overnight which resulted in a clear orange solution. PPh>Cl
(2.08 mL, 11.6 mmol, 3.30 equiv.) in 20 mL of diethyl ether was added dropwise to the cold (-78 °C)
reaction solution which resulted in a yellow solution with colourless precipitate. The solution was then
warmed to room temperature and stirred overnight which resulted in an orange solution with colourless
precipitate. The solvent was then removed under vacuum which resulted in a yellow oil with colourless
precipitate. The oil and the precipitate were dissolved in DCM and the organic layer was extracted with
DCM and water (3 x 30 mL). 50 mL of hexanes were added to the solution and the precipitate was filtered.
The solvent was then removed under vacuum which resulted in a yellow oil. The yellow oil was purified
by flash column chromatography (DCM) which resulted in a flaky white powder. (0.83 g, 40 % yield). 'H
NMR (400 MHz, CDCls, 23.5 °C): 6 = 7.72 (s, 2H), 7.28-7-18 (m, 24H), 6.91 (d, 2H, J = 7.2 Hz), 2.65
(q,4H,J=17.6 Hz), 1.18 (t, 6H, J= 7.6 Hz). '*C{!H} NMR (400 MHz, CDCl3, 23.5 °C): 6 = 157.0, 139.1,
136.1, 132.3, 128.7, 123.8, 120.5, 28.9, 16.3. 3'P{'H} NMR (400 MHz, CDCl3, 23.5 °C): § = -16 ppm

3.3.4 Synthesis of [Cui:Ses(etdbfdp)4] (3.3)

EtDBFDP (3.2) (0.095 g, 0.160 mmol, 1.00 equiv.) and CuOAc (0.020 g, 0.160 mmol, 1.00 equiv.) were

stirred together for one hour in 20 mL of THF to yield a clear and colourless solution. Se(SiMes3)> (0.020
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mL, 0.090 mmol, 0.500 equiv.) was added to a stirring solution at -78 °C. The solution was slowly warmed
to -20 °C with noticeable colour change from colourless to orange. The solution was layered with 40 mL
of heptane and left at -20 °C. Red - orange crystals were observed after 3 - 4 days. (0.028 g, 56 % yield
based on CuOAc). Crystal structure data, bond angles and bond lengths are attached in the Appendix in
Tables S3.1, S3.2 and $3.3.3'P{'H} NMR: TBD (to be determined). 'H NMR: TBD. m.p. = TBD. ATR -
IR: TBD. Elemental Analysis: TBD. Aexe =475 nm, Aem= 653 nm, PLQY = TBD.

3.3.5 Synthesis of [Cu1:Ss(etdbfdp)4] (3.4)

EtDBFDP (3.2) (0.112 g, 0.190 mmol, 1.00 equiv.) and CuOAc (0.023 g, 0.190 mmol, 1.00 equiv.) were
stirred together for one hour in 20 mL of THF to yield a clear and colourless solution. S(SiMes) (0.020
mL, 0.090 mmol, 0.500 equiv.) was added to a stirring solution at -78 °C. The solution was slowly warmed
to -20 °C with noticeable colour change from colourless to yellow. The solution was left undisturbed
overnight in a freezer at -20 °C. The solution was layered with 40 mL of heptane after 24 hours and left at
-20 °C. A few red - orange crystals together with copious amounts of colourless precipitate were observed
after 5 - 6 days. (Cell constants: a=0.71073 A, b=18.6948 A, ¢ =24.3083 A, oo = 17.2523 °, = 90.000
°,y =108.576 °). Additional analysis will be conducted. Yield = TBD. *'P{'H} NMR: TBD. 'H NMR:
TBD. m.p. = TBD. ATR-IR: TBD. Elemental Analysis: TBD. Aexc = TBD, Aem= TBD, PLQY = TBD.
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3.4 Conclusions

In summary, a novel procedure was used to synthesize EtDBF (3.1) with good yields of up to 93 %. EtDBF
(3.1) was used to synthesize EtDBFDP (3.2) which was further reacted with CuOAc followed by the
addition of Se(SiMe;)2 and S(SiMes): as the phosphine stabilized copper complexes are good entry points
for the trimethylsilylchalcogenide reagents.[PI6112123] The addition of E(SiMes): (E = S, Se) to solutions of
(3.2) with CuOAc resulted in [Cui2Ses(dbfdp)s] (3.3) and [Cui2Ses(dbfdp)a] (3.4). The reaction solution of
Se(SiMes)2 and (3.2) with CuOAc was clear and yellow at low temperatures with bright yellow
luminescence indicating reaction progression. At -20 °C, this reaction solution was orange in colour with
orange luminescence. When crystallized at -20 °C, the crystals of (3.3) were red - orange in colour with
red - orange luminescence. The full determination of the molecular structure of the complex synthesized
by the addition of S(SiMes): to solutions of (3.2) with CuOAc is still under progress but the preliminary
data shows an isostructural compound of formula [Cu;2Se(dbfdp)4] (3.4). When compared, the reaction
solution of S(SiMes); and (3.2) with CuOAc was also clear and yellow at low temperatures with bright
yellow luminescence. This reaction solution stayed yellow in colour with yellow luminescence at -20 °C.
The difference in luminescence for (3.3) could be due to the incomplete reaction. When crystallized, it
also resulted in a few red - orange crystals of (3.4) with red - orange luminescence with copious amounts
of precipitate. The qualitative observations for the red crystals of (3.3) and (3.4) are consistent with the
BII171 Complexes such as

reported [Cui2Ses(dppo)s] (IILX), [Cui2Se(dpppt)4] (ITL.XII) and [Cui2Ss(dppo)s] (IILXT) also crystallize

other phosphine ligated copper selenide / sulfide clusters reported in literature.

as red crystals at low temperatures with bright red luminescence with PLQYs of up to 63 % at room
temperature.®1!71 Moreover, the DBFDP stabilized copper chalcogenide complexes previously prepared
by the Corrigan group also crystallized as red - orange crystals with bright red luminescence with PLQY's
of up to ~4 %, but due to their high insolubility, the molecular structures of these complexes could not be

(191 The incorporation of (3.2) in CuzE (E = S, Se) clusters shows very similar results as seen in

obtained.
the literature!®'7] and the Corrigan lab."”) The Aexc = 475 nm of (3.3) shows a drastic bathochromic shift
compared to the Aexe = 350 nm of (IILX).['") Since the key difference between the two compounds is the
phosphine, this significant change may be due to using the custom / tailored rigid bidentate phosphine
ligand (3.2). Complexes (3.3) and (3.4) show promising results as luminescent materials and a complete
analysis of the photophysical properties (emission, excitation, PLQYs) of (3.3) and (3.4) will be

conducted.
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Chapter 4

4.0 Conclusions and Outlook

4.1 Summary and Conclusions

The work in this thesis discusses the preparation and analysis of Luminescent Group 11 Metal Chalcogen

Clusters with Bidentate Phosphine Ligands.

