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3.1. Introduction  

Nonlinear optics (NLO), the branch of optics which deals with the effect of the 
interaction of light with nonlinear media, has become an important research field during 
the last years due to its potential application in photoelectronics and photonics 
technology.1–3 Indeed, this new technology, based on the acquisition and transfer of 
information by photons, shows many advantages such as higher speed of response and 
lower magnetic and electrical interactions during the processing of information. Thus, 
materials with nonlinear optical properties can be employed for the manipulation of 
optical signals in telecommunications as well as for other important technological 
applications such as optical computation, laser lithography and image processing.4,5  

The first discovery of a nonlinear optical phenomenon was reported in 1961 when 
Franken and coworkers observed second harmonic generation (or frequency doubling) 
when they focused a ruby laser into a quartz crystal.6 Since then the field of nonlinear 
optics became of high interest and many nonlinear optical effects and spectroscopic 
techniques were discover during the next decades.7–11 Nonlinear optical activities were 
firstly found in semiconductors and inorganic crystals such as LiNbO3. However, the 
commercial availability of such materials was limited since most of them exhibited low 
responses and were difficult to incorporate into microelectronic devices. During the 
decade of 1980 some organic materials were proposed as appropriate systems for 
obtaining high and efficient nonlinear responses since they are easier to integrate into 
optical devices.12–14 Moreover, another advantage of the use of organic materials for 
NLO is the high versatility for designing new structures in order to establish 
relationships between structure-activity and control the nonlinear optical properties. 
However, organic compounds can show some disadvantages as the lack of transparency 
and optical stability due to damage when irradiated with high power light. 

3.1.1. Theoretical aspects 

NLO processes are the result of the interaction of intense electric fields with matter. 
When an electric field (E) of a laser beam is acting on a molecule, it induces electric 
polarization that produces a distortion in the spatial distribution between the electrons 
and nucleus since the propagation of the electromagnetic wave through the medium 
originates the vibration of electrons. The internal charge redistribution occurs in the 
opposite direction to the applied field and originates the appearance of induced dipoles, 
with moment . At very low fields, the induced polarization (p) is directly proportional 
to the intensity of the applied electric field and leads to Equation 1, in which 0 is the 

intrinsic dipole moment of the molecule and  is the linear polarizability of the 
molecule or atom. If the field oscillated with a frequency, then the induced polarization 
will have the same frequency and phase. 

 p = 0 +·E (Eq. 1) 
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Figure 3.1. Linear and Nonlinear optical properties of a given material under high electric fields (E).  

However, when a molecule is subject to a laser light (i.e. very intense electric 
field), the polarization becomes independent on the electric field and may change 
driving it beyond the linear regime (Figure 3.1). Therefore, the new nonlinear molecular 
polarization can be expressed by Equation 2, where  is the linear polarizability,  is the 

first hyperpolarizability (second-order effect) and  is the second hyperpolarizability 
(third order effect) and so on.15 Both coefficients are tensors and dependent on the 
direction of the incident wave with respect of the material orientation.  

 p = 0 +·E + ·E·E + ·E·E·E + … (Eq. 2) 
 

In general, to obtain materials with interesting NLO properties it is necessary to 
optimize the microscopic coefficient of the isolated molecules to the expression for the 
bulk polarization of a material when molecules are organized in crystals or in a 
condensed phase. In this case, macroscopic linear polarization is given by Equation 3, 
where P0 is the static dipole of the sample, and n

is the nth order NLO susceptibility. 

 P = P0 +
·E + ·E·E + ·E·E·E + … (Eq. 3) 

 
Some of the most common studied nonlinear optical phenomena are the second-

harmonic generation (SHG) and the third-harmonic generation (THG). In SHG process 
(2:,) a beam with twice the optical frequency of the incoming one is generated 
(Figure 3.2). For example, by this process, near infrared laser light () can be converted 
by a nonlinear optical material to blue light (2). It is important to mention that the used 
wavelengths of irradiation should not coincide with any important absorption region of 
the material to avoid resonant effects.  

 

Figure 3.2. Scheme for SHG exhibting frequency doubling when a laser interacts on a crystal with NLO 
properties. 
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3.1.2. Experimental techniques 

As we have seen, the nonlinear optical process (or hyperpolarizability of first order) 
consists on the frequency doubling of a laser when interacts with a material with 
nonlinear optical properties. The microscopic property is determined by  factor 
whereas the macroscopic property is defined by parameter. It is important to note 
that for andto be non-zero, the molecules need to be non-centrosymmetric or to 
have a special symmetry like octupolar molecules. The main techniques for measuring 
the hyperpolarizability value  of isolated molecules in solution are Electric-Field-
Induced Second Harmonic Generation (EFISHG) and Hyper-Rayleigh Scattering (HRS) 
techniques.  

Electric-Field-Induced Second Harmonic Generation (EFISHG) 

EFISGH technique has been used for many years since it was discovered by 
Terhune and coworkers in 1962.16 The principle of this technique is based on the 
application of a static electric field that induces a preferential orientation of dipolar 
molecules dispersed in solution that will be aligned according to the direction of the 
field breaking the symmetry of the solution. Using the EFISHG technique it is possible 
to measure the product z, where z is the z vectorial component of the  tensor 
(defining z as the direction of the permanent dipole moment). The disadvantage of 
EFISHG technique is that it involves the application of a strong electric field to break 
the centrosymmetry of the solution in order to orient the molecules. Thus, this approach 
can be applied only for non-ionic molecules which have a permanent dipole moment 
and it requires high concentrations, leading sometimes to the formation of undesired 
aggregates. Moreover, the measured quantity does not provide information about the 
value of  but just gives the z product. Because of these limitations the use of the 
EFISH technique is now quite limited. 

Hyper-Rayleigh Scattering (HRS) techniques 

Solutions are characterized by a disorder structure and exactly because of that 
they can produce incoherent harmonic light scattering, as predicted by Bersohn in 
1964,17 which allows to determine  values of several small organic molecules. In 1991, 
HRS was rediscovered as a valuable technique for measuring  values of organic 
chromophores by Clays and Perssons.18,19  The Hyper-Rayleigh Scattering approach 
consists on a non-linear process where two photons at the fundamental frequency are 
converted into one photon at the second harmonic frequency. The two main advantages 
of HRS technique are that the hyperpolarizability  is determined independently of the 
dipole moment measuring the average in all directions and it can be applied to a wider 
range of compounds than EFISHG, such as ionic molecules in diluted solutions, or 
molecules with octupolar symmetry20 (T or D3h), such Crystal Violet.21,22 An 
appropriate correction for multi-photon fluorescence is needed because the light is 
scattered in all directions and thus cannot be spatially separated from fluorescence. Pure 
solvent must be used as reference for the internal calibration of HRS measurements.  
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3.1.3. Organic materials for NLO  

The capability of a material to find application for second-order NLO properties is 
determined by several factors such as the efficacy, the optical damage or the optical 
transparency. Traditionally, materials exhibiting second-order NLO responses were 
inorganic crystals, such as LiNbO3, that show high optical transparency and optical 
damage resistance, but usually low  coefficients. However, organic materials, such as 
organic crystals and polymers, have been demonstrated to show better nonlinear optical 
and physical properties, such as ultrafast response times, lower dielectric constants or 
better processability characteristics, when compared to inorganic materials. Moreover, 
the ease of modification of organic molecular structures it makes possible to synthesize 
tailor-made molecules with desired physical properties.  

3.1.4. Push-pull systems with NLO properties 

Organic compound composed by an electron-donor fragment (D) linked to an electron-
acceptor (A) through a -conjugated spacer (know as push-pull systems) are one of the 
most developed structures for new compounds with efficient NLO responses. Indeed, as 
the theoretical Oudar and Chemla model suggests,23 some of the requisites for obtaining 
molecules with large NLO responses are: a) excited electronic states close in energy to 
the ground state, b) large oscillator strengths for electronic transitions from the ground 
state and excited state, and c) a large difference between the ground (g)  and excited 
(e) state dipole moments. Highly polarizable D--A dyads meet all these requierements 
showing charge transfer between the electron-donating and electron-withdrawing 
groups. For example, push-pull systems based on nitroaniline derivatives exhibit 
remarkable NLO properties (Figure 3.3).24 

 

Figure 3.3. Molecular structure of the push-pull system 4-amino-4’-nitrostilbe.24  

During the last years, high effort has been devoted to combine different bridges, 
acceptor and donor groups in several molecular systems in order to enhance its NLO 
response. Among the donor moieties, dimethylamino or alcoxibenzene units were 
extensively used groups whereas nitro, cyano and polycyano units were used as 
acceptor groups. Also the nature of the bridge was widely studied were polyenes, imines 
and aromatics systems were commonly used (Figure 3.4). 
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Figure 3.4. Most common units in push-pull molecules for second-order NLO properties. 

