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Directly Coupled vs. Spectator Linkers on Diimine Pt(II) 
Acetylides – Change the Structure, Keep the Function? 

Stuart A. Archer[a], Theo Keane[a], Milan Delor[a,c], Elizabeth Bevon[a], Alexander J. Auty[a], Dimitri 

Chekulaev[a], Igor V. Sazanovich,[a,b] Michael Towrie,[b] Anthony J. H. M. Meijer,*[a] and Julia A. 

Weinstein*[a,d] 

Abstract: Modification of light-harvesting units with anchoring groups 

for surface attachment often compromises light-harnessing properties. 

Here, a series of [Donor-Acceptor-Anchor] Platinum(II) diimine 

(bis)acetylides has been developed in order to systematically 

compare the effect of conjugated vs. electronically decoupled modes 

of attachment of protected anchoring groups on the photophysical 

properties of light-harvesting units.  The first examples of “decoupled” 
phosphonate-diimine Pt(II) complexes are reported here, and their 

properties compared and contrasted to those of carboxylate analogs 

studied by a diversity of methods.  Ultrafast TRIR and transient 

absorption spectroscopy revealed that all complexes possess a 

charge transfer lowest excited state, with life-times between 2 and 14 

ns. Vibrational signatures and dynamics of charge-transfer (CT) 

states have been identified; with the assignment of electronic states 

and their vibrational origin aided by TDDFT calculations. Ultrafast 

energy re-distribution accompanied by structural changes was directly 

captured in the CT states. A significant difference between the 

structures of the electronic ground and charge-transfer excited states, 

as well as the differences in the structural reorganisation in the 

complexes bearing directly attached vs. electronically decoupled 

anchoring groups, has been discovered. This work demonstrates that 

decoupling of the anchoring group from the light-harvesting core via a 

saturated spacer is an easy approach to combine surface attachment 

with high reduction potential and 10-fold longer lifetime of the charge-

transfer excited state of the light-absorbing unit, and retain electron 

transfer photoreactivity essential for light-harvesting applications. 

Introduction 

Platinum diimine/triimine-based photosensitisers for dye 

sensitised solar cells and for photocatalytic applications have 

received a great deal of attention in the last two decades[1–4], 

albeit far less than their d6 counterparts. However, for transition 

metal complexes to be used in most solar powered devices, they 

must first be coupled, covalently or otherwise, to an interface 

through which external redox reactions can be driven. Whilst 

several strategies to such attachments exist, one of the most 

commonly employed is the anchoring of transition metal 

complexes to semiconductors – such as TiO2, ZnO, Nb2O5, Ta2O5, 

or doped SnO2,[5] which are capable of storing multiple redox 

equivalents.  This is an essential requirement if multi-electron 

redox reactions, such as the splitting of water, are to be catalysed. 

Such “dyes” for photosensitising applications require a functional 

group to anchor them on to the semiconductor surface. The most 

typical anchoring groups are carboxylates, or rather less 

frequently used phosphonates.[6,7] However, phosphonate 

anchoring groups have shown a greater affinity to semiconductor 

surfaces, and chemical stability of the anchor-semiconductor 

bond whilst anchoring to TiO2 surfaces,[6] demonstrated for 

instance, for Ru(II) bipyridyl (bipy) complexes in aqueous media 

at pH 3-11 [8]. 

An important consideration is whether the anchoring group is 

attached directly to the diimine or whether an “insulating”  spacer 
group is introduced.[6,7,9–11] whereby permitting anchoring 

without altering the properties of the original compound.  A recent 

comprehensive study of Ru(II) and Re(I) photosensitisers 

reported that introduction of a methylene spacer between the 

phosphonate anchoring group and the diimine considerably 

increases the rate of photoinduced electron injection into the 

semiconductor from the photosensitiser[12], the effect that may 

be partially attributed to the differences in the energies of the 

diimine-based LUMO. 

The readily tunable optical and electrochemical properties 

of Pt(II) charge transfer complexes[2] render these chromophores  

promising candidates as photosensitizers for solar energy 

conversion.[13–19] The first example of such a system was a dye-

sensitised solar cell containing a Pt(II) carboxylate dye, reported 

in 2000[13], which utilised a quinoline dithiolate donor ligand 

attached to a Pt(II) centre with dicarboxyl bipyridine 

/phenanthroline acceptor ligands. The (dicarboxy-

bipyridine)Pt(quinolone-dithiolate)  complex achieved a solar 

energy conversion efficiency of 2.6% and an open-circuit potential 

of 600 mV under AM 1.5 solar irradiation. Several further studies 

concentrated on Pt(II) maleonitrile dithiolate (mnt) based 

dyes[15,16], where the effect of the position of the carboxylate 

spacer on the solar conversion efficiency was investigated; the 

3,3’-isomer was found to be most effective, with efficiencies of 

~3.6%. Pt(diimine)(catecholates) have also been integrated into 

DSSCs through a carboxylate spacer, with the overall efficiencies 

between 0.02-0.07%, attributable to the short lived excited state 

of this class of molecules (~250 ps)[20]. 

Pt(II) bipy acetylide complexes, which intensely absorb across 

the visible range of the spectrum, have been well studied[1,2,4,21–24] 

[a] Dr. S. A. Archer, Dr. M. Delor, E. Bevon, Dr. T. Keane, Dr. I. 

Sazanovich, Dr. A. Meijer, Prof. J.A. Weinstein 

Department of  Chemistry, University of Sheffield 

Brook Hill, Sheffield, S3 7HF, UK 

Fax: (+) 44 (0)114 222 9346  

E-mail: Julia.weinstein@sheffield.ac.uk 

[b] Dr. I. Sazanovich (present address), Prof. M. Towrie 

Central Laser Facility, Research Complex at Harwell 

Science and Technology Facilities Council, Rutherford Appleton 

Laboratory, Didcot, Oxfordshire, OX11 0QX, UK 

[c] Dr. M. Delor (present address), University of California Berkeley, 

Berkeley, CA94720, United States of America 

[d] Department of Chemistry, Moscow Lomonosov State University, 

Russia 

 

Supporting information for this article is available on the WWW 

under http://www.chemeurj.org/ or from the authors. 

10.1002/chem.201703989

A
c
c
e
p
te

d
 M

a
n
u
s
c
ri
p

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

 

 

 

 

 

with regard to their photophysical properties, yet there are 

surprisingly few examples reported of these type of complexes as 

photosensitisers.l[19,25] A series of Pt(II) bipy-acetylide dyes 

anchored via carboxylate linkers onto thin-film nanocrystalline 

TiO2 has been used in DSSC[19]. Pt(bipy)acetylide attached to 

TiO2 via a directly coupled phosphonate group has been used in 

light-driven generation of H2 from aqueous protons[25]. 

Here, Pt(II) bipy acetylide complexes bearing phosphonate 

ester groups, either attached directly to the bipy ligand or via a –
CH2- spacer, are presented along with their carboxylate ester 

counterparts. The 4-ethynylpentyloxybenzene acetylide ligand 

has been chosen as these types of Pt(II) bipy complexes 

demonstrate significantly longer excited state lifetimes when 

compared with thiolate or catecholate systems, as the strong 

ligand field of the acetylide carbanion raises the energy of metal 

centered d-d states which may provide a pathway for non-

radiative decay of the excited state[1,4,26]. The photophysical 

properties of the complexes bearing carboxylate vs. phosphonate 

groups, and of the directly conjugated vs. decoupled modes of 

attachment will be examined; the discussion on electronic 

structure and properties is supported by DFT calculations.  

The anchoring groups employed are also strong IR 

reporters, permitting the use of time-resolved infrared 

spectroscopy, TRIR, to elucidate the nature and dynamics of the 

excited state(s) involved, and the potential structural and dynamic 

differences between the studied compounds, thus evaluating their 

potential in light-harvesting applications. 

Results and Discussion 

Synthesis and Characterisation 

 

Four platinum (II) bipy acetylide complexes (Scheme 1, 

compounds 4-P, 4-SP, 4-C, 4-SC) have been synthesized, with 

variations in the type of anchor present at the 4,4’ positions and 
the presence or absence of a methylene spacer between the bipy 

rings and the anchoring group.  

