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Chapter 4 

Enhancement of Intra-Ligand Charge-Transfer character induced by Zinc 

(II) complexation in a terpyridine-pyrene system 

Abstract 

The synthesis, electrochemical and photophysical properties of 3,5-bis(pyrene-l-yl)-4'-

phenvl-2,2':6',2"-terpyridine are reported. Spectroscopy in different solvents reveals that a 

photoinduced electron transfer from the excited pyrene to the terpyridyl electron acceptor can 

occur in polar media. Furthermore, the study of the zinc complex as well as of the bis-

protonated form shows an enhancement of the electron transfer character of the system. 

Metal coordination or protonation enhances the acceptor strength. The excited state dipole 

moment was estimated by using the solvatochromic emission shift in several solvents. With 

sub-picosecond transient absorption spectroscopy, the Intraligand Charge Transfer (ILCT) 

state, consisting of the pyrene radical cation and the terpyridine radical anion, has been 

detected. The study of the nanosecond transient absorption spectra reveals the formation of a 

low-lving triplet excited state that we attribute to the pyrene through which the ILCT state 

decays. 
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4.1 Introduction 

In the last decades, extensive studies have been carried out on the optical behaviour of 

chromophoric molecular systems consisting of electron donor and acceptor groups connected 

via different bridges'1'2' in order to gain more insight into electron transfer processes. Because 

of its long fluorescence lifetime (up to 450 ns)w and its ability to act as a donor'4"81 as well as 

acceptor,'8""' pyrene has been used as a charge transfer partner in many different systems. 

Another interesting molecules are "polypyridyl" derivatives, which are know for its 

coordination properties. Furthermore, polypyridyl derivatives show an emission highly 

sensitive to metal ions, such as d to d metals, as reported for poly- and oligo-phenylene 

vinylene (OPV) derivatives covalently linked to a bipyridine unit, by Wasielewski et a/.'12' In 

these systems, an enhancement of the electronic derealization on the polymer backbone and 

a red shift of the emission was observed upon addition of particular ions (e.g. Zn(II)). The 

emissive excited state was suggested to have charge transfer character. More recently, a few 

systems have been used in order to show the occurrence of emissive charge-transfer states in 

their zinc (II) complexes form, such as bipyridine linked to a donor group'13' or to a pyrene 

unit via an oligophenylene bridge,'14-'3' conjugated pyrene-thiophene-terpyridines,'16' or OPV 

terminated by a terpyridine unit.'17' Also in free ligands such as bipyridine bound to pyrene'18' 

and terpyridine linked in its 4'-position to a dimethylaniline group,1'9' charge transfer 

emission was observed. 

The special interest in the terpyridine systems lies in the efficient emitting properties 

of their zinc complexes as well as in their rod-like geometry. Furthermore, the zinc can be 

used to assemble different units and build up long linear structures which can be considered 

as coordinative polymers.'20' 2I' Due to the dynamic nature of the systems and to the high 

emission quantum yield in the blue region, zinc bis(phenylterpyridine) derivatives have 

attracted our interest.'22'2j' 

Here we report on the synthesis, electrochemical behaviour and photophysical 

properties of a pyrene substituted terpyridine, its zinc complex and the bis-protonated form of 

the ligand. The terpyridine (Tpy) ligand is linked to a phenyl which is substituted with two 

pyrene units in meta positions (Chart 1). 
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Enhancement of Intra-Ligand Charge-Transfer character induced by Zinc (II) complexation 

TpyPhPyrene2 

Trans-Trans 

TpyTol 

Trans-Trans 

ZnTpyTol2 

cis-cis 

2*H 2TpyPhPyrene 2 

Zn(TpyPhPyrene2 )2 

cis-cis 

Chart 1. Structures and abbreviations of the molecules synthesized and investigated in this chapter. Preferred 
conformation is also indicated. 

4.2 Synthesis 

The di-halogenated terpyridine (TpyPhBr2) was prepared by a slightly adapted 

method from literature'24' (see experimental section). The free ligand TpyPhPyrene2 was 

synthesized by coupling TpyPhBr2 with 1-pyreneboronic acid following the Suzuki cross 

coupling procedure (Scheme i)J25-261 

The zinc complex was prepared by refluxing TpyPhPyrene2 with ZnCl2 in methanol 

followed by precipitation of the hexafluorophosphate salt by addition of ammonium 

hexafluorophosphate, as reported before.[27' 

The bis-protonated molecule was prepared in situ prior to measurement by adding 100 

uL of a 1 M trifluoroacetic acid solution (in the solvent where the sample has to be measured) 

to a 2 mL solution of TpyPhPyrene2 (Abs » 0.2). 