The best theoretical description for explaining the second-order NLO 
phenomenon in dipolar conjugated molecules was established by Marder and 
coworkers25,26 introducing the geometric parameter named BLA (Bond Length 
Alternation), which represents the average difference in length between adjacent C-C 
bonds in a polyene-like chain. This model provides a relationship between the  value 
and the degree of polarization of the molecules. For example, in substituted polyenes 
with weaker donor and acceptor units the neutral form dominates and the molecule 
shows a high degree of BLA; whereas stronger donor and acceptor groups can increase 
the contribution of the charge-separated resonant form and decrease the degree of bond 
length alternation. On the other hand, Prassad et al. studied the effect of conjugation of 
the bridge in 4-amino--nitroestirene derivatives showing that neither the increment of 
conjugation length nor the increment of the strength of the donor or acceptor units 
increase the NLO response due to the decreasing of the energy difference between the 
HOMO and LUMO transition.27  

In principle, all efforts to increase the hyperpolarizability were centered on the 
search for stronger donor and acceptor units and the increasing of the -conjugated 
bridge. In this sense, the first employed conjugated bridges were substituted benzenes, 
biphenyls, stilbenes or azostilbenes.28 For example, the presence of a stronger donor and 
acceptor moieties connected through a longer bridge should give higher second-order 
NLO responses (Figure 3.5).29 Thus, it is possible to obtain a large quantity of 
compounds modulating the degree of BLA by modifying the strength of the 
electroactive donor and acceptor units as well as the topology of the bridge. 
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Figure 3.5. Hiperpolarizabilities () and permanent dipole moment () of two conjugated push-pull 
compounds.29 

TTF-based push-pull systems with NLO properties 

Regarding electron-donor units for obtaining high NLO response, the tetrathiafulvalene 
(TTF) has been one of the most common used moieties due to its excellent donating 
properties and its enhanced aromaticity in the charged-separated state.30 Some of these 
TTF-based push-pull compounds have been reported by Bryce, Orduna and Martín and 
are summarized in Figure 3.6.31–36 The effect of increasing the length of the polyenic 
spacer and the influence of the nature of the acceptor moiety on the NLO properties was 
studied by using the EFISHG technique as well as by theoretical calculations. It was 
concluded that the nonlinear optical activity is larger for compounds containing better 
acceptor and  values increase with increasing the length of the ethylenic spacer.34  

 

Figure 3.6. NLO properties and max of TTF-based push-pull derivatives measured by EFIHG 
technique.34 
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Octupolar systems 

In addition to the push-pull dipolar molecules, during the last decades there has been 
also a large interest for octupolar molecules exhibiting NLO responses as can afford 
advantages such as increased  responses without undesirable losses of transparency 
and improved phase-matching.37,38 Octupolar molecules are non-dipolar species whose 
second-order NLO response is related to multidirectional charge transfer excitation, 
rather than to dipolar unidirectional excitations (Figure 3.7a). Indeed, the first 
hyperpolarizability cannot be described by the two-level model but is simplified into 
two components, J = 3 (dipolar part) and J = 1 (octupolar part). Due to the absence of 
dipole moment in such structures, it is not possible to measure the NLO responses in 
solution using EFISHG technique. Since the discovery of the HRS technique, which 
does not require a poling dipolar field, it has been possible to measure the NLO 
properties of octupolar systems. Most of the studied octupolar chromophores are based 
on trigonal organic (D3 or D3h) molecular systems such as triamino or 
trinitrobenzenes,20,39 trisubstituted amines40,41 or Crystal Violet derivatives22 (Figure 
3.7b). This later system has been extensively studied by Campo and Terenziani 
providing a detailed wavelength-dependent study of the molecular hyperpolarizability  
of an octupolar NLO molecule for the first time.21 Also bipyridyl ligands have 
demonstrated to be excellent building blocks for the construction of metal complexes 
like [M(bpy)3]

n+ for which hyperpolarizability values are found to be between 200-
500·10-30 esu (Figure 3.7c).42–44 

 

Figure 3.7. a) Octupolar charge distribution in a characteristic octupolar system and molecular structures 
of b) Crystal Violet and c) 4-4’-Dialkenyl-2-2’-bypiridines bearing -donor substituents and its 
corresponding octahedral complexes. 

3.1.4. Open-shell systems with NLO properties 

During the last decades, most attempts to discover new molecular chromophores 
exhibiting large second-order hyperpolarizabilities were focused on closed-shell 
species. However, materials with open-shell structures have also aroused the interest of 
many researchers because their interesting second- and third-order NLO properties.45,46 
It was in 1996 when Di Bella et al. proposed that species having open-shell electronic 
states, as organic radical or transition metals with paramagnetic centers, can exhibit 
larger hyperpolarizabilities in comparison with analogous closed-shell systems.47  
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In fact, second-order NLO activities of systems with open-shell electronic states 
can be enhanced due to the more accessible charge-transfer electronic states. However, 
only few examples of organic open-shell molecules showing second-order 
hyperpolarizabilities have been reported due to the high chemical and thermal instability 
of these species. The first family of organic radicals whose NLO properties were 
attempted to be measured in solution was the -nitronyl nitroxides,48 but due to their 
low persistency they could not be studied in detail. Nicoud et al. reported the first 
organic radical based on the p-nitrophenyl -nitronyl-nitroxide (NPNN) exhibiting both 
magnetic and nonlinear optical properties. The  hyperpolarizabilities were determined 
by the EFIGH technique obtaining a value of 6.24·10 -30 esu for NPNN.49  

Triphenylmethyl-based systems with NLO properties 

The capability of triphenylmethyl radical to generate NLO responses has been found to 
be higher due to the larger stability that allows to measure the corresponding 
hyperpolarizabilities using the HRS technique. In fact, molecular nonlinear optical 
coefficients of several polychlorotriphenylmethyl (PTM) radical derivatives, that show a 
non-planar D3 symmetry group, were measured in CH2Cl2 solution at room temperature 
irradiating with a laser light at 1064 nm (Figure 3.8).50,51 Interestingly, high NLO 
responses with larger  values (118-775·10 -30 esu) were obtained being up to five times 
larger than the one reported for the closed-shell Crystal Violet compound (150·10-30 
esu) that exhibits a similar Ar1Ar2Ar3Z topology. Moreover, the representation of the 
hyperpolarizabilities  in front of the reduction or oxidation potentials of the radicals 
gave a linear dependence indicating a direct correlation between the energy of the 
electronic transitions (where the SOMO orbital is involved) and the NLO responses. 

 

Figure 3.8. Hyperpolarizability  values of several PTM radicals measured with the HRS technique.  
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The incorporation of PTM radicals into push-pull systems has been shown to be 
very efficient to develop new molecular systems with large NLO responses. On the 
other hand, the incorporation of metallocene moieties as donor groups linked to 
acceptor moieties has been widely studied since the discovery of large second-order 
NLO properties in a ferrocene (Fc) derivative reported by Green and coworkers.52 In 
this direction, it has been reported some push-pull systems based on the electron-
acceptor PTM radical linked to the electron-donor Fc moiety through a vinylene bridge. 
For example, NLO properties measured by EFISHG technique of the isomeric trans and 
cis forms of Fc-PTM dyad revealed that molecular torsions decreased the second-order 
NLO response (Figure 3.9).53 

 

Figure 3.9. Vectorial hyperpolarizability  values of the two isomers (cis- and trans-) of the Fc-PTM 
radical dyad measured with the EFISHG technique 

Moreover, NLO properties of the push-pull system based on the PTM radical 
linked to the nonamethylferrocene group by a vinylene bridge (Me9Fc-PTM) were 
investigated using HRS technique with a laser of 800 nm (Figure 3.10).54 The Fc-PTM 
radical dyad gave a NLO response with a dynamic hyperpolarizability value  of 
545·10-30 esu. Interestingly, this value was reduced to 66·10 -30 esu for the corresponding 
Me9Fc+-PTM cation and even more for the related carbanion Me9Fc-PTM- (30·10-30 
esu).  