Ligands 1b and 1e were synthesized according to a modified 

literature procedure[6] (Scheme 2). It was found that following the 

ratios of reagents and solvents for the borohydride reduction of 

1b to 1c resulted in the formation of a gel-like layer on the surface 

of the reaction mixture and substantial reduction in yield. This 

effect was countered by increasing the quantity of ethanol from 

50 ml to 75 ml during the reaction, which hindered the formation 

of the gel layer and resulted in a yield of 50%.  

 

Scheme 3. Synthesis of ligand 2a. 

Ligand 2a was also synthesized according to a modified 

literature procedure[11] (Scheme 3). It was found that, in our hands, 

the use of 2% methanol in chloroform rather than the reported 1% 

methanol in dichloromethane as the chromatographic eluent 

resulted in greater separation on both the TLC plates and during 

subsequent column chromatography purification. All of the final 

bipy ligands were isolated as pale pink solids. 

Scheme 4. Synthesis of ligand 3b. 

Ligand 3b was synthesized by the esterification of the acid 

precursor 3a, which had been prepared according to a modified 

literature procedure[27] (Scheme 4). The final step of the published 

procedure was the protonation of the lithium salt precursor of 3a 

with HCl to produce the desired product as a precipitate, however 

this step did not lead to a precipitate in our hands, as the diacid 

product was found to be remarkably water soluble between pH 1-

12. Therefore, following the reaction with CO2, the solvent was 

removed from the reaction mixture under vacuum and the residue 

dissolved in the minimum volume of H2O. This was washed with 

  
 

Scheme 2. Synthesis of Ligands 1b and 1e 

  
 

Scheme 1. Synthesis of platinum acetylide complexes. 
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dichloromethane to remove any unreacted starting material prior 

to acidification with 37% HCl to approximately pH 2. The water 

was removed under high vacuum and the resulting solid used in 

the esterification without any further purification. 

Pt(II) complexes 4-P, 4-SP, 4-C and 4-SC were synthesized 

by initial reaction of the appropriate bipy ligand with Pt(DMSO)2Cl2, 

followed by the Cu(I) iodide catalysed coupling of 4-

ethynylpentyloxybenzene to the resultant intermediate (Scheme 

1). After silica-gel purification, complexes 4-P (99%) and 4-C 

(78%) appeared as dark red solids, 4-SP (88%) and 4-SC (65%) 

as bright orange solids.  

Upon complexation of the bipy, all Pt(II) compounds show 1H 

NMR spectra similar to that of the free bipy ligands. The protons 

at the 5 and 6 positions are shifted downfield, whereas the proton 

at the 3 position shifts upfield slightly. The proton at position 6 

shows significant broadening due to coupling with the I = ½ 195Pt 

nuclei. The two methylene protons on the spacer for complex 4-

SP appears as a doublet with J = 22 Hz due to coupling with the 
31P nucleus on the phosphonate ester. The 31P NMR proton-

decoupled spectra show singlet resonances at 11.92 and 21.92 

ppm for 4-P and 4-SP respectively. The significant downfield shift 

of 4-SP is attributed to the greater distance of the phosphorous 

nuclei from the shielding effect of the -system on the bipy ring.  

In order for these complexes to effectively anchor onto a 

semiconductor surface, the respective ester must be hydrolysed 

to their acid precursors. Carboxylate esters hydrolysis is typically 

either acid or base catalysed in the presence of water[28]. 

Historically, due to their biological significance, phosphonate 

esters have been extensively hydrolysed using enzymes under 

mild conditions[29–31], however they also hydrolyse under acidic or 

basic conditions in a similar manner to carboxylate esters[32]. For 

the complexes detailed here, acid hydrolysis is not possible due 

to the presence of the acid-sensitive acetylide ligands and Pt-C 

bond, necessitating acid-free hydrolysis conditions. The details of 

the three methods attempted here, utilizing TMSBr, KOH and 

NaOTMS, although none of the methods yielded pure products, 

are included in the supporting information.   

 

Electronic Absorption Spectroscopy 

Figure 1 Absorption spectra of Pt(II) complexes recorded in dichloromethane at 

room temperature. 

The electronic absorption spectra of all complexes were 

measured in dichloromethane at room temperature (Figure 1 and 

Table 1).  The two pairs of complexes (with or without methylene 

spacers) exhibit very similar absorption properties. The higher 

energy electronic absorption bands between 250-350 nm are 

assigned to intraligand  transitions. In the visible region, 4-

SP and 4-SC exhibit a broad band at approximately 450 nm, 

whilst removal of the spacers in 4-P and 4-C shifts the band to 

lower energy, at approximately 500 nm, with the appearance of 

both sets of bands suggesting that at least two transitions occur 

in this region. 

Figure 2 Solvatochromism of the lowest energy absorption band in the studied 

compounds at r. t. Solvatochromic shift value calculated using the method from 

ref. [33] are shown on the right; with the corresponding data in the SI.  

This blue shift in the absorption maximum is consistent with a 

metal-to-ligand/ligand-to-ligand charge transfer (ML/LL’CT) type 
transition, where there is significant involvement of the bipy -

system in the LUMO[1,26,34–38]. The effect of the methylene spacer 

is to decrease the electron-withdrawing effect of the carboxyl-/ 

phosphonic ester group, thus destabilizing the LUMO, increasing 

the HOMO-LUMO energy gap and consequently the energy of 

the corresponding absorption band. This is confirmed by the 

calculations, which show an increase in the band gap in 4-P vs. 

4-SP, and 4-C vs. 4-SC upon inclusion of the spacer (vide infra). 

The extinction coefficients (, Table 1) for complexes 4-SP 

and 4-SC are nearly identical (7950 ±50 L mol-1cm-1). The  
values for complexes 4-P and 4-C are also very similar, 

consistent with previous studies between the acid derivatives of 

these esters in the absence of a methylene spacer, whereby no 

significant change in absorption between the phosphonate and 

carboxylate was observed[6,7,12,39]. This supports the argument 

that the methylene spacer decouples interactions between the 

anchor and the ring, with no significant differences observed in 

light absorption properties between the carboxylate or 

phosphonate. 

The transitions observed in the visible region for all 

complexes exhibit negative solvatochromism (Figure 2) typical for 

MLCT/LLCT transitions, i.e. the transition max shifts to longer 
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wavelengths with decreased solvent polarity. This solvatochromic 

shift is consistent with a charge transfer type transition. An 

empirical scale to determine the relative degree of 

solvatochromism was devised by Cummings et al[33], based upon 

the relative polarities of common organic solvents using the 

complex Pt(bis(t-butyl)bipyridine)toluene dithiolate. This method 

may be applied to the complexes discussed here, as the orbital 

basis for the transitions observed here are very similar to that of 

the Pt(diimine)(dithiolate) complexes i.e. MMLL’CT. The 
calculated gradient from a plot of transition energy against solvent 

parameter gives the solvatochromic shift parameter, allowing for 

a numerical comparison of the strength of the solvatochromic 

effect (Figure S1). 

All complexes show good agreement with this method, with a 

similar degree of solvatochromic shift for all of the complexes 

investigated, implying a similar relative change in dipole between 

the ground and excited state[40,41]. No significant variations were 

observed for complexes with or without a methylene spacer. The 

values obtained are comparable with those previously reported 

for Pt(diimine)(dithiolate) complexes which possess similar 

charge transfer transitions[33,42–44]. 

Time-dependent density functional theory (TD-DFT) 

calculations were performed to help resolve the electronic 

absorption spectra of the compounds 4. The full details of these 

calculations can be found in the SI. TD-DFT has been employed 

to assign electronic spectra for transition metal complexes.[45,46] 

The calculated transitions in the visible region correspond to a 

mixed metal-to-ligand/ligand-to-ligand charge transfer (ML/LLCT) 

type, where the shift of electron density occur from the acetylide-

centred occupied orbitals to the bipy-centred unoccupied orbitals, 

with some minor Pt d-orbital contributions.  

 

Electrochemistry 
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Figure 3. Cyclic voltammetry of all complexes was performed in ca. 1mM 

solutions in dichloromethane containing 0.2 M TBAPF6 at room temperature, 

and are reported vs. Fc/Fc+ internal standard. The red and green traces show 

the isolated 1st and 2nd reduction processes scanned. All scans shown were 

recorded at 100 mV s-1 scan rate. 

 The electrochemical behavior of all complexes was 

analysed by cyclic voltammetry performed on 1mM solutions of 

the complexes in dichloromethane containing 0.2M TBAPF6 

(Figure 3). The potential was measured against a 3M Ag/AgCl 

reference electrode with a Pt-wire counter electrode and reported 

against the Fc/Fc+ couple, which was measured concurrently. A 

glassy carbon working electrode was employed for the study of all 

complexes but 4-SC for which a Pt disc electrode was found to be 

more suitable. 