The ligand TpyPhPyrene2 and the zinc complex Zn(TpyPhPyrene2)2 were isolated 

and fully characterized by 'H-NMR spectroscopy and ESI mass spectrometry. 
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Chapter 4 

TpyPhBr2 TpyPhPyrene2 

ZnCI2 

Zn{TpyPhPyrene2)2 

Scheme 1. Synthesis of the bispyrene terpyridinc ligand and its zinc complex. 

4.3 Electrochemistry 

The study of the electrochemical properties of the ligand TpyPhPyrene2 was 

performed in deaerated THF (ys SCE). Two irreversible cathodic peaks at -1.57 V (appears as 

an hump) and -1.91 V (certainly involving two or three electrons) are observed by cyclic 

voltammetry. These cathodic processes can be attributed to: the terpyridine reduction in 

which the central pyridine is reduced first around -1.57 V (known to be between -1.3 and -1.8 

V)'28'2 and the pyrene reducing after (-1.9V). The oxidation process occurring at EVA= +1.36 

V is also fully irreversible. This potential is consistent with the oxidation of the pyrene which 

occurs at this potential in acetonitrile.[j,)| In this case, the lack of reversibility in the redox 

behaviour is suggested to arise because of the formation of a dimer by 7t7t-interaction of one 

radical cation of pyrene with a second pyrene molecule. '3I' 

For Zn(TpyPhPyrene2)2, no metal centered redox processes are expected for the d1" 

zinc ion and none are observed. In this case, the same irreversible redox processes were 

observed without a shift. 

From the electrochemical data, it is possible to estimate the thermodynamic change for 

electron transfer (Gibbs free energy change: AGeT) in such a system by using the Rehm-

Weller equation. ~' The £0o can be estimated using the maximum emission of the donor at 77 
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K (3.28 eV or 378 nm at 77 K in butyronitrile matrix, see luminescence part). Neglecting the 

working term, it is found that the AGeT is negative in THF (Eox - EKd - E00= 1.36+ 1.56- 3.28 

= -0.36 V). As the redox processes are irreversible, the value obtained is a rough estimate. 

This negative value shows that the process is thermodynamically allowed. Indeed, the 

increase of the solvent polarity, relative to THF, will result in a more negative AGeT. 

4.4 UV/visible absorption 

The ground state absorption spectrum of TpyPhPyrene2 is shown in Figure 1. It 

shows three absorption bands centered at 240 nm, 280 nm and 347 nm with two shoulders at 

270 nm and 332 nm. In a first approximation, the bands are not affected by solvent polarity. 

100000-1 

80000- l \ 

§ 60000- ƒ \ 

o 7 A 
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-i 40000- / \ 

20000- \J \ 

300 400 500 600 
xl nm 

Figure 1. UV/visible absorption spectrum of TpyPhPyrene2 in THF 

By comparing the spectrum with those of l-phenylpyrene|9' 33] and of substituted 

phenylterpyridine,1'91 all bands can be identified. The 240 nm band, the shoulder at 270 nm 

and the 347 nm bands belong to the allowed n-n* transitions of the phenylpyrene moiety 

while the band at 280 nm is attributed to n-n* transitions of the Tpy unit. The second shoulder 

at 332 nm seems to be due to a contribution from both parts. Apart from the Tpy bands, the 

spectrum consists of the characteristic absorption bands of substituted pyrene where the 

typical vibronic structure of pyrene is broadened by the interaction between the rc-electron 

systems of the pyrene (or alkyl pyrene[j4, J5') and the phenyl units.'181 

The molar absorption coefficients are quite high for each band (240 nm [s = 86200 

Lmor'cm"1], 281 nm [c = 88400 Lmol'cm'] and 347 nm [s = 50100 L m o f W ] ) revealing 

allowed n-n* transitions (Table 1). 
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Chapter 4 

Table 1. Absorption data in acetonitrile solutions (molar absorption coefficient) for the three different systems 
containing the bis pyrene terpyridine 

Molecules lmax
abs nm (£ L.mor'.cm "') 

TpyPhPyrene2 238 (86200), 281 (88400), 347 (50100) 
' H2TpyPhPyrene2 /, 282 (78000), 346 (59500) 
Zn(TpyPhPyrene2)2 240 (172400), 281(156000), 342 (110600) 

The UV/visible spectrum of the zinc complex Zn(TpyPhPyrene2)2 is almost 

superimposable over that of the free ligand TpyPhPyrene2 (Figure 2). Only the lowest energy 

transition is slightly blue shifted upon addition of the zinc(II) (from 347 nm to 342 nm). This 

shift, accompanied by an increase of the molar absorption coefficient, can be attributed to zinc 

complexes where a new band, growing around 330 nm, is reported. This band is reported for 

other zinc(II) terpyridine complexes where the nitrogen complexation induces the ligand to 

convert from the trans-trans to cis-cis form.'36' 37' Moreover, the increase in the molar 

absorption coefficient of the 342 nm band is accompanied by a slight decrease of the 281 nm 

band (from 88400 L mol"1 cm"1 to 78000 L mol"1 cm"')(Table 1). This increase of the molar 

absorption coefficient can be attributed to an Intramolecular Ligand Charge Transfer ('iLCT) 

transition, which can appears as a shoulder at 350nm.'22- '8| In order to identify the ILCT 

absorption band, a differential spectrum was obtained by subtracting the UV/visible 

absorption spectrum of TpyPhPyrene2 from the one of Zn(TpyPhpyrene2)2 (divided by 2) in 