 

Figure 3.10. The hyperpolarizability  values for the three redox states of Me9Fc-PTM dyad. 
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3.2. Results and discussion 

In view of the donors and acceptor capabilities and large NLO properties of both TTF 
and PTM radical molecules, it could be very interesting to combine both units in a D--
A molecule and evaluate its second-order NLO response. For this reason and in order to 
evaluate the influence of the open-shell character and the length of the bridge, we have 
synthesized and characterized a family of TTF--PTM radical derivatives (1, 3 and 4) 
and their non-radical analogues (1-H, 3-H and 4-H) increasing the number of vinylene 
units between the D and A units (see Publication #3).  

3.2.1. NLO properties of TTF--PTM dyads 

In this Chapter we provide a detailed study of the intramolecular charge transfer 
dependence on the open-shell structure and on the bridge length of this family of 
compounds (Figure 3.11). Moreover, NLO properties of such dyads have been 
evaluated by means of the Hyper-Rayleigh Scattering (HRS) technique. HRS 
measurements have been performed, in collaboration with V. Pia and W. Wenseelers 
(University of Antwerp), using a wavelength of 1550 nm that show a direct correlation 
between the open-shell character of the dyads and the bridge length with the  
hyperpolarizabilities. Moreover, theoretical calculations, made by E. Ortí and coworkers 
(ICMol, Universidad de Valencia), have been carried out in order to further understand 
the electronic, geometrical and NLO properties of these TTF--PTM dyads.  

 

 

 

 

 

 

Figure 3.11. Molecular structures of the radical dyads 1, 3 and 4 and their non-radical derivatives 1-H, 3-
H and 4-H. 

Cyclic voltammetry of radicals 1, 3 and 4, as well as their non-radical precursors 
1-H, 3-H and 4-H, were performed in CH2Cl2 at room temperature (Table 1 and Figure 
3.12). As expected the CV of radical dyads exhibits three waves, related to the 
following redox pairs: PTM-/PTM· , TTF/TTF+· , and TTF+·/TTF2+. It is important to 
note that the oxidation waves assigned to the TTF moiety are higher than the 
unsubstituted TTF in agreement with the presence of an acceptor moiety. Moreover, 
these peaks shifted toward more positive values as the length of the spacer decreases, 
from 4 to 1, indicating a stronger interaction between the donor and acceptor moieties 
when are closer. 
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Table 1. Cyclic voltammetries data of compounds 1, 3 and 4 in CH2Cl2, vs. Ag/AgCl, using n-Bu4PF6 
(0.1 M) as electrolyte at 300 K under argon at a scan rate of 0.1 V/s. 

Compound Ered
1/2 (V) Eox1

1/2 (V) Eox2
1/2 (V) Ered(V)a Eox(V)b 

1 -0.16 0.50 1.01 0.66 0.51 

3 -0.20 0.44 0.96 0.64 0.52 

4 -0.22 0.40 0.92 0.62 0.52 

a) Ered = Eox1
1/2 – Ered

1/2 ; b) Eox = Eox2
1/2 – Eox1

1/2. 

 

Figure 3.12. Cyclic voltammetry of solutions of radical compounds 1 (black line), 3 (red line) and 4 (blue 
line) in CH2Cl2, vs. Ag/AgCl, using n-Bu4PF6 (0.1 M) as electrolyte at 300 K under argon at a scan rate of 
0.1 V/s. 
 

On the other hand, UV-vis-NIR spectra of all compounds were measured in 
CH2Cl2 at 300 K. We calculated the HOMO-LUMO or HOMO-SUMO gaps from the 
lowest energy band observing considerable large gaps for the closed-shell dyads (~2 
eV) whereas these are smaller for the open-shell dyads (Table 2). It is important to 
mention that there is no direct correlation between the electrochemical and optical gaps, 
which hinders determination of HOMO-LUMO gaps as it has been already observed for 
similar systems.34 This fact can be attributed to the irreversible nature of the 
electrochemical reduction, where the peak potential does not correspond to the 
thermodynamic redox potential. In these similar cases, the elongation of the -linker 
between the donor and acceptor results in small but consistent hypsochromic shifts of 
the long-wavelength absorption, although the electrochemical gap is reduced. 
Regardless of this behavior, the hyperpolarizability of similar TTF-A compounds 
increases with elongation of the -linker (See Figure 3.6).55 On the other hand, DFT 
calculations have been performed in order to assign each band and to calculate the 
HOMO-LUMO gap observing the same trend that in the experimental one. 
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Table 2. UV-vis-NIR data for compounds 1, 3, 4 and 1-H, 3-H, 4-H (lowest energy bands in bold) in 
CH2Cl2. Experimental and theoretical HOMO-LUMO gaps calculated from the spectra. 

Compound max/nm (10-3
/M-1 cm-1)

exp HOMO-
LUMO gap 

(eV) 

theo HOMO-
LUMO gap 

(eV) 

1 295 (20.6); 323 (sh); 385 (26); 426 (15); 
518 (4.3); 957 (0.6) 0.96 1.13 

3 273 (sh); 326 (21.8); 385 (29.3); 456 
(12.3); 568 (4.5); 942 (0.6) 1.00 1.09 

4 340 (24.9); 385 (30.1); 475 (15.9); 607 
(7.4); 918 (0.7) 1.05 1.07 

1-H 290 (sh); 322 (28.4); 456 (5.4) 2.20 2.65 
3-H 289 (sh); 332 (26.4); 463 (5.4) 2.15 2.45 
4-H 278 (sh); 355 (24.8); 471 (6.4) 2.10 2.31 

 

UV-Vis-NIR spectra of radical dyads 1, 3 and 4 show an intense band at 386 nm 
that is characteristic of PTM radical chromophores (Figure 3.13). Two unresolved peaks 
appear at lower energies (426, 456 and 475 nm, and 518, 568 and 607 nm for 1, 3 and 4 
respectively) which are attributed to the electronic conjugation of the unpaired electron 
into the -framework. The tendency of these bands is to shift toward lower energies 
when increasing the bridge length in agreement with the higher electron delocalization 
over the vinylene units. Finally, we can observe the appearance of a weak broad band 
between 900-1100 nm that is assigned to an ICT process from the TTF unit to the PTM 
radical. This band is shifted toward higher energies when increasing the length of 
oligoenic bridge in agreement with the reduced charge transfer between the donor and 
the acceptor.  

 

Figure 3.13. UV-vis-NIR spectra of a solution 0.05 mM of dyads 1 (black line), 3 (red line) and 4 (blue 
line) in CH2Cl2. Inset shows the low-energy range of the absorption spectra. 
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Moreover, vibrational spectroscopy gave us further information about the degree 
of ICT of these push-pull chromophores. The Raman spectra of dyads 1, 3 and 4 were 
recorded at 300 K by using an excitation wavelength of =514 nm. Raman lines around 
1600 cm-1 can be attributed to a (C=C) stretching mode of the vinylenic spacer, bands 
between 1570-1550 cm-1 are due to s(C=C) stretching (4 mode) of the TTF donor 
unit,34 whereas the line around 1520-1500 cm-1 are characteristic for the stretching 
mode of the lateral polychlorinated benzene groups overlapped with the n(C=C) 
stretching vibration of the TTF group. The band related to the external spin bearing 
PTM moiety is reported at 1509 cm-1 for the PTM radical without substituents and shifts 
towards higher frequencies when PTM radical exerts a more profound electron 
withdrawal over a richer electron donor unit.56 In this case, we can observe that this 
band is shifted from 1516 to 1508 cm-1 for 1 and 4, respectively (Figure 3.14), in 
agreement with the higher degree of charge transfer from the TTF electron donor to the 
PTM radical acceptor unit when the bridge becomes shorter. Moreover, the band related 
to the TTF group is upshifted when increasing the length of the -bridge (from 1552 to 
1569 cm-1 for 1 and 4, respectively) indicating a higher degree of the charge transfer in 
the TTF unit for the shortest dyad 1 as it has been already observed for similar TTF 
derivatives.34 This fact is in agreement with the calculated Mulliken charges showing 
that the TTF unit donates more electron density as the bridge becomes shorter. 

