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1 Introduction

In the last decades, transition metal complexes have played a crucial role in many
domains of chemistry, such as supramolecular self-assembly, catalysis, photo-generated
processes, chemosensors, and material science.l'"'®! In particular, the d®-configured metal
ions (i.e. Fe', Ru", Os", 1", Co™ and ReI) were intensively applied in coordination
chemistry and represent nowadays a well-studied and well-understood field.!"'"" 1" The
lingering attractiveness can be explained by their exceptional photophysical properties
(photostability and broad absorption in the visible region) as well as their chemical
attributes (kinetic and thermodynamic stability in solution). The latter consideration can
be ascribed to the electronic low-spin configuration for most octahedral d’ complexes
which bear organic ligands causing a considerable high ligand-field splitting, and make
these complexes inert with respect to unmeant substitution or oxidation-reduction
processes. The coordinative bond, which is set up between a metal center and the donor
atom(s) of the organic ligand, has to be assessed as an ambivalent interaction. It is (i)
weak enough to keep the intrinsic properties — e.g., the redox properties of the metal ion,
ligand-centered and metal-centered absorption bands — of the metal ion as well as ligand
and (i1) sufficiently strong to enable new features (phosphorescent complexes as sensors,
metal-to-ligand or ligand-to-metal charge-transfer bands) of the compound at the same
time. An essential requirement to deliver transition metal ion complexes with desired
chemical and physical properties is the creation of chelating ligand systems, whereby a
certain alignment of fundamental features, such as chemical stability, redox properties,
and excited-state quality, can be developed. Hence, an important challenge is to identify
strategies which enable avenues to synthesize potential metal chelators, while at the same
time the synthetic complexity of the ligand preparation should be minimized. Ideally,
those methods provide functionalized ligand scaffolds by the use of modular building
blocks.

The phrase “click chemistry”, which was first introduced by Sharpless and co-
workers in 2001, describes such a modular approach to organic synthesis.*”’ Click
chemistry is defined by a set of criteria: a chemical reaction has to be stereospecific (but
not necessarily enantioselective), give high yields, generates only minor byproducts and
is wide in scope. Furthermore, the reaction must be easy to perform, be inert to oxygen or

water, and the product isolation should be undemanding (no chromatographic
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purification). Chemical transformations, which obey these criteria, can be primarily
ascertained in the field of carbon—heteroatom bond formations comprising common
reactions as: (a) additions to unsaturated carbon—carbon bonds (epoxidation, Michael
additions and thiol—ene reaction), (b) nucleophilic substitutions (ring-opening of strained
electrophiles, azidations) and (c) cycloaddition of unsaturated species (Diels—Alder
reactions, 1,3-dipolar cycloaddition).

In this respect, the regioselective Cu'-catalyzed Huisgen 1,3-dipolar cycloaddition of
organic azides with terminal alkynes (CuAAC) nearly fulfills these criteria and yields
only 1,4-substituted 1H-1,2,3-triazoles (Scheme 1—1).[31'32] Indeed, 1,2,3-triazoles are not
a discovery of the 21* century, since the first synthesis of a 1,2,3-triazole was already
described in 1893 by A. Michael from phenyl azide and diethyl acetylenedicarboxylate
and was thoroughly studied by Huisgen and coworkers in the 1960s in the course of a
detailed investigation toward 1,3-dipolar cycloaddition reactions.””’ Although the
reaction of organic azides with alkynes is highly exothermic (~220 kJ-mol™), its high
activation barrier in the range of 100 kJ'mol”' results in low reaction rates for
electronically inactivated reactants even at elevated temperature.”*! Overcoming the lack
of selectivity (the non-catalyzed reaction generates the 1,4- and 1,5-regioisomers) and the
low reaction rates of the non-catalyzed 1,3-dipolar cycloaddition by the discovery of the
CuAAC in 2001, the 1,2,3-triazole emerged as an important scaffold and found numerous
application in the field of polymer chemistry and material science.””*” Medicinal
chemistry uses the 1H-1,2,3-triazole moiety as a stable linkage between chemical or
biological systems, which is based on its low liability to hydrolytic cleavage and
reduction/oxidation processes.*> !

In general, the CuAAC reveals a high thermodynamic driving force of about
AG ~ 250 kJ'mol ™', and the outcome of the reaction is considerably dependant on the used
copper(I)-catalyst system.”” The rate increase relative to the non-catalyzed process is
about seven orders of magnitude, which results in a fast reaction even below room
temperature. In general, the reaction performance does not suffer from sterical and
electronic properties of the groups attached to the azide and alkyne entities. Solvents,
which maintain ligand exchange during the process (alcohols and water) mostly, lead to
high conversions, though the reaction runs in a broad range of protic and aprotic solvents.
In most cases, there is no need for protecting group chemistry, since the most common

organic and inorganic functional groups do not impair the CuAAC.

-10-
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1) 1,3-dipolar cycloaddition of azides and alkynes

>100 °C N TN
N= -
Rj ® Q hours/days N N N=N
\N:N:> + R2—R3 » R'- %Rg, + R1’N\2\R2
R2 R3

— reaction becomes accelerated if R, R® are electron-
withdrawing groups

Il) Copper(l)-catalyzed azide-alkyne cycloaddition

R1
AN ,

e
> 1-N
h - neat or solvent R \/\\R2

Scheme 1-1. Schematic representation of the difference of the non-catalyzed and the copper(I)-
catalyzed 1,3-dipolar cycloaddition.

Up to date the mechanism of the CuAAC is not well-understood because of a
complicated and discontinuous behavior, but the latest hypotheses are: (i) copper
acetylide species are easily formed during the reaction and are crucial components for the
catalysis cycle, (ii) a weak interaction of organic azides with the copper metal center
inhibits the formation of disturbing polymeric acetylides or complexes and guides the
acetylides into the productive catalytic cycle, and (iii) the catalytic active species may be
a dinuclear copper complex and the nuclearity is continuously kept up during the
catalysis.!*”!

Within in the last five years, chemists have identified a wide range of additional
applications for the 1H-1,2,3-triazole heterocycle, e.g., synthesizing bidentate 2-pyridyl-
substituted 1H-1,2,3-triazole (trzpy) ligands. The system itself is known since 1970 and
has been obtained by recyclization of v—triazolo[I,S—a]pyridines.[46] In 1977, Seebach et al.
combined non-enolizable nitriles and lithiated nitrosamines providing N-substituted

71 The regioselective CuAAC of 2-ethynylpyridines with organic azides

trzpys.
exclusively yields 1,4-substituted trzpys, a very versatile scaffold offering plenty of
beneficial properties (Figure 1-1). Different groups have shown that the bidentate pocket

of the trzpy can coordinate to a variety of transition metal ions, such as Ru",**-! "' 5%

54] ReI,BS’ 55-56] PtII’[57—58] PdH,[57'59] Cul)[60—61] CuII’[62] AgI’[62-64] Ni“,[65] and ZnII’[65]

whereby different kind of metal complexes were obtained. The structural and

-11 -
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photophysical properties, in particular coordination compounds of the electronically d°-
and d®-configurated transition metal ions, resemble their relevant bipyridine counterparts.
Recently, trzpy-based ruthenium(Il) and iridium(Ill) complexes were used as
photosensitizers for the catalytic production of hydrogen as well as in dye-sensitized solar
cells, whereas the device performances were comparable to appropriate reference

systems.[66'67]

Convenient functionalization
Steric and electronic influence
Immobilization

Hydrogen bond donor
Anion recognition
NHC-Carbene chemistry

Metal complexation
Hydrogen bond acceptor
Methylation or protonation

Steric and electronic control

Figure 1-1. Versatility of 2-(1H-1,2,3-triazol-4-yl)pyridine-based ligands.

18] and

The nitrogen donor atoms may also be a target for protonation
methylation.[®” The unique position of the proton on the C-5 atom of the 1,2,3-triazole
subunit permits additional features of the trzpy ligand. The C—H bond of the triazole has a
strong dipolar disposition and is able to act as a hydrogen bond donor in contrast to 2,2’-

[71-73

bipyridines.!””! Furthermore, those ligands are used in anion recognition'’' "> and open the

™ The moiety R' allows a straightforward

door for carbene chemistry.[*
functionalization by simply varying the organic azides in order to introduce
polymerizable groups or enables immobilization on a surface.

This thesis specifically covers events of the trzpy ligand that occur in the red- and
green-marked region of Figure 1-1. The synthesis, characterization and investigation of
photophysical properties of trzpy-based d® metal complexes and the self-assembly of d'°

metal complexes as well as the preparation of polymeric architectures comprises the main

part of this work.

-12 -



2 Tuning the electronic properties of trzpy-based

ruthenium(Il) complexes

Parts of this chapter have been published including: A1) B. Happ, D. Escudero, M. D. Hager, C.
Friebe, A. Winter, H. Gorls, E. Altuntas, L. Gonzélez, U. S. Schubert, J. Org. Chem. 2010, 75,
4025-4038. A2) D. Escudero, B. Happ, A. Winter, M. D. Hager, U. S. Schubert, L. Gonzalez,
Chem. Asian J. 2012, 7, 667-671. A3) B. Happ, A. Winter, M. D. Hager, U. S. Schubert, Chem.
Soc. Rev. 2012, 41, 2222-2255.

Polypyridines, such as 2,2’-bipyridine (bpy) and 2,2°:6",2" -terpyridine (tpy) and their
derivatives, are a well-established and well-studied class of organic ligands due to a
predictable coordination behavior and interesting photochemical properties that result

[6.18. 73771 1y particular, the d®~configured metal

from their corresponding metal complexes.
ions RuH, Irm, Os" and Re' have been chosen as transition metal ions, because of their
useful spectroscopic properties comprising photostability and a broad absorption in the
visible region."®?!" As a result, d° metal polypyridine compounds are extensively
involved as photosensitizers in photochemical processes. For an ideal photosensitizer
some requirements can be proposed: a reversible redox behavior, suitable ground and
excited state potentials, durability towards thermal and photochemical decomposition, as
high as possible extinction coefficients in a suitable spectral region (commonly >300 nm),
and a high quantum yield as well as a proper lifetime of the reactive excited state. The
excited state properties, i.e. excited state lifetime, exited state energy and emission
quantum yield as central parameters, determine crucial characteristics of the
photosensitizer, such as (photo)chemical stability and redox properties. Chemists have
been trying for decades to understand the tuning of the excited state properties. The
relatively long-lived excited states of the late d® metal complexes (107 to 10 s), which
are usually of MLCT character, were investigated in detailed photophysical and
photochemical studies since the early 1970s leading to a well-understood field of
chemistry nowadays.[26’ 7879

Apart from several photophysical and photochemical similarities, there exist
fundamental dissimilarities with respect to the redox behavior of d® metal complexes, for

. . 1l I
instance, when comparing Ru™ and Ir

as frequently used transition metal ions. Cyclic
voltammetric studies of Ru" polypyridine complexes have shown that they undergo a

reversible oxidation associated with the metal-centered Ru"/Ru' couple as well as a

-13 -
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reversible ligand-centered py/py” (py = polypyridine ligand) reduction to generate Ru'. In
general, the existence of both an oxidizable Ru" center and a reducible ligand establishes
a relatively long-lived (up to microseconds) low energy MLCT-associated excited
state.’”) In contrast, when it comes to charged Ir'™ polypyridine complexes, cyclic

111 A . . .
to Ir' " is often irreversible, which

voltammetric studies indicated that oxidation of Ir
was attributed to the preference of oxidation rather at the ligand entity than at the metal
ion center. As expected from charge pre-conditions, reduction of Ir'" occurs at a much
less negative potential than it does in the corresponding Ru" complexes (this process is a
reversible one related to reduction at the ligand). In contrast to Ru", the oxidation and

11T

reduction potentials of Ir complexes suggest a relatively high energy MLCT excited

s by far a stronger oxidizing agent than Ru", but a weaker

state and, consequently, Ir
reducing agent.*” The latter considerations resulted in the utilization of ruthenium(II)
polypyridine complexes as prototype for photosensitizers in the first instance.

The following achievements were established in order to tune the electronic
properties of bidentate trzpy ligands by introducing electron-donating and electron-
withdrawing phenylacetylene units on the 5-position of the pyridine ring. The syntheses
of the trzpy ligands were accomplished by the CuAAC, yet having a straightforward
access to the central structural trzpy scaffold, whereby the donor and acceptor units were
introduced by the Pd’-catalyzed Sonogashira cross—coupling reaction of various
phenylacetylene moieties. Subsequently, the trzpy ligands were attached to the cis-
dichloro-bis(4,4’-dimethyl-2,2"-bipyridine)ruthenium [Ru(dmbpy),Cl,] precursor
(Scheme 2-1). The heteroleptic ruthenium(Il) complexes 2-8 to 2-14 of the general
structure [(dmbpy),RuLL](PF¢), were synthesized by heating Ru(dmbpy),Cl, and the
appropriate ligands (L = 2-1 to 2-7) under microwave irradiation. After 2 h, the reactions
were completed and a 10-fold excess of NH4PF¢ was added to precipitate the products. In
most cases, precipitation occurred after 15 min and the pure complex was isolated after
washing with different solvents in moderate to very good yields. The verification of the
structures of 2-8 to 2-14 was carried out by 'H and *C NMR spectroscopy as well as HR-

ESI mass spectrometry.

- 14 -



TUNING THE ELECTRONIC PROPERTIES OF TRZPY-BASED RUTHENIUM(II) COMPLEXES

1) Synthesis of the donor and acceptor ligand systems

| N= R? N= R

R °N N\

— E—— J— 1
s||—<— Wal Ny )= R

241: R" = 0-CgHq3, R2 = H, R® = CyoHy
2-2; R1 = NOz, R2 = H, R3 = C10H21
2-3: R" = H, R? = NO,, R% = CygH,;
2-4: R' = CF5, R? = H, R® = C4gHy4
2-5:R"=H, R? = H, R®= CyoHy
26:R"=NO,, R?=H, R®=Ph

=N
HO A
B Br = _
SO T T O =
N
7

2-

Il) Synthesis of the ruthenium(ll) complexes

2-1

2 IRu(@dmbpy)Cl]

2.4

2.5

26 R’
2.8: R'=0-CgHyz, R? =H, R®= CygHy,
2:9: R'=NO,, R2=H, R3 = CyoHyy
2-10: R' = CF3, R? = H, R3 = CygHyq
2-11: R = H, R2 = NO,, R® = C;gHy;
2-12: R"=H, R2=H, R3 = C4Hy,
213:R'=NO,, R?=H, R®=Ph

[Ru(dmbpy),Cly]
2.7

Scheme 2-1. Schematic representation of the synthesis of the N-heterocyclic ligands and their
corresponding heteroleptic Ru' complexes.

The complexes 2-8 to 2-12 were characterized by cyclic voltammetry (CV) and the

electrochemical properties are presented in Table 2—1. In all cases, a first reversible

oxidation wave occurred at around +0.85 V (vs. Fc/Fc') that can be assigned to a

-15-
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Ru'/Ru™ oxidation process. Compound 2-8 showed a second oxidation process at
+1.28 V, probably originating from an oxidation process of the triazole ligand. Due to the
absence of electron-donating substituents at the triazole ligand, the respective ligand-
centered m-orbitals are more stabilized for complexes 2-9 to 2-12 and, therefore, no such
oxidation processes were visible in the CV spectrum. In contrast to the other systems, the
nitro-containing complexes 2-9 and 2-11 featured a single reversible reduction wave at
around —1.35 V (vs. Fc/Fc") that could be assigned to a trzpy-based reduction process.
Both complexes provided a strongly electron-withdrawing substituent causing a
stabilization of the trzpy-located antibonding m*-orbitals (compare results of the DFT
calculations). Starting at —1.8 V all five complexes showed additional reduction waves

deriving from ligand-based (dmbpy and triazole ligand) n*-orbitals.

Table 2—1. Electrochemical data of selected Ru" complexes.

Complex  Ey [V]* Eiprea [VI* E"Y°[eV]"  E""™°[eV]"  ES™[eV]

2-8 +0.82, +1.28 ~1.85,-2.06, -5.62 -3.18 +2.48
-2.23
2-9 +0.88 ~1.34,-1.97, -5.67 ~3.70 +2.43
-2.18
2-10 +0.84 -1.89, -2.13 -5.69 -3.21 +2.44
2-11 +0.88 13 62 11'98’ -5.64 -3.62 +2.43
2-12 +0.84 -1.85, 2.0, ~5.64 -3.17 +2.49
-2.18
a) Measurements were performed in CH;CN containing 0.1 M TBAPF¢. The potentials are given vs. the
ferrocene/ferricinium (Fc/Fc™) couple. b) Determined by using E"M° = — [(Egnerox — Eonsetrerer) — 4.8]eV

and E""™© = — [(Egysetred — Fonserrerer) — 4.8]eV, respectively.®! ¢) Estimated from the UV/vis spectra at
10% of the maximum of the longest-wavelength absorption band on the low-energy side.”"!

The resulting photophysical properties of the heteroleptic ruthenium(Il) complexes
are summarized in Table 2-2. In the case of the acceptor-type complexes, referring to
representative DFT calculations for complex 2-9, the broad absorption band between 400
to 500 nm was assigned to various MLCT transitions between the ruthenium metal center
and either the dmbpy or the triazole ligand (see Publication A1, Table 5 for details). For
the donor-based complex 2-8, DFT calculations suggested a considerable contribution of
LLCT transitions, in addition to MLCT transitions, from the m-orbital localized on the

trzpy unit to the n*-orbital of one dmbpy ligand (Figure 2—1, see Publication A1, Table 5

-16 -
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for details). Between 300 and 400 nm, the complexes investigated herein exhibited
different absorption behavior concerning their wavelength maxima and band shape. This
region was dominated by IL transitions, namely located at the triazole and dmbpy ligand,
respectively. More bands were present below 280 nm arising from further MLCT, LLCT
and MC d-d transitions, respectively. The observed emission energies (Table 2-2)
showed a clear dependency on the used substituent. Starting at 602 nm in the case of the
alkoxy-containing system, the emission was strongly red-shifted to 621 nm for the
unsubstituted triazole ligand and to 640 and even 674 nm in the case of the complexes
possessing an ortho- and para-nitrophenyl moiety, respectively. This trend was most
likely caused by the stabilization of the m*-orbitals located at the triazole ligand via
introduction of electron-withdrawing groups. These orbitals are involved in the emissive
*MLCT state (compare DFT ground state calculations in Figure 2—1) in the case of the
acceptor-based complex 2-9, so that a lower energy level led to a decreased emission

energy.

Table 2-2. Photophysical data recorded for the Ru"" complexes.

Complex haps [nm] (g [10° L-mol_l'cm_l])*"h Aem [nm]? @®p;
58 206 (145.6), 286 (133.1), 333 (59.8), 435 602 0.001
(23.6) <0.005¢
0.001
2-9 209 (58.4), 286 (63.4), 328 (38.6), 441 (11.6) 674 0.0224
510 209 (88.1), 286 (103.9), 312s (51.6), 440 620 0.00
(18.3)
2-11 208 (66.6), 286 (74.7), 341s (22.6), 442 (12.4) 640 0.001
512 205 (131.1), 286 (125.6), 315s (60.9), 438 61 0.001
(20.6)
2-13 206 (83.7), 286 (76.9), 326 (52.5), 440 (12.8) 642 <0.001
514 195 (102.9), 286 (83.1), 316s (40.5), 442s 610 0.003

(12.5)

a) For all measurements: 10® M solution in aerated CH;CN at room temperature. For emission
measurements: excitation at longest absorption wavelength. b) “s” signifies absorption shoulder. c)
Photoluminescence quantum yields determined using [Ru(bpy);](PFs), (®Pp. = 0.062) as standard. d)
Measured in aerated CH,Cl, solution at room temperature (10°° M).

-17 -



TUNING THE ELECTRONIC PROPERTIES OF TRZPY-BASED RUTHENIUM(I) COMPLEXES

Figure 2—-1. Energy levels for the most relevant Kohn-Sham orbitals of complexes 2-8 and 2-9
including the HOMO-LUMO gaps calculated with B3LYP/6-31G*.

The measured emissive behavior revealed a clear dependency on the electronic
character of the peripheral substitution as well as on the polarity of the solvent. Similar
observations on solvent-dependent luminescence have been reported in literature

(82%3) Therefore, TD-DFT calculations were performed to gain a deeper insight

recently.
into the photophysical processes. The Jablonski diagrams was computed for simplified
complexes (2-8 and 2-9, respectively) in CH,Cl, (Figure 2-2). The most important
singlet—singlet and singlet—triplet electronic excitations computed in CH,Cl, at the Sy
geometry as well as some important triplet excited states at the T geometry are depicted

in Figure 2-2a and b, respectively. The biggest SOC elements are obtained between

'"MLCT and *MLCT states, particularly those possessing the same m* orbital but with
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participation of different 4d orbitals (in the case of S, interacting with T¢ in complex 2-8

or with Ts in complex 2-9, see Figure 2-2).

a) soc (cmg J
! 3 3
S: = a3 \ (302 2U== T: — 252 i ke (Tg2S0)
| I T T, A, | [ =30x10fs”
S ! az6om  (34,575,34) IMLCT i
o MLCT \
AN
\\ T2 ;
(73,10,73) °, MLCT
ml-la\\
AY
AY
AN
i1 f -

I

AN

SoGEOMETRY T, GEOMETRY
(258,185,25_8)_ IMLCT
b) Sy ]M;Crmnm==:::__¥——“3~"_cr and| k (T, 2S,)
S; 4s2nm  (160,473,160) T:_ sl i
5 — i
52 MLCT 466nm — — = — —— = T. Tl_c'l’ 460 I =5,4x107 st

S1 - 478nm -~ - _ T
MLCT S=-
f (108,170,108)

f $OC (cm?)

f
f
IMLCT
(4dz."‘*dmbm1))
/ So hv
So
S, GEOMETRY T, GEOMETRY

Figure 2-2. Jablonski diagrams of a donor-type (a: resembles compound 2-8) and acceptor-type
(b: resembles compound 2-9) Ru'" complex with TD-B3LYP singlet-singlet and singlet-triplet
vertical excitations (in nm) computed in CH,Cl,. The main absolute SOCs (cm™") and the main k,
values (s™') are highlighted. The magnitude of the oscillator strengths (f) at the Sy geometry are
pictorially indicated by the width of the vertical transition.

Only the largest radiative rate constant (k) obtained for each complex is shown in

Figure 2-2. The k, value for complex 2-9 [k{(T7—So) = 5.4x10’ s™'] is approximately one
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order of magnitude larger than for complex 2-8 [k(T¢—>So) = 3.0x10° s7']. A detailed
analysis exhibited that in complex 2-8 the largest radiative rate is due to the interaction of
T¢ and S, and both states are of MLCT character at Sy geometry. From T, IC processes
lead to the lowest T;, which is the emissive state as stated by Kasha’s rule.**! In the case
of complex 2-9, the ISC is due to the interaction of T; with S4 at the Franck-Condon
geometry and further IC to T; follows. In both complexes, the T; state is a *MLCT state
with 4d,—7n*qmppy character, as reflected by both the spin-density analysis and the TD-
DFT calculations at the T, geometry. The reason behind the different orders of magnitude
in the radiative rates can be correlated with the electronic nature of the substituent.

Electron-rich substituents on the trzpy ligand stabilize the related m orbitals and
destabilize the w*_ orbitals and, consequently, less '"MLCT states are excited below the
experimental excitation wavelength. In complex 2-9, charge transfer transitions to the
trzpy with high oscillator strengths are additionally present. The presence of these states
is crucial to provide smaller 'MLCT-MLCT gaps that contribute to a more efficient
horizontal ISC and, thus, a larger radiative rate constant. Since larger k. values entail
higher ®p [®p = k,/(k+k,)] the expected increase of the k&, value for complex 2-9, as
compared to complex 2-8, is overcompensated. Therefore, the combination of both effects
finally leads to a higher ®p value for complex 2-9.

In summary, bidentate trzpy ligands were synthesized, whereas different
phenylacetylene moieties of donor and acceptor nature, respectively, were attached on the
5-position of the pyridine unit. The moieties featured a crucial influence on the electronic
properties of these ligands. The N-heterocyclic ligands were coordinated to the Ru" ion
by using the Ru(dmbpy),Cl, precursor. The Ru" complex with electron-donor nature
revealed no luminescence at room temperature in contrast to the one with acceptor
capability revealing remarkable luminescence at room temperature in CH,Cl,. Radiative
rate constants (k) have been calculated using a mixed TD-DFT/CASSCF approach for
the complexes 2-8 and 2-9. The calculated k. values could be used to explain the

considerable decrease in quantum yield of the donor-type compound 2-8.
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3 Light-harvesting metallopolymers

Parts of this chapter have been published including: A4) B. Happ, J. Schifer, R. Menzel, M. D.
Hager, A. Winter, J. Popp, R. Beckert, B. Dietzek, U. S. Schubert, Macromolecules 2011, 44,
6277-6287. AS) B. Happ, C. Friebe, A. Winter, M. D. Hager, U. S. Schubert, Fur. Polym. J.
2009, 45, 3433-3441.

A general target of current research is the establishment of new synthetic approaches
allowing the facile and straightforward covalent or non-covalent linkage of functionalized
ligands or transition metal complexes to polymers. Covalent linkages are the basis for
potential functional materials, which are able to avoid aggregation of the incorporated
metal complexes, while maintaining the photophysical properties of the appropriate
complex at the same time. Considerable effort in the synthesis of metal-containing
polymers has been invested for combining the beneficial properties of a metal ion
complex, which provides the optoelectronic capacity in many examples, and a polymer
backbone enhancing the processability of the materials, e.g., using spin-coating and
inkjet-printing, respectively. Applications in the field of supramolecular chemistry,
conducting and photoresponsive materials, and catalysis were established.[” %871

In general, a metal complex can be incorporated into a polymer as part of the main
chain or as a pendant group. It is also possible to prepare materials in which the metal
complex is present in both the side and main chains (dendrimers). Mainly three different
types of metal-containing polymers have been emerged: (i) the metal ions/complexes are
attached to the polymer backbone at the side chain or as an end group by electrostatic
interactions, metal-ligand coordination or covalent bonds, (ii) the metal complexes are
part of the polymer main chain (coordination or covalent connection), and (iii) the metal
ions are embedded in the polymer matrix by physical interaction. From the synthesis
point of view, two primary procedures were applied to prepare the metal-containing
polymers: (i) the transition metal complex was attached to a polymer backbone after the
polymerization process (grafting), and (ii) the metal complex served itself as the
monomer and was incorporated into the polymer by (co)polymerzation.

The latter approach was used for the synthesis of a light-harvesting terpolymer by
controlled RAFT radical polymerization containing a luminescent Ru" complex
coordinated by an acceptor-type trzpy chelate, a 2-(pyridine-2-yl)thiazole donor-type

system and methyl methacrylate (Scheme 3—1). This terpolymer was designed in order to
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mimic natural strategies for light harvesting systems for the conversion of energy from
sunlight into chemical energy. The thiazole dye is supposed to absorb photons with an
energy higher than 2.95eV (A <420nm) and transfers a decisive fraction of the
excitation energy by the emission of photons (Aemmax =450 nm) to the Ru" unit, where a
MLCT state (Aabsmax =450 nm) is directly excited for charge separation. Hence, the
transition metal complex might act as a primary electron donor in any photocatalytic
process when, in perspective, combined with a suited electron acceptor. For the system

under investigation, the focus was on the energy transfer, which may take place in the

random donor—acceptor terpolymer.

|
N~

NO,

determines photophysics

facile functionalization
for polymerization

RAFT copolymerization

Q

N\ S
(\5 y\/\/‘ h-v (370 nm)
\\

FRET

Scheme 3-1. Schematic representation of the synthesis of the donor—acceptor terpolymer capable
of transferring energy upon light excitation of the donor-type thiazole entity.
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The general synthesis route of the monomers is depicted in Schemes 32 and 3-3. In
the first three steps, CuUAAC and Pd’-catalyzed Sonogashira coupling were used to set up
the trzpy scaffold bearing an electron-withdrawing 4-nitrophenylacetylene moiety on the
S5-position of the pyridine ring. The CuAAC of 2-ethynyl-5-bromopyridine and 11-
azidoundecan-1-ol yielded 3-1 under typical reaction conditions, using 10 mol% of
CuSO4 and 0.5 equiv. of sodium ascorbate as Cu' source. Consecutive Sonogashira cross-
coupling with TMSA and Pd’(PPhs), as catalytic active Pd” source, as well as subsequent
deprotection of the TMS by potassium fluoride afforded 3-2 in moderate yield (47%). The
following Sonogashira coupling with 4-nitro-1-iodobenzene provided component 3-3.
The hydroxyl moiety was changed to methyl methacrylate in order to introduce a
polymerizable group. The esterification of 3-3 with methacryloyl chloride gave 3-4 in
good yield (89%). The heteroleptic ruthenium(Il) complex 3-5 was synthesized by
heating Ru(dmbpy),Cl, and ligand 3-4 under microwave irradiation for 2 h at 120 °C. The
methacryl-moiety was found to be stable under these conditions as confirmed by
preliminary experiments. After the reaction was completed, a 10-fold excess of NH4PF,
was added to precipitate the ruthenium(II) complex. Precipitation occurred usually within
30 min, and the complex was finally purified by recrystallization from ethanol and
subsequent washing with cold ethanol (yield >90%). The verification of the structure was
carried out by 'H and BC NMR spectroscopy as well as by high-resolution mass
spectrometry.

The 4-hydroxythiazole 3-6 was prepared by a cyclization process of pyridine-2-
carbothioamide with ethyl 2-bromophenylacetate. Williamson-type etherification of 3-6
with 3-bromopropan-1-ol as electrophile yielded 3-7 in good yield (68%) under mild
conditions. Subsequently, the hydroxyl group was reacted with methacryloyl chloride
under basic conditions to yield the polymerizable ester 3-8 (Scheme 3-3). All compounds
had to be purified by column chromatography to ensure a proper reagent grade for the
following radical polymerization. The confirmation of the structures was performed by
NMR spectroscopy, mass spectrometry and elemental analysis.

Two copolymers and one terpolymer were synthesized based on a PMMA
backbone, where 3-8 served as the donor and 3-5 as the acceptor unit, respectively
(Scheme 3—4). The conversion of the reactions was roughly 80% using a standard

reaction time of 16 h.
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1) Synthesis of the ligand scaffold

CuSOQ,, sodium ascorbate (cat.)
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Scheme 3-2. Schematic representation of the synthesis of the polymerizable acceptor-type

ruthenium(Il) complex 3-5.
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Scheme 3-3. Schematic representation of the synthesis of the polymerizable donor-type thiazole
ligand 3-8.

n3-5 + m f + p3-8

(|3 @)

2 M solution, 85 °C

DMA, AIBN, CBBD |

Scheme 3—4. Schematic representation of the synthesis of the statistical copolymers 3-9.

Because of the insolubility of 3-5 in commonly utilized solvents for radical

polymerization processes (i.e. toluene, ethanol) the RAFT polymerizations were
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performed in DMA. After the reaction, 3-9b was precipitated into cold diethyl ether
yielding the desired donor-type copolymer. The polymers 3-9a,c were further purified by
preparative SEC due to remaining monomer 3-5. It was found after optimization of the
reaction conditions that initiation of the polymerization only occurred if the molar content
of 3-5 did not exceed 5 mol%. This observation was attributed to the retardation nature of
the NO, group.®™ Consequently, the ruthenium(II) content of the terpolymer 3-9¢ was
kept below 5 mol% to ensure sufficient initiation probability of the reaction.

In order to verify a potential energy transfer in polymer 3-9¢, firstly, excitation
spectra were recorded of the donor-type polymer 3-9b, the acceptor-type polymer 3-9a
and the donor—acceptor polymer 3-9¢ (Figure 3—1a). For recording the luminescence
excitation spectra of the Ru" subunit the emission was monitored at 620 nm, where no
donor fluorescence appeared. A difference in the luminescence excitation spectra of 3-9a
and 3-9c¢ indicated contributions from the thiazole excitation to the luminescence of the
ruthenium(Il) unit as it can be seen in the increase of intensity around 380 nm for 3-9c.
These findings point toward an energy transfer, since the excitation of the donor between
325 and 425 nm led to amplified luminescence of the acceptor (Figure 3—1a, red line).

Time-resolved measurements of the donor emission lifetime in 3-9b and 3-9c¢
revealed that the donor emission decayed more rapidly in the presence of the Ru"
acceptor, since the interaction between the donor and the acceptor quenches the donor
emission (Figure 3—1b). Based on temporal emission profiles the FRET efficiency was
calculated to be 70%. Although there are many possibilities for excitation quenching in
polymers, for instance energy migration, exciton—exciton annihilation,™ and excimer
formation,””it was assumed that this shortening of the donor decay time in the
donor—acceptor polymer is dominated by FRET by comparing the results to analogous
work.”"”* Mostly, these events cause a reduction of the emission quantum yield and a
non-exponential emission decay. Neither of these effects were observed in the reference
polymer 3-9b probably caused by the low concentration of donor units in the polymer
backbone. Additionally, Figure 3—1b shows a non-exponential decay trace of the donor
emission in presence of acceptor units in the terpolymer because no fixed donor—acceptor
distances exist within the polymer. Consequently, different energy transfer rates for
individual donor—acceptor pairs occur leading to different decay rates for individual

photo-excited donors.
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Figure 3-1. a) Excitation spectra (in CH,Cl,, 25 °C) of 3-9¢ (red) and 3-9a (black) recorded at the
Ru" complex luminescence (620 nm). The fluorescence excitation spectrum of 3-9b recorded at
450 nm (dashed) was normalized to the maximum emission intensity. b) Donor decay profile (in
CH,Cl,, 25 °C) of the reference polymer 3-9b and the donor—acceptor polymer 3-9¢ excited at
290 nm. The instrument response function (IRF) was measured by scattered light.

Secondly, the excitation of the thiazole unit in polymer 3-9¢ evoked a reduction of
the donor-based emission quantum yield by one order of magnitude compared to that of
3-9b (see Publication A4, Table 3 for details). The quantum yield measurement in the
donor—acceptor polymer 3-9¢ required adequate care due to the overlap of donor and
acceptor absorption bands (Figure 3—1a). It was impossible to excite donor molecules
within the terpolymer exclusively. Taking into account these overlapping absorptions, the
molar extinction coefficients of donor and acceptor at the excitation wavelength had to be
considered as well as the ratio of donor and acceptor units attached to the polymer chain.
Considering these properties, the quantum yield measurement in 3-9¢ followed the same
procedure as the emission quantum yield measurements of 3-8 and 3-9b.

The description of the energy transfer process (donor quenching in the
donor—acceptor polymer) would be incomplete when considering Forster’s theory only.
Dexter-type energy transfer can also occur at donor—acceptor distances smaller than 10 A,
when donor emission and acceptor absorption spectrally overlap and, furthermore, an
overlap of wavefunctions exists so that electrons of the donor and the acceptor,
respectively, can occupy the other's molecular orbitals.”*!

Above all, translational diffusion can cause an enhancement of the FRET efficiency
at considerable high diffusion coefficients of an individual donor—acceptor pair, which is

mainly ruled by the viscosity of the used solvent and the intrinsic viscosity of the donor
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and acceptor.””*®! However, this effect can be neglected due to the static donors and
acceptors within the polymer.

Regardless of a possibly incomplete description of the excitation energy transfer
only by FRET, the donor—acceptor polymers designed for efficient FRET allow enhanced
light harvesting in a Ru" complex, whereupon energy is focused into the 'MLCT band.
By considering the charge-separating character of the MLCT states, this process increased
the accessibility of Ru" complexes as primary electron donors in photocatalytic systems.

In summary, polymers containing a 1,3-thiazole dye (energy donor) and a
ruthenium(Il) chromophore (energy acceptor) were synthesized using a controlled RAFT
polymerization procedure. A terpolymer, which consists of an energy donor and acceptor,
was able to relay the absorbed energy by resonance energy transfer from the thiazole
donor to the ruthenium(Il) acceptor unit. The ruthenium(Il) content in the
macromolecules was limited to 5 mol% at the most, since for higher metal content the
polymerization could not be initiated. The donor—acceptor functionalized terpolymer
displayed a reasonable energy transfer efficiency of over 70%. Such polymeric systems
might be used for the synthesis of artificial photosynthetic systems, in which they can act

as light-harvesting antenna.
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4 Self-assembly by d!°-configurated metal ions

Parts of this chapter have been published including: A6) B. Happ, G. M. Pavlov, E. Altuntas, C.
Friebe, M. D. Hager, A. Winter, H. Gorls, W. Giinther, U. S. Schubert, Chem. Asian J. 2011, 6,
873-880.

N-Heterocyclic polytopic ligand scaffolds can be used as driving force for the formation
of polynuclear self-assembled grid-based aggregates. The desired molecular architecture
strongly depends on the specific ligand design and, thereby, encodes definite coordination
information. The crucial element of ligand design is the establishment of a specific
number of coordination pockets with particular donor atom arrangements that match to
the employed metal ions and coordination sphere, respectively. This includes the atom
identity, the constitution of the atoms, and their orientation, so that a metal is easily
adjusted into a ligand pocket. Ideally, the metal ion possesses elementary coordination
geometries (tetrahedral, octahedral) with a coordination number of 4 and 6, respectively,
and predefines the complexation mode of the ligand. The number and configuration of the
coordinating pockets of the ligand then fix the number and environment of the metal ions
in the resulting supramolecular assembly. Two-dimensional [nxn] grid-like coordination
complexes have a well-defined 2D disposition with an exact number of ligands and metal
ions. A ligand with n coordination pockets generates a homoleptic [nxn] assembly, which
is composed of 2n organic ligands and n® metal ions. The formation of the grid-aggregate
is accompanied by the competition of other types of structures, e.g. coordination
oligomers and polymers, whereby the distinct grid-like array is preferred by entropic
factors and further stabilization by non-covalent interactions (hydrogen bonding, m-w
stacking).’”*"!

Basically, five- and six-membered chelating rings enable relatively strong
coordinative bonds based on favorable bite angles. Those ligands based on nitrogen donor
atoms are by far the most extensively studied class, as 3,6-di(2-pyridyl)pyridazines
(dppn) and its derivatives are a well-studied class of compounds with respect to

polynuclear coordination assemblies including self-assembled —grids,*® '0%-1%

[103-104 105-106

metallocryptand cages, I"and helices.! ! The nitrogen atoms afford versatile
coordination sites and their attachment to a variety of metal centers, e.g. Cu', Zn", Ni",
and Ag' ions, triggered investigations of the resulting photophysical, magnetic, and

electrochemical properties.!'? 1% However, the synthetic access is limited for the
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dppn systems, as they can only be synthesized indirectly by an inverse electron-demand
Diels-Alder reaction between 1,2,4,5-tetrazines and acetylenes, whereby the 1,2,4,5-
tetrazine acts as the electron-deficient diene.!'®” In the last decade, several groups have
shown that the 1H-1,2,3-triazole ring has the potential to replace pyridine as a nitrogen-

110-113
I As a consequence, dppn-

donor ligand for transition-metal ion complexation.|
analogous structures were synthesized by replacing the pyridine rings with 1,2,3-triazole
rings, while maintaining the ditopic scaffold. The direct synthesis of the 3,6-bis(1H-1,2,3-
triazol-4-yl)pyridazine system (dtpn) was accomplished by starting with the ethynylation

of 3,6-dibromopyridazine followed by the CuAAC (Scheme 4-1).

J N N—-N N= N—-N
— N=N —

N. @ 0 .
"N, © 1) Pd"-catalyzed ethynylation

N | 2)cuaac

N N-N N= _N N-N N
7 N\ N\ N= 7\ =N
_ —/ \ 7/ N’ o/ NN
R R

R R

R—=— R Diels-Alder R

3,6-bis(2-pyridyl)pyridazine 3,6-bis(4-triazolyl)pyridazine

Scheme 4-1. Schematic representation of the structural analogy and general synthesis of 2-
pyridyl and 4-triazolyl pyridazines, respectively.

By utilizing the CuAAC as the final step, the substitution of the triazole ring could
be controlled. The following study contains the synthesis and characterization of dtpn
systems bearing an aromatic and a polymeric moiety. These organic ligands have the
capability to complex dlo—conﬁgurated transition-metal ions, such as Cu' and Ag',
expecting the formation of a [2x2] grid-like structure (Scheme 4-2). The verification of
the structure of the metal complexes was examined by 1D and 2D NMR spectroscopy,
high-resolution ESI-TOF mass spectrometry as well as analytical ultracentrifugation

experiments.
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4-4: Cu' complex
4-5: Ag' complex

Scheme 4-2. Schematic representation of the expected self-assembly of 3,6-bis(1H-1,2,3-triazol-
4-yl)pyridazines using copper(I) and silver(I) ions.

The synthesis of the ditopic ligands 4-2 and 4-3 is outlined in Scheme 4-3. Maleic
hydrazide was brominated to 3,6-dibromopyridazine and subsequent Sonogashira cross-
coupling as well as deprotection of the TMS-group with potassium fluoride provided the
desired intermediate 4-1 in moderate yield. The following CuAAC reaction of 4-1 with
mesitylazide, utilizing copper(Il) sulphate and sodium ascorbate as copper(I) source,
yielded the desired product 4-2 in a one-pot reaction. Consequently, the dtpn system 4-3
was synthesized by in situ deprotection of the TMS-groups and subsequent CuAAC
reaction with the monodisperse O-(2-Azidoethyl)-O’-methyl-undecaethylene glycol,

which yielded the final product 4-3 bearing an oligomeric moiety.

H H 1) PBrg
N-N 2) Pd®, TMSA N-N
o —_—T pr— pr—
— 15% —
4-1
CuAAC R R
. N-N .
T O
N:N — N’/N
42:R= - 45%

4-3:R = \“/\O%\/ O% 49%
11

Scheme 4-3. Schematic representation of the synthesis of 3,6-bis(4-triazolyl)pyridazines 4-2 and
4-3.
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NMR spectroscopy was used to retrieve first information about the complexation.
The 'H NMR spectrum for the obtained grids 4-4 and 4-5 revealed three aromatic signals,
which expresses a high symmetry of the formed complexes. The proton signals of the
pyridazine ring and the triazole ring of 4-4 were significantly downfield shifted upon
complexation compared to the free ligand, which is a confirmation of successful
complexation. The appearance of three definite aromatic proton singlets indicates the
formation of defined grid-like architectures rather than polymeric species. UV/vis spectra
in methanol were recorded for 4-4 and a new absorption maximum arose at 380 nm upon
complexation with copper(I) ions. The dilution of the UV/vis solution by two orders of
magnitude resulted in a successive decrease in the molar extinction coefficient at 380 nm,
which was attributed to a metastable nature of 4-4 in solution. The instability was
investigated in more detail by "H NMR spectroscopy.

In order to gain further confirmation of the integrity of the supramolecular structure
of the metal complexes 4-4 and 4-5, analytical ultracentrifugation experiments were
carried out in solution. Figure 4-1 represents the comparison of the differential
distribution of the initial ligand 4-2 and the supramolecular systems versus the intrinsic
sedimentation coefficient. Sedimentation velocity experiments of 4-4 and 4-5 in acetone
clearly showed single species in solution (Figure 4-1) and illustrate that the assembly of
the initial ligand with metal ions occurred. The distributions were normalized on the
values of the maximal peak ordinates. By estimation, the obtained values were close to

the theoretical ones of the [2x2] Cu' and [2x2] AgI grid-like structure.
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Figure 4-1. Normalized differential distributions dc(s)/ds of sedimentation coefficients obtained
with a regularization procedure and a confidence level of 0.90.
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Time-dependant 1D ('H) and 2D ("H-NOESY) NMR spectroscopy was used to gain
more insight into the metastable solution behavior in solution of copper(I) complex 4-4.
The "H NOESY spectrum of 4-4 in deuterated acetone, which was recorded after one day
standing in the NMR glass tube, is depicted in Figure 4-2. A correlation between the
pyrimidine ring proton C and the triazole ring proton B indicates the successful
complexation with copper(l) ions. A second correlation arose between proton B and a
broadened signal next to it at 8.72 ppm. The latter correlation suggests the presence of at

least one more copper(I) complex species.
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Figure 4-2. '"H NOESY spectrum (400 MHz, 25 °C, (CD3),CO) of copper(I) complex 4-4 after
one day.

Figure 4-3 displays seven '"H NMR spectra of 4-4 (compare Figure 4-2 for the
assignment of the protons of the top spectrum), which have been recorded within a period
of two and a half weeks. After 17 days, the three primary signals had completely vanished
and three broadened signals were mainly present. The 'H NMR spectrum did not
transform anymore at this stage. This leads to the conclusion that the initial red material is

only metastable in acetone solution. The new species formed are assumed to be
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symmetrical copper(I) complexes, as the symmetry in the 'H NMR spectrum is retained

similar to the former spectrum and the NMR solution was still orange-colored after 17

days.
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Figure 4-3. 'H NMR spectra (250 MHz, (CD;),CO) of copper(I) complex 4-4 followed over
time.

Furthermore, ligand 4-3 was coordinated to copper(I) ions by adding its
dichloromethane solution (1 equiv.) to a solution of [Cu(CH3CN)4]PF¢s (1 equiv.). The
pure, oily product was obtained after purification by using preparative size-exclusion
chromatography. ESI-QToF-MS spectrometry was used to clarify the structure of the
latter purified compound and the mass spectrum revealed the existence of the complete
[2x2] copper(]) grids (Figure 4-4). Peaks corresponding to fragments with four copper
centers, such as [CusLsX5]*" and [CusLsX]*" (X = PF¢ ), were observed. The isotopic
pattern is accurately consistent with the simulated one and HR-ESI mass spectrometry
further confirmed the stoichiometry of the fragments. Moreover, the long-term durability
of the absorption maximum of 380 nm as well as the aromatic proton NMR signals

demonstrated the structural stability in contrast to 4-4. In the case of 4-4 and 4-5, the ESI-

-34 -



SELF-ASSEMBLY BY D1°-CONFIGURATED METAL IONS

QToF-MS spectra did not reveal signals of the entire grid. Fragments corresponding to
the successive loss of one bar of the presupposed [2x2]-grid structure were observed,
namely, [Cu,L3X]" (X = PFg ) and [Ag:L:X]" (X = SbFg ) as well as [Cu;L,X]" (X =
PFs ) and [Ag;L,X]" (X = SbF¢ ), respectively.
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Figure 4-4. ESI-QToF-MS spectrum of the purified copper(I) complex of ligand 4-3 (black)
superimposed with the calculated spectrum (blue) indicating the existence of a [2x2] grid-like
species.

In summary, the synthesis of 3,6-bis(1H-1,2,3-triazol-4-yl)pyridazine systems was
described using the Pd’-catalyzed Sonogashira coupling as well as the CuAAC reaction.
The ditopic N-heterocyclic ligands 4-2 and 4-3 were investigated with respect to their
complexation capability of singly charged d'’ metal ions (copper and silver). In this
context, 'H NMR spectroscopy and ESI-QToF-MS of the copper(I) complex of ligand 4-3
indicated the existence of a stable [2x2] grid-like structure. The copper complex 4-4
turned out to be metastable in solution as confirmed by time-dependant 1D (‘H) and 2D
(‘"H-NOESY) NMR spectroscopy experiments. The latter experiments suggested the

presence of at least one more copper(I) complex species.
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5 Crosslinking assay of trzpy-based copolymers

Parts of this chapter have been published including: A7) B. Happ, G. M. Pavlov, 1. Perevyazko,
M. D. Hager, A. Winter, U. S. Schubert, Macromol. Chem. Phys. 2012, 213, 1339—1348.

More than three decades ago, the pioneering work amongst others by Charles U. Pittman
and Charles E. Carraher has evoked a particular approach in current polymer chemistry
that is phasing covalent linked polymer species with non-covalent interactions in order to
establish new polymeric systems.!''*"'® For this purpose, supramolecular polymers
containing reversible metal-ligand interactions have been widely studied with plenty of
applications that range from catalysis to light-emitting devices to sensory materials.''”’
Metal-containing polymers (MCP) are macromolecules usually comprising dynamic
metal—ligand coordination units. They can be classified in three categories: (i) linear, one-
dimensional macromolecules that may aggregate into higher dimensional nano-sized
structures, (ii) three-dimensional networks that possess ordered structures and are usually
insoluble, and (iii) three-dimensional networks that are able to incorporate external
components, e.g. hydrogels. MCPs reveal advantageous features including the capability
to transfer magnetic, optical, electronic and catalytic properties of the metal complex into
a polymer. Second, the weaker coordinative bond enables reversibility in the design of
materials that can be triggered by an external impact, such as pH changes, solvents, light
and mechanical forces. The latter feature has channeled the research to the development
of advanced materials with addressable properties enclosing switchable adhesives and
self-healing materials.* ''*12%!

The following section describes the complexation and decomplexation behavior of
trzpy-containing copolymers by Fe' and Co" ions. The macromolecules were treated with
Fe'' and Co" salts and the coordination performance was studied by means of UV/vis
spectroscopy and titration experiments. Viscosity measurements and detailed analytical
ultracentrifugation experiments were executed to study the intra- and intermolecular
complexation behavior of the Co" ion in solution. A strong competitive ligand was used
to examine the reversibility of the metal complexation in low concentrated solutions by
means of UV/vis spectroscopy.

The CuAAC of 2-ethynylpyridine and 11-azidoundecan-1-ol provided the alcohol-
functionalized trzpy ligand 5-1, which was subsequently esterified in good yield (87%)
with methacryloyl chloride to monomer S5-2 (Scheme 5-1). The RAFT radical

-37 -



CROSSLINKING ASSAY OF TRZPY-BASED COPOLYMERS

copolymerization was performed to incorporate the bidentate ligand 5-2 covalently into
two different polymer backbones, whereby MMA and BMA were used as comonomers.
The RAFT polymerization technique was utilized due to its tolerance to a great number of
functional groups. The polymerizations were performed in concentrated solutions (~2 M)
to assure a controlled proceeding of the reaction. 2-Cyanobutan-2-yl benzodithioate
(CBBD) was utilized as RAFT agent, since it is known to provide a narrow molar mass
distribution and AIBN has been applied as initiator."*") A reaction time of 16 h was
chosen in order to drive the conversion of the reaction to approximately 80%. The
obtained copolymers 5-3 and 5-4 were purified by preparative SEC and characterized by
'H NMR spectroscopy, UV/vis titration experiments as well as SEC. The SEC coupled
with a photodiode array detector revealed a typical UV/vis absorption spectrum of the N-
heterocyclic trzpy ligand (Amax = 286 nm), which confirmed the incorporation into the
backbone of copolymers 5-3 and 5-4 (Figure 5-1). The molar masses were estimated by
SEC using a linear PMMA calibration and the molar fraction (x) of trzpy-ligands was
determined by both '"H NMR spectroscopy and UV/vis titration experiments. The molar
fraction did not significantly deviate from the theoretical values and both characterization

techniques revealed comparable results.

\ o)
! N= 2 eq. NEt,
— CUAAC N. CH,Cly, 24 h, r.t. (T,
— N N
N l[\l
OH
N3Hg/ J 1.5 eq. f N
_N o) /

5-1 5.2

-X X
CBDB, AIBN W
80 °C, 16 h, DMA '
5-2 -
X N
N
I \ 5-3: R = Methyl

6" "0 5-4: R = Butyl

Scheme 5-1. Schematic representation of the synthesis of macromolecules 5-3 and 5-4.
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Figure 5-1. SEC coupled with a photodiode array detector of the purified copolymer 5-4 (eluent:
DMA with 0.08% NH4PFg).

In a preliminary experiment, a concentrated dichloromethane solution of copolymers
5-3 or 54 (c > 10 mg'mL™") was prepared and subjected to gelation via metal
coordination using a methanolic Fe"" or Co" solution. In the case of Fe", a red solid was
obtained upon cross-linking each with three trzpy units. The crosslinking procedure with
Co" ions led to a highly viscous solution, which was fluid yet. The reversibility of the
crosslinking was examined by UV/vis spectroscopy experiments utilizing a strong
competitive chelating agent (Scheme 5-2). At first, a UV/vis absorption spectrum of a
dichloromethane solution of copolymer 5-3 was measured as a blank. The absorption
spectrum exhibited a maximum at 286 nm, which can be assigned to electronic transitions
of the trzpy moiety of the copolymer. Subsequently, the appropriate amount of metal salt,
as methanolic Fe'" or Co" solution, was added to obtain a ligand-to-metal stoichiometry of
3 : 1. The UV/vis spectrum was remeasured and the appearance of the MLCT bands at
433 nm (Fe" tris-homoleptic complex) and 320 nm (Co" tris-homoleptic complex),
respectively, verified the complexation of the bidentate ligands by the metal ions (Figure
5-2). The subsequent addition of 10 equivalents of a methanolic HEEDTA solution led to

a vanishing of the MLCT absorption bands for both metal ions upon decomplexation.
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NaO\fO (§O
NN M) =Fe co

Scheme 5-2. Complexation of the copolymers with Fe' and Co" ions and decomplexation with
HEEDTA.