THF (see Figure 3). 
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Figure 2. UV/visible absorption spectra of TpyPhPyrene2 ( ), Zn(TpyPhPyrene2)2 (divided by 2)(—) and 
+H2TpyPhPyrene2 (•••) in acetonitrile 

As can be seen, a band at 340 nm which we assigned to the 'iLCT transitions is 

visible. The appearance of such a band (with a relatively high extinction coefficient) suggests 
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the presence of an intramolecular charge transfer from the pyrene to the Tpy bound to zinc 

ion. The 'iLCT transition appears to borrow intensity from the pyrene-Tpy based transitions 

which results in the enhancement of the charge transfer absorption band that is overlapping 

the pyrene bands.139"43' The similarities between the spectra of Zn(TpyPhPyrene2)2 and 
2+H2TpyPhPyrene2 shows that the strong coordination between the zinc and the terpyridine 

does not result in a strong electronic interaction between the Tpy and the metal ion. 

10000-, 

8000 - / \ 

6000 - ^ ^ - ^ \ 

co . / \ 
S / \ 

< 4000- / \ 

2000-^/ \ 

0-I 1 • 1 • 1 ' 1 

320 330 340 350 
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Figure 3. Differential spectrum obtained by subtracting the UV/visible absorption spectrum of TpyPhPyrene2 

from the one of Zn(TpyPhPyrene2)2 (divided by 2) in THF. 

Upon addition of trifluoroacetic acid to the solution of TpyPhPyrene2, a bis-

protonation is expected.122' The absorption spectrum is almost identical to that of the zinc 

complex (Figure 2). The main difference is a negligible blue shift of the lowest energy band 

(346 nm for 2+H2TpyPhPyrene2; 347 nm for TpyPhPyrene2) which shows that upon 

protonation, conformational changes don't occur as upon complex formation. The molar 

absorption coefficient of the 347 nm band of 2+H2TpyPhPyrene2, (Table 1) is higher than that 

of TpyPhPyrene2 and Zn(TpyPhPyrene2)2, which indicates that the 'iLCT absorption can be 

observed here as well and that this transition is even more allowed than for 

Zn(TpyPhPyrene2)2. 

4.5 Luminescence study 

The corrected fluorescence emission spectra of TpyPhPyrene2 and 

Zn(TpyPhPyrene2)2 are found to be independent of the excitation wavelength, for all 

solvents studied. In contrast, the shape of the emission bands and the emission maximum 

depend strongly on the solvent used. These phenomena are attributed to a solvatochromic 
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shift of the emission maximum as often observed for charge transfer transitions.'IS' 44"46) The 

shape of the emission bands is independent of the sample concentration, thus it is not due to 

excimer formation. 

X I nm 

Figure 4. Emission spectra of TpyPhPyrene2 in THF ( -), in valeronitrile (—). in propionitrile (•••) and in 
acelonitrile (—) at room temperature (inset: spectra at 77K in butyronitrile matrix) ( ^ex= 3 10 nm) 

The emission spectrum of the free ligand in THF shows a broad but structured 

emission band centered at 400 nm that is attributed to the local excited (LE) state of the 

pyrene. However, in nitrile-solvents, the spectra show a dual emission with a second band 

arising around 470 to 480 nm (Figure 4). Interestingly, this behaviour can only be found in 

solvents of high polarity (nitriles, DMF). 

The appearance of the low energy emission band for the TpyPhPyrene2 ligand in 

highly polar solvents implies the existence of a low lying excited state very polar in nature, 

that is due to the charge separation between the electron donor (pyrene) and the electron 

acceptor (terpyridine). 

Upon closer examination of Figure 4, it can be seen that the socalled local excited state 

emission also changes shape with polarity. Whereas the spectra in THF and valeronitrile have 

a typical shape that can be attributed to "substituted pyrene", the spectra in propio- and aceto-

nitrile clearly have a different shape. This is in contrast with a TT—JT* transition localized on the 

pyrene. In fact, this spectral shape is very similar to tolyl-terpyridine (TpyTol) emission. It 

thus appears that several close lying excited states are present and a reordering of states 

occurs upon solvent polarity change. A comparison of the emission spectrum of 

TpyPhPyrene2 with that of TpyTol in polar solvent is given in Figure 5. 
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Figure 5. Comparison the emission spectra of TpyTol in ethanol (- ) and TpyPhPyrene2 (—) in 
acetonitrile (kcx= 310 nm) 

Clearly, a simple picture with only one LE state is not fully correct because a manifold 

of two or more states must be considered as fluorescent levels. Of course, it is not possible to 

rule out the possibility that the 425 nm band is just an enhancement of the vibronic structure 

of the pyrene that gains intensity vs the other vibration levels due to the change in solvent. 

