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Zusammenfassung

Zusammenfassung

SilberthiolatKoordinationspolymere mit vielseitigen Eigenschaften ziehen aufgrund der
hohen Tendenz der weichen Levd&re Ag(l) zur Koordination mit dem weichen Lewis
Basen-Schwefel und der unterschiedlichen Koordinationszahlen von Ag(l) viel
Aufmerksamkeit auf sicin dieser Arbeit wurden neue lamellare Silberthiolate-kAgA) mit
einzigartige reversible optischen Eigenschi@n flexibler Struktuen hergestellt undnittels
NMR, XRD, DSC und XPS charakterisiert. Die polymerdnliche Natur voaM¥gA macht
eine Hochkalierung der Reaktion mdlich und ermdlicht eine einfache Verarbeitung,
kombiniert mit den reversiblen optischen Ubergdngen, die viele neue Mdaylichkeiten fir
Anwendungen von der BiBildgebung bis zur Optoelektronik erdfnen. Dariber hinaus kann
bei eine hohen eingesetzte Konzentration-BKgPA zur Bildung von in siteGelierungen fthren.
Durch weitere Modifikation wurde ein supramolekulares Silberthi@kdt mit verbesserter
NIR-Fluoreszenz, Ungiftigkeit und guter Wasserl@&lichkeit erhalten. Die mechamsch
Eigenschaften kann durch die Mischung von Poly(vinylalkohol) verbessert und abgestimmt
werden. Dieses starke Biokompatibilitdsgel kann in vielen biomedizinischen Bereichen
angewendet werden, wie Wirkstoffabgabe, Bildgebung in vivo, photodynamisclapiehend
3D-Druck.

Dank der guten Wasserl@lichkeit dieses Silberthiolats 1&st es sich gleichm#g auf
Substraten verteilen kann, um daraus einen dinnen Film zu bilden. Dariber hinaus I&st sich
SilberthiolatKoordinationspolymerfilem durch thermischel@@dlung Silbersulfid herstellen.
Daher kann es als ideal e Vo rAgShilmendiznerm, eindrer st
vielversprechenden Klasse duktiler Ubergangsmetallchaldogenide fir flexible Optoelektronik
und Thermoelektrik. In dieser Arbeitunde eine nasschemische Synthesestrategie entwickelt,
die unterst ¢t ztAgSDimmsthichtenanit wteralen Wafedged &imdlicht.

Mit ultraschneller TerahertzZ(THz)-Spektroskopie lie3 sich verfolgen, dass sich die
photogenerierten Ladungdtg e r FAY.S-Dintfilmen einem bandartigen
Transportmechanismus mit intrinsisch hoher Mobilitd und Diffusionsldage folgen. Diese
Ergebni sse ebnen den We-§gSiDanfimehiale flexibderumde n d u r
leitfdnige Bausteine fir tragbare optoel&onische und thermoelektrische Gerde.

Vi



Abstract

Abstract

Silver thiolates coordination polymers with versatile properties attract a lot of attention due
to the high tendency of soft Lewis acid Ag(l) to coordinate with soft Lewis base sulfur and the
various coorthation number of Ag(l). In this work, new lamellar silver thiolates-(ABA)
with unique reversible optical properties and flexibility structures were designed and
characterized by NMR, XRD, DSC, and XPe polymeilike nature of AgMPA makes up
scalingthe reaction feasible and allows for facile processing, combined with the reversible
optical transitions, which opens up many new possibilities for applications ranging from bio
imaging to optoelectronics. Furthermohggh reacted concentration can lgsg-MPA to the
formation ofin situgelations. With further modification, silver thiolate supramolecular gel was
obtained with enhanced NIR fluorescence, -tmxicity, and good water solubility. The
mechanical properties can be improved and tuned by bgmdih poly(vinyl alcohol). This
strong biecompatibility gel can be applied in biomedical fields, such as drug delivery, imaging
in vivo, photodynamic therapy, and 3D printing.

According to the godwater solubility of this silver thiolate, @an distrilute uniformly on
substrates to form a thin film. Moreover, the stable product after thermal treatment of silver
thiolate coordination polymer is silver sulfide. Therefore, it can act as an ideal precursor to
prepar e mAgsSdims, apromisingduie transition metal chalcogenide for flexible
optoelectronics and thermoelectrics. In this thesis, a solptiocessed synthetic strategy
enabling supported and frget a n dAg28 thin ms with a lateral wafer size was prepared.
As evidenced by uléfast terahertz (THz) spectroscopy, the photogenerated charge carriers
mi gr at e i n-AgsSutlpnp firms tfadlaivingUbandike transport mechanism, with
intrinsically high mobilities and diffusion |
Ag-Sthin films as flexible and conductive building blocks towards wearable optoelectronic and

thermoelectric devices.