In order to gain detailed insights into the crosslinking process and the metal
complexation, respectively, viscosity titration experiments at different concentrations of
copolymer 5-4 and Co" ions were performed in acetone. Fe'' as metal ion could not be
investigated by this method, since the acetone solution of iron(II) chloride was not stable
yielding an off-white precipitate after a few minutes. The Co(BF4), x 6 H,O salt was
dissolved in acetone and added in stepwise portions to a solution of the polymer with

' -
known concentration (Cpoly ).
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Figure 5-2. a) UV/vis spectra (solvent: CH,Cl,) of the blank copolymer 5-3 (black),
complexation with Fe" ions (red) and decomplexation with methanolic HEEDTA solution (blue).
b) UV/vis spectra (solvent: CH,Cl,) of the blank copolymer 5-3 (black), complexation with Co"
ions (red) and decomplexation with methanolic HEEDTA solution (blue).

The dynamic viscosity (1) was measured after each step and after the addition of the
metal salt the final solutions were shaken for a sufficient time to enable homogenization.
The polymer concentration was kept constant by the addition of the corresponding
amount of the polymer solution with the concentration ¢ = 2-cpoi,™". The results of this
study are presented in Figure 5-3. The dynamic viscosity of the solutions containing the
Co" salts strongly depended on the initial polymer concentration. For concentrated
solutions, where the degree of dilution (product of intrinsic viscosity of the polymer and
its concentration ([n]-c)) was higher than 0.5 (50% of the volume is occupied by
macromolecules), an exponential increase of the dynamic viscosity value was observed
with increasing Co" concentration. For [n]-c = 0.8 the dynamic viscosity value increased
approximately 20-fold compared to the initial one at a molar cobalt(IT) concentration of
¢(Co") = 3.66 mM (Figure 5-3, line 1). When the degree of dilution was low ([n]-c <
0.25) the dynamic viscosity value increased only about three times and after further
addition of Co" ions a declining tendency of the 1 value was observed. The remarkable
large increase of the dynamic viscosity in a concentrated copolymer solution with
increasing Co'' concentration was attributed to the formation of crosslinked structures
(intermolecular complexation) in which Co' metal ions are linked to several different
copolymer chains. The average molar mass of a crosslinked macromolecule can be

estimated from the dynamic viscosity value.
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Figure 5-3. Dynamic viscosity of the acetone solutions of 5-4 in dependence on the weight
fraction (wt.%) of Co(BF,), x 6 H,O. The dotted line 4 corresponds to the polymer solutions
without the cobalt(II) salt.

It is known that the dynamic viscosity of various polymer-solvent systems at high
concentrations above some critical molar mass (M,,) is related to the molar mass by the
equation 1 = Ku-M, ' Below M., the value of the dynamic viscosity is directly
proportional to the molar mass. Considering the latter two extremes the following
estimation was obtained for the solute with cpory = 0.096 g-em™ and ¢(Co'") = 3.66 mM:
70 < Myx10~° grmol™' < 500. Along the intermolecular crosslinking also intramolecular
complexation occurred at a higher degree of dilution (Figure 5-3, line 3).

The intramolecular complexation of such kind of copolymers with multivalent ions
may be observed and studied in the regime of very dilute solutions. The velocity
sedimentation of the solutions with the polymer concentration ¢ = (0.070 = 0.005) x
107 g~cm_3 was studied as function of the concentration of the Co(BF4), x 6 H,O salt.
This polymer concentration corresponds to a very high degree of dilution of 0.006, where
only 0.6% of the solution volume is occupied by macromolecules. Hence, the
macromolecules are separated by the distance larger than their hydrodynamic size and the
information obtained at this condition virtually concern the properties of individual
macromolecules.

When the solution of the Co(BF4), x 6 H,O salt is added into a diluted polymer
solution first a significant decrease of the velocity sedimentation coefficient was observed

(Figure 5—4a, region 1). This experimental fact can be explained by an increase of the
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proportion of Co" ions bound to ligands of the polymeric chain. This leads to an increase
of the number of electrical charges on individual macromolecules and, consequently,
allows the raise of the translational friction coefficient due to the additional friction losses
resulting from the electrostatic expansion of the chains and from the electrostatic
interactions between distant macromolecules (Figure 5-5). The increase in the
translational friction coefficient f results in a decrease in the velocity sedimentation
coefficient, as s ~ M, f ! In the range of a Co" salt concentration of 0.2 mM the
minimum of the velocity sedimentation coefficient was observed. The argument to prove
that the decrease of the velocity sedimentation coefficient is related with the charge effect
of the coordinated Co" ions was supported by the addition of a one-to-one ion salt
NH4PFs (0.05M) to the cobalt-containing solution. The velocity sedimentation
coefficients take values close to that obtained for pure acetone without Co" salt (Figure
5-4b).

[s] 10"
11 4

10 4

. . : - logC
I I ) )
4 -3 -2 -1 co

Figure 5-4. Dependence of the intrinsic velocity sedimentation coefficient measured for the
copolymer 5-4 (Cpoty = 7x107* g-em™ in acetone) on different molar concentrations of cobalt salt
without (@) and with 0.05 M NH4PF, (L) using a semi logarithmic scale.

After reaching a minimum, the value of the velocity sedimentation coefficient
begins to increase as a function of the concentration of cobalt salt. Presumably, in this
case the main effect is the screening of charges on the polymer chains by additional
charges appearing in solution and a large part of the new added ions are not bound by the

polymer chains anymore.
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Figure 5-5. Enlargement of region 1 of the previous Figure which reveals a significant decrease
in the velocity sedimentation coefficient upon metal complexation of copolymer 5-4.

In summary, the copolymers were investigated towards their gelation properties
against Fe'" and Co" ions on a molecular level. Both metal salts showed a crosslinking
ability in concentrated solution (¢ > 10 mg-mL™"), whereby in the case of cobalt a highly
viscous fluid was observed. The differentiation between intermolecular and
intramolecular complexation, respectively, was achieved by viscosity titration
experiments at different concentrations of the copolymer in acetone using Co' ions. In
concentrated solutions, i.e. with a degree of dilution higher than 0.5 of the polymer,
intermolecular complexation of the Co" ion with different macromolecule chains was
deduced from the latter experiments. The complexes were destroyed during the dilution
of the solutions. The intramolecular complexation with Co" ions was studied in highly
diluted acetone solution of the trzpy-containing copolymer by means of different
analytical ultracentrifuge experiments. The addition of a small amount of Co" ions
resulted in a significant decrease of the intrinsic sedimentation coefficient, which could
be related to the elongation of the individual polymer coils upon the electrostatic

repulsion of the coordinated Co" ions.
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6 Summary

This thesis compiles construction, metal coordination chemistry and macromolecular
chemistry of 2-(1H-1,2,3-triazol-4-yl)pyridine (trzpy) ligands (Scheme 6-1). The
regioselective copper(I)-catalyzed 1,3-dipolar cycloaddition between organic azides and
terminal alkynes (CuAAC) represented the key step for the preparation of the trzpy-based
chelators. The use of the triazole entity provided a facile access to bidentate chelates that
can be regarded as analogs to 2,2 -bipyridines. Using the CuAAC as a synthetic tool
enabled a convenient functionalization of the trzpy ligands: Reactive functional groups
can be directly introduced by designing the organic azide and allow subsequent chemical
transformations, such as the application of radical polymerization methods. Furthermore,
the CuAAC is able to support the introduction of additional functional moieties at the
triazole (providing solubility, introducing substituents) due to its high tolerance to a wide
range of reaction conditions and to a large independence on the electronic configuration

of the deployed reactants.

Chapter 2 Chapter 3
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N-N, N_/
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/ 5-3 and 5-4
R R 4-4 and 4-5

Scheme 6-1. Schematic representation of the chemistry of 2-(1H-1,2,3-triazol-4-yl)pyridine
ligands.
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It reconsiders the synthesis of trzpy ligands bearing different donor- and acceptor-
type phenylacetylene moieties on the S5-position of the pyridine unit and their
coordination to ruthenium(II) metal ions using Ru(dmbpy),Cl, as precursor. The various
substituents of the phenylacetylene moieties showed a crucial influence on the
photophysical properties of the ligands and their corresponding ruthenium(II) complexes.
The donor or acceptor capability of the trzpy ligands determined the emission quantum
yield of the resulting Ru" complexes significantly, whereby the highest quantum yield
was found for the Ru" complex that has a nitro group attached in para-position of the
phenylacetylene subunit. DFT ground state calculations for the donor-type ruthenium
complex exhibited a m-localized HOMO on the trzpy entity unlike the acceptor-type
complex possessing a ty,-localized HOMO on the central Ru" atom. Consequently, the
HOMO-LUMO transition upon light excitation has considerable LLCT character in the
case of the donor-type complex. Above all, radiative rate constants (k) were calculated
using a mixed TD-DFT/CASSCF approach for both complexes explaining the observed
drop of the luminescence quantum yield for the donor-type complex.

The reversible addition-fragmentation transfer (RAFT) copolymerization of a 1,3-
thiazole dye (energy donor) and a trzpy-based Ru'' chromophore (energy acceptor) was
highlighted with respect to the ability to transfer energy from the donor to the acceptor. It
turned out during the synthesis of donor- and acceptor-alone copolymers that only a
maximum content of 5mol% of the [Ru(dmbpy),(trzpy)]*" chromophore could be
embedded into the macromolecules caused by its nitro-functionalization. Several
photophysical measurements (excitation spectra, lifetime) suggested successful relay of
the absorbed energy by Forster resonance energy transfer (FRET) from the thiazole donor
to the Ru" acceptor. The donor—acceptor functionalized terpolymer displayed a
reasonable energy transfer efficiency of over 70% and will therefore be practical to act as
light-harvesting antennas.

The synthesis of two 3,6-bis(R-1H-1,2,3-triazol-4-yl)pyridazine systems (R =
mesityl, monodisperse —(CH,—~CH,0);,CH3) was carried out using a combination of Pd’-
catalyzed Sonogashira coupling and the CuAAC. The ditopic N-heterocyclic ligands were
investigated with respect to their complexation capability of singly charged d'® metal ions
(Cu' and Ag"). The obtained copper(I) complexes were thoroughly characterized by time-
dependent 1D ['H, 13C] and 2D [IH NOESY] NMR spectroscopy, elemental analysis, HR

ESI-ToF mass spectrometry, and analytical ultracentrifugation. The latter characterization
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methods indicated the formation of a self-assembled supramolecular [2x2] grid in the
case of the oligomeric PEG-functionalized ligand. The mesityl-functionalized ligand
yielded a red-colored Cu' complex, which turned out to be metastable in solution. This
behavior was studied by '"H NMR spectroscopy in acetone solution over two weeks and
the experiments verified the irreversible transformation of the Cu' complex into at least
one different copper complex species.

The synthesis of trzpy-containing copolymers and the subsequent characterization
was described after complexation with Fe' and Co" ions. The reversibility of the resulting
crosslinking process was demonstrated by UV/vis spectroscopy experiments utilizing a
strong competitive ligand. A differentiation between intermolecular and intramolecular
complexation, respectively, was achieved by viscosity titration experiments at different
concentrations of the copolymer in acetone using Co' ions. The intramolecular
complexation with Co" ions was studied in highly diluted acetone solution of the trzpy-
containing copolymer by means of different analytical ultracentrifuge experiments. The
addition of Co" ions led to a significant decrease of the intrinsic sedimentation
coefficient, which can be explained by the elongation of individual polymer coils upon
the electrostatic repulsion of coordinated Co' ions.

This thesis highlights the versatility of trzpy ligands. Beyond basic investigations of
this topic it would be interesting to explore potential applied properties in subsequent
research activities. In particular, the further development of the polymer-based
donor—acceptor light-harvesting unit might be a promising scope with respect to the light-

induced water-splitting.
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7 Zusammenfassung

Diese Arbeit beschiftigt sich mit der Synthese, Koordinationschemie und der
makromolekularen Chemie von substituierten 2-(1H-1,2,3-Triazol-4-yl)Pyridin (trzpy)
Liganden (Scheme 7-1). Die entscheidende Reaktion zur Synthese dieser Liganden war
die regioselektive Kupfer(I)-katalysierte 1,3-dipolare Cycloaddition (CuAAC) zwischen
organischen Aziden und terminalen Alkinen. Diese Art von Liganden stellen ein Pendant
zu 2,2’-Bipyridinen dar, jedoch ermdglicht die Verwendung des Triazolrings einen
bequemeren synthetischen Zugang. Zusétzlich konnten die zweizéhnigen Chelatoren —
unter Zuhilfenahme der CuAAC — einfach durch die Variation des Azids funktionalisiert
werden. Durch ein gezieltes Design des Azides konnen verschiedenste funktionelle
Gruppen eingefiihrt werden, die anschlieBend weitere chemische Umsetzungen zulassen
(Polymerisationen etc.) oder intrinsische Eigenschaften, wie z.B. Loslichkeit,
entscheidend beeinflussen. Dariiber hinaus toleriert die CuAAC ein sehr breites Spektrum
an Edukten und gelingt in vielen Fillen unabhéngig von den Reaktionsbedingungen

sowie den elektronischen Konfigurationen der Reaktanden.

Kapitel 3

Kapitel 2
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2-1 bis 2-7 2-8 bis 2-14 NO, Energie Transfer
Kapitel 4 Kapitel 5

=Cu*, Ag*

M) =Fe', Co"

5-3 und 5-4

Scheme 7-1. Die Chemie der 2-(1H-1,2,3-Triazol-4-yl)Pyridin Liganden.
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Zundchst wird die Synthese von trzpy Systemen und die anschlieende
Koordination an Ru" Ionen mit Hilfe des Ru(dmbpy),Cl, Precursors erdrtert, wobei
Donor- und Akzeptor-basierte Phenylacetyleneinheiten an der 5-Position des Pyridinrings
angebracht wurden. Dabei stellte sich heraus, dass diese Substituenten einen
entscheidenden Einfluss auf die photophysikalischen Eigenschaften der Liganden und
Metallkomplexe haben. Insbesondere die Lumineszenzquantenausbeuten der
Rutheniumkomplexe hingen stark von der Elektronenkonfiguration der Substituenten ab.
Der Rutheniumkomplex, der mit einer Nitro-Gruppe an der Phenylacetyleneinheit in
para-Position funktionalisiert war, besal die grofite Lumineszenzquantenausbeute. In
Folge dessen wurden DFT Berechnungen im Grundzustand und zeitabhingige DFT
Berechnungen stellvertretend fiir einen Donor- und einen Akzeptor-basierten
Rutheniumkomplex durchgefiihrt. Dabei zeigten die Grundzustandsberechnungen des
Donor-basierten Rutheniumkomplexes, dass das HOMO am trzpy Liganden lokalisiert
ist, wihrend sich das HOMO der Akzeptor-basierten Koordinationsverbindung eher am
Ruthenium befindet. Infolgedessen besitzt die langwelligste Absorptionsbande (HOMO—
LUMO Ubergang) des ersteren Komplexes einen erheblichen LLCT Charakter. Weiterhin
haben zeitabhingige DFT/CASSCF Berechnungen dazu beigetragen, radiative
Geschwindigkeitskonstanten beider Komplexe zu berechnen und so die erhebliche
Auswirkung der Substituenten auf die Emissionsquantenausbeute zu erkléren.

Dariiber hinaus beschiftigt sich diese Arbeit mit der kontrollierten RAFT
Copolymerisation eines 1,3-Thiazol-Farbstoffs (Donor) und eines trzpy-funktionalisierten
Rutheniumkomplexes (Akzeptor) um den gerichteten Energietransfer vom Donor zum
Akzeptor zu studieren. Jedoch fungierte der Rutheniumkomplex auf Grund seiner NO,-
Funktionalisierung wihrend der Polymerisation als Inhibitor. Folglich musste fiir eine
erfolgreiche Copolymerisation ein Anteil kleiner als 5 mol% verwendet werden.
Verschiedene photophysikalische Messungen (Anregungsspektren, Lebenszeit) haben
gezeigt, dass das Donor—Akzeptor Terpolymer in der Lage ist, Energie iiber einen
Forster-Mechanismus mit einer Effizienz von ca. 70% vom Donor hin zum Akzeptor zu
transportieren.

Des Weiteren wird die Synthese von 3,6-bis(R-1H-1,2,3-Triazol-4-yl)pyridazinen
(R = Mesityl, monodisperses —-(CH,—CH»0);,CHj3), die als ditopische Liganden zur
Komplexierung von d'’-konfigurierten Metallen (Cu' und Ag") verwendet wurden,

beschrieben. Die so erhaltenen Kupferkomplexe wurden beziiglich der Selbstorganisation
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zu [2x2] Gitterstrukturen mittels zeitabhingiger 1D ['H, C] und 2D ['H-NOESY]
NMR- und analytischer Ultrazentrifugations-Messungen sowie HR  ESI-ToF
Massenspektrometrie detailliert charakterisiert. Letztere Methoden verifizierten die
Bildung eines stabilen [2x2] Gitters im Falle des oligomeren Ethylenglykol-
funktionalisierten Liganden. "H NMR Messungen iiber zwei Wochen zeigten, dass der
mehrkernige Kupferkomplex des Mesityl-funktionalisierten Liganden in Aceton
metastabil ist und sich irreversibel in mindestens eine neue Kupferspezies umwandelt.

Die Synthese von trzpy-basierten Copolymeren und deren Charakterisierung wurde
nach der Komplexierung mit Fe" bzw. Co" Ionen untersucht. Die reversible Vernetzung
unter Zuhilfenahme eines starken Chelatliganden konnte mittels UV/vis Spektroskopie
nachgewiesen werden. Dariiber hinaus wurde ein Copolymer bei verschiedenen
Konzentrationen mit Co" Jonen titriert. AnschlieBende Viskosititsmessungen
ermoglichten eine Differenzierung zwischen intermolekularer und intramolekularer
Komplexierung. AuBerdem wurde der Einfluss der Co'" Ionen auf die Konformation des
Copolymers in hochverdiinnter Losung untersucht. Eine geringe Zugabe an Metallionen
filhrte zu einer Ausdehnung des Polymerknduels, welche durch die elektrostatische
Abstofung der koordinierten Metallionen verursacht wurde.

Diese Arbeit belegt die vielfiltigen Einsatzmdglichkeiten von trzpy Liganden. In
weiterfilhrenden Arbeiten dieses Themengebietes wire es unter anderem interessant,
neben der Grundlagenforschung auch anwendungsbezogene FEigenschaften dieser
Ligandensysteme zu untersuchen. Insbesondere die Weiterentwicklung der
polymerbasierten Donor—Akzeptor Lichtsammeleinheit konnte im Hinblick auf die

lichtgetriebene Wasserspaltung ein vielversprechendes Anwendungsfeld sein.
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Abbreviations

abs absorption

AIBN 2,2 -azobis(iso-butyronitrile)
BMA butyl methacrylate

bpy 2,2"-bipyridine

CBBD 2-cyanobutan-2-yl benzodithioate
CuAAC copper(I)-catalyzed azide—alkyne cycloaddition
Ccv cyclic voltammetry

DAD diode array detector

DFT density functional theory

DMA N,N-dimethylacetamide

dmbpy 4,4’ -dimethyl-2,2"-bipyridine
DMF N, N-dimethylformamide

DMSO dimethyl sulfoxide

DP degree of polymerization

EDTA ethylenediaminetetraacetic acid
em emission

ESI electron spray ionization

f translational friction coefficient
() quantum yield

Fc ferrocene

FRET Forster resonance energy transfer
n dynamic viscosity

HEEDTA trisodium N-(2-hydroxyethyl)ethylenediamine triacetate

HOMO highest occupied molecular orbital

HR-ESIMS high-resolution electron spray ionization mass spectrum
IC internal conversion

IL intra-ligand

IRF instrument response function

ISC inter-system crossing

J overlap integral

k, radiative rate constant
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ligand-to-ligand charge transfer

lowest occupied molecular orbital
mol-L™

number average molar mass

weight average molar mass
matrix-assisted laser desorption ionization
metal-centered

metal-containing polymer

mesityl

metal-to-ligand charge transfer

methyl methacrylate

nuclear magnetic resonance

nuclear Overhauser effect spectroscopy
polydispersity index

poly(ethylene glycol)
photoluminescence

poly(methyl methacrylate)

reversible addition-fragmentation transfer
velocity sedimentation coefficient

size exclusion chromatography
spin-orbit coupling

luminescence lifetime

time-dependent density functional theory
triethylamine

tetrahydrofurane

trimethylsilylacetylene
2-(1H-1,2,3-triazol-4-yl)pyridine

ultraviolet-visible
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o/clHﬂ

New 2-(1H-[1,2,3]triazol-4-yl)pyridine bidentate ligands were synthesized as bipyridine analogs,
whereas different phenylacetylene moieties of donor and acceptor nature were attached at the
S-position of the pyridine unit. The latter moiceties featured a crucial influence on the electronic
properties of those ligands. The N-heterocyclic ligands were coordinated to ruthenium(II) metalions by
using a bis(4,4’-dimethyl-2,2-bipyridine)ruthenium(II) precursor. The donor or acceptor capability of
the 2-(1 H-[1,2,3]triazol-4-yl)pyridine ligands determined the quantum yield of the resulting ruthenium(II)
complexes remarkably. Separately, 2-([1,2,3]triazol-4-yl)pyridine ligands are known to be potential
quenchers, but using these new ligand systems led to room temperature emission of the corresponding
ruthenium(IT) complexes. The compounds have been fully characterized by elemental analysis, high-
resolution ESI mass spectrometry, 'H and '*C NMR spectroscopy, and X-ray crystallography. Theo-
retical calculations for two ruthenium(IT) complexes bearing a donor and acceptor unit, respectively,
were performed to gain a deeper understanding of the photophysical behavior.

Introduction photophysical and electrochemical properties that can result

The well-known N-heterocycles 2,2'-bipyridine (bpy) and from their corresponding metal complexes. Such distinctiveness
2,2":6' 2"-terpyridine (tpy) have been widely studied owing to can be utilized for supramolecular self-assembly, molecular
their predictable coordination behavior and the interesting electronics, and catalysis applications.' Because functionalization
DOI: 10.1021/j0100286¢ Published on Web 05/24/2010 J. Org. Chem. 2010, 75, 4025-4038 4025

© 2010 American Chemical Society
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FIGURE 1. Schematic representation of 1 H-[1,2,3]triazole-containing
ligand architectures.

of polypyridine-based chelators can be synthetically trouble-
some,’ it remains important to search for new approaches in
the preparation of analogous bidentate chelating ligands
that also possess well-defined coordination properties and
can be prepared and modified with high effectiveness. In this
respect the Cu'-catalyzed 1,3-cycloaddition of organic azides
with terminal alkynes (the CuAAC reaction) has a great
potential due to its mild reaction conditions and wide range
of usable substrates.> The latter features have directed its
application in the synthesis of functional molecules for
biological and material sciences.” Furthermore, the develop-
ment of the CuAAC reaction resulted in an increased interest
toward the coordination chemistry of 1,4-functionalized
1H-[1,2,3]triazoles due to their potential as N-donor ligands.
A variety of new bi-,>® tri-,” and polydentate® 1H-[1,2,3]-
triazole-containing ligands have been synthesized and their
coordination properties were investigated (Figure 1).

(1) (a) Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; Serroni, S.
Chem. Rev. 1996, 96, 759-833. (b) Schubert, U. S.; Eschbaumer, C. Angew.
Chem., Int. Ed.2002, 41, 2892-2926. (c) Hofmeier, H.; Schubert, U. S. Chem.
Soc. Rev. 2004, 33, 373-399. (d) Sauvage, J.-P.; Collin, J.-P.; Chambron,
J.-C.; Guillerez, S.; Coudret, C. Chem. Rev. 1994, 94, 993-1019. (¢) Amabilino,
D. B; Stoddart, J. F. Chem. Rev. 1995, 95, 2725-2828.

(2) (a) Newkome, G. R.; Patri, A. K.; Holder, E.; Schubert, U. S. Eur. J.
Org. Chem. 2004, 235-254. (b) Heller, M.; Schubert, U. S. Eur. J. Org. Chem.
2003, 947-961. (c) Marin, V.; Holder, E.; Schubert, U. S. J. Polym. Sci., Part
A: Polym. Chem. 2004, 42, 374-385.

(3) (a) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed.
2001, 40, 2004-2021. (b) Tornoe, C. W.; Christensen, C.; Meldal, M. J. Org.
Chem. 2002, 67,3057-3064. (c) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.;
Sharpless, K. B. Angew. Chem., Int. Ed. 2002, 41, 2596-2599.

(4) (a) Lutz, J.-F. Angew. Chem., Int. Ed. 2007, 46, 1018-1025. (b) Bock,
V. D.; Hiemstra, H.; van Maarseveen, J. H. Eur. J. Org. Chem. 2005, 51-68.
(c) Meldal, M.; Tornoe, C. W. Chem. Rev. 2008, 108, 2952-3015. (d) Kolb, H.
C.; Sharpless, K. B. Drug Discovery Today 2003, 8, 1128-1137. (e) Angell, Y.
L.; Burgess, K. Chem. Soc. Rev. 2007, 36, 1674-1689. (f) Becer, C. R,;
Hoogenboom, R.; Schubert, U. S. Angew. Chem., Int. Ed. 2009, 48, 4900—
4908.

(5) (a) Schweinfurth, D.; Hardcastle, K. I.; Bunz, U. H. F. Chem.
Commun. 2008, 2203-2205. (b) Monkowius, U.; Ritter, S.; Koenig, B.; Zabel,
M.; Yersin, H. Eur. J. Inorg. Chem. 2007, 4597-4606. (c) Richardson, C.;
Fitchett, C. M.; Keene, F. R.; Steel, P. J. Dalton Trans. 2008, 2534-2537.

(6) (a) Rodionov, V. O.; Fokin, V. V.; Finn, M. G. Angew. Chem., Int. Ed.
2005, 44, 2210-2215. (b) Huang, S.; Clark, R. J.; Zhu, L. Org. Lett. 2007, 9,
4999-5002. (c) Donnelly, P. S.; Zanatta, S. D.; Zammit, S. C.; White, J. M.;
Williams, S. J. Chem. Commun. 2008, 2459-2461.

(7) (a) Li, Y.; Huffman, J. C.; Flood, A. H. Chem. Commun. 2007, 2692—
2694. (b) Meudtner, R. M.; Ostermeier, M.; Goddard, R.; Limberg, C.;
Hecht, S. Chem.—FEur. J. 2007, 13, 9834-9840. (c) Schuster, E. M.;
Botoshansky, M.; Gandelman, M. Angew. Chem., Int. Ed. 2008, 47, 4555
4558. (d) Fletcher, J. T.; Bumgarner, B. J.; Engels, N. D.; Skoglund, D. A.
Organometallics 2008, 27, 5430-5433. (e) Schulze, B.; Friebe, C.; Hager,
M. D.; Winter, A.; Hoogenboom, R.; Goerls, H.; Schubert, U. S. Dalton
Trans. 2009, 787-794.
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Our interest was to tune in particular the electronic
properties of the bidentate 2-(1H-[1,2,3]triazol-4-yl)pyridine
ligands. This was accomplished by introducing electron-
donating and electron-withdrawing units on the S-position
of the pyridine ring with a 2-(1H-[1,2,3]triazol-4-yl)pyridine
system (trzpy) as central structural motive (Scheme 1). In the
present study the synthesis and the characterization of new
2-(1H-[1,2,3]triazol-4-yl)pyridine ligand systems with donor
and acceptor nature are described by using the efficient
Sonogashira coupling and the versatile copper(I)-catalyzed
azide—alkyne 1,3-cycloaddition intended for the ligand
synthesis as well as the subsequent coordination onto a bis-
(4,4’ -dimethyl-2,2"-bipyridine)ruthenium(II) precursor com-
plex. The photophysical properties were studied by UV-vis
and emission spectroscopy, cyclic voltammetry and analyzed
in detail by theoretical calculations.

The coordination to the ruthenium(IT) metal ion by using
bis(4,4'-dimethyl-2,2'-bipyridine) as ancillary ligand reve-
aled two interesting features. First, 2-(1H-[1,2,3]triazol-4-yl)-
pyridine systems are known to be potential luminescence
quenchers at room temperature as soon as they are attached
to a ruthenium(IT) metal ion® and, unexpectedly, the here-
in described heteroleptic ruthenium(IT) complexes bearing a
2-(1H-[1,2,3]triazol-4-yl)pyridine ligand furnished with an
acceptor unit overcame this luminescence quenching and
yielded in room temperature emission. Second, by replacing
the latter acceptor system with a donor structure the lumine-
scence at room temperature decreased considerably. There-
fore, time-dependent density functional theory calculations
(TD-DFT) were done to gain a deeper insight into the
photophysical processes.

Results and Discussion

Synthesis. The general procedure for the synthesis of donor-
type 2-(1 H-[1,2,3]triazol-4-yl)pyridine 5 is outlined in Scheme 2.
The Sonogashira cross-coupling’ and the CuUAAC™®* reaction
were the key reaction types for the construction of the targeted
ligand. Consecutive Sonogashira reactions with 2 mol % of Pd®
catalyst were carried out to synthesize intermediate 3. Subse-
quently, deprotection of the trimethylsilyl group (TMS) utilizing
fluoride ions afforded 4 in good yield (75%). The subsequent
CuAAC reaction provided the final product 5 (67% yield) by
using S mol % CuSO, and 25 mol % sodium ascorbate as the
catalytic system. The purity of 5 was proven by NMR spectro-
scopy, mass spectrometry, and elemental analysis.

The synthesis of the acceptor systems 10a—d also involved the
Sonogashira cross-coupling and the CuAAC reaction as syn-
thetic tools; however, a different synthetic approach had to be
used. The synthesis of a precursor compound similar to 3 with
electron-withdrawing substituents could not be performed. Asa
result, two alternative routes were applied to synthesize pre-
cursor compound 9 (Scheme 3). Though the first route consisted
of one step less, both routes gave comparable overall yields
(route 1: 61%; route 2: 51%). The reason for this observation
might be the efficient cleavage of the TMS group'? affording 6

(8) Happ, B.; Friebe, C.; Winter, A.; Hager, M. D.; Hoogenboom, R.;
Schubert, U. S. Chem.— Asian J. 2009, 4, 154-163.

(9) Analogue procedure: Bianchini, C.; Giambastiani, G.; Rios, I. G.;
Meli, A.; Oberhauser, W.; Sorace, L.; Toti, A. Organometallics 2007, 26,
5066-5078.

(10) Nakano, Y.; Ishizuka, K.; Muraoka, K.; Ohtani, H.; Takayama, Y .;
Sato, F. Org. Lett. 2004, 6, 2373-2376.
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SCHEME 1.
Ruthenium(IT) Complexes
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Schematic Representation of the Synthesis of the N-Heterocyclic Ligands and Their Corresponding Heteroleptic

Synthesis of the donor and acceptor ligand systems

N— 1) CuAAC

2) Pd-catalyzed Sonogashira coupling
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in quantitative yield. Subsequently, the ligands 10a—d were
obtained in good to high yields (70—93%) utilizing the straight-
forward Sonogashira cross-coupling with 2—4 mol % of the
palladium(0) catalyst. All final products were purified by col-
umn chromatography on silica and the purity was confirmed by
elemental analysis, high-resolution mass spectrometry (HR-
ESI-MS), as well as 'H and '*C NMR spectroscopy.

The second route turned out to be also a versatile way to
introduce an aromatic substituent in the N'-position of the
triazole as an alternative to the decyl-moiety in 10 (Scheme 4).
Substitution of the flexible alkyl-chain by a more rigid phenyl
ring should enhance the growth of single crystals, in particular of
the targeted heteroleptic Ru™ complexes. For this purpose, 6 was
allowed to react with phenylazide® using the CuAAC reaction

NO,

yielding compound 11 (45%) after cleavage of the isopropanol
protection group (Scheme 4). Finally, the Nl-phenyl-substituted
compound 12 was obtained by Sonogashira cross-coupling
reaction in good yield (77%).

Besides the systems featuring donor or acceptor units att-
ached to the pyridine ring (5, 10, and 12), also derivatives with
similar substituents in the N’-position of the 1H-[1,2,3]tri-
azole subunit were in the focus (Scheme S). For this purpose,
(1-azidophenyl)boronic acid® and 2-ethynylpyridine were con-
jugated by using the CuAAC reaction yielding 13. The purifica-
tion steps, ie. simple filtration and recrystallization from
ethanol, fully met the criteria of a “click reaction” as defi-
ned by Sharpless et al.** Following two times the standard
protocol for the Sonogashira cross-coupling reaction, the final

J. Org. Chem. Vol. 75, No. 12, 2010 4027
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SCHEME 2. Schematic Representation of the Synthesis of the Donor-Type Ligand 5
Pd(PPh3), Cul (cat.)
NEty/THF (1:1)
N N= 48h,40°C N N= /A L
7S|T@—Br —/\.n =\ — / O

= (Vo :
2 C6H13

1 THF/MeOH
15eq. KF, 15 h, 25°C

CioHa1 CuSO0,, NaAscorbate (cat.)
o I}JW*> _ <*> &M THRHO (9:1), 48 h, 25 °C L N= Cafia
Ney' N\ 7 \ 7 =\ /= 0
5 N3=CioHp1 4
SCHEME 3. Schematic Representation of the Synthesis of the Acceptor-Type Ligands 10
Route 2
Pd(PPhy),, Cul (cat.)
NEt,/THF (1:1)
v N= 48,60 °C N
_/S|T<\:/>78T /o. = =
Route 1 2 %—:
HO
1.5eq. KF
1.5 eq. NaOH (aq.) THF/MeOH (1:1)
MeOH, overnight 16 h, 25 °C
_ N= N= OH
=\ 7/ Br o
N\ 7/
7 6
CuS0, NaAscorbate
N3—CyoH 4, — CuS0O4, NaAscorbate
s=C1oM21 | B OHH,0 (7:3), 48 h, 25 °C No=Crotar | Eioiti,0 (7:3), 48 h, 25 °C
CioHa1e CioHa1.

z

8
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SCHEME 4. Schematic Representation of the Synthesis of the Acceptor-Type Ligand 12 Bearing an Aromatic Moiety
1) CuSO,4 NaAscorbate

5h,100°C

EtOH/H,0 (7:3), 48 h, 25 °C
2) Toluene, ground NaOH

Pd(PPhs)s, Cul (cat)
NEty/THF (1:1)
24 h, 45°C

SCHEME 5. Schematic Representation of the Synthesis of a 2-(1 H-[1,2,3]Triazol-4-yl)pyridyl Ligand with an Acceptor-Unit Attached

on the Triazole Ring

Br
1) 1.5 eq. NaN3 10 mol% CuSO4 N /©/
HQB C 5 24h, 25 °C, dry MeOH JN_ /N
r
/ — =N
HO 2) 1.1 eq. 2-ethynylpyridine, N
50 mol% NaAscorbate, 72 h, 50 °C 13

1) Pd(PPh3), Cul (cat.)
| NEty/THF (3:1)
S"* 2) 1 eq. NaOH, THF/MeOH (1:2)

Pd(PPhs),, Cul (cat.)

ﬁf//
NEt;/CH,Cl (3:1) / N\

acceptor-functionalized compound 15 was synthesized in mode-
rate yield (50%). However, the implementation of the O-alkyl
donor system in analogy to 5 was not yet successful.

The heteroleptic ruthenium(Il) complexes 16 to 18 of the
general structure [(dmbpy),RuL)(PF¢), (dmbpy =44'-di-
methyl-2,2'-bipyridine) were synthesized by heating Ru-
(dmbpy),CL3! and the appropriate ligands (L = 5, 10,
12, 15) under microwave irradiation (Table 1). After 2 h the
reactions were completed and a 10-fold excess of NH4PF¢
was added to precipitate the products. In most cases, pre-
cipitation occurred after 15 min and the pure complex was
isolated after washing with ethanol and diethyl ether in
moderate to very good yields (Table 1). Only 16¢ and 17
had to be recrystallized from ethanol/water. The latter fact
may explain the moderate yields obtained for these com-
plexes. The verification of the structures of 16—18 was
carried out by 'H and "*C NMR spectroscopy as well as
HR-ESI mass spectrometry.

(11) Rau, S.; Ruben, M.; Biittner, T.; Temme, C.; Dautz, S.; Gorls, H.;
Rudolph, M.; Walther, D.; Vos, J. G. J. Chem. Soc., Daiton Trans. 2000,
3649-3657.

Crystallographic Analysis. For the heteroleptic Ru'! com-
plex 17 single crystals suitable for X-ray crystallographic
analysis were obtained by slow diethyl ether diffusion reveal-
ing the coordination of the two 4,4'-dimethyl-2,2'-bipyridine
and the 2-(1H-[1,2,3]triazol-4-yl)pyridine ligand 12 to the
Ru'! core. The molecule crystallizes in a triclinic system with
PT symmetry (for ORTEP see the Supporting Information).
The structural parameters observed from 17 were compared
to the corresponding structurally related homoleptic com-
plex [Ru(bpy);](PFy),'? (Figure 2).

It is noteworthy that the interligand angle of the nitrogen
atoms in the square plane were similar for both complexes
(17: 170.40° and 174.40° [Ru(bpy)s](PFs),: 172.3°; see
Figure 2) resulting in a comparable distortion of the ideal
octahedral geometry. The bond length from ruthenium
to the coordinating nitrogen atom of the triazole ring
(N': 2.028(2), Figure 2) was shortened significantly compared

(12) Biner, M.; Buergi, H. B.; Ludi, A.; Roehr, C. J. Am. Chem. Soc.1992,
114, 5197-5203.

(13) Egbe, D. A. M.; Bader, C.; Nowotny, J.; Ginther, W_; Klemm, E.
Macromolecules 2003, 36, 5459-5469.
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TABLE 1.

Synthesis of the Heteroleptic Ruthenium(IT) Complexes

1) EtOH, microwave irradiation, R
2h,125°C
2) NH,PFe

=

16a-e, 17,18
Entry Compound Product Yield (%)
R'=0CeHys
1 16a R’=H 81
R® = n-CyoHa
R' =NO,
2 16b R'=H 88
R*=n-CioHy
=CF;
3 16¢ ’=H 48
R* = n-CyoHy
R'=H
4 16d RZ NO, 90
R®=n-CygHx
R'=H
5 16e R*=H 75
R1 = CioHzy
R'=NO,
6 17 R*=H 63
R = phenyl
Y\
=N _< >_< »—NO,
7 18 \R“"N\N = 7
N
Ly

g/’ 2PFg

to that of the adjacent coordinating nitrogen atom of the
bipyridine ring (N: 2.052(1), Figure 2). In contrast, the bond
length of the opposed coordinating nitrogen to the triazole
nitrogen was not reduced but comparable to that of bipyridine.
This observation could be rationalized by the expected higher
m-acceptor strength of the triazole ring and, consequently, the
increased z-back-bonding resulting in a reduced bond length.
Additionally, the distance between the ruthenium center and
the nitrogen atom of the pyridine moiety of 12 was elongated
considerably (N: 2.102(1), Figure 2). This fact derives from a
reduction of electron density of this bond in concert with an
increased st-back-bonding toward the triazole ring.
Electrochemical Properties. The complexes 16a—e were
subsequently characterized by cyclic voltammetry (CV). The

Happ et al.

K\ N
2.102(1)

W
"

4
2088(1) g TN
170 ‘V/Ru\
2.052(1) N \_{

o
78,9 N

2.057(3) ”"u,

N/\‘/ >57 3)

2 ozs(z) 76.9°
N

FIGURE 2. A comparison of bond angles and bond lengths derived
from the crystallggraphic analysis. Left: Ru'" complex 17. Right:
Ru(bpy)s(PF¢),.'*
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FIGURE 3. Cyclic voltammograms of ruthenium(Il) complexes
16a to 16 (10~ * M, CH;CN containing 0.1 M TBAPF).

electrochemical properties are presented in Table 2 and
Figure 3.

In all cases a first reversible oxidation wave occurred at
around 0.85 V (vs F¢/Fc ™) that can be assigned to a Ru™/Ru'™
oxidation process. Furthermore, compound 16a showed a
second oxidation process at 1.28 V, probably originating from
an oxidation process of the triazole ligand. Due to the absence
of electron-donating substituents at the triazole ligand, the
respective ligand-centered z-orbitals are more stabilized for
complexes 16b—e and, therefore, no such oxidation processes
were visible in the CV spectrum.

In contrast to the other systems, the nitro-containing
complexes 16b and 16d featured a single reversible reduction
wave at around —1.35 V vs Fc/Fc™ that could be assigned to
a triazole ligand-based reduction process. Both complexes
provided a strongly electron-withdrawing substituent caus-
ing a stabilization of the triazole-ligand-located antibonding

TABLE 2.  Electrochemical Data of Selected Ru™ Complexes

complex Eipp.ox [VI° Eypsea [VI° ESP [eV) ENOMO [eV]F EMMO [V
16a 0.82,1.28 —1.85, —2.06, —2.23 2.48 —5.62 —3.18
16b 0.88 —1.34,-1.97, —2.18 2.43 —5.67 =3.70
16¢ 0.84 —1.89,-2.13 244 —5.69 =321
16d 0.88 —1.36, —1.98, —2.11 2.43 —5.64 —3.62
16e 0.84 —1.85,-2.03, —2.18 2.49 —5.64 -3.17

“Measurements were performed in CH5CN containing 0.1 M TBAPFy. The potentials are given vs ferrocene/ferricinium (Fe/Fc ™) couple. *Estimated
from the UV—vis spectra at 10% of the maximum of the longest-wavelength absorption band on the low-energy side. “Determined using ETOMO =

—[(Eonset,ox — Eonset,Fe/rer) — 4.8]eV and ELUMO

—[(Eouset,red — Eonset,Foret) — 4.8]eV, respectively."

4030 J. Org. Chem. Vol. 75, No. 12, 2010

-78 -



PUBLICATION A1

Happ et al.

FTABLE 3. Photophysical Data of the Dopor- and Acceptor-Type
Ligands

compound Aas 03] (£ 1107 Lomot ™ eom™TH® Aoy (0]
5 250 (2, 323 (32, 3385 (30) 378
Ha 273 (26), 343 (47) b
10b 271 (30, 315 (330, 338 (213 -
i 297 (24y, 315 (32), 329 (26) 363
10d 297 (243, 315 (26, 329 (25 358
iz 270 (18), 342 (25) b

“Eor all measurements: 10° M solution {CH-CEY, For emission
measurements: excitation at longest absorption wavelength. “No emis-
sicn detectable at room temperature.

aF.-orbitals (g.v. results of the DFT calculations). Starting at
— 1.8 Vall five complexes showed additional reduction waves
deriving from lgand-based (dmbpy and triazole ligand)
st-orbitals.

Photophysical Properties. The UV--vis absorption and
emission data of the donor- and acceptor-type systems are
depicted in Table 3. As expected, lgand 18a (nitro-moiety in
the para-position) revealed the largest bathochromic shift in
the absorption spectrum, but did not show fluorescence at
room temperature, In contrast to 18a, the donor-system 5 as
well as the acceptor ligands without nitro groups (10c/d)
revealed room temperature emission. Compoand 3 showed
the largest Stokes shift of 3130 em ™! whereas 10c and 104
featured remarkably small Stokes shifts (#0e; 1220 cm ™%
10d: 1240 cm™ Y. The reason for the large Stokes shift of 5
was probably caused by the charge transfer nature of the
electronie transition.

The optical preperties of the heteroleptic ruthenium(IT}
complexes are summarized in Table 4. A common feature of
all complexes was a broad absorption band at around 400 1o
500 nm, which could be assigned mainly to various metal-to-
ligand charge-transter (MLCT) traasitions between the ruthe-
nium metal center and either the 4,4’ -dimethyl-2.2 - bipyridine
or the triazole ligand (see DFT caleulations). All complexes
possessed extinction coefficients of about 20000 M " cm ™,
whereas the alkexy and the unsubstituted systems showed
slightly higher values (24000 and 21000 M™'.om™Y) than
their trifluoromethyl (18000 M ™ -cm™) a1 even nitro coun-
terparts (12000 and 13600 M -cm™). Between 300 and
480 rm, the complexes investigated herein exhibited different
absorption behavior concerning their wavelengih maxima and
band shape. Therefore, this region seemed to be dominated by
intraligand (IL) transitions, namely located at the triazole hgand.
A comparison with the respective absorption spectra of triazole
ligands (Table 3) supported this assumption. At 286 nma strong
absorption (65 00010 133000 M Foem ™Yy could be observed for
all complexes, most likely originating from a dimbpy-located L
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transition. More bands were present below 280 nm that arose
from forther MLCT. ligand-to-ligand charge transter (LLCT)
and metal-centered (MC) d—d transitions, respectively,

The observed emission energies {Table 4) showed a clear
dependency on the used substituent. Starting at 602 nm inthe
case of the alkoxy-containing svstem, the emission was
strongly red-shifted to 621 nm for the unsubstituted triavole
ligand and to 640 and even 674 nm in the case of the com-
plexes possessing an o- and p-nitrophenyl moiety, respec-
tively, This trend was most Jikely caused by the stabilization
of the ar*-orbitals focared at the triazole ligand via introduc-
tion of electron-withdrawing groups. These orbitals are, at
least in case of electron-acceptor substituents, supposed to be
involved in the emissive *MLCT state, so that a lower energy
fevel led to decreased emission energy.

Also depicted in Table 4 are the photoluminescence quan-
tum yields (Pp) of the rutheninm{T) systems. At least in
aerated acetonitrile, the ®py values were rather low {around
0.1% for 16a—e, nearly no emission in the case of phenyl-
substituted 17 and aboul 0.3% for the “inverse” system 18).
When changing (o dichloromethane as solvent, the emission
efficiencies rose and a significant difference between the
donor- (16a) and the acceptor-substituted complex (16h)
became obvious (0.3% and 2.2%, respectively).

DFT Caledations. To gain a more detafled insight into the
photophysical properties of the acceptor- and donor-based
complexes, density functional theory (DFT) and time-depended
{TD) DFT (B3LYP/6-31G*} calculations were performed.
DFT/TD-DFT studies on Ru(T]) polypyridyl complexes have
been successtully used to understand and rationalize the experi-
mental photophysical features of these complexes.”” Figure 4
shows the obtained Kohn—Sham frontier orbitals and energy
level schemes of the ground state optimized geometries of
complexes 6a and 16h. In complex 16h the highest occupied
molecular orbitals (HOMOs) were the set ty, of the central Ru®
atom. A m-orbital localized in the 2-(LA{L2 3 triaxol-4-v1)-
pyridine ligand {77y} was lower in energy corresponding o
the HOMO-3. These orbitals were in different order in the
complex 16a: The sy corresponded to the HOMG orbital and
the set tp, of orbitals was found lower in energy. Both com-
plexes 16a and 16h also differed in the order of the lowest
unoccupied molecular orbitals {LUMO). In the case of the
acceptor-type compound the LUNMO orbital corresponded to a
seanttbonding orbital located in the 2-(1 H-[1.2,3}irtazol-4-y1}-
pyridine ligand (7% ), while this orbital was shifted to the
LUMO+2 in complex 6a. In 16a the LUMO possessed
m-antibonding character and was located on the dmbpy ligand
{1 gopy ). SUbstitution of the 2-(1H-{1,2,3|triazol-4-yhpyridine
figand with an electron-donating or -withdrawing group,

TABLE 4. Photophysical Data Recorded for the Ru" Complexas
complex At 78] €& 1307 Lomol o P57 iy [0]” Ppy "
16a 206 (145.6), 286 (133,13, 333 {58.8), 435 £23.0) 602 ©.001 10,0059
16h 209 (38.4), 286 {63.4), 328 (38.6}, 441 (11.6) 674 4,061 {80227
16c 200 (8813, 286 {10393, 3125 (51,64, 440 (18.3) 620 8.062
16d 208 (66,6}, 286 {T4.7), 3415 (22.6), 442 (12.4) 64} £.0¢1
16e 205 (131.1), 286 {125.6}, 3155 (60.9), 438 (20.6) 624 4.061
17 206 (83.7), 280 {76.9), 326 (325}, 440 (12.8) 642 <4001
18 195 (102.9), 286 (83,1}, 3106 (40,53, 442 {125} 610 4.003
“For all TSRS HSTIents! 107 M solution in aesated CHRCN at room termperatare. For emission measurements: sxeitation at longest absorption
wavelength. *s” signifies absorption shoulder. “Photoluminescence quantum vivids determined with [Rufbpy)(PFq, {@py = 0.062) as standard.'®

Measured in aerated CH,Clh solution at room Lemperature { 17 M),

JOrg. Chem, Fol. 73, No. 12, 210 4031
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FIGURE 4. Energy level scheme for the Kohn—Sham orbitals of complexes 16a and 16b, including the most relevant Kohn—Sham orbitals

and the HOMO—LUMO gaps calculated with B3LYP/6-31G*.

respectively, had therefore an important influence on the
energy level and ordering of the molecular orbitals.

The set e, of Ru' orbitals was, as shown in Figure 4,
strongly destabilized. Thus, the d.» and d,.—,. orbitals corre-
sponded to LUMO+10 and LUMO+11 in complex 16a,
respectively, while in complex 16b they related to the orbitals
LUMO+12 and LUMO+14. The energetic gaps between the
HOMO and LUMO levels are also shown in Figure 4. We
obtained theoretical HOMO—LUMO gaps of 3.10 and 3.22
eV for 16a and 16b, respectively.

Figure 5 shows the theoretical UV—vis spectra of com-
plexes 16a and 16b vs the experimental ones. Table 5 collects
the main TD-DFT electronic excitations recorded in the
presence of solvent (i.e., CH,CL). A fairly good agreement
between experiment and theory was observed, notwithstand-
ing that TD-DFT generally tends to underestimate the
energy of the charge-transfer states,'® even if it is well-
established that hybrid functionals, such as B3LYP, are less
affected by this problem.!” However, the combination of a

(14) (a) Demas, J. N; Crosby, G. A. J. Phys. Chem. 1971, 75, 991-1024.
(b) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, B.; von
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85-277.

(15) (a) Vicek, A., Jr; Zalis, S. Coord. Chem. Rev. 2007, 251, 258-287.
(b) Charlot, M.-F.; Aukauloo, A. J. Phys. Chem. A 2007, 111,11661-11672.
(c) Abbotto, A.; Barolo, C.; Bellotto, L.; De Angelis, F.; Gritzel, M.;
Manfredi, N.; Marinzi, C.; Fantacci, S.; Yum, J.-H.; Nazeeruddin, M. K.
Chem. Comumun. 2008, 5318-5320.

(16) Dreuw, A.; Head-Gordon, M. Chem. Rev. 2005, 103, 4009-4037.

(17) Dreuw, A.; Weisman, J. L.; Head-Gordon, M. J. Chem. Phys. 2003,
119,2943-2946.
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hybrid functional and the consideration of solvent effects on
the electronic excitations seemed to be a reasonable app-
roach to reproduce the photophysical properties of the
ruthenium(IT) complexes (with errors amounting to approxi-
mately 0.3 eV). The main features of the experimental spectra
were reproduced. Three main bands were obtained for both
complexes 16a and 16b. As seen in Figure 5, no absorption
for both compounds was theoretically predicted beyond
470 nm. Experimentally, absorption was recorded up to
500 nm. The tail between 470 and 520 nm, where singlet—
singlet excitations are dark or do not exist, should then be
attributed to singlet—triplet excitations (due to non-negligi-
ble spin—orbit coupling for the ruthenium atom).

The effect of substitution with an acceptor or a donor unit
attached in the S-position of the pyridine ring had a signi-
ficant influence on the nature as well as on the position of the
UV—vis bands. Thus, in the case of 16a, the low-energy
broad band centered around 440 nm could be assigned to
different singlet—singlet electronic excitations of MLCT
character (see Sy, Sg, and So in Table 5) as well as LLCT
character (see Sz and S7 in Table 5). Although a very similar
broad band was obtained in the case of compound 16b, the
character of the underlying transitions was different. In
complex 16b this band was mainly composed of MLCT
states (see Sy, Ss, Sg, and Sg in Table 5).