 

Figure 3.14. Raman spectra of compounds 1 (black line) and 4 (blue line)  
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Finally, in order to evaluate the NLO properties of open-shell 1, 3 and 4 dyads 
and closed-shell 1-H, 3-H and 4-H dyads, we have performed HRS measurements in 
collaboration with W. Wenseelers during a research stay at the University of Antwerp. 
Molecular nonlinear coefficients  of these compounds 1, 3, 4 and 1-H, 3-H, 4-H were 
determined in CHCl3 solution at room temperature using HRS experiments with a 
wavelength of 1550 nm. A worth noticing point of the experimental values is the large 
increase of  values of radical compounds in comparison with the non-radical ones that 
ranges from 2.5 to 10 times. Moreover, there is an increase of the hyperpolarizability 
when the bridge length is enlarged in accordance with the enhancement of the electronic 
delocalization (Table 3 and Figure 3.15). Theoretical calculations of NLO properties 
made by E. Ortí and coworkers confirmed the observed tendency when increasing the 
conjugated bridge as well as when comparing the non-radical and radical compounds. 

Table 3. Experimental and theoretical NLO properties of 1, 3, 4, 1-H, 3-H and 4-H compounds using a 
laser of  = 1550 nm. 

Compound exp   (10-30esu) a theo  (10-30esu) (B3LYP/6-31G**) 
1 440 2500 
3 600 3500 
4 880 4500 

1-H 49 10 
3-H 90 250 
4-H 175 510 

a Measured in CHCl3 at  = 1550 nm. 

 

Figure 3.15. Representation of hyperpolarizabilities  for the radical and non-radical dyads with different 
number of vinylenic units measured at  = 1550 nm.  
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3.3. Summary 

In summary, we have reported the synthesis and physiochemical properties of a new 
family of TTF--PTM derivatives of three conjugated donor--acceptor radical systems 
(1, 3 and 4) based on a tetrathiafulvalene (TTF) unit, as electron-donor, connected to a 
polychlorotriphenylmethyl (PTM) radical, as electron-acceptor, through different 
ethylenic units as bridge, exhibiting large nonlinear optical properties. These results are 
detailed in Publication #3. 

The bridge length dependence on the intramolecular charge transfer has been analyzed 
by different electrochemical and spectroscopic techniques, such as CV, UV-vis-NIR, 
IR, Raman, and ESR. In addition, the second-order non-linear optical (NLO) response 
of these derivatives have been studied using the HRS technique demonstrating a direct 
dependence on the bridge length as well on the open-shell structure comparing with 
their non-radical analogues (1-H, 3-H and 4-H). Interestingly, an enhanced NLO 
response was observed when the PTM is in its radical form as well as the length of the 
bridge becomes larger.  Indeed, the NLO  hyperpolarizabilities of radical compounds 
in comparison with the non-radical ones that ranges from 2.5 to 10 times. Moreover, 
theoretical calculations supported all the electronic, geometrical and NLO properties of 
such TTF--PTM dyads. In conclusion, these conjugated TTF--PTM compounds have 
demonstrated to be very promising for the development of new materials exhibiting 
large NLO responses that can be enhanced increasing the conjugation of the systems. 
These results could open new possibilities to design new multifunctional and/or 
switchable materials exhibiting simultaneously magnetism and NLO properties.  
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ABSTRACT: In this article, a family of three conjugated donor--acceptor radical systems (1a-1c) based on a tetrathiafulvalene 
(TTF) unit, as electron-donor, connected to a polychlorotriphenylmethyl (PTM) radical, as electron-acceptor, through different 
ethylenic units as bridge has been synthesized. The bridge length dependence on the intramolecular charge transfer has been ana-
lyzed by different electrochemical and spectroscopic techniques, such as CV, UV-vis-NIR, IR, Raman, and ESR. In addition, the 
second-order non-linear optical (NLO) of these derivatives have been studied using the HRS technique demonstrating a direct de-
pendence on the bridge length as well on the open-shell structure comparing with their non-radical analogues (2a-2c). Interestingly, 
an enhanced NLO response was observed when the PTM is in its radical form as well as the length of the bridge becomes larger.  
SECTION: Donor-acceptor, push-pull, tetrathiafulvalene, PTM radical, intramolecular charge-transfer, NLO properties.

The design and synthesis of novel organic materials exhibiting 
nonlinear optical (NLO) properties is an interesting field due to 
their potential applications in optoelectronic technologies [1-5]. In 
particular, organic molecules which contain electron donor (D) 
and electron acceptor (A) units linked by a -conjugated bridge 
(D--A molecules as push-pull systems) have been the subject of 
considerable effort for the development of electro-optic switching 
elements for telecommunications and optical information pro-
cessing [6-11]. Remarkable characteristics of such push-pull sys-
tems are their large  hyperpolarizabilites of D--A molecules 
and the possibility of tuning this property by changing the nature 
of the bridge and strengths of the donor and acceptor units. Re-
garding the building blocks, tetrathiafulvalene (TTF) derivatives 
have been widely used as an efficient electron donor unit for 
synthesizing TTF--A structures with NLO properties. Indeed, 
after the first example reported 1998, [12] many other TTF-based 
push-pull derivatives with closed-shell electronic structures exhib-
iting large NLO responses have been described. [13-20] NLO mate-
rials with open-shell electronic structures have also aroused the 
interest of many researchers because of their perspectives [21-26]. 
Thus, a few years ago some of us reported the second-order non-
linear optical (SONLO) response of a family of 
polycholotriphenylmethyl (PTM) radical derivatives showing 
large hyperpolarizabilities  values [27-29]. In addition, PTM radi-
cal derivatives act as efficient electron acceptors in front of many 
donor molecules.   

In view of the donors and acceptor capabilities and large NLO 

properties of both TTF and PTM radical molecules, they could be 

of high interest to combine both units in a D--A molecule and 

evaluate the SONLO response. Recently it has been reported a D-

-A system based on a PTM radical electron-acceptor linked to a 

TTF electron-donor through a vinylene bridge[30] that exhibit a 
reversible switching between a neutral and zwitterionic state in 
solution through the application of external stimuli such as the 
polarity of the solvent or temperature.[30-32]  In order to study the 

NLO response of this radical dyad and evaluate the influence of 

the open-shell character and the length of the bridge, we have 

synthesized and characterized a family of TTF--PTM radical 

derivatives (1a-1c) and their non-radical analogues (2a-2c). In this 

article we present a detailed study of the intramolecular charge 

transfer dependence on the open-shell structure and on the bridge 

length of this family of compounds. Moreover, SONLO properties 

of such dyads have been evaluated by means of the Hyper-

Rayleigh Scattering (HRS) technique showing larger  values for 

the radical dyads and when increasing the spacer conjugation 

length. In order to further understand the electronic, geometrical 

and NLO properties of these TTF--PTM dyads, theoretical cal-

culations have been carried out. 

 

 

 

 

 

 

 

 

 

Scheme 1. Molecular structures of D-A radical dyads (1a, 1b and 
1c) and their non-radical derivatives (2a, 2b and 2c).  
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Results and Discussion 
 
1. Synthesis 
 
The synthesis of formyl-TTF precursor 3a [33,34] was carried out 
by reaction of monolithio-TTF with dimethylformamide with a 
yield of 69 %. The improved synthesis of 3b was reported by 
González et al. [14] and involves the reaction of the monolithio-
TTF with N,N-dimethylacrolein to yield the trans-vinylogue 
amide according to the coupling constants in the 1H-NMR spectra. 
Finally, the larger formyl-TTF vinylogue 3c was obtained by a 
Wittig reaction of 3b with the phosphorane 4 in a 40 % yield. 

 

Scheme 2. Synthesis of the formyl-TTF derivatives 3a-3b. 

The synthesis of all non-radical TTF--PTM derivatives 2a-
2c was carried out by a Horner-Wadsworth-Emmons reaction of 
the phosphonated-functionalized non-radical PTM derivative 5 [35] 
with the formyl-TTF derivatives 3a-3c. Compounds 2a and 2b 
were obtained in 70 % yield whereas 2c was obtained in moderate 
yield (40 %). All-trans vinylogues were obtained according to the 
coupling constants in the 1H-NMR spectra (see Supporting Infor-
mation). 

 

Scheme 3. Synthesis of the compounds 2a-2c. 

Finally, synthesis of radicals 1a-1c involves the subsequent 
deprotonation of non-radical TTF--PTM derivatives 2a-2c with 
tetrabutylammonium hydroxide (TBAOH) followed by oxidation 
of the formed carbanion with silver nitrate (AgNO3) that afford 
the final radical dyads 1a-1c with yields between 73-78% 
(Scheme 3). The radical compounds were obtained as black solids 
which are stable under atmospheric conditions. 

