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Abstract 

In this article, we describe the synthesis, redox characteristics, linear and nonlinear optical 

(NLO) properties of seven new unsymmetrical push-pull diacetylide platinum-based 

complexes. These D-π-Pt-π-A complexes incorporate pyranylidene ligands as pro-aromatic 

donor groups (D), diazine rings as electron-withdrawing groups (A), and various aromatic 

fragments  (styryl or thienylvinyl) as π-linkers separating the platinum diacetylide unit from 

the donor and the acceptor groups. This is one of the first examples of push-pull 

chromophores incorporating a platinum center in the π-conjugated core. The NLO properties 

of these complexes were compared with those of their purely organic analogues. All 

compounds (organic and organometallic) exhibited positive µβ values, which dramatically 

increased upon methylation of the pyrimidine fragment. However, this increase was even 

more significant in the complexes due to the presence of platinum in the -conjugated core. 
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The effects of the linker on the redox and spectroscopic properties of the complexes are also 

discussed. In addition, DFT calculations were performed in order to gain further insight into 

the intramolecular charge transfer (ICT) occurring through the platinum center.  

 

Key words: Pyranylidene; Diazine; Platinum Complexes; Nonlinear Optics; Intramolecular 

Charge Transfer 

 

Introduction  

Due to their applications in a wide range of photonic1 and optoelectronic devices,2 molecular 

systems displaying second order nonlinear optical (NLO) properties have been subject to 

intensive research during the past two decades. For example, second-order NLO materials 

have found applications in blue/green laser obtained from red sources through frequency 

doubling, in second-harmonic generation or terahertz wave generation.3  The typical design of 

second-order NLO chromophores, also called linear push-pull design, is based on a 

conjugated π-electron system asymmetrically substituted by an electron-donor (D) group and 

an electron acceptor (A). In such molecular system, efficient intramolecular charge transfer 

(ICT) occurs from the donor to the acceptor leading to the polarization of the molecule. The 

ICT can easily be illustrated by two limiting resonance forms (neutral and zwitterionic form).4   

The NLO response is maximum when the contribution of the two forms is optimized. In push-

pull molecules, ICT can easily be tuned by varying various parameters: the nature of the 

donor/acceptor couple and the π-conjugated spacer.5 Microscopically, second-order NLO 

response of chromophores can be represented by the scalar product of the vector part of the 

hyperpolarizability tensor (β) and the dipole moment (µ) measured by the electric-field 

induced second hamormic (EFISH) technique.4b 
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Diazines are six-membered heterocycles with two nitrogen atoms. Due to their π-deficient 

character, diazinyl fragments such as pyrimidyl groups, can be used as electron-withdrawing 

group in push-pull structures.6 Numerous diazine-based chromophores exhibiting ICT have 

been described,7 and 4,6-di(arylvinyl)pyrimidine chromophores have become well-established 

two-photon absorption (TPA) dyes.8 While 4-aminostyrylpyrimidine chromophores exhibit 

relatively moderate second-order NLO responses,9 extension of the π-conjugated scaffold10 as 

well as complexation or the methylation of the pyrimidine ring11 in such structures result in a 

significant increase of the µβ values.  

Another way to increase the ICT is through the incorporation of proaromatic moieties capable 

of gaining aromaticity upon ICT process into the push-pull structure.12 This is the case of -

pyranylidene fragments, which upon ICT, gain a pyrylium aromatic character. This moiety 

has efficiently been used as an electron-donating group is the push-pull structures of second-

order NLO dyes13 and chromophores for dye-sensitized solar cells (DSSC).14 It has recently 

been shown that the NLO responses of pyranylidene-substituted styryl pyrimidine derivatives 

are significantly higher than those of their amino analogues.15 The donor capacity of 

pyranylidene fragments is also exemplified by the chemical or electrochemical oxidation of 

the methylenepyran moiety leading to a radical cation, which dimerizes to bispyrylium and 

extended bispyran.16 

Metal -acetylide fragments have been incorporated in the structure of NLO chromophores 

making some of them amongst the most efficient organic or inorganic quadratic NLO-phores 

thus far.17 The almost linear M–C≡C–R structure allows for a 

suitable coupling between the d orbitals of the metal and the * system 

of the -acetylide bridge leading to an effective charge transfer.18  These fragments are 