All complexes displayed an electrochemically irreversible 

oxidation process between 0.67-0.73 V, attributed to the oxidation 

of the platinum-acetylide subunit. The position and irreversible 

nature of this oxidation process is typical for platinum-bipy-

acetylide complexes of this type[26,34,36,38,47,48]. Little variation in 

oxidation potential between the four complexes implies that, as 

expected, the bipy ligands have little involvement. 

Complexes 4-SP and 4-SC exhibit a reversible one-electron 

reduction process at -1.63 V and -1.75 V respectively, which is 

the value similar to that of E1/2
red of (4,4‘-diMe-bipy)Pt(acetylide)2, 

confirming that electronic properties of 4-SP and 4-SC are 

unaffected by the anchoring group. 4-P and 4-C show similar 

reductions at significantly less negative potentials, -1.39 V and -

1.31 V, resp. A second one-electron reduction was observed for 

4-C at -1.84 V; the potential difference of 0.53 V between the first 

and second reduction processes is typical for electron pairing 

energy in the same bipy-based orbital in Pt(II) polypyridine 

complexes,[15, 18] suggesting that both reductions involve the same 

bipy orbital in 4-C. A second reduction is also detectable for 4-P 

at approx. -2 V, however it occurs in the solvent breakdown region 

and could not be characterized fully.  

Generally, the complexes containing a methylene spacer 

show a more negative reduction potential than those without. This 

is consistent with the LUMO being destabilized with the less 

electron withdrawing groups, which follows from the absorption 

data presented above. The data also confirm that the LUMO is 

largely localized on the bipyridine, as is the case with similar 

complexes,19,21,24,25 the notion also confirmed by the DFT 

calculations (Figure 4). 

 

Figure 4 LUMOs of compounds 4-C, 4-SC, 4-P and 4-SP calculated in 

dichloromethane at the B3LYP/SDD+6-311G(d,p) level of theory. The LUMOs 

of 4-C and 4-P have some electron density present on the heteroatoms of the 

ester and phosphate ester respectively, which does not occur in the case of 4-

SC or 4-SP.  
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Emission Spectroscopy 
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Figure 5. Normalised room temperature (---) in dichloromethane, and 77K (solid 

line) emission spectra for 4-SP (black) and 4-SC (green) obtained in 2-Me-THF. 

Spectra of 4-P and 4-S are given in the SI.  

The emission spectra (Figure 5) and lifetimes of all complexes 

were measured at room temperature in degassed 

dichloromethane and also at 77K in optically transparent glass of 

2-Methyltetrahydrofuran (Me-THF), under excitation in the charge 

transfer absorption band.   

All complexes displayed broad, structureless emission band 

at room temperature centered at 660 – 750 nm nm, which is 

comparable with that of similar platinum-acetylide complexes[2]. 

The large difference between absorption and emission maxima 

supports the assignment of the lowest excited state as a triplet 

state (typical for Pt(II) acetylides). Emission lifetime for 4-SP and 

4-SC in aerated DCM solution (em = 14 and 13 ns respectively) 

are comparatively long for NIR emitters. No increase in emission 

lifetime was observed upon deoxygenating the solutions. 

Quantum yields of 0.011 (4-SP) and 0.016 (4-SC) are consistent 

with related complexes[36]. It was not possible to determine the 

lifetime of the excited states in 4-C and 4-P from the emission data 

because the weak emission signal (ɸ <0.002) was convoluted with 

the instrument response function. Instead, excited state lifetime 

was determined from transient infrared data discussed below.  

The fact that 4-SP and 4-SC show higher emission energies and 

quantum yield, and lifetimes compared with 4-C and 4-P is 

consistent with the energy gap law.[49]   

All complexes are emissive at 77K, with the emission maxima 

at significantly higher energy when compared to the room 

temperature spectra, a rigidochromic effect typical for emission 

emanating from a CT excited state. Vibronic progression features 

can be observed for each complex, with an energy spacing of 

approximately 1200 cm-1, which can be assigned to the vibrational 

modes of the bipyridine skeleton.[4,19,36,49] The excitation spectra 

for all complexes closely match their corresponding electronic 

absorption spectra. The non-exponential emission decay 

observed at 77 K can be attributed to emission from individual 

molecules and aggregates which are typical for square-planar 

Pt(II) complexes in frozen solutions; this decay has been 

approximated satisfactorily by two decay constants, but those 

cannot be attributed to individual emissive states, or species. 

The trend in the emission properties of the compounds is 

generally in agreement with the results discussed above. The 

emission maxima for complexes with the methylene spacer occur 

Table 1 - Summary of photophysical and electrochemical properties of complexes 4-P, 4-SP, 4-C and 4-SC.

Complex abs 
a / nm  

(L mol-1 

cm-1) 

Emission TRIR TA  Ep,a
  / Vd              E1/2 red / V E(ox-red) / V 

em / nmb (ɸ)   (em) / nsb  / psc   / nsc   / ns 

 

4-P 

 

446  

(6550 ± 50) 

 

RT 

 

77K 

 

~700 (<0.002) 

 

620 

 

~ 2 

 

1450 ± 150 (90%) 

250 ± 30 (10%)  

 

19 ± 2 

 

 

2.0 ± 0.2 

 

 

1.9± 0.5 

 

0.70 (irr.)              -1.39 

 

2.09 

 

4-C 450 

 (6680 ± 50) 

RT 

 

77K 

~710 (<0.002) 

 

625 

< 2 

 

2100 ± 100 (33%) 

800 ±100 (67%) 

18 ± 2 

 

1.7 ± 0.2 1.9± 0.5 0.73 (irr.)              -1.31 

-1.84 

2.04 

4-SP 416  

(7950 ± 50) 

RT 

 

77K 

665 (0.01) 

 

550 

14 ± 2 

 

3400 ± 50 (80%) 

1400 ± 100 (20%) 

11 ± 2 

 

 

> 6e 11 ± 2  0.69 (irr.)              -1.63 2.32 

4-SC 412  

(7950 ± 50) 

RT 

 

77K 

640 (0.02) 

 

535 

13 ± 2 

 

2450 ± 200 (66%) 

1100 ± 100 (34%) 

14 ± 2 

 

> 6e 12 ± 2 0.67 (irr.)              -1.75 2.42 

a in dichloromethane. b from room temperature spectra in dichloromethane, 77 K spectra in 2-methytetrahydrofuran. Quantum yield calculated relative to aqueous 

[Ru(bipy)3]Cl2.6H2O. Emission decay is multiexponential due to typical aggregation effects upon cooling, and is approximated by two exponential decay; individual 

numbers can not be considered as two distinct lifetimes. cin d2-dichloromethane, calculated from major transient bands across 1350-1800 cm-1 d vs. Fc/Fc+
, 1 mM 

complex in dichloromethane containing 0.2M TBAPF6
,  anodic/cathodic peak separation for the Fc+/Fc couple used as the internal standard was 0.08 V. e Value 

approximated from data collected up to instrument-limited delay of 2500 ps. 
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at higher energies than of those without the spacer (~2000 cm-1 

shift at 77 K). For complexes 4-SP and 4-SC, emission from the 

phosphonate complex occurs at slightly lower energy with respect 

to the carboxylate (~600 cm-1), consistently with a slightly greater 

electron withdrawing effect of the phosphonate group. This is 

mirrored by the electrochemical data where the first reduction of 

4-SP occurs 120 mV lower than that of 4-SC. For 4-C and 4-P, 

the effect is reversed with the phosphonate complex occurring at 

slightly higher energy, however the actual difference between the 

complexes is much smaller (~150 cm-1). 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

 

FTIR spectra (Figure 6) of all four complexes share a number 

of similar spectral features. All possess a band at 2116 cm-1, with 

a slight shoulder at higher energy, associated with the 

antisymmetric and symmetric combinations of the acetylide 

stretching modes, (C≡C). In the fingerprint region of the 
spectrum of all four complexes, a typical (C=N) stretching mode 

of the bipy ligand at 1603 cm-1 is present.  However, for 4-SC and 

4-SP, an additional band appears at ~25 cm-1 lower energy; 

similar splitting was observed in the FTIR spectra of the 

corresponding Pt(bipy)Cl2 precursors, but not observed in the 

FTIR spectrum of the uncomplexed bipy ligands.  