Luminescent group 11 metal chalcogenolate clusters are synthesized by forming the precursors
[(CuOAc)(dbfdp)2]tY (2.1), [(AgOAc).(dbfdp):]! (2.2) and solutions of DBFDP with CuCl. These
precursors are further reacted with chalcogen reagents (PhESiMes) (E =S, Se) at low temperatures to form
metal  chalcogenolate  clusters, [Cus(SePh)s(dbfdp)] (2.3), [Age(SePh)s(dbfdp).] (2.4),
[Cus(SPh)s(dbfdp)2] (2.5), [Cus(SPh)4Cl(dbfdp)2] (2.6), [Ags(SPh)s(dbfdp)z] (2.7). Complexes (2.3) -
(2.7) differ in structure from each other depending on the group 11 metal and the chalcogen. The number
of metal atoms present in the clusters range from 4 - 6 while the chalcogenolates display p2 and p3 bridging
modes (Figure 4.1). Interestingly, (2.6) has a chloride functionality that could be further reacted with

chalcogen reagents to form mixed chalcogenolate / chalcogenide clusters.

The main theme seen throughout complexes (2.3) - (2.7) is the bonding of the phosphine to two metal
centres which are bridged by the chalcogenolates. It was observed that the nuclearity and the
dimensionality of these complexes depends heavily on the combination of the group 11 metal and the
chalcogen used. As observed, compound [Cus(SePh)s(dbfdp)2] (2.3) and [Age(SePh)s(dbfdp).] (2.4) differ
in the number of metal atoms (4 metal atoms for (2.3) and 6 metal atoms for (2.4)) when incorporating the
same chalcogenolate (selenolate). This could be due to the larger size of the Ag atom which causes the Ag
centres and the Se to spread out resulting in a bigger cluster. Comparing the core of (2.3) to the core of
(2.5), the nuclearity of Cu increases (4 (2.3) vs. 5 (2.5)) when the chalcogen is changed from Se to S. As
the size of S is smaller than Se, it could be possible that the incorporation of 5 metal atoms with 5 thiolates
is needed in order to form a stable cluster core. Interestingly, when using thiolates with Ag, the number
of Ag centres decreases to 4 as observed in (2.7) which may be due to the combination of the bigger sized
Ag atom with the smaller sized bridging thiolate. In (2.4), the combination of larger sized Ag and Se

resulted in a Age core, whereas in (2.7), the Ag with the smaller sized chalcogen (S) forms a Ags core.

70



o0
>%Q

00 O v wm

—_

Figure 4.1: (a) Molecular structure [Cus(SePh)4(dbfdp):] (2.3), (b) [Ags(SePh)s(dbfdp):] (2.4), (c)
[Cus(SPh)s(dbfdp).] (2.5), (d) [Cus(SPh),Cl(dbfdp).] (2.6), (e) [Ag4(SPh)4+(dbfdp)2] (2.7).
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As observed with the reported compounds, the photophysical properties of (2.3) - (2.7) also depend on the
combination of the metal and the chalcogen. Complexes containing Cu ((2.3) and (2.5)) have higher
PLQYs compared to the ones with Ag ((2.4) and (2.7)). Compounds (2.3) and (2.5) have a PLQY of 34
% and 73 %, respectively whereas (2.4) and (2.7) have a PLQY of 5 % and 9 %, respectively. The
chalcogen also affects the PLQY's significantly. The size of the cluster varies depending on the metal and
the chalcogen. A trend for the chalcogen is seen. Compounds containing Se have lower PLQY's than the
ones with S. (2.3) and (2.5) both incorporate Cu and differ in the chalcogen (Se for (2.3) and S for (2.5)),
and this variation in incorporating S results in 2.15 times higher PLQYs. Comparing the PLQY's of (2.4)
which consists of Se to (2.7) which comprises S, the PLQY of (2.7) is 1.76 times higher. It is observed
that the core structure nuclearity as well as the PLQY's of these complexes depends on the group 11 metal

and the chalcogen used.

Furthermore, the PLQYs of (2.3) and (2.5) show an excellent efficiency for such group 11 metal
chalcogenolate clusters when compared to the PLQY of 19 % of the reported [Cus(P*S)4(CH3CN)2] (IV.I)
(P/S = 2-(diphenylphosphino)benzenethiolate).l*) The PLQYs of (2.3) and (2.5) are up to 3.8 times higher
which could be due to a number of reasons such as the number of core Cu atoms, a different chalcogenolate

and / or the phosphine (DBFDP) ligand used.

Previous attempts for synthesizing luminescent copper chalcogenide clusters with DBFDP were also made
in the Corrigan lab, but the molecular structure of these complexes could not be determined by single
crystal X - ray crystallography due to the pm size of the crystals.[!! Tt was hypothesized that changing the
backbone of the dibenzofuran ring (introducing alkyl groups) may result in a different crystal packing
resulting in bigger single crystal sizes that could be analyzed. The incorporation of the tailored EtDBFDP
(3.2) proved to be successful in synthesizing suitable sized crystals of [Cui2Ses(etdbfdp)s] (3.3). It was
observed that all Se atoms in (3.3) display p4 bridging coordination modes which form a close to ideal
octahedron with Cu centres bridging at the edges. The phosphine ligands form a shell around the core by
bonding to the Cu atoms in the corners. The core of (3.3) is isostructural to that reported for
[Cui2Ses(dppo)s] (IV.II) where all the Se atoms have p4 bridging modes with Cu atoms bridging at the
edges.!*] The incorporation of the bidentate phosphine (3.2) resulted in short bond distances between the
pairs of Cu atoms when comparing to (IV.II) which could increase the overall rigidity of the cluster.
Attempts to synthesize the analogous CusS clusters with (3.2) were also made. The preliminary data shows
the formation of an isostructural [Cui2Se(etdbfdp)4] (3.4) with the same cell constants as (3.3). A full

structural data analysis of (3.4) will be conducted.
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® Cu

Figure 4.2: Molecular structure of [CuisSes(etdbfdp)s] (3.3) in the crystal (H atoms are omitted for
clarity). (The molecule resides about a crystallographic inversion centre).