generally used as electron donors in the push-pull structures.19 Linear neutral platinum bis-

acetylide segments can also be used as linkers in chromophore structures.20 These segments 
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generally consist of D-π-Pt-π-D structures for two-photon absorption (TPA), in which the 

metal center increases the conjugation length.21 Asymmetrical D-π-Pt-π-A structures are less 

common.22 It has been shown, however, that platinum bis-acetylide complexes exhibit  

values slightly higher than those their organic analogues.22a Recently, some of us have 

described such compounds as chromophores for DSSC.23  

In this contribution, we describe the synthesis, electrochemical, photophysical and second 

order NLO properties of a new series of seven platinum complexes D-π-Pt-π-A (1-7) that 

associate pyranylidene electron-donating groups and diazine electron-withdrawing groups 

separated by a platinum bis-acetylide fragment and π-conjugated linkers (Chart 1).  The 

properties of some of them are compared with their purely organic analogues (8-11) (Chart 2) 

and structure-property relationships are established.  
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Chart 2. 

 

 

Results and discussion 

Synthesis of the chromophores  

The synthetic approach to unsymmetrical platinum-diacetylide complexes 1-7, depicted in 

Scheme 1, was based upon a well-documented procedure.24  The first step consists of the 

formation of the precursor complexes 14-15 from pyranylidene derivatives 12-1323 by 

reaction with cis-[Pt(P(Tol)3)2Cl2] in the presence of a catalytic amount of copper(I) iodide 

and diethylamine at 60 °C. In this reaction, an excess of cis-[Pt(P(Tol)3)2Cl2] was necessary to 

minimize the formation of undesirable oligomeric byproducts.25 Subsequent coupling with the 

corresponding diazine derivatives 16-1810 under conventional cross-coupling conditions 

resulted in compounds 1-4 (Scheme 1). The N-methylation of complexes 5-7 was carried out 

with iodomethane under reflux without solvent. As described in the literature, N-methylation 

occured regioselectively on the diazine rings and methylated derivatives 5-7 were obtained in 

good yields (Scheme 2).26  
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Scheme 1. 

 

 

Scheme 2. 

 

In order to study the influence of the platinum on the photophysical and electrochemical 

properties of complexes 1-7, organic analogues 8-11 were synthesized (Scheme 3). The 

syntheses of the compounds 8 and 9 require pyranylidene derivatives 12 as starting material 

combined with the bromo derivatives S6-S7, respectively in presence of a catalytic amount of 
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bis(triphenylphosphine)palladium(II) chloride and copper(I) iodide. The compounds 8 and 9 

are isolated with a rather weak yield (24-26%). Under N-methylation similar to those 

described for the complexes 5-7, methylated derivatives 10 and 11 were obtained in presence 

of iodomethane under reflux without solvent in good yields.  

 

Scheme 3. 

 

The new compounds were characterized by IR, NMR (1H, 31P, and 13C) and high-resolution 

mass spectrometry (see the ESI). These characterization data fully support the proposed 

structures.  

The IR spectra of the alkynyl complexes 1-7 contain a νCC band at ca. 2100 cm−1 assigned 

to the metal-bonded alkynyl group, the νC=N bands (around 1075 cm−1 and 1175 cm−1) and 

the νC=C bands (around 1636 cm−1 and 1575 cm−1) are characteristics of the vinyldiazine and 

methylenepyran fragments.13h,27  

The 1H NMR spectra of this series of complexes display essentially identical 1H NMR signals 

for the tri(p-tolyl)phosphines, the pyranylidene ligand, the diazine, the π-conjugated spacer 

and the aromatic protons. A similar inductive effect of the platinum coordination has been 

observed on the characteristic signals. For example for complex 6, the hydrogens of the di-
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substituted phenyl (δ = 6.81 and 6.20 ppm) and the vinylic H resonance of the 

methylenepyran core, which appears as two doublets (δ = 6.62 and 6.59 ppm; 4JH,H = 2.0 Hz) 

are up-field shifted compared to those of the corresponding ligand 8.  