VI



1. Introduction

1. Introduction

Coordination polymers arlybrid inorganic/organic structures formed by metal cation
centers linked by organic ligands in the form of-gtwo-, or threedimensional architectures.
The coordination polymers typically have these three characteristics: the center ion acts as
Lewis acid with empty electron orbitals; the ligand acts as Lewis base with lone pair electrons;
the central ion combines with the ligand to form a coordination entity with a certain composition
and spatial configuration. The first manufactured coordination pelysrPrussian Blue, a dark
blue pigment synthesized by Diebach in 1704. The correct structure for coordination
compounds and the basis for modern coordination chemistry was proposed by Alfred Werner
in 1893. Influenced by the nature of the central traorsitnetal ion, different coordination
numbers, the metal to ligand ratio and the nature of lighhdsetal coordination polymers
exhibit fascinating structural topologies, ranging from linear, to honeycomb, to squaag pla
to diamondoid, and polycatenangsin recent decades, coordination polymers were proposed
as potential materials for molecular storage, luminescence, catalysis, electrical conductivity,

and magnetism.

Due tothehardsoftacid-base theory, silver as a soft acid tends to coordinate with soft base
sulfur and exhibits a high affinity faulfur. Silver (I) has a flexible coordination number from
2 to 7% and binds strongly to various sulfur cooopds, which offer the possibility to design
silver-sulfide coordination polymers with desired characteristics, for example
photduminescence. Here, the ligand can tune to metal charge transfer, the metallophilic
interaction and the metakntered electronic states. Compared to other metals, such as copper(l)
and gold(l), a relatively small number of publications deals with thenleseence silver (1)
coordinate comple%® The thermal instability and light sensitivity of silver(l) increases the
challenging task of such analyses. However, due to théacierial and biocompatibility of
silver(l),® designing luminescence and stable silver(l) coordination polisistill an exciting
prospectVarious silver thitate coordination polymers wesgnthesizedh this work, and their
unique optical and rheology properties were studied. Moreover, based on this silver thiolate
coordination polymer, high quality thin semiconductor silver sulfide sfilaere prepared,

which showed a high photoconductivity.



2. Sate of the art

2. Stateof the art

This chapter introdusghe crystal structure and property of silver sulf{ection 2.1.1)
different coordination staseof silver(l) and propeits of silver(l) coordination polymer
(Section 2.1.2)different kinds of interaction forces of supramoleculasgeld polymer gal
(Section 2.2), and the principle dfiage carrier dynamics resolved by teratzespectoscopy
(Section 2.3).

2.1 Silver sulfide andsilver(l) coordination polymer

2.1.1 AgzS

In 1833, Michael Faraday discovered that the electrical conductivityihadr sulfide
increases with increasing temperature, which is the opposite compared to metallic conductors,
where the electrical conductivity decreases with the increasing tempéfaturais is the first
observation of one of the definimfparacteristic®f a semiconducto® A semiconductor is a
substance with condtigities between an insulator and a conductor with unique prop€rties
widely used in electronic devices, optical sensors, and light entitférén the following
decades, more important and unique properties of semiconductors were discovered. In 1839,
Edmond Becquerel discovered the photovoltaic effect of semiconddtdns.1873,
Willoughby Smith discovered the photoconductivity effect of semiconduttdrs.1874,
Ferdinand Braun observed the rectification effect of semicaosfé Since 1947, three
scientists Bardeen, Brattain and Shockley in Bell labs managed to make the first working
transistor-- the pointcontact transistoY) Various new semiconductor devices have been
invented with more advanced technology, matgriahd applications In the 1980s, the
semiconductor quantum dots (nanocrystals within a few nanometers) were foutekey A
Ekimov?® which helped achieve higtpeed electronic devices and higgrformance
luminescence detectors, such as quanturplumbvotaic solar cell and quantum dot dispfay.

23 The unique properties ddilver sulfide,such as low toxicity, low production cost, narrow
band gap,and the tunable luminescence range of 8gjuantum dots @Ds) should be

explored®*?’