The explanation of the different character of the low-
energy bands of 16a and 16b could be found by analyzing
the orbitals involved in these transitions. For instance, the
LLCT states (S5 and S;) of compound 16b, which involved
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TABLES. Main Theoretical Electronic Transition Energies (AE) with Corresponding Oscillator Strengths (f) and Assignment for Complexes 16a and 16b
16a 16b
state AE (nm) f assignment state AE (nm) f assignment
Si 477 0.003 Aoy = T dmbpy (0.53) MLCT N 479 0.010 dyy — ¥ (0.66) MLCT
S, 462 0.003 dyy = T gmpy (0.59) MLCT S, 466 0.011 dyy = ¥ ampy (0.65) MLCT
S5 453 0.056 T = 7 ambpy (0.53) LLCT S, 448 0.023 d,, — 7% (0.66) MLCT
S4 441 0.162 dy, — ¥, (0.51) MLCT Ss 439 0.065 d,, — a*L (0.54) MLCT
S, 430 0.180 7, = T* gemppy (0.54) LLCT Sg 433 0.030 oz = 0 gy (0.49) MLCT
Ss 425 0.191 Ay = T amppy (—0.35) MLCT Ss 414 0.136 e — T gy (0.40) MLCT
7 — ¥ (0.35) IL dyz = 0 gmpy (0.43) MLCT
S 420 0.313 dz = T amipy (0.44) MLCT So 395 0.124 dyz = T dmpy (0.54) MLCT
Sig 407 0.104 d,, — 7*1 (0.63) MLCT Sip 371 1.262 7 — ay (0.63) IL
Sy 401 0.243 dy. = T grmpy (0.45) MLCT Sis 348 0.039 d,.— @% 1 (0.54) MLCT
Si3 360 0.192 1 — ;. (0.61) IL Syy 312 0.071 o= % by (—0.29) MLCT
dyz = 7 dmppy (0.30) MLCT
dyz— T gy (0.32) MLCT
S1 307 0.094 o — 7 gmpopy (0.51) MLCT S 305 0.116 2= % gumpy (0.44) MLCT
dyy = 7% dmbpy (—0.38) MLCT
Ss 306 0.034 dyy = T amppy (0.37) MLCT Si 294 0.066 d,.— a*;, (0.47) MLCT
S4r 282 0.234 ay — 7y, (0.52) IL Suo 276 0.284 Tammbpy = T* dmpy (0.41) TL
S5 276 0.177 Tambpy — @1, (0.54) LLCT Sso 274 0.419 Tambpy — T* dmbpy (0.33) TL
Ssy 273 0.286 Tambpy — T dmbpy (0.25) LLCT Ss, 273 0.286 Tambpy = T ambpy (0.23) L
dp.— doo—37 (0.24) MC Tambpy = T amopy (—0.22) IL
Sss 273 0.509 Tambpy — @ 1 (0.27) LLCT Ss4 265 0.146 o, — ¥y, (0.54) IL
Tambpy — T dmbpy (—0.23) IL
Tambpy — T dmbpy (0.23) IL
12 T i T second band, located experimentally around 360 and 340 nm
in complexes 16a and 16b, respectively, was characterized by
the same electronic excitations (S;3 and S for compounds
= 16a and 16b, respectively). These corresponded to intra-
s ligand (IL) states, which involved local mr;, — %1 electronic
g excitations within the 2-(1 H-[1,2,3]triazol-4-yl)pyridine liga-
8 nd. Finally, the most intense peak centered at 286 nm in both
§ complexes was mainly due to IL states in 16b and states of IL
< and LLCT character in the case of 16a (see Table 5). In the
case of 16a, one of these states (Ss4) was mixed with a MC
transition, involving an electronic excitation from the d,.
orbital to the unoccupied d,.,» orbital.
Concerning the emission behavior, the trzpy-type ligand
12+ Su . ; i
ror systems are known to be potential luminescence quenchers and
_ i the ruthenium(IT) complexes reported previously did not show
; any luminescence at room temperature.”* Also the complexes
g ] ] presented in this contribution showed only very weak emission
§ [ \N,,,,_vT A2 | intensities (see Table 4). For excited Ru™! polypyridyl complexes
s /@( TA it is well-known that the triplet excited states are populated
Q Ny N-N . . . . . /- .
< )\Lg Culy 4 rapidly via efficient intersystem crossings (ISC) from the singlet
photoexcited states'® (due to the strong spin—orbit coupling of
0.2 Sy S S . ] the ruthenium center). Afterward, relaxation to the lowest triplet
o il Al a1 | NN excited state (T;) follows. Obviously, the nature of the low-lying

300 350 400 450 500
Wavelength (nm)

FIGURE 5. Experimental spectra of complexes 16a (top) and 16b
(bottom) in solid lines superimposed to the TD-DFT (B3LYP/
6-31G* in CH,Cl,) vertical excitations. The main electronic states
are highlighted (see Table 5 for assignments).

electronic transitions from the same z-orbital localized in
the 2-(1H-[1,2,3]triazol-4-yl)pyridine ligand (77 to different
m-antibonding orbitals located on the dmbpy ligands
(7* gmbpy)> appeared lower in energy in 16a. This fact was
due to the destabilization of the 77y orbital in the donor-based
compound as compared to the same orbital in the acceptor-
based compound (recall that the 7y orbital is the HOMO in
compound 16a but the HOMO-3 in 16b, see Figure 4). The

singlets and triplets excited states should determine the effective-
ness of the ISC. As revealed, different singlet excited states were
obtained for complexes 16a and 16b and, consequently, a
different emission behavior was expected. We are currently
developing a methodology to estimate the phosphorescence rates
and the quantum yields, based on accurate estimation of the
spin—orbit couplings between the singlet and triplet manifolds
which, in turn, determine the ISC rates.

Conclusions

New 2-(1H-[1,2,3]triazol-4-yl)pyridine bidentate ligands
were synthesized as bipyridine analogs, whereas different

(18) Bhasikuttan, A. C.; Suzuki, M.; Nakashima, S.; Okada, T. J. Am.
Chem. Soc. 2002, 124, 8398-8345.
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phenylacetylene moieties of donor and acceplor nature,
respectively, were attached at the 5-position of the pyridine
unit. The moieties featured a crucial influence on the
electronic properties of these ligands. In addition, the N-
heterocyelic hgands were coordinated to the ruthenium{(if)
metal ion by using the bis(4.4"-dimethyl-2.2-bipyridine-
yuthenivm{T) precursor. The Ra" complex with elec-
ron-donor pature revealed considerable wealker lumin-
escence intensity at room temperature in contrast to the
one with accepior capability revealing remarkable lumines-
cence at room temperature in CH,C Furthermore,
2-{1H-[1.2 3}triazol-4-yDpyridive systems are known to be
potential luminescence quenchers at room temperature as
soon as they are attached to a ruthemium(Il} metal fon. All
herein described heteroleptic ruthenium(ll) compleses over-
came this liminescence quenching and led to room tempera-
ture emission in acefonitrile. The highest quantum vield
could be found for the Ru” complex 16b (& = 0.02) bearing
a nitro group o the para-position of the phesylacetviene
subunit,

Experimental Section

Materials and Instrumentation. Unless noted otherwise, all
reagents were acquired from commercisl sources and wsed
without further purification. Solvents were dried and distilled
according to standard procedures and stored under argon. I not
specified otherwise solvents were degassed by bubbling with
argon 1k before use, All reactions were performed in ale-dried
flasks under an argon atmosphere uniess stated otherwise.
Purification of reaction products was carried out by column
chromatography with 40+ 63w sifica gel. Analyticad thin layer
chromatography (TLC) was pufmmcd on silica sheets pre-
coated with silies gel 60 F254 and visualization was accom-
plished with UV lght {254 nm). The heteroleptic rathenium(Il)
complexes were synthesized by microwave-assisted reactions,
using a Biotage Initiator ExpEU (maximum power: 400 W:
working frequency: 2430 MHz) with ¢losed reaction vinls.
Draring the experiments the lem;[)_cralurc and the pressure pro-
files were detected. 1D-("H and ) and 2D-("H~"H 2C0SY)
nuclear magnetic resonance spectra were recorded at 298 K.
Chernical shifts are reported in parts per million {ppm, & scale)
refative to the signal of the applied solvent. Coupling constants
are given in hertz. Data are reported as follows: multiplicity
(ap = apparent, br = broad. s = singlet, d = doublet, t = tripiet,
¢ = quartet, m = multiplet).

Compuatational Details. The geometries of 16a and #6b were
optimized in the electronic singlet zround state vsing density
functional theory (DFT) with the hybrid functional B3LYPP-
and the 6-31G* basis set for all atoms. Relativistic effects were
inchuded in the Ru atom, using the DCP-28-mwb Stattgart/
Dyresden pseudopotential.”’ For computational case the struc-
tures were reduced by substitution of the decyl chain attached to
the trigzole ring by & methyl growp and in the casc of cormpound
16b, additionally the hexyloxy group of 16a was replaced by a
methoxy group. The lowest-lying 55 vertical singlet electronie
excitation energies were oblained by using TD-DFT at the S,
optiutized geometries. This caleulation was performed in solu-
tion with CHCly as solvent with the polarization contingum

A L) J. Chere, Phys. 1993, 98, 56485052,
("fé)icc T s W.T: Parr, R.G. Phys. Rev. B 1988, 37, 185-789.
(213 Andrae, D Hdl crmann, U; Dolg, M Sto, H.; Prewss, H. Theor,
Chim. Acia 1998, 7 3-141.
| rone, V. Menuee, B Tomasi, 3. Chem. Phys. Lent.

{23 3 Meuucu B.; Tomasi, L J. Chenr Phys, 1997, 136, 5151-5158,
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model,? 5 (¢ = 8.93). All the c.i]cumnoms were performed with
the Gaussiand3 progrim package.®*

1-Ethynyl-d-(hexyloxyibenzene { 1) t-Lodo-4-{hexyloxy)-
bepzene (1.5 g 493 mmol, tcnA}qs(lriphenylphosphinﬂ)«
palladium(0) (114 mg, 0.1 mmol), and Caf (20 mg, 0.1 mmol)
were disselved ina degassed NEG/ THF mixture (3:7 ratio, 35mL)
at room temperature, After trimetbylsilyiacetylene (0.7 ml., 493
mmol) wis added quickly through a syringe, the solution was
stirred for 24 h at room temperature. The salts formed were
filtered off, and the solution was evaporated under reduced
prassure. The vellow oil was purified by a chromatographic fil-
tration over a silica gel pad (toluence as elient) yielding pure
I-(trimethylsily )alhvm i-4-(hexyloxyvibensene. Subsequently, the
sitvlated compound was dissolved in a mixture of THF and
methanol and aq NaOH (5 M, | mL) was added. The reaction
mixture was stirred overnight at room temperaturs and then
extracted with dichloromethane after adding brine (30 mL). The
organic extract was dried over anhydrous MgSGy and subsequent
gel filtration (silica, tofueney afforded the pure, coloriess product
(091 g, 91%).

5-Bromo-2-({trimethylsilyDethynylpyridine (2).¢ 2,5-Dibro-
mopyridine (3.5 g, 14.8 mmel}, tetrakis(triphenylphosphine)-
palladivm(0) (347 mg, 0.3 mmol), and Cul (57 mg, 0.3 mmoel)
were dissolved in a degassed NIt/ THE mixture (3:7 ratio,
50 mi) at 0 °C. After trimethylsilylacetylens (2.09 mL,
14.8 munol) was added quickly through a syringe, the solution
wits stirred for 2 h at 0 °C and was then allowed to stir at room
tepiperature overnight. The saits formed were [iltered off, and
the solution was evaporated under reduced pressure. The dark
orange oil was purified by a chromatographic filiration over a
silica zel pad (toluene as eluent) providing the product as vellow
otl, which solidifics upon standing at room temperature alter
one weele, Finally, purification by gentle sublimation (3.3 1072
mbuar, 60 °C) afforded the pure product as a white powder (3.25
2, RO

2-Fthyny §-S-{(4—(1mwlﬂxv)piienvk)ethvmi}pwridine (4}, 5-Bromo-~
2-t{rimethvisiiybethwnylipyridine (2, 1.0 g, 4 mmol), P-ethynyl-
4- (huxy]ox)}bmzcm (1, 08 g, 4 mmol), tetrakis{triphenyl-
phosphinejpaliadinm(0y (90 me, 0.08 mmoely, and Cul (16 mg,
0.08 mmol) were disselved in a degassed Nt/ THE mixture
{3:7 ratio, 35 mL) at room temperature and the solstion
was stirred for 48 h at reom temperature. The salts formed
were filtered off, and the selution was evaporated under redu-
ced pressure. The dork red oil was purified by a gel filtration
over silica (tolucne as eluent). The obtained 2-(trimethylsityl)-
ethynyl-3-{{4-(hexyloxy)phenybethyryDpyridine was desilylated
by dissolving in THF/MecOH (1:2 ratio, 30 mL) and treating
with an equimolar amount of potassium {fuoride. The red solu-
tion was stirred overnight under an argon atmosphere. Alter
that the reaction mixture was concentrated under vacuum and

(”4} Frisch, M. L Trocks, Go W Schiegel, H. B.; Scuseria, G, E.; Robb,
b “h L AL Jr Vreeven, T Kudin, KN
asl, F.; BdXOH\, V. Menmucel,
. B Flada,

4 akajimae,

. Nakai, H I\Eum M. Hratchian,

cen, V.o Adamo, O Somperts, R
&a(ws O Mmm /\ X ‘C :Ochterskd,
3

BaEmul /\ ( ( Mfotd Chos 1 Stefanov. B
. A Biskorz, PO Ko 1, L M R :Yux D

!)7 Revision
{25) Chang, 1. ;
Chem. Maier, 2000, 7 10761082,
{26) Bianchini, C.; Glambastiani, (G; Rios, L G Meli, A Oberhauser,
Wi Sorace, L. Toti, A Organomelallics 2007, 26, 50665078,
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purified by means of gel filtzation on silica gel yielding the
desired product as a slight yellow powder {1.06 o, 87%). 'H
NMR {CDCl, 300 MEz) § 8.62(d, J = 1.3 Hz, 1H). 7.73 (dd,
J = 81Hz, J = 2.1 He, 1H), 7.49~7.42 (m, 3H), 6.91--6.85 (m,
2H), 3.97 (1, *T = 6.6 Hz, 2H), 3.25 (s, LH), 1.79-1.74 {m, 2H),
1.49—1.30 (m, 651}, 0.91 (1, F = 6.8 Hz, 35). C NMR (CDCT;,
T5MHZ) S 1598, 152.2, 140.3, 138.1, 133.2, 126,71, 120.7,114.7,
134.0, 949, B4.5, B2.6, 78.6, 68,1, 31.5, 29.1, 25.7, 22.6, 14.0.
Anal, Caled Tor Cy Hyy NO: C83.13, H 6.98, N 4.62. Found: C
8278, H7.08 N 492,

2{1-Deeyl-LH-{1,2, 3}rtazobd-yD-5-({4-(hexyioxyphenyl)-
ethynylpyridine (8). A sealed microwave vial with 1-hromode-
canc (91 mg, 0.41 mmoD and 1.5 equiv of sodivm azide (40 mg}
in DMSO (5 mL) was heated under microwave irradiation for
1 hat 100 °C, Water was then added to guench the reaction and
the product was extracted into diethyl ether, washed with brine,
and dried over Ma; S0y, The solution was subsequently reduced
in vacuo o vield l-azidodecane (95%). The organic azide,
2-ethynyl-S-{{d-(hexyloxy)phenylethynylipyridine (4, 127 mg,
.42 mmol), CuSO4 (7 mg, 0.042 mmol, dissolved in 0.5 mL
water), and sodium ascorbate (42 mg, 6.21 mmel, dissolved in
1 mL water) were dissolved in THF (15 mL) and the reaction
mixture was stirred for 24 h at room temperature. Subsequently,
sthylenediaminetetraacstic acid-containing water (60 mL) was
added to the reaction mixture and the product was extracted
with CH,Cls, Gel filtration on silica {CHCI;/EtQAe 1:1 ratio}
and subsequent column chromatography (silica, CHCL/EtOAe
20:1 ratio) providesd the pure product as white powder (134 mg,
67%) TH NMR (CDCl;, 300 MH2) 4 8.68 (5, 1H), 8.13-8.11
{m, 2H), 7.86 (dd, J = 8.2 Hz, J = 2.1 Hz, 1H), 7.46—7.42 (m,
2HD), 6.86-6.82 (mm, 2H)L, 4.4 (1, F = 7.2Hz 2H). 3.97 (1, J = 6.5
Hz, 2H), 1.94-1.88 {m, 2H), 1.79-1.76 (m, 2H), 1.48-1.22 (m,
20H), 0.87-0.81 (m, 6H). PO NMR (CDCs, 75 ME2) 6 159.5,
151.6, 148.7, 1478, 139.0, 133.0, 122.0, 1i%.6, 1193, 1145,
114.3, 93.1, 84.8, 68.0, 50.4, 31.7, 31.5, 30.1, 2.3, 29.2, 29.1,
29.0, 28.9, 26.3, 25,6, 22.5, 22.5, 14.0, 13.9. Anal. Caled for
Oy HyeNO: C76.50, F 870, N 1151 Found: € 76.52, H 8.79,
NI1L7L

4-(6-Ethynylipyridin-3-yI)-2-methylbat-3-yo-2-01 (6.7 To a
degassed solution of S-bromo-2-[{trimethylsilyDethynylipyridine
{2, 1.5 g 5.9 mmoll Cul (23 mg, 6.12 nmol), and PAPPIR), (140
mg, 0.12 mumel) in tricthylamine (50 mL}) was added 2-methyl-3-
butyn-2-ol (.58 mE, 5.9 mmol) and the reaction mixture was
stirrad for 24 hat 55 °C. The mixture was diluted with diethyl
ather, washed once with brine, and dried over MzSCy. Concen-
tration in vacuo vielded the crude product, which was purified
by chromatography on sthica gel (chlovoform/ethyl acetate 1)
to wfford 5-(3-hyvdroxy-3-methyl-1-butynyl)-2-{uisopropylsilyly-
ethynyllpyridine. To a stirred sofution of the latter product in
methano! (S0 mL) was added solid potassivm fluoride (1.5 equiv),
and the mixture was stirred ot room temperature overnight under
an argon atmosphere. Subsequently, the reaction mixture was
filtered by means of gel fltration on sthca gel {chloroform/ethyl
acetate 4:1) and concentrated in vacue vielding the desired
product as an orange powder (670 mg, 619}

S-Bromo-2-ethynylpyridine (7).% To a solution of 2,5-dibromo-
pyridine (7 g, 30 pumol), Cul (70 mg, 0.37 mmol), and Pd-
{PPha)y (260 mg, 0.37 mmol) in degassed NEG/THFE (1:1 ratio,
100 mL) was added trimethylsilylacetylene (4.2 mE, 30 mmol).
The misture was stired at room temperature overnight under
argon atmosphere. After removal of the solvent under reduced
pressure, the residue was purified by gel filtvation (CHCYy) fo vield
2-giramethylsilyDethvnyl-S-bromopyridine as off-white powder
(6.95 g, 92%). Subsequently, the compound was dissolved in

{27y Nakano, Y.; Ishizoka, K.; Muraoka, K.; Chtani, H.; Taksyama, Y.,
Sato, F. Org. Lert, 2004, 2376,
{28y Tilley, J. W, Zawoiski, S, F. Qrg. Chemn. 1988, 53, 186394,
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methanc! (80 mL) and treated with ag NaOH {3 M, 12 mL).
The yellow solution was stirred overnight, whereupon the solttion
tarned black, Subsequent gel fitration on silica (CHCy) yiekded
the product as white powder (3.79 g, 69%46).

S-Bromo-2-{ 1-decyl-1 H+{1,2,3jtriazol-4-ylpyridine (8). 3-Bromo-
2-ethynylpyridine (7, 1.04 g, 5.45 mmel) and 1-azidodecane
{sce synthesis of 8, LU0 g, 5435 mmol) were dissolved in an
ethanol/water mixture (7:1 ratio, 70 mL), using a round-
bottomed flask (100mL). Then copper(11) suifate (80 mg, 0.5 mumol,
dissolved in 3 mL of water) and sodinm ascorbate (490 me,
2.5 mmol, dissolved in 4 mL of water) were added. The reaction
mixture turned yelow after a while and was stirred for 72 h at
25 °C. The yellow precipitate was filtered and washed with
cthanol. After reerystallization from ethanol the pure product
was obtained as colorless crystals (135 g, 67%). "H NMR
(CDCE, 300 MHzy 6 86l (5, 1H), 809807 (m, 2H),
789786 (m, TH), 440 (1, J = 7.2 Hz, 2H), 1.94-1.8% (m,
2H), 1L34-1.24 (m, 14H), 0.87-081 (m, 3H). PC NMR
(CDClL, 75 MHz) 0 1503, 1489, 147.4, 1394, 121.9, 121.3,
1193, 50.5, 31.8, 30.2, 29.4, 29.3, 29.2, 28.9, 26.4, 22.6, 14.0.
Anal, Caled for CypHasBriMge C 5589, H 6.90, N 15.34. Found:
C 5622, H 7.23, N 14.98.

2-{1-Decyb1 H-{ 1,2 Jtrinzol-d-y-S-cthynylpyridine (9, Route 1),
4-(6-Ethynylpyridin-3-y1)-2-methylbut-3-yn-2-0] (5, 300 mg, LS8
mmol) and -andodecans {see synthesis of 5, 275 mg, L5 mmoD)
were dissolved in an ethanolfwater mixture {7:3 ratio, 30 mL), using
a round-bottomed flask (100 mL). Then copper(TD) sulfate (24 mg.
.15 mmol, dissolved in | mL of water) and sodium ascorbate
{150 myg, 8.75 mraol, dissolved in 1 mk of water) were added. The
reaction mixture turned green after a while and was stirred for 721
at 50 “C. Subsequently, an excess of water was poured into the
reaction mixture (100 mL) and the arude produet precipitated and
was filtered of . Gelfilration on sifica ({CHCL/FOAC L) provided
4-(6-(1-decyl-1 H{1,2 3friazole-4-yDpyridin-3-yH-2-methyibut-
3-yn-2-0] as white powder (490 mg, 85%). This intermediate was
dissolved in dry toluene (30 mL). After adding ground NaOH
(200 mg, 5 mmoi) and KOH (150 mg. 2.6 mmol) the reaction
mixture was refluxed for 5 h. Subsequent column chromatography
on silica (CHCL/EtOAC 2:1 ratio) yiclded 2-(1-deeyl-11-1.2,3]-
triazole-d-yl)-5-ethynylpyriding as transparent crystals (303 mg,
T4%). "H NMR (CDCl,, 300 MHz) 8 8.67 (d, J = 1.6 Hz, 1H),
8.20--8.14 G, 2H), 789783 (m, 1H), 441 (¢, F = 7.2 He, 2H),
3.25 (s, 1H) D95 189 (m, 2H)L 134125 {m, T4H), 087 (4, J =
6.5 Hz, 3H). ¢ NMR (CDCL, 75 MHz) 6 1524, 149.7, 1477,
139.9, 122.2, 119.3, 118.0, 80.8, 80.5, 50.5, 31.8, 30.2, 294, 203,
29.2, 28.9, 264, 22.6, 14.0. Anal Caled for CioblyNg C 7351, H
8.44, W 18.05. Found: C 73.50, H 8.24, N I8.38.

2-(1-Beeyi-1 HH41,2, 3irazol-4-y1)-5-ethynyipyridine (9, Route
2). Te u solution of S-bromo-2-(1-decyl-1 H-}1,2, 3 triazol-4-y1)-
pyridine &, 1.0 g 2.74 mmol), Cul (13 mg, 0.07 mmol), and
PA(PPlsde (80 mg. 0.07 mmoel) wn degassed NE1y/CHLCl (311
ratio, 500 mel}y was added mimethyisilyvlacetylene {280 mg, 2.8
munoth The paixture was stirred 48 liat room temparature under
argon atmosphere. After removal of the solvent under reduced
pressure, the residue was purified by gel fhration on silica
(chloroform). Afterward, the trimethylsilyl-protecied product
was dissolved in methanol (40 mL} and treated with aq NaOH
{5 M, 1 mL). After § h the solvent was removed and the crade
product was {inally purificd by gradient column chromatogra-
phy on silica (CHCL, CHCL/EtOAe 31 ratio) vielding the
product as white powder (470 mg, 35%).

General Procedure of the Sonegashira Reaction. 2-(1-Deoyl-
LAR1,2 3leriazol-d-yly-S-cthynylpyridine  (0.32 nunol), nitro-
substituted I-iodobenzene (0.32 mmol}, tetrakis{iriphenyiphos-
phine)paliadiam{O) (16 mg, 0.012 mmol), and Cul (Emg, 0.0612
mmoely were dissolved in a degassed NEG/THF mixture (11,
16 mL). The solution was stirred for 48 h at 40 °C under argon
atmosphere. The salts Tormed were filered off, and the solutiom
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was evaporated vnder reduced pressure. The pure product was
isolated by column chromatography over silica.

Z-(1-Decy L H-11, 2, 3triazo bk dey[-5-{ (4-nitrophenylethynyi)-
pyridine {10a}. According to the general procedure the product
was synthesized and puwrified by columin chromatography over
silica (( HCLy, R0.6) yielding 1 as a stight vellow powder 4175
mg, 93%), "H NMR (CDCly, 300 MHz) 88, 76 (s, 1H), 8.26-8.16
fm, 45, 7.94-7.90{m, 1H}. 7 T1I=7.68(m, 2H). 44, J = T2 Hz,
TH), 1.991.91 (m, 2H3, 1.35- 1.25 {m. 14H0), 0.87 -0.81 {m, 3H).
BONMR (CDCE, 78 MEL) 6 152,10, 150.0, 147.6, 147.3, 130.5,
132.4,129.5,123.7, 1224, 119.6, 118.1, 91.3, 90.9, 50.6,31.8,30.2,
294,293,292, 29.0, 26,5, 22.6, 14.1. ESI-TOF MS: w7 432,24
™M+ HIY. Apal. Caled for CogHapNO0 € 89538, H 677, N
16.23. Found: C69.21, H6.72, N 1658

2-(1-Deeyl-1H-1,2, 3trinzol-4-y1)-5-((Z-nitrophenyDethynyh-
pyridine (16b). According to the general procedure the product
was syathesized and purified by column chromatography over
silica (CHC JAc, 5:1 ratio) viclding 18b as off-white powder
(63 mg, 69%). "H NMR {CDCY;, 300 MHz) 0 876 ¢s, 1H).
821810 (m, 3H), 797791 {m, 1H), 7.73-7. 69 (_m{ 1H),
T63-7.60 (m, 1H), 753~ 749 {m, 1H), 442 (1, J = 72 Hz,
ZH), 1.99—1.91 (m, 2k, 1.34— 1.244m, 14H), 0‘%%({ J’ 6.7 Hz,
IH). MO NMR (CDCLy, 75 MHz) 6 1322, 1500, 149.5, 1477,

139.7, 134.6, 1329, 129.0, 124.8, 122.4, 119.5, 118.1, 93. ?s 88.2,
50.6,51.8,30.2.29.4,29.3,29.2,29.0, 26 4, 22.6, 14.1. ESI-HRMS
cadod for CosHagNoOy (1M - HIY 4322394, found 432.2390.

2-(1-Decyl-1 H-[1,2 3triazsl-d-v1-5-((4-{trifluoromethyiiphe-
nybethynybpyridine (10c). According to the general procedure,
the product was synthesized and purified by column chromato-
graphy over siica (CHCl;, R,0.5) yielding 164 as white powder
81 mg, 94%). *H NMR (CDC;, 300 MHz) 6 8.72 s, 1H),
§.21- ‘é 17 {m, 2H), 792788 (m, 1H}, 768761 (m, 4H), 4.42
(4, F = 7.2 Hz, 2H), 1.96-1.90 (m, 2H), 1.34-1.24 (m, 14H),
0.88 (1, F = 6.7 Hz, 3H3 PO NMR (CDClg, 75 MHz) 8 152.0,
139.5, 131.9, 1264, 125.6, 125.5, 1254, 125.4, 125.3, 122.4,
119.5, 118.5, 914, 88.5, S0.6, 31.8, 30.2, 29.5, 29.4, 9.2, 29.0.
26.5,22.7, 14.1. ESI-HRMS caled for CogHanF 3Ny (M + HI™)
455.2417, found 4552408,

S-({4-Phenylethynyl)-2-( 1-phenyl-1 H-{ 1,2, 3]trinzol-d-y ) pyr-
idine (104D, According to the general procedure the produact was
synthesized and purified by column chromatography over silica
(CHCOR/EOAC, 501 ratio) vielding 10d a5 off-while powder
{44 mg, 61%). 'H NMR (CDCly, 300 MHz) 6 8.74 (5, LH), 8.16—
811 (m, 2H), 7.90-7.84 (m, 1¥), 7.58—7.54 {n, 2H}, 7.39-7.35
(i 3H)L 442 (L JF = 7.2 Hz, 2H), 196 1.89 (m. 2H), 1.34-1.24
(m, 14H), 0.88 (1, J = 6.7 Hz, 3H). PCNMR (CXCl, 75 MH2)
& 1518, 1393, 1317, 128.8, 128.4, 122.6, 122.2, 119.5, 119.4,
93,1, 86.1,50.6,31.8,30.2,29.4, 293,292,290, 264,226, 14. 1.
ESI-HRMS caded for ChsHagNgNa ((M -+ Nal™) 409.2363,
found 409.2334.

S-Ethyiy b2 tobenyE1H 1,2, 3Hviazob-d-yDpyridine (11} Sodium
azede (330 wg, 51 nuwoh apd aphydrous CuSO, (54 me,
0.34 mmol} were dissolved in abs methanol (30 mL), Phenylboromic
acid (414 mg, 3.4 mmol} was added to the brown solution and the
reaction mixture was stivred for 48 h at room femperature. The
conversion was controlled by TLC on silica (CHCLSY. The slightly
green solution was conesntrated to 10 mb o vacoum and, subsg-
quently, THF (26 mL), sodivm ascorhate (336 mg, 1.7 mumod, in
1T mb of water), 4-{6-ethynylpyridin-3-vl}-2-methytbut-3-yn-2-0f
(000 mg, 324 mmol), and water (4 mL) were added. The reaction
was stirred for 72 hat 30 °C. After that, an excess of water was added
o the reaction mixture and the precipitate was fltered off. The
filtrate was cautionsly extracted with CHCl; and the organie extract
was eombined with the precipifate. The CHCh solution was dried
over NaS0y and filtered. Colwun chromatography on silica
(CHCI/EHOAC, 2:1 ratio) provided the (Z-methyibut-3-yn-2-0l)-
protected product as & white powder. The deprotection was acotim-
plished by refluxing overnight in toluene with ground NaOH

4836 J. Org. Chem. Fol, 75, No. 12, 2010
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(1.5 equivy. The tolwene solution was washed with water and
subsequent gel filtration on sifica provided the puse desirad product
(360 mg, 45%). "H NMR (CDCl;, 300 MHz) 6 8.71 (5, 1H), 8.61 s,
1L 8.23(d, 7 = 8.2z 1H), 7.90(dd, J = 8.2 Hz, J = 2.0 Hy, [FD),
783780 (m, 2HD), .59 7.4 (m, 3F0, 328 (5, TH, CH). PO NMR
(CICh,, 75 MHz) 6 1525, 149.2, 148.3, 1400, 136.8, 129.9, 1289,
1204, 119.6, 1183, 81.0, 805, Anal. Caled for CisH Ny C 7336, H
4.09, N 22.75. Found: C 73.49, H 3.78, N 22.50.

S-({4-Nitrophenyljethynyl)-2-( I-phenyi-1H-{ 1,2, 3}triazol-4-y1)-
pyridine (E2). 3-Ethyoyl-2-(1-phenyE- VL2, 3razol-4-vhpyr-
iding {11, 75 mg. 0.3 mmeol), 1-iodo-d-nitrobenzene (76 mg, 0.3
mmol), tetrakis(triphenylphosphine)palladinm(0} (8 me, 0.006
mmol), and Cul (2 mg, 0.006 mmol) were dissolved in a degassed
NEG/THE mixtwre (3:1 ratio, 10 mL) and the miu’ezon was
stirred for 48 s at 40 °C under argon atmosphere. The solvent
was evaporated under reduced pressure. The pnrc product was
wolated by columan chromatography over stlica (CHCLY) as
shightly yellow powder (83 mg, 77%) "B NMR (CI}L, 300
MH;)O‘%&O(» TH), 8.65(x, 1H), 832825 (m, 3H 1, 7.98-7.96,
(m, VB, 7.85—7.82 (m, ZH), 7.74--7.71 (m, 28}, 7.61-7.47 (m,
3H). PO NMR (CDCH, 75 MHZ) 6 147.3, 1433, 139.6, 136.9,
132.4,129.9, 129.1, 123 7,120 5, 91.2, 911 (some carbon signals
are missing due to the low solubility ol the compound). ESI-
HRMS caled for CpyHaN5O:Na (M + Nal™) 390.0961, found
390.0940.

2-{1-{4-Bromophemy -1 41,2, 3]triazel-4-yDpyridine (13}, Sodi-
um azide (480 mg. 7.5 mmol} and anhydrous CuSO, (80 mg,
0.5 mmoel} were dissolved [z abs methanol {40 mL), {(4-Bromo-
pheayhborome aad (1 g, 5 numol) was added to the hrown
solution and the reaction mixlure was stirred for 48 h at rpom
temperature. The conversion was controlled by TLC on silica
(ethyl acetate). Sodivm ascorbate (400 mg, 2 mmol, i1 1 mL of
water), 2-ethynylpyridine (515 mg, 5 mmol), and water (5 mL}
were added. The reaction was stirred for 5 days a1 40 °C. After that,
an excess of water was added to the reaction mixture and the
precipitate was filtered off. The filtrate was cautiously extracted
with CHCH and the orgsnic extract was combined with the
precipitate. The CHCL, solution was dried over NaSO, and filtered
and the solvent was evaporated. Subsequent recrystaflization from
ethanol provided the pure product as colorless orystalls (903 mg,
61%4). '"H NMR (CDCI; 300 MHz) 6 8.62-8.60 (m. 1H), 8.59 (s,
1HY, 824821 fm, TH), 783780 (m, 1H), 7.75-7.67 (m, 4H),
7.29--7.26 (m, 1H). PC NMR (CDCl, 75 MHz) 6 149.5, 137 (}
133.0, 123.2, 121.8, 120.5, 119.8. Anal Caled for Cl,Hgﬁlh_, C
51.85, H 3.01, N 18.60. Found: € 5176, H 3.09, N 18.69.

21 (4~F‘thynytphen3]} 1H-[1, 2,3&:;‘1;0]-4 yiipyridine {14).
2+ -t4-Bromophenyl)-LH-[ 1,2, 3]triazol-d-yDypyridine (13, 600 mg,
2 mmol), trimethylsilvlacetylene (0.3 mL, 2.05 numol). tetrakis-
(triphenylphesphineipalladium(0) (95 myg. 6.08 mmol) and Cul
(18 mg, 008 mmol) were dissolved In a degassed NE/THF
mixture (2:1 ratio, 10 mL)y and the reaction mixture was stirred
for 24 h at 46 °C under argon atmosphere. The solution was
evaporated nnder reduced pressure. The trimethylsilyl-protected
product was isclated by column chromatography owver silica
{CHCL), The product was dissobved in & MeOHTHF solvent
raixture (2:1 ratio, 30 mL) and treated with ag NaOH (200 mg of
NaOH in 3 mL of water). After stirring overnight under an argon
atmogphere the final produect was purified by column chromato-
graphy over sihea (CHCT) and obtained as white powder 340 me,
69%) "H NMR ([CDCl, 300 MHzy 3 8.63-860 (m, 2H),
823820 (m, IH), 784778 (m, 3H). 767763 (m, 24,

26721 (m, 1D, 3,19 (5, LH). ¥'C NMR (CDCl5, 75 MHEz) 6
149.?, 1495, 136.9, 133.5, 1231, 1228, 1204, 120.0, 119.6, 82.2,
79.0. Anal. Caled for CsHyjgNg: C 73,16, H 4.09, N 22,75, Fouud:
C73.34, H4.12, N 23.04.

2-(1-(4-((4-Nitrophenylethynylphenyl)- 1 H-1,2, 3}triazol-4-
yhpyridine (15}, 2-(1-(4-Ethynylpheny-15-1,2, ?]I;iyoi#‘}})
pyridine (14, 65 mg. .26 mmol}, 1-iodo-4-nitrobenzene (68 mg
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.27 mmol}, tetrakis(iriphenyiphosphinelpalladinm{0} (16 mg,
0.006 mmely, and Cul (3 mg, 0.006 nunol) were dissolved in a
degassed NEiy/THF mixture (10:1 ratio, 25 mL} and the solu-
tion was stirred for 24 hat 58 °C under argon atmosphere. The
solvents were evaporated under reduced pressure and the pure
product was abm;ngd by erystaliization from chloroformat 3 °C
(48 mg, S0%). "H NMR (CDCl, 300 MHz) 6 8.66—8.62 (m,
2H). 8.25-8.22 (m, 3H). 7887 7() (m, 7H). 7.30~7.26 {m, 1H).
BCNMR (CDCls, 75 MHz) 8 147.3, 133.4, 132.4, 120.6, 123.7,
122.8,120.2, 119.6, 93.1 {some carbon signals arc missing due to
the low solubility of the compound). ESI-TOF MS: m/z 368.12
(M + HJ"Y. Anal. Caled for Gy H, N0y C 68.66, H 3.57, N
19.06. Found: € 68,32, ¥ 3.74, N 19.31,

General Procedure for u}mplexmg_, the (1H-1.2.3-Triazole)~
ps*ndme Ligand to Ru(dmhpv)z(“lz cis-Dichlorobis(4,4 -dimethyl-

-bipvn( incyratheninm(IN" (43 mg, 0.08 mmol} and the
1cspccmL THH{ 1.2 3)iazole ligand (0.08 mmol) were suspended
i degassed ethanol (8 mL}. After heating under micowave
gradiation at 125 °C for 2 h, the red solution was treated with a
H0-fold excess of NHiPFe and subsequently stizred until pre-
cipriation coourred (10 min o 2 8. The colored precipitate was
filtered off and purified by washing twice with ethanol and
diethy! ether providing the pure product. In the cases where the

' NMR specirum indicated any impuities, the compound was
further purified by recrystallization from ethanol.

Bis(4,4'-dimethyl-2,2 -bipyridine )| 2-( T-decyl-15-{1,2,3]tri-
arob-4-vi)-5-((4(hex viaxyiphenyitethynylpyridine | rutheninm (IT)
Hexafluorophosphate (164). According to the abovc stamding
general procedure cig-dichlorobis{4,4"-dimethyl-2,2 -bipyridine}-
rnmemun}(li) O30 mg, 0036 mmed) and 2- (Ivdew 1H-[1,2,3)-
trizzol-4-yi)-5-({4- (hmyloxy)phuly]}uh)n) Ypyridine (5, 27 me,
8.056 mmoly were reacted to yield the complex as an orange
powder after washing twice with cthanol and diethyl cther
(55 mg, ¥1%). "H NMR (C1;ON, 300 MHzZ) 8 8.68 (s, 1H),
838 (s, 2D, B.31 (5. 1HD, 828 (5, 1HD, 81080 {m, 2H),
7.73--7.61 (m, 4H), 7.5¢ (d, J = 5.8 Hz, 1H). 7.43-7.38 (m,
THY, 728 7.22 (m, SH), 717 7,04 (m, FHD, 6,94 6.87 (m, 2H),
4347 = 7(}%11 28y, 4041, = 6.5 Hz, 2H), 2,56~ ’ 37(1}\

P2H), 1.95-1.92 {m, 4H), 1.83-1.6% (m, 4H), 1.47-1.08 (m,
20H). 0.93—0.86(m, 6H). B NMRA{CDLON, 7S MHz) 4 161.3,
AR5, 1578, 1977, 1575, 153.8, 152.2, 152.1, 152.0, 5194
P51.20 1512, 151, 1509, 150.6, 148.1, 340.5‘ 134.2, 1292,
1200, 1284, 1266, 1259, 1258, 1254, 1250, 123.3, 1229,
115.8, 1139, 50.6, 83.8, 69.1, 53.0, 32.6, 32.2, 30.1, )00
29.7, ’")’%,2(:6 26.3,23.3,23. ‘,,,,1 22,202,201, (4.3, 14,
TOF MS m/z 1101.40 (M — BEJ™), 47822 ({ M - jPF{]“)
ESI-HRMS caled for CssHg Ny ORu [M -~ 2PF 5 4782203,
found 478.2199,

Bis(d, 4 -dimethyl-2,2 -bipyridine - 2-( 1-decyl-1LH{1,2,3triazol~
4-y1)-5-((4-nitrophenyllethynylipyridine ,rutheninm{Il) Hexa-
fluorophosphate (16h). According to the above standing general
procedure eis-dichiorobis(4,4'-dimethy]-2,2’-bipyridine jrathe-
nivm(il) (35 mg, 0.065 mmolj and 2-{1-decyl-1H-{1,2,3}triazol-
A-yI)-S-{(4-nitrophenyDethynyDpyridine (10a, 28 mg, 0.065 mumol)
were reacted to yield the pure complex as an orange powcﬁcr
after washing twice with ethanol and diethyl ether (68 mg

8%). 't NMR. ((CD43C0, 300 MHz) 6 9.23 (5, 1H), & 67
86(} {m, 4H)}, 8.42--8.39 (‘m PH), 8.30-8.25 (m, 3H), 812~
B.08 (m, 2H), 7.96 {d, 1H), 7 67 {d. FH), 7.78-7.70 (m, 3H),
T.A4-T732 (m, 4H), 452 (0 F = 7.1 He, 2H), 258252 om,
F2H), 2.05-2.01 (m, 2H), 469 17‘) {m, 2H}, 1.25-1.07 (m
12H), 0.87-0.81 {m, 3H). "'C NMR (CD),CO, 75 MHz) &
1581, 1580, 157.8, 154.5, 152.4, 152.21. 1522, 151.2, 1504,
1489, 148.2, 1414, 133.6, 129.4, 129.0, 128.7, 126.0, 125.5,
E25.2, 1247, 123.1, 121.9, 95.6, 89.3, 52.1, 32.4, 26.7, 23.3,
212,143, ESL-TOEF MS miz 10463 (IM — PEel"), 450.67
(M~ 2PFP). ESEFHRMS caled for Cyos;NaO R (M -
IPFFT ) 450.6684, found 450.6685.
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Bis(4,4'-dimethyl-2,2 -bipyridine)-{ 2~(1-decyl-L H-{1,2,3}tri-
azol-4-y1)-5-( (4-(triffuoromethyl) phenylethyaylpyridioe | rotheniom-
(IT) Hexafluoropbosphate {16¢). According to the above standing
general  procedure  cis-dichlorobis(4.4' -dimethyl-2,2'-bipyridine)-
vutheniam(I) (30 mg, 0.056 numol) and 2-(1 dcc_ LA41.2 3]
azok-d-yly-S-((4-{trifluoromethyliphenylethynylipyridine (Ie, 2
myg, 0.056 mumoel) were reacted (o vield the pure comples as red
powder after recrystallization from ethanol {32 mg, 48%). THINMR
(CD5UN, 300 MHz) 4 8.71 (s, 1H), 8.38 (5. 2H), §.31 - &.27 (m, ZH).
811808 (m, 2H), 7.79-7.60 fm, 8H), 749746 (m, 1H),
7.28-7.23 (m, 3H), TI8—T.16 (o THD), 4.35 (1, J = 7.0 Hz, ZH),
2.56--2.51 (m, 12H), 1L.80—1.72 (mm, 2H), 1.37-1.07 {m, 14H},,0,89
(, 7 = 6.7 Fz 3H). PC NMR (CD,CN, 75 MHz) 4 157.2, 156.9,
156.7, 156.6, 153.4, 1513, 151.2, (511, 1SLO. 1507, 150.3, 1503,
150.2, 150.6, 1473, 1463, 132.2, 128.2, EQR.O, 127.5, 1260, 125.7,
125.6,125.0, 124.9, 124.5, 124.1, 122,71, 121.3,93.2, 86,1, 52.1, 316,
292,292,291, 290, 284, 286, 224, 204, 20.3, 20.2, 134, ESI-
TOE MS m/z 1069.30 (M — POGT), 462,17 ([M — 2PF, "), ESE-
HRMS caled for CsgHssFoNgPRu (JM — PFg]*) 1069.2025, found
1069.2993,

Bis(d4,4"-dimethyl-2,2'-bipyridine)-{2-{1-decyl- 1 H-[1,2,3jtri~
azol-d-y1)-5-(( 2-pitrophenyDethynypyridine ruthenium(IT) Hexa-
frrorophosphate (16d). According to the above standing general
procedure cis-dichiorobis(d. 4 -dunethyl-2,2"-bipyridine yruthenium-
(I1) (30 mg, 0.056 mmol) and 2-(1-decyl-1 F-{1.2,3triazol-4-y1)-
S 2-nitrophenylothynyvDpyridine (18b, 24 mg, 0056 mmoly were
reacted 1o yicld the pure complex as red. powde! affer washing twice
with ethanol and diethyl ether (5% mg. 90%). '"H NMR (CD:ON
300 MHz) & 8.71 (s, 1F), 8.38-8.29 (o, 4HD), 8.13-8.09 (m, 3H),

T4 753 (m, $H), 727723 (m, 3H), 7077105 (m, 1H), 4.35
{t, J = 70 Hz 2FH), 2.58-2.52 (m, 12H}, 1.80- 172 {m, 2H),

37107 {m, 14H), 0.89 ¢, J = 6.7 Hz, 3HD. PC NMR (CD;-
CN,75MHz) 6 138.1, 157.8, 157.7, 157.5, 154.5, 132.2, 152.2, 152.0.
1518, 1516, 1513, 151.2, 150.9, 147.9, 140.5, 1355, 1346, 1315,
129.2, 129.0, 1284, 127.0. 126.0, 1259, 125.8, 1254, 1281, 123.0,
122.1, 944, 91.2, 53.1, 32.6, 30,1, 301, 30,0, 29.9, 29.3, 26.6, 23.3,
213, 212, 211, 143, ESITOF MS miz 104630 ([M ~ PET),
450.67 (IM — 2PF), EST-HRMS caled for Cag P NOPRu
(1M = PFgI™) 1046.3002, found H46.2997.

Bis(4,4'-dimethyl-2,2'-bipyridine )| 5-((4d-phenyDethyayl)-2-(1-
phenyl-LH- 1,2, 3 riszok-d-yhpyridine  ratheniom(ID - Hexafluoro-
phosphate {(16e). According to the above-mentioned general pro-
cedure cis-dichlorobis(4,4' -dimethyl-2.2 -bipyridinerutheninm(TT)
(30 mg, 00560 mamelh and  5-{{4-phenyDethynyD-2-(Lphenyl-
L 1.2, 3 eriazol-dvDipyriding (16d, 23 mg, 0.036 mmol) were
reacted to yiekd the pure complex as red powder after washing
twice with ethanol and diethyl ether (48 mg, 75%). 'H NMR
(C12:CN, 300 MHZ) 4 8.69 (s, TH), 837827 (m, 4H), 8. 11-8.05
(e, 2FLy, 7.75-7.72 (m, 2H), 7.66—7.62 (m, 2H), 7.50—7.39 {m,
GHDY, 727724 (o, JHD, TAS—T06 (o, THD, 434 (4, J == TOHz,
TH), 256251 (m, 12FE), 1,79 171 (o, 2H), 1.37— 106 (m, L4F¥),
089 ¢4, J = 6.7 Hz, 3H). VO NMR (CD,ON, 75 MHz) 6 157.2,
136.9, 156.7, 156.6, 153.2, 151.3, 151.2, 151.1, 151.0, 150.3, 1503,
150.2, 150.2, 150.0, 147.1, 139.9, 131.6, 129.7, 1288, 128.2, 1280,
127.5, 1258, 1250, 1249, 124.5, 124.1, 122.0, 121.9, 121.4, 95.0,
83.9, 521, 514, 29.2, 29.1, 29.0, 284, 756~~u4 2.3, 202, 134,
ESL-TOF MS sz 100132 (M PE‘()E ), 42818 (M 2P,
ESL-ERMS caled for CaoblaFoNgPRu IM — PFJ' 10013151,
found 1001.3168.

Bis(4,d"-dimethyl-2,2 -bipyriding)-{ 3-((4d-nitrophenylethynyh)-
2-(1-phenyl-1 51,2, 3triazol-d-ylipyridive ruthentum (1) Hexa-
flzorophosphate (17). According to the above standing general
procedure Ru(dmbpyhCly (35 mg. 0.065 mmol) and 5-((4-
nitrophenybethynyD-2-( -phenyl-UH-1.2, 3 triazo4-v)pyridine
(12, 24mg, 0.065 mmol) were reacted to yield the pure comples as
red powder m‘te} washing twice with ethanol and diethyl ether
(45 mg, 63%). 'H NMR ((_EJ’;( N, 300 MH;) 3924 (s, 1H), 8,39
(s. 2H). 8.33--8.18 (m, 6H). 7.86 (s, 1M}y, 7.79-7.76 (m, 2H},

S Org. Cheon. Vol 75, No. 12, 2010 4837
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770753 (m, §H), 7.29--7.25 (m, 3H), 7.17 (m, 1313, 2.56--2.53
(m, 12H). PO NMR (CDON, 75 MHz) 8 157.1, 156.8, 156.7,
156.5,153.7, 151.5,151.4, 151.0, 150.9, 1505, 150.5, 150.4, 150.4,
150.2, 148.0, 140.4, 136.1, 132.7, 130.3, 130.1, 128.3, 128.2, 128.0,

127.5, 1250, 1249, 124.6, 1242, 1239, 122.2, 1214, 120.7,
929, 88, 2, 20.3, 20.3, 20.2. ESLI-TOF MS mjz 98217 (M -
PF]"). BSI-HRMS caled for CisHpFgNeOPRu (M — PEY)
9821750, Found 982.1776.

Bis(4 4 -dimethyl-2, 2 -bipyridine)-{ 2-(1 -(4-((d-nitrophenyl)-
ethynyDphenyD-1 1,2, 3]triazol-4-y1)pyridine} ruthenium(TT) Hexa-~
fluorophiosphate (18). According to the above standing general
procedure Ruddmbpy)Cly (25 mg, 0.046 mmol) and 2-1-(4-({(4-
nitrophenyDethynyhphenyD-1 - 1.2, 3triazol-4-yhpyridine (15, 17
g, 0.046 mmol) were reacied 2.5 h to vield the pure complex as red
poudm" after washing twice with ethanol and diethy! cther {40 mg,

T7%). "H NMR(C l)x(‘ , 300 MHz) 8 9.25 (s, TH), 8.38~ 8%’(1&1
4H), 825821 (m, 2H), 817815 (m, [H) $.03-80 (m, 1H),
T83=7.73 (m, 7H), 774758 (m, 4H), 736709 (m, 5H),
2.55-2.50 (m. 12H). BC NMR (CD:CN, 75 MHz) 8 157.2,
156.8, 1568, 156.5, 1517, 1313, 15L1, 1511, 150.8, 150.0, 150.4,

4838 J. Org. Chem. Vol. 75, No. 12, 2010
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150.3, 150.1, 148.7, 147.6, 138.1, 136.1, 1334, 132.5, 129.6, 12833,
128.2, 127.5. 126.2, 1249, 124.8, 1246, 124.2. 1239, 1238, 1234,
122.7, 120.8, 92.1, 9.4, 20.3, 20.3. BSI-TOT MS iz 982,17 (|M
PF"). ESIHRMS caled for CysHaPNyOuPRa (M — PR
§82.1750, found 982.1759,
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The Radiative Decay Rates Tune the Emissive Properties of Ruthenium(II)
Polypyridyl Complexes: A Computational Study

Daniel Escudero,”” Bobby Happ,™ ¢! Andreas Winter,™ ¢! Martin D. Hager,™
Ulrich S. Schubert,™ ! and Leticia Gonzalez**!

Ru" polypyridyl complexes are promising candidates for
use as light harvesting antennas in, e.g., artificial photosyn-
thesis," ¥ light-driven catalysis** and dye-sensitized solar
cells (DSSCs), ! due to a combination of optimal chemical,
electrochemical, and photophysical properties. The rationali-
zation of the photophysical processes, that is, absorption and
emission properties and of the excited-state lifetimes of the
radiative and nonradiative processes, is fundamental to ach-
ieve an optimal behavior of photochemical devices.™ For
instance, to avoid recombination processes in DSSCs and ar-
tificial photosynthesis devices, long lifetimes of the excited
states of Ru" polypyridyl complexes are desired. For the
well-known [Ru(bpy):]** (bpy=bipyridine) complex, femto-
second transient absorption experiments have shown that,
upon excitation to the first singlet excited states (absorption
maximum around 450 nm), ultrafast intersystem crossing
(ISC) occurs in less than 100 fs"®*Y leading to the forma-
tion of triplet states with near-unity quantum yield, and
hence demonstrated that relaxation processes are dominated
by the decay of the triplets rather than by spin-allowed fluo-
rescence from the excited single states.'” Still, fluorescence
bands are often detected and evidence is increasing that in-
tramolecular energy redistribution occurs within the mani-
fold of singlet states, prior to the ISC, as it has been demon-
strated for [Fe'(bpy),)**.'%! Both singlet and triplet excited
states have been theoretically assigned as singlet and triplet

[a] Dr. D. Escudero,” Prof. Dr. L. Gonzélez"
Institute of Physical Chemistry (IPC)
Friedrich-Schiller-University Jena
Helmholtzweg 4, 07743 Jena (Germany)
B. Happ, A. Winter, M. D. Hager, Prof. Dr. U. S. Schubert
Laboratory of Organic and Macromolecular Chemistry (IOMC)
Friedrich-Schiller-University Jena
Humboldtstrafe 10, 07743 Jena (Germany)
B. Happ, A. Winter, M. D. Hager, Prof. Dr. U. S. Schubert
Jena Center for Soft Matter (JCSM)
Friedrich-Schiller-University Jena
Humboldtstrae 10, 07743 Jena (Germany)
[*] Present address:
Institute of Theoretical Chemistry University of Vienna
Wiihringer St. 17. 1090 Vienna (Austria)
E-mail: leticia.gonzalez@univie.ac.at

b

[c

Present address:

Max-Planck Institut fiir Kohlenforschung Kaiser-Wilhelm-Platz 1
45470 Miilheim an der Ruhr (Germany)

g Supporting information for this article is available on the WWW
under http:/dx.doi.org/10.1002/asia.201100864.