The N-methylated vinyl-pyrimidium fragment on the complexes shows vinylic proton signals 

as two doublets characteristics of the trans configuration based on the coupling constant (for 

example δ = 8.19 and 6.52 ppm; 3JH,H = 14.8 Hz, for 6) and a singlet for the methyl group (for 

example δ = 4.30 ppm, for 6).  

Finally, the 31P NMR spectra of all complexes 1-7 exhibit a sharp singlet, characteristic of 

trans geometries of the phosphine ligands around the platinum (for example δ = 16.45 ppm, 

1JPt–P = 2575 Hz, for 6). The approximately 3 ppm shift of this singlet upon going from 14 to 6 

can be attributed to the electron π-conjugated bridges. 

 

Electrochemical studies 

Cyclic Voltammetry (CV) studies of platinum complexes 1-7 and their organic analogues 8-

11 in dichloromethane were performed in order to account for the effects of various 

substituting groups on the redox properties. Electrochemical data are gathered in Table 1.   

Table 1. CV data for compounds 1-7 and 8-11 in CH2Cl2/NBu4PF6 0.1 M (E /V vs Fc, v = 0.1 

V s-1).b 

Dye Epa(1)  Epa(2) E0(2) Epa(3) E0(3) Epc(4) Epc(5) 

1  0.19 0.14 0.41 0.36   

2  0.17 0.14 0.40 0.37 -0.82  

3  0.17 0.12 0.40 0.35   

4  0.09 0.04 0.37 0.32   

5 -0.12 0.17 0.13 0.41 0.37  -1.15 

6 -0.13 0.19 0.14 0.43 0.38  -1.14 

7 -0.08 0.17 0.10 0.41 0.36  -1.18 

Acc
ep

ted
 m

an
us

cri
pt



10 

 

8  0.29  0.61    

9  0.30  0.59    

10 -0.12 0.29  0.61a   -1.06 

11  -0.13 0.30  0.67a   -1.03 

a Irreversible peak; b E0(Fc+/Fc) = 0.47 V vs. SCE in CH2Cl2/NBu4PF6 (measured 

experimentally) and E0(SCE) = 0.24 V vs. NHE. 

 

All compounds display several redox systems in oxidation, which are mostly reversible. On 

the contrary, reduction processes, when present, are fully irreversible in the experimental 

timescale. The comparison between CVs obtained for the compounds led to the following 

conclusions: 

(i) Pt complexes and ligands bearing iodide pyrimidinium substituents display a first 

oxidation potential at Epa(1) between -0.13 V and -0.08 V vs Fc, whereas this peak does not 

appear for pyrimidine-based compounds (see for example Figure 1A for compared CVs of 

compounds 1 and 5). Comparison with tetramethylammonium iodide in solution shows that 

this process corresponds to the reversible iodide oxidation (Epa = -0.12 V). 

(ii) Comparison between complexes and ligands highlights the effect of Pt on the 

successive oxidation potentials of the pyran moiety at E0(2) and E0(3).  Indeed, the potential is 

shifted by nearly 110-130 mV negative upon Pt incorporation (Figure 1D for compounds 2 

and 16). Such effect is ascribed to the increase of electron density on the methylenepyran in 

presence of the metal, as previously reported.23 

(iii)  The presence of better donating substituents such as tBu instead of phenyl groups on 

the pyran moiety decreases the potential value of E0(2) in a significant manner E0(2) = -100 

mV), as shown by the comparison between complexes 1 and 4 (Figure 1C). The second 

process at E0(3) is also affected but to a lower extent. 

(iv) Substitution of a phenyl linker by a thiophenyl one does not modify dramatically the 

oxidation, or the reduction potentials of the complexes and ligands. 

Acc
ep

ted
 m

an
us

cri
pt



11 

 

(v) Reduction of pyrimidium-based Pt complexes and ligands occurs at ca. Epa = -1.10 V 

vs Fc (Figure 1B for compound 1), this peak is not observed on pyrimidine compounds 

(Figure 1B). Such process can be ascribed to the reduction of the pyrimidinium moiety.  

 

 

Figure 1. CVs (v=0.1 V/s, E /V vs Fc) at a Pt electrode in CH2Cl2/NBu4PF6 0.1 M of 

compounds: A) 1 (black) and 5 (blue) upon scanning in oxidation; B) A) 1 (black) and 5 

(blue) upon scanning in reduction; C) 1 (black) and 4 (purple); D) 2 (blue) and 9 (green). 