Table 2. Fluorescence properties TpyPhPyrene2 in different solvents (Knax is the maximum emission, O is the 

luminescence quantum yield and T is the luminescence lifetime) ( A.ex= 310 nm) 

Fluorescence Properties 
Solvent 
Cyclohexane 
Ether 
THF 
DCM 
Acetone 
Acetonitrile 
DMF 
BuCNc 

>™ax (nm) 
390 
390 
390 
399 
400 

422, 478 
423, 474 
377, 388, 

398,421 (s) 

cD 
0.170 
0.120 
0.285 
0.274 
0.167 
0.177 
0.251 

-

t(ns) 
18 
13 
17 

a 

20 
6.8, 16.0b 

6.1, 14.4b 

89 

a: compound decomposed, b: bi-exponential decay, c: 77K 

The excited state lifetimes were determined in a number of solvents (see table 2). The 

LE state displays a lifetime between 17 and 21 ns in most non-polar solvents. In polar media, 

a bi-exponential decay of the emission can be observed due to the formation of a lower lying 

'iLCT state (Table 2) that has a shorter lifetime (approximatively 6 ns). 
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The population of the CT state can be modulated by changing the polarity in a series 

of solvents (nitrile) (Table 3). The increase of the amplitude of the 6 ns component with 

increasing the polarity reveals a more efficient transfer to the 'iLCT, which is more stabilized 

in more polar medium. The luminescence quantum yield of TpyPhPyrene2 varies between 12 

% and 29 % (see Table 2). 

Table 3. Lifetimes and normalized amplitudes of TpyPhPyrene, in nitrile solution ( A.ex= 310 nm) 

Nanosecond bi-exponential decay 
^.a"1" Af TI (ns) Amplitude n T3 (ns) Amplitude xi 

Butyronitrile -a 0.275 12.2 0.70 6.2 0.30 
Valeronitrile 0.288 12.9 0.63 5.8 0.37 
Propionitrile 462 0.290 12.2 0.21 7.9 0.79 
Acetonitrile 478 0.306 16.0 0.14 6,8 0.86 

a: not determinable, overlap of ILCT with LE states 

For Zn(TpyPhPyrene2)2, two bands can be observed in the emission spectra (Figure 

6) one of which is broad and structureless. The highest energy band that is slightly structured 

can be attributed either to the pyrene or to the Tpy perturbed by the zinc ion. However, a 

comparison with a Tpy derivative (TpyPh(PhCN)2 as described in Chapter 5) suggests that 

this band involves mainly the Tpy moiety and it can be assigned to a singlet n-n* transition 

belonging to the Tpy moiety (Figure 7). 

Figure 6. Normalized emission spectra of Zn(TpyPhPyrene2)2 in THF (- ), in dichloromethane (—) and in 
acetone (—) at room temperature (inset: spectrum at 77K in butyronitrile matrix)(\.x= 310 nm) 
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Figure 7. Comparison of the shape of the emission spectra of Zn(TpyPh(PhCN))2 (- ) and 
Zn(TpyPhPyrene2)2 (—) in acetone (Xex= 310 nm) 

The lowest energy band emitting from 518 nm (in THF) to 616 nm (in acetonitrile) is 

strongly solvatochromic and is red shifted in all solvents, compared to TpyPhPyrene2 

emission (Table 4). Such a solvent dependence is again incompatible with localized TI-JI* 

emission from either the Tpy or the pyrene moiety, but it is consistent with emission from a 

'iLCT state. This state emits at lower energy when the zinc is coordinated to TpyPhPyrene2 

due to the ionic charges (methylviologen-like). A huge decrease of the quantum yield of 

emission was observed as compared to that of the free ligand (Table 2 and Table 4). The 

quantum yields measured for Zn(TpyPhPyrene2h show a slight variation: from more than 

5% in a nonpolar solvent to less than 0.3% in polar media. The emission intensity drops 

suddenly when passing from dichloromethane (A/ = 0.218) to acetone (A/ = 0.284). 