2. State of the art

2.1.1.1Crystal forms of Ag2S

Ag2S ha three polymorphous modificatien( 44g2.S, -AgeS , a-AgiS) with
significartly different structurs and propertie$®?°® At low temgerature (below 458),
acanthiteJ-Ag2S exists as semiconductingphase witha monoclinic crystal structuréJnder
equilibrium conditions, from 452 to 839, a r g-AgeStexistses shperionic conductivity
with a bodycentered cubic (bcc) crystal structure. At higimperatures (from 8&0to melting
poi nt >ADSE hake afacezntered cubic (fcc) crystal structufdlehomogeneity range

of AgzSis shown in Figure 2.1%4 28
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Figure 2.1 Homogeneity range of A8. Figure is adapted with permission fr&ulletin of Alloy Phase
Diagrams 1986, 7, 26369

The uni t-AgsSédlohgs to the dpace groupfevith parametera = 0.4231 nmb
= 0.6930 nm¢ = 0.9526 nm ané = 125.5°%° the structurés displayed in Figre 2.2%! The U-
Ag>S phasés generally to be regarded st®ichiometric, whileubicb-Ag2+:S ando-Ag2+iS (U
=0.002) is a norstoichiometric phases. Themstoichiometrich-Ag2+:S ({i00.002)phase has
high electronic conductivity of about 1.3X18-m™, whilethe - Ag2S phase has low electronic
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conductivityfrom 0.09 to 0.16 Srhat 300K .33 According to the report of Sadovniket al,
Ag>S nanocrystalswith diameterless than 50 nmare nonstoichiometric with ~Ago3sS

composition*

Figure 2.2. The arrangement of Ag and S atomE-ALS (space group R2): (a) the contour of
doubled unit cell(b) monoclinic unit cellThelengthsof Agl-Sis 0.2511 nmand Ag-Sis 0.2548 nm

Figure is adapted with permission from Superlattices and Microstructures 2015,-83 235

In another article fronSadovnikovet al®, theins i t u a eAg.B tahri gteenAddSt e b
phase transformation was explainéthen the temperature decreases belowd50 tAYS b
phase tr a#AgS Duringshe ttaosfor@tion process S atoms in the ksublattice
will distort to monoclinic sublatticeSilver atomsin the positionsof the argentite(bcc will
concentrateén theposition ofacanthitgmonoclinic)(shown in Figure 2.3) Theoccugtions of
A g FAD2S i almostl (shown in Tabl&.1).
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Figure 2.3. (a) The experi ment alAgS spacegrpupBa),d c al
the differencédetweerthem is shown in the lower spectra. (b) The experimental (blue)andated
(red) XRD @S ($pace graup I8mf), thédifference betweethem is shown in the lower
spectra. Figure is adapted and modified with permission from Physical Che@istmical Physics

2015, 17, 204920501%

Sadovnikov et akxplairedthe superionic conductivity dfieb-Ag2S phase as welP When
the temperature is alle 433K, AgS e x hi bi t sAg.S phgse.n Hawever, tle
occupations of these two positions are very low, 0.0978 and 0.0711 (shovedlan 2.2.
Therefore, to maintain the structure's stability, the mobility of Ag orgkguld be very high.
Moreove, the vacant site concentratia@more than 92%, which provides the possibitify

jumpingcations. This makeg h eAg>$ phasea superionic conducto
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Table 2.1. Refined crystal structure of monoclinic (space group NB21d(P12/cl)) silversulfide
wi t-Ag.Slhcanthite type structur®= 4,a = 0.42264(2) nmb = 0.69282(3) nmg = 0.95317(3) nm,
and b = B25.554(2)A.

Position and Atomic coordinates
e Occupancy
Atom multiplicity X v z
Agl 4(e) 0.0715(7)  0.0151(3) 0.3094(3) 1.00
Ag2 4(e) 0.7264(7) 0.3241(4) 0.4375(3) 1.00
S 4(e) 0.492(2 0.234(1) 0.1321(7) 1.00

Table2.2. Refined crystal structure of cubic (space group No.i2B83m(l14/m32/m)) silver sulfide
wi t-Ag2Pargentite type structurd= 2,a=b=c=0.4874(1) nnt®

Position and Atomic coordinates
o Occupancy
Atom multiplicity X i z
Agl 6(b) 0 0.5 0.5 0.0878(7)
Ag2 43(j) 0 0.3306(5) 0.4122(7) 0.0711(0)
s 2(a) 0 0 ] 1.00(0)