 

UV-Vis spectroscopy 

The absorption spectra of dyes 1-7 and 8-11 were recorded in chloroform at a concentration of 

10-4-10-5 M in the 250-800 nm wavelength range and the results are given in Table 2. The 

spectra of compounds 1, 2, 4 and 7 are shown in Figure 2a, as examples. For the neutral 
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organometallic chromophores 1-4, only one absorption band was observed (398-436 nm). 

This band is attributed to a transition having some ICT character. When comparing 

compounds 1 and 2, the replacement of the phenylene linker close to the pyrimidine moiety 

by a thienylene unit results in a significant red shift of the spectrum (max = 28 nm), 

indicating a better ICT. In contrast, replacement of the phenyl substituents by tert-butyl group 

on the pyranylidene moiety (1 vs 4) lead to a blue shift of the spectrum ((max = 10 nm). The 

methylated organometallic dyes 5-7 exhibit two absorption bands: one located in the UV-

region (367-396 nm) and the second one in the 527-584 nm attributed to ICT. Once again the 

thienylene linker leads to a significant bathochromic shift of the ICT absorption band. The 

ICT absorption bands of the organic derivatives 8-11 are similar (neutral compounds 8 and 9) 

or slightly red-shifted (pyrimidinium derivatives 10 and 11) to those of their organometallic 

analogues.  

Table 2: Optical data of chromophores 1-7 and 8-11 in CHCl3. 

Comp. max [nm] [mM-1.cm-1] µβ[10-48 esu]a µβ0[10-48 esu]b 

1 407 64 260 203 

2 436 61 170 127 

3 405 73 160 125 

4 398 55 390 308 

5 396/527 32/25 2000 1283 

6 394/584 31/54 3600 2039 

7 368/521 20/20 3600 2338 

8 341/408 32/22 380 295 

9 383 33 220 177 

10 409/540 55/9.2 950 594 
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11 457/579(sh) 29/9.0 2300 1318 

a µβ (2) at 1907 nm. Molecular concentration used for the measurements were in the range 

10-3 to 10-2 M. µβ ± 10%. b two level corrected β values (β0).
 28 

 

Figure 2: UV-Vis spectra of compounds 1, 2, 4 and 7  in CHCl3.(a) experimental spectra and 

(b) calculated spectra. 

 

EFISH experiments 

The second-order NLO properties of chromophores 1-7 and 8-11 were investigated by the 

EFISH technique in CHCl3 solution with a non-resonant incident wavelength of 1907 nm 

whose second harmonic (2 = 953 nm) lies in transparent regions of the absorption spectra of 

the investigated molecules. More information on EFISH apparatus are given elsewhere.29 

EFISH measurements provide information about the scalar product µ (2) of the vector 

component of the first hyperpolarisability tensor  and the dipole moment vector.30 This 

product is derived according to equation 1 considering 0(-2,,,0), the third-order term, as 

negligible for the push-pull compounds under consideration, an approximation commonly 

used for push-pull organic and organometallic molecules. 

EFISH = µ/5kT + 0(-2,,,0)  Eq. 1 
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The zero-frequency µ0 values were calculated by means of the two-level model30 using the 

lowest energy absorption band for each compound. The values obtained are reported in Table 

2. All the µβ values are positive, which means that the ground and excited states are polarized 

in the same direction. As previously observed, methylation of the pyrimidine induces a 

dramatic increase of the µβ values.11 Surprisingly, for the neutral compounds, the replacement 

of the phenylene linker close to the pyrimidine moiety by a thienylene unit results in a 

significant decrease of the NLO response (2 and 9 vs 1 and 8 respectively). Such phenomenon 

has already been observed for pyrimidine derivatives.10 However, in case of N-

methylpyrimidinium chromophores, thienylene derivatives exhibit significantly higher NLO 

responses (6 and 11 vs 5 and 10 respectively). The replacement of the phenyl substituents by 

tert-butyl group on the pyranylidene fragments (4 and 7 vs 1 and 5 respectively) enhances 

significantly the NLO response. For neutral chromophores, organometallic complexes exhibit 

slightly lower µβ values than their all-organic analogues. However for pyrimidinium 

derivatives, the NLO response is significantly enhanced when a platinum fragment is included 

in the -conjugated core.   