Table 4. Fluorescence properties Zn(TpyPhPyrene2)2 in different solvents (̂ max is the maximum emission, <!> 
is the luminescence quantum yield and T is the luminescence lifetime) ( Xex= 310 nm) 

Fluorescence Properties 

Solvent 
Dioxane 
Chloroform 
THF 
DCM 
Acetone 
Acetonitrile 
BuCN 
MeOH 
BuCNc 

Overall 
cp(10"2) 

1.5 
3.1 
2 

5.5 
0.3 

0.15 
0.0020 

0.24 
b 

?w(em) 
540 
498 
518 
540 
580 
616 

b 

_b 

d 

'ILCT 
O(10"2) 

1.3 
3 
1.6 
1.5 
0.1 

0.03 
0.0002 
0.002 

d 

t (ns) 
13 

a 

14 
a 

8.3 
3.0 

b 

b 
d 

Local Excited state 
?w(em) 

396 
390 
390 
399 
400 
399 
399 
399 

378,388, 
398, 418 (s) 

cf (HP) 
0.2 
0.1 
0.4 
4 

0.2 
0.12 

0.0018 
0.22 

b 

i (ns) 
0.77 

a 

1.7 
a 

1.9 
1.0 

b 

b 

21 

a: compound decomposed, b: not measured or undeterminable, c: 77K. in butyronitrile glass, d: no phenomenon 
present in this condition 
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The emission centered around 400 nm shows a mono-exponential decay on the order 

of 1 to 2 nanoseconds in every solvent. Clearly, no free ligand is present as this has a much 

longer lifetime. The emission lifetime on the red side of the spectrum which is attributed to 

the ILCT shows a lifetime between 3 and 14 ns. This is similar to the lifetimes observed for 

the ILCT state of the free ligand TpyPhPyrene2. It is interesting to observe that for 

Zn(TpyPhPyrene2)2, the ILCT lifetime is decreasing when going to more polar solvents 

which is in agreement with the general behaviour of 'ILCT excited states in donor-acceptor 

systems. 

The bis-protonated terpyridine 2+H2TpyPhPyrene2 in chlorinated solvents shows the 

same emission bands as the zinc complex. For this system, the LE state emission can be 

estimated to be reduced more than 500 times and the 'iLCT emission is more red-shifted. 

These results are in agreement with the fact that after protonation of the terpyridine, the 

system possesses an enhanced acceptor strength (terpyridinium) which makes the electron 

transfer more favorable. Thus, the attribution of 'iLCT states of the three compounds seems 

appropriate. 

In rigid matrices at low temperature (77 K), the fluorescence emission spectra of all 

compounds show well-structured vibronic bands where no CT band can be observed (see 

inset Figure 4 and 6) since electron transfer is prevented at low temperature. These findings 

further corroborate the room termpature assignments and the excited state lifetimes indicate 

that the structured fluorescence is a pyrene-based emission since the corresponding Tpy 

emission decays is less than 1 ns. 

4.6 Estimation of excited state dipole moment 

Following Lippert-Mataga's works,'4701' it is possible to relate the solvatochromic 

shift to the polarity function (Onsager's parameter,'52' which is function of the static and 

optical dielectric constants e and n~). For a charge-transfer state, they demonstrated that the 

dipole moment of a molecule can be calculated using Eql: 

vs- vg = [-2uc(uc - ug) Afyhcao' + constant (Eq 1) 

where vg and ve are, respectively, the wavenumbers associated to the maximum absorption of 

the lowest energy transition and the maximum emission in a solvent; |ig and uL. are, 
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respectively, the ground state and the excited state dipole moment; h is Planck's constant; c is 

the speed of light, a0 is the effective spherical radius of the respective donor-acceptor system 

and A/ is the solvent polarity function described by: 

A/ = (ƒ(£•) - 'Af(n2)) with /(x)= (x - l)/(2x + 1) (Eq2) 

As we have already discussed, the dipole moment of the ground state of the molecule 

can be considered as being negligible. As a consequence, Eql can be simplified into: 

vc = [-2ue
2A/]//ica0

3 + constant (Eq3) 

In our case, plotting ve vs Af (=f(h vc)), a linear dependence as described by Lippert 

and Mataga is found when dioxane is excluded. A crude estimate of the magnitude of the 

excited state dipole moment in solution can be obtained from (-2ue lhc?af). The effective 

radius (a<)) is then estimated from: 

a0= (3Mf4npN),n (Eq4) 

where M is the molecular weight of the molecule, p is the density (considered as 1) and N is 

Avogadro's number. 

By applying this method to the data obtained for Zn(TpyPhPyrene2>2 a dipole 

moment of 21.8 D (S= -24000) was found with a0= 6.6 A. 