Table2.3. Refined crystal structure of cubic (space group No.iZ283m(F4/nB82/m)) silver sulfide
wi t-Ag2Sargentite type structuré=4,a=b=c=0.62831(8) nni®

Position and Atomic coordinates
g Occupancy
Atom multiplicity X i z
Agl 8(c) 0.25 025 025 0.088(7)
Ag2 32(f) 0.303(4) 0.303(4) 0.303(4) 0.15(1)
Ag3 48(i) 0.5 0.381(4) 0.381(4) 0.027(3)
S 4(a) 0 0 0 1

Similar tothe b-Ag2S phasethe2-Ag>S phase also has superionic conductivity. Because in
t h €Ag29® phasgthe occupanciesf these positionare 088, 015, and 0.027° Ag atoms are
in constant motion over all possible positions, which provides the supexonductivity
(shown in Table 2.3)

For acanthiteé y p-&g.Slhe bandjap is ~1 eV at room temperattf&, the temperature
coefficient is y/dT = 1.2 x10% eV/K. The optical gap changes from 0.85 eV to 0.75 eV at the
transition point. For argeintt e  tAg.9 the témperature coefficient i€gdT = 3 x 10
eV/K (shown in Figure 2.4)
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Figure 2.4 Optical absorption of A% at differentemperatures Figure is adapted with permission
from Philosophical Magazine 1977, 36, 9848°%’

U-Ag2S has a small carrier concentration (abodf-10*° cm®) and a large negative Seebeck
coefficient at room temperature. Theger oper t i es -AmSis @m intensict h a t

semiconductor and electrons are the dominant charge carriers (carrier mobility isr&8/87
1S-1).32

2.1.1.2Ag2S quantum dots QDs)

The band gap between conduction band and valence band is a fixed value related to the

material for ik semiconductor®’ When the sizeof the material becomes sufficidnttiny

(less than ~10 nm), the bandgap increasesmore dicrete energy levels appearthe size of

the nanoparticle decreasehich is known asthe quantum confinement effett*' This
phenomenon resultwhenthe movement o&n exciton is impededand the total energy of
exciton doeswat change Therefore, the required energy increases éater excitorhole pair

when the particle size decreaseshte excitonBohr radiug*?*2 which can be defined as the
separation distance between electrons and hgleswn in Figure 2.5)The optical wavelength
corresponding to a given bandgap endtggan be calculated according to the Plakakstein

relation®*
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o 0 On o6 e ¢

g,

c: the speed of light, 3.0xfan/s;
h: Plancks constant, 6.63x18* Jm.

For semiconductor nanocrystals, atstled quantum dots@Ds), the optical wavelength

decreases with the decreasing particle size due to the increéagse of
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Figure 2.5 Schera of quantum confinement effect. Figure is adaptedh permission fromthe

Photoactive Semiconductor Nanocrystal Quantum R6ts7, £30%

Because of the narrow band gdyigh absorption cdéicient (~10%,% and low toxicity in
organismé&’, Ag.S QDsarea promisingmaterialwith near infared (NIR) emissionWang's
groupsynthesied AgS QDs with NIR emissioin 2010* Their AgS QDs emitat 1058 nm
under 785 nm excitatiowith the size of 10.2 nmn their further work in 2014hey obtained
a series of uniform Ags QDs sizing from 2.4 to 7 nm with emisssdrom 975 to 1175 nn{as
shown in Figure 2.6¥
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Figure 2.6 PL emission spectra under an excitation of 785 nm and TEM image of different 8ze Ag
QDs. Figure is adapted with permission frafme Journal of Physical Chemistry C 2014, 118, 4918
492348