Chem. Astan J. 2012, 7, 667-671

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

metal-to-ligand charge transfer states (‘"MLCT and ‘MLCT,
respectively) by using time-dependent density functional
theory (TD-DFT) calculations.*! The ultrafast nature of the
ISC processes is thus not surprising, as strong spin-orbit cou-
plings (SOC) are expected in states with participation of the
metal ion. The *MLCT manifold then decays to the lowest
triplet excited state because lifetimes of hundreds of nano-
seconds are obtained—rates, which, in turn, depend on the
sample conditions (i.e., the solvent and room tempera-
ture).!"”)

In this contribution, we investigate the emissive properties
of the heteroleptic Ru" polypyridyl complexes shown in
Scheme 1 from the computational viewpoint. Both com-
plexes bear two 4.4-dimethyl-2,2"-bipyridine ligands
(dmbpy) and a bidentate 2-(1H-12,3-triazol-4-yl)pyridine
ligand (L). The electron-donating (-OCgzHy;) or electron-
withdrawing (-NO,) peripheral substitution on the phenyl-
acetylene moiety attached to the ligand L yields complexes
1 and 2, respectively.

-
[X]

Scheme 1. Chemical structure of complexes 1 and 2.

In a recent manuscript, the synthesis and spectroscopic
and electrochemical properties of these complexes were ex-
perimentally presented.™ Table 1 collects the emission data
of complexes 1 and 2 recorded in dichloromethane and ace-
tonitrile (the emission spectra are presented in Figure S1 in
the Supporting Information). Astonishingly, the measured
emissive behavior reveals a clear dependency on the elec-
tronic character of the peripheral substitution as well as on
the polarity of the solvent. The nitro-substituted compound

GWILEY i 667
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Table 1. Emission data of complexes 1 and 2.

Compd. Ay [nm @, Arems [T @, Solvent
(eV)]® (eV)|™ shift
Loy [€V]
1 594 (2.089) <0.005 602 (2.061) 0.001 0.028
2 647 (1.918) D022 674 (1.841) 0.001 0.077

[a] Measured in CH,Cl,. [b] Measured in MeCN.

2 shows an almost one order of magnitude higher phosphor-
escence quantum yield (@p) in dichloromethane than the
electron-donor-substituted compound 1. On the contrary, in
a more polar solvent, similar @, values are registered for
both complexes. A similar solvent-dependent luminescence
has been reported recently by Turro et al.’™™ for similar
Ru" polypyridyl complexes, thereby illustrating that the sol-
vent plays a crucial role not only in determining the phos-
phorescence quantum yield but also in biasing the emission
profile. Although the phosphorescence quantum yields &5
are a subtle balance between radiative and nonradiative
decay rates [k, and k,,, respectively; see Eq. (1)], it is gener-
ally assumed that the nonradiative rate constant dominates.
The calculation of the nonradiative decay rates k,, is compli-
cated and, therefore, they are usuoally empirically estimated
from the energy gap law.'”) According to Equation (2), the
k,, values increase exponentially with decreasing T:—S; gaps.

Pr=7 ik @
kar(Ty = Sp) o< exp{—plAE(T; - S,)[} @)

The parameter f depends on the structural distortion un-
dergone by the S; minimum when relaxing to the emitting
T, equilibrium geometry. The larger the distortions are, the
higher k,. values become. The exponential dependence of
k, on the T—S, energy gap was shown to hold true for relat-
ed Ru" and Os" polypyridyl complexes™®*); thus, similar p
values could be assumed for complexes 1 and 2.

Puzzling enough, the phosphorescence behavior of com-
plexes 1 and 2 cannot be explained solely by the energy gap
rule. Since complex 2 has—regardless of the solvent—lower
emission maxima (lower T,—S; gap) than complex 1, a larger
k,, value for complex 2 is expected. Excluding the &, values,
smaller @p yields should then be expected for complex 2.
However, as seen in Table 1, an almost one order of magni-
tude higher @; is obtained in CH,Cl,, thus providing evi-
dence that rates k, are also mandatory to estimate ®p

In contrast to k,, the radiative rates k, from a triplet ex-
cited state (T,,) to the ground state (S;) can be computed
with Equation (3), an expression effectively employed for

other transition metal complexes.2
) 2
n |<T3.|Hsoc\su>‘ 1/2
k?(Tm — 8§) = § 2 S (3)
LS5 w16 — 1)

In this expression ¥, is defined as E(S,)/E(T,), f, denotes
the associated oscillator strengths of the S, —S8; transitions,

668 www.chemasianj.org
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and ) is the refractive index of the medium. As one can see,
the rates are directly proportional to the SOC and to the f;
values. Furthermore, k, values depend strongly on the
energy difference between the manifold of singlet and trip-
let excited states; hence, an efficient transfer of the popula-
tion to the triplet emissive states requires the interacting
states lying close in energy. The calculation of SOCs in tran-
sition metal complexes is nevertheless not routine. In recent
papers they have been estimated from TD-DFTE* as well
as from quadratic response TD-DFT calculations;* in part
because the excitation energies and the f, values of Ru"
polypyridyl complexes calculated with hybrid functionals in
the presence of solvent effects are in very good agreement
with the experiment,™?*?7 and in part because multiconfi-
gurational calculations are extraordinarily demanding in
these cases.”™ In this work we applied a mixed PCM-TD-
DFT/CASSCF (PCM, polarizable continuum model;
CASSCF, complete active space self-consistent field) meth-
odology to compute the k, values. The SOCs are evaluated
with accurate CASSCF(8,7) multiconfigurational wavefunc-
tions whilst the energies of the electronic states as well as
the associated f, are evalvated with the PCM-TD-B3LYP
protocol (further details are given in the Supporting Infor-
mation). Note that individual phosphorescence rates for the
three possible spin sublevels (T,", T, and T,°) can be only
experimentally determined in the limit of large fine-struc-
ture splittings and at low temperatures. At the high temper-
ature limit, spin relaxation is usually fast and the triplet
levels are almost equally populated. As a consequence, only
weighted phosphorescence rates can be measured under ex-
perimental conditions. Here, these will be calculated accord-
ing to Equation (4).

1
k=3L K @)

In the computation of the k, values, the following further
assumptions have been made: 1) Because of the ultrafast
nature of the ISC process, the relative energies, oscillator
strengths, and SOCs have been computed at the S, geome-
try. Indeed, there is direct experimental evidence that the
actual excited state geometries are only slightly distorted
with respect to the ground state geometries.* 2) The photo-
physical picture is restricted below the A, of the photolumi-
nescence experiments (443 nm).

The Jablonski diagrams computed for complexes 1 and 2
help rationalizing the larger @ measured in complex 2 in
CH,Cl,. The main singlet-singlet and singlet-triplet elec-
tronic excitations computed in CH,Cl, at the S, geometry as
well as some important triplet excited states at the T; geom-
etry are depicted in Figure 1a and 1b for complexes 1 and
2. respectively. The corresponding assignment and oscillator
strengths of the singlet and triplet states are shown in Ta-
bles 81 and S2 in the Supporting Information. The main ab-
solute SOC matrix elements at the CASSCF(8,7) level of
theory between the manifold of singlet and triplet excited
states for the three possible spin sublevels (T, T, and

Chem. Asian J. 2012, 7, 667-671
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Figure 1. Jablonski diagrams of a) complex 1 and b) complex 2, with PCM(CH,CL)-TD-B3LYP singlet-singlet and singlet-triplet vertical excitations (in
nm). The main absolute SOC (em™') and the main &, values (s™') are highlighted. The magnitude of the oscillator strengths at the S, geometry is pictori-

ally indicated by the width of the vertical transition.

T,") are also included in Figure 1 (the description of the
CASSCFE states and involved orbitals are collected in
Table $3 and Figure S2 in the Supporting Information). Not
surprisingly, the biggest SOC elements are obtained between
'MLCT and *MLCT states, particularly those possessing the
same zt* orbital but with participation of different 4d orbi-
tals (the case of S, interacting with Ty in complex 1 or with
Ts in complex 2, see Figure 1).

Only the largest k, obtained for each complex is shown in
Figure 1; the remaining k, values are collected in Table 2.
Noteworthy, in general the k, values for complex 2 are ap-
proximately one order of magnitude larger than for complex
1. The highest k, value for complex 1 amounts to k(T;—
Sy)=3.0x10°s"" while that for complex 2 is k,(T;—Sy)=
54x107st. A detailed analysis reveals that in complex 1
the largest radiative rate is due to the interaction of Ty and
S, both states of MLCT character at the S; geometry. From
T,, internal conversion (IC) processes lead to the lowest T},
which is the emissive state as stated by Kasha’s rule.*” In
the case of complex 2, the ISC is due to the interaction of
T, with S, at the Franck-Condon geometry and further IC
to T, follows. In both complexes, the T, state is a *MLCT
state with 4d, —a* g,y character, as reflected by both the
spin-density analysis (Figure 83 in the Supporting Informa-

Table 2. Computed phosphorescence k,(T,,—S;) (s7%) for the Ru" com-
plexes 1 and 2. T, stands for the mth singlet-triplet excitation at the S,
geomelry.

1(CH,CL)  1(CH,CN)  2(CH,CL) 2 (CH,CN)
k(Ti—S,)  277x10° 3.07x10° 6.64x10° 1.51x 10*
k(T,—S;)  1.84x10° 8.10x10° 2.10%10° 4.46%10°
k(T;—Sy)  4.09x10* 6.88 % 10° 2.86%10° 3.75%107
k(T,—S))  230x10° 1.19%10° 6.84%10° 3.46 % 10°
k(Ts—S,)  848x10° 6.75x10° 1.02x10° 7.98x10°
k(TS 299x10° 131 %107 1.15%10° 4.36%10°
k(T,—S8)  929x10° 2,845 107 538 %107 2.76x10°
(Ts—S) - - 2.94%10° 3.56x10°

Chem. Asian I 2012, 7, 667-671
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tion) and the TD-DFT calculations at the T; geometry
(Table S2 in the Supporting Information). The reason
behind the different orders of magnitude in the radiative
rates can be directly correlated with the electronic nature of
the substituent.

Electron-rich substituents on the ligand L (complex 1) sta-
bilize and destabilize the related a;, and t*;, orbitals, respec-
tively. As a consequence, less 'MLCT states are excited
below the k:xp. Moreover, in complex 2, CT transitions to
the ligand L with high oscillator strengths (Table S1 in the
Supporting Information) are additionally present below the
experimental excitation wavelength. The presence of these
states is vital to provide smaller 'MLCT-"MLCT gaps that
contribute to a more efficient horizontal ISC and thus a
larger radiative rate constant in complex 2 in comparison to
complex 1.

In summary: Since higher &, values imply higher @y as
deduced from Equation 1, the increase in the expected k,,
values for complex 2, as compared to complex 1, is over-
compensated. Therefore, the combination of both effects fi-
nally leads to higher @; values for complex 2.

In the following, we address the influence of solvent ef-
fects. As already pointed out, the emissive behavior of com-
plexes 1 and 2 is highly solvent-dependent. Not only the @;
values are different but also the emission maxima show a re-
markable dependency on the environment. The emission
maximum of 1 shifts from 594 nm in CH,Cl, to 602 nm in
CH;CN (a red-shift of ca. 0.03 eV, see Table 1). The change
of the solvent also shifts the emission in complex 2 by ap-
proximately 0.08eV to the red. Similar red-shifts in the
emission maximum of other Ru" polypyridyl complexes
when going from CH,Cl, to CH,CN have been previously
reported.1%¥] Interestingly, in CH,CN, a similar weak
phosphorescence (P, =0.001) is observed regardless of the
lateral substitution on L. In principle, the diminished @,
values in CH;CN when compared to those in CH,Cl, could
be correlated with the observed red-shifts of the emission

www.chemasianj.org 669
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maximum and their concomitant repercussion from the
energy gap law. In complex 2, where the red-shift is more
pronounced than in complex 1, the decrease in @, is more
remarkable: &; is 22 times lower in 2 in CH;CN but only 5
times lower in 1. Apparently, this behavior is, contrary to
substitution on the ligand, mainly governed by the energy
gap law. Solvent effects are typically more complicated to
rationalize than substitution effects. For example, tempera-
ture-dependent emission experiments and ultrafast transient
spectroscopy have recently shown that a solvent-induced
light-switch between competitive emissive states that possess
different emissive properties might be operative for several
Ru" polypyridyl complexes.”™! 1t is therefore concluded
that solvent polarity affects the competition between triplet
states, favoring or disfavoring the interconversion between
them, and, hence, biasing the emissive properties. Addition-
ally, Chergui et. al have observed a solvent dependence on
the relaxation dynamics of several Re(bpy)(CO), com-
plexes.®! It was concluded that solvent molecules are close
to the metal center in these complexes and therefore active-
ly participate in the intramolecular charge separation. Such
processes are very likely not to occur on Ru" polypyridyl
complexes because the interaction of the solvent molecules
with the shielded metal centers is expected to be poor.

To gain some insight into the underlying reasons for the
large decrease in P especially in the case of complex 2,
TD-DFT calculations in the presence of CH;CN have also
been performed. The corresponding lowest-lying PCM-
(CH;CN)-TD-B3LYP singlet-singlet and singlet—triplet elec-
tronic excitations computed at the S; and T, geometries are
also presented in Tables S1 and S2 in the Supporting Infor-
mation. In both complexes the emissive state (T}) is also the
SMLCT of 4d; —a* gy, character. The photophysical pic-
ture of the lowest-lying triplet excited states at the T, geom-
etry is globally maintained when going from CH,Cl, to
CH,CN (Table S2 in the Supporting Information). There are
negligible changes in the ordering of the lowest-lying triplet
excited states (e.g., the T, state of m —n*_ character is ca.
30 and 60 nm below the T, state for complexes 1 and 2, re-
spectively, irrespective of the solvent) due to changes in sol-
vent polarity. Therefore, the hypothesis of solvent light-
switch of the emissive state appears less plausible for com-
plexes 1 and 2. Intrigued by these results we have also com-
puted the &, values in CH,CN solution (Table 2). The largest
k, values are k(T,—S,)=2.8x10"s"! and k(Ty—S,)=3.6x
10* 7%, for complexes 1 and 2, respectively. Interestingly, the
radiative rate constants are higher for both complexes in
CH,CN than in CH,Cl,, a trend that is more enhanced in
complex 1 than in 2. Despite the higher &, values in CH,CN,
the decrease in the phosphorescence quantum yield @ is
still in accord with the energy gap law. Both facts—a more
enhanced k. value and a less enhanced k, value for complex
2 as compared to complex 1—are the underlying reasons
that finally lead to similar quantum yields for both com-
plexes in CH,CN.

Summarizing, the present communication addresses ex-
perimentally and computationally the effect of ligand substi-
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tution and the nature of the solvent on the emissive proper-
ties of two Ru" polypyridyl complexes. Radiative rate con-
stants have been computed using a mixed TD-DFT/
CASSCF approach. While it is generally believed that the
phosphorescence quantum yields of Ru" polypyridyl com-
plexes are mainly governed by the nonradiative k,, values,
that is, by the energy gap law, here we demonstrate that the
radiative k, rate constants also need to be considered. The
raticnalization of the emissive properties of complexes 1
and 2 is only possible after computing the corresponding k,
values. This change of paradigm should be useful to under-
stand the underlying ultrafast excited state processes after
light excitation of other Ru" polypyridyl complexes. Linking
theory and experiment can contribute to the design of new
ruthenium complexes with optimized photophysical proper-
ties for potential applications, such as solar energy conver-
sion.
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Pyridine-based ligands, such as 2,2’-bipyridine and 1,10-phenanthroline, have gained much interest in
the fields of supramolecular chemistry as well as materials science. The appealing optoelectronic
properties of their complexes with heavy d° transition metal ions, such as Ru(ir), Os(11), Re(1) and Ir(1m),
primarily based on the metal-to-ligand charge-transfer (MLCT) nature featuring access to charge-

separated states, have provided the starting point for many studies in the field of dye-sensitized solar
cells (DSSCs), organic light emitting diodes (OLEDs), artificial photosynthesis and photogenerated
electron as well as energy transfer processes. This critical review provides a comprehensive survey over
central advances in the field of soluble metal-containing macromolecules in the last few decades. The
synthesis and properties of functionalized 2,2’-bipyridyine- and 1,10-phenanthroline-based d® metal
complexes, in particular, their introduction into different prevailing polymeric structures are highlighted.
In the most part of the review metal complexes which have been attached as pendant groups on the
polymer side chain are covered. Selected applications of the herein discussed metal-containing
macromolecules are addressed, particularly, with respect to photogenerated electron/energy transfer
processes. In order to enable a deeper understanding of the properties of the ligands and metal
complexes, the fundamentals of selected photophysical processes will be discussed (223 references).
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Introduction

In the last few decades, polymers containing phosphorescent
heavy d° transition metal ion complexes have attracted much
attention, since the utility of these metal complexes, in particular
of Ru(u), Ir(u), Os(ir) and Re(r) ions, led to important applica-
tions in materials science. By embedding metal complexes into a
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polymeric structure, the photophysical and electrochemical prop-
erties of the resulting material can be tuned by the nature of the
metal complexes, while the properties attributed to the polymer,
e.g. processability and film forming ability, can be maintained
at the same time. Metal-containing polymers are the topic of
different areas of scientific research: supramolecular chemistry, '™
fundamental electron and energy transfer investigations,®'*
metal ion sensors'> % as well as electronic devices."** Wong
and co-workers have also extensively studied the photovoltaic
and optical power limiting applications of metallopolymers
containing transition metal elements.” =" The d® configured
metal ions [i.e. Ru(t), Ir(m), Os(ir) and Re(1)] were and are the
transition metal ions of choice, because of their exceptional
spectroscopic properties featuring photostability and a broad
absorption in the visible region. A unique coherence of chemical
stability, redox properties, luminescence, excited-state lifetime
and excited-state reactivity was the trigger for the synthesis of
hundreds of derivatives. The relatively long-lived excited states
of the late d® metal complexes, which are of metal-to-ligand
charge transfer (MLCT) character, established comprehensive
photophysical and photochemical studies leading to a nowadays
well-understood field of chemistry.>****? Due to the rapid
development in the field of polymers that contain metal
complexes, 119434 only selected examples will be discussed
in this contribution. Scheme 1 depicts metal complex subunits
which were frequently incorporated into macromolecular
structures and display the main focus of this review.

In general, a metal complex can be incorporated into a
polymer as part of the main chain or as a pendant group. It is
also possible to prepare materials in which the metal complex
is present in both the side and main chains (e.g. in dendrimers).
Based on a categorization by W. K. Chan, there are three
different types of metal-containing polymers (Fig. 1).°° The
metal ions/complexes are attached to the pelymer backbone
at the side chain or as an end group by electrostatic interaction,
metal-ligand coordination or covalent bonds (Type Ia-c, Fig. 1).
In Type II, the metal complexes are part of the polymer main
chain (coordination or covalent connection); in the case of
Type III, the metal ions are embedded in the polymer matrix
by physical interaction.

From the synthesis point of view, two primary procedures
were applied to prepare the metal-containing polymers in the
course of the article (Scheme 2): (i) the transition metal
complex was attached to a polymer backbone after the poly-
merization process (grafting), and (ii) the metal complex
served as a monomer itsell and was incorporated into the
polymer by (co)polymerzation. In general, there are two
possibilities to graft a transition metal complex onto a polymer
(Scheme 2): suitable combinations of matching functionali-
ties connected to the polymer and complex, respectively, are
applied (a) or the polymer bears appropriate ligand units
that can be reacted with a proper precursor complex (b).
Further polymerization techniques are described in detail
elsewhere. >
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Scheme 1 Schematic representation of the main metal subunits used and examined in polymeric structures (the counter ions are omitted for
clarity).

Type I: Metal ions/complexes linked to a chain or surface of a polymer molecule

Mm- E".
Vi
(a) metal ions attached to the polymer by (b) metal complex linked to the polymer by (c) metal complex linked to the polymer as
localized electrostatic attraction coordination pendant group

Type II: Metal complexes as a part of the polymer chain

@@V w M % @@L L%

(a) metal complexes form part of the polymer (b) metal ligand coordination forms part of the
main chain by covalent linkage polymer main chain

Type lll: Metal ions/complexes interact with polymer physically

M

Fig. 1 Various approaches in preparing metal-containing polymers (the counter ions are omitted for clarity).*

The first section recalls some basic concepts on photo- and, thus, this knowledge is required to understand the scope
physics and photochemistry in d® metal complexes, since these of the materials reviewed. Subsequently, selected pyridine-based
optical properties are retained in the metal containing polymers d® metal complexes encircling Ru(i), Os(mr), Re(1) and Ir(ir) ions,
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3) (co)polymerization of a complex functionalized with a polymerizable group

Scheme 2 Schematic representation of the primarily used polymerization techniques.

which were incorporated into polymeric structures, are discussed
that have developed or emerged during the last two decades.
The different materials are highlighted with respect to design
principles, synthetic strategies, structure-property relation-
ships, and applications in their respective subject area. Since
there is a broad range of recent review articles and monographs
dealing with 2,2":2,6'-terpyridine-based materials,”*>* this
field of research will not be part of this review.

Theoretical aspects of relevant photophysical and
photochemical processes

Excited states in d° transition metal ion complexes

The photophysical behavior of d°® transition metal ions
coordinated to one or more N-heterocyclic organic ligands
has been intensively investigated.* %02 The used N-hetero-
cycles cover a broad range of structures and the excited states
of the derived complexes strongly differ in energy for both
singlet and triplet states. Without considering symmetry, the
complexes of second and third row d® transition metal ions,
in particular Ru(1), Os(m), Re() and Ir(ur), have low spin
ground states (S = 0), when ligands which establish a strong
ligand field are considered (e.g. 2.2'-bipyridine, carbon
monoxide, etc.). Polypyridine ligands are usually colorless
molecules possessing o-donor orbitals localized on the nitro-
gen atoms and n-donor and n*-acceptor orbitals delocalized
to some extent on the aromatic rings. Following a single-
configuration one-electron description of the excited state,
the promotion of an electron from a n(M) metal orbital to
the n*(L) ligand orbitals gives rise to MLCT excited states,
whereas promotion of an electron from n(M) to o*(M)
orbitals gives rise to metal-centered (MC) excited states (4 =
ligand field splitting). Ligand-centered (LC) excited states can
be obtained by promoting an electron from n(L) to m*(L)
(Fig. 2).36%7

oy (e — 4
:| vacant orbitals

T

b iA

gl ¢

s 9 )
™M (tzg) v
M, - filled orbitals
oL

Fig- 2 Simplified molecular orbital diagram for d® metal complexes
in octahedral symmetry showing the three types of electronic transi-
tions without metal-ligand n-bonding interaction.®

The MC state energy can be controlled by varying either
the ligands or the central metal ion (both affecting A). The
strength of the ligand field increases in the order:

Cl < pyridine « 2,2'-bipyridine, 1,10-phenanthroline <
CN < CO.

For a central metal ion, 4 increases when going down a
column of the periodic table. Charge transfer state energies are
mainly affected by the ecase of oxidation/reduction of the
ligands and the metal ion, respectively. For MLCT transitions,
more easily reducible ligands and more easily oxidizable metal
ions lower the MLCT states. The n—n* state energies are
basically dictated by the ligand itself. The energies and inten-
sities of the LC transitions can be tuned by changing either the
substituents on the ligand, the heteroatoms in the aromatic
ring or the extent of n-conjugation. The degree of spin—orbit
coupling is most effectively increased by using higher atomic
number metals.®

The thermally equilibrated excited states of these complexes,
observed on longer time scales (> ns), are usually assigned to

This journal is © The Royal Society of Chemistry 2012
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be either MLCT (d—rn*) in the case of Ru(bpy)s®" and
Os(bpy)s> " or intraligand (IL, n—*) states of Ir(bpy)s® ~ with
varying degrees of triplet character.®® By contrast, numerous
Re(1) complexes having N-heterocyclic ligands with relatively
low energy *IL states exhibit both types of excited states and
usually their mixing can be observed in the form of metal-to-
ligand-ligand charge transfer (MLLCT) states. These com-
plexes are often luminescent in solution and, in most cases, the
observed emission arises entirely from the lowest triplet energy
state. Strong spin—orbit coupling induced by the heavy atoms
leads to efficient intersystem crossing (ISC) from the singlet
excited state to the triplet state. Mixing singlet and triplet
states via spin—orbit coupling eliminates the spin-forbidden
nature of the T; — S, radiative transition yielding relatively
high phosphorescence quantum yields. Some relevant parameters
are summarized in Table 1 for different d° metal complexes.>*%*

Despite the apparent similarities of these d® complexes, the
excited-state properties have significant differences with respect
to their lowest MC, MLCT, and LC triplet states. While keeping
the ligands the same, A increases while going from Fe(ir) over
Ru(mr) to Os(1). Thus, the MC state energies rise from Fe(ir)
over Ru(mr) to Os(1r). The MLCT state energies are in the order
Os < Fe < Ru, which reflects the ease of the metal oxidation.
Since the MLCT state of Ru(i1) complexes is commonly well
above the ground state, inefficient radiationless deactivation
with a consequential luminescence is usually observed for such
complexes. In contrast, Os(mr) complexes reveal much shorter
emission lifetimes than the Ru() analogs (compare Table 1),
since the energy of their MLCT state is lower and, consequently,
quenching to the ground state is more efficient, as expected by the
energy gap law (Fig. 3, lef().*

Photochemistry and deactivation vie MC states may be an
issue considering photostability, if the MC states are thermally

Table 1 Photophysical properties of some representative d® metal
complexes in MeCN“

Complex Aabsmax/MM Ao max/MM P T/uS Ref.
Ru(bpy)s>*© 451 606 0.075 087 8
Ru(phen);* ™ 442 604 0.028 046 8
Os(bpy)s” " 640 740 0.005  0.049 65
Os(phen);** 650 690 nd. 008 65
Re(phen)(CO);Cl 380 573 0.017 0.183 66
Tr(bpy)s " 344 441 nd. 24 61

“ Photophysical properties in solution at room temperature.

3LC

EVoq—

>
H
SV p— ; H
\V Ground state d°
RuLl* - [OsLy firLgJ* Internuclear distortion

Fig. 3 Left: lowest triplet state energy ordering for different d° metal
complexes showing the relative positions of the LC, MC and MLCT
states. Right: general state diagram illustrating the loss of excitation
energy via radiationless decay through the MC state.%

accessible from the excited MLCT state. For example,
Ru(bpy)s® " is partially deactivated via an upper MC state.
Due to the higher 4 value, the gap to the MC state is larger
and the deactivation is less efficient than for the pyridine
complex. Furthermore, if the deactivating MC state is ther-
mally activated, there is a significant increase in the deactiva-
tion rate as the temperature is raised. Hence, Ru(bpy)s>"
shows a strong change in the luminescence lifetime over
temperature, which limits its use at elevated temperatures
regarding luminescence applications.®® A widely accepted
model is shown schematically in Fig. 3 (right).
The temperature dependence of the lifetime is given by
%: Ko + Ky + K'cFF (1)

where k, and k,, are the radiative and nonradiative decay
constants, respectively, AE is the energy gap between the MC
state and emitting state CMLCT), and &’ is the Arrhenius
preexponential factor for the thermal activation of the MC
state. This model assumes that the deactivation from the
MC state is much faster than the return to the MLCT state
(ky » k_,), and, therefore, no thermal equilibrium can be
established between the states (e.g. for Ru(bpy)s®>" at room
temperature). Hence, the correlation of 1/t with temperature
represents a reasonable starting model for calculating the
energy gap between the MLCT and MC states over a limited
temperature range (~ 50 K).5¢*

Photophysical and photochemical processes

Any photophysical or photochemical process is initiated by
the absorption of a photon by a molecule (Scheme 3). The
excited state of the molecule (M*) is higher in energy than
the ground state (M). As shown in Scheme 3, the unstable
species M* may pass one of the available types of deactivation

Photochemical reaction

products

h-v Ik'

M —_— M

+Ql

M (+ products)

/ M+ hv Luminescence
k,

L

k\‘ M+ heat Radiationless deactivation
d

Quenching process

Scheme 3 Representation of possible deactivation channels of excited
states (M: molecule, Q: quencher).®

encounter complex
(within solvent cage) Ken,
“"» C+D  Chemical reaction

Kair ke
M)+ — (mMeQ A+B
_kdi«
K,

Kaoac l-”r =, A+B Catalytic deactivation

Energy transfer

M (+ products)

Scheme 4 Representation of various bimolecular processes in the
presence of a quencher.®
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channels: (i) vanishing of the original molecule (photochemical
reaction), (ii) emission of light (luminescence), (iii) losing the
excess energy (radiationless deactivation), and (iv) some kind
of interaction with another species present in the environment
(quenching process).®

Each of the intramolecular decay steps is characterized by
its own rate constant and each excited state is characterized by
its lifetime (t) and is defined by

1
Xk

T

)

where k is the first order rate constant for a generic unimole-
cular process that causes the disappearance of the excited
state. An important quantity for transition metal complexes
is the quantum yield of emission from the lowest spin-forbidden
excited state (phosphorescence quantum yield ¢p) which is

e = Hischpte 3)

where #sc is the efliciency of the population of the emitting
excited state with

krsc

= —— 4
e = ise + kic 1 kr) ¥
and tp is the lifetime of the emitting state:
1
mPp=— 5
P ket kie ®

If the lifetime of the excited state is sufficiently long, there is
a high probability that the excited molecule comes across
another quencher molecule Q (Scheme 4). In this case, a
specific interaction can occur, where kinetic investigations
have shown that only those excited states that live longer
than ca. 107 s have a chance to be involved in an interaction
with other molecules. For transition metal complexes, only
the lowest spin-forbidden excited state *MLCT) meets this
requirement.®”*® However, there is also the chance that the
excited molecule M cannot interact with the quencher due to
its diffusion out of the encounter complex cage (Scheme 4, —kgp).
The cage escape yield, e.g. for energy transfer (¢e). is defined by

k?

d)w - ke + k—diﬂ'

(6)
which describes the extent of the escape of the excited molecule
by diffusion and can be determined by transient absorption
spectroscopy.® 7!

The two most important processes are energy transfer
and electron transfer,”!*%”7! where the latter denotes either
the oxidation or the reduction of the excited state.

9,10,68

A* + B - A + B* energy transfer
A* + B - A7 + B~ oxidative electron transfer
A* + B -+ A~ + B’ reductive electron transfer
Electron and energy transfer processes are important, since
they can be utilized to quench an excited state, for instance,

avoiding intramolecular deactivation. Secondly, these pro-
cesses are able to sensitize other species, for example, inducing

chemical changes or luminescence from species that do not
absorb light.

The kinetic aspects of energy and electron transfer processes
are discussed in detail elsewhere.’*¢"”! However, one impor-
tant aspect is worth to mention: a molecule in its electronically
excited state is a species with rather different properties
compared with the ground-state molecule. The ability of an
excited state to participate in energy transfer processes is
related to its zero-zero spectroscopic energy (E°"). For the
electron transfer the relevant thermodynamic parameters
are the oxidation and reduction potentials of the *A/A " and
*A/A™ couples (eqn (7) and (8)). Because of its higher energy
content, an excited state is both a stronger reductant and a
stronger oxidant than the corresponding ground state. The
redox potentials for the excited state couples can be calculated
in a first approximation from the potentials of the ground state
couples and the zero—zero excitation encrgy E°°:

E(A"JA%) = E(AT/A) — E*° (7
FA*A™Y = E(AJA7) + E*° (8)

Scheme 5 summarizes some important molecular quantities
that describe the relationship between ground and excited state
parameters.

Transition d® polypyridine metal complexes have strongly
contributed to the development of electron transfer processes.
When light is used, as a reactant, and one considers the
following situations,

A+ hw > A*

A¥* + B > A" + B

there are two thermodynamic pathways for electron transfer
reactions (Scheme 6). Firstly, an exergonic reaction, which
is slow for kinetic reasons (due to the high activation
energy), is considered (Scheme 6, left side): upon light excita-
tion the reductant A is converted into the much stronger
reductant A*, thus the reaction between A* and B is much
more exergonic than between A and B. The reaction of the
excited state is generally much faster than the ground state

M
hv :
| Misc
|
v
Mm* o
E(A%IA*) . E(A*/A")
]
E°0 [} vt
1
v
M M = M
E(AIA*) E(A/AT)

Scheme 5 Representation of important molecular quantities.®
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Exergonic dark reaction Endergonic dark reaction

A*+B -3 ~ A*+B =

= A*+B-

AG>0

AT+ B

Scheme 6 Representation of the two possible energetic situations for
electron transfer reactions involving an excited state reactant.®

reaction, since the activation energy usually decreases with
increasing exergonicity.

Here, light is simply used to overcome a kinetic barrier and acts
as a catalyst. The second is an endergonic dark reaction (Scheme 6,
right side): the charge separation reaction (A + B - A™ + B")
cannot take place for thermodynamic reasons. However, the latter
reaction becomes thermodynamically allowed if A is excited to A*
and the portion of light energy implied to the reaction is converted
into chemical energy of the products. The converted energy is
discharged when A" and B~ undergo an electron back-transfer
reaction leading to A + B.®

Sensitization by light

Many d° metal polypyridine compounds are also involved as
mediators in photochemical processes.'%*® There are reactions
that do not occur because the reactants are not able to absorb
light and/or the excited state, responsible for the specific photo-
chemical reaction, has too short of a lifetime. As discussed in the
previous section, a chemical reaction A + B » AT + B~
cannot occur because of its endergonic nature. By excitation with
light the process would be thermodynamically allowed (Scheme 6).
Nevertheless, if neither A nor B is able to absorb the exciting
light, still the reaction cannot take place. This is the case if the
reaction is sensitized by a species which has specific electro-
spectroscopic properties; such compounds are called light absorp-
tion sensitizers (LASs) and perform as shown in Fig. 4. The LAS
has to absorb the light resulting in an excited state and this
excited state must be able to oxidize (or reduce) one of the
reactants. Finally, if the reduced (or oxidized) LAS is able to
reduce (or oxidize) the second reactant the redox process cycle
is closed by regenerating the LAS. For an ideal LAS some
requirements can be proposed: a reversible redox behavior,
suitable ground and excited state potentials, stability towards
thermal and photochemical decomposition, as high as possible
absorption in a suitable spectral region, a small energy gap
between the appropriate excited states, high quantum yield of

LAS
A+B+hy — A'+B-

oxidative route

reductive route
B a A B
/ LAS- / LAS*
B- A A* B
LAS LAS* LAS LAS*

Fig. 4 General photosensitized electron transfer processes by light
absorption.®

the reactive excited state, a proper lifetime of the reactive excited
state and a high energy content of the reactive excited state.®
Concerning the redox behavior of d® metal pyridine-based
complexes there are fundamental dissimilarities, for instance,
when comparing Ru(1r) and Ir(t). Cyclic voltammetric studies
of Ru(1) polypyridine complexes have shown that they under-
go a reversible oxidation associated with the metal-centered
Ru()/Ru(r) couple as well as a reversible ligand-centered
py/py (py = polypyridine ligand) reduction to form Ru().
The existence of an oxidizable Ru(ir) center and a reducible
ligand, in general, establishes a relatively long-lived (10~° to
1077 s) low energy MLCT-associated excited state.®”> When it
comes to charged Ir(1r) polypyridine complexes cyclic voltam-
metric studies indicated that oxidation of Ir(t) to Ir(v) is
often irreversible, which was attributed to the preference of
oxidation at the ligand rather than at the metal center. As expected
from charge considerations, reduction of Ir(tm) occurs at a much
less negative potential than it does in the corresponding Ru(1r)
complexes (this process is a reversible one related to reduction
at the ligand). In contrast to Ru(ir), the oxidation and reduction
potentials of Ir(ir) complexes suggest a relatively high energy
MLCT excited state. As a consequence, Ir(im) is a far stronger
oxidizing agent than Ru(r), but a weaker reducing agent.”
Furthermore, LASs can drive some interesting and useful
processes: 1 H13107475 for example, hydrogen evolution has
been observed for a number of polypyridine complex sensi-
tized systems.”*”7#7677 Ag the result discussed in the previous

visible light

vy

Ru(bpy)s** \ MV
Gotosenzmzer Ru®PYT(  Electron mediator
Ru(bpy)s** / Mv2*

Red Red*

H,

catalyst
(col. Pt)

Fig. 5 Overview of the photoinduced reduction of water (Red =
reductant, bpy = 2,2-bipyridine, MV = methyl viologen)."*

Table 2 Systems for the photochemical generation of molecular
hydrogen

Quantum

Electron yield Hy*
Sensitizer donor Quencher or catalyst [mol einstein™!] Ref.
*Ru(bpy)s®” EDTA or MV?*, colloidal Pt 0.13 74

TEOA
*Ru(bpy)s®t TEOA  MV?* 0.01 74
*Ru(bpy):*” TEOA Colloidal Ru or Os  0.001 74
*Ru(bpy)s>” TEOA Rh(bpy);**, Pt° 0.11 76
*Ru(bpy)s”” EDTA  *Rh(bpy)s® " 0.04 76
*Ru(bpy)s>" TEA PtO, (suspended) 0.53 76
*Ru(bpy)s> " Ascorbate Co™ 0.0005 9
*Ru(bpy);> " Ascorbate Co(bpy),>™ (in situ) 0.13 9
*Cr(bpy)s T EDTA Colloidal Pt 0.08 9

“ For quantum yield determination of molecular hydrogen see ref. 80
and 81.
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Scheme 7 Schematic representation of the synthesis of ether- and
amide-linked copolymers (the counter ions are omitted for clarity)
synthesized by the group of Meyer.

Table 3 Structural details of the metallopolymers synthesized by the
Meyer group

Polymer m q p n M,"gmol”' PDI" Ref
Ru-Ia 0 05 05 54 7000 1.54 92
Ru-Ib 0.5 05 0 54 7000 1.54 92
Ru-lc 0.1 0.5 04 54 7000 1.54 92
Ru-Id 0 0.5 05 60 7700 24 93
Ru-IIa 0 05 05 32 4200 1.53 94
Ru-1Th 0.5 05 0 32 4200 1.53 94
Ru-Ile 0.1 0.5 04 32 4200 1.53 94
Ru-11d 015 05 035 32 4200 1.53 95
Ru-Ile 0 08 02 20 4200 1.53 94
Ru-IIf 02 08 0 20 4200 1.53 94

“ Determined by size exclusion chromatography.

The aim: multi-electron transfer

Ox Red

AG=-216V

Fig. 6 Intramolecular electron transfer quenching of the highly metal-
loaded polymer Ru-Id.*®

O
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Scheme 8 Schematic representation of the synthesis of amide-linked
Ru(mm}-containing polymers by living anionic polymerization (the
counter ions are omitted for clarity).

Ru-lil; M = Ru and/or Os

Scheme 9 Triply functionalized polymer containing a Ru(u) complex,
an Os(m) complex and anthracene (the counter ions are omitted for

clarity).
i i i i/ > 110857
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Fig. 7 Intrapolymeric energy transfer in 1,2-dichloroethane at 298 K
(the counter ions are omitted for clarity)."®
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paragraph, Ru(bpy)s* " was widely applied as a prototype of a 2H,O - 4H' + 4e” + O, E' = +0.82eV
light absorption sensitizer due to the unique photoredox beha-
vior of the Ru(ir) metal ion. The splitting of water into hydro-
gen and oxygen by visible light

JH" + 2 > H, E'= —04leV

In principle, Ru(bpy)s® " can act as a LAS and the energetics

of the relevant step is as follows (pH = 7).
2H,0 + hv > 2H, + O

2¥Ru(bpy)s® " + 2HT - 2Ru(bpy)s’ ™ + Ho AG = —044 ¢V
is endergonic in the dark by 1.23 eV for each of the four

electrons involved. This four-electron process requires the In practice, the first step is too slow to compete with
following redox potentials: the excited state deactivation. A reducing agent (Red) is
@
c]
N3 NH; Cl
N N
Boc” Boc”
CO,CH; CO,CH;,

Q COCH
N
/

Boc COOH

Solid-phase peptide synthesis

Scheme 10 Schematic representation of the structure and the synthesis of an oligoproline assembly (the counter ions are omitted for clarity).
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added, as electron donor, to trap the Ru(bpy)s®* produced in
the quenching reaction and suppresses back-electron transfer
processes. Additionally, methyl viologen (1,1’-dimethyl-4,4'-
bipyridinium, MV27), as an electron mediator, was found
to be necessary to transport electrons to the multielectron
redox catalyst (e.g. colloidal platinum), which combines
two protons and electrons to afford molecular hydrogen
(Fig. 5).F

*Ru(bpy)s® " + MV?* > Ru(bpy)s** + MV™*

Ru(bpy)s*© + Red — Ru(bpy)s®" + Red”

OMV® + 2H,0 + cat. » 2MV?* + H, + 20H"
The best characterized systems are those where the reducing
agents are triethylamine (TEA), triethanolamine (TEOA) or
ethylene diamine tetraacetic acid (EDTA), respectively.! 7476777
Hydrogen evolution rates in the Ru(bpy)s> /EDTA system
were used, as the standard, for comparing the efficiencies
of different catalysts, including colloidal Pt [stabilized with
poly(vinyl alcohol)] and suspensions of PtO, (Table 2). In
general, the colloidal metals and the metal oxide suspensions
were the most efficient systems. The investigation of the effect
of the particle size and catalyst concentration in the colloidal

N\

/F ree radical polymerlzatlo“\zj\—(j§

o]

[Ru(dmbpy)(MeOH),J**

[Ru(dmbpy);(MeOH),I*

Scheme 11 Schematic representation of the synthesis of different antenna copolymers (the counter ions are omitted for clarity).

112,113
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Pt system showed that the rate of hydrogen evolution increases
six-fold upon decreasing the radius of the colloidal particles
from 50 to 10 nm. For particles of 10 nm radius, the hydrogen
generation rate also increased six-fold upon increasing the Pt
concentration from 8 mgL ™" to 120 mgL ™"

In a very recent assay, it was demonstrated that upon
arranging the platinum catalyst and the Ru(bpy)s? " sensitizer
closely into a gel network, the electronic transmitting reac-
tion to generate hydrogen proceeded more efficiently than
in the solution-based systems.** The system with an immobi-
lized platinum catalyst and the copolymerized sensitizer
[Ru(bpy)s*> "] as well as the mediator (MV) revealed two
orders of magnitude higher H, gas generation rates than the
solution systems.

Macromolecules containing pyridine-based
Ru(m)/Os(11) complexes

In the early 1980s, chemists faced a time where chemical
systems were screened in order to provide the basis for new
families of devices, such as solar energy storage systems and
light-emitting arrays. One extensively studied example was
artificial photosynthesis where solar energy is utilized for the
formation of high energy chemicals. A number of molecular
features, within a single structure, had to be combined when
aiming for applications of those materials including light
absorption, direct electron transfer by the utilization of free
energy gradients, and the delivery of the photochemically
produced oxidative and reductive equivalents to catalytic sites.

/4 p—
(0]
]
+
[0}
o
N
Free radical polymerization /

Scheme 12 Schematic representation of the synthesis of different terpolymers (the counter ions are omitted for clarity

113
).
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For this purpose, a number of approaches were explored at the
molecular level for creating molecular assemblies for artificial
photosynthesis. 177835

Meyer et al. used polystyrene (PS) as polymer backbone
because the molecular structure of the styrene repeating units
ensured relatively high inertness toward electron or energy
transfer processes. There are no low-lying excited states and
oxidation or reduction only occurred either at high oxidative
or low reductive potentials. In initial experiments, the copoly-
merization of styrene and (chloromethyl)styrene (as a mixture
of meta, para isomers) via free radical polymerization (FRP)
gave atactic polymer samples of varying molar masses and
polydispersity index values (PDI) depending on the reaction
conditions.”®" In subsequent investigations only polymers con-
taining the para-isomer were utilized yielding chloro-functionalized
copolymers by FRP (M, =~ 7000 g mol™!, PDI: 1.6-2.5).”

~ 7
<N ~ N = N
N ‘ XN <N
~Z

PMMA-Ru

X ¥in

P(CM-Ru)

For the functionalization of these polymers, a new linkage
chemistry was developed: nucleophilic chloride displace-
ment by hydroxymethyl-substituted polypyridyl complexes
[M(bpy)2(bpyCH,OH)?™ (M = Ru or Os; bpyCH,OH =
4-methyl-4'"-hydroxymethyl-2 2/-bipyridine) in the presence of
CsOH, as base, in DMSO gave the metal-containing copoly-
mers Ru-I (Scheme 7, see structural details in Table 3).°%%2 By
using an excess of the metal complex, quantitative substitution
at the available chloromethylated sites on the polymer was
achieved yielding macromolecules with a high degree-of-metal-
loading (Scheme 7, Ru-Ia, Ru-Ib).

The mixed Ru(u)-Os(i) polymer Ru-Ie was investigated
by means of different photophysical techniques with respect
to intra-strand electron and energy transfer—stemmed by the
issue of concentrating redox equivalents to a particular
spot—where the desired photon-driven transformation is

x=0.90,y=010 x =093, y=0.07

PNAA-Ru

PCMA-Ru

Scheme 13 Schematic representation of Ru(m) complexes attached to a polyacrylate backbone (the counter ions are omitted for clarity).
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supposed to occur. The Os(1r) units acted as a trap, whereas
energy transfer vie *Ru(ir) — Os(i1) was favored by AG =
—0.36 V. Transient emission measurements in MeCN showed
that rapid energy transfer (k > 2 x 10% s7!) occurred only at
Ru(m) sites adjacent to Os(i) complexes.®” In later experi-
ments, it was shown by laser flash photolysis at high irradi-
ances that multiphoton excitation in the presence of high
concentrations of phenothiazine (PTZ), as reductive quencher,
led to individual polymeric strands that were reduced by up to
seven electrons:”*

[co-PS—CH,OCH,~(RuY)5o]° " + 7hv + TPTZ
- [co-PS-CH,OCH,~(Ru"™),5(Ru");]* " 7PTZ* *

A problem occurred concerning the storage of multiple
redox equivalents, which is illustrated in Fig. 6 for a polymer
with a high loading of [Ru(bpy)s]° " units: upon excitation and
electron transfer quenching, oxidative equivalents, such as
Ru(m), were observed on the polymeric strands. The second
excitation occurred at a Ru(m) site adjacent to Ru(mr) and
electron transfer from *Ru(ir) to Ru(ur) was favored by a free
energy change of —2.1 eV and led thereby to unproductive
self-quenching of the excited state.’®%’

The utilization of ether-linked polymers for the study of
photochemical electron and energy transfer was limited due to
the failure of facile intra-strand energy transfer. Consequently,
amide-based linkage chemistry was used by the same group
by applying the well-developed coupling chemistry between

amines and carboxylic acids. The acid-derivatized comp-
lexes [M(bpy)a(bpyCO.H)>" (M = Ru or Os; bpyCO,H =
4-methyl-(2,2’-bipyridine)-4’-carboxylic acid) were added in
different stoichiometric amounts to polystyrene-based polymers
by amide coupling in DMF/CH,Cl, solvent mixtures providing
metallopolymers Ru-IT (Scheme 7, see details in Table 3).”*®
Spectroscopic and electrochemical measurements showed that
the properties of the polymer-bound complexes were similar to
those of the isolated monomers, and evidence for multi-photon
effects in fully loaded polymers was found. There was also a
striking difference between the ether- and amide-linked poly-
mers in their abilities to enable intra-strand energy transfer: the
amide-linked polymers Ru-II revealed two orders of magnitude
higher energy migration rates which was attributed to the
differences in orientation of the excited-state dipoles.”* ' A
comprehensive insight in the excited-state dynamics of Ru-IId
was gained by time-correlated single photon counting with pico-
seconds time resolution in MeCN at room temperature. In these
experiments, the *Ru(ir) emission decay at Ap,x = 640 nm as
well as the growth and decay, respectively, of *Os(11) emission
at Amax = 780 nm was monitored. Average rate constants for
nearest neighbor *Ru(ir) — Os(ir) quenching (k = 2 x 10¥s71)
and for *Ru(m) — Ru(i) migration (k = 5 x 107 s™') were
obtained, which explained the efficient *Ru(ir) quenching.”®
In order to achieve better control over the polymerization,
amide-linked polymers were synthesized by living anionic
polymerization later on (Scheme 8).'°"'% Trimethylsilyl-
protected (aminoethyl)styrene was polymerized using sec-BuLi

T>31°C

PNIPAM-Ru

Fig. 8 Structure change of PNIPAM-Ru at the LCST by phase transition.'!”
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Scheme 14 Schematic representation of Ru(i)-containing polymers and copolymers, respectively, synthesized by ring-opening metathesis

polymerization.

as Initiator and yielded peolymers with PDI values between
1.08-1.18 characteristic for a “living” polymerization procedure."
Subsequently, the amino-functionalized polymer was linked to
carboxy-functionalized metal complexes, such as [Ru(R-bpy),-
(bpyCOHDI* ™ and/or [Os"(bpy)a(bpyCOH)** . Time-resolved
emission decay dynamics were analyzed in rigid media [using
poly(methyl methacrylate) as matrix] and a direct evidence for
Ru(m)y* — Ru(m) migration and Ru(my* — Os(11) energy transfer
was obtained by time-correlated single photon counting, as
discussed for Ru-IId.*10%10%

Intra-strand energy migration and transfer were shown by
Meyer et al. to occur in a trifold functionalized polymer
containing Ru(u) and Os(11) complexes as well as 9-hydroxy-
methyl-anthracene (Scheme 9).'%7"1% The functionalized 1 : 1
copolymer Ru-III of styrene and p-(chloromethyl)-styrene that
contained: (i) a polypyridyl complex of Ru(ir), which upon
excitation resulted in a high-energy MLCT excited state, (ii) a
polypyridyl complex of Os(i), which had a lower energy
MLCT excited state, and (iii) an anthryl derivative, which
had a triplet state of intermediate energy. The metal subunits
and the 9-anthracenemethanol were sequentially attached by
nucleophilic substitution of the randomly located chloride
atoms. It was demonstrated that upon excitation of the Ru(r)
chromophores, rapid long-range energy transfer (k > 1 x 108574
occurred at the Os(11) centers via a cascade mechanism in which
the internal anthryl groups acted as energy relays (Fig. 7). Laser
flash photolysis and emission quantum yield measurements

showed nearly complete quenching of *Ru(1) by *Os(11), whereby
the energy transfer appeared on the timescale of the laser
pulse ( ~ 5 ns). In contrast, partly loaded polymers missing the

Fig. 9 TEM images of polymer Ru-Vf (¢ = 20 mg mL ") with increasing
toluene content: (a) toluene/acetonitrile ratio 20/80, (b) toluene/acetonitrile
ratio 35/635, (¢) toluene/acetonitrile ratio 40/60, (d) toluene/acetonitrile
ratio 70/30 (reproduced from ref. 134 with permission by the American
Chemical Society).
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Ru-Vla:n=20,m=5,k=0
RuVlb:n=20,m=5k=3
Ru-Vic:n=10,m=2,k=0
RuVid:n=10,m=2,k=3

l self-assembly (Hz0)

biotin

Fig. 10  Self-assembly of block copolymers into spherical aggregates containing (i) a luminescent metal unit (red), (i} a poly(ethylene glycol)

biocompatible corona (blue), and (iii) a biotin-functionalized unit on the periphery as bio-recognition component (green).

anthracene residue gave no indication for such *Ru(ir) — Os(11)
energy transfer following excitation at Ru(ir).!®®

The former investigations demonstrated the feasibility of
substituted polystyrene as a framework for constructing multi-
functional architectures. However, the use of pre-formed polymers
suffered from the disadvantage that no control over the relative
regional constitution of functional groups along the polymer
could be achieved. Consequently, Meyer et al. explored solid
phase peptide synthesis and constructed oligopeptides in a
stepwise fashion as a tool to control the local array of addi-
tional functional groups.'®*'*

The aim of this approach was to prepare chromophore-
electron transfer assemblies with control of both the constitu-
tion of added subunits and the 3D-structure of the resulting
assembly. For synthesizing the oligoproline helical structural
motif, depicted in Scheme 10, the preparation of appropriate
amino acids containing the Ru(i) chromophore as well as
electron transfer donors and acceptors was required. For this
purpose, the r-enantiomer of azidoproline was reduced to
the amine (Scheme 10). Subsequently, the amine group was
tert-butoxycarbonyl-protected (Boc) and the proline deriva-
tive was coupled with [Ru(bpy)(bpy-COOH) ™ or with the
carboxylic acid derivatives of PTZ, as donor, and the electron
transfer acceptor anthraquinone (ANQ). Subsequent solid-state
peptide synthesis yielded the 13-residue oligoproline displayed
in Scheme 10, which adopted a prolin-II-type helical structure
in water as confirmed by circular dichroism (CD) measurements

136

of the amide region.'**'% Quenching of the MLCT excited state
of the Ru(m) centers was dominated by PTZ — Ru(i)* reductive
electron transfer and occurred within 10-20 ns time scale with
solvent-dependent efficiencies (>0.9). It was further shown that
the reductive quenching was followed by [Ru"L,L"] —» ANQ
clectron transfer yielding a redox-separated state: the efficiency
of its formation was solvent dependent and varied from 33%
(1,2-dichloroethane) to 86% (acetonitrile).'*®

Molecular assemblies, which are capable of harvesting light
and convert the absorbed photon energy, were reported by the
Fréchet group. However, the demanding multi-step synthesis
of dendritic systems, which contain light-collecting dyes at
the periphery and channel light to a different dye with extre-
mely high energy-transfer efficiencies, limited their use for
realistic applications.''”'! In order to circumvent the trouble-
some synthesis of such dendrimers, Fréchet ez al. established
analogous polymers in which the donor-acceptor ratios were
optimized by mimicking the dendrimer models (Schemes 11
and 12). Polymers containing coumarin and Ru(dmbpy)s” "

Table 4 Photophysical properties of diblock and triblock copolymers

Polymer Solvent Aabsmax/MM Agbgmax/MM Prum

Ru-VIe  Acetonitrile 457 626 0.064
Ru-VIc  Acetonitrile/water (1 : 5) 457 642 0.021
Ru-VId  Acetonitrile 457 626 0.060
Ru-VId  Acetonitrile/water (1 : 5) 457 642 0.021
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(dmbpy = 4.4'-dimethyl-2,2’-bipyridine) chromophores were
synthesized using a grafting-onto (Scheme 11) as well as a
copolymerization approach (Scheme 12) utilizing FRP. It was
found that the solubility of polymers derived from Ru(i)-
containing monomers was higher than those obtained by grafting
of the Ru(ir) complexes. The resulting bichromophoric macro-
molecules exhibited enhanced absorption and luminescence prop-
erties compared to single Ru(1) complexes due to an efficient

\\ \r \ \

(>95%) energy transfer between the coumarin donor dyes and
the ruthenium subunits.!**''* Moreover, a system in which two
different donor dyes were present together with a Ru(r) complex
(Scheme 12) was synthesized and found to also offer efficient
energy transfer to the Ru(u) units.'"?