Computational investigation 

DFT calculations have been performed on complexes 1-7, as well as their organic 

relatives 8-11. Their geometries were fully optimized at the PBE0-GD3BJ level, solvent 

(CHCl3) effect corrections included (see computational details). The optimized structures of 

1-7 and of 8-11 are shown in Figure 3 and in supporting information. Similarly to the 

previously reported X-ray structure of a related pyranylidene Pt complex,23 all the optimized 

structures exhibited significant distortion away from planarity. In complex 1, for example, the 

two 6-membered rings participating in the conjugated chain form an angle of ~ 15° 

(pyranylidene side) and ~ 30° with the Pt coordination plane, respectively; the angle between 

these two rings being ~ 40°. While the conjugated branch on the thiophene-diazine side is 

Acc
ep

ted
 m

an
us

cri
pt



15 

 

roughly planar, its counterpart on the pyranylidene side is not, exhibiting a pyran/C6 ring 

angle of ~ 40°. This out-of-plane situation of the pyran moiety is also present in the organic 

relative 8, in which the rest of the conjugated chain remains almost planar (see supporting 

information). The other computed molecules displayed non-planarity feature similar to those 

of 1 (complexes) or 8 (organic relatives). Selected bond distances are given in Table 3. Only 

minor differences between the C≡C and C=C distances can be noticed in all the compounds. 

However, it should be noted that the C≡C bonds of the Pt complexes are ~ 0.1 Å longer than 

those of the organic relatives. This can be explained by the difference in nature of the central 

motives in both series of compounds (-C≡C-Pt-C≡C- vs. -C≡C-). In all compounds, the 

exocyclic pyranylidene (C=C)p bond (~ 1.38-1.39 Å) is slightly longer than the (C=C)d 

alkenyl one (1.35-1.38 Å), but little dispersion of each of these types of C=C bond occurs 

within the computed series. Thus, from the structural point of view, all the computed 

compounds exhibit the same trends along the conjugated pathway.  

 

 

Figure 3: DFT-optimized molecular structures of complexes 1, 2, 4 and 7. 
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Table 3: Selected bond distances along the conjugated pathway in the DFT-optimized 

structures of 1-7 and 8-11. The indexes p and d label the bonds which are on the pyrynalidene 

and diazine side, respectively. The reported C=C bonds are those not belonging to rings (see 

Chart 1). 

Compound 1 2 3 4 5 6 7 8 9 10 11 

(Pt-C)p 1.976 1.977 1.976 1.977 1.975 1.975 1.976     

(Pt-C)d 1.977 1.973 1.978 1.977 1.969 1.962 1.969     

(C≡C)p 1.234 1.234 1.234 1.234 1.234 1.234 1.234     

(C≡C)d 1.235 1.237 1.235 1.235 1.238 1.240 1.238 1.225 1.226 1.226 1.228 

(C=C)p 1.382 1.382 1.382 1.380 1.382 1.382 1.380 1.383 1.384 1.386 1.387 

(C=C)d 1.356 1.360 1.355 1.356 1.372 1.382 1.372 1.354 1.357 1.367 1.374 

 

All compounds consistently exhibit similar qualitative features of their electronic 

structures, as illustrated by the MO diagrams of 1 and 8 (Figure 4) and of 2 and 6 (Figure 5). 

The HOMOs of all compounds are localized on the pyranylidene branch of the conjugated 

chain, while their LUMOs are localized on the diazine branch. Although less polarized, the 

HOMO-1 and LUMO+1 are all mainly localized on the diazine and pyranylidene branches, 

respectively, except for the cations 5-7 for which the LUMO+1 is localized on the diazine 

ring. Only these four frontier orbitals are involved in the UV-Vis transitions of lowest energy 

computed by TDDFT (see Table 4). The occupied and vacant Pt(6d) levels of complexes 1-7 

are lying farther away from the HOMO-LUMO region and do not significantly participate in 

the low-energy transitions. The simulated spectra of complexes 1-7 (Figure 2b) are in a fairly 

good agreement with the experimental ones (Figure 2a). The density-difference plots 

corresponding to the computed transition of lowest energy are shown in Figure 6. For 

compounds 1 and 3, the transition of lowest energy is of major pyranylidene→pyranylidene 
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(HOMO→LUMO+1) character. While for compounds 2 and 4, it occurs mainly on the 

diazine branch (HOMO-1→LUMO). However, some electron-transfer across the metal center 

along the conjugated chain can be noticed for 4. This electron transfer is even larger for the 

cations 5-7, as illustrated by the density difference plots shown in Figure 6 and in supporting 

information and by the corresponding values of charge and distance transfers31 given in Table 

4. 