In terms of the luminescence properties, the crystals of (3.3) have red - orange emission at room
temperature which is consistent with the qualitative observations of (IV.II) (red emission at room
temperature).[*! Although, qualitatively similar, (3.3) and (IV.II) differ in their Aexc. Aexc for (3.3) with the
highest intensity has a bathochromic shift (Aexc = 475 nm) compared to the Aexe = 390 nm for (IV.II)*
which could be due to the difference in the phosphine ligand used. While there is a significant variation
in the Aexc, the Aem is quite similar for the two compounds as (3.3) has Aem= 653 nm and (IV.II) has Aem=
638 nm. The next step is to determine how the incorporation of EtDBFDP (3.2) changes PLQY of (3.3)
compared to the PLQY = 53 % for (IV.II).[*! A full analysis of the photophysical studies of (3.3) will be

conducted.

The incorporation of DBFDP and the related diphosphine EtDBFDP (3.2) resulted in highly luminescent
group 11 metal chalcogen complexes with sufficient PLQY's for the metal chalcogenolate clusters. The
molecular structure of the metal chalcogenolate (M-ER) (M = Cu, Ag, E =S, Se, R = organic moiety)

complexes relies heavily on the combination of group 11 metal and the chalcogenolate used while the
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molecular structure of copper chalcogenide (Cu2E) compounds is isostructural when changing the
chalcogen from S to Se. A key similarity between the two types of clusters is that the phosphine ligand
bonds two metal centres and is present at the periphery forming a protective shell around the metal

chalcogen core.

4.2 Outlook - Luminescent Group 11 Metal Chalcogenolate Clusters with Conjugated
Diphosphine Ligands

Changing the metal to Au and / or changing the chalcogen to Te can be explored to see how this changes
the emission properties of the group 11 metal chalcogenolate clusters. Additionally, due to the chloride
functionality seen in complex [Cus(SPh)4Cl(dbfdp).] (2.6), it may be possible to synthesize metal
chalcogenide / chalcogenolate clusters by adding a chalcogenide reagent to displace the chloride and

potentially yield a more condensed cluster.

THF or DCM
[Cus(SPh),Cl(dbfdp),] + 0.5 E(SiMes), »  [(CusE)x(SPh),(dbfdp),]

-78°C - RT
- ClSlMe3

Scheme 4.1: Proposed scheme to synthesize metal chalcogenide / chalcogenolate clusters.

It has been previously shown that changing the organic moiety on copper chalcogenolate clusters can also
change the colour of emission.[’) This may be another interesting route to take to determine how the
organic moieties on chalcogenolates affect the structural as well as the photophysical properties while still

using DBFDP as the protective phosphine ligand.

Changing the substituents on the DBFDP ligand may result in different energy gaps which could change
the wavelength of emission. It has been previously shown that incorporating electron donating groups on
the dibenzofuran backbone results in increased PLQYs (from 5 % to 65 %) of Cusls clusters.[!] New
substituted phosphines are currently being employed in copper chalcogenide clusters which show
promising results (as mentioned in Chapter 3). Incorporating these substituted phosphines in group 11
metal chalcogenolate clusters would present an interesting outlook on how the electronic and optical

properties can be affected.
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4.3 Outlook - Luminescent Copper Chalcogenolate Clusters with Conjugated Diphosphine
Ligands

Future work would include obtaining a full electronic and optical analysis of complex (3.4). This will
include the crystal data information for (3.4), elemental analysis as well as UV - Vis (absorption, emission,
excitation), lifetime and PLQY's studies. Due to the easy synthesis reported in this chapter of introducing
donating groups onto the backbone, different groups could be incorporated onto the dibenzofuran ring to
determine how they affect the electronic structure and the crystal packing of CwE clusters. The
incorporation of DCzDBFDP (IV.III)®! and DtBCzDBFDP (IV.IV)!l into copper chalcogenide clusters
was unsuccessful due to difficulties with synthesizing DCzDBF (IV.V) and DtBCzDBF (IV.VI) with high
purity and yields. Therefore, a different literature procedure could be attempted to introduce these donating
groups.”! Successful synthesis of DCzDBFDP (IV.III)*) and DtBCzDBFDP (IV.IV)[%! would allow their

incorporation in copper chalcogenide clusters.

X

O

X
Ph, 2 |

H H
DCz DtBCz
Figure 4.3: Substituted 4,6 - bis(diphenylphosphino)dibenzofuran./®/

It would be interesting to see how the electronic properties and the PLQY's of these complexes change

when ranging from small donating groups such as -C>Hs to bigger donating groups such as carbazoles.
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Appendix 2.0 Supporting Information for Chapter 2

Appendix 2.1: 'H and *'P{! H} NMR data for compounds (2.3) - (2.7)

Si Grease
CHCI from CDCls
3
338
,\\7 o CDCls Impurity
N~

Figure 82.1: 'H NMR spectrum in CDCI3 (298 K) of [Cus(SePh)(dbfdp):] (2.3)
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Figure 82.2: 3'P{'H} NMR spectrum in CDCl3 (298 K) of [Cu+(SePh)4(dbfdp),] (2.3)

85



Si Grease
CHCI
® from CDCl3

f

CDCls Impurity

Toluene

7.27

7.34

,7.98
\7.96

f o © Nater
P Acetone

Diethyl ether X Diethy
| ether

T T T T T T T T 1

8 ("H) (ppm)

®4.00 =

Figure 82.3: 'H NMR spectrum in CDCI3 (298 K) of [Ags(SePh)s(dbfdp).] (2.4)
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Figure 82.4: 3'P{'H} NMR spectrum in CDCl3 (298 K) of [Ags(SePh)s(dbfdp):] (2.4)
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Figure 82.5: 'H NMR spectrum in CDCl3 (298

K) of [Cus(SPh)s(dbfdp)s] (2.5)
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Figure 82.6: 3'P{'H} NMR spectrum in CDCl3 (298 K) of [Cus(SPh)s(dbfdp):] (2.5)
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Figure 82.7: 'H NMR spectrum in CDCI3 (298 K) of [Cus(SPh)«Cl(dbfdp)] (2.6)
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Figure 82.8: 3'P{'H} NMR spectrum in CDCl; (298 K) of [Cus(SPh),CI(dbfdp):] (2.6)
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Figure S2.9: 'H NMR spectrum in CDCls (298 K) of [Ag+(SPh)4(dbfdp):] (2.7)
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Figure S2.10: 3'P{IH} NMR spectrum in CDCl3 (298 K) of [Ag+(SPh)«(dbfdp):] (2.7)
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Appendix 2.2: X - ray structure analysis and data for compounds (2.3) - (2.7)

Table S2.1: Summary of Crystal Data of [Cus(SePh)4(dbfdp):] (2.3)

Formula C96H72CU402P4SC4
Formula Weight (g/mol) 195141

Crystal Dimensions (mm) 0.294 x 0.108 x 0.075
Crystal Color and Habit yellow Needle
Crystal System triclinic