Various light-harvesting antennas based on acrylate mono-
mers are depicted in Scheme 13. Schubert et «l. utilized FRP
to synthesize a methacrylate-based bipyridine pre-polymer.

(c)

© @
NAANANANAN
electrode \

Fig. 11 Electrooxidation of glucose via a high molar mass polycationic redox polymer. (a) Electrostatic interaction of a polycationic redox
polymer with a polyanionic enzyme brings the redox centers at a close range for the electron transfer. Electrons are transferred to the electrode via
the polymer. (b} Charge transmission and coiling of the redox polymer lead to dissociation of the electrostatic complex, stop the electron transfer,
and, thereby, electrooxidize glucose. (¢) After covalent bonding of the redox polymer to the enzyme the complex does not dissociate and retains the
electrooxidation of glucose.'**
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Scheme 15 Schematic representation of Os(i) complexes incorporated in redox polymers (the counter ions are omitted for clarity).
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Subsequent grafting of Ru(m) polypyridyl (2,2’-bipyridine
or 1,10-phenanthroline) precursor complexes onto the poly-
(methyl methacrylate) (PMMA) copolymer allowed the forma-
tion of graft copolymers (Scheme 13, PMMA-Ru), which
revealed the optical properties of the corresponding single
Ru() complex. It was demonstrated that the PMMA back-
bone did not interfere with the photophysical properties, but
enabled the processing of the material.'™ In a second approach,
a (methyl methacrylate)-functionalized Ru(ir) complex was used
as comonomer in the free radical polymerization of methyl
methacrylate (MMA).'"® By using different molar monomer-to-
initiator ratios the metal content was varied from 1.3 to 22%.
The luminescence properties of the Ru(i) subunit were not
influenced indicating that self-quenching of the complexes was
prevented. The graft-copolymers were processed into thin films,
either by spin-coating or inkjet-printing, whereby no aggrega-
tion of the metal centers was observed even not for the polymers
with higher ruthenium content.!'®

Miyashita ez al. grafted Ru(bpy)s>* on a pre-copolymerized
system consisting of N-tert-pentylacrylamide and N-dodecyl-
acrylamide, respectively, as well as an acrylate-functionalized
bipyridine (Scheme 13, PNAA-Ru)."'” These copolymers
formed stable condensed monolayers at the air/water interface.
The monolayers were consecutively transformed onto solid
supports, yielding Y-type polymer Langmuir-Blodgett''® (LB)
films. The UV/vis absorption spectra of the LB films indicated
that the Ru(bpy);>" chromophores were incorporated into the
polymer monolayer with a concentration of 3.9 x 107! mol cm 2.
The cyclic voltammograms (CVs) of the monolayers deposited
on an electrode showed a well-defined symmetrical surface
wave revealing reversible redox peaks of Ru(bpy)s®>" at different
scan rates.''® By depositing the LB films on an ITO electrode
in the presence of a sacrificial electron donor (e.g. thiosalicylic
acid), a large anodic photocurrent was observed with a rapid
response to the light intensity. The conversion efficiencies of
photons absorbed by the Ru(u) chromophores varied from
0.8% (dodecyl moiety) to 1.1% (tert-pentyl moiety). In further
studies, N-isopropylacrylamide and an acrylate-functionalized
2,2'-bipyridine were copolymerized by FRP and, subsequently,
cis-Ru(bpy),Cl, was grafted onto the poly(N-isopropylacryl-
amide) (PNIPAM) copolymer, which is known to be a thermo-
responsive polymer with a lower critical solution temperature
(LCST) of 31 °C (Fig. 8). The electron transfer quenching of the
PNIPAM-Ru polymer by MV?" was investigated as a function
of temperature. The electron transfer quenching rate constant
(kg) in the globular state (i.e. at a temperature above the LCST)
was 5 times higher than that in the coil state (i.e. at a temperature
below the LCST).'"”

A crucial issue concerning systems fabricated on flat sub-
strates is the low optical density of chromophores in ultrathin
films, since the thinness of active layers results in a limited
number of effective photon-interacting chromophores per unit
area. One approach toward obtaining a high optical density is
the deposition of materials on a porous substrate with a large
surface area, which greatly increased the load of chromophores. '’
Another approach is the layer-by-layer (LBL) deposition technique
developed by Decher, which is a proper method for the deposition
of ultrathin films on flat as well as on porous substrates.'?' Thin
polymer films of P(CM-Ru) (M, ~ 1 x 10° g mol™!) bearing

Ru(bpy)s® " moieties (Scheme 13) were fabricated by the LBL
technique at various concentrations and the light-collecting cap-
ability of the ruthenium-containing layer was demonstrated.'?
The absorption and the emission spectra were similar to those
of individual Ru(bpy)s>* centers and showed the match of the
electronic states in the incorporated polymer. The phospho-
rescence of the Ru(i) moiety was quenched by ferrocene via
energy migration between the Ru(i) moieties. The efficiency of
the quenching strongly depended on the concentration of the
Ru(1) moiety and exhibited its maximum for the polymer with
18 mol% of Ru(u). The diffusion coefficient for the energy
migration increased by two orders of magnitude by increasing
the ruthenium content from 4 mol% to 18 mol%.

Moreover, functionalized polypyridyl Ru(ir) complexes were
also grafted onto carbazole-based copolymers synthesized by
FRP (e.g. Scheme 13, PCMA-Ru).'** The resulting polymers
were characterized in detail and the maintenance of the optical
properties of the metal complex was demonstrated.'?*™'%
Recently, Kim er al. have applied carbazole-based polymers
with Ru(tr) chromophores as photosensitizers in photoconducting
devices.!2
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Scheme 16 Schematic representation of the synthesis of the hetero-
leptic osmium complex monomer.
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Another approach to control the construction of functional
polymers was the utilization of the ring-opening metathesis
polymerization (ROMP) due to its living nature and consider-
able functional group tolerance. ' '*? Sleiman et al. presented
the direct and efficient synthesis of homopolymers and block
copolymers bearing Ru(bpy)s*" and Ru(phen);*> " complexes,
as pendant groups, vie ROMP using a third generation
Grubbs' catalyst."** 1% The polymers Ru-IV and Ru-V
(Scheme 14) were characterized by NMR spectroscopy, where
the degree-of-polymerization (DP) of Ru-IV was calculated as 21.
However, size exclusion chromatography (SEC) analysis
could not be performed on the polymers, presumably due to
strong interactions with the stationary phase. UV/vis absor-
bance and luminescence studies as well as CV measurements
showed that the properties of the Ru(u) monomer were
retained in both the homopolymers and the block copolymers.
Using the controlled ROMP, the Ru(u)-containing block
copolymers Ru-V, consisting of a Ru()-bipyridine-based block
and a hydrophobic block, were varied with regard to their
composition (i.e. block length, block ratio and polymer length)
and, subsequently, systematically studied with respect to their

Radical electropolymerization of a pyrrole-functionalized osmium complex (reproduced from ref. 152 with authorization by the

501,

190 mv
=2

200 400 600 800

E [mV] vs. Ag/AgCI

0 T
-200 0

Fig. 12 (a) Differential pulse voltammograms for the osmium redox
polymer (1 M aq. KCl, step potential 49.5 mV, interval time 0.2 s,
modulation amplitude 150 mV, modulation time 0.06 s). (b) Structure
of poly(vinyl}imidazole-Os(bpy).Cl (reproduced from ref. 159 with
permission by Wiley-VCH).
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self-assembly in different acetonitrile/toluene mixtures.'**

Depending on the composition of the solvent various morpho-
logies of the micellar aggregates were observed, whereby polymer
Ru-Vf disclosed the largest assortment including tubular struc-
tures (20 and 35% toluene, Fig. 9a and b), large spherical bilayers
(40% toluene, Fig. 9¢) and uniformly sized vesicles (70% toluene,
Fig. 9d).

In a very recent publication, Sleiman er /. introduced a new
class of block copolymers using ROMP for biological detection
applications with signal amplification.'* For this purpose,
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three classes of ROMP monomers were synthesized: (i) lumine-
scent metal-containing monomers, bearing Ru(r) and Ir(t)
bipyridine units, (ii) biologically compatible macromonomers,
containing oligoethylene glycol units, and (iii) biorecognizable
monomer units, such as biotin (specific binding to avidin'*’
proteins). ROMP was used to copolymerize these monomers
into amphiphilic di- and triblock copolymers (Fig. 10). Since
the metal-containing polymers interacted with the stationary
phase of the SEC, the metal-free monomers were first employed
to synthesize homopolymers in order to demonstrate the controlled

P3

P10

Fig. 13 Schematic representation of the molecular structures of the polymers P1-10.
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nature of the polymerization procedure, whereby PDI values below
1.1 were achieved. The Ru(m)-equipped di- and triblock polymers
Ru-VI were examined in detail and formed spherical micelles upon
self-assembly in aqueous media. Preliminary photophysical data
were recorded for the latter ones and are summarized in Table 4
indicating that the Ru(bpy)s>" units primarily acted as individual
chromophores. Currently, the authors are optimizing these systems
towards their potential applications as luminescent markers for
biological molecules as well as drug delivery systems. Besides the
examples evaluated in this section, there are a large number of
studies dealing with polypyridyl Ru() complexes, as part of the
polymer main-chain. These contributions have been reviewed lately
by several authorg®> 0525891387142 a0 will, therefore, not be
discussed any further here.

Macromolecules containing pyridine-based
Os(11) complexes in the side-chain

In 1990 Heller et al. reported the usage of hydrophilic poly-
(4-vinylpyridine)s (PVPs), as macroligands, in order to complex
Os(11) ions generating stable redox polymers.'®'** These redox
polymers were investigated towards their ability of biosensing,
in particular, for the mediation of the electrooxidation of glucose.
Electron mediators that are commonly employed in ampero-
metric glucose sensors include ferrocenes, quinones, and
ruthenium complexes. #4146

Commercial PVP (M, = 50000 g mol™!) was partially
complexed with the Os(i) precursor cis-Os(bpy),Cl, and,
subsequently, the metal-free pyridine units were quaternized
with bromoethylamine resulting in a high hydrophilicity. The
same group also copolymerized N-methylvinylpyridinium
chloride and Os(bpy),(4-vinylpyridine)Cl as well as with 1/20

of the vinylpyridine/pyridinium replaced by 4-aminostyrene, 4144147

It was demonstrated that these Os(11) redox polymers were able
to mediate the oxidation of glucose by an electron transfer
between polyanionic enzymes (e.g. glucose oxidase) and the
polycationic redox polymers by forming a cross-linked redox
hydrogel (Fig. 11). However, the complex decomposed with
time and the electron transfer rate became evanescently small
at high ionic strengths.'##14

Inner coordination sphere halides, i.e. chlorides, are not
easily exchangeable in Os(11) complexes, since they are electro-
statically strongly bound. However, they can be exchanged by
N-heterocycles like pyridine (py), imidazole (im) or a primary
amine if the complex is reduced to Os(m). Accordingly, if an
electrode is covered by an adsorbed redox polymer and the
Os(11) complex is electroreduced to Os(11), the chlorine ligands
of the osmium complex are exchanged by the respective
N-heterocycles of the backbone of the adsorbed strands,
coordinatively linking the two strands. Thereby, the enzyme-
wiring redox polymer avoids a possible phase separation. The
polyanionic enzyme (glucose oxidase) forms an electrostatic
adduct with the electro-deposited redox polymer and can be
electro-deposited as well. Subsequently, the electro-deposited
films catalyze the electrooxidation of glucose.!%4°

In order to optimize the electrooxidation, new generations
of redox polymers have been developed and investigated:
crucial parameters, including the tuning of the redox potential
of the osmium complex, the substrate diffusion barrier, the
electron transfer properties and the optimization of the current
density could be improved by employing the redox polymers
depicted in Scheme 15.1¥75! 2,27 pis(1-Methyl-1 H-imidazole)
(bim) and 2,2’-bipyridine, respectively, were used as ancillary
ligands for the osmium complexes.

Table 5 Electrochemical potentials of the polymer-bound Os(ir) complexes

Parent Os(11) complex Eyp"/mV Product Conditions
P1 [0s(bpy),Cly] ~169 [Os(bpy),(CO)CT] ™ 75 °C. HO/EtOH
+60 [Os(bpy),Py(CON** 75 °C, HO/EtOH
+340 [Os(bpy),PyCI]* 75-95 °C, H,0/i-PrOH
+560 [Os(bpy)(Py)+ 90-95 °C, i-PrOH
P2 [0s(bpy)>Cl,] +340 [Os(bpy),PyCI] 90-95 °C, i-PrOH
P3 [0s(bpy)2Cla] —15 [Os(bpy),Im(CO)* " 85 °C, H,O/EtOH
+115 [Os(bpy),ImC1] ™ 85-95 °C, H,O/EtOH
P4 [0s(bpy)=Cls] ~155 [0s(bpy),(CO)CI** 80 °C, H,0
-6 [0s(bpy),Im(CO)** 75-85 °C, H,O/EtOH
F108 [Os(bpy),ImCI] ™ 75-85 °C, H,O/EtOH
+200 [0s(bpy)2(COY* * 75-85 °C, H,0
+300 [Os(bpy),(Tm),J* 95-140 °C, H,O/i-PrOH
[Os(bim),Cly] —430 [Os(bim),Im(CO)Y** 85 °C, H,O
~300 [Os(bim)(Tm)C1] ™ 90-95 °C, H,O/EtOH
—234 [Os(bim),(Tm),]* 85 °C, H,0
P5 [0s(bpy).Cl,] +105 [Os(bpy),(Tm)CI] * 80 °C, EtOH
P6 [0s(bpy),Cl,] F320 [Os(bpy),(bim)]** 95 °C, i-PrOH
P7 [Os(bim),Cl,] 251 [Os(bim),(bim)]** 100 °C, i-PrOH
P8 [0s(bpy)>Cla] —165 [0s(bpy)o(COYCI] ™ 85 °C, H,O/EtOH
+350 [Os(bpy),(Py)C1] ™ 85 °C. H,O/EtOH
+470 [Os(bpy),(Py)Im]** 85-95 °C, H,O/EtOH
[Os(bim),Cly] —300 [Os(bim),(COYCI] 85 °C, H,0/i-PrOH
—142 [Os(bim),(Py)Im]* " 85 °C, H,0/i-PrOH
+271 [Os(bim)x(COYJ** 85 °C, H,O/i-PrOH
P9 [0s(bpy)>Cl] -10 [Os(bpy),Im(CO)** 75-85 °C, H,O/EtOH
P10 [0s(bpy),Cly] 12 [Os(bpy),Im(CO)>* 85 °C, H,0
+180 [0s(bpy)2(COYI* 85 °C, H,0

“ Measured versus Ag/AgCl electrode.
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Schuhmann et al. were also interested in amperometric
biosensors utilizing glucose oxidase, as a biological recogni-
tion system, whereby the enzyme-integrated prosthetic group
(FADH,;) was reoxidized by means of an Os(i) complex
containing a redox polymer mediator. Though, the related
enzyme electrodes have shown distinct sensor properties, the
formation of the cross-linked redox hydrogels revealed an
unsolved problem regarding reproducibility (due to inhomo-
geneous thickness of the polymer layer). Consequently, the
group of Schuhmann used a medified poly(pyrrole), which
was covalently attached to the osmium complexes. In contrast
to the cross-linking approach, electrochemically-induced polymer-
ization occurred on the active surface of the working electrode. In
addition, the thickness of the polymer film could be controlled via
the charge transferred during the polymerization process.'>

The reaction sequence yielding a mediator-modified pyrrole
derivative is shown in Scheme 16. cis-Os(bpy),Cl; can be synthe-
sized by a two-step reaction from K;0sClg and 2,2-bipyridine.

g N
oc\\ Ne o PVPgop

Re* CF.80, ————
oc/ [ \N _ CHCly, reflux, 24 h

cl . |

The final pyrrole functionalization of the osmium complex was
carried out by a ligand exchange reaction with (pyridin-4-yl-
methyl)-(6-pyrrol-1-yl-hexyl)amine. The aliphatic spacer chain
provided the desired flexibility.

The electrochemically-induced copolymerization of pyrrole
and the pyrrole-functionalized Os(1r) complex in the presence
of glucose oxidase occurred via intermediate radical cations
and was, hence, highly dependent on the presence of molecular
oxygen or nucleophilic groups, which could capture the formed
radicals. For solubility reasons the counter ion of the osmium
complex was changed from hexafluorophosphate to chloride
prior to the polymerization process (Scheme 17). Copelymeri-
zation of the two monomers could be proven by CV measure-
ments showing nearly symmetric oxidation and reduction waves
of the polymer-integrated osmium centers, which indicated
surface attached redox species,' 134153

Warren et al. carried out the electrochemical characteriza-
tion of films obtained by copolymerization of [Os(bpy),XCl]
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Scheme 18  Top: synthesis of a Re(1}-containing PVP (M,, = 6 x 10* g mol ™). Bottom: temperature dependence of the emission liftetimes for the monomer
and the polymer in MeCN and MeCN/H;O (1 : 4 mixture). (M)—[(py)Re(CO)bpy]™ in MeCN; (@)—Re-I in MeCN; (O)—{(py)Re(CO)sbpy]
in MeCN/H,O and (+ )}—Re-I in MeCN/H,O (reproduced from ref. 167 with permission by the Royal Society of Chemistry).
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[0s-PMP, X = 3-(pyrrol-1-ylmethyl)pyridine] with 3-methyl
thiophene or 1,2-diaminobenzene.'® The complex was
copolymerized with 3-methylthiophene utilizing CV yielding
a stable redox active film. Afterwards, a copolymer based on
[Os(bpy),PMP(CD]PF and 1,2-diaminobenzene was synthe-
sized electrochemically using the so-called membrane templating
method.>”!3® The obtained films, formed by the latter method,
revealed tubular aggregates of the copolymer on the surface and
could improve the stability of the system compared to those in
the absence of the tubular structures.

Schuhmann et «/. could also demonstrate the suitability of
Os(bpy)>Cls-modified poly(vinyl)imidazole (PVI) redox poly-
mers (Fig. 12b) as both immobilization matrix and electron
mediator for isolated photosystem-2 (PS2) complexes leading
to enhanced water oxidation.'*® PVI was synthesized by FRP
using 2,2'-azobis(isobutyronitrile) (AIBN), as initiator, and the
resulting polymer was subsequently treated with ¢is-Os(bpy)Cls.
Similarly, systems based on PVP and PVI were studied as
described elsewhere,! 71607162

The polymer immobilized the PS2 firmly on the electrode
surface, while its hydrogel-type character still allowed small
molecules to diffuse almost freely through the immobilization
matrix. Electrons from the PS2-driven water splitting were
accepted by the redox centers of the polymer and transferred
to the electrode surface. Amino functions on the polymer and
on the lysine residues of the protein complex were cross-linked
by means of a bifunctional molecule, such as poly(ethylene
glycol)diglycidyl ether (PEGDGE), yielding a polymer network.
The potential of the redox polymer was determined by differ-
ential pulse voltammetry (DPV, Fig. 12a).

The peak at 190 mV (vs. Ag/AgCl, 3 M aq. KCl) was attri-
buted to the Os(u)/Os(1r) redox couple. The absence of other
peaks indicated that the coordination sphere was uniform for
all Os(11) complexes attached to the polymer backbone. Gold
electrodes modified with the cross-linked redox polymer and
PS2 showed a ten times higher photocurrent (current density &
45 puA cm %) than the comparable redox polymer systems
immobilizing P§2.16%1¢4

A recent publication by Schuhmann et al. comprised a
library of over 50 Os(i1) complex-containing polymers suited
for electrodeposition, which were tested with respect to their
electron transfer ability in combination with enzymes, such as
glucose oxidase and cellobiose dehydrogenase.'®® The redox
potential of the resulting poly(acrylate)-based polymers, which
were synthesized by FRP, could be tuned over a wide range by
grafting different osmium complexes, such as cis-Os(bpy),Cl,
and c¢is-Os(bim),Cl, (Fig. 13, Table 5). Furthermore, the latter
complexes featured an easy exchange of the chlorine ligand
by oxygen under mild conditions (at 70 to 90 °C in aqueous
solution), when incorporated in acrylic acid-based polymers
resulting in a low redox potential. Currently, a few examples of
these polymers are investigated towards the design of biofuel
cell cathodes. '

Macromolecules containing pyridine-based Re(1)
complexes

Rhenium(r)-containing polymers have widely been studied,
triggered by their interesting properties: these types of materials

combine the advantage of the tunability of the redox and
photophysical properties of the Re(1) complex with the pro-
cessability of an organic polymer, which is predominantly
important for low-cost device manufacturing in the field of
optoelectronics. The accessible excited states, which are metal-
to-ligand charge transfer (MLCT), ligand-to-ligand charge
transfer (LLCT) and/or intraligand (IL) excited states, are
generally involved in the observed luminescence at room
temperature, 3830:62138.141

Rhenium(1) complexes attached on the side-chain

Wolcan er al. have applied ligand substitution reactions
on commercial PVP using Re(1) tricarbonyl complexes. The
photophysical properties of the resulting Re(1) polymer and
the corresponding [(py)Re(CO)s(bpy)]" monomer were investi-
gated in detail, where solvent, temperature and laser power
effects on the distinct photophysical behavior were observed for
both the monomer and the polymer (Scheme 18). It has been

0.43 pm

0.43 um

Fig. 14 Transmission electron micrographs of the solvent cast films
of the polymer (a) Re-I and (b) Re-I-CuCl; (reproduced from ref. 168
with authorization by the American Chemical Society).
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Fig. 15 Stern-Volmer plots for the luminescence quenching of Re-I
and the monomer [(py)Re(CO)bpy] " by TEOA (reproduced from
ref, 168 with authorization by the American Chemical Society).
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Fig. 16 Transmission electron micrographs of Re-IIb (left) and Re-Ila (right) prepared from toluene/CH>Cly (reproduced from ref. 171 with

permission by Wiley-VCH}).

demonstrated that the incorporation of roughly 200 Re(CO):bpy
chromophores into the PVP had only little impact relative to
the single menomers MLCT excited state, if these complexes
were irradiated with low photonic fluxes (i.e. steady state
irradiations with n,, < 2 mJ pulse ").'” The temperature
dependence of the emission lifetimes (Scheme 18, bottom) ina
polar solvent mixture (MeCN/water) showed a bi-exponential
behavior for the polymer at temperatures below 15 °C; above
this temperature its behavior was mono-exponential. Wolcan
et al. claimed that thermal activation might be responsible
for a transition between a coil and a rigid-rod structure,

PS-5-PVP
Re(bpy)}(CO),CI
AgCIO4

whereby the coil structure dominated in highly polar (or in
highly non-polar) solvents, at temperatures below 15 °C, and
the rigid-rod structure in solvents like MeCN above 15 °C.
The polymer Re-I was later on investigated with respect to
micelle formation and reductive redox quenching.'®® Trans-
mission electron microscopy (TEM) images (Fig. 14) and DLS
experiments demonstrated that the latter polymer aggregated
to form mainly spherical micelles, whose dimensions were in
the range of 90 to 430 nm. Subsequent to the treatment with

O, o o
= =
D

Re-lla: x/y = 3.1
Re-llb: x/y = 0.35

Scheme 19 Schematic representation of the synthesis of the Re(1)-
containing block copolymers.'”!

Scheme 20 Schematic representation of the structures of Re(i)-
functionalized methacrylate-based polymers.
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Cu(1r) ions, the formed polymer Re-I-CuCl, assembled into
micelles that were distorted from the spherical shape, and whose
dimensions were smaller than those of the micelles formed by
the parent polymer (Fig. 15). Additionally, Re-I revealed
reductive quenching by triethanolamine (TEOA) following a
typical Stern—-Volmer kinetics (Fig. 16). From the Stern-Volmer
constant (Ksy = 77 M™!) and the luminescence lifetime in
acetonitrile, a bimolecular quenching constant of k; = 3.8 x
10° M~! 57! was calculated.

Similar PVP-based polymers were studied, where the Re(1)
subunit bears 1,10-phenanthroline (phen) as an ancillary ligand.
[Re(CO)3(phen)] ™ was attached to commercial PVPgy by ligand
substitution reactions of the Re(1) complexes.'®!'™ The polymer
and the metal complex [(py)Re(CO);phen]CF3S0;, as model
substrate, were characterized by UV/vis spectroscopy exhibiting
similar features. The extinction coeflicient of the polymer corre-
sponded to approximately 200 chromophores ([Re(CO)sphen] *)
per polymer chain in comparison to the extinction coefficient of
the monomer. Detailed photochemical investigations by flash

Table 6 Seclected properties of the Re(1)-containing block copolymers

photolysis and pulse radiolysis showed that the MLCT excited
states in the polymer underwent a more efficient annihilation
than in the monomer. Redox quenching experiments with the
polymer by MV?™ and TEOA indicated the presence of intra-
strand electron transfer processes.'”® The rate constant of the
latter process was dependent on the solvent used, displaying a
six-time higher rate in methanol compared to that in acetonitrile.

Chan et al. were interested in Re(1)-containing block copoly-
mers derived from polystyrene-block-poly(4-vinylpyridine)
(PS-h-PVP). The pyridine moieties of a PS-A-PVP diblock
copolymer were used to coordinate [Re(CO)s(bpy)] ™ vielding
the Re(1)-functionalized block copolymers Re-IL'"! The poly-
mers were synthesized according to Scheme 19 and selected
characterization parameters are summarized in Table 6. It was
assumed that the metal-containing blocks were ionic in nature
and that their properties were different from the hydrophobic
PS block. The PS blocks aggregated in polar as well as non-polar
solvents and formed micelles of different sizes and shapes, depend-
ing on the block size and the solvent system (Table 6, Fig. 16).

Polymer x/y M, g mol™! PDI? Re/PVP® Micelle structure in CH,Cly/toluene Micelle structure in CH>Cl;/ MeOH
Re-IIa 31 53900 1.13 0.13 Disc (radius =~ 100 nm) Sphere (radius 20 to 80 nm)
Re-ITb 0.35 30800 1.16 0.21 Rod (length ~ 200 nm, radius ~ 20 nm) Sphere (radius ~ 200 nm)

“ Number average molar mass determined by SEC. ? Polydispersity index of the starting PS-5-PVP. ¢ Pyridine moieties functionalized with a

rhenium complex.

3:n =1, M = no metal; Re-Va: M = Re{(CO};Cl; Re-Vh: M = Re(CO);NCCH,
4:n=2, M = no metal; Re-VI: M = Re'(CO),Cl

Scheme 21

Schematic representation of oligo(arylene ethynylene)s containing two different Re(1) complexes.'**

This journal is ® The Royal Society of Chemistry 2012

- 120 -

Chem. Soc. Rev.,, 2012, 41, 2222-2255 | 2245



PUBLICATION A3

O—CygHsz
x = /\\/:+y:: +  (xty) | |
—N N
Q
Rt A\
0C—Re*—Cl C oty
oc co

Sonogashira cross-coupling

Re-VIl: x=0,y=1
Re-Vlll: x=0.1,y=09 Re-X x=05y=05

Re-IX: x=0.25,y=0.75

Scheme 22 Schematic representation of poly(arylene ethynylene) (PPE) architectures containing Re() complexes.'®®

In a mixture of toluene and CH,Cl, the macromolecules possessed
higher flexibility and experienced reduced charge repulsion.
Steric effects between different Re(1) moieties became more
important and, consequently, the micelles formed from polymer
Re-TIb revealed a rod-like structure, which was almost 200 nm
in length. By contrast, the micelles formed by polymer Re-Ila
appeared to be spherical in shape (Fig. 16, right).

There are only a few examples, where Re(1) complexes of
the general type [Re(CO);L] " (L = 1,10-phenanthroline, 2,2'-
bipyridine, iminopyridines) were bound to methacrylate-based
polymers. The preparation of the corresponding Re(1)-
containing polymers was performed both by FRP and controlled
copolymerization methods (in the latter case using atom transfer
radical polymerization (ATRP)). In the former case, the
light-emitting Re(1) complex was attached to a pre-synthesized
polymer by complexation reaction between a reactive
[Re(phen)(CO)s(acetone)] ™ precursor and the pyridine units
of the polymer side-chains.'”> All polymers reported by
Bignozzi et af. (Scheme 20) were characterized by conventional
experimental techniques including NMR spectroscopy, size
exclusion chromatography (SEC), differential scanning calori-
metry (DSC), and thermogravimetric analysis (TGA). UV/vis
and emission spectroscopies were applied to investigate the
optical properties of the polymers in solid-state films and
in solution. The structure of the synthesized polymers was
confirmed by "H NMR spectroscopy and allowed the estima-
tion of the monomer sequences in the copolymer chains.
The glass transition temperatures (7,,) for the polymers were
determined by DSC. The 7, is related to the permeability
of the polymeric matrix towards diffusion of gases; the
relatively low T, of the rubber-like polymers depicted in
Scheme 20 and time-resolved emission quenching experiments
implied an application of these polymeric materials as oxygen

SEI‘ISO[’SA”’]”’I%‘

In the group of Chan, Re(1)-iminopyridine and 2,2'-bipyridine
complexes were successfully polymerized by ATRP. The
copolymerization of MMA with different Re(1) complex/
MMA ratios was demonstrated as well as the synthesis of an
ABA triblock copolymer with PMMA, as macroinitiator.'”*

Table 7 Selected photophysical

T T s of the polymers
e-VII-Re-

properties

Polymer  Aupgmax/nm  Assignment Ay, yax”/nm I
Re-VII 400 Tt 435 028 1.1
Re-VIII 400 T -t 435 0.16 078
465(sh) dn — n*
(MLCT)
Re-IX 400 T — ¥ 435 0.11 048
469(sh)y dn — n*
(MLCT)
Re-X 388 T - n* 432 0.073  0.40
469 dn — ¥
(MLCT)

@ Ambient temperature data in THF solution. ® Quantum yield of
n-n* fluorescence. © Median lifetime.

Re-flul: m=08,n=02
Re-flull: m=09,n=01
Re-flulll: m = 0.95, n = 0.05
Re-flulV: m = 0.985 n = 0005

Scheme 23 Schematic representation of polyfluorene copolymers
with different Re(1) complex contents.
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Fig. 17 The current density-brightness (a) and current density-luminance efficiency (b) curves of PPV devices with Ba/Al and Re-flulll/Ba/Al as

cathodes (reproduced from ref. 191 with permission by Elsevier).

The neutral Re(r) complex in the homopolymers and copoly-
mers was further converted into an ionic form by replacing the
chloride ligand by an imidazole ligand, thereby significantly
enhancing the solubility of the resulting ionic polymers. The
photosensitizing properties of the polymer films were investi-
gated by the measurement of the photocurrent respense under
an externally applied electric field: the photoconductivity values
of the polymers containing the Re(1) iminopyridine complexes
were in the range of 107"2-107"* Q™' em™", which were compar-
able to the values reported for other conjugated polymers
equipped with ruthenium(r) complexes as photosensitizers.'”®

Rhenium(r) complexes in the main-chain

n-Conjugated polymers and oligomers are of interest due to
their unique optical and electronic properties, which enable
their use, as an active medium, in optical, electronic, opto-
electronic and chemical sensing devices. Studies of organic
n-conjugated materials have established the relationship
between molecular structure and the properties of the
materials.'””'% Rhenium(1) diimine complexes have been
incorporated into polymeric structures based on polystyrene,'®*
poly(methyl methacrylate),"®* poly(p-phenylenevinyleney™?* %
and polyurethane.'®

However, only a few articles deal with the structure—property
relationships of conjugated Re(1)-containing polymers,2*!56:1%7
Schanze er al. selected, as targets, a series of oligo(arylene
ethynylene)s (OAEs) that contained a central 2,2'-bipyridine
metal chelating unit. A broad examination of the optical properties
was carried out on a series of well-defined m-conjugated oligo-
mers comprising a [Re(CO);L]" (L = Cl, MeCN) complex as
chelating unit (Scheme 21).'%*% The bipyridine-containing
oligomers were synthesized by a stepwise sequence utilizing
the Pd"-catalyzed cross-coupling of a terminal acetylene and an
aryl iodide (Sonogashira coupling) as the key step. The metala-
tion with Re(1} complexes was conducted afterwards. The final
compounds revealed a complex arrangement of excited states
and, therefore, it was not possible to clearly interpret the
influence of the m-conjugated electronic system on the MLCT
excited states of the Re(1)-containing oligomers. The unmetalated
oligomers 14 strongly absorbed throughout the near-UV into

the visible region and showed remarkably similar fluorescence
energies around 450 nm. The metal-containing oligomers were
surprisingly dominated by m—n* transitions and their lumines-
cence was largely quenched as revealed by transient absorption
and time-resolved electron paramagnetic resonance (TREPR)
spectroscopy.'® Poly(arylene ethynylene)s (PPEs) functionalized

P o
N o o o

C——tzlr»”--uN c——z'lr/---u-N
VAV ERVAY,

neutral Ir(lll) complexes

ey P il
N (o] (o] (o]

anionic C*N ligand anionic OO ligand

N N

A

cationic Ir(Ill) complexes

N
N N

neutral N*N ligand

Fig. 18 General structure of frequently used neutral and ionic Ir(i)
complexes.'**
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with [Re(CO);CI]" were synthesized by the same group utilizing
Sonogashira cross-coupling, and displayed remarkable photo-
physical features as well (Scheme 22, Table 7).14118619 The
excitation of Re-VII-Re-X into the m—r* absorption band
revealed a strong emission (435 nm) and a bathochromically-
shifted shoulder due to vibronic coupling. Because of the small
Stokes-shift the emission was assigned to be fluorescence from
the n—n* exciton state. The fluorescence lifetimes and quantum
yields for Re-VII-Re-X decreased as the Re(1) content increa-
sed. This parallel decrease indicated that the 'm—n* exciton was
quenched by the [(bpy)Re'(CO);C1] subunits in the polymers. !5

Moreover, the [Re(CO);CI]" subunit was attached to 2,2'-
bipyridine-based aminoalkyl-polyfluorenes yielding copoly-
mers Re-flul-IV with different contents of the Re(1) complex
(Scheme 23). The polymer backbone was synthesized via a
Suzuki cross-coupling polymerization procedure. The un-
metalated aminoalkyl-polyfluorenes had good solubility in organic
solvents in contrast to the Re(1)-containing copolymers, which
became insoluble in most organic solvents. The optoelectronic
and electroluminescent properties of these copolymers were
investigated and were found to show similar performances in
polymer light-emitting devices (PLEDs). Furthermore, the Re(1)-
containing copolymers were used, as an electron transport layer,
in a PLED leading to a general performance improvement.'!
Fig. 17 shows the current density—voltage characteristic and the
light output from different device structures (i.e. ITO/PEDOT/
PPV/Ba/Al, ITO/PEDOT/PPV/Re-flulll (7 nm)/Ba/Al and ITO/
PEDOT/PPV/Re-flulll (10 nm)/Ba/Al; with PPV as emissive
layer). By introducing a thin layer of the Re(r)-containing
polymer Re-flulll between the emissive layer and the cathode,

n
0 (o] (¢] ?
VH "
(7
o]

NN
e
O“‘N l\c
N/

Ir-land Ir-1l

Ir-l: k=2, R=CHj,
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N
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» C/I‘r\c> Ir-llib: ‘<C
N N

Ir-nl

Ir-lla: k=86, R=CHg

the device performance was significantly improved. The device
performance with a 7 nm-thick layer of Re-flulll was better
than with a layer thickness of 10 nm. At the same current
density, the devices with the additional Re(1) layer revealed
higher brightness output and luminance efficiency than the
device with a pure Ba/Al cathode.

Macromolecules containing pyridine-based Ir(im)
complexes

The heavy atom effect has been used in phosphorescent Ir(1m)
complexes for developing materials predominantly applied in
organic light-emitting diodes (OLEDs). The main motivation
for the synthesis of phosphorescent Ir(1r) complexes was the
access to more efficient OLEDs compared to fluorescent materials,
because they can gather both the singlet and the triplet excitons
formed during excitation. Most studies on Ir(mr) complexes
have focused on small molecules, which generally require high
temperature/vacuum deposition techniques during the device
fabrication procedure 6192193

So far, the incorporation of Ir(ur) ions into a polymeric
backbone has been investigated to a minor extent compared
to the isoelectronic Ru(1r) species, which was mainly owed to
synthetic problems in the past. Polymer light-emitting diodes
(PLEDs) are very attractive compared to OLEDs, since such
devices can be manufactured using low cost and efficient
solution processing techniques, such as spin-coating or ink-
jet printing, 1922116.194-196

Polymers bearing Ir(ur) complexes attached to the polymer
backbone, as pendant groups, fall into two categories: the complex
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Scheme 24  Schematic representation of Ir(ur)-containing polymers with polystyrene and poly(methacrylate) as backbones (the counter ions are

omitted for clarity), 2092
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is connected to a conjugated polymer [e.g. polyfluorene, poly-
(fluorene~carbazole)], or to a polymer with a saturated, ie. non-
conjugated, backbone [e.g. poly(methacrylate), polystyrene,
poly(styrene-carbazole)]. In this review, only non-conjugated poly-
mers will be highlighted. Iridium(in) complexes attached to poly-
fluorenes as pendant groups, 34140197202 5 a5 an integral part
of a conjugated main-chain®>"**"'~2% have been comprehensively
reviewed recently.

In general, Ir(1r) complexes can be divided into two classes:
neutral and cationic complexes (Fig. 18). Neutral Ir(ir) com-
plexes contain three anionic ligands, which have been mostly
reported in the past [thereby, mono-cyclometalating ligands
(C"N) are the most common representatives in this respect]. In
the last few years, cationic Ir(rm) complexes, containing two
anionic ligands and one neutral ligand (Fig. 18), have moved

RPP GPP

to the focus of interest, because they are able to offer emissive
centers and ionic conductivity in the same molecule.
Schubert et al. synthesized Ir(i)-containing polymers based
on polystyrene and poly(methacrylate) backbones with different
mono-cyclometalating C*N ligands. A defined copolymer
(Scheme 24) bearing an acetylacetonate-type (acac) ligand was
synthesized by utilizing the controlled reversible addition—
fragmentation transfer (RAFT) radical polymerization tech-
nique: a dimeric hydroxy-bridged Ir(itr) precursor was used to
coordinate the Ir(im) chromophore to the copolymer afterwards.**
The successful coordination was confirmed by NMR, UV/vis
absorption, and emission spectroscopy as well as SEC and enabled
the preparation of Ir(ur)-containing polymers as potential emitters
for PLEDs. Furthermore, a methacrylate-functionalized phospho-
rescent Ir(rm)-complex was copolymerized with MMA using

F

BPP

Scheme 25 Schematic representation of iridium polymers based on poly(vinylcarbazole), as host material.
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FRP yielding polymer Ir-Ila (Scheme 24).°'" Aiming for
host-guest systems the complex was further copolymerized
with a methacrylate-functionalized carbazole derivative by
ATRP providing copolymer Ir-IIb. The optical properties of
the monomers and the copolymers were investigated by absorp-
tion and emission spectroscopy in selution. The emission of
the carbazole-copolymer Ir-ITb was found to be iridium-based
and indicated an intra-chain energy transfer. Cationic Ir(i)-
complexes were further grafted onto terpyridine-functionalized
polystyrene using 2-phenylpyridine, as cyclometalating ligand
[polymers Ir-III (Scheme 24)]*'" Their structure and purity
were investigated in detail by 1D- and 2D-NMR spectroscopy
as well as SEC. The aldehyde functionality on the cyclometalating
ligand created a significant change in the emission color in
solution shifting to yellow-greenish, whereas the polymer with-
out the aldehyde functionality displayed an orange emission

(HT)

Ir-IVa: min/k = 1/1/1
Ir-IVb: m/n/k = 6/1/6
Ir-IVe: m/infk = 101/10

n

F 4:5 DA
F
Oy "\“@7
2

color. The materials were inkjet-printed on glass substrates
and the film forming properties were studied by atomic force
microscopy (AFM) with respect to the morphology. In addi-
tion, thin films of various thicknesses of the Ir(i) copolymer
Ir-ITla were effectively inkjet-printed; the absorption as well as
emission intensities of the copolymers declined with decreasing
film thickness in a linear fashion."'® Similar systems have been
studied elsewhere?!?2!® revealing the successful incorporation
of phosphorescent Ir(ur) complexes into a polystyrene back-
bone and were characterized afterwards with regard to their
optical properties.

Poly(vinylcarbazole) (PVC) and its derivatives are commonly
used as non-conjugated host materials, since they display a good
hole-transport ability and high energy singlet excited states as
well as favorable film-forming properties and durability at high
temperatures.*

(ET)

N\/ 0 o]
M= _ _
Ir:
> N/ N7 \
>
Ir-V

= -2

Scheme 26 Schematic representation of iridium-containing nitroxide initiated terpolymers Ir-IV and Ir-V (HT = hole transport, ET = electron

transport).
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Tokito er al. reported polymers BPP, GPP, RPP (Scheme 25)
combining PVC, as hosts, and neutral Ir(zm) complexes, as
guests.?!"?'® The concentration of the Ir(im) complex in the final
polymer could be controlled during the copolymerization and
was varied within a range of 0.1-2.0 mol%. The molar mass was
determined by SEC (M,, = 16000 g mol~", PDI: not reported).
These polymers were soluble in common organic solvents and
were processed from solution into films by spin-coating. The
corresponding PLEDs exhibited red, green, or blue emission
depending on the electronic nature of the cyclometalating ligand
on the Ir(m) complexes. By employing a hole-blocking layer
between the emissive layer and the cathode of the PLEDs
(i.e. enhancing the recombination efficiency for the injected
holes and electrons), external quantum efficiencies of 6.9% for
RPP, 11% for GPP, and 6.6% for BPP were achieved.”!”

Efficient blue electrophosphorescence was obtained from
Tr(r) his-[(4,6-difluorophenyl)pyridinato-N,C¥|picolinate (Irpic)
that was attached to the carbazole-based polymer poly-
(9-dodecyl-3-vinylcarbazole) as host (Scheme 25).%"® The molar
masses of the copolymers containing Irpic pendants (CPna)
could be varied from 18000 to 33700 g mol ™! by utilizing FRP.
The molar content of the Irpic-containing monomer units was
varied between 0.8 to 10.6% (CP1: 0.8%, CP2: 2.9%, CP3: 5.3%,
CP4: 10.6%). Phase segregation in the CPn copolymers was
significantly suppressed and the photoluminescence spectra
of the carbazole-based polymer hosts overlapped with the
absorption band of the Irpic guest. Furthermore the triplet
energy level of the polymer host (—2.6 eV) was higher than
that of the Irpic (—3.1 eV) ensuring efficient energy transfer
and resulted in highly efficient blue phosphorescence. The
device of the VPP copolymer (Scheme 25) showed an external
quantum efficiency of 4.4%.%2°

In general, the efficiency of an emitting device with a single
emitting layer depends on the balance of holes and electrons.
Doping with oxadiazoles, as electron transporter (ET) mole-
cules, and triphenylamines, working as hole transporters (HT),
had beneficial effects on the performance of solution-processed
PLED devices.”?' Incorperation of both HT and ET function-
alities into copolymers featured a significant advantage over
the ET-doping strategy preventing possible phase separation
and crystallization of small molecular ET.

The synthesis of copolymers containing acrylic and styrenic
oxadiazoles (ET), triphenylamines (HT) and functionalized
B-diketone monomers by nitroxide-mediated radical poly-
merization (NMP) was described by Fréchet er al.?*2?* Utilization
of a second-generation nitroxide initiator allowed the polymeriza-
tion into homo-polymers as well as random and block co- and
terpolymers with predictable molar masses and relatively
low PDI values (Scheme 26, Ir-IV).?*? The polymers bearing
HT and ET moieties were cither directly used, as a matrix,
for doping with luminescent molecules or were coordinated
with phosphorescent Ir(u1) complexes. The terpolymer Ir-IVe
displayed the highest external quantum efficiency in a PLED
device so far (~10%). Moreover, the group of Fréchet
designed two heteroleptic Ir(mr) complexes bearing a pendant
styrene substituent, which enabled a radical polymerization
(Scheme 26, Ir-V).>**

The polymerizable ancillary ligands, p-tolylpyrazole styrene
and p-tolylpyridine styrene, were chosen for their high triplet

No Phase Separation

Fig. 19 TEM images of Ir-V polymers having different molar masses:
(a) M, = 30000 g mol %, n/m = 10/0.5, (b) M, = 100000 g mol ™,
nfm = 10/1, (¢} M, = 150000 g mol™", nmn = 10/2, (d) cross-sectional
view of polymer Ir-V with M, = 150000 g mol™' in thin film
(reproduced from ref. 223 with permission by Wiley-VCH).

energies and, thus, the phosphorescent emission color was
determined by the cyclometalating ligands. As a result, the
phosphorescent emission color was located in the green/blue
and orange/red region of the visible spectrum, respectively.
The target block copolymers Ir-V could be varied within a
range of 30000 to 150000 g mol ', but the lengths of the
two blocks were kept equal in order to study the morphology
at different sizes. Diblock copolymers were obtained by NMP
by preparing the first and the second block vie a random
copolymerization, consecutively. The film morphology of
three white-emitting Ir-V copolymers was explored by trans-
mission electron microscopy (TEM) (Fig. 19). Fig. 19a indi-
cated a homogeneous film and no phase separation of the
polymer with M, = 30000 g mol™". In contrast, the higher
molar mass polymers (Fig. 19b and ¢) showed clear nano-
metre-sized features (lamellar morphology), which explained
the suppressed energy transfer in these materials.???

Conclusions

In this review a summary of metal-containing polymers is
provided focusing on the heavy d® transition metal ions Ru(i),
Os(u), Re(1) as well as [r(ur), where the polymers mainly bear the
metal subunit as a pendant group. Research on these polymers
is mainly concentrated on photophysical, electrochemical and
material processing issues. The key polymerization techniques for
the polymer synthesis are free radical polymerization (uncon-
trolled manner), ring-opening metathesis polymerization (con-
trolled manner) and reversible addition—fragmentation transfer
radical polymerization (controlled manner) by incorporating the
metal complexes into the polymeric backbone via copolymer-
ization and grafting techniques, respectively. The first part
was dedicated to fundamentals of photophysical and photo-
chemical processes with the intent to widen the reader’s
comprehension.

The incorporated Ru(i) complexes exclusively contained
4-functionalized 2,2-bipyridines possessing additional amide-,
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methacrylate-, vinyl or hydroxyl-moieties, which allowed the
preparation of macromolecules with Ru(ir) complexes being
attached to the polymer side chains. The hydroxy- and amide
functionalized Ru(ir) complexes were grafted onto polystyrene,
whereas the amide functionalization was further exploited in
ring-opening metathesis polymerization as well as a tool for
Merrifield solid-phase peptide synthesis as a supplementary
polymerization method. The ring-opening metathesis polymeri-
zation and the solid-phase peptide synthesis provided access to
Ru(m)-containing polymers with control of the local array of
added functional groups.

Osmium(1) complexes were introduced into the polymeric
side chain to create redox active polymers which were capable
of functioning, as a mediator, in biosensing applications (e.g.
supporting electrooxidation of glucose). The Os(11) complexes
enclosed 2,2'-bipyridine and bis(1H-imidazole) as chelating
ligands and were grafted onto poly(4-vinylpyridine) and poly-
(vinylimidazole), respectively. The resulting redox polymers
were applied in biosensing applications, e.g. electrooxidation
of glucose. Furthermore, a library of Os(ir)-containing poly-
mers based on poly(acrylate) was established in order to evolve
the optimal conditions in electron transfer reactions with a
selected enzyme.

Rhenium(1) complexes were installed, as pendant groups, in
the polymer side chain as well as fixed in the polymer main
chain. Grafting of the [Re(CO)sbpy]™ entity to poly(4-vinyl-
pyridine) and poly(styrene)-poly(4-vinylpyridine) block polymers
led to macromolecules forming micellar aggregates in selective
solvents. Furthermore, 2,2'-bipyridine as a part of the main chain
of polyarylene ethynylenes and polyfluorenes, served as a coordi-
nating element for [Re(CO);Cl]" chromophores. The obtained
Re(1)-containing macromolecules were applied, as emissive layers,
in light-emitting devices leading to a performance enhancement.

Functionalized phenylpyridine and/or bipyridine-based
bidentate ligands were used to coordinate Ir(1m) ions. The corres-
ponding neutral and cationic iridium(ir) complexes, respectively,
were covalently introduced, as pendant groups, on the polymeric
side chain and were found to have beneficial processing features
in thin film light-emitting devices. In particular, further incorpo-
ration of hole and electron transporter functionalities into the
iridium copolymers showed a supplementary advantage com-
pared to the doping strategy preventing possible phase separation
and crystallization.
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ABSTRACT: A statistical terpolymer, containing a 2-(pyridine-2-yl)-
1,3-thiazole donor-type system and an acceptor-type [Ru(bpy),-
(2-(triazol-4-yl)pyridine)]*" chromophore as well as methyl metha-
crylate as comonomer, was synthesized using the controlled reversible
addition—fragmentation chain transfer polymerization (RAFT) ap-
proach. Additionally, the appropriate donor- and acceptor-type co-
polymers were synthesized, whereas only a maximum content of
S mol % of the ruthenium(II) chromophore could be incorporated
into the macromolecules caused by its nitro-functionalization. The
resulting terpolymer exhibited a direct Forster resonance energy
transfer from the thiazole to the ruthenium(II) subunit as indicated NO,
by emission spectroscopy of the Ru(II) phosphorescence as well as

lifetime measurements and quantum yield determinations of the

thiazole fluorescence. The efficiency of the energy transfer was found to be higher than 70%.