 Finally, ionization potentials (IE) and electron affinities (EA) of all the investigated 

complexes were also computed by DFT at the PBE0-GD3 BJ level (see Computational 

Details and Table S2). Calculations show that oxidation and reduction of any of these 

compounds always involves the HOMO and LUMO, respectively. The computed IE and EA  

are in a reasonable agreement with the cyclovoltammetric data. 
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Figure 4: Kohn-Sham MO diagrams of compound 1 and 8. The numbers correspond to the 

following fragment localisations (%): Pt/phosphines/pyranylidene branch/diazine branch and 

C2/pyranylidene branch/diazine branch for 1 and 8, respectively. 

 

 

Figure 5: Kohn-Sham MO diagrams of complexes 2 and 6. The numbers correspond to the 

following fragment localisations (%): Pt/phosphines/pyranylidene branch/diazine branch. 

Table 4: TDDFT-computed UV-vis data for complexes 1-7, ground state (GS) and excited 

state(ES) dipole moments. Experimental max values are also reported for comparison. 

Computed oscillator strengths (o.s.) are given in parentheses. dCT and qCT are the distance and 

charge transfers associated with the corresponding transitions (see Computational Details). 

 

Compound max [nm] (exp. 

values, see 

Table 1) 

 max[nm] 

(simulated 

spectra, see 

Figure C) 

calc [nm] and o.s. [u.a.] 

(major computed 

transitions) 

Major 

contributions 

dCT 

[Å] 

qCT 

[e] 

GS 

[D] 

ES [D] 
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1 407 405 377 (1.21) 

412 (2.08) 

H-1→L 

H→L+1 

3.4 

0.6 

0.6 

0.5 

5.7 

5.7 

16.0 

5.2 

2 436 422 424 (2.64) H-1→L 2.7 0.6 6.7 14.3 

3 405 403 377 (1.24) 

412 (2.07) 

H-1→L 

H→L+1 

3.1 

0.7 

0.6 

0.5 

3.4 

3.4 

12.3 

2.1 

4 398 386 388 (2.77) H-1→L 3.8 0.6 6.7 17.8 

5 396 

527 

400 

505 

399 (1.13) 

508 (1.88) 

H→L+2 

H-1→L and 

H→L 

0.7 

6.5 

0.5 

0.9 

 

 

 

 

6 394 

584 

398 

538 

403 (1.13) 

543 (2.11) 

H→L+2 

H-1→L 

4.3 

4.7 

1.2 

0.7 

 

 

 

 

7 368 

521 

369 

513 

369 (1.02) 

519 (1.54) 

H→L+3 

H→L and H-

1→L 

2.6 

7.3 

0.5 

1.0 

  

 

 

Figure 6: Density difference plots associated with the transitions of lowest energy computed 

for complexes 1, 2, 4 and 7. The blue and yellow colors indicate an increase and decrease of 

density upon excitation, respectively. 
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Conclusion 

In conclusion, our results clearly demonstrate that the incorporation of platinum in the -

conjugated core of pyranylidene - N-methylated pyrimidine ring push-pull chromophores 

significantly enhances the second-order NLO responses of these chromophores. Remarkably, 

to the best of our knowledge, complex 7 bearing a tert-butyl group on the pyranylidene 

flanked on the other side by N-methylated vinyl-pyrimidium fragment is characterized by a 

huge µβ values and among one of the best reported to date for alkynyl metal complexes. In 

addition, the NLO properties of the push-pull diacetylide platinum-based complexes 

synthesized can be tailored by varying the nature of the pyranylidene fragments, the type of  

linkers or by methylation of the pyrimidine fragments, resulting in versatile chromophores 

that could be useful for second harmonic generation active polymeric films.  
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