The FTIR spectra of both 4-C and 4-SC contain a band 

corresponding to the (C=O) stretch at 1731 and 1735 cm-1 

respectively. In 4-P and 4-SP, the P=O (1250-1299 cm-1 for 

phosphate esters) and P-O-C (aliphatic: 970-1050 cm-1 aromatic: 

1160-1260 cm-1) stretching vibrations[50] overlap with those 

expected for vibrations associated with the bipy ligand.  

Density functional theory (DFT) calculations were performed 

to assign the vibrational spectra of compounds 4. It was found that 

8 aromatic ‘breathing’ vibrational modes, involving the bipy-type 

ligands and the 4-ethynylpentyloxybenzene acetylide ligands, 

were responsible for the IR absorption bands between 1530 and 

1650 cm-1. The inclusion of a CH2 spacer in the anchoring group 

alters the nature of the bipy-centred vibrational modes. All 

compounds 4 exhibited breathing modes centred on the aromatic 

rings of the acetylide ligands coupled with scissoring modes of the 

pentyloxy substituents at approximately 1500 cm-1, corresponding 

to experimentally observed bands in this region. 4-P and 4-SP 

both displayed ν(P=O) modes calculated at approximately 1240 
cm-1, slightly outside the expected region (1250-1299 cm-1 for 

phosphate esters[50]. An intense breathing mode centred on the 

aromatic rings of the acetylide ligands is coupled with wagging 

modes of the pentyloxy substituents, at approximately 1235 cm-1, 

suggesting resolution of these modes in the experimental spectra 

may be difficult. Compounds 4-P and 4-SP also both displayed 

ν(P-O-C) modes, coupled with bipy-centred aromatic breathing 

modes, at approximately 1025 cm-1. The results of these 

calculations are discussed in full in the SI. 

 

Ultrafast Time-Resolved Infrared Spectroscopy  

 

Excited state dynamics and the influence of the nature of the 

spacer have been investigated by both TRIR and transient 

absorption spectroscopies. Promotion to the excited state with a 

400 nm, ~50 fs laser pulse leads to drastic changes in the IR 

spectra. In all cases (Figure 6), a bleach of the ground state 

bipy/Pt localised stretching vibrations at ~1600 cm-1 is 

accompanied by the formation of a strong transient band between 

1565-1580 cm-1. The broad transient bands at early times are 

associated with the initially formed vibrationally hot excited states. 

The transient bands become blue-shifted and narrow with time in 

the course of vibrational relaxation, which is complete in approx. 

2 ps. Another, much weaker, bleach in the fingerprint region at 

~1500 cm-1 almost coincides with the appearance of a transient 

at ~1480 cm-1.  

The TRIR spectra of 4-C and 4-SC both show a bleach of the 

ester C=O stretch at ~1730 cm-1 with an associated lower energy 

transient at ~1700 cm-1 for 4-C, similar to that observed previously 

for a related Pt(bipyester)bis(acetylide)[51,52], and ~1710 cm-1 for 

4-C, consistently with the population of the antibonding orbital of 

the CO group upon excitation. The broadness of the (CO) in the 

excited state of 4-C is due to an overlap of a 

symmetric/asymmetric combination of the stretching vibrations of 

the two CO groups. 

Of particular interest is that the intensity of the bleach and 

transient is significantly lower in 4-SC if compared to 4-C, the 

apparent shift in the frequency is significantly smaller, and no 

broadening of the (CO) is observed (Figure 7). The presence of 

the methylene spacer prevents conjugation of the ester C=O -

bond from the aromatic bipy rings, thus reducing electronic 

communication. However, the presence of the bleach and 

associated transient in the TRIR indicates that the ester group is 

still affected by the redistribution of electron density upon 

excitation, probably due to increase of electron density on the bipy 

itself, or due to somewhat delocalised structure of the excited 

state (the latter in accord with the broad and intense (CC) bands 

in the excited state, insets in Figure 6). 

It is also evident from Figure 6 that intensity of the IR signals 

in the excited state is considerably higher than in the ground state. 

Such increase in transition probability for virtually all transitions 

observed could be explained by, for example, structural and / or 

electronic delocalisation in the excited state. For example, the 

FTIR spectrum of 4-SP and 4-SC (Figure 6, bottom), differently to 

the spectra of 4-P and 4-C, shows two clearly resolved bands at 

~1600 and 1620 cm-1, which are due to breathing modes of the 

bipyridyl, and of the Ph ring of the acetylide ligand. DFT 

calculations demonstrate that in the ground state these two 

vibrations albeit very close in energy are decoupled. In the lowest 

triplet state, however, calculations show that these vibrations are 

strongly coupled, which causes the observed 10-times increase 

in the intensity of vibrations between ~ 1550 and 1590 cm-1.  

The above results are consistent with a bipy * based LUMO. 

The population of an antibonding * orbital would result in a 

decrease in bond order within the bipy skeleton, reducing the 

energy of vibrations associated with these bonds. The lower 

energy transients assigned to bipy ring vibrations, the intense 

nature of the transient peaks associated with the bipy ring, as well 

as the lower energy transient observed for the conjugated C=O 

moiety in 4-C support this hypothesis. 
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In the 2000 cm-1 region, the TRIR data for all complexes are 

qualitatively similar, combining a bleach at ~2120 cm-1 of both 

antisymmetric/symmetric combinations of the (CC) with a broad 

absorption between ~1800-2000 cm-1. This broad feature has 

been previously assigned to vibrations associated with the 

“oxidized” platinum acetylide subunit formed in the CT state [23]. 

The shift of the acetylide vibration to lower energy upon excitation 

is consistent with the assignments of a Pt-acetylide localised 

HOMO, which is depopulated upon excitation. Due to the above-

mentioned delocalisation in the excited state, the intensity of the 

asymmetric (CC) combination is ~100-fold higher than in the 

ground state (see SI for calculated IR spectra of the lowest triplet 

state in all complexes). In the experimental spectrum this 

transition appears as a very broad band across the entire 1600-

2000 cm-1 range.  The broadness of this band may be explained 

by a large number of conformations, and anharmonic coupling to 

intramolecular low-frequency modes, and to the low frequency 

solvent modes. 
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Figure 7. Comparison between spectral shape of the TRIR spectra in the region 

of (CO) of the ester group between complexes with direct attachment of esters 

(blue ◊, 4-C) vs. decoupled (black –o-, 4-SC). Data in DCM, following ~50 fs, 

400 nm excitation, time delay between the pump and the probe 100 ps.  
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Figure 6 Picosecond TRIR data for all complexes in CD2Cl2. The offset line shows the ground state FTIR spectrum recorded in CH2Cl2, at 1/1000 intensity 
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In transition-metal complexes ultrafast intersystem crossing 

following the population of a singlet Frank-Condon state usually 

leads to population of vibrationally hot triplet states[53–57]. The lack 

of significant spectral evolution on the >500 fs time-scale of TRIR 

experiment indicates that intersystem crossing in the ML/LL’CT 
state of 4 also occurs on a sub-picosecond timescale[58].  

 The dynamics of the excited states in all complexes studied 

(Figure 8) comprises an ultrafast vibrational relaxation of a few 

picoseconds discussed above, as well as a component of approx. 

19 ps. The latter can be attributed to intramolecular structural 

reorganisation concomitant with vibrational relaxation of the hot 

triplet excited state. This structural change is reflected in a slight 

redistribution of intensity between vibrational bands with time. 

Since the shape of the TRIR spectra attained by ca. 100 ps in all 

complexes then persists on the ~ 2.5 ns time scale, the spectral 

shape evolution cannot be attributed to vibrational cooling. The 

excited state lifetimes of 4-P and 4-C are ~ 2 ns and 1.7 ns, resp. 

It is worth noting that the absorption and emission spectra, and 

the lifetimes of the excited state in 4-SP and 4-SC are very similar 

to one another, and to that of Pt(Bu2-bipy)(-CC-Ph-OMe)[47]. 