Space Group P-1

Temperature, K 110

a,A 13.5232(8)

b, A 13.8005(8)

c, A 15.1254(9)

a’ 114.598(2)

B.° 97.365(2)

v,° 98.677(2)

V, A 2479.3(3)

Number of reflections to determine final unit cell 2665

Min and Max 20 for cell determination, ° 5.42,60.94

V4 1

F(000) 976

0 (g/cm) 1.307

A, A, (MoKa) 0.71073

W, (cm’) 2421
Diffractometer Type Bruker Kappa Axis Apex?2
Scan Type(s) phi and omega scans
Max 20 for data collection, °© 61.086

Measured fraction of data 0.998

Number of reflections measured 103703

Unique reflections measured 15156

Rinerge 0.0434

Number of reflections included in refinement 15156

Cut off Threshold Expression I > 2sigma(l)

Structure refined using
Weighting Scheme

Number of parameters in least-squares

full matrix least-squares using F?
w=1/[sigma*(Fo?)+(0.0305P)*+2.0109P]

where P=(Fo?+2Fc?)/3
497

R, 0.0298

wR, 0.0681

R, (all data) 0.0442

wR; (all data) 0.0723

GOF 1.023
Maximum shift/error 0.002

Min & Max peak heights on final AF Map (e7/A) -0.507,0.478

Where:
R, =2(IF,-1Fl)/2F,
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wR, =[ 2(w(F;z2-F2)?)/2wF3?*)1*
GOF = [ Z(w(F.2-F2)*)/ (No. of reflns. - No. of params. ) ]*

Table S2.2: Selected bond lengths of [Cu4(SePh)4(dbfdp),] (2.3)

Bond length A Bond length A
Sel-Cu2 2.3651(3) Cul-Cu2 2.6246(4)
Sel-Cul 2.4693(3) Cu2-P2 2.2022(6)
Se2-Cu2 2.4009(3) Se2-Cul 2.5797(3)
Se2-Cul’ 2.4972(3) Cul-P1 2.2412(5)
Table S2.3: Selected bond angles of [Cus(SePh)4(dbfdp):] (2.3)
Bond angle (°) Bond angle ()
C37-Sel-Cu2 100.96(6) P1-Cul-Se2 119.691(17)
C37-Sel-Cul 117.20(6) Sel-Cul-Se2 100.065(10)
Cu2-Sel-Cul 65.723(10) Se2'-Cul-Se2 102.545(10)
C43-Se2-Cu2 109.76(6) P1-Cul-Cu2 115.214(17)
C43-Se2-Cul’ 116.94(6) Sel-Cul-Cu2 55.227(9)
Cu2-Se2-Cul’ 126.311(12) Se2'-Cul-Cu2 139.042(12)
C43-Se2-Cul 108.48(6) Se2-Cul-Cu2 54.938(8)
Cu2-Se2-Cul 63.482(9) P2-Cu2-Sel 127.127(17)
Cul’-Se2-Cul 77.455(10) P2-Cu2-Se2 124.217(17)
P1-Cul-Sel 121.319(16) Sel-Cu2-Se2 108.591(12)
P1-Cul-Se2 105.657(16) P2-Cu2-Cul 150.342(18)
Sel-Cul-Se2’ 105.411(11) Sel-Cu2-Cul 59.050(9)
Se2-Cu2-Cul 61.580(10)
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Table S2.4: Summary of Crystal Data of [Ags(SePh)s(dbfdp):] (2.4)

Formula ClogngAg502P4se6
Formula Weight (g/mol) 2656.59

Crystal Dimensions (mm ) 0.078 x 0.054 x 0.024
Crystal Color and Habit colourless Block
Crystal System triclinic

Space Group P-1

Temperature, K 110

a,A 12.5939(14)

b, A 14.4785(16)

c, A 27.824(3)

a,’ 96.174(2)

B.° 92.224(2)

v’ 108.006(2)

Vv, As 4783.1(9)

Number of reflections to determine final unit cell 9933

Min and Max 20 for cell determination, ° 4.84,50.08

V4 2

F(000) 2584

0 (g/cm) 1.845

A, A, (MoKa) 0.71073

w, (cm’) 3.605
Diffractometer Type Bruker Kappa Axis Apex?2
Scan Type(s) phi and omega scans
Max 20 for data collection, °© 50.152

Measured fraction of data 0.998

Number of reflections measured 106451

Unique reflections measured 16922

Rinerge 0.0815

Number of reflections included in refinement 16922

Cut off Threshold Expression I > 2sigma(l)

Structure refined using

Weighting Scheme

full matrix least-squares using F?
w=1/[sigma*(Fo?)+(0.0721P)?] where
P=(Fo?+2Fc?)/3

Number of parameters in least-squares 1135

R, 0.0357

wR, 0.0913

R, (all data) 0.0662

wR; (all data) 0.1313

GOF 1.112
Maximum shift/error 0.001

Min & Max peak heights on final AF Map (e7/A) -1.795,0.962

Where:

R, =2(IF,)-IFl)/2F,

WR, = [ Z(w(F2-F2)*)/Z(wF*) ]*

GOF =[ 2(w(F,2-F2?)?*)/ (No. of reflns. - No. of params. ) ]*
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Table S2.5: Selected bond lengths of [Ags(SePh)s(dbfdp):] (2.4)