 

Scheme 3. Synthesis of the radical derivatives 1a-1c. 

2. Electrochemical Properties 
 
Cyclic voltammetry of radicals 1a -1c, as well as their non-radical 
precursors 2a -2c, were performed in CH2Cl2 at room temperature 
(Figures 1 and S4 and Table 1). Spectra of compounds 2a-2c 
show two quasi reversible redox waves due to the stepwise oxida-
tion of the TTF moieties to TTF+·  and TTF2+ with similar redox 
potentials (vs Ag/AgCl) of around 0.45 and 0.96 V, respectively. 
As expected the CV of radicals 1a-1c exhibits three waves, related 
to the following redox pairs: PTM-/PTM· , TTF/TTF+· , and 
TTF+·/TTF2+. It is important to note that the oxidation waves 
assigned to the TTF moiety are shifted toward more positive 
values in the case of 1a than in 2a suggesting that the radical dyad 
exhibits a stronger interaction with the donor due to the enhanced 
electron-acceptor character of the PTM radical moiety. Moreover, 
this shift gradually increases as the length of the spacer decreases 
for 1a-1c indicating a stronger interaction between the donor and 
acceptor groups when they are closer. On the other hand, the 
reduction peak assigned to the PTM-/PTM· process is shifted 
toward more negative values when the bridge becomes longer.  

 

Figure 1. Cyclic voltammetry of solution of radical compounds 
1a (black line), 1b (red line) and 1c (blue line) in CH2Cl2 vs. 
Ag/AgCl using n-Bu4PF6 (0.1 M) as electrolyte at 300 K under 
argon at a scan rate of 0.1 V/s. 
 
Table 1. CVs data of compounds 1a-1c and 2a-2c.  
 

Compound Ered
1/2 Eox1

1/2 Eox2
1/2 Ered(V)b Eox(V)c

1a -0.16 0.50 1.01 0.66 0.51 

1b -0.20 0.44 0.96 0.64 0.52 

1c -0.22 0.40 0.92 0.62 0.52 

2a - 0.45 0.95 - 0.50 

2b - 0.45 0.96 - 0.51 

2c - 0.46 0.97 - 0.51 
a In Volts vs Ag/AgCl; CH2Cl2 as solvent, TBAPF6 as electrolyte and scan 

rate of 0.1 V/s. b  Ered(V) = Eox1
1/2 - Ered

1/2. [c] Eox(V) = Eox2
1/2 - Eox1

1/2. 

 

3. Optical Properties 
 

UV-vis spectra of non-radical compounds 2a-2c in CH2Cl2 are 
showed in the Supporting information (Figure S5). All spectra can 
be deconvoluted in two principal bands that are shifted towards 
higher wavelengths as the bridge is increased. We can observe 
that the calculated HOMO-LUMO gaps from the lowest energy 
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bands are considerably large (~2 eV) and slightly shifted when 
increasing the bridge.   

 
More interesting are the UV-Vis-NIR spectra in CH2Cl2 of radi-

cal compounds 1a-1c at 300 K (Figure 2) which can be 
deconvoluted in five principal peaks (See Suporting Information). 
All spectra show an intense band at 386 nm that is characteristic 
of PTM radical chromophores. Two unresolved peaks appear at 
lower energies (426, 456 and 475 nm, and 518, 568 and 607 nm 
for 1a, 1b and 1c respectively) which are attributed to the elec-
tronic conjugation of the unpaired electron into the -framework. 
The tendency of these bands is to shift toward lower energies 
when increasing the bridge length in agreement with the higher 
electron delocalization over the vinylene units. Finally, we can 
observe the appearance of broad band between 900-1100 nm that 
is assigned to an ICT process from the TTF unit to the PTM radi-
cal. This band is shifted toward higher energies when increasing 
the length of oligoenic bridge in agreement with the reduced 
charge transfer between the donor and the acceptor. 

 
TDDFT calculations have been performed in order to assign 

each band of dyads 1a-1c and 2a-2c to MO transitions (Figures 
S19 and S20) and to calculate the HOMO-LUMO gaps (Figures 
S18) observing the same trend as obtained experimentally (Table 
2).  

 

 
 
Figure 3. UV-vis-NIR spectra of a solution 0.05 mM of dyads 1a 
(black line), 1b (red line) and 1c (blue line) in CH2Cl2. Inset 
shows the low-energy range of the absorption spectra of 1a-1c. 
 
Table 2. UV-vis-NIR data for compounds 1a-1c and 2a-2c (low-

est energy bands in bold) in CH2Cl2. Theoretical and experimental 

HOMO-LUMO gap calculated from the spectra. 
 

Dyad max/nm (10-3/M-1 cm-1)
exp HOMO-

LUMO gap 

(eV) 

theo HOMO-

LUMO gap 

(eV) 

1a 
295 (20.6); 323 (sh); 385 (26); 

426 (15); 518 (4.3); 957 (0.6) 
0.96 1.13 

1b 
273 (sh); 326 (21.8); 385 (29.3); 

456 (12.3); 568 (4.5); 942 (0.6) 
1.00 1.09 

1c 
340 (24.9); 385 (30.1); 475 

(15.9); 607 (7.4); 918 (0.7) 
1.05 1.07 

2a 290 (sh); 322 (28.4); 456 (5.4) 2.20 2.65 

2b 289 (sh); 332 (26.4); 463 (5.4) 2.15 2.45 

2c 278 (sh); 355 (24.8); 471 (6.4) 2.10 2.31 

4. Magnetic Properties 
 
ESR spectra of radicals 1a, 1b and 1c in toluene/CH2Cl2 (0.05 

mM at 220 K show three partially overlapped main lines centered 

at different g-values (Table 3). The shift of such g-values indi-

cates a more electron delocalization of the SOMO orbital on the 

conjugated -framework. The three overlapped lined observed at 

220 K with slightly different hyperfine coupling constants (Table 

3) can be ascribed to the coupling of the unpaired electron with 

two equivalent 1H atoms of the vinylene bridges (Figure 4). DFT 
calculations confirmed that the unpaired electron is mainly local-
ized in the PTM unit and that the spin density spreads over the 
bridge upon increasing the bridge length (Figure S15). 

Table 3. ESR parameters used for the simulation of experimental 

X-band spectra of 1a-1c radicals. 

Compound g-value a1(H) (G) 

1a 2.0025 1.10 

1b 2.0026 1.07 

1c 2.0028 1.04 

 

 

Figure 4. ESR spectra of 0.05 mM solution of dyads 1a (black 

line), 1b (red line) and 1c (blue line) in toluene/CH2Cl2 at 220 K.  

5. IR and Raman spectra  
 

In order to gauge the degree of intramolecular charge transfer 

of 1a-1c and 2a-2c systems we have performed an IR and Raman 

study (See Figures S8 and S9 respectively). The IR bands around 

1600 cm-1 are assigned to the C=C stretching of the vinylene units 

and are shifted toward lower frequencies when the bridge length 

is increased that can be due to the enhanced C=C/C-C conjugation 

that decreases the multiple bond character of the vinylene units. 

On the other hand, bands between 900-1000 cm-1 are assigned to 

the C=C-H out of plane bending of the vinylene units in trans-

position which are shifted towards higher frequencies when the 

bridge length is increased. Moreover, these shifts are more pro-

nounced in the case of radical dyads 1a-1c as the electron delocal-

ization in such compounds is enhanced.  
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Vibrational spectroscopy can also be useful to give us infor-

mation about the degree of ICT of push-pull chromophores. The 

Raman spectra of dyads 1a-1c were recorded at 300 K by using an 

excitation wavelength of =514 nm. Raman lines around 1605-
1590 cm-1 are related to the (C=C) stretching mode of the 
vinyelene unit whereas the bands between 1570-1540 cm-1 can be 
attributed to the 4(C=C) stretching mode of the TTF donor unit. 
[14] The band related to the external spin bearing PTM moiety is 
reported at 1509 cm-1 for the PTM without substituents and shifts 
towards higher frequencies when PTM radical exerts a more 
profound electron withdrawal over a richer electron donor unit.[36] 
In this case, we can observe that this band appears at 1516, 1513 
and 1508 cm-1 for 1a, 1b and 1c, respectively (Figure 5 and S10), 
in agreement with the higher degree of charge transfer from the 
TTF electron donor to the PTM radical acceptor unit as the bridge 
becomes shorter. Moreover, the band related to the TTF group is 
upshifted when increasing the length of the -bridge (from 1552 
to 1569 cm-1 for 1a and 1c, respectively) indicating a higher de-
gree of the charge transfer in the TTF unit for the shortest dyad 1a 
as it has been already observed for similar TTF derivatives.[14] 
This is in agreement with the calculated Mulliken charges show-
ing that the TTF unit donates more electron density as the bridge 
becomes shorter (Figure S16).   