2.1.2 Ag-S coordination polymer

2.1.2.1Coordination chemistry of silver cations

Silver is the 4% element in the periodic tablés electron configuratiois [Kr]4d'%s". In
group IB, silver has the lowest first ionization energy (731.0 KJ®aind higher second (2070
KJmol 1) andthird ionization energy (3361 KJmol) than copper €lionization energy is
745.5 KJmol?, 2"9jonization energy is 1957.9 KJmdi, 3% ionization energy is 3555 KJmol
1 and gold (¥ ionization energy is 890.1 KJnol, 2" ionization energy is 198BJmol 2).
Because of the low first ionization energy and high second ionization etteegyl oxidation
state is the predominant state of si)\@rdtherange of the increasing oxidation states is limited.
Resulting from its full ésubshell, silver(l) (+1 oxidation state) is stable and tends to form
coordination complexes, such as AgdOH, a typical linear silver coordination complex,
where the sp hyhdization of Ag forms two hybrid orlials filled by the electrons dfiHs
moleculesFoxet al.*° studied the coordination chemistry of silver cations in the mixed solvent
system based on the simple water model. Thieniged structures of AgH20), with n=1-4,
derived with the B3LYP method described by BéCleee shown in Figure 2.7.
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Figure 2.7. Fully optimized structures of AH.0),, n=1-4, derived with the B3LYP model (the three
parameter hybrid Harte€ock/density functional). Bond lengths are in Figure is adapted with
permission from Journal of the American Chemical Society 2002, 124,-13623*°

The most common coordination numbef silver(l) complexes are two, three, and fotir.
54 A Cambridge Structural Database CSD search yields 3319 crystal of silver(l) coordination
complexes?® In these reported sokstate structures of silver(l) complexes, 24.2% are- two
coordinate, 22.7%re threecoordinate, 43.9% are fowoordinate, 4.7% are fiveoordinate,

3.9% are sixcoordinate, and the remaining 0.6% have coordination numbers greater tffan six.

2.1.2.2Silver(l)-thiolate coordination polymer

Ag(l) exhibits a high affinity for sulfur and can coordinate and complex with various kinds
of sulfur sources, such as mercaptans, thioacids, thioethers (sindl®lmarbon), thioketones,

thioamides and dithiocarbamates (double bonéfé)The stability of these comples are

10



2. State of the art

related to logKs (stability constant of formatiorff. Table 2.4 shows log: for some typical
silver(l) complexes. With the value of ldgr ~13, mercaptans have very strong binding.
Thioethers have similar lo§: value to amines ~3. The ld¢; value of carboxylates are very
low.®® Silver(l)-thiolate coordination polymers exhibit multiple properties, such as

luminescence, photothermal, thermochromic and semiconduciity.

Table 2.4 Log K: value for some typical silveorganosulfur, silveemino and silvecarboxylato
complexes(Table is adapted with permission from the Environmental Toxicology and Chemistry: An
International Journal 1999, 18,22 59

Compound PK;
2-Mercaptoethanol HOCH.,CH ,SH 13.2
Cysteine "OOCCH(NH;*)CH,SH 11.9
Dimethyl sulfide CH.SCH, 3.7
Thiourea HNCSNH , 7.11
Methylamine CH;NH; 3.0
Tetraethyl pentamine NH,(CH,CH,NH) CH,CHNH, 74
Acetic acid CH,COOH 0.73
Butylmalenic acid CH+(CH.);CH(COOH)- 0.74
Ethylenediaminetetraacetic acid 7.22
(HOOC), CH,N(cH,) N(COOH),
Phenol C;H.OH 0.34

Li et al.’® synthesized layered silver(l) dithiocarboxylate coordination polymer [Ag(Py
CSS)} with the ligandsodium pyridined-dithiocarboxylate (Py¥-CSSNa)(shown in Figure
2.8). Each Ag(l) ion coordinates two sulfur atoms and one nitrogen spegificallyshown in
Figure 2.8 ¢ The short Ag Ag distance indicates the existence of argentophiliaitg the
[Ag(Py-4-CSS)) layers stack alonthec axis promoted byweak Ag  interactionsbetween
the layers.[Ag(Py-4-CSS)} hasa photothermal conversion efficiency of 22.1%, two times
higher tharfor pure AgS.

11
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L

Figure 2.8. (a) Packing scheme, (bjerlayer A§- interactions , (c) the single layerand (d) the
secondary building uniof [Ag(Py-4-CSS)}. Color codes: silver, dark blue; sulfur, yellow; nitrogen,
light blue; carbon, gray; hydrogen, whitEigure is adapted with permission from Inorganic chemistry
2019, 58, 6605608°