As it has been already discussed, all compounds that display 1LCT emission show 

solvatochromic shifts. However, the magnitude of this shift depends on molecular properties 

such as the distance between the chromophores. Indeed, when compared in chlorinated 

solvents, the most red-shifted compound is 2+H2TpyPhPyrene2 while Zn(TpyPhPyrene2)2 is 

more red-shifted than TpyPhPyrene2. Because "+H2TpyPhPyrene2 possesses a double 

positively charged acceptor moiety electron transfer from the pyrene to the pyridinium part is 

facilitated. The free ligand populates the CT state only in highly polar media (acetonitrile, 

DMF). This is due to the weak acceptor character of the terpyridine moiety. For 

Zn(TpyPhPpyrene2)2, the complexation allows new orbital mixing and induces a higher 

acceptor character to the terpyridine moiety than for TpyPhPyrene2, but the capacity to 

accept an electron is still smaller in comparison to the bis-protonated compound 

(2+H2TpyPhPyrene2). This difference comparing to the bis-protonated compound can be 

explained by the positive charges that are more delocalized. 
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4.7 Transient Absorption spectroscopy 

To gain a better insight into the nature and the processes in the excited states of 

TpyPhPyrene2 and of Zn(TpyPhPyrene2)2, time resolved absorption spectroscopy was 

employed. Spectra on the nanosecond time scale are depicted in Figure 8 to 10. 
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Figure 8. Nanosecond transient absorption spectra of TpyPhPyrene2 (top) and of Zn(TpyPhPyrene2)2 (bottom) 
in acetonitrile with 5 ns incremental time delay (k„= 290 nm) 

In Figure 8, the transient absorption spectra of TpyPhPyrene2 and of 

Zn(TpyPhPyrene2)2 are depicted. Both spectra are characterized by an initial absorption 

band at 463 nm that is converted to a long-lived species that has a maximum absorption at 

450 nm. We attribute the first state to an 'iLCT (463 nm) which, in a very short time, 

populates a long lived species (triplet state) (Figure 8). 

Because of the longer 'iLCT state lifetime of TpyPhPyrene2 (Tem = 6 ns, see Table 3) 

as compared to that of the zinc complex (Tem = 1 ns, see Table 4), the transient spectra show a 

clearer decay of the 463 nm band (Figure 8 top) which is attributed to the radical cation of the 

pyrene. This allows the detection of the evolution of the excited state from the 'iLCT state to 

the long lived triplet state for TpyPhPyrene2. The decay of such triplet state can be followed 

better in Figure 9 which shows the same spectrum as in Figure 8 in deaerated conditions and 

with 2 us incremental time delay. As it can be seen, the lifetime of this excited state is ca. 

11.0 us (see inset Figure 9) while in aerated condition, a lifetime of 240 ns is found. 
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Therefore, we can surely assign this transition to a triplet state considering the high sensitivity 

to oxygen. 

) I 1 1 1 1 1 1 

3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 700 
X/nm 

Figure 9. Nanosecond transient absorption spectrum for TpyPhPyrene, in deaerated acetonitrile with 2 us 
incremental time delay (Xex= 290 nm). The kinetic of the triplet state decay is depicted in the inset. 

In order to establish if the triplet state belongs to the pyrene moiety or to the Tpy unit, 

the transient absorption spectrum of TpyTol in acetonitrile was recorded (Figure 10). This 

spectrum shows a sharp peak around 490 nm which decays within 530 ns in aerated 

conditions while, after degassing, a longer lifetime was found (7.2 us). This spectrum can 

clearly be attributed to the terpyridine triplet state (T|—»T„). 

Attempts to assign the nature of T|—»T„ transitions observed for TpyPhPyrene2 and of 

Zn(TpyPhPyrene2>2 were not fully successful. In fact, it has been reported that the Ti—>Tn of 

pyrene falls in the 410-430 nm region153,54] and we have observed a Ti-»Tn band around 490 

nm for TpyTol. In our systems, the Ti—»T„ is localized in the 430-460 nm region. It thus 

seems most likely that phenyl substitution of pyrene shifts its triplet-triplet absorption to 

slightly longer wavelengths (450 nm) . 

400 500 600 700 

/./nm 

Figure 10. Nanosecond transient absorption spectrum of TpyTol in acetonitrile with Xex= 290 nm and 2 us 
increment. 
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As depicted in the energy diagram in Scheme 2, we believe that the ILCT state 

recombines to form the triplet state located on the pyrene. This is also supported by 

comparison of the 77K emission spectra of TpyTol vs TpyPhPyrene2 (or 

Zn(TpyPhPyrene2)2) since in the latter cases, we do not see the triplet emission of the Tpy 

unit. This would indicate that the pyrene triplet state lying at lower energy is populated 

through a "down-hill" process from the 'ILCT to the JPy*. This process is in agreement with 

the efficient formation of the 450 nm transition observed in Figure 8. 

In order to obtain more information on the fast forward and back electron transfer 

processes, sub-picosecond transient absorption spectra were measured and are shown in 

Figures 1 la and 1 lb in THF and acetonitrile, respectively, for TpyPhPyrene2. 