 

 

Figure 8 Kinetic traces obtained at selected frequencies from the TRIR data in 

Fig 6, for 4-P and 4-SP (left), and 4-C and 4-SC (right). Symbols – experimental 

data, solid lines – biexponential fit to the data with the parameters stated in 

Table 1. The band at 1614 cm-1 (*) corresponds to a bipy-localised vibration in 

the ground state of 4-SP. The bands at 1564-1575 (■) and 1450-1491 cm-1 (▲) 

correspond to several of the delocalised bipyridil-acetylide-ring stretching 

vibrations of the excited state; 1228-1251 cm-1 correspond to a coupled –
P=O/bipy mode of the excited state (♦). 1690 and 1709 cm-1 (-o-) correspond to 

the –C=O stretching vibrations in the excited state of 4-C and 4-SC, resp.    

The synchronous dynamics of different vibrations across the 

molecules, which involve the entire [bipy-Pt-CC-Ph-] framework is 

again consistent with the delocalised structure of the excited state, 

and that the spectral features observed correspond to one excited 

state throughout. Such delocalisation may be responsible for an 

increased intensity of the IR transitions in the excited state.   

Ultrafast Electronic Transient Absorption Spectroscopy  

 

The observations of the excited state dynamics have also 

been confirmed by transient absorption studies in the range 380 

– 1400 nm, (Fig. 9 and Fig. S22-S24).  Upon excitation with a ~40 

fs, 400 nm laser pulse, the UV/vis region of the transient spectrum 

shows features typical for coordinated bipyridyl radical-anions at 

~390, 520, and ~650 nm.  The presence of the oxidised 

[Pt(acetylide)] moiety is evident from a broad, structureless (4-SP, 

4-SC) band which continues into the NIR region and does not 

decay whatsoever by 1400 nm – an observation consistent with 

previous work on similar systems[59].  This low energy absorption 

band is responsible for the “offset” observed in the TRIR spectra 
discussed above.  The extremely broad low-energy absorption 

band is consistent with the highly delocalised nature of the excited 

state in all cases. The lifetimes of the excited states obtained from 

the TA data are the same, within experimental error, as those 

obtained from TRIR and/or emission spectroscopy, confirming 

that the same lowest excited state is observed in all cases. 

Conclusions 

The effect of electronically decoupling protected anchoring 

groups from the light-absorbing metal complex core has been 

explored for Pt(II) complexes. Pt(4-R2-bipy)(acetylide)2, 

containing electron-withdrawing groups R = phosphonate or 

carboxylate, attached in two different ways. either directly or via a 

saturated CH2- spacer which permits free rotation of the R-group, 

have been synthesized and characterized by emission and 

absorption spectroscopy, and electrochemistry. The nature and 

dynamics of the excited state has been investigated by 

femtosecond Time-Resolved Infrared and Transient Absorption 

spectroscopy. Vibrational signatures and dynamics of charge-

transfer states have been identified; the assignment of electronic 

states and their vibrational origin was aided by TDDFT 

calculations. 

 

 

 

 

Figu 

r

Figure 9 Selected transient absorption spectra of 4-SP and 4-SC across 

the visible and NIR regions recorded in dichloromethane.  
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Ultrafast energy re-distribution accompanied by structural 

changes was detected by TRIR. There are unexpected, 

significant differences between the structures of the charge-

transfer excited states, as well as the differences in the structural 

reorganisation in the complexes bearing directly attached vs. 

decoupled anchoring groups. 

The observed shift of (CO) and (PO) vibrations to low 

frequencies upon excitation due to population of the antibonding 

orbitals, and the shift to lower energies of symmetric/ asymmetric 

combination of (CC) of the acetylide ligands, confirm the Charge-

Transfer-to-diimine, ML/LL’CT, nature of the lowest excited state. 
The extremely intense and broad (CC)s/a in the charge-transfer 

excited states, with the incredibly large shifts of ~(-60) cm-1, and 

~(-300) cm-1, resp. compared to the ground state (CC)s/a, which 

persist on the nanosecond timescale, indicates a presence of a 

delocalised {–CC-Pt-CC-} moiety in ML/LL’CT.  
The introduction of the -CH2 spacer between the bipy ring and 

the electron-withdrawing anchoring group R has drastic effects on 

the photophysical properties of the compounds: it makes them 

much more akin to the compounds bearing electron-donating 

alkyl substituents on the diimine ligand. The lifetime of the 
3ML/LL’CT excited state increases 10-fold, from ~2 ns to ~ 20 ns, 

between 4-C/4-P and 4-SC/4-SP, due to electron donating nature 

of the methylene spacer resulting in a higher energy LUMO, 

increasing the energy of the excited state (confirmed by the 

change in E1/2
red, and a shift of emission maxima to 640 nm vs. 

710 nm), and  reducing the rate of non-radiative decay in line with 

the energy gap law.  

The shift of the (CO) energy upon excitation group is 

considerably larger, by ~ 20 cm-1, in –C(O)OEt vs. –CH2-C(O)OEt, 

again indicating the influence of the –CH2 spacer. Importantly, the 

small but explicit downward shift of (CO) in –CH2-C(O)OEt, in 

TRIR spectra confirm that the ester group in 4-SC is still affected 

by the electron density redistribution in the excited state despite 

introduction of such saturated –CH2- spacer. A combination of 

DFT and TD-DFT calculations provide a qualitative rationale for 

the nature of the electronic and vibrational spectra observed, and 

suggest a somewhat delocalised nature of the lowest CT excited 

state even in the case of the compounds bearing –CH2-spacer. 

Such delocalisation accounts for >10-fold enhancement of the 

majority of IR-transitions in the excited state compared to the 

ground state, and for the vast broadness of the (CC) in the CT 

state.  

This work demonstrates that decoupling of the anchoring 

group from the diimine via a saturated spacer is an easy approach 

that permits combining a higher reduction potential and 10-fold 

longer charge-transfer excited state lifetime with the possibility of 

surface attachment, whilst retaining electron transfer 

photoreactivity. 

 

Experimental Section 

UV/VIS Absorption spectra were recorded using a Cary 50 Bio 

spectrometer running the Cary WinUV Scan application. A 1 cm path 

length quartz cell was used for all measurements.  

Cyclic Voltammetry 

Experiments were carried out using an Autolab Potentiostat 100 controlled 

by a PC running the GPES v.4.9 application. All measurements were 

performed using an Ag/AgCl reference electrode and a platinum wire 

counter electrode. A glassy carbon working electrode was used for 4-P, 4-

SP, and 4-C, and a platinum disc working electrode for 4-SP. The 

[TBA][PF6] electrolyte was obtained from commercial sources and 

recrystallised prior to use. 

Emission spectroscopy 

Emission spectra were recorded on a Horiba Jobin&Yvon Fluoromax-4 

spectrometer. Emission lifetimes were recorded on an Edinburgh 

Instruments Mini-with a ~75 ps pulse diode laser (410 nm) as an 

excitation source. Samples were degassed using three freeze-pump-thaw 

cycles. Emission quantum yields were calculated with respect to the 

standard [Ru(bipy)3]Cl2.6H2O in water. See the SI for full details. 

Fourier Transform Infrared Spectroscopy and Time-Resolved 

Infrared Spectroscopy  

FTIR spectroscopy was carried out using a Perkin-Elmer FTIR 

spectrophotometer controlled by a PC running Perkin-Elmer software 

Spectrum, version 3.02. Picosecond TRIR studies were performed in the 

Ultrafast Spectroscopy Laboratory, Rutherford Appleton Laboratory, 

STFC,UK, ULTRA[60] facility. The IR spectrometer comprised two 

synchronized 10kHz, 8 W, 40 fs and 2 ps Ti:Sapphire 

oscillator/regenerative amplifiers (Thales) which pump a range of optical 

parametric amplifiers (TOPAS). A portion of the 40 fs Ti:Sapphire beam 

was used to generate tuneable mid-IR probe light with around 400 cm−1 

bandwidth. The 400 nm pump beam was generated from the second 

harmonic of the 40 fs laser. The instrumental response function for TRIR 

measurements is approximately 250 fs. The probe and pump beam 

diameters in the sample 

is case changes in IR 

absorption spectra were recorded by three HgCdTe linear-IR array 

detectors on a shot-by-shot basis. All experiments were carried out in 

Harrick cells with 2 mm thick CaF2 

path length and a typical optical density of 0.5 to 1 at 400 nm. All samples 

were mounted on a 2D-raster stage and solutions were flowed through the 

cell to ensure photostability. Data processing and global analysis were 

carried out using Origin 7.0 and Glotaran 1.5.1. 