2.1.2.3Lamellar structure of Ag(l) thiolate

In 1991, Dance et &l.exhibited a series of alkane thiolates to calculate thaydiffraction
patterns of polycrystalline Ag(lthiolate, shownn Figure 2.9a (b is defined as the axial
direction normal to the layer&d as the large interlayer repeat distabyeThey presented a
model that Ag and S atoms comprised parallel slabs with the substituents distributed on both
sides of each slab (Figure 2P Figure 2. displays the network of a slab, a qulskagonal
network with trigonalplanar coordination of Ag by three SR moieties and RS coordinated by

three Ag atoms.
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a
( )TnNe 1. Observed Interlayer Spacing (kd Values) from the Pronounced (0k0) Reflections (b) TN SN TN SN
interlayer spacing b = kd values, A R R S SULE S
compound k=1 k=2 k=3 k=4 k=35 k=6 k=17 k=8
AgS(CH,),CH, (1) 1238 1252 1251 1255 1258 ty
AgS(CH;);CH, (2) 1545 1547 1542 1542 1549 1566
AgS(CH,)sCH, (3) 19.9 1987 2006 2011  20.10
AgS(CH,),CH, (4) 248 240 2476 24.81 2495 25.00 2496 24.98 _“_
AgSCeH; (5) 1406  14.01 1406 1404 1405 1406 1408 1422 i "““’,‘5”—,‘3,‘_““,‘—
AgSCH-4-F (6) 1467 1466 1466 1467 1468 1468 1469 1470 ! Sl i 0 Y
AgSC¢H4-Cl (7) 16.35 16.40 16.28 16.33 16.34 16.32 16.44
AgSC¢H,-4-Br (8) 16.88 16.93 16.89 16.87 16.86 16.84 16.67
AgSC¢H-4-CH;, (9) 16.38 16.43 16.37 16.36 16.38 16.38 16.49 16.39
AgSC¢H-4-OCH, (10) 17.12 16.93 17.04 17.10 17.13 17.13 17.15 17.15 t2
X X X\ X
i i NSO
(c) Cx YTy YT x N Txy

—§—S§—8§—85—
Ag Ag Ag Ag Ag A9 Ag
—§—§—5—5-

Figure 2.9 (a) Interlayer spacingfrom the pronounced (0kO) reflectiond) Schemeof the layered
crystal structureThe thickness of the central Agslab idabelad as 2t. The total thickness of one layer
is labeled a2t;+ 2t; (see (b)).(c) The scheme of the central slab of AQSR.wWgte circle; S: gray
circle; R: black circle.Figure is adapted with permission frotmorganic Chemistry 1991, 30, 183
187

In 2019, Veselska et &.synthesized new lamellar silver thiolate coordination polymers
[Ag(p-SPhCQH)], with emission wavelengths at 484, 528, and 700 nm, when eatiéd,
352, 368, and 396 nmat 93 K The crystallographic data and Rietveld refinement patense
of [Ag(p-SPhCQH)]», and the sucture is shown in Figure 2.1@imilar to the model
establishedby Dance et af’, with distorted hexagons of A®;. Ag(l) atoms in trigonal
geometry are connected to three bridgagulfur atoms. Beasse of the similar structeiof
[Ag(p-SPhCQH)]n and [Cup-SPhCQH)],, the heterometallic material [AgsCuo.15(p-
SPhCQH)]» can be obtaine®. Whenexcited at 344 nmat 93 K [Ago.ssClo.15(p-SPhCQH)]n
hasanemission at 485,24, and 560 nm. When excitest 372 nmat 93 K, it hasanemission

at 690 nmTherefore, the emissionmge can be tuned by the excitation range.
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Figure 2.10 Structure ofAg(p-SPhCQGH)]n,(a) representation of the A& network on the (ab) plane,

(b) view of the distorted A§; cycle,(c) view of the lamellar structure with the hydrogen bonds between
the carloxylic acids (dotted red linesind (d) bond distances and angles in theSNgexagons Blue:
Ag(D); yellow: S;red: O; and gray:C. Hydrogen atoms are omitted for clarifjhe fgure is adapted
and modified with permission froimorganic chemistry 2018, 58, 99572

2.1.2.4The subsequent reaction of silver(l) thiolate

In their review,Bell et al®® not only systematically introduced the structural chemistry and
geochemisly of silver sulfur compounds, but also presented an overall scheme for the
environmental cycle of Ag(l), showing that formation of28gs the most probable outcome

for Ag(l) in silver thiolates in a sulfarich environment (shown in Figure 2.12).
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Figure 2.12 Schematic of possibteitcomes fosilver(l) in an environment rich in sulfur as S(lbr as
organic mercaptans (RSHFigure is adapted with permission from Environmental Toxicology and
Chemistry: An Interational Journal 1999, 18,-92%°