400 450 500 550 600 650 700 
X/nm 

Figure 11. a: Sub-picosecond transient absorption spectra of TpyPhPyrene2 in THF with Xcx= 340 nm and 200 
ps incremental time delay, b: Sub-picosecond transient absorption spectrum of TpyPhPyrene, in acetonitrile 
with A.e>1= 340 nm and 100 ps incremental time delay 

In accordance with the emission spectra that were reported for TpyPhPyrene2 (see 

Figure 4), the transient absorption spectra obtained in the two solvents are quite different. In 

the nonpolar medium THF, the only visible transitions are those due to S|—>Sn of the Tpy, at 
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high energy (390 nm), and those belonging to the pyrene units (in the 470-530 nm region).'55' 
561 In the polar solvent (acetonitrile), the spectra present the singlet absorption of the Tpy (at 

390 nm) but, at lower energy, two distinct features are present which cannot be attributed to 

the pyrene singlet absorption (Figure 11 bottom). In fact, as we have already discussed, a 

charge transfer in acetonitrile is thermodynamically allowed leading to the formation of the 

radical cation of the pyrene'57 ' ' and the radical anion of the Tpy clearly visible at 463 nm 

and 550 nm, respectively. This CT state decays in the nanosecond time scale as mentioned 

before. The rise time of the CT state could not be detected. It is interesting to notice that the 

band at 470 nm does not show a clearly monoexponential decay. This may be due to the 

formation of the pyrene triplet state that, unfortunately, overlaps with the CT absorption band. 

For the zinc complex and the bis-protonated species, the electron transfer is expected 

to be more exergonic and, indeed, the transient absorption spectra show the typical features of 

the formation of the CT state in any solvent (see Figure 12). 

60x10'3H 1% 

400 450 500 550 600 650 700 
}J nm 

Figure 12. Sub-picosecond transient absorption spectra of TpyPhPyrene2 ( - ). Zn(TpyPhPyrene2)2 (•••) and 
"+H2TpyPhPyrene2 (—) in acetonitrile with X„= 340 nm, at 200 ps incremental time delay 

4.8 Conclusions 

The substitution of phenyl-terpyridines with electron donating pyrene groups can lead 

to the development of new charge transfer systems that have special properties that can be 

modulated by complexation. 

The properties of 3,5-bis(pyrene-l-yl)-4'-phenyl-2,2':6',2"-terpyridine, its bis-

protonated form and its zinc complex were studied. The electrochemistry of TpyPhPyrene2 

shows that photoinduced electron transfer process is thermodynamically allowed in polar 
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solvents. The steady state and time resolved spectroscopy indicate the presence of a 

photoinduced electron transfer process for Zn(TpyPhPyrene2)2) in all solvents, and for 

TpyPhPyrene2 only in polar solvents. A general deactivation pathway is proposed (scheme 

2) a) in absence of electron transfer and b) in presence of the electron transfer. 

3.10--

Scheme 2. schematic representation of the deactivation pathways a) in absence of electron transfer, b) in 
presence of electron transfer 

As can be seen on Scheme 2a, upon excitation of the LE state ( Py-Tpy), the pyrene 

71-71* based emission can be detected and the triplet state that is located on the pyrene is 

formed, either through JTpy or by direct intersystem crossing from the singlet state. In the 

more complicated case where electron transfer occurs, the ' Py-Tpy based-emission as well as 

an emissive ILCT state are observed. The intra ligand charge transfer state recombines to give 

to pyrene localized triplet state. This JPy* decays non-radiatively. 

Furthermore, using the Lippert-Mataga method, the dipole moment of the excited state 

(u.e = 21.8 D) was approximated for Zn(TpyPhPyrene2h). The transient absorption 

spectroscopy confirmed the charge separation phenomenon revealing typical bands of the 

radical cation of the pyrene and radical anion of the Tpy. 

4.9 Experimental Part 

All chemicals were purchased from Acros or Aldrich and were used as received. All solvents 

for synthesis were analytic grade. For the spectroscopy, spectroscopic grade solvents were 

used. 'H-NMR spectra were obtained with a Varian Gemini-300 spectrometer. Chemical 

shifts (S) are given in ppm, using the deuterated solvent as internal standard. 
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Synthesis of TpyPhBr2 

To a solution of 3,5-bromobenzaldehyde (1 eq) in methanol and an aqueous sodium 

hydroxide (1 mol/L, 1 eq) was added 2-acetylpyridine (1.05 eq) and the mixture was stirred 

for 3 hours. The precipitate was filtered off on a glass filter and recrystallised in ethanol. The 

product (bromoazachalchone) in dichloromethane was then washed with water and dried over 

MgSO.4. The solvent was evaporated under vacuum and the solid was used without further 

purification. 

In a round bottom flask, potassium tertbutoxide (2 eq) was solubilized in dry THF. 