Ultrafast Transient Absorption 

Ultrafast Transient Absorption setup comprises of a commercial detection 

instrument (Helios, Ultrafast Systems) as well as the following light 

sources: 84 MHz Ti:Sapphire 25 fs 800 nm seed laser (Mai Tai Spectra 

Physics),  Ti:Sapphire chirped-pulse amplifier repetition rate 10 KHz, 12W 

average power and nominal pulse duration 40 fs (Spitfire Ace PA-40) both 

from Spectra-Physics; frequency doubling and tripling  achieved by a 

commercial instrument utilising beta-Barium-Borate crystals (TimePlate, 

by Photop Technologies);  UV-Vis-NIR generation has been done by 

means of Optical Parametric Amplification (Topas Prime, by Light 

Conversion). The latter two served as quasi monochromatic excitation 

pump sources, selectable from 235 nm to 1600 nm. Probe beam is a white 

light supercontinuum generated in-situ and optimised for UV (340-750 nm), 

Vis (450-950 nm) and NIR (800-1600 nm) regions. Detection was 

performed by virtue of CMOS and InGaAs sensors for UV/Vis and NIR 

grating-dispersed spectra, respectively. Dynamics were fitted using global 

analysis in Glotaran 1.5.1. 

10.1002/chem.201703989

A
c
c
e
p
te

d
 M

a
n
u
s
c
ri
p

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

 

 

 

 

 

Computational Methods 

All calculations were performed using the Gaussian 09 software package, 

version C.01[61]. Gaussian was compiled using the Portland compiler v 8.0-

2 on an EMT64 architecture using Gaussian-supplied versions of BLAS 

and ATLAS[62,63]. All calculations utilized the B3LYP functional[64]. The 6-

311G** basis set[65,66] was employed for all elements except Platinum, for 

which a Stuttgart-Dresden pseudo-potential was instead used[67]. This 

combination of basis sets has been found to provide a reasonably accurate 

description of the properties and behaviour of transition-metal complexes 

in our previous work[68,69]. In all calculations, the solvent was described 

using the polarizable continuum model (PCM), as implemented in 

Gaussian[70,71]. For all calculations, an “ultrafine” integral grid was used 

and no symmetry constraints were applied. All optimized geometries were 

confirmed as local minima by the absence of imaginary frequencies in their 

calculated vibrational spectra, within the harmonic approximation. 

Vibrational frequencies were scaled by 0.981 for the majority of the 

spectrum and 0.967 in the acetylide region, to account for 

anharmonicity[69,72,73]. Vibrational spectra were generated using software 

developed in-house. A description of the procedures used in the 

calculations is given in the SI. 

Synthesis 

Unless otherwise stated, all starting materials were obtained from 

commercial sources and used without further purification, and standard 

Schlenk techniques were used for all syntheses. 

Ligands and Complexes 

4,4’-bis(carboxyl)-2,2’-bipyridine: 4,4’-dimethyl-2,2’bipyridine (2.5 g, 

13.5 mmol) was dissolved in 100 mL of 98% H2SO4 in air. To this solution, 

potassium dichromate (12 g) was added in portions whilst stirring, ensuring 

the temperature remained between 40-80oC. Once the dichromate 

addition was complete, the mixture was cooled in an ice bath, and the 

resulting precipitate filtered off using a glass sinter funnel. The precipitate 

was then refluxed for 16 h in 50% HNO3 (50 mL), then poured over ~200 

g of ice and diluted to ~400 mL with water. Once the ice melted, the 

resulting white precipitate was filtered off, washed with water and acetone 

and dried under a vacuum. Yield 2.29 g (91%). 1H NMR (400 MHz, DMSO) 

δ 8.93 (dd, J = 4.9, 0.7 Hz, 2H), 8.87 – 8.83 (m, 2H), 7.92 (dd, J = 4.9, 1.6 

Hz, 2H).  

Compounds 1a-d were prepared according to a modified literature 

procedure [11].  

4,4’-bis(ethylcarboxy)-2,2’-bipyridine (1a): 4,4’-bis(carboxyl)-2,2’-
bipyridine (1.05 g, 4.12 mmol) was suspended in 40 mL ethanol and 2 mL 

of 98% H2SO4 added. The mixture was refluxed at 85OC under argon for 

24 h to give a pale pink solution. Removal of the solvent under vacuum left 

a pale pink oil, which was mixed with water (20 mL) and extracted with 

chloroform (3 x 50 mL). The combined organic fractions were dried with 

MgSO4, filtered and the solvent volume reduced under vacuum to 

approximately 20 mL.  Addition of methanol (20 mL) resulted in formation 

of a pale pink precipitate, which was filtered off on a sinter and dried under 

vacuum. Yield 964 mg (76%). 1H NMR (400 MHz, CDCl3) δ 8.97 (s, 2H), 

8.89 (d, J = 4.9 Hz, 2H), 7.94 (dd, J = 5.0, 1.6 Hz, 2H), 4.48 (q, J = 7.1 Hz, 

4H), 1.47 (t, J = 9.2, 5.0 Hz, 6H). 

4,4’-bis(hydroxymethyl)-2,2’-bipyridine (1b): 1a (750 mg, 2.4 mmol) 

was suspended in ethanol (50 mL) followed by the addition of sodium 

borohydride (2g, 53 mmol). The mixture was refluxed at 65OC under argon 

for 3 h. A gel was observed forming on the surface of the reaction mixture 

after approximately 1 hour. An additional 25 mL of ethanol were added to 

dissolve the gel. After cooling to room temperature, saturated NH4Cl(aq) 

(100 mL)  was added to the mixture and stirred for 15 min. The ethanol 

was removed under vacuum and the resulting white precipitate was 

dissolved in the minimum quantity of water (approx. 150 mL). The solution 

was extracted with ethyl acetate (5 x 50 mL) and the combined organic 

fractions dried of MgSO4. The solvent was removed under vacuum 

resulting in a pale pink solid. Yield 306 mg (50%). 1H NMR (400 MHz, 

DMSO) δ 8.60 (d, J = 4.9 Hz, 2H), 8.39 (s, 2H), 7.40 – 7.34 (m, 2H), 5.56 

(t, J = 5.8 Hz, 2H), 4.63 (d, J = 5.8 Hz, 4H). 

4,4’-bis(bromomethyl)-2,2’-bipyridine (1c): 1b (674 mg, 3.12 mmol) was 

dissolved in 48% HBr (40 mL) and 98% H2SO4 (14 mL). The resulting 

orange fuming solution was refluxed at 100OC for 18 h. Upon cooling to 

room temperature, the mixture was neutralized with saturated NaOH(aq) 

(approx. 200 mL). The resulting white precipitate was filtered off using a 

sinter and washed with water (300 mL) and air dried. The solid was then 

dissolved in chloroform (40 mL), dried over MgSO4 and filtered. The 

solvent was removed under vacuum leaving a white solid. Yield  842 mg 

(79%). 1H NMR (400 MHz, CDCl3) δ 8.70 (d, J = 5.0 Hz, 2H), 8.46 (d, J = 

1.2 Hz, 2H), 7.39 (dd, J = 5.0, 1.8 Hz, 2H), 4.51 (s, 4H). 

4,4’-bis(diethoxymethylphosphonato)-2,2’-bipyridine (1e): Chloroform 

(10 mL) was mixed with diethyl phosphite (15 mL) and sparged with dry 

nitrogen fpr 30 min. This mixture was transferred to a flask containing 1c 

(842 mg, 2.46 mmol) and refluxed at 85OC for 6 hours. After cooling to 

room temperature the chloroform and diethyl phosphite were removed 

under vacuum leaving a pale pink solid. The crude product was purified 

using silica gel column chromatography (80:20 v/v Ethyl Acetate:MeOH 

eluent) to give a pale yellow oil, which crystallized overnight to an off-white 

solid. Yield 942 mg (64%). 1H NMR (250 MHz, CDCl3) δ 8.60 (d, J = 5.0 

Hz, 2H), 8.33 (s, 2H), 7.42 – 7.28 (m, 2H), 4.07 (dq, J = 8.1, 7.1 Hz, 8H), 

3.23 (d, J = 22.2 Hz, 4H), 1.27 (t, J = 7.1 Hz, 12H). 31P NMR (101 MHz, 

CDCl3) δ 24.30 (s). MS (ESI, +ve): m/z 457.2 (MH+). 