Chen et al? used silver the thiolate AgS&i2s as melt precursor for the synthesis of Ag
nanodisksThe intense narrow reflections of layered Ag#Gs shown in Figure 2.18, which
has the same structure of lamellar silver(l) thiolate as we shokigure 2.9 a,bthe interlayer
distance is 34.9 A, and the-plane AgAg distance is ~4.5AAfter heathg AgSCi2Hz2s under
nitrogen flow at ~200C, Ag nanodisks are obtained (TEM shown in Figure B,£3 XRD
shown in Figure 2.18) with an average diameter of ~16 nm and thickness of ~2.3 nm. This
reaction is based oAg* which is reduced by SRthe two SR radicals yield disulfide The
reaction equation is shown in Figure 2d4.3Two processes can explain the formation of this
morphology: the first process is nucleation, Ag$Gs decomposes to small metallic silver
clusters by heating; the second process involves thiol ligand sterically hindering the Ag
interplanar diffusion of Ag. Thereforédg atoms tend to aggregate-ptane. This simple
method offers ample possibilities foragle control.
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Figure 2.13. (a) The equation for the reaction of AgHgs to silver nanodisks; (OJEM image of a Ag
nanodisk (c) HRTEMimage of a nanodisk witha [111] projection of the cubic silver structure with the
unit cell marked, and the fast fioer transformation (FFT ) of the Ag nanodisks micrografi) XRD
patternof AgSG:H>s; (€) XRD pattern of Ag nanodisks produced at Lfbr 2 h. Figure is adapted
and modifed with permission frorimorg. Chem. 2005, 44, 981982273
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2.1.2.5Luminescent silver(l) complexes

In metal complexeshe metaligand bonds are generally polar because the electron density
is dominantly located on the metal side or the ligand side. Therefore, the electronic transition
can be classified as metantered, ligando-metal charge transfer (LMCT), metatligand
charge transfer (MLCT), ligantb-ligand charge transfer (LLCT), metm-metal charge
transfer (MMCT), and ligandentered* For df® metal ions, there are several more possible
electron transition stagdor luminescence.

For mulinuclear d° metal complexes and'fmetal ions with donor ligands, the lowest
energy transition contains contributions from the metal center or LMCT. It is almost not

possible to distinguish these two kinds of transitions. Therefore, the emission stdte duwse
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to both the metal centered and LMCT and possibly also modified by metallophilic

interactiors.”> "6

Silver (1) chalcogenidlusters with longived green to orange luminescence was taken here
to show the possible change transfer for silver(l) compl&@ée photophysical data of
[Aga( ®lppm)}( £E)]** (E =S, Se, Te) is shown in Table 2.5, the structure is shown in Figure
2.14’8 The molecular orbital diagrams are shown in Figure 2.15. The highest occupied
molecular orbital (HOMO) is mainly from the bonding interaction between the chalcogen atom
and silver atoms. The loweunoccupied molecular orbital (LUMO) mainly contributes from
silver atoms. Therefore, the emission originate mainly from LMCT)[{EAg4], probably with
mixing of metal centered {slsp) silver states. The Adg interaction mainly contributed form
5s aml 5p orbitals.

Table 2.5. Photophysical data for Agdppm)( £E)]** (E = 1S, 2Se, 3Te). (Table is adapted with
permission from Inorganic Chemistry 1996, 35, 5516 7%).

abs® A/nm emission
cluster  (e/dm® mol™! cm™1) medium (T/K) Alnm (T,/us)
1 246 sh? (91 745) solid (298) 516 (1.0 0.1)
400 sh (970) solid (77) 536

(CHz),CO (298) 628 (1.2 £0.1)

CH:CN (298) 628 (1.5 + 0.2)

2 256 sh (53 985) solid (298) 527 (0.9 £ 0.1)
402 sh (1445) solid (77) 552

(CH3).CO (298) 570 (13 +0.1)

CH:CN (298) 572 (34 4+ 0.3)

3 254 sh (67 075) solid (298) 574 (3.1 +£02)
440 sh (1475) solid (77) 588

(CH:)2CO (298) 615(14+0.1)

CH:CN (298) 626 (3.3 + 0.3)

2 All UV—vis absorption spectra were recorded in acetonitrile
solutions. ® The absorption shoulders were determined from the deriva-
tives of the UV—vis absorption spectra.
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Figure 2.14 A perspective schemaf [Ags( -€lppm)( £E)]** (E =S, Se, Te) with the atomic numbering
schemeFigure is adapted with permission from Dalt®ransactions 1997, 22230"°
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Figure 2.15.Moleaular orbital diagrams of complexes [Ag-€lppm)( £E)]** (E = Sla, Se2a, Te

3a). Figure is adapted and modified with permission from Dalton Transactions 19923227
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2.1.2.6Argentophilic interaction

The netallophilic interactionis a weak electrostatic attractive forcketween two metal
cations®® which tend to have attractive interactions rather than repulsion when their distances

are smaller than the sum of the van der Waals $adii.