Bond length A Bond length A
Agl-P1 2.4644(19) Agd-Agb 3.1174(8)
Agl-Sel 2.6122(9) Ag5-P4 2.4371(18)
Agl-Se2 2.6634(9) Ag5-Sed 2.5720(8)
Agl-Ag3 2.9910(8) Ag5-Se6 2.6572(9)
Agl-Ag2 3.0147(8) Ag5-Agb 3.1320(8)
Ag2-P2 2.4395(19) Agb-Seb 2.514509)
Ag2-Sel 2.6105(9) Agb6-Se5 2.5508(9)
Ag2-Se3 2.6243(9) Agb6-Se3 2.8300(9)
Ag2-Ag3 3.0954(8) Agd-Sel 3.0222(9)
Ag3-Se2 2.5339(9) Ag4-P3 2.4769(19)
Ag3-Sed 2.5978(9) Agd-Se5 2.6377(9)
Ag3-Se3 2.6668(10) Agd-Sed 2.6446(9)
Table S2.6: Selected bond angles of [Ags(SePh)s(dbfdp).] (2.4)
Bond angle ) Bond angle )
P1-Agl-Sel 120.58(5) Agl-Ag3-Ag2 59.352(18)
P1-Agl-Se2 112.04(5) P3-Ag4-Se5 119.43(5)
Sel-Agl-Se2 126.60(3) P3-Ag4-Sed 116.34(5)
Pl1-Agl-Ag3 163.40(5) Se5-Ag4-Sed 119.52(3)
Sel-Agl-Ag3 73.77(2) P3-Ag4-Sel 120.19(5)
Se2-Agl-Ag3 52.86(2) Se5-Ag4-Sel 86.31(3)
Pl1-Agl-Ag2 131.96(5) Se4-Ag4-Sel 85.17(3)
Sel-Agl-Ag2 54.72(2) P3-Ag4-Agb 131.19(5)
Se2-Agl-Ag2 96.12(3) Se5-Agd-Agb 51.80(2)
Ag3-Agl-Ag2 62.048(19) Se4-Agd-Agb 74.65(2)
P2-Ag2-Sel 126.39(5) Sel-Ag4-Agb 107.66(2)
P2-Ag2-Se3 125 .44(5) P4-Ag5-Sed 126.69(5)
Sel-Ag2-Se3 107.83(3) P4-Ag5-Se6 111.39(5)
P2-Ag2-Agl 103.49(5) Se4-Ag5-Seb 119.00(3)
Sel-Ag2-Agl 54.77(2) P4-Ag5-Agb 157.42(5)
Se3-Ag2-Agl 113.04(3) Se4-Ag5-Agb 75.34(2)
P2-Ag2-Ag3 143.61(5) Se6-AgS5-Agb 50.68(2)
Sel-Ag2-Ag3 71.99(2) Se6-Agb-Ses 149.29(3)
Se3-Ag2-Ag3 54.84(2) Se6-Agb-Se3 126.07(3)
Agl-Ag2-Ag3 58.600(17) Se5-Ag6-Se3 84.25(3)
Se2-Ag3-Sed 136.33(3) Se6-Ag6-Agd 120.17(3)
Se2-Ag3-Se3 123.99(3) Se5-Ag6-Agd 54.36(2)
Se4-Ag3-Se3 99.41(3) Se3-Ag6-Agd 93.36(2)
Se2-Ag3-Agl 56.92(2) Se6-Ag6b-AgS 54.84(2)
Se4-Ag3-Agl 113.79(3) Se5-Ag6-Ags 120.04(3)
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Se3-Ag3-Agl 112.52(3) Se3-Ag6-AgS 116.83(3)
Se2-Ag3-Ag2 96.93(3) Ag4-Ag6-Ag5 68.176(19)
Se4-Ag3-Ag?2 114.49(3) Agb6-Seb-Ags 74.49(3)
Se3-Ag3-Ag2 53.56(2) Ag2-Se3-Agb 115.92(3)
Ag2-Sel-Agd 103.65(3) Ag3-Se3-Agb 98.42(3)
Agl-Sel-Agd 134.18(3) Ag5-Sed-Ag3 133.73(3)
Ag3-Se2-Agl 70.22(2) Ag5-Sed-Agd 84.34(3)
Ag2-Se3-Ag3 71.61(3) Ag3-Sed-Agd 101.96(3)
Ag6-Se5-Agd 73.84(3)
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Table S2.7: Summary of Crystal Data of [Cus(SPh)s(dbfdp):] (2.5)

Formula Ca19H180Cu1006PsS10
Formula Weight (g/mol) 4111.38

Crystal Dimensions (mm ) 0.508 x 0.202 x 0.150
Crystal Color and Habit yellow block

Crystal System monoclinic

Space Group C2/c

Temperature, K 110

a, A 23.4828(9)

b, A 17.2174(6)

¢, A 51.157(2)

a,° 90

B.° 92.064(2)

Y,° 90

v, A3 20669.9(13)
Number of reflections to determine final unit cell 9836

Min and Max 20 for cell determination, ° 4.8,52.72

Z 4

F(000) 8448

p (g/cm) 1.321

A, A, (MoKa) 0.71073

L, (cm'l) 1.224
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) phi and omega scans
Max 20 for data collection, ° 52.734

Measured fraction of data 0.999

Number of reflections measured 122609

Unique reflections measured 21109

Rmerge 0.0558

Number of reflections included in refinement 21109

Cut off Threshold Expression I > 2sigma(l)

Structure refined using

Weighting Scheme

full matrix least-squares using F?
w=1/[sigma2(Fo?)+(0.0701P)>+68.0554P]
where P=(Fo?+2Fc?)/3

Number of parameters in least-squares 1265

Ry 0.0462

wR» 0.1317

R (all data) 0.0641

wR> (all data) 0.1423

GOF 1.057
Maximum shift/error 0.003

Min & Max peak heights on final AF Map (e/A) -0.389, 1.244

Where:

R = | |Fo| - [Fel | / ZFo

WRy =[ A w(Fo?-F2)?)/ XwFs*) 1"

GOF =[ X w( F> - F2 )?) / (No. of reflns. - No. of params. ) ]**
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Table S2.8: Selected bond lengths of [Cus(SPh)s(dbfdp):] (2.5)

Bond length A Bond length A
Cul-P1 2.1876(10) Cu3-S3 2.2674(9)
Cul-S2 2.2279(10) Cu3-S4 2.3280(10)
Cul-S1 2.2991(10) Cu3-Cu5 2.8223(6)
Cul-Cu2 2.6942(6) Cu4-P4 2.2168(12)
Cu2-P2 2.2266(10) Cu4-S5 2.2429(11)
Cu2-S1 2.3874(10) Cu4-S3 2.2766(10)
Cu2-S3 2.3945(9) Cus-S4 2.2111(10)
Cu2-S2 2.4494(10) Cu5-S5 2.2426(11)
Cu3-P3 2.2617(10) Cu5-S1 2.3073(10)
Table S2.9: Selected bond angles of [Cus(SPh)s(dbfdp):] (2.5)
Bond angle (°) Bond angle (°)
P1-Cul-S2 138.22(4) Cu5-S1-Cu2 94.05(4)
P1-Cul-SI 119.54(4) Cul-S2-Cu2 70.16(3)
S2-Cul-S1 102.20(4) Cu3-S3-Cu4 89.48(3)
P1-Cul-Cu2 145.38(3) Cu3-S3-Cu2 113.42(4)
S2-Cul-Cu2 58.78(3) Cu4-S3-Cu2 122.56(4)
S1-Cul-Cu2 56.46(3) Cu5-S4-Cu3 76.84(3)
P2-Cu2-S1 126.18(4) Cu5-S5-Cu4 87.31(4)
P2-Cu2-S3 112.62(4) S4-Cu3-Cu5 49.72(3)
S1-Cu2-S3 101.40(3) P4-Cu4-S5 132.28(4)
P2-Cu2-S2 120.32(4) P4-Cu4-S3 124.98(4)
S1-Cu2-S2 93.50(3) S5-Cu4-S3 102.48(4)
S3-Cu2-S2 97.64(3) S4-Cu5-S5 132.42(4)
P2-Cu2-Cul 116.43(3) S4-Cu5-S1 116.70(4)
S1-Cu2-Cul 53.39(2) S5-Cus-S1 110.79(4)
S3-Cu2-Cul 130.45(3) S4-Cu5-Cu3 53.44(3)
S2-Cu2-Cul 51.06(2) S5-Cu5-Cu3 111.37(3)
P3-Cu3-S3 126.00(4) S1-Cu5-Cu3 105.33(3)
P3-Cu3-S4 111.17(4) Cul-S1-Cu5 142.02(4)
S3-Cu3-S4 122.81(4) Cul-S1-Cu2 70.15(3)
P3-Cu3-Cu5 160.88(3) S3-Cu3-Cu5 73.10(3)
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Table S2.10: Summary of Crystal Data of [Cus(SPh)+CIl(dbfdp):] (2.6)