W h-v (370 nm)

NZ
N

FRET

B INTRODUCTION

Relating to artificial photosynthetic systems which are capable
to harvest and exploit photons enabled by solar energy,
ruthenium(IT) complexes coordinated by N-heterocycles, such
as 2,2/ -bipyridines (bpy) and 2,2':6',2"-terpyridines (tpy), have
been widely studied due to their predictable coordination
behavior as well as their interesting photophysical and electro-
chemical properties."™"? Ruthenium—polypyridine complexes
have particularly drawn significant interest, since they are able to

of the materials. Applications in the field of supramolecular
chemistry, conducting and photoresponsive materials, and cata-
lysis were established.>”*>™%" In particular, the work of Fréchet and
Meyer is noteworthy regarding the synthesis of linear macro-
molecules containing bipyridine-functionalized ruthenium(II)
complexes. Fréchet et al. synthesized polymers containing cou-
marin and Ru(dmbpy);>" (dmbpy = 4,4'-dimethyl-2,2'-bipyridine)
chromophores using a grafting as well as a copolymerization
approach utilizing free radical polymerization procedures. The
resulting bichromophoric macromolecules exhibited enhanced

catalyze reduction and oxidation processes under visible light
irradiation enclosing a broad range of substrates. These privileges
could be utilized for applications including, e.g,, the photocatalytic
decomposition of water and the implementation in photovoltaic
devices* ¢ The light sensitizing feature of ruthenium coordina-
tion compounds has been further used as luminescent chemosen-
sors as well as for the production of singlet molecular oxygen.27731

Thus, considerable effort in the synthesis of metal-containing
polymers has been accomplished for combining the beneficial
properties of a metal ion complex, which provides the optoelectronic
capacity, and a polymer backbone enhancing the processability

WACS Publications ©2011 American Chemical society

absorption and luminescence properties compared to the single
Ru(1I) complexes due to an efficient (>95%) energy transfer
between the coumarin donor dyes and the ruthenium subunit.>>*”
Meyer et al. established a molecular assembly that combined both
the light-harvesting and electron transfer properties of a natural

photosynthetic system within a single macromolecule.®® The
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Scheme 1. Schematic Representation of the Various Synthesized Polymer Systems
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support material in these studies was a mixed styrene-based
copolymer, which was prepared by free radical random copolymer-
ization of styrene with p-(chloromethyl)styrene. This copolymer
pictured a versatile precursor for the addition of a variety of
functional groups by nudeophilic substitution of chloride from
the pendant chloromethyl groups.*®

However, the functionalization of polypyridine-based che-
lators with polymerizable groups can be synthetically trouble-
some and, therefore, requires new approaches in the
preparation of analogous bidentate chelating ligands that also
possess well-defined coordination properties and can be pre-
pared as well as modified with high effectiveness.”’ In  this
respect the CuI-catalyzed 1,3-cycdoaddition of organic azides with
terminal alkynes (the CuAAC reaction) has a great potential
due to its mild reaction conditions and wide range of usable
substrates.””** The development of the CuAAC reaction
resulted in an increased interest toward the coordination
chemistry of 1,4-functionalized 1H-[1,2,3]triazoles due to
their potential as N-donor ligands.**~*°

In this contribution, the synthesis of a light-harvesting
terpolymer by controlled reversible addition—fragmentation
chain transfer (RAFT) radical polymerization is reported, com-
prising a luminescent ruthenium(II) complex coordinated
by a 2-(1H-[1,2,3]triazol-4-yl)pyridine system (trzpy) and a

-134 -

2-(pyridine-2-yl)thiazole donor-type system (Scheme 1). This
terpolymer is designed in order to mimic natural strategies for
light harvesting and—potentially—to be incorporated in supra-
molecular systems for conversion of energy from sunlight into
chemical energy.lzso*52 The thiazole dye absorbs light and
transfers a fraction of the excitation energy to a ruthenium(II)
complex, where a metal-to-ligand charge-transfer (MLCT) state
is dh’cclly cacited for \;hrn'gc separation. ITence, the transition
metal complex can act as a primary electron donor when, in
perspective, combined with an electron acceptor, e.g, a semi-
conductor nanopar’ticle.so’53 Thus, the photoinduced molecular
processes resemble those in natural light harvesting, where the
capability of the special pair to harvest sunlight is increased by
dressing it with extended antenna structures.® =6 For the system
under investigation the main focus is on the energy transfer
taking place in the random donor—acceptor terpolymer. The
donor and acceptor units are designed for efficient Forster
resonance energy transfer (FRET) as reported by Schifer et al.*”
The successful incorporation of the donor and acceptor has been
confirmed by size exclusion chromatography (SEC) coupled
with a photodiode array detector. The trzpy ligand coordinated
to the ruthenium(II) ion included two features at the same
time: (i) affording the polymerizable group and (ii) an electron-
withdrawing moiety on the pyridine, which is responsible for the

6278 dx.doi.org/10.1021/ma201193e |Macromolecules 2011, 44, 6277-6287
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Scheme 2. Schematic Representation of the Synthesis of the Acceptor-Type Ruthenium(II) Complex
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ruthenium complex luminescence. The latter consideration
facilitated the energy transfer studies with respect to emission
spectroscopy of the acceptor-type ruthenium subunit. The blue-
fluorescent thiazole was characterized by a good stability toward the
radical polymerization conditions as well as a considerable high
luminescence quantum yield.**

Il RESULTS AND DISCUSSION

Synthesis of the Monomers. The general synthesis route
of the acceptor-type ruthenium(II) complex § is depicted in
Scheme 2. In the first three steps, copper(I)-catalyzed azide—
alkyne coupling (CuAAC) and Pd(0)-catalyzed Sonogashira
coupling were used to set up the trzpy scaffold bearing an
electron-withdrawing 4-nitrophenylacetylene moiety on the

S-position of the pyridine ring. The copper(I)-catalyzed 1,3-
dipolar cycloaddition of 2-ethynyl-5-bromopyridine and 11-
azidoundecan-1-ol yielded 1 under typical CuAAC reaction
conditions, whereas 10 mol % of CuSO, and 0.5 equiv of sodium
ascorbate served as Cu(I) source.*® Consecutive Sonogashira
cross-coupling with trimethylsilylacetylene and Pd"(PPhy),, as
catalytic active palladium(0) source, as well as subsequent
deprotection of the trimethylsilyl-group by potassium fluoride
afforded 2 in moderate yield (47%). The following Sonogashira
coupling with 4-nitro-1-iodobenzene provided component 3.
The purity of the compounds has been proven by NMR spec-
troscopy, mass spectrometry, and elemental analysis. The hydro-
xyl moiety was changed to methyl methacrylate in order to
introduce a polymerizable group. The straightforward esterifica-
tion of 3 with methacryloyl chloride gave 4 in good yield (89%).

6279 dxdolorg/10.1021/ma201193e [Macromolecules 2011, 44, 627 7-6287
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Scheme 3. Schematic Representation of the Synthesis of a
Polymerizable Donor-Type Thiazole Ligand
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The heteroleptic rathenium(IT) complex § was synthesized by
heating cis-dichlorobis(4,4' -dimethyl-2,2'-bipyridine) ruthenium(1I)
Ru(dmbpy),CL,* and ligand 4 under microwave irradiation
(120 °C). The methacryl moiety was found to be stable under
these conditions as confirmed by preliminary experiments. After
the reaction was completed, a 10-fold excess of NH,PF was
added to precipitate the ruthenium(II) complex. Precipitation
occurred usually within 30 min, and the complex was finally
purified by recrystallization from ethanol and subsequent
washing with cold ethanol (yield >90%). The verification of
the structure was carried out by 'H and '*C NMR spectroscopy
as well as by high-resolution mass spectrometry (HR-ESI MS).

The 4-hydroxythiazole 6 was prepared by a cyclization process
of pyridine-2-carbothioamide with ethyl 2-bromophenylacetate.*”
Williamson-type etherification of 6 with 3-bromopropan-1-ol as
electrophile yielded 7 in good yield (68%) under mild condi-
tions. Subsequently, the hydroxyl group was reacted with metha-
cryloyl chloride under basic conditions to yield the polymerizable
ester 8 (Scheme 3). All compounds had to be purified by column
chromatography to ensure a proper reagent grade for the
following radical polymerization reactions. The confirmation of
the structures was performed by NMR spectroscopy, mass
spectrometry, and elemental analysis.

Synthesis of the Polymers. Two copolymers and one
terpolymer were synthesized based on a poly(methyl methacrylate)
(PMMA) backbone, where 8 served as the donor and § as the
acceptor unit, respectively (Scheme 4). In general, statistical
RAFT copolymerizations were performed in concentrated solu-
tions (~2 M solution of the monomer) to allow the polymeriza-
tions to proceed in a controlled manner.” 2-Cyanobutan-2-yl
benzodithioate (CBBD) was used as RAFT agent, since it is
known to provide a narrow molar mass distribution, in particular
for PMMA, as it has been described in the literature.®> The
conversion of the reactions was driven to roughly 80% using a
standard reaction time of 16 h. Because of the insolubility of § in
commonly utilized solvents for radical polymerization (i.e.,
toluene, ethanol), the RAFT polymerizations were performed
in N,N-dimethylacetamide (DMA), as described elsewhere.”®
After the reaction, 9b was precipitated into cold diethyl ether

-136 -

yielding the desired donor-type copolymer. The polymers 9a,c
were further purified by preparative SEC due to remaining
monomer 5 (see SEC graphs in the Supporting Information).
Selected characterization data of the final products are summar-
ized in Table 1.

A noteworthy synthesis issue appeared concerning the copo-
Iymerization of the heteroleptic ruthenium(II) complex § and
MMA. It was found after optimization of the reaction conditions
(Table 2) that initiation of the polymerization only occurred if
the molar content of § did not exceed S mol %. This fact was
attributed to the retardation nature of the NO, gmupf)4 Conse-
quently, the ruthenium(II) content of the terpolymer 9c was kept
below 5 mol % to ensure an efficient initiation of the reaction.

Energy Transfer Studies. When considering the emission and
absorption spectra of the donor—acceptor pair § and 8 (Figure 1), it
is apparent that the requirements for FRET are met, which were a
significant emission quantum yield of the donor and a spectral over-
lap of the donor emission and the acceptor absorption band. The
overlap between the donor (8) emission and the acceptor (5)
extinction (hatched region in Figure 1) resulted in an overlap
integral value of ] = 4.6 M 'em™ ' nm* (compare Table 3). The
Forster radius, which corresponds to the distance between donor
and acceptor at which the efficiency of FRET drops to 50%, was
calculated to Ry = 4 nm. The average distance between the donor
and the acceptor units had to be smaller than R, in order to
obtain efficient FRET, which was achieved by copolymerizing §
and 8 in a polymer backbone delivering 9c. In the terpolymer the
thiazoles were randomly distributed in the vicinity of the Ru(II)
complexes. Because of the fact that the geometrical constraints
discussed above were met, FRET from the thiazole to the MLCT
band of § (centered at 450 nm) was expected to occur in the
polymer.

In order to verify the appearance of FRET in the donor—
acceptor polymer 9c, excitation spectra were recorded of the
donor-type polymer 9b, the acceptor-type polymer 9a, and the
donor—acceptor polymer 9c (see Figure 2). For recording the
luminescence excitation spectra of the Ru(Il) subunit the emis-
sion was monitored at 620 nm, where no donor fluorescence
from subunit 8 appeared. Therefore, a difference in the lumines-
cence excitation spectra of 9a and 9c indicated contributions
from thiazole excitation to the luminescence of the ruthenium-
(IT) unit as seen in the additional excitation band at 380 nm in 9¢
(see Figure 2). This excitation band is spectrally centered, where
the thiazole emission is excited in the donor-type polymer 9b as
indicated by the dashed line in Figure 2. These findings point
toward FRET; ie. excitation of the donor led to amplified
luminescence of the acceptor.

The additional excitation band in the luminescence of the
Ru(IT) subunit is accompanied by a reduction of the donor-based
quantum yield in the donor—acceptor polymer 9¢c compared to
that of 9b (Table 3). While measuring the donor-based quantum
yield in donor-type polymer 9b was straightforward, the quantum
yield measurement in the donor—acceptor polymer 9¢ required
adequate care: because of overlapping donor and acceptor
absorptions (see Figures 1 and 2), it was not possible to
exclusively excite donor molecules in the donor—acceptor poly-
mer in order to directly measure the donor-based emission
quantum yields. Taking into account these overlapping absorp-
tions, the molar extinction coefficients of donor and acceptor
at the excitation wavelength had to be considered as well as the
ratio of donors and acceptors within the polymer chain. Con-
sidering these properties, the quantum yield measurement in the

6280 dx.doi.org/10.1021/ma201193e |Macromolecules 2011, 44, 6277-6287
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Scheme 4. Schematic Representation of the Synthesis of the Statistical Copolymers 9a-—¢
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Table 1. Selected Characterization Data for the Polymers 9a—c
polymer Ru(II) content [mol %]* dye content [mol %]° M, heo Mnnir [g mol ')* o) il M, sec (g mol ' PDI
9a 3 8500 9000 0 5000 1.32
9b 7 11700 12000 90 15100 1.13
9c 6 10 11200 12800 127 8000 1.32

“Determined by '"H NMR spectroscopy. b Degree of polymerization. “ Determined by SEC using PMMA calibration. i Polydispersity index determined
by SEC.

donor—acceptor polymer 9c¢ followed the same procedure as the lifetimes, whereas the emission spectrum of 9b was similar to that
emission quantum yield measurements of 8 and 9b. of 8 (see Figure 3). The reason for the increased lifetime was
In the work presented here the donor-type polymer 9b, attributed to random coiling of the polymer in solution changing
lacking acceptor molecules, was synthesized as reference system sufficiently the environment of individual dyes.65 Nevertheless,
for 9c. It is expected that the fluorescence quantum yield and the choosing 9b as reference was a critical step for the analysis of the
lifetime of the reference polymer are practical for calculating the excitation energy transfer in the donor—acceptor polymer 9c:
transfer efficiency for energy transfer in the donor—acceptor the lengths of 9b and 9c are not identical, and additionally, the
polymer 9¢. The importance of using such a reference system reference polymer could exhibit a different coiling compared to
instead of the monomeric unit 8 is obvious from Table 3. Upon the donor—acceptor polymer. Nonetheless, energy transfer
integration into the polymer, the fluorescence quantum yield of efficiencies were calculated as described in the Experimental Section
the thiazole increased compared to the monomeric fluorophore. using the quantum yields and lifetime measurements from the

Such behavior is in agreement with the measured fluorescence reference system 9b and the donor—acceptor polymer 9c.
6281 dx.doi.org/10.1021/ma201193e |Macromolecules 2011, 44, 627 7-6287
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Table 2. Optimization of the Reaction Conditions of the
Copolymerization of 5 and MMA

M/I ratio® Ru(II) content [mol %] tz [h] AIBN [mol %] conv [%]
100 10 18 025 0
200 10 18 025 0

50 10 18 025 0
100 10 18 0.5 0
100 10 18 1 0
100 6 18 025 0
100 4 18 025 85

“ Monomer/initiator ratio (M_MA/CBBD).
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Figure 1. Extinction and emission spectra of 8 (red) and § (black) at
room temperature measured in dichloromethane (excitation at 370 and
462 nm, respectively). The hatched region indicates the donor—accep-
tor spectral overlap, and the dashed line displays the integrand of the
overlap integral.

Table 3. Representation of the Photophysical Properties
from 8 9c

Aupyines (1) Ao () J
compd [log £] [excitation] ~ @° 'E(ns)b (M~ "em ' nm%)
8 375 [5.14] 447[370] 040 18
9a 286 [5.47] 620 [460]

330 [5.17]

443 [4.68]
9b 375 [5.14] 447 [370] 058 27 0.064°
9 285 449 [370] 006 —e 4.6°

350

442

“ Emission quantum yield measured in dichloromethane at room tem-
perature. " Lifetime measured in dichloromethane at room temperature.
¢ Overlap integral considering homotransfer for 9b. d Overlap integral of
emission from 8 with absorption of 9a. “No single-exponential decay
was observed.

Time-resolved measurements of the donor lifetime in 9b and
9c (see Figure 4) revealed that the donor emission decayed more
rapidly in the presence of an acceptor as the interaction between
the donor and the acceptor quenched the donor emission. On
the basis of the temporal emission profiles of the donor in 9b
and 9¢, the FRET efficiency E was calculated to be 70% (see

- 138 -

donor-acceptor-polymer

acceptor-polymer

norm. emission int.
o

350 400 450 500 550
% [nm]

Figure 2. Excitation spectra of the donor—acceptor polymer 9¢ (red)
and the acceptor polymer 9a (b]ack) recorded by meonitoring the
luminescence of 5 at 620 nm (solid), normalized to maximal intensity
in the MLCT excitation band at 460 nm. The donor polymer fluores-
cence excitation spectrum from 9b recorded at 450 nm (dashed) was
normalized to the maximal emission intensity. The spectra were taken in
dichloromethane at room temperature.
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Figure 3. In panel A, the dashed line denotes the emission spectra of the
reference polymer 9b and the solid line the emission of the monomer 8
in dichloromethane, excited at 375 nm. In panel B, the red line fits the
monoexponential decay of the measured data (dotted).

Experimental Section for details). Although there are many
possibilities for excitation quenching in polymers—such as energy
migration, exciton—exciton annihilation, and excimer
formation®—it was assumed that this shortening of the donor
decay time in the donor—acceptor polymer is dominated
by FRET. Because of the overlap between donor emission and

6282 dx.doi.org/10.1021/ma201193e |Macromolecules 2011, 44, 627 7-6287



PUBLICATION A4

Macromolecules

0,1 9c

emission

IRF

0,01

t[ns]

Figure 4. Donor decay profile of the reference polymer 9b and the
donor—acceptor polymer 9c in dichloromethane at room temperature,
excited at 290 nm. The instrument response function ([RF) was
measured by scattered light.

donor absorption (see Figure 1) homoenergy transfer, i.e,, FRET
between dyes of the same type, is not excluded, but the calculated
overlap integral for such energy transfer, and consequently the
resulting transfer rate, was 2 orders of magnitude smaller than
FRET between donor and acceptor molecules of the type 8 and §
(see Table 3). Thus, in polymer 9c no considerable homoenergy
transfer will occur, even if there is a higher number of donor than
acceptor molecules. Along the same lines contributions from
back-energy transfer, i.e,, FRET from the acceptor to the donor
subunit, were excluded. Excimer formation was excluded as well
because it typically causes an additional emission band beyond
the red end of the fluorescence, which was not observed for 9¢.”
Comparing the FRET results presented here to analogous work
on other polymers and dendrimers,””" " it can be stated that in
9 effects, such as energy migration, excimer formation, or local
concentration quenching, were avoided.” These effects cause a
reduction of the emission quantum yield and a nonexponential
emission decay. Neither of these effects were observed in the
reference polymer 9b. Probably this is caused by the low
concentration of donor units in the polymer backbone compared
to dendritic systeme;.65

Additionally, Figure 4 shows a nonexponential donor emission
in the presence of acceptor units in the terpolymer. This is due to
the fact that no fixed donor—acceptor distances existed within
the polymer. This situation resulted in different FRET rates for
individual donor—acceptor pairs and, therefore, different decay
rates for individual photoexcited donors.

Moreover, preliminary solvent-dependent donor lifetime mea-
surements were carried out and are depicted in Figure 5. The
measured donor lifetimes in presence of the ruthenium(II) acceptor
were shortened (non-single-exponential decay) compared to the
donor alone lifetimes (single-exponential decay) due to the reso-
nance energy transfer. The shape of the decay curves of the polymers
themselves in different solvents are very similar, and thus, no signi-
ficant change in the conformation of the polymers can be concluded.
A comparison of the transfer efficiencies in the different solvents was
not possible because the avalanche photodiode detects scattered
photons from the excitation pulse as well. This may result in
incorrect calculated transfer efficiencies.

Of course, any description of donor quenching in donor
acceptor polymers is incomplete using Forster’s theory only; for

acetonitrile
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3 1
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E
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Figure 5. Donor fluorescence curves of compound 9b (donor alone
polymer) and of 9c (donor—acceptor polymer) in different solvents:
acetonitrile (red squares), dichloromethane (blue circles), chloroform
(black triangles). The longer living fluorescence (single-exponential
decay) stems from the donor alone polymer and the shortened
fluorescence (non-exponential decay) from the donor—acceptor poly-
mer. Excitation wavelength: 290 nm.

example, Dexter type energy transfer can also occur at donor—
acceptor distances smaller than 10 A, when donor emission and
acceptor absorption spectrally overlap.”® Furthermore, transla-
tional diffusion can cause an enhancement of the FRET efficiency
compared to systems with a static distance distribution of donor
and acceptor as reported by Lakowicz et al.”* and Thomas et al.”
Regardless of a possibly incomplete description of the excitation
energy transfer only by FRET, the donor —acceptor polymers
designed for efficient FRET allow enhanced light harvesting in a
Ru(1I) complex, whereupon energy is focused into the "MLCT
band. By considering the charge separating character of the
MLCT states, this process increased the accessibility of Ru(1I)
complexes as primary electron donors in photocatalytic systems.

B CONCLUSIONS

Polymers containing a 1,3-thiazole dye (energy donor) and a
ruthenium(II) chromophore (energy acceptor) were synthe-
sized using a controlled RAFT polymerization procedure. The
terpolymer was able to relay the absorbed energy by energy
transfer from the thiazole donor to the ruthenium(II) acceptor.
The ruthenium (T1) content in the macromolecules was limited to
S mol % at most, since for higher metal content the polymeri-
zation could not be initiated. The donor—acceptor functional-
ized terpolymer displayed a reasonable energy transfer efficiency
of over 70%. Those polymeric systems will be practical, e.g, in
terms of the synthesis of artificial photosynthetic systems, in
which they can act as light-harvesting antennas.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All reagents were acquired
from commercial sources and used without further purification. Solvents
were dried and distilled according to standard procedures and stored
under nitrogen. All reactions were performed in air-dried flasks under a
nitrogen atmosphere, unless stated otherwise. For the Pd’-catalyzed
cross-coupling and the RAFT polymerization procedures, the solvents
were degassed by bubbling with nitrogen 0.5 h before use. Purification of
the reaction products was carried out by column chromatography using
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4063 pm silica gel. Analytical thin layer chromatography (TLC) was
performed on aluminum sheets precoated with silica gel 60 F254, and
visualization was accomplished with UV light (254 nm). Preparative size
exclusion chromatography (SEC) was carried out on Bio-Rad S-X1
beads (size exclusion 600—14 000 g/mol), swollen in dichloromethane.
The conversion of the copolymerization reactions was determined by 'H
NMR spectroscopy. The heteroleptic ruthenium(II) complexes were
synthesized by microwave-assisted reactions using a Biotage Initiator
ExpEU (maximum power: 400 W; working frequency: 2450 MHz) with
closed reaction vials. During the experiments the temperature and the
pressure profiles were detected. 1D (*H and *C) and 2D (*H—'H
COSY) nuclear magnetic resonance spectra were recorded on a Bruker
AC 300 (300 MHz) at 298 K. Chemical shifts are reported in parts per
million (ppm, O scale) relative to the signal of the applied solvent.

S-Bromo-2-ethynylpyridine,* 2-cyanobutan-2-yl benzodithioate,®
dichloro(cycloocta-1,5-diene)ruthenium(I1),*  cis-dichlorobis(4,4'-di-
methyl-2,2"-bipyridine)ruthenium(I1),* and  S-phenyl-2-(pyridin-2-
y1)-1,3-thiazol-4-0l*° were synthesized according to literature reports.

Photophysical Measurements and Calculations. Measure-
ments of the fluorescence intensity were carried out on a Perkin-Elmer
lambdal6 UV/vis spectrometer in the perpendicular excitation—emis-
sion geometry, while the absorbance at the excitation wavelength was
<0.05. The calculation of fluorescence quantum yields was done
according to following equation76

1

IA n?
o=
I An?

m

where @ is the quantum yield, I is the corrected integrated emission
intensity, A is the absorbance at the excitation wavelength, and # is the
refractive index of the solvent, ie., in this study dichloromethane of
spectroscopic grade from Sigma-Aldrich. The subscript “r” refers to a
reference fluorophore of known quantum yield, whereas quinine sulfate
(P =0.55) was used in our investigations.76

The fluorescence decay curves were obtained by a Hamamatsu streak
scope C4334 in time-correlated single photon counting (TCSPC)
modus. Triggering was carried out by the Hamamatsu trigger unit
C4792-01. After excitation with a frequency-tripled Ti-sapphire laser
(Tsunami, Newport Spectra-Physics GmbH), i.e,, Ae, = 290 nm, in
perpendicular direction the fluorescence emission wavelength were
separated by a Chromex 250IS imaging spectrograph. The repetition
rate of the laser was adjusted to 0.8 MHz by a pulse selector (model
3980, Newport Spectra-Physics GmbH). All measurements were carried
out at concentrations below 10~ M. Solvent-dependent donor lifetime
measurements were performed with a time-correlated single-photon
counting module from Becker & Hickl using an avalanche photodiode as
detector. The solvents were acetonitrile, dichloromethane, and
chloroform.

In order to quantify the efficiency of FRET the time-dependent
intensity decay curve of the donor-alone polymer 9b was measured and
compared to the respective intensity decay of 8 incorporated into the
donor—acceptor polymer 9¢ using eq 2, which can be derived from ref
77. Here, T and Tpu refer to the donor lifetime in the donor-alone
polymer 9b and to the donor lifetime in the donor—acceptor polymer
9¢, respectively. Ipa is the time-dependent intensity of the donor
fluorescence in presence of an acceptor, which is normalized to the
amplitude I 5. The resultant efficiency E is 0.7.

T 1 [ Ipa(t) dt \
Toa_ 1 / Ipa(t) dt @)
7o 3 I

In analogy to the determination of the transfer efficiency based on
time-resolved measurements, the emission quantum yield of the donor

E=1-

was measured in 9b (donor-only polymer) and in the donor—acceptor
polymer 9c in order to calculate the transfer efficiency from eq 3, where
@4 and Py, refer to the donor emission quantum yield of 8 in 9¢ and
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9b, respectively (see Table 3).

E=1--22 ®)
D

The obtained value of 90% for the transfer efficiency E is only an
estimate because of the uncertainty for the measured quantum yields.
But the significant reduction of the donor fluorescence quantum yield
upon incorporation into the donor—acceptor polymer from @ = 0.58
(9b) to 0.06 (9¢) proved FRET to take place. A more accurate value for
E is achieved from the time-resolved measurements. Consequently, the
value E = 0.7 in this article was discussed and assumed.

Synthesis of 11-(4-(5-Bromopyridin-2-yl)-1H-1,2,3-triazol-
1-ylundecan-1-ol (1). Sodium azide (590 mg, 9 mmol) was
dissolved in dimethyl sulfoxide (20 mL), and 11-bromo-1-undecanol
(1.5 g, 6 mmol) was added subsequently. After stirring 24 h at room
temperature, water (30 mL) was added to quench the reaction, and the
suspension was extracted three times with diethyl ether. The organic
phases were combined, washed with brine, and dried over Na,SO,. The
solution was subsequently concentrated in vacuo to yield 11-azido-1-
undecanol as slight yellow oil (1.25 g, 98%).

To a solution of the organic azide, 2-ethynyl-5-bromopyridine
(1.07 g, 5.9 mmol) and CuSO, (88 mg, 0.59 mmol, dissolved in 1 mL
water) in an EtOH/water mixture (7:3 ratio, S0 mL) was added sodium
ascorbate (570 mg, 2.9 mmol, dissolved in 2 mL of water), and the
reaction was stirred for 72 h at room temperature. The yellow precipitate
was filtered and recrystallized from ethanol, yielding the pure product as
white solid (1.55 g 68%). '"H NMR (CDCl;, 300 MHz): 6 = 8.63
(s, 1H), 8.12—8.08 (m, 2H), 7.91 (dd, ] = 8.5 Hz, ] = 2.1 Hz, 1H), 442
(t,J =72 Hz, 2H, N—CH,), 3.67—3.61 (m, 2H, O—CH,), 1.95—193
(m, 2H), 1.59—1.54 (m, 2H), 1.39—1.27 (m, 14H). ">C NMR (CDCls,
75 MHz): 0 = 150.4, 148.9, 147.4,139.4, 121.9, 121.3, 1193, 62.8, 50.5,
327,300,294, 29.3,29.2,28.8,26.3,25.7. ESI-TOF MS: m/z = 418.33
(15%, [M + Na]*), 394.14 (100%, [M]™). Anal. Calcd for C;gH,,BrN,O:
C, 54.69%; H, 6.88%; N, 14.17%. Found: C, 54.76%; H, 7.08%; N, 14.02%.

Synthesis of 11-(4-(5-Ethynylpyridin-2-yl)-1H-1,2,3-triazol-
1-yl)undecan-1-ol (2). To a solution of 11-(4-(S-bromopyridin-2-
y1)-1H-1,2,3-triazol-1-yl Jundecan-1-ol (1, 1.5 g, 3.79 mmol), Cul (34
mg, 0.18 mmol), and tetrakis(triphenylphosphine)palladium(0) (220
mg, 0.18 mmol) in NEt;/THF (1:1 ratio, SO mL) was added trimethyl-
silylacetylene (280 mg, 2.8 mmol), and the mixture was stirred 48 h at
40 °C. After removal of the solvent under reduced pressure, the residue
was purified by gel filtration on silica (CHCl3/EtOAc 2:1 ratio).

For the deprotection, the product was dissolved in dichloromethane
(30 mL) and treated with tetrabutylammonium fluoride trihydrate
(1.8 g 1.5 equiv). After 4 h, the solvent was removed and the crude
product was finally purified by column chromatography on silica
(EtOAc) yielding the product as off-white powder (580 mg, 45%). 'H
NMR (CDCl;, 300 MHz): & = 8.66 (s, 1H), 8.16—8.14 (m, 2H), 7.85
(dd, J = 82 Hz, ] = 2.0 Hz, 1H), 441 (t, ] = 7.1 Hz, 2H, N—CH,),
3.64-3.59 (m, 2H, O—CH,), 3.25 (s, 1H, C=C—H), 1.95—1.92 (m,
2H), 1.56—1.51 (m, 2H), 1.33—1.25 (m, 14H). *C NMR (CDCl,,
75 MHz): 6 = 152.4, 149.7, 147.7,139.9, 122.3, 119.3, 118.0, 80.8, 80.5,
62.9,50.5,32.7,30.1,29.4,29.3,29.2,28.8,26.3,25.6. ES-TOF MS: m/z
= 340.24 (100%, [M]"). Anal. Caled for CyoHagN,O: C, 70.56%; H,
8.29%; N, 16.46%. Found: C, 70.22%; H, 7.98%; N, 16.41%.

Synthesis of 11-(4-(5-((4-Nitrophenyl)ethynyl) pyridine-2-yl)-
1H-1,2,3-triazol-1-yl)undecan-1-ol (3). 11-(4-(5-Ethynylpyridin-
2-yl)-1H-1,2,3-triazol-1-yl Jundecan-1-ol (2, 450 mg, 1.32 mmol), 4-ni-
tro-1-iodobenzene (336 mg, 1.35 mmol), tetrakis(triphenylphosphine)-
palladium(0) (30 mg, 0.026 mmol), and Cul (S mg, 0.026 mmol) were
dissolved in a NEt;/THF mixture (3:7, 30 mL), and the solution was
stirred for 72 h at room temperature. The solution was evaporated under
reduced pressure, and the pure product was isolated by column
chromatography over silica (CHCl;/EtOAc 8:1 ratio) as a slight yellow
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powder (560 mg, 92%). 'H NMR (CDCls, 300 MHz): 6 = 8.74 (s, 1H),
8.26—8.22 (m, 2H), 8.19—8.17 (m, 2H), 7.92 (dd, ] = 8.2 Hz, ] = 2.1 Hz,
1H),7.71-7.68 (m, 2H), 442 (t, J = 7.1 Hz, 2H, N CH,), 3.63 (t, ] =
6.6 Hz, 2H, O—CH,), 1.99—1.93 (m, 2H), 1.58—1.53 (m, 2H),
1.34—1.27 (m, 14H). C NMR (CDCl;, 75 MHz): 6 = 152.0, 149.9,
147.5, 147.3, 139.6, 132.3, 1294, 1237, 122.4, 119.5, 118.0, 912, 90.8,
62.9,50.5,32.7, 30.1, 29.4, 29.3, 29.2, 28.8, 26.3, 25.6. ESLHRMS caled
for C,gH3,NsO; [M + H]™: 462.2500. Found: 462.2486.

Synthesis of 11-(4-(5-({(4-Nitrophenyl)ethynyl) pyridine-2-yl)-
1H-1,2,3-triazol-1-yl)undecyl Methacrylate (4). 11-(4(5-((4-
Nitrophenyl)ethynyl)pyridine-2-yl)-1H-1,2,3-triazol-1-yl Jundecan-1-0l (3,
400 mg, 0.88 mmol) and triethylamine (240 ¢L, 1.76 mmol) were dissolved
in dry dichloromethane (10 mL). The solution was cooled to 0 °C,
methacryloyl chloride (200 L, 2 mmol) was added, and subsequently
the solution was stirred for 2 hat 0 °C and further 24 h at room temperature.
The reaction mixture was washed with saturated NaHCQ; solution, and
after drying of the organic layer over MgSOy, the solvent was removed in
vacuo. The crude product was purified by column chromatography on silica
(EtOAc/CHCl, 3:1) providing the pure product as slight yellow solid (410
mg, 88%). ‘H NMR (CDCl;, 300 MHz): & = 875 (s, 1H), 8.27—8.24 (m,
2H), 821—8.17 (m, 2H), 7.94 (dd, ] = 82 Hz, ] = 2.1 Hz, 1H), 7.72—7.69
(m, 2H), 6.09 (s, 1H, C= CH,), 5.54 (s, 1H, C= CH,), 442 (t, ] = 7.1 Hz,
2H,N—CH,), 413 (t, ] = 6.7 Hz, 2H, O—CH,), 2.01—1.97 (m, 2H), 1.93
(s, 3H, CHj), 1.70—1.64 (m, 2H), 1.35—1.26 (m, 14H). C NMR
(CDCls, 75 MHz): 0 = 167.5, 1517, 149.8, 147.3, 139.8, 136.5, 1324,
1293, 125.1, 1237, 122.6, 1197, 118.1, 910, 64.8, 50.6, 302, 2941,
2938, 29.31, 29.1, 289, 28.5, 264, 259, 18.3. ESI-HRMS caled for
C30H3sNsNaO, [M + Na]™: §52.2587. Found: 552.2580.

Synthesis of Bis(4,4’-dimethyl-2,2'-bipyridine)-[11-(4-(5-
((4-nitrophenyl)ethynyl)pyridin-2-yl)-1H-1,2,3-triazol-1-yl)-
undecyl methacrylate]ruthenium(ll) Hexafluorophosphate (5).
cis-Dichlorobis(4,4'-dimethyl-2,2’-bipyridine Jruthenium(I) (87 mg,
0.16 mmol) and 11-(4-(5-((4-nitrophenyl)ethynyl)pyridin-2-yl)-1H-
1,2,3-triazol-1-yl Jundecyl methacrylate (4, 85 mg, 0.16 mmol) were
suspended in ethanol (10 mL). After heating under microwave irradia-
tion at 125 °C for 2 h, the red solution was filtered and treated with a
10-fold excess of NH4PFs. Subsequently, precipitation occurred within
30 min, and the red precipitate was filtered off after 1 day. The preci-
pitate was washed twice with cold ethanol, and recrystallization from
ethanol yielded the pure product as red powder (184 mg, 89%). 'H
NMR (CD,Cl,, 300 MHz): 6 = 8.75 (s, 1H), 829-8.07 (m, 8H),
7.73—7.46 (m, 7H), 7.31—7.26 (m, 3H), 7.16 (d, ] = 5.9 Hz, 1H), 607
(s, 1H, C=C—H), 5.56 (m, 1H, C=C—H), 439 (t, ] = 7.4 Hz, 2H,
N—CH,), 4.12 (t, ] = 6.7 Hz,2H, C(0)0O—CH,), 2.61—2.56 (m, 12H,
CH3), 1.92—1.87 (m, 2H), 1.67—1.59 (m, 6H), 1.34—1.24 (m, 14H).
13C NMR (CD,Cl,, 75 MHz): 0 = 156.9, 156.7, 156.3, 152.8, 151.0,
150.8,150.7, 150.6, 150.5, 147.9, 147.0, 140.4, 132.7, 128.8, 128.7, 128.6,
128.0, 127.7, 126.0, 124.9, 124.85, 124.6, 124.5, 124.2, 124.1, 123.7,
122.4, 121.5, 93.5, 87.9, 64.7, 29.5, 29.4, 29.38, 29.34, 29.2, 28.8, 28.6,
262,26.0,21.1, 21.06, 21.02, 18.0. ESLTOF MS: m/z = 1144.33 (5%,
[M—PF,]*), 499.69 (100%, [M—2PF¢]>"). ESLHRMS calcd for
CHgoNgO,Ru [M—2PF,]>: 499.6861. Found: 499.6881.

Synthesis of 3-((5-Phenyl-2-(pyridine-2-yl)thiazol-4-yl)oxy)-
propan-1-ol (7). To a solution of S-phenyl-2-(pyridin-2-yl)thiazol-4-
ol (6,4.0 g, 15.8 mmol) and 3-bromopropan-1-ol (2.60 g, 18.9 mmol) in
dimethyl sulfoxide (100 mL) was added fine ground K,CO; (2.60 g,
18.9 mmol). The purple mixture was stirred for 24 h at room
temperature followed by addition of 200 mL of H,O. The solution
was extracted with CHCl; (3 % 100 mL). The combined organic phases
were washed with H,O (3 X 100 mL) to remove the dimethyl sulfoxide,
dried over MgSO,, and concentrated in vacuo. The brown oil was
purified using gel filtration (silica, CHCI) to yield the pure ether as a
yellow oil (3.35 g, 68%). "H NMR (CDCls, 250 MHz): 6 = 8.59 (d, ] =
4.8 Hz, 1H), 8.05 (d, ] = 8.0 Hz, 1H), 7.82—7.71 (m, 3H), 7.44—7.34

(m, 2H), 7.33—7.24 (m, 2H), 4.69 (t, ] = 5.9 Hz, 2H, O—CH,), 3.87
(t,] = 5.9 Hz, 2H, CH,—OH), 2.90 (s, 1H, OH), 2.10 (p, ] = 5.9 Hz, 2H,
CH,). *C NMR (CDCl;, 63 MHz): 6 = 160.9, 159.2, 150.9, 149.5,
137.0, 131.5, 128.7, 126.97, 126.96, 124.3, 118.9, 115.0, 67.7, 59.2, 32.8.
EI MS: m/z = 312.09 (100%, [M]"), 254.05 (75%, [M—C3HO]").
Anal. Caled for Ci7H;6N,0,S: C, 65.36%; H, 5.16%; N, 8.97%; S,
10.26%. Found: C, 65.38%; H, 5.18%; N, 9.10%; S, 9.92%.

Synthesis of 3-((5-Phenyl-2-(pyridin-2-yl)thiazol-4-yl)oxy)-
propyl Methacrylate (8). To a solution of 3-((S-phenyl-2-(pyridin-2-
yl)thiazol-4-yl)oxy)propan-1-ol (7, 1.40 g 4.48 mmol) and triethylamine
(224 g 224 mmol) in dry CH,Cl, (30 mL) was added methacryloyl
chloride (0.94 g, 8.96 mmol). The reaction was stirred for 24 h at ambient
temperature, and subsequently, the organic phase was thoroughly washed
with water (3 x 20 mL) and saturated NaHCOQj solution to hydrolyze the
excess acid chloride. After drying of the organic phase over MgSO, and
evaporation of the solvent (T < 40 °C), the crude product was purified using
column chromatography on silica (CHCl) yielding the pure product as
yellow oil (1.5 g 88%). "H NMR (CDCls, 250 MHz): 6 = 8.60 (d, ] =
470 Hz, 1H), 8.09 (d, ] = 7.9 Hz, 1H), 7.83—7.67 (m, 3H), 745—7.32 (m,
2H), 7.32—7.19 (m, 2H), 6.13 (s, 1H, C=C—H), 5.55 (s, IH, C=C—H),
464 (t, ] = 63 Hz,2H, O—CH,), 440 (1, ] = 6.3 Hz, 2H, C(0)O—CH,),
226 (p, ] = 6.3 Hz, 2H, CH,), 1.95 (s, 3H, CH;). *C NMR (63 MHz,
CDCL): 0 = 1674, 1605, 1589, 1512, 1494, 1369, 1363, 1316, 1288,
12694, 126,85, 125.5, 1242, 1189, 114.8, 67.1, 617, 29.0, 18.3. EI MS:
m/z = 380.12 (30%, [M]"), 254.05 (10%, [M—C,;H;,0,]"). Anal. Caled
for Cp1H,oN,03: C, 66.29%; H, 5.30%; N, 7.36%; S, 843%. Found: C,
66.41%; H, 5.32%; N, 7.22%; S, 7.98%.

General RAFT Copolymerization Procedure. The respective
methacrylate-functionalized monomer, methyl methacrylate (125 uL,
1.163 mmol), 2-cyanobutan-2-yl benzodithioate (2.7 mg, 1.6 mol,
1 mol %), and 2,2’-azobis(2-methylpropionitrile) (0.5 mg, 0.4 xmol,
0.25 mol %) were dissolved in N,N-dimethylacetamide (600 uL) in a
2 mL microwave vial. The vial was sealed, and the solution was degassed
for 0.5 h under nitrogen. Subsequently, the reaction mixture was stirred
at 85 °C (oil bath temperature) for 16 h. The crude product was
precipitated in cold diethyl ether and purified by preparative size
exclusion chromatography (BioBeads $-X1, CH,Cl, as eluent) yielding
the pure desired copolymer.

Synthesis of Polymer 9a. According to the general procedure,
bis(4,4'-dimethyl-2,2"-bipyridine)-[ 11-(4-(5-((4-nitrophenyl )ethynyl)-
pyridin-2-yl)-1H-1,2,3-triazol-1-ylJundecyl methacrylate]ruthenium-
(I1) hexafluorophosphate (5, 60 mg, 0.047 mmol) was reacted to yield
the product as red solid (106 mg, 45%). "H NMR (CDCls, 300 MHz): 6
=8.80 (br), 8.35—8.10 (br), 7.70—7.50 (br), 7.45—7.25 (br), 7.15—7.08
(br), 440 (br), 3.95 (br), 3.58 (s), 2.60—2.4S (br), 2.05—1.65 (br),
1.45—1.15 (br), 1.0 (s), 0.8 (s). *C NMR (CDCl3, 76 MHz): 6 = 178.1,
177.8,176.9,157.0,156.6,156.3,152.9, 150.9, 150.8, 147.8, 147.1, 140 4,
1327, 1288, 128.7, 1280, 127.7, 126.0, 124.9, 1246, 1242, 124.1, 1237,
1224, 121.5, 937, 87.7, S44—S1.8, 44.9, 44.5, 294, 21.5, 212, 187, 16.5.

Synthesis of Polymer 9b. According to the general procedure,
3-((5-phenyl-2-(pyridin-2-yl)thiazol-4-ylJoxy)propyl methacrylate (8,
35 mg, 0.093 mmol) was reacted to yield the product as orange solid
(81 mg, 51%). "H NMR (CDCl;, 300 MHz): 6 = 8.59 (br), 8.15-8.0
(br), 7.8—7.70 (br), 7.40—7.30 (br), 4.60 (br), 420 (br), 3.70—3.45
(br), 22—1.70 (br), 148—1.30 (br), 1.0 (br), 0.83 (br). *C NMR
(CDCls, 75 MHz): 0 = 178.1, 177.8, 176.9, 160.4, 158.7, 151.1, 149.3,
148.3,137.1, 131.5, 128.9, 128.7,126.9, 124.2,123.1, 119.0, 114.7, 66.9,
65.8, 543517, 4.8, 44.5, 18.7, 164, 152.

Synthesis of Polymer 9c. According to the general procedure,
bis(4,4’-dimethyl-2,2’-bipyridine)-[ 11-(4-(5-((4-nitrophenyl)ethynyl)-
pyridin-2-y1)-1H-1,2,3-triazol-1-yl Jundecyl methacrylate]ruthenium-
(I1) hexafluorophosphate (S, 60 mg, 0.047 mmol) and 3-((S-phenyl-
2-(pyridin-2-yl)thiazol-4-yl) oxy) propyl methacrylate (8, 35 mg, 0.093 mmol)
were reacted to yield the product as red solid (42 mg, 36%). '"H NMR

6285 dx.doi.org/10.1021/ma201193e |Macromolecules 2011, 44, 6277-6287
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(CDCl3, 300 MHz): 6 = 8.58 (br), 8.30-7.90 (br), 7.85—7.30 (br),
7.20—7.0 (br), 4.51 (br), 4.15 (br), 3.55 (s), 2.50 (br), 1.92—1.70 (br),
1.34—1.24 (br), 1.0 (br), 0.83 (br). "*C NMR (CDCl;, 75 MHz): 6 =
178.1, 177.8, 177.0, 151.1—150.0, 149.5, 137.0, 136.70, 136.24, 132.9,
131.6, 128.8—1269, 124.3, 123.6, 1189, 67.0, 544, 51.8, 44.9, 44.5,
29.7-28.5,26.3,26.0,21.2, 187, 16.5.
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© Supporting Information. SEC traces of all polymers as
well as UV/vis absorption and emission spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*Fax +49 (0)3641 948212, e-mail c6bera@uni-jena.de (RB.);
Fax +49 (0)3641 206399, e-mail benjamin.dietzek@uni-jena.
de (B.D.); Fax +49 (0)3641 948202, e-mail ulrich.schubert@
uni-jena.de (US.S.).

B ACKNOWLEDGMENT

Financial support of this work by the Dutch Polymer Institute
(DPI), the Fonds der Chemischen Industrie (B.D.), and the
Thuringian Ministry for Education, Science and Culture [grant
#BS514-09049, Photonische Mizellen (PhotoMIC)] is kindly
acknowledged.

B REFERENCES

(1) Juris, A; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85-277.

(2) Lehn, J.-M. Angew. Chem.,, Int. Ed. 1988, 27, 89-112.

(3) Balzani, V.; Juris, A,; Venturi, M,; Campagna, S.; Serroni, S.
Chem. Rev. 1996, 96, 759-833.

(4) Baba, A. L; Shaw, J. R; Simon, J. A; Thummel, R. P.; Schmehl,
R. H. Coord. Chem. Rev. 1998, 171, 43-59.

(5) Newkome, G. R; He, E.; Moorefield, C. N. Chem. Rev. 1999,
99, 1689-1746.

(6) Schubert, U. S.; Eschbaumer, C. Angew. Chem,, Int. Ed. 2002, 41,
2893-2926.

(7) Hofmeier, H.; Schubert, U. S. Chem. Soc. Rev. 2004, 33, 373-399.

(8) Siebert, R; Winter, A; Dietzek, B.; Schubert, U. S.; Popp, J.
Macromol. Rapid Commun. 2010, 31, 883-888.

(9) Siebert, R; Winter, A;; Schubert, U. S.; Dietzek, B.; Popp, J.
J. Phys. Chem. C 2010, 114, 6841-6848.

(10) Siebert, R; Winter, A.; Schubert, U. S.; Dietzek, B.; Popp, J.
Phys. Chem. Chem. Phys. 2011, 13, 1606-17.

(11) Siebert, R.; Akimov, D.; Schmitt, M.; Winter, A.; Schubert,
U. S.; Dietzek, B.; Popp, J. ChemPhysChem 2009, 10, 910-919.

(12) Tschierlei, S.; Presselt, M.; Kuhnt, C.; Yartsev, A.; Pascher, T ;
Sundstrom, V.; Karnahl, M.; Schwalbe, M.; Schifer, B.; Rau, S.; Schmitt,
M,; Dietzek, B.; Popp, J. Chem.—Eur. J. 2009, 15, 7678-7688.

(13) Tschierlei, S.; Dietzek, B.; Karnahl, M.; Rau, S.; MacDonnell,
F. M.; Schmitt, M.; Popp, J. J. Raman Spectrosc. 2008, 39, 5$57-559.

(14) Heller, M,; Schubert, U. S. J. Org. Chem. 2002, 67, 8269-8272.

(15) Heller, M.; Schubert, U. S. Macromol. Rapid Commun. 2001,
22, 1358-1363.

(16) Schubert, U. S.; Eschbaumer, C.; Hochwimmer, G. Synthesis
1999, 779-782.

(17) Hochwimmer, G.; Nuyken, O.; Schubert, U. S. Macromol. Rapid
Commun. 1998, 19, 309-313.

(18) Eisenbach, C. D.; Schubert, U. S. Macromolecules 1993, 26,
7372-7374.

S142 -

(19) Schubert, U. S.; Eschbaumer, C.; Andres, P.; Hofmeier, H.;
Weidl, C. H.; Herdtweck, E.; Dulkeith, E.; Morteani, A.; Hecker, N. E.;
Feldmann, J. Synth. Met. 2001, 121, 1249-1252.

(20) Kalyanasundaram, K; Gritzel, M. Coord. Chem. Rev. 1998,
177, 347-414.

(21) Rabek, J. F. Prog. Polym. Sci. 1988, 13, 83-188.

(22) Meyer, T. J. Acc. Chem. Res. 1989, 22, 163-170.

(23) Alstrum-Acevedo, J. H.; Brennaman, M. K.; Meyer, T. J. Inorg.
Chem. 2008, 44, 6802-6827.

(24) Kiwi, J.; Gratzel, M. Nature 1979, 281, 657-658.

(25) O'Regan, B;; Gratzel, M. Nature 1991, 353, 737-740.

(26) Balzani, V.; Credi, A; Venturi, M. ChemSusChem 2008,
1,26-58.

(27) Szacilowski, K.; Macyk, W.; Drzewiecka-Matuszek, A.; Brindell,
M.; Stochel, G. Chem. Rev. 2008, 105, 2647-2694.

(28) Prodi, L; Bolletta, F.; Montalti, M.; Zaccheroni, N. Coord.
Chem. Rev. 2000, 205, 59-83.

(29) DeRosa, M. C; Crutchley, R. J. Coord. Chem. Rev. 2002, 233,
351-371.

(30) Rogers, C.W.; Wolf, M. O. Coord. Chem. Rev. 2002, 233, 341-350.

(31) Kuhnt, C.; Karnahl, M.; Tschierlei, S.; Griebenow, K.; Schmitt,
M,; Schifer, B.; Krieck, S.; Gorls, H.; Rau, S.; Dietzek, B.; Popp, J. Phys.
Chem. Chem. Phys. 2010, 12, 1357-1368.

(32) Manners, 1. Synthetic Metal-Containing Polymers; Wiley-VCH:
Weinheim, 2004.

(33) Sykora, M.; Maxwell, K. A.; DeSimone, J. M.; Meyer, T.J. Proc.
Natl. Acad. Sci. U. S. A. 2000, 97, 7687-7691.

(34) Schubert, U. S.; Winter, A.; Newkome, G. R. Terpyridine-Based
Materials; Wiley-VCH: Weinheim, 2011.

(35) Whittell, G. R,; Manners, L. Adv. Mater. 2007, 19, 3439-3468.

(36) Suzuki, M.; Kobayashi, S.; Kimura, M.; Hanabusa, K.; Shirai, H.
Chem. Commun. 1997, 227-228.

(37) Whittell, G. R; Hager, M. D; Schubert, U. S.; Manners, L.
Nature Mater. 2011, 10, 176-188.

(38) Schultze, X.; Serin, J.; Adronov, A.; Frechet, J. M. J. Chem.
Commun. 2001, 1160-1161.

(39) Serin, J; Schultze, X.; Adronov, A.; Frechet, J. M. J. Macro-
molecules 2002, 35, S396-5404.

(40) Huynh, M. H. V,; Dattelbaum, D. M.; Meyer, T. J. Coord. Chem.
Rev. 2008, 249, 457-483.

(41) Newkome, G. R;; Patri, A. K; Holder, E.; Schubert, U. S. Eur. J.
Org. Chem. 2004, 235-254.

(42) Kolb, H. C; Finn, M. G.; Sharpless, K. B. Angew. Chem,, Int. Ed.
2001, 40, 2004-2021.

(43) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V,; Sharpless, K. B.
Angew. Chem., Int. Ed. 2002, 41, 2596-2599.

(44) Happ, B.; Friebe, C.; Winter, A.; Hager, M. D.; Hoogenboom,
R.; Schubert, U. S. Chem.—Asian J. 2009, 4, 154-163.

(4S) Happ, B.; Escudero, D; Hager, M. D.; Friebe, C.; Winter, A.;
Gorls, H.; Altuntas, E.; Gonzalez, L.; Schubert, U. S. J. Org. Chem. 2010,
75, 4025-4038.

(46) Schulze, B;; Fricbe, C.; Hager, M. D.; Winter, A;; Hoogenboom,
R.; Gorls, H.; Schubert, U. S. Dalton Trans. 2009, 787-794.

(47) Brombosz, S. M.; Appleton, A. L.; Zappas, A. ].; Bunz, U. H. F.
Chem. Commun. 2010, 46, 1419-1421.

(48) Beyer, B.; Ulbricht, C.; Escudero, D.; Friebe, C.; Winter, A;;
Gonzalez, L.; Schubert, U. S. Organometallics 2009, 28, 5478-5488.

(49) Meudtner, R. M.; Ostermeier, M.; Goddard, R;; Limberg, C,;
Hecht, S. Chem.—Eur. J. 2007, 13, 9834-9840.

(50) Rau, S.; Schifer, B,; Gleich, D.; Anders, E.; Rudolph, M;
Friedrich, M; Gorls, H.; Henry, W.; Vos, J. G. Angew. Chem.,, Int. Ed.
2006, 45, 6215-6218.