Metallophilic interactionoccursmainly between lowalent closeeshell [(ni 1)d%’] and
pseudeclosed shell (h - 1)d®ng’] metal ion?83 such as Cuy, Ag(l), Au(l), Hg(l), Pd(l),
Pt(l). In 1987, Martin Jansen summarized possible bonding intemadigtween metal cations

with a closeeshell electronic configuratioff:e>87

When the disance between two or more lewoordinated silver cations with a [Krj4d
electronic configuration is shorter théme van der Waals contact of ~3.44 argentophilic
interactions should be considef@@epending onvhetheligands conneadAg(l) cationsor not
the argentophilic interactiorsge categorized asipportecandunsupported @showrnn Figure
2.16). In the unsupported situation (shown in Figure 2.161tH the AgAg contact is the
closest distance between independanteculeswhich iseasy to evaluatdn the supported
situation (shown in Figure 2.16 -2g), ligand bridgesan shorten or elongate the A&g
distance. Therefore, the Ay contact is hard to evaluate in the supported situation.

The argentophilic interactions can occur between pairs of silver atoms and multinuclear units
such as chains and layers. When silver exhibits ratgg@ntophilic inteactions, there is0
significant change in lengtbompared to the standard distance and argentophilic interactions

without directionality.
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Figure 2.16 The scheme of support@dc) and unsupportefRa-g) silver(l) cationsFigure is adapted
with permission from Angewandte Chemie International Edition 2015, 54754¢%

Since in the molecules and aggregates the internal molecular moilbbe affected by

argentophilic interactions, the vibrational spectra such as Raman spectra can be used to measure

andconfirm the effect (with a proper reference systeinand).

Che et aP® published the gectroscopic evidence for argentophilicity in binuclear silver (1)

complexes. The molecular structure of plezdcpm)](CFSOs)2

(dcpm=bis(dicyclohexylphosphino)methane) is shown in Figure 2.17. Th&gAgeparation
distance is 2.948 as revealed by Xay structural analyses. The 261 nm UV apson band
for [Ag2( €lcpm)](CFsSOs)2in acetonitrilei s assi gned t o aoridirhting

Y 5pd

from Ag (1l )1 Aglithe Raman s$pectridge erttirandensity appearsinéh Ag1 Ag

stretch fundamental (80 chhand overtone bands.
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Figure 2.17 (a) Perspective view of [AQ-@lcpm}](CFsSQ)2; (b) UV-vis absorptionspectra (c)
Raman spectra for [Af -€lcpm}](CFsSQ), in acetonitrile (solvent subtraction artifactse marked

by (+). Figure is adapted with permission frajournal of the American Chemical Society 2000, 122,
24642468%

Since silver(l) complexes can exhibit various photoluminescence phenomena, their
absorption and photoluminescence characteristics are extensively studied for mononuclear and
multinuclear silver(l) complexes. There are several possible electronic trevestfeen metal
and ligand associated with the optical propertidsiciv has been discussed in theyous
section. The argentophilicitgffectsthe photoluminescengeropertiesmainly by ligand-to-
metatmetal charge transfd MMCT) and metatto-metaltransfer (MMCT).If ligands have
suitable HOMOsthe absorption and emission properties are mainly determinesiB\CT.

Huang et af® synthesized a metairganic framework [AgBTC)(pyz)KH 20)n (pyz =
pyrazine), which is a repeated Agnit sustained by 1,3;6enzenetricarboxylic acid (1,3,5
H3:BTC) and argetophilic interactions (as shown in Figure&d). The temperature dependent
luminescence property was studied. Whesstemperature decreasérom 298 K to 77 K, the
emission intensity sharply rose, with redshift of ~6 nm due to the strongersselfiion of

the silver(l) ions through argentophilic interactions (as shown in Figugeb?®t
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