4,4’-bis(diethoxyphosphonato)-2,2’-bipyridine (2a): 2a was prepared 

according to a modified literature procedure[6]. Anhydrous toluene (15 mL), 

triethylamine (3 mL) and diethyl phosphite (0.35 mL, 2.7 mmol) were mixed 

and sparged with argon for 30 min. This mixture was transferred via 

syringe to a flask containing 4,4’-dibromo-2,2’-bipyridine (296 mg, 0.94 

mmol), triphenylphosphine (2.6 g, 10 mmol) and Pd(PPh3)4 (130 mg, 0.11 

mmol) under an Ar atmosphere, then refluxed at 100OC for 7 h. Upon 

cooling to room temperature, toluene (10 mL) was added to dissolve a gel-

like precipitate which had formed, then the resulting solution washed with 

saturated NH4Cl (2 x 20 mL) and water (2 x 50 mL). The organic fraction 

was dried over MgSO4 and the solvent removed under vacuum to leave 

an off-white powder. The crude product was purified by gradient elution 

silica gel column chromatography. Dichloromethane was used as the initial 

eluent to remove the triphenylphosphine which elutes with the solvent front, 

followed by 3% v/v methanol in dichloromethane to yield an off-white 

powder. Yield 266 mg (66%). 1H NMR (400 MHz, CDCl3) δ 8.87 (t, J = 5.1 

Hz, 2H), 8.80 (d, J = 14.2 Hz, 2H), 7.76 (ddd, J = 13.0, 4.8, 1.3 Hz, 2H), 

4.32 – 4.12 (m, 8H), 1.39 (t, J = 7.1 Hz, 12H). 31P NMR (101 MHz, CDCl3) 

δ 14.57 (s). MS (ESI, +ve): m/z 429.8 (MH+). 

4,4’-bis(methylcarboxy)-2,2’-bipyridine (3a): Prepared according to a 

modified literature procedure[9]. All glassware was flame dried before use. 

Diisopropylamine (1.05 mL, 8 mmol) was dissolved in dry THF (15 mL) and 

cooled to -78OC. 1.6M n-butyllithium in hexane (4.1 mL, 6.5 mmol) was 

added dropwise to this in two portions and stirred for 20 min, resulting in a 

deep red solution. This was transferred via a cannula over 30 min to a 

solution of 4,4’-dimethyl-2,2’-bipyridine (500 mg, 2.7 mmol) in dry THF (15 

mL) which had also been cooled to -78OC. This mixture was stirred at -

78OC for 2 h. CO2(g) was bubbled through the solution for 15 min resulting 
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in the immediate formation of a pale yellow precipitate. Upon warming to 

room temperature, the THF was removed under vacuum leaving a pale 

yellow solid. This was dissolved in water (10 mL) and washed with 

dichloromethane (3 x 50 mL). The aqueous layer was carefully acidified 

with 2M HCl (to pH 2-3) and the water removed under vacuum leaving a 

wet yellow solid. Attempts to remove the remaining water under high 

vacuum were unsuccessful, resulting in a yield over 300%. This product 

was used in the next step without any further attempt at purification. 1H 

NMR (400 MHz, D2O) δ 8.64 (d, J = 5.5 Hz, 2H), 8.24 (s, 2H), 7.74 – 7.68 

(m, 2H), 3.96 – 3.93 (m, 4H). 

4,4’-bis(ethoxymethylcarbonyl)-2,2’-bipyridine (3b): 3a (1.63g, crude) 

was dissolved in ethanol (80 mL) and 98% H2SO4 (4 mL). This was 

refluxed at 80OC for 72 h. Upon cooling to room temperature, the ethanol 

was removed under vacuum and water (100 mL) was added to the flask 

resulting in a white precipitate. This was extracted with dichloromethane 

(5 x 30 mL) and the combined organic fractions dried over MgSO4. The 

solvent was removed under vacuum resulting in a pale pink solid. Yield 

512 mg (26% w.r.t. 4,4’-dimethyl-2,2’-bipyridine from 3a).  1H NMR (400 

MHz, CDCl3) δ 8.65 (d, J = 5.0 Hz, 2H), 8.35 (d, J = 0.8 Hz, 2H), 7.31 (dd, 

J = 5.0, 1.7 Hz, 2H), 4.20 (q, J = 7.1 Hz, 4H), 3.74 (s, 4H), 1.28 (t, J = 7.1 

Hz, 6H). MS (ESI, +ve) m/z = 328. 

Pt(4,4’-bis(diethoxymethylphosphonato)-2,2’-bipyridine)Cl2 (4a): 1d 

(50 mg, 0.11 mmol) and Pt(DMSO)2Cl2 (46 mg, 0.11 mmol) were were 

placed under argon and then dissolved in ethanol (10 mL) previously 

sparged with argon for 30 min. The solution was then refluxed at 65OC 

under argon for 24 h resulting in a yellow solution. Upon cooling to room 

temperature, hexane (40 mL) was added, giving a yellow precipitate which 

was filtered off on a sinter, washed with 3 x 25 mL ice cold ethanol and 

dried under vacuum. Yield 57 mg (72%) 1H NMR (250 MHz, CDCl3) δ 9.05 
(d, J = 6.1 Hz, 2H), 8.04 (s, 2H), 7.36 (dt, J = 5.9, 1.9 Hz, 2H), 4.14 (dq, J 

= 8.4, 7.1 Hz, 8H), 3.34 (d, J = 22.4 Hz, 4H), 1.33 (t, J = 7.1 Hz, 12H). 31P 

NMR (101 MHz, CDCl3) δ 21.55 (s). MS (TOF +ve): m/z 723.1 (MH+) 

Calculated elemental analysis: C 33.25; H 4.19; N 3.88, Found: C 31.68; 

H 4.16; N 3.50. 

Pt(4,4’-bis(diethoxymethylphosphonato)-2,2’-bipyridine)bis(4-

ethynylpentyloxybenzene) (4-SP): 4a (86 mg, 0.18 mmol) and copper (I) 

iodide  (3.4 mg, 0.02 mmol) were placed under argon and dissolved in dry 

dichloromethane (30 mL) previously sparged with argon for 15 min. 4-

ethynylpentyloxybenzene (117 L, 0.6 mmol) and diisopropylamine (2 mL) 

were added via syringes. The solution immediately changed colour from 

yellow to orange and was stirred at room temperature for 72 h. The solvent 

was then removed under vacuum leaving an orange residue. This was 

redissolved in dichloromethane (20 mL) and the solution washed with 1:25 

acetic acid:water (25 mL), water (25 mL), 0.2M sodium hydroxide (25 mL) 

and finally water (2 x 50 mL). The organic fraction was dried over MgSO4, 

filtered and the solvent removed under vacuum, resulting in a bright red 

solid. The crude product was purified using silica gel chromatography 

(eluent 5% v/v methanol in dichloromethane). Yield 117 mg (63%). 1H 

NMR (400 MHz, CDCl3) δ 9.27 (d, J = 5.7 Hz, 2H), 8.09 (s, 2H), 7.42 (d, J 

= 8.7 Hz, 4H), 7.32 (d, J = 5.7 Hz, 2H), 6.81 (d, J = 8.8 Hz, 4H), 4.06 – 

3.90 (m, 12H), 3.23 (d, J = 22.1 Hz, 4H), 1.83 – 1.73 (m, 4H), 1.51 – 1.35 

(m, 8H), 1.22 (t, J = 7.1 Hz, 12H), 0.93 (t, J = 7.1 Hz, 6H) ). 31P NMR (101 

MHz, CDCl3) δ 11.92 (s). MS (TOF +ve): m/z 1026.1 (MH+). Calculated 

elemental analysis C 53.85; H 5.89; N 2.73, Found C 53.66; H 5.84; N 2.71. 

Pt(4,4’-bis(diethoxyphosphonato)-2,2’-bipyridine)Cl2 (5a): 2 (108 mg, 

0.25 mmol) and Pt(DMSO)2Cl2 (100 mg, 0.25 mmol) were placed under 

argon and then dissolved in ethanol (20 mL) previously sparged with argon 

for 30 min. The solution was then refluxed for at 65OC under argon for 24 

h resulting in an orange solution. Upon cooling to room temperature an 

orange precipitate appeared. Hexane (50 mL) was added and the 

precipitate filtered off on a sinter, washed with 3 x 25 mL ice cold ethanol 

and dried under vacuum. Yield 154 mg (88%). 1H NMR (250 MHz, CDCl3) 

δ 9.55 (dd, J = 5.7, 4.1 Hz, 1H), 8.38 (d, J = 13.4 Hz, 1H), 7.82 (ddd, J = 

12.3, 5.9, 1.4 Hz, 1H), 4.45 – 4.12 (m, 1H), 1.42 (t, J = 7.1 Hz, 1H). 31P 

NMR (101 MHz, CDCl3) δ 11.27 (s). MS (MALDI)  m/z = 693. 