Then, acetylpyridine (1 eq) was added. The reaction was stirred for 4 hours (becoming slowly 

pink) at room temperature under nitrogen. Bromoazachalchone (1 eq) in dry THF (25 mL) 

was added. The reaction was stirred under nitrogen at room temperature for 4 hours 

(becoming quickly red). Then, THF was evaporated. Ammonium acetate (10 Eq) was added 

in ethanol and the reaction was stirred at 70 °C with the flask aerated during 36 hours. 

Then, the solvent (black solution) was removed. The solid was dispersed in water and 

filtered. This solid was intensively washed with water then solubilized in CHCI3 and dried 

over MgSÜ4. 

The product was recrystallised from ethanol (3 times). 

Yield: 43% (M= 467.17 g/mol), NMR (300 MHz, CDCI3): S (ppm) = 8.76 ppm (d, 3J= 4.8 Hz, 

2 H), 8.70 ppm (s, 2 H), 8.66ppm (s, 2 H), 7.97 ppm (d, 4J= 1.5 Hz, 2 H), 7.91 ppm (t, 3J= 8.1 

Hz, 2 H), 7.76 ppm (d, 4J= 1.5 Hz, 1 H), 7.36 ppm (t, 3J= 4.8 Hz, 2 H). 

Synthesis of TpyPhPyrene2 

In a lOOmL Schlenk flask, TpyPhBr2 (100 mg, 0.214 mmol), pyrene-1-boronic acid 

(132 mg, 0.535 mmol) and cesium carbonate (418 mg, 1.284 mmol) were mixed in DMF (30 

mL) and the solution was degassed. A catalitic amount of Pd(PPh3)4 was added (25 mg, 0.021 

mmol). The reaction was heated during 60 hours at 100°C under nitrogen. 

The solution was filtered and the DMF was removed azeotropically with toluene. The 

solid was washed with pentane and filtered off. The solid was solubilised in chloroform dried 

with MgSCU, filtered and evaporated under vaccum. The solid was purified by 

chromatography (alumina oxide) using a mixture dichloromethane/ethly acetate (7:1). 
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Yield: 35%, m = 54 mg (M = 709.86 g/mol), ESI-MS: 710.20, NMR (300 MHz, CD2Cl2)(see 

below): 6 (ppm) = 8.98 (s, 2 H), 8.70 (d, 3J= 7.8 Hz, 2 H), 8.66 (d, 3J= 5.4 Hz, 2 H), 8.45 (d, 
3J= 9.0 Hz, 2 H), 8.35-8.00 (m, 19 H), 7.89 (dt, 3J= 7.2 Hz, 4J= 1.8 Hz, 2 H), 7.36 (t, 3J= 4.8 

Hz, 2 H); l3C-NMR (125.7 MHz, CD3CN): 5 (ppm) = 156.2, 156.1, 151.9, 151.3, 142.4, 

140.6, 137.8, 137.1, 132.4, 131.7, 131.1, 128.8, 128.0, 127.7, 126.6, 126.5, 126.4, 125.4, 

125.2, 125.1, 124.9, 124.0, 123.8, 123.4, 123.1, 122.0, 119, 8, 119.2; UV/vis [Xmax (nm) (s (x 

104 M"'.cm"')), in acetonitrile]: 238 (8.8), 281 (8.6), 347 (5.0); Luminescence [Xmax (nm), in 

dichloromethane, (77K)]: 399, (377, 388, 398). 

. - • - • 

3.0 8 .5 8.0 7 .5 7 .0 6.5 5 .5 ppia 

Synthesis of Zn(TpyPhPyrene2)2 2 PF6 

In a 50 mL Schlenk flask, TpyPhPyrene2 (50 mg, 0.070 mmol) and ZnCl2 (5 mg, 

0.037 mmol) were suspended in methanol (15 mL) and refluxed for 4 hours. Then, the 

solution was cooled down, filtered and disoved in a solution of THF (20 mL). A water 

solution of ammonium hexafluorophosphate was added precipitating the zinc 

hexafluorophosphate salt. The precipitate was filtered, washed extensively with water and 

ether yielding a yellow solid. 

Yield: 76 %, m = 47 mg (M = 1775.03 g/mol), ESI-MS: 742.30 (- 2 PF„), NMR (300 MHz, 

CD2C12): 5 (ppm) = 9.00 (s, 2 H), 8.53 (m, 4 H), 8.38 (dd, 3J= 8.1 Hz, 2 H), 8.30-8.00 (m, 19 

H), 7.89 (d, 3J= 4.8 Hz, 2 H), 7.45 (dd, 3J= 5.4 Hz, 2 H); UV/vis [Xmilx (nm) (s (x 104 M"'.cm" 

')), in acetonitrile]: 240 (17.2), 281 (15.6), 342 (11.1); Luminescence [Xmax (nm), in 

dichloromethane, (77K)]: 540, (377, 388, 398). 
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