(51) Tschierlei, S.; Karnahl, M.; Presselt, M.; Dietzek, B.; Guthmuller,
J;; Gonzdlez, L.; Schmitt, M.; Rau, S.; Popp, J. Angew. Chem,, Int. Ed. 2010,
49, 3981-4.

(52) Dietzek, B;; Kiefer, W.; Blumhoff, J,; Bottcher, L; Rau, S.; Walther,
D,; Uhlemann, U; Schmitt, M; Popp, J. Chem.—Eur. J. 2006, 12,
5105-S115.

6286 dx.doi.org/10.1021/ma201193e |[Macromolecules 2011, 44, 6277-6287



PUBLICATION A4

Macromolecules

(83) Bard, A. J.; Fox, M. A. Acc. Chem. Res. 1995, 28, 141-145.

(54) Terazono, Y.; Kodis, G.; Liddell, P. a,; Garg, V.; Moore, T. a;
Moore, A. L; Gust, D. J. Phys. Chem. B 2009, 113, 7147-55.

(55) Kodis, G.; Liddell, P.; de la Garza, L.; Clausen, P. C.; Lindsey,
J- S; Moore, A. L; Moore, T; Gust, D. J. Phys. Chem. A 2002,
106, 2036-2048.

(56) Johnson, J. M; Chen, R; Chen, X; Moskun, A. C; Zhang, X;
Hogen-Esch, T.E; Bradforth, S. E. J. Phys. Chem. B 2008, 112, 16367-16381.

(57) Schafer, J; Menzel, R;; Weiss, D.; Dietzek, B.; Beckert, R;
Popp, J. J. Lumin. 2011, 131, 1149-1153.

(58) Menzel, R; Breul, A.; Pietsch, C.; Schafer, ].; Friebe, C.;
Tauscher, E.; Weiss, D.; Dietzek, B.; Popp, ].; Beckert, R.; Schubert,
U. S. Macromol. Chem. Phys. 201110.1002/macp.201000752.

(59) Menzel, R.; Tauscher, E.; Weiss, D.; Beckert, R.; Gorls, H. Z.
Anorg. Allg. Chem. 2010, 636, 1380-1385.

(60) Chiefari, ].; Chong, Y. K.; Ercole, F.; Krstina, ]; Jeffery, J; Le,
T. P. T,; Mayadunne, R. T. A,; Meijs, G. F.; Moad, C. L; Moad, G.;
Rizzardo, E.; Thang, S. H. Macromolecules 1998, 31, 5559-5562.

(61) Benaglia, M.; Rizzardo, E.; Alberti, A.; Guerra, M. Macromole-
cules 2008, 38, 3129-3140.

(62) Rizzardo, E;; Chen, M; Chong, B.; Moad, G.; Skidmore, M.;
Thang, S. H. Macromol. Symp. 2007, 248, 104-116.

(63) Happ, B;; Friebe, C.; Winter, A.; Hager, M. D.; Schubert, U. S.
Eur. Polym. J. 2009, 45, 3433-3441.

(64) Odian, G. In Principles of Polymerization, 4th ed.; Wiley-VCH:
New York, 2004; pp 255—263.

(65) Adronov, A.; Gilat, S. L.; Frechet, J. M. J; Ohta, K; Neuwahl,
F. V. R; Fleming, G. R. J. Am. Chem. Soc. 2000, 122, 1175-1185.

(66) Ozcelik, S. J. Phys. Chem. B 1997, 5647, 30213024,

{67) Gulbinas, V.; Minevicitite, L; Hertel, D.; Wellander, R.; Yartsev,
a.; Sundstrom, V. J. Chem. Phys. 2007, 127, 144907.

(68) Kuhnt, C.; Karnahl, M.; Schmitt, M; Rau, S.; Dietzek, B.; Popp,
J. Chem. Commun. 2011, 3820-3821.

(69) Ghiggino, K. P.; Smith, T. A. Prog. React. Kinet. 1993, 18,
375-436

(70) Turro, N. J.; Ramamurthy, V.; Scaiano, J. C. Principles of
Molecular Photochemistry; University Science Books: Sausalito, CA,
2009.

(71) Ghiggino, K. P.; Smith, T. a; Haines, D. J.; Wilson, G.]. Can. J.
Chem. 1995, 73, 2015-2020.

(72) Adronov, A; Robello, D. R;; Fréchet, . M. J. J. Polym. Sci,, Part
A: Polym. Chem. 2001, 39, 1366-1373.

(73) Bojarski, P. Chen. Phys. Lett. 1997, 278, 225-232.

(74) Lakowicz, J. R; Szmacinski, H; Gryczynski, 1; Wiczk, W,;
Johnson, M. L. J. Phys. Chem. 1990, 94, 8413-8416.

(75) Thomas, D.D.; Carlsen, W. F; Stryer, L. Proc. Natl. Acad. Sci. U.
S, A 1978, 75, 5746-5750.

(76) Montalti, M.; Credi, A; Prodi, L.; Gandolfi, M. T. Handbook of
Photochemistry; Taylor & Francis Group: Boca Raton, FL, 2006.

(77) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer: Baltimore, MD, 2006.

6287

dx.doi.org/10.1021/ma201193e [Macromolecules 2011, 44, 6277-6287

- 143 -



- 144 -



Publication A5

CLICK CHEMISTRY MEETS POLYMERIZATION: CONTROLLED
INCORPORATION OF AN EASILY ACCESSIBLE RUTHENIUM(I) COMPLEX
INTO A PMMA BACKBONE VIA RAFT COPOLYMERIZATION

Bobby Happ, Christian Friebe, Andreas Winter, Martin D. Hager, Ulrich S. Schubert*

Eur. Polym. J. 2009, 45, 3433-3441.

Reprinted with permission from: Elsevier (Copyright 2009)

- 145 -



- 146 -



PUBLICATION A5

European Polymer Journal 45 (2009) 3433-3441

Caontents lists available at ScienceDirect

POLYMER
JOURNAL

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

Click chemistry meets polymerization: Controlled incorporation
of an easily accessible ruthenium(Il) complex into a PMMA
backbone via RAFT copolymerization

Bobby Happ 2P, Christian Friebe P, Andreas Winter ®¢, Martin D. Hager ®,
Ulrich S. Schubert >
A Laberatory of Organic and Macromolecular Chemistry, Friedrich-Schiller-University Jena, Humboldtstrasse 10, 07743 Jena, Germany

® Dutch Polymer Institute (DPI1), P.O. Box 902, 5600 AX Eindhoven, The Netherlands
“Lahoratory of Macromolecular Chemistry and Nanoscience, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 23 June 2009

Received in revised form 9 September 2009
Accepted 13 September 2009

Available online 17 September 2009

The copper(l)-catalyzed azide-alkyne cycloaddition provided an easy and efficient access to
a functionalized heteroleptic ruthenium(Il) complex monomer. A grafted copolymer with
the heteroleptic ruthenium(Il) complex and methyl methacrylate (MMA) as comonomer
was synthesized by reversible addition fragmentation chain transfer (RAFT) polymeriza-
tion. The product was characterized by means of 'H NMR spectroscopy, UV/vis spectros-
copy and size exclusion chromatography coupled with a photodiode array detector. The

Keywords:

RAFT copolymerization
Poly(methyl methacrylate)
Ruthenium(11) complexes
Copper(1)-catalyzed azide-alkyne
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RAFT process itself led to a grafted copolymer with a low polydispersity index.

@ 2009 Published by Elsevier Ltd.

1. Introduction

The processing of well-known (co)polymers functional-
ized with light-interacting systems represents an interest-
ing topic due to their remarkable photophysical and
electrochemical properties [1-4]. Hence, a general target
of current research is to develop new synthetic approaches
allowing the facile and straightforward covalent linkage of
functionalized ligands or transition metal complexes to
polymers. Such covalent linkages are the basis for potential
functional materials, which are able to avoid aggregation of
incorporated metal complexes while maintaining the
photophysical properties of the appropriate complex at
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10, 07743 Jena, Germany.
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(U.S. Schubert).

0014-3057/% - see front matter © 2009 Published by Elsevier Ltd.
doi:10.1016/j.eurpolym;.2009.09.010

the same time. The prevention of aggregation can yield ad-
vanced materials processable by spin-coating [6] and ink-
jet-printing [7], respectively.

The construction of metal-containing macromolecules
contains mainly two variable components: The ligand(s)
of the metal complex and the polymer backbone, The
thermodynamic and kinetic stability as well as the photo-
physical properties of the metal complex are mainly deter-
mined by the nature of the used ligands. In addition,
copolymerization represents a fashionable route to incor-
porate ligands and their metal complexes, respectively,
whereupon the metal complex itself maintains the optical
properties in the polymer [8-10].

In general, metal-containing polymers can be generated
either by allowing to react a reactive heteroleptic metal
complex {i.e. having a reactive ligand side-chain) with an-
other monomer leading to the respective polymer (copoly-
mers) or the polymer backbone bears the ligand units as
side-chains, which then can be coordinated to metal-ions
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later [4a,4b,8]. The basic prerequisite for all strategies is in
general the good synthetic accessibility of the ligands and
metal complexes which are connected to the monomer.

One of the most interesting ligands for the complexa-
tion of transition metal-ions is 2,2’-bipyridine (see e.g.
Schubert et. al. Ref. [11a]). However, by contrast the use
of functionalized 4-(pyridin-2-yl)-1H-1,2,3-triazole ligands
for the complexation of ruthenium(II) overcomes the trou-
blesome synthesis of mono-functionalized bipyridines
[4d,11b] (Scheme 1) and provides a fast access to a func-
tionalized ruthenium(Il) complex. Such mono-functional-
ized 4-(pyridin-2-yl)-1H-1,2,3-triazole ligands were
synthesized in good yields and in a one-step procedure
using the copper(l)-catalyzed azide-alkyne cycloaddition
(“click” chemistry) [12]. This is in contrast to the
well-established 2,2’-bipyridines, for which at least two
synthesis steps are necessary containing the synthesis of
the 4,4'-substituted 2,2'-bipyridine itself [4b] usually uti-
lizing the hazardous Stille-coupling followed by the
mono-functionalization of the 4,4’-substituted 2,2’-bipyri-
dine, which normally is not simple to purify and ends up
in relatively low yields [4d].

Almost all monomers, which contain one carbon-car-
bon double bond, will undergo radical polymerization. By
contrast, ionic polymerizations are highly selective due to
the very strict requirements for stabilization concerning
the anionic or the cationic propagating species [13,14].
Furthermore, the reactivity of the monomer significantly

changes with the electronic nature of its substituents
[13]. The controlled introduction of thiocarbonylthio-com-
pounds in the field of radical polymerization reactions,
which serve as reversible addition fragmentation chain
transfer (RAFT) agents and ensure good control of the pro-
cess, was first reported in 1998 [15].

Since that time it has been established that RAFT poly-
merization represents an extremely versatile process
[15-17] and the main advantages are that it can be applied
to prepare polymers or copolymers with narrow polydis-
persity indices starting from a large variety of monomers,
which are able to undergo radical polymerization. Further-
more, it is possible to drive the RAFT polymerization to
high conversions to obtain relatively high polymerization
rates and a wide range of functionalities in the monomers,
even metal complexes, are tolerated. Star-shaped, block,
hyper-branched structures as well as supramolecular
assemblies and other complex architectures are accessible
via this technique. Thus, this controlled process overcomes
most drawbacks of a conventional free-radical polymeriza-
tion [5,15,16].

In the present study we describe the facile and
straightforward synthesis of a mono-functionalized ruthe-
nium complex and its controlled radical RAFT copolymer-
ization with methyl methacrylate yielding a well-defined
grafted copolymer. The resulting copolymer was charac-
terized in detail by 'H NMR spectroscopy, UV/vis spec-
troscopy and size exclusion chromatography (SEC) with

Synthesis of mono-functionalized2,2'-bipyridines

AN 1) LDA, 2-bromoethoxy- ter tbutyl-
| dimethyl-silane
-78°Cto 25°C, THF, 24 h

OH

ZN 2)1 MHCI, 24 h, 25°C NGO
——
47%
N N
™

One-step synthesis of mono-functionalized 4-(pyridin-2-yl)-1 H-1,2,3-triazoles

\ // — Cu(ll), Na ascorbate,
N microwave irradiation, N
100-125 °C, 60 min @C[}j
+
R—N 70-80% \ N/ \ N\R
3
R = aliphatic, aryl

Scheme 1. Schematic representation of the synthesis of mono-functionalized 4-(pyridin-2-y1)-1H-1,2,3-triazoles [12] and 4-substituted 2,2'-bipyridines

[4d] for further reactions.
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a refractive-index as well as a photodiode array detector.
The obtained copolymer was spin-coated on a glass sub-
strate and characterized by means of UV/vis- and emis-
sion spectroscopy.

2. Experimental section
2.1. Materials and instrumentation

Unless stated otherwise, all reagents and solvents were
purchased from commercial sources and used without fur-
ther purification. For the synthesis of the transition metal
complexes, the solvents were previously degassed under
reflux, applying a vigorous argon flow for at least 1 h. The
progress of the reactions was controlled either by GC-MS
(Shimadzu QP5050 and electron ionization (EI) as ion
source) or by thin-layer chromatography using aluminum
sheets pre-coated with silica gel 60 Fas4 or neutral alumi-
num oxide 60 F,s, (Merck). Standardized aluminum oxide
90 and silica gel purchased from Merck were used for
preparative column chromatography. Preparative size
exclusion chromatography (SEC) was carried out on Bio-
Rad S-X1 beads (size exclusion 600-14,000 g/mol), swollen
in dichloromethane. Microwave-assisted reactions were
carried out in a Biotage Initiator ExpEU (maximum power:
400 W, working frequency: 2450 MHz) using closed reac-
tion vials. During the experiments the temperature and
the pressure profiles were detected. 1D-(*H and '3C) and
2D-("H-1H gCOSY) nuclear magnetic resonance (NMR)
spectrawere recorded on a Varian Mercury 400 MHz instru-
ment at 298 K in deuterated solvents (Cambridge Isotope
Laboratories Inc.). Chemical shifts are reported in parts per
million (ppm, é scale) relative to the signal of the applied sol-
vent. Coupling constants are given in Hertz. MALDI-TOF
mass spectra were measured on a Voyager-DE PRO biospect-
rometry workstation (Applied Biosystems) time-of-flight
mass spectrometer with dithranol as matrix. Elemental
analysis was carried out on an EuroVector EuroEA3000 ele-
mental analyzer for CHNS-O. UV/vis spectra were recorded
on a Perkin Elmer Lambda 45 (1 cm cuvettes) using veloci-
ties of 480 nm/min. Size exclusion chromatograms (SEC)
for non-metal-containing polymers were recorded with a
Shimadzu system equipped with a SCL-A10 system control-
ler, a LC-10AD pump, a RID-10A refractive-index detector, a
SPD-10A UV-detector at 254 nm and a PLgel 5 mm Mixed-D
column at 50 °C utilizing a chloroform/triethylamine/2-pro-
panol (94:4:2 ratio) mixture as eluent at a flow rate of
1 mL/min. The molar masses were calculated against linear
poly(methyl methacrylate) standards. For the metal-con-
taining polymers SEC was carried out on a Waters SEC
system consisting of a 717 Plus autosampler, an isocratic
pump, a solvent degasser, a column oven and a Styragel HT
4 GPC column with a precolumn equipped either with a
2414 refractive-index (RI) or a 2996 photodiode array
(PDA) detector. DMF (containing 5 mM NH4PFgs) was used
as eluent at a column temperature of 50 °C and a flow rate
0f0.5 mL/min. For both systems, poly(methyl methacrylate)
standards have been applied to determine the molar masses.

Films were prepared via spin-coating from an acetoni-
trile solution containing 5 mg mL~! of the copolymer onto

quartz glass substrates. UV/vis spectroscopy of the re-
ceived films were measured with a Perkin Elmer Lambda
19 (absorption) and a Hitachi F-4500 (emission).

2.2. Synthesis of 11-(4-(pyridin-2-yl)-1H-1,2,3-triazole-1-yl)-
undecan-1-ol

To a suspension of sodium azide (195 mg, 3.0 mmol),
1-bromoundecan-11-ol (703 mg, 2.8 mmol) and 2-ethyn-
ylpyridine (290 mg, 2.8 mmol) in a EtOH/water mixture
(7:3 ratio, 8 mL) filled in a 20 mL microwave vial were
added CuSO4 x 5 H20 (23 mg, 5 mol%) and subsequently
sodium ascorbate (90 mg, 25 mol%). This mixture has
been irradiated in the microwave at 125°C for 20 min.
After this time additional CuSO4 x5 H,O (23 mg,
5 mol%) was added into the reaction mixture and the
brown solution was irradiated for another 25 min. Subse-
quently, a large excess of water was added to the sus-
pension. The off-white precipitate was filtered to yield
11-(4-(pyridin-2-yl)-1H-1,2,3-triazole-1-yl)undecan-1-ol
as white powder after gel filtration on silica (ethyl ace-
tate) and precipitation from CH,Cl/n-pentane (644 mg,
72%).

TH NMR (CDCls, 400 MHz): 5 = 1.28-1.36 (m, 14H, CH>),
1.55 (m, 2H, HO—CH,—CH), 1.69 (s, 1H, OH), 1.95 (m, 2H,
N—CH,—CH,), 3.63 (m, 2H, HO—CH,—CH,), 4.41 (t,
3=7.1Hz, 2H, N—CH,—CH,), 7.22 (ddd, 3Js4=7.5Hz,
3Js6=5.1Hz, 453 =1.0Hz, 1H, H?), 7.78 (dt, *J,3=7.9 Hz,
4=1.8Hz, 1H, H*), 8.13 (s, 1H, H*), 8.18 (d, 3Jz4=
8 Hz, 1H, H3), 8.57 (m, 1H, H®).,

13C NMR (CDCls, 100.63 MHz): & = 25.7, 26.3, 28.8, 29.1,
29.2,29.2,29.3, 30.1, 32.7, 50.4 (N—CH), 62.6 (HO—CH,),
120.2 (C), 121.8 (C¥), 122.7 (C%), 136.9 (C*), 148.1 (C%),
149.2 (C°), 150.2 (C?).

IR-ATR (cm™'): 751, 785, 997, 1054, 1259, 1417, 1465,
1600, 2849, 2922, 3130, 3420.

MALDI-TOF MS (dithranol): mfz=317.23 (100%)
[M+H]".

UV/vis (CHoCl) (& in M™' cm™): Amax/nm = 280 (8900),
246 (13,000).

Emission (CH2Cly): Amax/nm = 324,

Anal. calcd. for CigHagN4O: C 68.32, H 8.92, N 17.71;
found: C 68.06, H 9.12, N 17.46.

2.3. Synthesis of bis(4,4'-dimethyl-2,2'-bipyridine)-
{11-(4-(pyridin-2-yl)-1H-1,2,3-triazole-1-yl)Jundecan-1-ol}
ruthenium(Il) hexafluorophosphate

Cis-dichloro-bis(4,4'-dimethyl-2,2’-bipyridine)  ruthe-
nium(II) (43 mg, 0.08 mmol) and 11-(4-(pyridin-2-yl)-1H-
1,2,3-triazole-1-yl)undecan-1-ol (26, mg, 0.08 mmol) were
suspended in degassed ethanol (8 mL). After an irradiation
time of 2 h at 125 °C in the microwave, the red solution
was treated with a 10-fold excess of NH4PFs and was sub-
sequently stirred for approximately 2 h until precipitation
occurred. The orange precipitate was purified by washing
twice with water, ethanol and diethyl ether providing the
pure product (72 mg, 90%).

TH NMR (CD,Cl,, 400 MHz): 6 = 1.18-1.3 (m, 12H), 1.52
(m, 4H), 1.86 (m, 2H, N—CH,—CH5), 2.56 (s, 3H, CH3), 2.58
and 2.59 (s, 9H, CHz), 3.59 (t, *] = 6.6 Hz, 2H, HO—CH,), 4.38
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(t, 3 =7.4Hz, 2H, N—CH,—CH,), 7.15 (dd, */s¢=5.8 Hz,
453 =0.8 Hz, 1H, H®-Mepy), 7.23-7.31 (m, 4H, H®-py,
3 x H*-Mepy), 7.52 (d, %65 = 5.8 Hz, 1H, H®-Mepy), 7.56—
7.62 (m, 4H, Hé-py, 3 x H®-Mepy), 7.94 (dt, *J,3=7.8 Hz,
47=1.4Hz 1H, H*-py), 8.13 (d, *J34=7.8 Hz, 1H, H3-py),
8.16 (s, 1H, H>-Mepy), 8.20 (s, 1H, H3-Mepy), 8.24 (s, 1H,
H3-Mepy), 8.26 (s, 1H, H3-Mepy), 8.67 (s, 1H, H*).

13C NMR (CD,Cl,, 100.63 MHz): 6=18.2, 21.0, 21.0,
21.0, 25.7, 26.1, 28.7, 29.3, 29.3, 29.3, 29.5, 294, 32.7,
52.5, 62.6, 122.7, 124.0, 124.3, 124.6, 124.8, 125.1, 125.9,
127.6, 128.4, 128.5, 128.6, 137.9, 149.8, 150.3, 1504,
150.5, 150.8, 150.9, 150.9, 151.1, 156.3, 156.7, 156.8,
156.9, 157.1.

MALDI-TOF MS (dithranol): m/z=470.04 (48%)
[M—2PFs—pytrz+H|", 602.17 (23%) [M—2PFs—dmbpy+H]",
695.04 (25%) [M—2PFs—pytrz+matrix|", 786.18 (35%)
[M—2PFg]*, 931.12 (100%) [M—PFq]".

UV/jvis (CHxCly) (¢ in M~ 'cm™1):  Jpa/nm =451
(12,500), 418 (10,200), 380sh (7500), 286 (70,600), 261sh
(32,400), 249 (28,720).

Anal. calcd. for C4Hs,F1oNgOPoRu: C 46.89, H 4.87, N
10.41; found: C 47.09, H 5.17, N 10.06.

2.4. Synthesis of bis(4,4'-dimethyl-2,2'-bipyridine) {11-(4-
(pyridin-2-yl)-1H-1,2,3-triazol-1-yl )Jundecyl methacrylate}
ruthenium(1l) hexafluorophosphate (2)

Bis(4,4'-dimethyl-2,2'-bipyridine)-{11-(4-( pyridin-2-yl)-
1H-1,2,3-triazol-1-yl)undecan-1-ol} ruthenium(ll) hexa-
fluorophosphate!’® (1, 150mg, 0.14mmol) and
triethylamine (60 pL, 0.44 mmol) were dissolved in dry
dichloromethane (10 mL). The solution was cooled to 0 °C
under an argon flow. Then methacryloyl chloride (50 pLL,
0.5 mmol) was added and the red solution was stirred for
2 h at 0°C and further 24 h at room temperature. Subse-
quently, the reaction mixture was washed with saturated
NaHCOs; solution and twice with water. After drying over
MgSO,, the solvent was removed in vacuo. The crude product
was purified by column chromatography on aluminum oxide
(acetonitrile/toluene 5:1) providing the pure product as red
0il (122 mg, 76%).

H NMR (CD,Cly, 400 MHz): 6 = 1.15-1.40 (m, 14H, al-
kyl-H), 1.67 (m, 2H, alkyl-H), 1.87 (m, 2H, alkyl-H), 1.93
(s, 3H, methacrylate-CHs), 2.56 (s, 3H, dmbpy-CHs), 2.6
(s, 9H, dmpby-CHs), 4.12 (t, ] = 6.7 Hz, 2H, alkyl-H), 4.38
(t, 3] = 7.4 Hz, 2H, alkyl-H), 5.55 (m,, 1H, methacrylate-H),
6.07 (m, 1H, methacrylate-H), 7.15 (m, 1H, dmbpy-H°),
7.23-7.31 (m, 4H, pyr-H>, dmbpy-H>), 7.52 (d, ] = 5.8 Hz,
1H, dmbpy-H®), 7.56-7.62 (m, 4H, pyr-H®, dmbpy-H®-
Mepy), 7.95 (m, 1H, pyr-H*), 8.12 (d, 3] = 7.8 Hz, 1H, pyr-
H?), 8.14 (s, 1H, dmbpy-H?), 8.17 (s, 1H, dmbpy-H°), 8.22
(s, 1H, dmbpy-H?), 8.23 (s, 1H, dmbpy-H?), 8.65 (s, 1H, tri-
azole-H) ppm.

13C NMR (CD,Cl,, 100.63 MHz): §=18.3, 21.2, 21.1,
25.9, 26.2, 28.6, 28.7, 29.2, 29.3, 29.4, 29.5, 52.5, 64.6,
122.8, 124.0, 124.3, 124.6, 124.7, 125.1, 125.9, 127.6,
128.5, 128.6, 128.7, 137.9, 147.4, 149.7, 150.3, 1504,
150.6, 150.8, 150.9, 151.1, 156.3, 156.7, 156.7, 156.9 ppm.

MALDI-TOF MS (dithranol): m/z=695.12 (43%,
[M-2PFg-pyridyl-triazole+matrix]*), 854.27 (32%, [M—
2PFg+H]"), 999.24 (100%, [M—PFg]*).
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UV/vis (CH,CL,,): Amax(€) = 451 (12,500), 418 (10,200),
380sh (7500), 286 (70,600), 261sh (32,400), 249
(28,700M~'cm™!) nm.

Anal. calcd. for C46H55F12N802P2Ru: C 4830, H 493, N
9.80; found: C 47.92, H 5.23, N 9.63.

2.5. RAFT copolymerization

Bis(4,4'-dimethyl-2,2'-bipyridine)-{11-(4-(pyridin-2-
yl)-1H-1,2,3-triazol-1-yl)undecyl methacrylate} ruthe-
nium(Il) hexafluorophosphate (2, 200 mg, 0.117 mmol),
methyl methacrylate (154 mg, 1.54 mmol), (4-cyanopen-
tanoic acid)-4-dithiobenzoate (RAFT-agent, 4.6 mg,
0.017 mmol, 1mol%) and AIBN (0.7 mg, 4.26 pmol,
0.25 mol%) were dissolved in N,N-dimethyl acetamide
(DMA, 0.85 mL)ina2 mLmicrowavevial. The red solution
was degassed for 1 hunder argon. Subsequently, the reac-
tion mixture was stirred at 80 °Cfor9 h. The crude product
was precipitated in cold n-hexane and purified by pre-
parative size exclusion chromatography (BioBeads S-X1,
CH,Cl; as eluent) yielding the desired copolymer 3 as a
red powder (271 mg, yield: 40% with respect to MMA).

TH NMR (CD,Cl,, 400 MHz): § =0.82 (br, PMMA back-
bone), 1.00 (br, PMMA backbone), 1.24 (br, PMMA back-
bone and alkyl-H), 1.80 (br, PMMA backbone and alkyl-H),
2.58 (br, dmbpy-CHs), 3.59 (br, PMMA backbone), 3.93
(br, 2H, alkyl-H), 4.39 (br, 2H, alkyl-H), 7.15 (m., Ru-com-
plex), 7.25-7.40 (br, Ru-complex and RAFT-agent), 7.52
(m¢, Ru-complex), 7.56-7.61 (m, Ru-complex and RAFT-
agent), 7.93 (br, Ru-complex and RAFT-agent), 8.18-8.26
(br, Ru-complex), 8.7 (br, 1H, triazole-H) ppm.

UV/vis (CH2CLy): Amax(€) =450 (12,000), 418 (10,000),
381 (7100), 286 (71,000), 260 (31,500 M~' cm™") nm.

GPC (5mM NH4PFs in DMF, PMMA calibration):
M, = 4000 g/mol, M, = 4500 g/mol, PDI = 1.13.

3. Results and discussion

The synthesis of the N'-alcohol-substituted ligand 1 has
been performed under microwave-assisted click condi-
tions, starting from 2-ethynylpyridine and the correspond-
ing aliphatic azide compounds, which utilize copper(Il)
sulfate in the presence of sodium ascorbate as the catalytic
system (Scheme 2) [12]. The azide compound has been
prepared from the respective alkyl bromide in a micro-
wave-assisted nucleophilic substitution reaction by using
an excess of NaN;. The organic azide has been used
without any purification or isolation. The final product
was isolated in good yield (72%). Subsequently, the biden-
tate 1H-1,2,3-triazole ligand 1 was coordinated to the
ruthenium(Il) precursor [Ru(dmbpy),]Cl, by using micro-
wave-assisted reaction conditions yielding the heteroleptic
complex 2 in very good yields (90%) (Scheme 2) [12]. The
purity of 1 and 2 has been confirmed by NMR spectros-
copy, mass spectrometry, and elemental analysis.

A controlled RAFT radical polymerization was per-
formed in order to covalently incorporate the heteroleptic
ruthenium(Il) complex 2 into a (PMMA) polymer backbone
in form of a grafted copolymer avoiding phase separation
phenomenon of the materials. In order to synthesize a suit-
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Scheme 2. Schematic representation of the monomer synthesis.

able monomer for the copolymerization with methyl
methacrylate (MMA) the OH-functionalized complex 2
was reacted with an excess of methacryloyl chloride
in anhydrous dichloromethane in the presence of trieth-
ylamine as base (Scheme 3) [11b]. The methacrylate-
modified ruthenium(ll) complex 3 was isolated in good
yield (76%) after purification by washing the reaction
mixture with a saturated potassium hydrogen carbonate
solution and subsequent column chromatography on
aluminum oxide (acetonitrile/toluene 5:1). The purity
of the monomer complex 3 was confirmed by 'H NMR
spectroscopy (Fig. 4), UV/vis absorption spectroscopy,
MALDI-TOF mass spectrometry as well as elemental
analysis.

2.5 eq. NEt3,
2.5 eq. methacryloyl chloride,
CH,Cly, 24 h, rt.

AN S 0.0

N-N =
g,ﬁ 13.25 eq,l

As expected, the ruthenium(Il) complex 3 revealed
nearly the same UV/vis absorption behavior as complex
2 (Fig. 1). Previously, we examined the optical properties
of ruthenium(Il) complexes by UV/vis absorption spec-
troscopy with respect to the number of (1,2,3-1H-tria-
zol-5-yl)-pyridine (pytrz) ligands in the complex on the
one hand and the influence of various aromatic and ali-
phatic substituents on the triazole unit on the other hand.
Here, a strong dependence of the number of these pytrz-
ligands on the MLCT absorption band could be observed.
Increasing the number of the latter the MLCT band of
the ruthenium(ll) complex shifts to higher energy. This
observation was confirmed by cyclic voltammetry, which
revealed an increasing HOMO-LUMO energy band gap

1 mol% RAFT-agent,
0.25 mol% AIBN,
DMA, 80°C,10h

_ -

Scheme 3. Schematic representation of the synthesis of the Ru(ll) complex containing monomer 3 and the grafted copolymer 4 via RAFT polymerization.
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Fig. 1. UV/vis absorption spectra of the ruthenium(ll) complexes 2 and 3; for both spectra: ~107®M in CH,Cl,. The MLCT absorption band shows its

maximum at 430 nm.

with increasing number of pytrz-ligands, since the metal-
based dr HOMO is stabilized and the ligand-based ="
LUMO is destabilized by the triazole-containing ligand.
Above all, the energy of the metal to ligand charge trans-
fer absorption band in complexes of the general
type [Ru(dmbpy)({1,2,3-1H-triazol-5-yI}pyridine)](PFs)s,
where dmbpy represents 4,4'-dimethyl-2,2'-bipyridine,
was found to be independent from the nature of lateral
substituents (i.e. aromatic and aliphatic groups) on the
triazole-moiety, which reveals the dominant role of the
dmbpy ligands with respect to the optical properties of
the complexes [12].

In general, the RAFT polymerizations were performed in
concentrated solutions (i.e. ~2 M solution of the monomer)
to allow the polymerization to proceed in a controlled
manner. 4-Cyanopentanoic acid-4-dithiobenzoate was
used as RAFT agent, since it is known to provide a narrow
molar mass distribution, in particular for PMMA as
described in literature [5b]. A relatively short reaction time
(10 h) was chosen in order to prevent undesired recombi-
nation of the polymer radicals [5]. Since 3 was found to
be insoluble in organic solvents commonly used for RAFT
polymerizations (i.e. toluene or ethanol), a test homo-poly-
merization was carried out using MMA as monomer and
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— '
e = = = ¢tude copolymer 1 \
,g’ purified copolymer "' '
y i
= ]
T o504 ' !
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\
\
\
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\
z
—_—
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Fig. 2. Left: SEC traces of the crude and purified copolymer 4; for both chromatograms: 5 mM NH4PFs in DMF as eluent.
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N,N-dimethyl-acetamide (DMA) as solvent following a by two times precipitation into cold methanol (—20 °C)
literature procedure (MMA/RAFT agent ratio of 100:1) and characterized by SEC (CHCls/NEtsfiso-PrOH 94:4:2 as
[5]. The obtained poly(methyl methacrylate) was purified eluent) showing a mono-modal distribution with a
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Fig. 4. "H NMR spectra of the monomer 3 (top) and the grafted copolymer 4 (bottom), for both spectra: 400 MHz, CD5Cls, 298 K.
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retention time of 8.2 min. The molar masses were esti-
mated using a linear PMMA calibration (M,, = 7100 g/mol,
M,, = 8400 g/mol) and were slightly lower than the value
calculated from the 'H NMR spectrum by comparing the
integrals of the aromatic signals corresponding to the RAFT
agent to those of the polymer backbone (M, = 9500 g/mol).

The copolymer 4 was then synthesized employing the
same conditions as for the RAFT test-polymerization
(MMA: 3 ratio of 13.25:1; ~2 M solution of monomers).
After a reaction time of 10 h, the reaction mixture was pre-
cipitated into cold methanol {(—20°C) and the crude red-
dish polymer was purified by preparative size exclusion
chromatography (Fig. 2). The characterization by SEC {for
the characterization of metal-containing polymers by

(=}
©

Apsorption fa-u:
[=]
(=]

03

Fig. 5. SEC coupled with a photodiode array detector (DMF containing
5 mM NH4PF; as eluent) of the copolymer 4 (elution time = 17.6 min).
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SEC, see e.g. Ref. [18]) revealed a mono-modal distribution
for the finally obtained copolymer 4 (M, =4000 g/mol,
PDI =1.13). A ruthenium(II) complex content of 9.8% was
estimated from the 'H NMR spectrum corresponding to
ten ruthenium(Il) complex units per polymer chain, which
is consistent with the used monomer ratio (1:13, com-
plex:MMA). As expected, 4 reveals the same photophysical
absorption behavior as the small-molecule counterpart 2
(Fig. 3).

The purity of the copolymer 4 was additionally con-
firmed by 'H NMR spectroscopy (Fig. 4). The disappearance
of the H*- and H* -proton signals of the methacrylate group
lead to the conclusion that monomer 3 was incorporated
into the copolymer and that no unpolymerized monomer
was left.

Moreover, the obtained copolymer 4 was investigated
using SEC coupled with a photodiode array detector
(PDA) in order to further confirm the incorporation of the
ruthenium(II) complex 3 into the polymer backbone
{Fig. 5). Fig. 5 shows the 3D-plot of the copolymer 4, which
reveals the characteristic metal to ligand charge transfer
(MLCT) transition at 430 nm. This correlates exactly with
the UV/vis absorption behavior of the ruthenium(Il) model
complex. Therefore, the successful incorporation of the
ruthenium(Il) complex 3 into the polymer structure can
be concluded.

Furthermore, we investigated the optical properties of
thin films and compared the results with the solution mea-
surements. As a result, nearly the same absorption behav-
ior was observed in both cases (Fig. 6). The MLCT at
435 nm of the ruthenium(Il) system in solution was ob-
served in the film absorption at 435 nm as well. In addi-
tion, neither the film nor the solution of the copolymer
exhibited any observable luminescence. Therefore, the fur-
ther existence of intact, metal complexes in the film can be
concluded.

6 -
1
5 1
|
|
1
44 !
!
| = = = Film
34 '. Solution
1
\
\

Normalized absorption

T T T T T 7
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—
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L T T 1
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Fig. 6. Comparison of the {ilm and solution UV/vis absorption behavior of the copolymer 4.
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4. Conclusion

A hydroxy-functionalized 2-(1H-1,2,3-triazole)pyridine
ligand was synthesized in a one-pot procedure by using
the copper(l)-catalyzed alkyne-azide cycloaddition over-
coming the troublesome synthesis of mono-functionalized
4,4'-bipyridines at the same time. A ruthenium(II) complex
containing 4,4'-dimethyl-2,2’-bipyridine and a hydroxy-
functionalized 2-(1H-1,2,3-triazole)pyridine system was
synthesized in high yield (90%) and converted to the corre-
sponding methacrylate derivative. The latter was success-
fully incorporated into a PMMA backbone by performing
a controlled radical copolymerization (RAFT) [5] with
MMA. The obtained grafted copolymer was identified by
'H NMR spectroscopy and size exclusion chromatography
(SEC). A ruthenium(Il) complex content of 10% was esti-
mated from the 'H NMR spectrum corresponding to an
average of ten ruthenium(Il) complex units per polymer
chain. This is consistent with the used monomer ratio of
1:13 (complex:MMA). As expected, the grafted copolymer
reveals the same photophysical absorption behavior as
the small-molecule counterpart. Moreover, the successful
incorporation of the ruthenium(Il) complex into the poly-
mer backbone was further proven by using SEC coupled
with a photodiode array detector (PDA).

With this copolymer in hand we were able to spin-coat
the copolymer on a glass substrate obtaining a thin film,
which revealed the same optical properties as in solution.
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Measurements
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Martin D. Hager,” Andreas Winter,” Helmar Gorls,” Wolfgang Giinther,"*! and

Abstract: Two 3,6-bis(R-1H-1,2,3-tria-
zol-4-yl)pyridazines (R =mesityl, mon-
odisperse  (CH,~CH,0),,CH;) were
synthesized by the copper(I)-catalyzed
azide—alkyne cycloaddition and self-as-
sembled with tetrakis(acetonitrile)cop-
per(I) hexafluorophosphate and sil-

Ulrich S. Schubert*®!

ESI-TOF mass spectrometry, and ana-
Iytical ultracentrifugation. The latter
characterization methods. as well as
the comparison to analog 3,6-di(2-pyri-
dyl)pyridazine (dppn) systems and
their corresponding copper(l) and sil-
ver(I) complexes indicated that the

herein described 3,6-bis(1H-1,2,3-tria-
zol-4-yl)pyridazine ligands form [2x2]
supramolecular grids. However, in the
case of the 3,6-bis(l-mesityl-1H-1,2,3-
triazol-4-yl)pyridazine ligand, the resul-
tant red-colored copper(l) complex
turned out to be metastable in an ace-

ver(I) hexafluoroantimonate in di-
chloromethane. The obtained copper(I)
complexes were characterized in detail
by time-dependent 1D ['H, “C| and
2D ['H-NOESY| NMR spectroscopy,
elemental analysis, high-resolution

troscopy

Introduction

A renewed interest in pyridazine chemistry has arisen, due
to the wide range of interesting features, in particular, being
useful for polynuclear coordination assemblies with struc-
tures including grids." metallocryptand cages,”! and heli-
ces!? In this respect, 3,6-di(2-pyridyl)pyridazine (dppn) and
its derivatives are a well-known and well-studied class of
compounds.”! The nitrogen atoms present manifold coordi-
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tone solution. This behavior in solution
was studied by NMR spectroscopy, and
it led to the conclusion that the cop-
per(I) complex transforms irreversibly
into at least one different metal com-
plex species.

NMR spec-

nation sites and their attachment to a variety of metal cen-
ters including Cu' and Ag' ions triggered investigations of
the resulting photophysical, magnetic, and electrochemical
properties. The sterical hindrance of substituents on the
pyridazine ring can force the adjacent aromatic rings to
rotate away from the pyridazine ring plane and, consequent-
ly, ruling the overall coordination environment.”’ However,
synthesis-wise there are limitations for the dppn systems, as
they can only be synthesized indirectly by an inverse elec-
tron-demand Diels—Alder reaction between 1.2.4.5-tetra-
zines and acetylenes, whereby the 1,2.4,5-tetrazine acts as
the electron-deficient diene (Scheme 1).01%

Over the years, several groups have shown that the 1H-
1,2,3-triazole ring has the potential to replace pyridine as a
nitrogen-donor ligand for transition-metal ion complexa-
tion™ As a consequence, our interest was to synthesize
dppn-analogous structures by replacing the pyridine rings
with 1,2,3-triazole rings, whilst maintaining the ditopic build-
ing block. The direct synthesis of the 3,6-bis(1H-1,2.3-tria-
zol-4-yl)pyridazine system (dtpn) was accomplished by start-
ing with the ethynylation of 3,6-dibromopyridazine followed
by the copper(I)-catalyzed azide-alkyne cycloaddition
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Scheme 1. Schematic representation of the structural analogy and the
general synthesis of 2-pyridyl and 4-triazolyl pyridazines, respectively.

(CuAAC; Scheme 1). By utilizing the CuAAC as the final
step, the moiety at position one of the triazole ring could be
controlled. In this present study, the synthesis and character-
ization of dtpn systems bearing an aromatic or a polymeric
moiety are described. These organic ligands have the capa-
bility to complex transition-metal ions, such as copper(I)
and silver(I) (Scheme 2). In order to verify the metal com-
plex, geometry spectroscopic tools such as 1D and 2D NMR

R o = Cu*, Ag"

Scheme 2. Schematic representation of the self-assembly of 3,6-bis(1H-
1,2,3-triazol-4-yl)pyridazines using copper(I) and silver(I) ions.

Abstract in German: Die Kupfer(I)-katalysierte Azid—Alkin
Cycloaddition ermdglichte die Synthese der organischen Li-
ganden 3,6-Bis(R-1H-1,2,3-triazol-4-yl)pyridazin (R =Mesi-
tyl, monodisperses methoxy-PEG12), die als Strukturanalo-
ga zu 3,6-Bis(2-pyridyl)pyridazinen gesehen werden konnen.
Diese ditopen Liganden wurden mit Tetrakis(acetonitril)-
kupfer(I)hexafluorophosphat und Silber(I)hexafluoroanti-
monat in Dichlormethan umgesetzt. Der erhaltene Kup-
fer(I)-Komplex wurde mittels zeitabhzngiger "H NMR Spek-
troskopie, Elementaranalyse, hochauflosender Massenspek-
trometrie sowie analytische Ultrazentrifugation detailliert
charakterisiert. Auf Grund der Ergebnisse letzterer Method-
en, sowie des Vergleichs zu literaturbekannten 3,6-Bis(2-pyr-
idyl)pyridazin Systemen kann angenommen werden, dass
diese Liganden ebenfalls [2x2]-Metallgitter bilden. Weiter-
hin konnte mittels '"H NMR Spektroskopie nachgewiesen
werden, dass es sich im Falle des Kupfer(I)-Komplexes des
Liganden 3,6-Bis(1-mesityl-1H-1,2,3-triazol-4-yl)pyridazin in
Aceton um ein metastabiles System handelt, welches sich in
Losung irreversibel in mindestens eine weitere Spezies um-
wandelt.
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spectroscopy, elemental analysis, high-resolution ESI-TOF
mass spectrometry as well as analytical ultracentrifugation
have been used.

Results and Discussion
Synthesis and Characterization

Substituted 3,6-Bis(4-triazolyl)pyridazines: The synthesis of
the N-heterocyclic ligands 2 and 4 is outlined in Scheme 3.
The palladium(0)-catalyzed Sonogashira cross-coupling of
3,6-dibromopyridazine, which was synthesized according to
the literature procedure using maleic hydrazide,” and the
subsequent deprotection of the trimethylsilyl-group (TMS)
with potassium fluoride provided the desired intermediate 1
in moderate yield. The following CuAAC reaction of 1 with
mesitylazide, utilizing copper(II) sulphate and sodium ascor-
bate as a copper(I) source, yielded the desired product 2 in
a one-pot reaction.’™ However, cleavage of the TMS-group
of intermediate 3 was inefficient due to the instability of
compound 1 under ambient conditions. Consequently, the
dtpn system 4 was synthesized by in situ deprotection of the
TMS-groups of 3 and subsequent CuAAC reaction with the
monodisperse methoxy poly(ethylene oxide) azide to yield
the final product 4 bearing an oligomeric moiety. It is note-
worthy that, during the CuAAC reactions, a considerable
amount of the copper(I) ions was complexed by the dtpn li-
gands formed, and thus the reaction with ethylenediamine-
tetraacetic acid (EDTA) represented a crucial step of purifi-
cation.

The final products were purified by column chromatogra-
phy and, in the case of 4, by preparative size-exclusion chro-
matography (BioBeads SX-3) had to be applied additionally
to remove the remaining impurities. The purity of the com-
pounds was confirmed by elemental analysis, high-resolution
mass spectrometry (HR-ESI MS) as well as 'H and
BBCNMR spectroscopy. Single crystals suitable for X-ray
crystallographic analysis were obtained for ligand 2 by slow
evaporation of chloroform from a chloroform/methanol so-
lution. The ORTEP plot of the molecular structure and the
packing diagram of the unit cell are shown in Figure 1. The
two molecules exhibit relatively high torsion angles between
the mesityl and the triazole ring of 60.0° and 65.7°, respec-
tively. Hydrogen bonds between the nitrogen atoms of the
pyridazine ring and the hydrogen atoms of the opposed pyr-
idazine ring as well as the hydrogen bonds of the opposed
triazole rings imply that two molecules of 2 interact at the
same time. In the packing diagram, a - interaction of the
mesityl units can be observed.

Complexation Investigations of 3,6-Bis(4-
triazolyl)pyridazines with Copper(I) and Silver(I)

The ligands 2 and 4 were investigated with respect to their
capability for supramolecular entropy-driven self-assembly
into grid-like structures using copper(I) and silver(I) ions
(Scheme 1). The ditopic ligand 2 was chosen as a model

Chem. Asian J. 2011, 6, 873 - 880
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Scheme 3. Schematic representation of the synthesis of 3,6-bis(4-triazolyl)pyridazine ligands 2 and 4.

Figure 1. Top: ORTEP plot (50% probability level) of 2. Bottom: Space-
fill packing diagram of 2 illustrating the a-m interaction of the mesityl
moieties. Hydrogen atoms are omitted for clarity.

system in order to gain knowledge of the coordination be-
havior. The self-assembly experiment with copper(I) ions
was performed by adding a solution of 2 (1 equiv) in di-
chloromethane to a solution of tetrakis(acetonitrile)cop-

Chem. Asian J. 2011, 6, 873 - 830
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5,M=Cu, X =PFg
6,M=Ag, X = SbFg

Scheme 4. Schematic representation of the synthesis of the metal com-
plexes.

per(I) hexafluorophosphate. An instantaneous formation of
the copper grid 5 was observed as a red precipitate
(Scheme 4). The silver(I) complex 6 was prepared in a simi-
lar way, whereby ligand 2 (1 equiv) in dichloromethane was
added to a solution of silver(I) hexafluoroantimonate
(1 equiv) in dichloromethane. After 1 hour of stirring, the
resulting product was obtained by precipitation with diethyl
ether as a white solid. Compound 5 was only soluble in
warm acetone and methanol, whereas the silver(I) species 6

875
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was soluble in dichloromethane. Previously reported analo-
gous [2x2]-grids of copper(I) and silver(I) showed similar
solubility behavior.™'¥ "HNMR spectroscopy revealed
three aromatic signals for the obtained grids 5 and 6
(Scheme 4). This expresses the high symmetry of the com-
plexes and, consequently, indicates the formation of defined
grid-like architectures rather than polymeric species. In par-
ticular, the proton signals of the pyridazine ring and the tria-
zole ring of 5 were significantly shifted downfield upon com-
plexation compared to the free ligand (Figure 2), which con-
firmed the successful complexation.

1l

. —

ul

T T T

10 9 8
&/ ppm

~-
(=]

Figure 2. "H NMR spectra of ligand 2 (top, [Dé6]acetone), the correspond-
ing copper(l) complex 5 (middle, [D6]acetone), and silver(l) complex 6
(bottom, [Dé6]acetone).

UV/vis spectra in methanol were recorded for 5 and are
depicted in Figure 3. The appearance of the absorption max-
imum at 380 nm upon complexation with copper(I) ions in

2.5x10"]
2.0x10° 4
T o 1L\ dilution from 00 40x10°80x10°
2 NN 10t moriie G0/ mol L
£ L 2x10® mol L'
§ 1.0x10*
<
0.5x10°
0.0 T
350 400 450 500
Alnm

Figure 3. UV/vis absorption spectra of 5§ in methanol at different concen-
trations.

contrast to the free ligand was observed. This fact has also
been described in the literature for the formation of analo-
gous copper(I) grids."=™ Diluting the UV/vis solution by
two orders of magnitude, resulted in a successive decrease
in the molar extinction coefficient at 380 nm (see inset
Figure 3). This was attributed to the metastable nature of 5,

876 www.chemasianj.org
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which was investigated in more detail. In the case of sil-
ver(I) complex 6, a similar absorption behavior to that of 2
was observed (spectrum not shown).

Furthermore, the copper(I) complex 7 of ligand 4 was pre-
pared by adding a solution of 4 (1equiv) in dichlorome-
thane to a solution of [Cu(CH;CN),JPF, (Scheme 5). The

PFs
AN f\@
distilled CH,Cl,, 1 h, 25 °C f\@q‘[

7
QTOF
[4L+4Cu(l)+2Pfg]**
1.0+
—— measured
---- calculated

Intensity normalized

2866 28‘68 28‘70 25’72 28’74 28‘76

miz
Scheme 5. Top: Schematic representation of the synthesis of a [2x2] cop-
per(I) grid-like structure bearing eight polymer side chains. Bottom: ESI-
Q-TOF-MS spectrum of 7 superimposed with the calculated spectrum in-
dicating the existence of [2x 2] grid-like species.

pure, oily product was obtained after purification by using
preparative size-exclusion chromatography. The ESI-Q-
TOF-MS spectrum of 7 revealed the existence of the com-
plete [2x2] copper(l) grids as shown in Scheme 5. Peaks
corresponding to fragments with four copper centers such as
[Cu,LX,]** and [Cu,LX]** (X=PF,") were observed. The
isotopic pattern is accurately consistent with the simulated
one. HR-ESI MS of 7 further confirmed the stoichiometry
of the fragments. Moreover, in contrast to 5, the long-term
durability of the absorption maximum of 376 nm as well as
the aromatic 'H NMR signals demonstrate the structural
stability of 7.

In the case of 5 and 6, the ESI-Q-TOF-MS spectra did
not reveal signals of the entire grid. Only fragments corre-
sponding to the successive loss of one bar of the [2x 2]-grid
structure were observed, namely, [Cu,L,X]* (X=PF;") and

Chem. Asian J. 2011, 6, 873 - 880
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[Ag’LX]* (X=SbFy7) as well as [Cu,L,X]* (X=PFy),
and [Ag’L,X]* (X=S8bF,"), respectively.

Sedimentation Velocity Experiments

In order to retrieve further confirmation for the integrity of J

the supramolecular structure of the metal complexes § and
6, analytical ultracentrifugation experiments were carried
out in solution.! Figure 4 represents the comparison of dif-

0.8+

0.6+

dew(s)/ds

0.4+

0.2+

0.0 T : =

(s)%10'®

Figure 4. Normalized differential distributions dc(s)/ds of sedimentation
coefficients obtained with a regularization procedure and a confidence
level of 0.90 for the initial ligand 2 (A), copper(I) complex 5 (B), and sil-
ver(I) complex 6 (C).

ferential distribution of the initial ligand 2 and the supra-
molecular systems versus the intrinsic sedimentation coeffi-
cient ((s)=smy/(1-vpg)). Sedimentation velocity experi-
ments of 5 and 6 in acetone clearly showed single species in
solution (Figure 4) and illustrate that the assembly of the in-
itial ligands with metal ions occurred. The distributions were
normalized on the values of the maximal peak ordinates. By
estimation, the obtained values were close to the theoretical
ones of the [2x2] Cu' and [2x2] Ag' grid-like structure.

Detailed Characterizations of the Copper(I) Complexes

NMR Spectroscopic Investigations of Copper(I) Complex 5:
In order to gain more insight into its behavior in solution,
copper(l) complex 5 was characterized further by time-de-
pendant 1D (*H) and 2D ("H-NOESY) NMR spectroscopy.
The "H-NOESY spectrum of 5 in deuterated acetone, which
was recorded after one day of standing in the NMR glass
tube, is depicted in Figure 5. A correlation between the pyri-
midine ring proton C and the triazole ring proton B indi-
cates the successful complexation with copper(l) ions. A
second correlation arises between proton B and the broad
signal next to it at 8.72 ppm. The latter correlation suggests
the presence of at least one more copper(I) complex spe-
cies.

Figure 6 displays seven 'H NMR spectra of 5, which have
been recorded within a time frame of two and a half weeks.

Chem. Asian J. 2011, 6, 873 - 8380
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Figure 5. 'H-NOESY spectrum (400 MHz, 25°C, [D,]acetone) of cop-
per(l) complex 5 after one day.