 

Figure 5. Raman spectra of dyads 1a (black line) and 1c (blue 

line) at =514 nm.  

Table 4. IR data of selected frequencies  

Compound C=CVIN stretch 

( cm-1) 

C=CTTF stretch 

( cm-1) 

C=CVIN bend 

( cm-1) 

1a 1601 1493 938 

1b 1594 1508 971 

1c 1571 1508 989 

2a 1611 1515 943 

2b 1595 1512 978 

2c 1575 1509 989 

 

6. Second-Order Non-linear Optical Properties 

In order to evaluate the NLO properties of 1a-1c and 2a-2c we 

have performed HRS measurements using a laser system based on 

Ti:sapphire regenerative amplifier, which is pumping an optical 

parametric amplifier, allowing the output to be tuned in the wave-

length range from 300 nm to 3 µm. A. Molecular nonlinear coef-

ficients of compounds 1a-1c and 2a-2c were determined in CHCl3 

solution at room temperature using HRS technique with a wave-

length of  = 1550 nm. A worth noticing point of the experimental 

values is the large increase of  values of radical compounds in 

comparison with the non-radical ones that ranges from 2.5 to 10 

times. Moreover, there is an increase of the hyperpolarizability 

when the bridge length is enlarged in accordance with the en-

hancement of the electronic delocalization. The same trend is 

observed in the calculated hyperpolarizabilitites showing higher 

relative  values when the bridge becomes larger (Figures S21 

and S22).  

Table 5. Experimental and calculated NLO properties of com-

pounds 1a-1c and 2a-2c. 

Compound exp   (10-30esu)[a] theo  (10-30esu) (B3LYP/6-

31G**) 

1a 440 2500 

1b 600 3500 

1c 880 4500 

2a 49 10 

2b 90 250 

2c 175 510 
a Measured in CHCl3 at 1550 nm. 

Conclusions 
 

In summary, we have reported the synthesis of a new family 

of TTF--PTM dyads that have been fully characterized by multi-

ple spectroscopic techniques in order to analyze the 

intramolecular charge transfer between the electron-donor TTF 

and the electron-acceptor PTM radical. In addition, the second-
order non-linear optical (NLO) of the radical dyads derivatives 
have been studied using the HRS technique demonstrating a direct 
dependence on the bridge length as well on the open-shell struc-
ture comparing with their non-radical analogues. Moreover, theo-
retical calculations have been performed in order to further under-

stand the electronic, geometrical and NLO properties of such 

TTF--PTM dyads. 
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General methods for synthesis and characterization 
1
H NMR spectra were recorded using a Bruker Avance 250, 400, 500 instruments and Me4Si as an 

internal standard. Infrared spectra were recorded with Spectrum One FT-IR Spectroscopy instrument and 

UV/Vis/NIR spectra were measured using Cary 5000E Varian. ESR spectra were performed with a 

Bruker ESP 300 E equipped with a rectangular cavity T102 that works with an X-band (9.5 GHz). The 

solutions were degassed by argon bubbling before the measurements. LDI/TOF MS were recorded in a 

Bruker Ultraflex LDI-TOF spectrometer. Cyclic voltammetry measurements were obtained with a 

potentiostat 263a from EG&G Princeton Applied Research in a standard 3 electrodes cell. The HRS 

measurements were pertformed using a laser system based on Ti:sapphire regenerative amplifier, which is 

pumping an optical parametric amplifier, allowing the output to be tuned in the wavelength range from 

300 nm to 3 µm. All reagents and solvents employed for the syntheses were of high purity grade and were 

purchased from Sigma-Aldrich Co., Merck, and SDS. Dry solvents were used in the chemical reactions 

and in the cyclic voltammetries. The solvents used for optical spectroscopy and ESR measurements were 

of HPLC grade (ROMIL-SpS). In addition, for cyclic voltammetry experiments, CH2Cl2 was filtered over 

basic alumina to eliminate the acidic residues. 

 

Synthesis of 3a: 1.00 g (4.9 mmols) of tetrathiafulvalene, previously recrystallized from heptane, was 
dissolved in 60 ml of anhydrous THF under an inert atmosphere. Then, it was cooled down to -78 ºC with 
an acetone/N2 bath and 3.13 ml of LDA (1.8 M) were added and stirred for 90 minutes to obtain the 
lithiated TTF-derivative. After that, 1.20 ml (15.5 mmols) of anhydrous N,N-dimethylformamide (DMF) 
were added in the solution which was stirred for 2 extra hours. Then, the mixture was acidified with 
hydrochloridric acid (2 M), extracted with CH2Cl2, and washed with water. The organic phase was dried 
with anhydrous magnesium sulfate, filtrated, and the solvent was evaporated under reduced pressure. The 
product was purified by column chromatography of silica gel using a mixture of hexane and CH2Cl2 as 
eluent (1:1). 0.79 g (69%) of the final product was obtained. Characterization: LDI-TOF (positive 
mode): m/z (amu/e-): 233.37 (M+·) 1H-RMN (250MHz, CDCl3,  (ppm)): 9.48 (s, 1H, CHO); 7.43 (s, 1H, 

CH); 6.33 (s, 2H, CH). FT-IR ( cm-1): 3267 (w); 3063 (w); 3038 (w); 2920 (w); 2281 (w); 2114 (w); 
1786 (w); 1713 (w); 1662 (s); 1645 (s); 1561 (m); 1550 (m); 1532 (s); 1515 (s); 1472 (m); 1368 (m); 
1287 (m); 1252 (m); 1228 (m); 1143 (s); 1075 (m); 1000 (m); 983 (m); 866 (w); 829 (m); 788 (s); 775 (s); 
737 (m); 697 (m). 
 

Synthesis of 3b: 550 mg (2.70 mmol) of tetrathiafulvalene were dissolved in 40 ml of anhydrous THF 
under Ar atmosphere. Then it was cooled to -78 °C and 1.70 ml of a 2 M solution of lithium 
diisopropylamide (LDA) in tetrahydrofuran were added to the solution and stirred for 60 minutes. Then, 
0.5 ml (5.2 mmol) of 3-(dimethylamino)-acrolein was added and the solution was stirred for two hours. 
Afterward, the mixture was acidified with hydrochloric acid (2 M), extracted with CH2Cl2 and washed 
with water. The organic phase was dried with anhydrous magnesium sulfate, filtrated and the solvent was 
evaporated under reduced pressure. The product was purified by column chromatography of silica gel 
using a mixture of hexane and ether to yield 430 mg (62%) of TTF-CH=CH-CHO (3b) as a dark red-
brownish solid. Characterization: 1H-NMR (250 MHz, CDCl3, (ppm)): 9.58 (d, 1H, J = 7.4 Hz, CHO); 
7,17 (d, 1H, J = 15.4 Hz, CH-CHO); 6.87 (s, 1H); 6.35 (s, 2H); 5.96 (dd, 1H, J = 15.4, 7.4 Hz, CH=CH-
CHO). FT-IR ( cm-1): 3063 (w); 2955 (w); 2921 (m); 2851 (m); 1738 (w); 1660 (s, C=O); 1600 (s, 
CH=CH); 1522 (m); 1511 (m); 1458 (w); 1382 (w); 1252 (w); 1216 (w);  1157 (w); 1112 (s); 1001 (w); 
953 (s); 830 (m); 795 (m) 754 (s); 728 (m); 669 (m). LDI-TOF (positive mode): m/z (amu/e-): 257.722 
(M+·). 
 