Formula CyoH75C1,CusO,P,S,
Formula Weight (g/mol) 2117.58

Crystal Dimensions (mm ) 0.656 x 0.147 x 0.034
Crystal Color and Habit colourless needle
Crystal System monoclinic

Space Group P2,/m
Temperature, K 110

a, A 14.323(3)

b, A 24.423(5)

c,A 15.526(3)

a,’ 90

B.° 101.145(3)

v,° 90

Vv, A 5328.9(18)

Number of reflections to determine final unit cell 9236

Min and Max 20 for cell determination, ° 4.42,54.84

Z 2

F(000) 2152

0 (g/cm) 1.320

A, A, (MoKa) 0.71073

W, (cm’) 1.339
Diffractometer Type Bruker Kappa Axis Apex?2
Scan Type(s) phi and omega scans
Max 20 for data collection, °© 55.062

Measured fraction of data 0.999

Number of reflections measured 203032

Unique reflections measured 12542

Rinerge 0.0666

Number of reflections included in refinement 12542

Cut off Threshold Expression I > 2sigma(l)
Structure refined using full matrix least-squares using F?

w=1/[sigma*(Fo?)+(0.0523P)*+17.3334P]

Weighting Scheme where P=(Fo?+2Fc?)/3
Number of parameters in least-squares 574
R, 0.0470
R, (all data) 0.0623
wR; (all data) 0.1324
GOF 1.050
Maximum shift/error 0.001
Min & Max peak heights on final AF Map (e/A) -1.691,0.847
Where:

R, =2(IF,)-IFl)/2F,
WR2: [Z‘(M}(];:OZ'FCZ)Z)/Z‘(M"Fo“)]l/é
GOF =[ 2(w(F,2- F2?)?*)/ (No. of reflns. - No. of params. ) ]*
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Table S2.11: Selected bond lengths of [Cus(SPh)4Cl(dbfdp);] (2.6)

Bond length A Bond length A
Cul-P1 2.2369(9) Cu2-S1 2.2371(10)
Cul-S1 2.2404(9) Cu2-S3 2.2657(8)
Cul-S2 2.3050(7) Cu3-Cl1 2.2429(15)
Cul-Cu2 2.9716(8) Cu3-S2 2.2504(14)
Cu2-P2 2.2253(9) Cu3-S3 2.2528(14)
Table S2.12: Selected bond angles of [Cus(SPh)4CIl(dbfdp),] (2.6)
Bond angle °) Bond angle )
P1-Cul-S1 133.85(3) P2-Cu2-Cul 121.29(3)
P1-Cul-S2 117.78(4) S1-Cu2-Cul 48.47(2)
S1-Cul-S2 107.94(4) S3-Cu2-Cul 100.13(3)
P1-Cul-Cu2 125.52(3) S2-Cu3-S3 110.79(5)
S1-Cul-Cu2 48.37(3) Cu2-S1-Cul 83.16(3)
S2-Cul-Cu2 98.22(3) Cu3-S3-Cu2 95.67(3)
P2-Cu2-S1 130.04(3) Cu2!'-S3-Cu2 127.13(6)
P2-Cu2-S3 116.54(4) Cul!-S2-Cul 135.65(5)
S1-Cu2-S3 113.39(4) C49-S3-Cu3 117.09(18)
Cu3-S2-Cul’ 93.64(3) C49-S3-Cu2 109.96(6)
C43-S2-Cul 107.94(5) Cu3-S3-Cu2 95.67(3)
Cu3-S2-Cul 93.64(3) C49-S3-Cu2 109.96(6)
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Table S2.13: Summary of Crystal Data of [Ag+(SPh)4(dbfdp):] (2.7)

Formula

Formula Weight (g/mol)
Crystal Dimensions (mm )
Crystal Color and Habit
Crystal System

Space Group
Temperature, K

a,A

b, A
c, A
B’O
v,
V, A3

Number of reflections to determine final unit cell

Min and Max 20 for cell determination, °
V4

F(000)

0 (g/cm)

A, A, (MoKa)

W, (cm™”)

Diffractometer Type

Scan Type(s)

Max 20 for data collection, °©

Measured fraction of data

Number of reflections measured

Unique reflections measured

Riperge

Number of reflections included in refinement
Cut off Threshold Expression

Structure refined using

Weighting Scheme

Number of parameters in least-squares
R,

WR2

R, (all data)

wR; (all data)

GOF

Maximum shift/error

Min & Max peak heights on final AF Map (e”/A)

Where:
R, =2(IF,-1Fl)/2F,
WR, = [ Z(w(F2-F2)2?)/2(wFE>?*) 1"

C96H72Ag402P4S4
1941.13

0.150 x 0.026 x 0.010
colourless Plate
triclinic

P-1

110

12.4171(11)
13.0644(11)
15.1584(13)
94.234(3)

98.414(3)

117.988(3)

2119.3(3)

3352

6.02,34.66

1

976

1.521

0.71073

1.133

Bruker Kappa Axis Apex2
phi and omega scans
41.652

0.993

17109

4394

0.0947

4394

I > 2sigma(l)

full matrix least-squares using F?
w=1/[sigma*(Fo?)+(0.0483P)*+8.1486P]
where P=(Fo?+2Fc?)/3
800

0.0482

0.0989

0.1116

0.1295

1016

0.000

-0.426,0.576

GOF = [ 2( w(F,>-F2)*) / (No. of reflns. - No. of params. ) ]*
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Table S2.14: Selected bond lengths of [Ag4(SPh)4(dbfdp):] (2.7) (Molecule shows disorder, I — fraction
1, 2 — fraction 2)