Pt(4,4’-bis(diethoxyphosphonato)-2,2’-bipyridine)bis(4-

ethynylpentyloxybenzene) – (4-P): 5a (154 mg, 0.22 mmol) and copper 

(I) iodide  (3.5 mg, 0.02 mmol) were dissolved in dry dichloromethane (20 

mL) previously sparged with argon for 15 min. 4-ethynylpentyloxybenzene 

(130 L, 0.66 mmol) and diisopropylamine (2 mL) were added via syringes. 

The solution immediately changed colour from orange to red and was 

stirred at room temperature for 72 h. The solvent was then removed under 

vacuum leaving a deep red residue. This was redissolved in 

dichloromethane (20 mL) and the solution washed with 1:25 acetic 

acid:water (25 mL), water (25 mL), 0.2M sodium hydroxide (25 mL) and 

finally water (2 x 50 mL). The organic fraction was dried over MgSO4, 

filtered and the solvent removed under vacuum, resulting in a bright red 

solid. The crude product was purified using silica gel chromatography 

(eluent 5% v/v methanol in dichloromethane). Yield 221 mg (98%). 1H 

NMR (250 MHz, CDCl3) δ 10.19 – 9.96 (m, 2H), 8.51 (d, J = 13.5 Hz, 2H), 

7.91 (ddd, J = 12.5, 5.6, 1.2 Hz, 2H), 7.53 – 7.37 (m, 4H), 6.89 – 6.75 (m, 

4H), 4.43 – 4.12 (m, 8H), 3.97 (t, J = 6.6 Hz, 4H), 1.92 – 1.69 (m, 4H), 1.54 

– 1.29 (m, 20H), 0.95 (t, J = 7.0 Hz, 6H). 31P NMR (101 MHz, CDCl3) δ 
11.92 (s). MS (TOF +ve ): m/z 998.2 (MH+) Calculated elemental analysis: 

C 52.96; H 5.66; N 2.76, Found: C 52.38; H 5.80; N 2.76. 

Pt(4,4’-bis(ethoxymethylcarbonyl)-2,2’-bipyridine)Cl2 (6a): 3b (250 mg, 

0.76 mmol) and Pt(DMSO)2Cl2 (321 mg, 0.76 mmol) were placed under 

argon and then dissolved in ethanol (10 mL) previously sparged with argon 

for 30 min. The solution was then refluxed for at 65OC under argon for 24 

h resulting in yellow solution. Upon cooling to room temperature hexane 

(50 mL) was added and the precipitate filtered off on a sinter, washed with 

3 x 25 mL ice cold ethanol and dried under vacuum. Yield 411 mg (91%). 
1H NMR (400 MHz, CDCl3) δ 9.24 (d, J = 6.0 Hz, 2H), 8.10 (d, J = 1.6 Hz, 

2H), 7.41 (dd, J = 6.1, 1.7 Hz, 2H), 4.28 (q, J = 7.1 Hz, 4H), 3.86 (s, 3H), 

1.35 (t, J = 7.1 Hz, 6H). MS (EI): m/z 593.9 (M●+) Calculated elemental 

analysis: C 36.37; H 3.39; N 4.71, Found: C 35.56; H 3.14; N 4.55. 

Pt(4,4’-bis(ethoxymethylcarbonyl)-2,2’-bipyridine)bis(4-

ethynylpentyloxybenzene) (4-SC): 6a (154 mg, 0.22 mmol) and copper 

(I) iodide  (3.5 mg, 0.02 mmol) were dissolved in dry dichloromethane (20 

mL) and sparged with argon for 15 min. 4-ethynylpentyloxybenzene (130 

L, 0.66 mmol) and diisopropylamine (2 mL) were added via syringes. The 

solution immediately changed colour from yellow to orange and was stirred 

at room temperature for 72 h. The solvent was then removed under 

vacuum leaving an orange residue. This was redissolved in 

dichloromethane (20 mL) and the solution washed with 1:25 acetic 

acid:water (25 mL), water (25 mL), 0.2M sodium hydroxide (25 mL) and 

finally water (2 x 50 mL). The organic fraction was dried over MgSO4, 

filtered and the solvent removed under vacuum, resulting in a dull orange 

solid. The crude product was purified using silica gel chromatography 

(eluent 3% v/v methanol in dichloromethane). Yield 101 mg (22%) 1H NMR 

(400 MHz, CDCl3) δ 9.56 (d, J = 5.6 Hz, 2H), 8.10 (s, 2H), 7.45 (d, J = 8.8 

Hz, 4H), 7.40 (dd, J = 5.8, 1.5 Hz, 2H), 6.82 (d, J = 8.8 Hz, 4H), 4.21 (q, J 

= 7.1 Hz, 4H), 3.97 (t, J = 6.6 Hz, 4H), 3.80 (s, 4H), 1.86 – 1.74 (m, 4H), 

1.52 – 1.35 (m, 8H), 1.30 (t, J = 7.1 Hz, 6H), 0.96 (t, J = 7.1 Hz, 6H). MS 

(EI): m/z 897.1 (M●+). Calculated elemental analysis: C 36.37; H 3.39; N 

4.71, Found: C 35.56; H 3.14; N 4.55. 

Pt(4,4’-bis(ethylcarboxy)-2,2’-bipyridine)Cl2 (7a): 1a (208 mg, 0.69 

mmol) and Pt(DMSO)2Cl2 (293 mg, 0.69 mmol) were placed under argon 

and then dissolved in ethanol (20 mL) previously sparged with argon for 

30 min. The solution was then refluxed for at 65OC under argon for 24 h 
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resulting in an orange solution. Upon cooling to room temperature, hexane 

(50 mL) was added and the resulting orange precipitate filtered off on a 

sinter, washed with 3 x 25 mL ice-cold ethanol and dried under vacuum. 

Yield 306 mg (78%). 1H NMR (400 MHz, CDCl3) δ 9.48 (d, J = 6.0 Hz, 2H), 

8.45 (d, J = 1.5 Hz, 2H), 7.78 (dd, J = 6.0, 1.7 Hz, 2H), 4.13 (q, J = 7.1 Hz, 

4H), 1.09 (t, J = 7.1 Hz, 6H).MS (TOF +ve ): m/z 998.2 (MH+).  

Pt(4,4’-bis(ethylcarboxy)-2,2’-bipyridine) bis(4-ethynylpentyloxy-

benzene) (4-C) : 7a (153 mg, 0.22 mmol) and copper (I) iodide  (5.7 mg, 

0.03 mmol) were dissolved in dry dichloromethane (20 mL) previously 

sparged with argon for 15 min. 4-ethynylpentyloxybenzene (105 L, 0.54 

mmol) and diisopropylamine (2 mL) were added via syringes. The solution 

immediately changed colour from orange to red and was stirred at room 

temperature for 72 h. The solvent was then removed under vacuum 

leaving a deep red residue. This was redissolved in dichloromethane (20 

mL) and the solution washed with 1:25 acetic acid:water (25 mL), water 

(25 mL), 0.2M sodium hydroxide (25 mL) and finally water (2 x 50 mL). The 

organic fraction was dried over MgSO4, filtered and the solvent removed 

under vacuum, resulting in a bright red solid. The crude product was 

purified using silica gel chromatography (eluent 5% v/v methanol in 

dichloromethane). Yield 185 mg (78%). 1H NMR (400 MHz, CDCl3) δ 10.02 
(d, J = 5.7 Hz, 2H), 8.63 (s, 2H), 8.09 (dd, J = 5.7, 1.5 Hz, 2H), 7.44 – 7.37 

(m, 4H), 6.83 – 6.78 (m, 4H), 4.48 (q, J = 7.1 Hz, 4H), 3.96 (t, J = 6.6 Hz, 

4H), 1.84 – 1.73 (m, 4H), 1.50 – 1.34 (m, 14H), 0.94 (t, J = 7.1 Hz, 6H). 

MS (FAB+ matrix) m/z: 670. Calculated elemental analysis: C 57.99; H 5 

33; N 3.22, Found: C 59.11; H 5.69; N 2.83. 
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