Synthesis of 3c: A solution of triphenylphosphoranylidene-acetaldehyde (212 mg, 0.7 mmol) and 3b (90 
mg, 0.35 mmol) in benzene (20 ml) was refluxed under Ar for 3 hours. After cooling, hexane (30 ml) was 
added and the precipitated Ph3PO was filtered. The solvent was evaporated and the product was purified 
by column chromatography using hexane/Et2O (90:10) to obtain 40 mg (40 %) of TTF-CH=CH-CH=CH-
CHO (3c) as a red solid. Characterization: 1H-NMR (250 MHz, CDCl3, (ppm)): 9.57 (d, 1H, J = 7.9 
Hz, CHO); 7,10 (dd, 1H, J = 15.2, 11.0 Hz); 6.73 (d, 1H, J = 15.1 Hz); 6.59 (s, 1H); 6.33 (s, 2H); 6,26 
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(dd, 1H, J = 14.5, 11.2 Hz); 6,20 (dd, 1H, J = 14.5, 7.6 Hz). FT-IR ( cm-1): 3063 (w); 2981 (w); 2848 
(w); 1660 (s, C=O); 1602 (s, CH=CH); 1582 (s, CH=CH); 1504 (s); 1392 (w); 1289 (w); 1246 (w); 1140 
(s); 1108 (s); 1006 (m); 975 (s); 830 (w); 795 (m); 776 (m); 750 (m). LDI-TOF (positive mode): m/z 
(amu/e-): 283.352 (M+·). 
 
Synthesis of 2a: 1000 mg (1.14 mmols) of the phosphonate PTM derivative (4-[bis(2,3,4,5,6-
pentachlorophenylmethyl)methyl]-2,3,4,6-tetrachlorobenzyl phosphonate) were dissolved in 40 ml of 
anhydrous THF under strict inert conditions. The solution was cooled down to -78 ºC by means of an 
acetone/CO2(s) bath. Next, 384 mg (3.42 mmols) of potassium tert-butoxide were added and stirred for 
20 minutes to form the yellow ylide under an inert argon atmosphere. After that, 141 mg (1.25 mmols) of 
formyl-TTF were added and the reaction was kept at a low temperature under argon for 3 days. Then, the 
solution was slowly warmed up to RT and acidified with 1.7 ml of a 2 M solution of HCl and the product 
was extracted with 3 portions of 40 ml of CH2Cl2. The organic phase was washed with water, dried with 
anhydrous magnesium sulfate and the solvent was evaporated under reduced pressure. Finally, the 
product was purified by flash column chromatography of silica gel using a mixture of hexane/diethyl 
ether (50:50) as eluent. 778 mg (80%) of product 1-H were obtained. Characterization: 1H-NMR (250 
MHz, C6D6, (ppm)): δ=7.21 (s, 1H; PTM-H), 6.29 (d, 1H, J = 16.0 Hz); 6.13 (d, 1H, J = 16.2 Hz); 5.52 
(s, 1H); 5.39 (s, 2H). FT-IR (KBr, (cm-1)): 2925 (s), 2850 (s), (C-H TTF); 1610 (s) (vinylene bridge); 
1530 (m), 1513 (m) (C=C TTF); 1463 (m); 1356 (s); 1336 (s); 1296 (s); 1134 (m); 1120 (m); 943 (m); 
794(s), 779 (s) (C-Cl); 752 (m). UV-VIS-NIR (CH2Cl2, max in nm, 10-3

 in M-1·cm-1): 290 (sh); 322 
(28.4); 456 (5.4). LDI-TOF (negative mode): m/z (amu/e-): 953.705 (M-·). Cyclic voltammetry 
(Bu4NPF6 0.15 M in CH2Cl2 as electrolyte): E½=0,448 V and E½=0,965 V vs. Ag/AgCl.  
 
Synthesis of 2b: 454 mg (0.52 mmol) of the phosphonated PTM derivative were dissolved in 40 ml of 
anhydrous THF under inert conditions. The solution was cooled down to -78 ºC and 116 mg (1.03 mmol) 
of potassium tert-butoxide were added and stirred for 20 minutes to form the yellow-orange ylide. After 
20 minutes, 147 mg (0.57 mmol) of the aldehyde 3b were added and the reaction was warmed up to room 
temperature and stirred for 2 days. Then the mixture was extracted with CH2Cl2, washed with water, dried 
with anhydrous MgSO4 and solvents were evaporated under reduced pressure. Finally the product was 
purified by column chromatography of silica gel using a mixture of ether and hexane (1:1) to obtain to 
obtain 362 mg (71 %) of 2b as a dark reddish powder. Characterization: 1H-NMR (250 MHz, C6D6, 
(ppm)): 7.23 (s, 1H);  6.49 (dd, 1H, J = 15.7, 10.5 Hz); 6,30 (d, 1H, J = 15.7 Hz); 6.09 (dd, 1H, J=15.2, 

10.0 Hz); 5.87 (d, 1H, J=15.1 Hz); 5.50 (s, 1H); 5.41 (s, 2H). FT-IR ( cm-1): 2951 (w); 2922 (m); 2851 
(m); 1727 (w); 1597 (m, CH=CH); 1526 (m); 1513 (m); 1458 (w); 1369 (w); 1337 (m); 1294 (s); 1239 
(w); 1190 (w); 1136 (m); 979 (s); 922 (w); 859 (w); 828 (w); 806 (s); 793 (s); 778 (m); 746 (w); 734 (w); 
685 (m). UV-VIS-NIR (CH2Cl2, max in nm, 10-3

 in M-1·cm-1): 289 (sh); 332 (26.4); 463 (5.4). LDI-
TOF (positive mode): m/z (amu/e-): 981.705 (M+·). Cyclic voltammetry (Bu4NPF6 0.15 M in CH2Cl2 as 
electrolyte): E½

1= 0.447 V; E½
2=0.958 V. 

 
 
Synthesis of 2c: 230 mg (0.26 mmol) of the phosphonated PTM derivative were dissolved in 30 ml of 
anhydrous THF under inert conditions. The solution was cooled down to -78 ºC and 60 mg (0.52 mmol) 
of potassium tert-butoxide were added and stirred for 20 minutes to form the yellow-orange ylide. After 
20 minutes, 85 mg (0.30 mmol) of the aldehyde 3c were added and the reaction was warmed up to room 
temperature and stirred for 2 days. Then the mixture was extracted with CH2Cl2, washed with water, dried 
with anhydrous MgSO4 and solvents were evaporated under reduced pressure. Finally the product was 
purified by column chromatography of silica gel using a mixture of ether and hexane (1:1) to obtain to 
obtain 105 mg (40 %) of 2c as a dark reddish powder. Characterization: 1H-NMR (250 MHz, C6D6, 
(ppm)): 7.23 (s 1H); 6.64 (dd, 1H, J = 15.6, 9.6 Hz,); 6.36 (d, 1H, J = 15.5 Hz); 6.1-5.8 (m, 4H); 5.51 (s, 

1H); 5.42 (SM 2H). FT-IR ( cm-1): 2955 (w); 2922 (w); 2855 (w); 1575 (m, CH=CH); 1525 (m); 1510 
(m); 1459 (m); 1370 (w); 1337 (m); 1294 (s); 1237 (w); 1138 (m); 992 (s); 951 (w); 859 (w); 808 (s); 778 
(m); 735 (w); 716 (w); 682 (m). LDI-TOF (negative mode): m/z (amu/e-): 1004.488 (M-·); (positive 
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mode): m/z (amu/e-): 1003.931 (M-·). UV-VIS-NIR (CH2Cl2, max in nm, 10-3
 in M-1·cm-1): 278 (sh); 355 

(24.8); 471 (6.4). Cyclic voltammetry (Bu4NPF6 0.15 M in CH2Cl2 as electrolyte): E½
1=0.462 V; 

E½
2=0.970 V. 

 
 
Synthesis of 1a: 100 mg (0.1 mmol) of 2a were dissolved in 30 ml of anhydrous THF. 150 l (0.15 
mmol) of tetrabutylammonium hydroxide 1.0 M in methanol were added and the purple solution was 
stirred for 1 hour. Then, 32 mg (0.18 mmol) of silver nitrate dissolved in 5 ml of acetonitrile were added 
to the solution and stirred for 5 minutes. The solution changes from purple to dark brown with silver 
(Ag0) precipitated. Then, the solution was filtered through silica and the solvent was evaporated under 
reduced pressure. Finally, the product was precipitated with MeOH to produce 73 mg of dyad 1a (73 %) 
as brownish powder. Characterization: FT-IR (KBr, (cm-1)): 2915 (w), 2889 (w), 1603 (w) (vinylene 
bridge); 1502 (w), 1474 (w) (C=C TTF); 1375 (m); 1351 (m); 1334 (s); 1284 (m); 1260 (m); 1250 (m); 
1163 (m); 1134 (m); 1102 (s); 940 (s); 798(w), 780 (w) (C-Cl). UV-VIS-NIR (CH2Cl2, max in nm, 10-3

 
in M-1·cm-1): 295 (20.6); 323 (sh); 385 (26); 426 (15); 518 (4.3); 957 (0.6). LDI/TOF (positive mode): 
m/z (amu/e-): 952 [M+•], 882 [M-2Cl]+. Elemental Analysis: Anal. Calcd. for C27H5Cl14S4 (C6H14): C, 
38.11; H, 1.84; S, 12.33. Found: C, 38.88; H, 1,7; S, 12.20. CV (Bu4NPF6 0.15 M in CH2Cl2 as 
electrolyte): E½

1=-0.16 V; E½
2=0.50; E½

3=1.01 V vs. Ag/AgCl. ESR (CH2Cl2/toluene, 220 K): g=2.0025, 
a1(H)=1.10 G. 