Bond length A Bond length A

Agl 1-P2_1 2.416(8) Agl 2-S2 2 2.302(18)
Agl 1-S1_1 2.442(8) Agl 2-P2 2 2.422(9)
Agl 1-S2 1 2.897(16) Agl 2-S1 2 2.464(9)
Ag2 1-P1_1 2.414(8) Ag2 2-P1 2 2.413(9)
Ag2 1-S2_ 1 2.507(9) Ag2 2-S2 2 2.503(9)
Ag2 1-S1_1 2.584(8) Ag2 2-S1 2 2.582(10)

Table §2.15: Selected bond angles of [Ag4(SPh)4(dbfdp):] (2.7) (Molecule shows disorder, 1 — fraction
1, 2 — fraction 2)

Bond angle ) Bond angle )
P2_1-Agl_1-S1_1 136.2(4) S2_2-Agl_2-P2 2 126.2(4)
P2_1-Agl_1-S2_1 109.4(3) S2_2-Agl_2-S1.2 94.3(5)
S1_1-Agl_1-S2_1 114.2(4) P2_2-Agl_2-S1_2 133.4(4)
P1_1-Ag2_1-S2_1 142.6(4) P1_2-Ag2 2-S2 2 140.4(5)
P1_1-Ag2_1-S1_1 123.8(4) P1_2-Ag2 2-S1_2 124.7(4)
S2_1-Ag2_1-S1_1 92.5(4) S2_2-Ag2 2-S1.2 92.5(4)
Agl_1-S1_1-Ag2_1 103.8(3) Agl_2-S1_2-Ag2 2 101.5(4)
Ag2 1-S2_1-Agl_1 80.7(4) Agl_2-S2_2-Ag2 2 101.6(6)
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Appendix 3.0 Supporting Information for Chapter 3

Appendix 3.1: 'H, BC{H} and 3 P{'H} NMR data for compounds (3.1) and (3.2)
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Figure 83.1: 3C{!H} NMR spectrum in CDCI3 (298 K) of (EtDBF) (3.1)
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Figure S3.2: 'H NMR spectrum in CDCls (298 K) of (EtDBFDP) (3.2)
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Appendix 3.2: X - ray structure analysis and data for (3.3)

Table S3.1: Summary of Crystal Data of [Cui:Ses(etdbfdp):] (3.3)

Formula Ci6sH152Cu1206PsSes
Formula Weight (g/mol) 3750.89

Crystal Dimensions (mm ) 0.284 x 0.114 x 0.026
Crystal Color and Habit orange plate

Crystal System monoclinic

Space Group P 2i/c

Temperature, K 110

a, A 17.3502(18)

b, A 24.097(3)

c, A 18.749(2)

a,’ 90

B.° 108.8800(10)

Y,° 90

v, A3 7416.7(14)

Number of reflections to determine final unit cell 4333

Min and Max 26 for cell determination, © 5.56,45.78

Z 2

F(000) 3760

p (g/cm) 1.680

A, A, (MoKa) 0.71073

TR (cm'l) 3.299

Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) phi and omega scans
Max 20 for data collection, ° 45.52

Measured fraction of data 0.998

Number of reflections measured 82278

Unique reflections measured 10000

Rumerge 0.1249

Number of reflections included in refinement 10000

Cut off Threshold Expression I > 2sigma(l)

Structure refined using
Weighting Scheme

Number of parameters in least-squares

full matrix least-squares using F?
w=1/[sigma*(Fo?)+(0.0697P)*+7.29
89P] where P=(Fo*+2Fc?)/3

935

Ri 0.0548

wR> 0.1223

R; (all data) 0.1255

wR> (all data) 0.1532

GOF 1.027
Maximum shift/error 0.001

Min & Max peak heights on final AF Map (e/A) -0.553, 0.714

Where:
Ri=2||Fo|-|Fc| |/ 2F,
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wWR2 = [ 2(w(Fo* -Fe? )/ Aw Fo*) 17
GOF = [ X w( Fo? - F?)?) / (No. of reflns. - No. of params. ) ]

Table S3.2: Selected bond lengths of [Cui2Ses(etdbfdp)s] (3.3)