PR J
1d ] e L
20 0 a _a
3d | . I
TN A
A i
17d A AL _.__JL
9 8 7

Figure 6. 'H NMR spectra (250 MHz, [DjJacetone) of copper(l) complex
5 followed over time.

After 17 days, the three primary signals had completely van-
ished and three broadened signals were mainly present. The
'H NMR spectrum did not transform anymore at this stage.
This leads to the conclusion that the initial red material is
only metastable in acetone solution. The new species is as-
sumed to be a symmetrical copper(I) complex, as the sym-
metry in the 'HNMR spectrum is similar to the former
spectrum, and the NMR solution is still orange colored after
17 days.

Conclusions
The successful synthesis of 3,6-bis(1H-1,2,3-triazol-4-yl)pyri-

dazine systems was described using the palladium(0)-cata-
lyzed Sonogashira coupling as well as the copper(I)-cata-
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lyzed azide-alkyne coupling reaction. These ligands were
characterized in detail by 1D ('H, ®C) and 2D ('H-'H
COSY, NOESY) NMR spectroscopy, elemental analysis,
HR-ESI-MS, and an X-ray crystal structure was obtained
for 3.6-bis(1-mesityl-1H-1,2,3-triazol-4-yl)pyridazine (2). The
ditopic N-heterocyclic ligands were investigated with respect
to their complexation capability of singly charged d'° metal
ions (copper and silver). In this context, 'H NMR spectros-
copy and ESI-Q-TOF-MS of copper complex 7 indicated
the existence of a stable [2x2] grid-like structure. The
copper complex 5 turned out to be metastable in solution as
confirmed by time-dependant 1D (*H) and 2D (‘H-
NOESY) NMR spectroscopy experiments. The latter experi-
ments suggested the presence of at least one more copper(l)
complex species.

Experimental Section

General Methods

Unless noted otherwise, all reagents were acquired from commercial
sources and used without further purification. Solvents were dried and
distilled according to standard procedures and stored under argon. Tetra-
kis(acetonitrile)copper(I) hexafluorophesphate, silver(I) hexafluoroan-
timonate, and mesitylboronic acid were purchased from Aldrich. Mono-
disperse methoxy poly(ethylene glycol) azide, containing 12 repeating
units (m-dPEG,-N;) was obtained from Celares (Berlin, Germany). 3,6-
Dibromopyridazine was synthesized according to a literature procedure.”
Purification of the reaction products was carried out by column chroma-
tography using 40-63 pm silica gel. Preparative size-exclusion chromatog-
raphy (SEC) was carried out on Bio-Rad S-X3 beads (size exclusion
2000 gmol ™), swollen in dichloromethane. Analytical thin-layer chroma-
tography (TLC) was performed on silica sheets precoated with silica gel
60 F254 and visualization was accomplished with UV light (254 nm).

Instrumentation

The 1D ("H and "*C) and 2D NMR ('H-'H COSY, NOESY) experiments
were recorded in deuterated solvents at 25°C on a Bruker DRX 400 or
AC 250 instrument. ESI-Q-TOF-MS measurements were performed with
a microTOF (Bruker Daltonics) mass spectrometer equipped with an au-
tomatic syringe pump, which is supplied from KD Scientific for sample
injection. The mass spectrometer was operating in the positive-ion mode.
The standard electrospray ion (ESI) source was used to generate the
ions. The ESI-Q-TOF-MS instrument was calibrated in the m/z range 50—
3000 by using an internal calibration standard (Tunemix solution), which
was supplied from Agilent. Data were processed with Bruker Data Anal-
ysis software version 4.0. HRMS calculations have been made by using
this software. Elemental analysis was carried out on a CHN-932 Automat
Leco instrument. UV/vis absorption spectra were recorded on a Perkin—
Elmer Lambda 45 UV/vis spectrophotometer using methanol (spectros-
copy grade) in 1cm cuvettes at 25°C. Electrochemical measurements
were performed on a Metrohm Autolab PGSTAT30 potentiostat with a
standard three-electrode configuration using a graphite disk working
electrode, a platinum-rod auxiliary electrode, and an Ag/AgCl reference
electrode; scan rates from 100 to 500 m-Vs™' were applied. The experi-
ments were carried out in degassed acetonitrile (spectroscopy grade) con-
taining fetra-n-butylammonium hexafluorophosphate salt (0.1m; dried
previously by heating at 100°C and stored under vacuum). At the end of
each measurement, ferrocene was added as an internal standard.

Sedimentation Velocity Instrument

Analytical ultracentrifugation was performed on a ProteomeLabTM XLI
(Beckman Coulter) at a rotor speed of 40000 rpm. Double sector cells
with 12 mm optical path length using interference and absorbance optics
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(400 nm) were used. Scans were measured overnight in intervals of 2 to
5 min. Sedimentation coefficients (s), and frictional ratios ({f;) were ob-
tained with Sedfit.!¥ Thereby, f is the translational friction coefficient of
the macromolecules and f;, is the translational friction coefficient of a
sphere with the same molar mass.™ Velocity sedimentation of supra-
molecular structures was studied in acetone and deuterated acetone con-
taining NH,PF; (0.8 mol%). The initial pyridazine ligands were studied
in dimethylformamide (DMF) and deuterated DMF without salt. The
concentrations of the solutions of the supramolecular structures were
1.0-1.5 mgmL". The use of deuterated and nondeuterated solvents was
necessary to estimate the value of the partial specific volume (v) of the
dissolved molecules from the following relation: v=(s,1,—sm)/(
S)1P1—SMyPa), Where 1), 1), are the viscosity and p,, p, are density of deu-
terated and nondeuterated solvents, correspondingly. The molar masses
may be estimated from the modified Svedberg relationship (Mg, =9-w-2"
N (S ) )

Crystal Structure Determination

The intensity data for the compounds were collected on a Nonius Kap-
paCCD diffractometer using graphite-monochromated Moy, radiation.
Data were corrected for Lorentz and polarization effects but not for ab-
sorption  effects."***) The structure was solved by direct methods
(SHELXS)? and refined by full-matrix least squares techniques against
Fo’ (SHELXL-97).%) All hydrogen atoms were included at calculated po-
sitions with fixed thermal parameters. All non-hydrogen atoms were re-
fined anisotropically,m] XP (SIEMENS Analytical X-ray Instruments,
Inc.) was used for structure representations.

3,6-Bis(ethynyl)pyridazine (1): 3,6-Bis(trimethylsilyl)ethynyl)pyridazine
(1.92 g, 7.06 mmol) was dissolved in degassed tetrahydrofuran (THF)/
MeOH (1:1, 30 mL) and potassium fluoride (1.2 g, 3 equiv) was added to
the stirred solution. After 24 h the suspension was filtered and purified
by column chromatography on silica gel (chloroform/ethyl acetate 2:1),
thus providing the product as an off-white solid (269 mg, 29 % ). The pure
product decomposes under ambient conditions. '"H NMR (250 MHz,
CDCL, 25°C): 6=7.57 (s, 2H), 3.52 ppm (s, 2H). "CNMR (75 MHz,
CDCl, 25°C): 6=145.4, 129.1, 83.6, 79.7 ppm. Elemental analysis: caled
(%) for CgH,N,: C 7499, H 3.15, N 21.86; found: C 74.64, H 3.19, N
21.67.

3,6-Bis(1-mesityl-1H-1,2,3-triazol-d-yl)pyridazine  (2): Sodium azide
(238 mg, 3.66 mmol) and anhydrous CuSO, (39 mg, 0.24 mmol) were dis-
solved in absolute methanol (23 mL) successively. Mesitylboronic acid
(400 mg, 2.44 mmol) was added to the brown solution and the reaction
mixture was stirred for 24 h at room temperature. The conversion was
controlled by TLC on silica gel (chloroform). Sodium ascorbate (241 mg,
122mmol, in 3mL of water), 3,6-bis(ethynyl)pyridazine (125 mg,
0.98 mmol), and water (5 mL) were then added. The reaction was stirred
for 48 h at 50°C. After that, an excess of water (30 mL, containing an ap-
propriate amount of EDTA) was added to the reaction mixture and the
precipitate was filtered off. The filtrate was cautiously extracted with
CHCL; and the organic extract was combined with the precipitate. The
CHCL; solution was dried over NaSQ,, filtered, and the solvent was
evaporated. Column chromatography on silica (CH,Cl,/ethyl acetate 3:1)
and subsequent recrystallization from ethanol provided the pure product
as a white powder (200 mg, 45%). Slow evaporation from a CHCL/
MeOH mixture provided crystals of the product suitable for crystallo-
graphic analysis. ' NMR (250 MHz, CDCl,, 25°C): 6 =8.56 (s, 2H), 8.45
(s, 2H), 7.04 (s, 4H), 2.38 (s, 6 1), 2.05 ppm (s, 12H). *C NMR (75 MHz,
CDCL, 25°C): 6=152.6, 145.1, 1404, 1349, 1332, 1292, 1246, 124.2,
21.1, 17.4 ppm. Elemental analysis: caled (%) for CyHyNg: C 69.31, H
5.82, N 24.87; found: C 69.04, H 5.89, N 24.67.

Crystal data for 2: CyH1,:Ns, M=450.55 gmol ™!, colorless prism, size
0.06x0.06x 0.05 mm®, orthorhombic, space group Pna2,, a=37.4888(9),
b=11.1633(3), c=11.4326(3) A, V=47845(2) A’ T=-140°C, Z=8,
Peateg. = 1.251 gem ™, 0 (Moy,) =0.79 cm ™, F(000) = 1904, 23206 reflections
in h(—48/33), k(—13/14), 1(—14/13), measured in the range 2.55°<@©<
27.51°, completeness G'max =97.7%, 5643 independent reflections, Ry, =
0.0369, 5172 reflections with F,>4a(F,), 625 parameters, 1 restraints,
R, =0.0477, wR?,,,=0.1146, R',=0.0543, wR’;=0.1191, GOOF=
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1.091, Flack-parameter 0(10), largest difference peak and hole: 0.220/
0229 eA.

3,6-Bis(trimethylsilylyethynyl)pyridazine ~ (3):  Trimethylsilylacetylene
(2.85 mL, 20.2 mmol) was added through a syringe to a degassed solution
of 3.6-dibromopyridazine (2 g, 8.4 mmol), Cul (32 mg, 0.17 mmol), and
Pd(PPh;), (200 mg, 0.17 mmol) in THF/NEt; (7:3, 60 mL), and the solu-
tion was stirred for 24 h at 25°C. The salts formed were filtered off, and
the filtrate was evaporated under reduced pressure. The residue was puri-
fied by column chromatography on silica gel (chloroform as an eluent),
providing the product as an off-white powder (1.92 g, 84%). 'H NMR
(250 MHz, CDCl;, 25°C): 6=7.49 (s, 2H, CH), 0.29 ppm (s, 18 H, CHa).
BCNMR (75MHz, CDCl, 25°C): 6=1455, 1289, 1023, 1004,
—0.5 ppm. Elemental analysis: caled (%) for CiHyN,Si,: C 61.71, H
7.40, N 10.28; found: C 61.59, H 7.66, N 10.07.
3,6-Bis(1-(2,5,8,11,14,17,20,23,26,29,32,35-dod heptatri -37-
y1)-1H-1,2,3-triazol-4-yl)pyridazine (4): 3,6-Bis(trimethylsilyl)ethynyl)pyr-
idazine (50 mg, 0.2 mmol) was dissolved in a deacrated THF/water mix-
ture (5:1, 15 mL) and treated with a 3-fold excess of tris[(1-benzyl-1H-
1,2 3-triazol-4-yl)methyljamine (TBTA; 200 mg, 0.6 mmol) under an
argon atmosphere. After 30min the m-dPEG,, azide (250 mg,
0.43 mmol), CuSO. (70 mg, 0.43 mmol). and sodium ascorbate (90 mg,
0.45 mmol, in 1 mL of water) was added and the suspension was stirred
for 72 h at 25°C under an argon atomsphere. The solvent was evaporated
under vacuum and the residue was extracted by using chloroform/water
(containing an appropriate amount of EDTA). The organic phase was
dried over NaSO,, filtered, and the solvent was evaporated. Column
chromatography on silica acetone/methanol (1:1) and subsequent prepa-
rative size-exclusion chromatography (BioBeads SX-3, CH,Cl,) provided
the pure product as a brown oil (129 mg, 49%). 'H NMR (250 MMz,
CD,CL, 25°C): 6=8.56 (s, 2H), 8.38 (s, 2H), 4.68 (1, *J(H,H)=5.0 Hz,
4H), 3.98 (t, *J(H,H) =5.0 Hz, 4H), 3.61-3.55 (m, 88 H), 3.35 ppm (s, 6 H,
CH,). "*CNMR (75 MHz, CDCl,, 25°C): =718, 70.4, 69.2, 58.5 ppm
(aromatic carbon signals are too low in intensity). MS (ESI): m/z (%):
1299.74 (100) (M+H]*, 1321.72 (60) [M+Na]*. HRMS (ESI) caled for
CygH N3O,y [M4H]T: 1299.7393; found: 1299.7345.

Copper(I) complex of 3,6-bis(1-mesityl-1H-1,2,3-triazol-d-yl)pyridazine
(5): 3.6-Bis(1-mesityl-1H-1,23-triazol-4-yl)pyridazine (25 mg,
0.055 mmol) in CH,Cl, (2mL) was added dropwise to a solution of tetra-
kis(acetonitrile)copper(I} hexafluorophosphate (21 mg, 0.055 mmol) in
CH,Cl, (2 mL). The immediate red precipitate formed was filtered off
after 30 min and washed twice with CH,Cl,, yielding the pure product as
a red powder (35 mg, 98%). "H NMR (250 MHz, [Dj]acetone, 25°C): 6=
9.26 (s, 8 H, H-pyridazine), 8.77 (s, 8 H, H-triazol), 7.10 (s, 16 H, H-mesi-
tyl), 2.35 (s, 24H, CH,), 1.92ppm (s, 48H, CH,). "CNMR (75 MHz,
[Dglacetone, 25°C): 6=151.5, 143.2, 142.3, 135.3, 133.1, 130.3. 130.1,
129.8, 21.1, 17.3 ppm. MS (ESI): m/z (%): 963.38 (70) [2L+Cu]*, 1623.51
(10) 3L+2Cu+PF5]+. Elemental analysis:  caled (%) for
CyoH g CuF o Ny,Py: C 47.38, H 3.98, N 17.00; found: C 47.69, H 3.91, N
17.32.

Silver(I) complex of 3,6-bis(1-mesityl-1H-1,2,3-triazol-4-yl)pyridazine (6):
3,6-Bis(1-mesityl-1H-1.2 3-triazol-4-yl)pyridazine (25 mg, 0.055 mmol) in
CH,CL, (2 mL) was added dropwise to a solution of silver(I) hexafluor-
oantimonate (19 mg, 0.055 mmol) in CH,Cl, (2 mL), and the solution was
stirred for 1 h at room temperature. After the addition of diethyl ether
(10 mL), the white precipitate was filtered off. The pure product was ob-
tained after recrystallization from dichloromethane/diethyl ether (1:1) as
a white powder (32 mg, 73%). IH NMR (250 MHz, CD,Cl,, 25°C): 6=
8.61 (s, 8H, H-pyridazine), 834 (s, 8H, H-triazole), 7.08 (s, 16 H, H-mesi-
tyl), 2.40 (s, 24H, CH;), 1.97 ppm (s, 48 H, CH,). "C NMR (75 MHz,
[Dglacetone, 25°C): 6=1502, 142.5, 141.7, 134.7, 132.0, 129.4, 127.7,
127.2, 209, 169ppm. MS (ESI): miz (%):557.13 (100) [2L4+2Ag),
1005.34 (40) [2L+Ag]®, 134913 (5) [2L42Ag+SbE]*, 1799.40 (4)
[3L+2Ag+SbF,]*.  HRMS (ESI) caled for Cufl;Ag,N, SbF,
[M—L-2Ag—3SbF,]*: 1799.3880; found: 1799.3703. Elemental analysis:
caled (%) for CigHpAgFyuNSbyr € 3932, H 3.30, N 14.11; found: C
39.29, H 3.31, N 14.01.

Copper(I) complex of 3,6-bis(1-(2,5,8,11,14,17.20,23,26,29,32,35-dodeca-
oxaheptatriacontan-37-y1)-1H-1,2,3-triazol-4-yl)pyridazine (7): 3.6-Bis(1-
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(2,5.8,11,14,17,20,23,26,29,32,35-dodecaoxaheptatriacontan-37-yl)-1H-

1,2, 3-triazol-4-yl)pyridazine (69 mg, 0.053 mmol) in CH,Cl, (2 mL) was
added dropwise to a solution of tetrakis(acetonitrile)copper(I) hexafluor-
ophosphate (19 mg, 0.053 mmol) in CH,Cl, (2mL) and the solution was
stirred for 1 h at room temperature. After the addition of diethyl ether
(10 mL), the brown suspension was allowed to stand in the fridge over-
night. The diethyl ether was decanted and the pure product was obtained
after subsequent preparative size-exclusion chromatography (BioBeads
SX-3, CH,Cl,) as a brown oil (58 mg, 73%). 'H NMR (250 MHz, CD,Cl,,
25°C): 6=8.79 (s, 8H, H-pyridazine), 8.38 (s, 8H, H-triazol), 4.66 (br,
16 H, CH,), 4.01-3.35 (br, 392H, CH, and CH,) ppm. "C NMR (75 MHz,
CD,Cl,, 25°C): 6=71.6, 70.3, 69.0, 38,5 ppm. (aromatic carbon signals
are too low in intensity). MS (ESI): m/z (%): 132171 (100) [L+Na]*,
1865.83 (10) [4L44Cu+PF [+, 287025 (10) [4L+4Cu+2PFP+. HRMS
(ESI) caled for CaHp,NyOeCuPF, [M—3PF*+: 1865.5384; found:
1865.5397. HIRMS (ESI) caled for CopHoNp,OpCu,PoF,, [M_2PF, [+
2870.7900; found: 2870.7826.

CCDC 787347 (2) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccde.cam.ac.uk/data_
request/cif
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Induced Charge Effect by Co(II) Complexation on
the Conformation of a Copolymer Containing
a Bidentate 2-(1,2,3-Triazol-4-yl)pyridine

Chelating Unit

Bobby Happ, Georges M. Pavlov, Igor Perevyazko, Martin D. Hager,

Andreas Winter, Ulrich S. Schubert*

Poly(alkyl methacrylate) copolymers embedding bidentate trzpy chelating units as comon-
omer in the side chains are synthesized utilizing the controlled radical RAFT polymeriza-
tion process. The free trzpy units are complexed by iron(Il) and cobalt(II) ions, which results
in characteristic UV-Vis absorption bands and an increase

of solution viscosity. The intramolecular complexation with
Co(Il) ions is studied by different analytical ultracentrifuga-
tion experiments. Following the addition of a small amount
of Co(II) ions, a significant decrease of the intrinsic sedimenta- 5o
tion coefficient is observed that can be explained by the elon-
gation of the individual polymer coils due to the electrostatic

repulsion of the coordinated Co(Il) ions.

1. Introduction

An interesting approach in today’s polymer chemistry is
the conjunction of covalent linked polymer species with
noncovalent interactions to establish new polymeric
systems. For this purpose, supramolecular polymers
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containing reversible metal-ligand interactions have been
widely studied.'-¢) In particular, copolymers containing
supramolecular entities as well as crosslinking units have
become appealing systems in material science during the
past years due to their feasibility to assemble advanced
materials with reversible and addressable properties,
respectively, such as switchable adhesives and self-healing
materials.” 2% Important representative architectures,
which have emerged are among others: linear poly-
mers, 11 block copolymer,?? star-like systems, 2325 and
micelles.[16-22]

Crosslinked supramolecular polymers based on
2,2"-bipyridine (bpy) were first reported in the 1990s
by Lewis and Miller™ and Chujo et al.l?°?! exhibiting
thermal reversibility and membrane utilization. Chujo et
al. obtained intermolecular crosslinked metal complexes
between 2,2'-bipyridine-branched polyoxazolines and
Fe(II) and Co(ll) ions, which revealed a thermally revers-
ible behavior. A series of biocompatible, star-shaped
polylactides (PLA) and polyesters (PE) as well as various
copolymer analogs with either labile Fe(Il) or lumines-
cent tris-(2,2"-bipyridine)ruthenium(Il) cores has been

DOI: 10.1002/macp.201200123
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described by Fraser and co-workers.[1214 These polymers
were assembled by a convergent approach that enclosed
the attachment of bpy ligands to PLA- and PE-containing
arms and subsequent coordination of the macroligands to
Fe(II) or Ru(1I) ions.

In the recent years, the development of the copper(l)-
catalyzed azide—alkyne cycloaddition[2223 (CuAAC) reac-
tion resulted in an increased interest toward the coordi-
nation chemistry of 1,4-functionalized 1H-[1,2,3]triazoles
due to their potential as N-donor ligands. In particular,
the coordination chemistry of bi- and tridentate ligand
systems with common db, d% and d'° metal ions, such as
Ru(Il), Ir(III), PA(II), Re(I), Cu(l), and Ag(I), has been inves-
tigated and, thus, a large variety of novel metal chelators
emerged, while the synthetic effort was reduced at the
same time.2*2°l However, there are only a few examples
in literature that deal with the incorporation of the latter
chelates into polymeric structures.

Consequently, this contribution focuses on the complex-
ation and decomplexation behavior of 2-(1H-1,2,3-triazol-
4-yl)pyridine-containing copolymers by Fe(ll) and Co(II)
ions. The copolymers were synthesized using the con-
trolled reversible addition—fragmentation transfer (RAFT)
polymerization technique. Subsequently, the macro-
molecules were treated with Fe(Il) and Co(Il) salts and
the coordination performance was studied by means of
UV-Vis spectroscopy and titration experiments. Viscosity
measurements and detailed analytical ultracentrifuga-
tion experiments were executed to study the intra- and
intermolecular complexation behavior of Co(Il) ions in
solution. A strong competitive ligand was used to examine
the reversibility of the metal complexation in low concen-
trated solutions by means of UV-Vis spectroscopy.

2. Experimental Section

2.1. General Methods and Materials

All chemicals were purchased from Fluka, Aldrich, Acros Organics
as well as Alfa Aesar and were used without further purification
unless otherwise specified. The solvents were dried and dis-
tilled according to standard procedures. Preparative size-exclu-
sion chromatography (SEC) was performed on BioRad S-X1 (size
exclusion limit: 16 000 g mol™?) with dichloromethane as eluent.
11-[4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-ylJundecan-1-0l was syn-
thesized according to a literature procedure.l*] Methyl methacr-
ylate (MMA) and butyl methacrylate (BMA) were treated with an
inhibitor remover before usage in order to remove the stabilizer.

The reversibility studies on the copolymers, that is,
complexation and decomplexation investigations employing
Fe(ll) and Co(Il) ions, were carried out in a cuvette using
2.5 ml of a 7.6 x 10~> m dichloromethane solution of the polymer.
Decomplexation was accomplished by using a methanolic
trisodium N-(2-hydroxyethyl)ethylenediamine triacetate
(HEEDTA-Nays) solution.

Macromolecular
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2.2, Instrumentation

1D (H, *3C) and 2D NMR spectra were recorded on a Bruker AC
300 instrument (300 MHz) at 298 K. Chemical shifts are reported
in parts per million (6 scale) relative to the residual signal of the
deuterated solvent. Coupling constants are given in Hz. UV-Vis
absorption spectra were recorded on an Analytik Jena SPECORD
250 spectrometer at 298 K relative to a blank of the pure solvent
(1 cm path length of the quartz cuvette).

Sedimentation velocity experiments were performed using a
Beckman XLI analytical ultracentrifuge (Proteomelab XLI Protein
Characterization System) at a rotor speed of 40 000 rpm and at
20 °C, using interference optics and Al double-sector cells of an
optical path of 12 mm. The samples dissolved in acetone were
studied in the concentration range of high dilution.

The continuous particle size distribution c(s) of Sedfit!3132
was used for sedimentation velocity data analysis, where s is
the velocity sedimentation coefficient. The Tikhonov-Philips 2nd
derivative regularization method was used with a confidence
level of 0.7-0.9 (corresponding F-ratio). As a result, the continuous
sedimentation coefficient distribution and the weight-average
frictional ratio (f/fr) of all species were obtained for studied
solutions.

Viscosity measurements were conducted using an AMVn
viscometer (Anton Paar, Graz, Austria) with the capillary/ball
combination of the measuring system. The respective times
of the fall of the steel ball in a viscous medium of the solvent
and polymer solutions, 7, and {, were measured at 20 °C, the
relative viscosities 1, = t/1, being in the range 1.15 to 1.8. The
extrapolation to zero concentration was made by using both
the Huggins and the Kraemer equations, and the average values
were considered as the value of the intrinsic viscosity (Figure S8,
Supporting Information).

Density measurements were carried out using a DMA 02
density meter (Anton Paar, Graz, Austria) according to the
procedure of Kratky et al. (Figure 4S, Supporting Information).?!
Acetone (HPLC-grade, 299.9%; Chromasolv) was obtained
from Sigma-Aldrich. It has the following characteristics
(at 20 °C): dynamic viscosity 1o = 0.339 x 1072 mPa s; density
po = 0791 g cm™. Deuterated acetone was obtained from
Euriso-Top with the following characteristics (at 20 °C): dynamic
viscosity 1o =0.374 x 1072 mPa s; density p,=0.874 g cm 3.

Electron spay ionization quadrupole time-of-flight mass
spectrometry (ESI-Q-TOF-MS) measurements were performed
in the positive ion mode with a microTOF (Bruker Daltonics)
mass spectrometer equipped with an automatic syringe pump,
which was supplied from KD Scientific for sample injection. The
standard electrospray ion (ESI) source was used to generate the
ions. The concentration of the samples was 10 pg mL? and all
samples were injected using a constant flow rate (180 uL h'?) of
sample solution. The ESI-Q-TOF-MS instrument was calibrated
in the m/z range of 50 to 3000 using an internal calibration
standard (Tunemix solution, Agilent). Data were processed via
Bruker Data Analysis software version 4.0. HR-MS calculations
have been made by using this software. Elemental analysis
was carried out on a CHN-932 Automat Leco instrument. Size-
exclusion chromatograms were recorded on a Waters SEC system
equipped with a DG-980-50 degasser, HPLC 1515 pump, Column
Heater 1500 oven, photo diode array (PDA) detector 2996, RI
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detector 2414, and Waters pre/Phenomenex Phenogel 10° A/10°
A column using dimethylacetamide (DMA) with 0.08 mol%
NH,PF; as solvent with a flow rate of 1 mL min ! at 50 °C.

2.3. 'H NMR Titration of the trzpy Ligand with Fe(II)

A stock solution of ligand 2 (18.19 mg in 1 mL of CDCl;) was pre-
pared, whereby 0.5 mL of the solution was transferred into the
NMR tube. FeCl, - 4H,0 (31.34 mg in 1 mL of CD3;0D) was used
as standard solution (¢ = 0.158 m) SnCl, - 4H,0 as stabilizer. The
deuterated methanolic FeCl, - 4H,0 solution was added to the
analyte solution in the NMR tube in steps of 20 uL. After every
addition, a *H NMR spectrum was recorded after a reaction time
of 5 min.

2.4. UV Titrations for Determination of the trzpy Ligand
Content in the Polymers

A stock solution of polymer 3 (4 mg) and polymer 4 (5.92 mg),
respectively, was prepared in a volumetric flask (50 mlL) with
dichloromethane as solvent, whereby 2.5 mL of the solution
was used for the measurement in the quartz cuvette (1 cm path
length). FeCl, x 4H,0 was used as standard solution (¢ = 5.754 x
107* m in MeOH), whereby SnCl, - 4H,0 (I = 0.1 m) served as oxi-
dation inhibitor for the Fe(Il) ions and maintained a constant
ionic strength during the titration experiments. The methanolic
FeCl, - 4H,0 solution was directly added to the analyte solution
in the UV cuvette in steps of 10 pL. After every addition, a UV-Vis
spectrum was recorded after 10 min. The absorption value of the
maximum of the metal-to-ligand charge-transfer band (MLCT) at
433 nm was used to obtain the titration curve.

2.5. Complexation and Decomplexation Studies of
Polymer 2 with HEEDTA by Absorption Spectroscopy

The reversibility investigations employing Fe(Il) and Co(II) ions
were carried out in a cuvette using 2.5 mL of the dichloromethane
stock solution of polymer 3 (c = 8.0 x 107° m). After that, 100 pL of
the respective methanolic metal salt solution (FeCl, - 4H,0 and
CoBF, - 6H,0, both: 5.8 x 10 m) was added to establish the corre-
sponding tris-complex, which was confirmed by the appearance
of the MLCT band at 433 and 320 nm, respectively. Decomplexa-
tion was observed by appending a fivefold excess of a methanolic
HEEDTA solution. The disappearance of the MLCT band verified
the decomplexation.

2.6. 11-[4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-ylJundecyl
Methacrylate (2)

11-[4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-ylJundecan-1-ol (700 mg,
2.2 mmol) and triethylamine (0.55 mL, 4 mmol) were dissolved
in dry dichloromethane (10 mL). The solution was cooled to 0 °C,
methacryloyl chloride (350 L, 3.5 mmol) was added and, subse-
quently, the solution was stirred for 2 h at 0 °C and further 24 h
at room temperature. The reaction mixture was washed with
saturated NaHCOj3 solution and, after drying of the organic layer
over MgS0,, the solvent was removed in vacuo. The crude product
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was purified by recrystallization from ethanol providing the pure
product as white solid (740 mg, 87%).

'H NMR (300 MHz,CHCl3-dg, 6): 8.52 (d, 7 = 4.8 Hz, 1H), 8.12
(d, 7 = 8 Hz, 1H), 8.06 (s, 1H), 7.71 (m, 1H), 7.16 (m, 1H), 6.06
(s, 1H, C=CH,), 5.47 (m, 1H, C=CH,), 4.35 (t,J = 7.2 Hz, 2H), 4.04
(m, 2H), 1.98 (s, 3H, CH3), 1.87 (m, 2H), 1.62—1.55 (m, 2H), 1.27-1.17
(m, 14H); 3C NMR (75 MHz, CDCl, §): 167.5, 150.2, 149.2, 148.1,
136.9, 136.5, 125.2, 122.7, 121.8, 120.2, 64.8, 50.4, 32.7, 30.1,
29.3, 29.28, 29.23, 29.1, 28.8, 26.3, 25.7, 18.3; UV-Vis (CH,Cly):
Jmax (€) = 282 (8100), 244 nm (13500); ESIMS m/z (%): 385.26
(100) [M" + H]; C9yH3,N,0,: Caled. C 68.72, H 8.39, N 14.57; found:
C69.02, H8.46, N 14.30.

2.7. General Procedure for RAFT Polymerization

MMA (0.69 mL, 65 mmol) and BMA (1.03 ml, 6.5 mmol),
respectively, ligand 1 (250 mg, 0.65 mmol), 2-cyanobutan-2-yl
benzodithioate (RAFT agent, 10 mg, 0.043 mmol) and 2,2’-azobis(2-
methylpropionitrile) (AIBN) (1.8 mg, 0.01 mmol) were charged
in the reaction vial (5 mL microwave vial) and dissolved in N,N-
dimethylacetamide (3 mlL). The vial was sealed and the reac-
tion solution was purged with a flow of nitrogen for 30 min.
Subsequently, the reaction was performed in an oil bath at
80 °C for 16 h. The crude polymers were incorporated into chloro-
form and washed three times with brine. The organic phase was
dried over Na,SO,. After evaporation of the solvent, the pure
polymers were obtained after preparative SEC (Bio-Rad SX-1
beads and CH,Cl, as eluent).

2.8. Polymer (2-stat-MMA) (3)

1H NMR (300 MHz,CHCl;-d, 6): 8.57, 8.17, 7.78, 7.23, 4.42, 3.91,
3.58 (b, OCH;MMA), 1.95-1.80, 1.42-1.24, 1.0 (b, CHzPackbone) o g3
(b, CHgPackbore), 13¢ NMR (75 MHz, CDCls, 8): 178.1, 177.8, 150.3,
149.3, 148.2, 136.9, 128.0, 127.96, 127.93, 127.8, 127.6, 122.8,
121.87, 121.85, 120.2, 54.4, 51.7, 50.5, 44.8, 44.5, 31.9, 30.2, 29.68,
29.64, 29.45, 29.43, 29.3, 28.9, 26.4, 22.6, 18.7, 16.5, 16.4, 14.1;
Conversion (*H NMR): 74%; SEC (DMA, PMMA calibration):
M, =14 100 g mol '}, M,, = 17 480 g mol %, PDI = 1.24, degree of
polymerization (DP) =112.

2.9. Polymer (2-stat-BMA) (4)

1 NMR (300 MHz,CHCly-d,, §): 8.57, 8.17, 7.78, 7.23, 4.42, 3.93
(b), 3.74, 3.39, 1.97-1.75, 1.60 (b), 1.42-1.26, 1.06-0.86; *3C NMR
(75 MHz, CDCl, §): 177.8, 177.5, 176.7, 149.3, 136.9, 122.8, 121.8,
120.2,120.01, 64.6, 54.5, 54.1, 50.5, 45.0, 44.7, 30.1, 29.4, 26 .4, 25.9,
19.2,18.5, 18.3, 16.4, 13.6; Conversion (*H NMR): 75%; SEC (DMA,
PMMA calibration): M, = 23 500 g mol %, M,, = 27 700 g mol 2,
PDI=1.18, DP = 135.

3. Results and Discussion

3.1. Synthesis and Characterization of the Copolymers

The copper(l)-catalyzed azide—alkyne cycloaddition of
2-ethynylpyridine and 11-azidoundecan-1-ol provided
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I Scheme 1. Schematic representation of the synthesis of the meth-
and the corresponding copolymerization.

the alcohol-functionalized trzpy ligand 1 described by our
group earlier.*4) Compound 1 was esterified in good yield
(87%) with methacryloyl chloride to yield monomer 2
(Scheme 1). A controlled RAFT radical copolymerization was
performed to covalently incorporate the bidentate ligand
2 into two different polymer backbones, whereby MMA
and BMA were used as comonomers. This polymerization
technique was used due to its tolerance to a great number
of functional groups. The RAFT polymerizations were per-
formed in concentrated solutions (i.e., =2 m solution of the
monomer in DMA) to allow the polymerization to proceed
in a controlled manner. 2-Cyanobutan-2-yl benzodithioate
was utilized as RAFT agent, since it is known to provide a
narrow molar mass distribution.**] AIBN has been used
as initiator. A reaction time of 16 h was chosen to drive
the conversion of the reaction to approximately 80%. The
obtained copolymers 3 and 4 were purified by preparative
SEC and characterized by *H NMR spectroscopy, UV-Vis
titration experiments as well as SEC (see Figure S1-S6, Sup-
porting Information). The SEC coupled with a photodiode
array detector revealed a typical UV-Vis absorption spec-
trum of the N-heterocyclic trzpy ligand (A, = 286 nm),
which confirmed the incorporation into the backbone of

B.Happ et al.

copolymers 3 and 4 (see Figure S3-54, Supporting Infor-
mation). The molar masses were estimated by SEC using
a linear PMMA calibration and the molar fraction (x) of
trzpy-ligands was determined by both *H NMR spectros-
copy and UV-Vis titration experiments (Table 1, for UV-Vis
titration experiments see Figure S5 and S6, Supporting
Information). The molar fraction did not significantly
deviate from the theoretical values and both characteriza-
tion techniques revealed comparable results (Table 1).

A typical 'H NMR spectrum of the PMMA copolymer
4 is shown in Figure 1. The spectrum shows the charac-
teristic aromatic signals of the trzpy ligand from §=7.2
to 8.6 as well as the polymeric backbone proton signals
below 6= 2.0. The disappearance of the vinylic protons at
3=15.9 and 6.3 of the monomers indicated the formation
of a copolymer. Integration of the appropriate aromatic
proton signals provided the molar fraction of the trzpy
ligand, which are specified in Table 1 (compare x values
with Scheme 1) for both copolymers.

The molar fraction of the trzpy was further deter-
mined by UV-Vis titration experiments with Fe(Il) ions
(for details see Experimental Section). A linear increase of
the MLCT band at 433 nm (formation of the tris-complex:
[Fe(trzpy)s]**) was observed up to a ligand-to-Fe(ll) stoi-
chiometry of 3:1. This point of equivalence was used to
calculate the molar fraction, whereby an underestimation
was ascertained in comparison to the *H NMR calculation.
The underestimation can be attributed to uncompleted
complexation of the iron metal ions caused by the bulki-
ness of the polymer coils. After the point of equivalence,
the MLCT absorption principally stayed constant. This
indicated a high stability of the formed polymeric net-
work in contrast to the Fe(II) UV-Vis titration experiments
with the trzpy ligand itself (see Figure S5 and $6, Sup-
porting Information). In the latter case, the absorption
of the MLCT band decreases after reaching the point of
equivalence.

In order to verify the formation of the [Fe(trzpy),;]** spe-
cies, a 'H NMR titration experiment of ligand 2 with Fe(II)
ions was carried out (Figure 2). The spectrum at the top
was recorded at a ligand-to-Fe(Il) stoichiometry of 3:1. All
typicalligand signals in the aromatic region vanished and,
thus, the formation of the tris-complex can be concluded.

W Table 1. Experimental details and characterization data of the copolymers 3 and 4.

Ligand/MMA MMA/CBDB/AIBN Conv.?) M, PDIY x x DpP®

(calc.) [%] (g mol %)
3 10/90 150/1/0.25 74 14 100Y 1.24 0.89 0.90 112
4 10/90 150/1/0.25 75 23 500 118 0.91 092 135

aDetermined by H NMR spectroscopy; "Determined by SEC (PMMA calibration); “Polydispersity index; 9Determined by UV-Vis titra-

tion using Fe(Il) ions; ®Degree of polymerization.
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W Figure 1. "H NMR spectrum of copolymer 4 (300 MHz, CDCl,).

Additionally, a UV-Vis absorption spectrum of the NMR
solution was recorded and showed a similar absorption
behavior compared to the UV-Vis titration experiments
(MLCT absorption maximum at 433 nm).

Moreover, copolymer4was characterized bythemethods
of macromolecular hydrodynamics application, which has
been described by Schubert et al. in literature.**-3 From
the analysis of the sedimentation velocity, the following
experimental values were obtained: velocity sedimenta-
tion coefficient extrapolated to the condition of infinite
dilution of polymer solution s, = (6.90 + 0.04) x 10 1% s;
concentration Gralen coefficient k; = (20 £ 1) cm® g'};
frictional ratio (f/fon)o = 1.43 £ 0.01, intrinsic viscosity

40 30 20 10

value [1] = (8.5 + 0.2) cm? g * (see Figure S8 to S11, respec-
tively, Supporting Information). Copolymer 4 (dissolved in
acetone) was also characterized by the value of the partial
specific volume v=(0.88 + 0.01) cm® g * and the increment
of the refraction index AnfAc = (0.139 + 0.002) cm® g%
The molar mass of 4 was estimated from the modi-
fied Svedberg relationship: My, = (RT/(1 = vpo)(so/Do) =
9 2V2N,([s])(f/f:pn)o) ¥ *vY/% where R is the gas constant,
T is the temperature in K, N, is Avogadro's constant and
[s] = sono/(1 — vpy) is the intrinsic sedimentation coef-
ficient. The obtained value of M, = 27 600 g mol* was
in good agreement with the estimation obtained by SEC
analysis (M, =23 500 g mol ).

T
4 2 [ppm]

Figure 2. 'H NMR (300 MHz) titration spectra of 2 (0.047 m in CDCl;) by increasing Fe(ll) ion content (from bottom to the top: pure ligand,

ligand/Fe(ll) = 9u1, ligand/Fe(ll) = 621, ligand/Fe(ll) = 3:1).
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conc. CH,Cl, solution of polymer 3

Co'(BF,), FellCl,

Figure 3. Gelation upon metal coordination of a concentrated
solution of copolymer 3 in CH,Cl,.

3.2. Complexation and Decomplexation Studies

In a preliminary experiment, a concentrated dichlo-
romethane solution of copolymers 3 or 4 (c > 10 mg mL?)
‘was prepared and subjected to gelation via metal coordina-
tion using a methanolic Fe(II) or Co(II) sclution (Figure 3).In
the case of Fe(Il), ared solid was obtained upon crosslinking
each with three trzpy units. The crosslinking procedure
with Co(Il) ions led to a highly viscous solution, which was
fluid yet. The reversibility of the crosslinking was exam-
ined by UV-Vis spectroscopy experiments utilizing a strong
competitive chelating agent (Scheme 2). HEEDTA metal
complexes are known to have high complex formation con-
stants (see also Supporting Information for metal complex
formation constants of [M(trzpy),]** species).’d] At first, a
UV-Vis absorption spectrum of a dichloromethane solu-
tion of copolymer 3 was measured as a blank (Figure 4 and
Figure 5). The absorption spectrum exhibited a maximum

at 286 nm, which can be assigned to electronic transitions
of the trzpy moiety of the copolymer. After that, the appro-
priate amount of metal salt, as methanolic Fe(II) or Co(II)
solution, was added to obtain a ligand-metal stoichiom-
etry of 3:1. The UV-Vis spectrum was remeasured and the
appearance of the MLCT bands at 433 (Fe(Il) tris-complex)
and 320 nm [Co(Il) tris-complex], respectively, verified the
complexation of the bidentate ligands by the metal ions.
For the meanwhile, there is no possibility to distinguish
between intermolecular and intramolecular complexation
as two possible complexation modes. By adding 10 equiva-
lents of a methanolic HHEDTA solution, subsequently, the
MILCT absorption bands vanished for both metals upon
decomplexation (Figure 4 and Figure 5).

3.3. Supramolecular Crosslinking Studies

To gain detailed insights into the crosslinking process and
the metal complexation, respectively, viscosity titration
experiments at different concentrations of copolymer 4
and Co(II) ions were performed in acetone. Fe(II) ions could
not be investigated by this method, since the acetone
solution of iron(Il) salts was not stable yielding an off-
white precipitate after a few minutes. The Co(BF,), - 6H,0
salt was dissolved in acetone and added in stepwise
portions to a solution of the polymer with known con-
centration (cpclyi““). The dynamic viscosity (1) was meas-
ured after each step utilizing an AMVn viscosimeter.
After the addition of the metal salt, the final solutions
were shaken for a sufficient time to enable homogeni-
zation. The polymer concentration was kept constant by
the addition of the corresponding amount of the polymer
solution with the concentration ¢ = 2¢,0, ™. The results
of this rheological study are presented in Figure 6. The
dynamic viscosity of the solutions containing the Co(II)
salts strongly depended on the initial polymer concentra-
tion. For the concentrated solutions, where the degree of
dilution (product of intrinsic viscosity of the polymer and
its concentration in the solution ([n]c) was higher than
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I Figure 4. UV-Vis spectra (in CH,Cl,) of the blank copolymer 3
exation with methanolic HHEDTA solution (dash-dot).

0.5 (50% of the volume is occupied by macromolecules),
an exponential increase of the dynamic viscosity value
was observed with increasing Co(ll) concentration. For
[n]c = 0.8, the dynamic viscosity value increased approxi-
mately 20-fold compared with the initial one at a molar
cobalt(ll) concentration of ¢(Co) = 3.66 x 1073 m (Figure 6,
line 1). When the degree of dilution was low ([n]c < 0.25),
the dynamic viscosity value increased only about 3 times
and after further addition of Co(Il) ions a declining ten-
dency of the n value was observed.

The remarkable large increase of the dynamic viscosity
in a concentrated copolymer solution with increasing
Co(Il) concentration was attributed to the formation of

Absorbance

T T T T T T
275 300 325 350 375 400
Wavelength [nm]

(solid), complexation with Co(ll) ions (dash) and decomplexation

I Figure 5. UV-Vis spectra (in CH,Cl,) of the blank copolymer 3
with methanolic HHEDTA solution (dash-dot).
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Figure 6. Dynamic viscosity of the acetone solutions of 4 in
dependence on the weight concentration (wt%) of Co(BF,), -
6H,0. The dotted line 4 corresponds to the polymer solutions
without the cobalt(ll) salt.

crosslinked structures (intermolecular complexation) in
which Co(II) ions are linked to several different copolymer
chains. The average molar mass of a crosslinked macro-
molecule can be estimated from the dynamic viscosity
value. It is known that the dynamic viscosity of various
polymer—solvent systems at high concentrations above
some critical molar mass (M,,) is related to the molar mass
by the equation 1 = K, M>4[4% Below M,,, the value of the
dynamic viscosity is directly proportional to the molar
mass. Considering the latter two extremes, the following
estimation was obtained for the solute with ¢,qy
0.096 g cm and ¢(Co") = 3.66 x 10 m: 70 <M x 1073 g
mol~* < 500. A more precise estimation can be obtained by
comparing the values of the dynamic viscosity of the solu-
tion of known molar masses of different PMMA samples
in acetone with the 7 value of the copolymer solution in
presence of the cobalt salt (Figure 7), whereby PMMA was
considered as a modeling system for the copolymer 4 as
a first approximation. This comparison yielded the value
of M, =150 000 g mol. This means that on average five
initial copolymer macromolecules form the crosslinked
unit. Along the intermolecular crosslinking also intramo-
lecular complexation occurred at a higher degree of dilu-
tion (Figure 6, line 3).

The stability of the network observed at high concen-
trated copolymer solution with Co(Il) ions was further
studied. For this purpose, the comparison of the velocity
sedimentation of two solutions was accomplished. One
solution was obtained by diluting a highly concentrated
solution (¢ = 9.05 x 1072 g cm, degree of dilution is
c[n] = 0.77), where a strong increase of the dynamic vis-
cosity in the presence of Co(Il) ions was observed, and a
second solution by diluting a less concentrated solution
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Figure 7. Double logarithmic plot of the dynamic viscosity (1) of
PMMA samples in acetone (cpoy = 0.096 g cm3) versus molar
mass. Dashed line 1 corresponds to the law 1 = K, M34 and line
2 corresponds to 1 = K, M'®. Line 3 is related to the following
data obtained for solutions of PMMA samples: M, = 86 000 g
mol™, n = 5.15 cP; M, =106 000 g mol™, = 7.915 cP and M,, =
274 000 g mol™, =136 cP.

(c=0.71x 102 g cm3, degree of dilution is ¢[n] = 0.06).
Figure 8 shows the comparisons of the distributions of
the velocity sedimentation coefficients obtained for two
Co(Il) concentrations by least-squares boundary mod-
eling 3232 The distributions in both cases are practically
the same, which indicates that the network is not stable
and destroyed during the dilution caused by Brownian
thermal movements of the molecules.

0,34 Is—g*(s)

- =-c,, =007 g/d,w, =0.008%

0,24 — c,, =007 gidl, w,_ =0.008%

0,1

0,0 T T T 1
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3.4. Induced Charge Effect on the Macromolecule
Conformation During the Copolymer Complexation

The intramolecular complexation of such kind of copoly-
mers with multi-valence ions may be observed and studied
in the regime of very dilute solutions (Figure 6, line 3). The
velocity sedimentation of the solutions with the polymer
concentration ¢ = (0.070 + 0.005) x 1072 g cm~> was studied
as function of the concentration of the Co(BF,), - 6H,0 salt.
This polymer concentration corresponds to a very high
degree of dilution ¢[n] = 0.006. Such degree of dilution
means that only 0.6% of solution volume is occupied by the
macromolecules. Hence, the macromolecules are separated
by the distance larger than their hydrodynamic size and
the information obtained at this condition concern virtu-
ally the properties of individual macromolecules. Figure 8
represents the dependence of the intrinsic velocity sedi-
mentation coefficient [s] on the molar salt concentration
in the semilogarithmic scale. The intrinsic velocity sedi-
mentation coefficient [s] is a value, which depends only
on the macromolecular characteristics, such as the molar
mass M and the mean square of the end-to-end distance of
the linear chain (<h2>): [s] = so1o/(1 — vpo) = M/N4P <h2>1/2,
where N, is Avogadro's constant and P is the dimension-
less Flory hydrodynamic parameter.

When the solution of Co(BF,), - 6H,0 salt is added into
a diluted polymer solution first a significant decrease
of the velocity sedimentation coefficient was observed
(Figure 9a, region 1). This experimental fact can be
explained by an increase of the proportion of Co(Il) ions
bound to ligands of the polymeric chain. This leads to an
increase of the number of electrical charges on individual
macromolecules and, consequently, allows the raise of the
translational friction coefficient due to the additional fric-
tion losses resulting from the electrostatic expansion of

0,34 2

—c
ely

-

=0.07 gfdl, w, =0.315%
ely = 0.07 g/dl, w_ =0.320%

0,24

0,14

00 T T T T 1

Figure 8. The distribution of the velocity sedimentation coefficient g(s) obtained by least-squares boundary modeling (Is-g(s)) for
copolymer 4 (cpoly = 7 X 1074 g cm3 in acetone) using different weight concentration of the Co(ll) salt. a) 0.008, b) 0.315 wt%. 1) Velocity
sedimentation distribution for the solutions obtained by the dilution of the high concentrated solution (c,q, = 9.05 x 1072 g cm™3) and 2)
obtained by the dilution of the moderately concentrated solution (cpc‘y =o71x102gcm3).
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Figure 9. Dependence of the intrinsic velocity sedimentation
coefficient measured for the copolymer 4 (c oy =7 x10%gcm3in
acetone) on different molar concentrations of cobalt salt without
(®) and with 0.05 m NH,PF; (0) using a semilogarithmic scale.

the chains and from the electrostatic interactions between
distant macromolecules. The increase in the translational
friction coefficient f results in a decrease in the velocity
sedimentation coefficient, as s = Mf ~*. In the range of the
Co(II) salt concentration ¢(Co) = 0.2 x 10~% m, the minimum
of the velocity sedimentation coefficient was observed.
As a result, the average number of Co(Il) ions connected
with one macromolecule may be estimated. The ratio of
the polymer molar concentration to the cobalt salt molar
concentration gives the number of the repeating units
of the copolymer (molar masses of comonomers aver-
aged), which corresponds to one cobalt ion. The number
was calculated to be 23. Since the average degree of poly-
merization is 135, six Co(Il) ions are approximately con-
nected with one macromolecule. The argument to prove
that the decrease of the velocity sedimentation coeffi-
cient is related with the charge effect of the coordinated
Co(II) ions was supported by the addition of a one-to-one
ion salt NH,PFs (0.05 m) to the cobalt-containing solu-
tion. The velocity sedimentation coefficients take values
close to that obtained for pure acetone without Co(Il)
salt (Figure Figure 9b and Figure 10). After reaching a
minimum, the value of the velocity sedimentation coef-
ficient begins to increase as function of the concentration
of cobalt salt. Presumably, in this case, the main effect is
the screening of charges on the polymer chains by addi-
tional charges appearing in solution and a large part of
the new added ions are not bound by the polymer chains
anymore. The changes of the hydrodynamic and confor-
mational characteristics of the macromolecules (Figure 9a,
region 2) are supposedly related with the increasing of
the ionic strength of the solution, which may be reached
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s, S

Figure 10. Sedimentation coefficient distribution g#(s) obtained
by least-squares boundary modeling (Is-g*(s)) for copolymer 4
(cpoly = 7 x 1074 g cm3 in acetone) with different concentrations
of cobalt salt: 1) o, 2) 0.008, 3) 0.32, 4) 6.3, and 5) 0.004 Wt% +
0.05m NH,PFs.

by the addition of any other soluble one-to-one ion salt
(Figure 9, region 3).

4. Conclusion

A bidentate 2-(1H-1,2,3-triazol-4-yl)pyridine chelating unit
was copolymerized with two different methacrylate-based
comonomers (MMA and BMA). The RAFT polymerization
technique led to well-defined copolymers as confirmed by
1H NMR spectroscopy, SEC coupled with a photodiode array
detector, and UV-Vis titration experiments. The copolymers
were investigated toward their gelation properties against
Fe(II) and Co(II) ions. Both metal salts showed a crosslinking
ability in concentrated solution (¢ > 10 mg mL™?), whereby
in the case of cobalt a highly viscous fluid was observed.
The reversibility of the crosslinking was demonstrated
by UV-Vis spectroscopy experiments utilizing the strong
competitive chelate HHEDTA. Moreover, the differentia-
tion between intermolecular and intramolecular compl-
exation, respectively, was achieved by viscosity titration
experiments at different concentrations of the copolymer
in acetone using Co(Il) ions. In concentrated solutions, that
is, with a degree of dilution higher than 0.5 of the polymer,
intermolecular complexation of the Co(II) ion with different
macromolecule chains was deduced from the latter experi-
ments. The complexes were destroyed during the dilution
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of the solutions. The intramolecular complexation with
Co(Il) ions was studied in highly diluted acetone solution
of the trzpy-containing copolymer by means of different
analytical ultracentrifuge experiments. By the addition of
a small amount of Co(Il) ions, a significant decrease of the
intrinsic sedimentation coefficient was observed, which
could be explained by the elongation of the individual
polymer coils upon the electrostatic repulsion of the coor-
dinated Co(Il) ions.
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