Bond length A Bond length A
Sel-Cu2 2.3606(14) Cul-Cu2 2.9563(17)
Sel-Cul 2.3632(15) Cul-Cu3 2.9868(15)
Sel-Cu4 2.3820(15) Cu2-P2 2.318(3)
Sel-Cu3 2.3835(15) Cu2-Cu5 2.6200(16)
Se2-Cub 2.2718(16) Cu2-Cub 2.7848(17)
Se2-Cu5’ 2.3060(14) Cu2-Cu4 2.8484(15)
Se2-Cu3’ 2.4588(16) Cu3-P3 2.298(3)
Se2-Cu2 2.4624(15) Cu3-Cu5 2.6189(16)
Se3-Cu5 2.2705(14) Cu3-Cub 2.6907(17)
Se3-Cub 2.3186(16) Cu3-Cu4 2.8771(17)
Se3-Cul 2.4626(15) Cu4-P4 2.305(3)
Se3-Cu4’ 2.4632(16) Cu4-Cub 2.6339(17)
Cul-P1 2.300(3) Cu4-Cu5 2.7112(16)
Cul-Cub 2.5966(16) Cu5-Cub 2.8344(16)
Cul-Cu5 2.7122(16) Cu5’-Cub 2.8477(16)
Table S3.3: Selected bond angles of [Cui2Ses(etdbfdp);] (3.3)
Bond angle (°) Bond angle (°)
Cu2-Sel-Cul 77.49(5) Sel-Cu4-Cub 103.00(6)
Cu2-Sel-Cu4 73.82(5) Se3-Cu4-Cub 53.994)
Cul-Sel-Cu4 120.60(6) P4-Cu4-Cu5’ 144.64(9)
Cu2-Sel-Cu3 120.92(6) Sel-Cu4-Cu5’ 99.86(5)
Cul-Sel-Cu3 77.99(5) Se3-Cu4-Cu5’ 51.78(4)
Cu4-Sel-Cu3 74.27(5) Cu6-Cu4-Cu5’ 64.03(4)
Cu6-Se2-Cus 76.93(5) P4-Cu4-Cu2 129.29(9)
Cu6-Se2-Cu3 69.20(5) Sel-Cu4-Cu2 52.74(4)
Cu5-Se2-Cu3 66.60(5) Se3-Cu4-Cu2 106.75(5)
Cub6-Se2-Cu2 71.93(5) Cu6-Cu4-Cu2 104.16(5)
Cu5-Se2-Cu2 66.56(5) Cu5-Cu4-Cu2 56.17(4)
Cu3-Se2-Cu2 124.04(5) P4-Cu4-Cu3 112.38(9)
Cu5-Se3-Cu6’ 76.28(5) Sel-Cu4-Cu3 52.89(4)
Cu5-Se3-Cul 69.79(5) Se3-Cu4-Cu3 112.12(5)
Cu6'-Se3-Cul 65.71(5) Cu6-Cu4-Cu3 58.25(4)
Cu5-Se3-Cu4 69.75(5) Cu5 -Cu4-Cu3 101.47(5)
Cu6 -Se3-Cud 66.77(5) Cu2-Cu4-Cu3 92.26(4)
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Cul-Se3-Cud 122.86(5) Se3-Cu5-Se2 164.66(7)
P1-Cul-Sel 112.23(9) Se3-Cu5-Cu3 125.38(6)
P1-Cul-Se3 100.17(8) Se2-Cu5-Cu3 59.50(4)
Sel-Cul-Se3 147.32(6) Se3-Cu5-Cu2 121.44(6)
P1-Cul-Cu6 119.11(9) Se2-Cu5-Cu2 59.58(4)
Sel-Cul-Cu6 103.31(5) Cu3-Cu5-Cu2 112.11(5)
Se3-Cul-Cu6 54.48(4) Se3-Cu5-Cud 58.47(4)
P1-Cul-Cu5 145.58(9) Se2-Cu5-Cud 124.03(6)
Sel-Cul-Cus5 98.76(5) Cu3-Cu5-Cud 156.55(6)
Se3-Cul-Cus5 51.78(4) Cu2-Cu5-Cud 64.56(4)
Cu6-Cul-Cu5s 64.50(4) Se3-Cu5-Cul 58.44(4)
P1-Cul-Cu2 109.85(9) Se2-Cu5-Cul 127.39(6)
Sel-Cul-Cu2 51.22(4) Cu3-Cus-Cul 68.12(4)
Se3-Cul-Cu2 114.24(5) Cu2-Cu5-Cul 157.72(6)
Cu6-Cul-Cu2 59.78(4) Cu4-Cu5-Cul 105.81(5)
Cu5-Cul-Cu2 100.99(5) Se3-Cu5-Cub 52.62(4)
P1-Cul-Cu3 139.14(9) Se2-Cu5-Cub 142.61(6)
Sel-Cul-Cu3 51.31(4) Cu3-Cu5-Cu6 105.30(5)
Se3-Cul-Cu3 105.43(5) Cu2-Cu5-Cu6 104.92(5)
Cu6-Cul-Cu3 101.70(5) Cud-Cu5-Cu6 56.66(4)
Cu5-Cul-Cu3 54.46(4) Cul-Cu5-Cu6 55.78(4)
Cu2-Cul-Cu3 87.97(4) Se3-Cu5-Cub 144.24(6)
P2-Cu2-Sel 117.28(9) Se2-Cu5-Cub 50.99(4)
P2-Cu2-Se2 96.78(8) Cu3-Cu5-Cu6 58.79(4)
Sel-Cu2-Se2 145.81(6) Cu2-Cu5-Cu6 61.07(4)
P2-Cu2-Cu5 125.94(9) Cud-Cu5-Cu6 103.75(5)
Sel-Cu2-CuS’ 103.08(5) Cul-Cu5-Cu6 105.12(5)
Se2-Cu2-Cu5’ 53.86(4) Cu6 -Cu5-Cub 91.63(5)
P2-Cu2-Cu6 135.84(8) Se2-Cu6-Se3 168.47(6)
Sel-Cu2-Cu6 97.98(5) Se2-Cu6-Cul 122.62(6)
Se2-Cu2-Cub 50.86(4) Se3-Cu6-Cul 59.81(5)
Cu5-Cu2-Cu6’ 63.51(4) Se2-Cu6-Cud 123.47(6)
P2-Cu2-Cu4 120.02(8) Se3-Cu6-Cud 59.24(4)
Sel-Cu2-Cud 53.43(4) Cul-Cu6-Cu4 111.59(6)
Se2-Cu2-Cud 113.04(5) Se2-Cu6-Cu3 58.68(5)
Cu5 -Cu2-Cud 59.27(4) Se3-Cu6-Cu3 124.49(6)
Cu6 -Cu2-Cud 101.87(5) Cul-Cu6-Cu3 156.15(6)
P2-Cu2-Cul 132.44(8) Cud-Cu6-Cu3 65.40(5)
Sel-Cu2-Cul 51.29(4) Se2-Cu6-Cu2 57.21(4)
Se2-Cu2-Cul 103.75(5) Se3-Cu6-Cu2 126.34(6)
Cu5-Cu2-Cul 100.48(5) Cul-Cu6-Cu2 66.54(4)
Cu6-Cu2-Cul 53.68(4) Cud-Cu6-Cu2 153.58(5)
Cu4-Cu2-Cul 90.47(4) Cu3-Cu6-Cu2 105.05(5)
P3-Cu3-Sel 111.62(9) Se2-Cu6-CuS’ 140.43(6)
P3-Cu3-Se2 100.53(9) Se3-Cu6-CuS’ 51.09(4)
Sel-Cu3-Se2 147.69(6) Cul-Cu6-Cu5’ 59.73(4)
P3-Cu3-Cu5 128.11(10) Cud-Cu6-Cu5’ 59.31(4)
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Sel-Cu3-Cus5 100.86(5) Cu3-Cu6-Cu5’ 103.10(5)
Se2-Cu3-Cus5 53.91(4) Cu2-Cu6-Cu5’ 102.31(5)
P3-Cu3-Cu6 138.94(9) Se2-Cu6-Cus5 52.07(4)
Sel-Cu3-Cu6 101.30(5) Se3-Cu6-Cus5 139.45(6)
Se2-Cu3-Cu6 52.12(4) Cul-Cu6-Cu5 103.97(5)
Cu5-Cu3-Cu6 64.85(4) Cu4-Cu6-Cu5s 102.36(5)
P3-Cu3-Cu4 129.86(9) Cu3-Cu6-Cu5s 56.36(4)
Sel-Cu3-Cud 52.84(4) Cu2-Cu6-Cu5 55.43(4)
Se2-Cu3-Cud 108.02(5) Cu5'-Cu6-Cu5s 88.37(5)
Cu5-Cu3-Cud 101.96(5) Cu5-Cu3-Cul 57.42(4)
Cu6-Cu3-Cud 56.35(4) Cu6-Cu3-Cul 101.97(5)
P3-Cu3-Cul 117.64(9) Cu4-Cu3-Cul 89.30(4)
Sel-Cu3-Cul 50.70(4) P4-Cu4-Sel 108.40(9)
Se2-Cu3-Cul 111.17(5) P4-Cu4-Se3 103.70(9)
P4-Cu4-Cu6 126.55(8) Sel-Cu4-Se3 147.83(6)
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