 
Synthesis of 1b: 80 mg (0.08 mmol) of 2b were dissolved in 20 ml of anhydrous THF. 120 l (0.12 
mmol) of tetrabutylammonium hydroxide 1.0 M in methanol were added and the purple solution was 
stirred for 1 hour. Then, 25 mg (0.14 mmol) of silver nitrate dissolved in 5 ml of acetonitrile were added 
to the solution and stirred for 5 minutes. The solution changes from purple to dark brown with silver 
(Ag0) precipitated. Then, the solution was filtered through silica and the solvent was evaporated under 
reduced pressure. Finally, the product was precipitated with MeOH to produce 60 mg of dyad 1b (73 %) 
as brownish powder. Characterization: FT-IR (KBr, (cm-1)): 2955 (m); 2922 (m); 2851 (m); 1594 (w, 
CH=CH); 1525 (w); 1508 (m); 1458 (w); 1376 (w); 1333 (s); 1259 (m); 1163 (w); 1136 (m); 1117 (m); 
1066 (m); 971 (s); 923 (w); 865 (w); 815 (s); 795 (s); 778 (s); 735 (s); 708 (m). UV-VIS-NIR (CH2Cl2, 
max in nm, 10-3

 in M-1·cm-1): 273 (sh); 326 (21.8); 385 (29.3); 456 (12.3); 568 (4.5); 942 (0.6). 

LDI/TOF (positive mode): m/z (amu/e-): 979.711 (M+·). Elemental Analysis: Anal. Calcd. for 
C29H7Cl14S4 (C6H14): C, 39.43; H, 2.06; S, 12.03. Found: C, 38.8; H, 2.00; S, 11.67.  CV (Bu4NPF6 0.15 
M in CH2Cl2 as electrolyte): E½

1=-0.20 V; E½
2=0.44; E½

3=0.96 V vs. Ag/AgCl. ESR (CH2Cl2/toluene, 
220 K): g=2.0026, a1(H)=1.07 G. 

 
Synthesis of 1c: 70 mg (0.07 mmol) of 2b were dissolved in 20 ml of anhydrous THF. 100 l (0.10 
mmol) of tetrabutylammonium hydroxide 1.0 M in methanol were added and the purple solution was 
stirred for 1 hour. Then, 21 mg (0.12 mmol) of silver nitrate dissolved in 5 ml of acetonitrile were added 
to the solution and stirred for 5 minutes. The solution changes from purple to dark brown with silver 
(Ag0) precipitated. Then, the solution was filtered through silica and the solvent was evaporated under 
reduced pressure. Finally, the product was precipitated with MeOH to produce 55 mg of dyad 1c (78 %) 
as brownish powder. Characterization: FT-IR (KBr, (cm-1)): 2953 (w); 2922 (w); 2850 (w); 1571 (m, 
CH=CH); 1508 (m); 1459 (m); 1377 (w); 1333 (s); 1318 (s); 1257 (s); 1157 (w); 1137 (m); 116 (w); 989 
(s); 941 (m); 913 (w); 816 (s); 808 (s); 795 (m); 779 (w); 735 (m); 708 (m). UV-VIS-NIR (CH2Cl2, max 

in nm, 10-3
 in M-1·cm-1): 340 (24.9); 385 (30.1); 475 (15.9); 607 (7.4); 918 (0.7). LDI/TOF (positive 

mode): (negative mode): m/z (amu/e-): 1004.734 (M-·); (positive mode): m/z (amu/e-): 1003.203 (M-·). 
Elemental Analysis: Anal. Calcd. for C31H9Cl14S4 (C6H14): C, 40.69; H, 2.12; S, 11.74. Found: C, 40.9; 
H, 2.5; S, 11.83. CV (Bu4NPF6 0.15 M in CH2Cl2 as electrolyte): E½

1=-0.22 V; E½
2=0.40; E½

3=0.92 V vs. 
Ag/AgCl. ESR (CH2Cl2/toluene, 220 K): g=2.0028, a1(H)=1.04 G. 
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1H-NMR of 2a:  
 

 
 
 

 
 
 
 

Figure S1. 
1
H-NMR spectrum of dyad 2a in C6D6 and protons observed in the 

1
H-NMR spectrum.  

1H-NMR of 2b:  
 

 

 

Figure S2. 
1
H-NMR spectrum of dyad 2b in C6D6 and protons observed in the 

1
H-NMR spectrum.  
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1H-NMR of 2c:  
 

   
 

Figure S3. 
1
H-NMR spectrum of dyad 2c in C6D6 and protons observed in the 

1
H-NMR spectrum.  

 
Figure S4. Cyclic voltammetry of solution of compounds 2a (black line), 2b (red line) and 2c (blue line) 

in CH2Cl2 vs. Ag/AgCl using n-Bu4PF6 (0.1 M) as electrolyte at 300 K under argon at a scan rate of 0.1 

V/s.  
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UV-vis of 2a-2c:  
 

 
 

Figure S5. UV-Vis of a solution 0.05 mM of dyads 2a (black line), 2b (red line) and 2c (blue line) in CH2Cl2. Inset 
shows the low-energy range of the absorption spectra of 2a-2c. 
 

 

Deconvoluted UV-vis-NIR of 1a-1c:  
 

 

 

 
Figure S6. UV-Vis-NIR deconvoluted spectrum of dyad 1a in CH2Cl2. 
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Figure S7. UV-Vis-NIR deconvoluted spectrum of dyad 1b in CH2Cl2. 

 

 

 
 
Figure S8. UV-Vis-NIR deconvoluted spectrum of dyad 1c in CH2Cl2. 
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IR spectra of 2a-2c:  
 

 

 
 
Figure S8. Infrared spectra of compounds 2a-2c.  
 
IR spectra of 1a-1c:  
 
 

 
Figure S9. Infrared spectra of compounds 1a-1c.  
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Raman spectra of 1a-1c:  
 

 
 

Figure S10. Raman spectra of compounds 1a-1c.  
 

Computational study of cis/trans conformation of 1a-1c and 2a-2c:  
 

Two main conformers arise from the relative orientation of the TTF unit with respect to the π-conjugated 

bridge: s-cis isomers (e.g., 2c) and s-trans isomers (e.g., 2c-t). The s-trans isomer is calculated ≈3 

kcal/mol more stable than the s-cis isomer for all compounds. 

 

 

 
 

 
 

Figure S11. Relative energies for the cis- and trans- conformers of dyads 1a-1c and 2a-2c.  
 

2c 2c-t 
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Frontier Molecular Orbitals of Closed-Shell dyads 2a-2c (B3LYP/6-31G**) (isovalue = 0.03)  

 
There are no differences in the frontier MOs between the s-cis and the s-trans isomers. We find an 

identical MOs picture when using the CAM-B3LYP functional. 

 

 
 

Figure S12. Frontier Molecular Orbitals for the trans- and cis- conformations of dyad 2c.  
 
The HOMO is centered on the TTF, and the LUMO+1 is located on the PTM unit. Both orbitals suffer no 
change upon increasing the length of the bridge. The LUMO and the HOMO-1 spread along the bridge 
upon increasing its length. 
 
 

 
 

Figure S13. Frontier Molecular Orbitals for dyads 2a-2c.  
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Frontier Molecular Orbitals of Open-Shell dyads 1a-1c (B3LYP/6-31G**) (isovalue = 0.03)  

 
The HOMO is TTF-centered, as for the closed-shell systems. The SOMO (single occupied MO) is largely 
localized on the central carbon of the PT; unit. The α spin-orbital (SOMO) is lower in energy than the 
HOMO and its β partner corresponds to the lowest unoccupied β orbital (SUMO). For the β orbitals, the 
HOMO → SOMO gap is very small and will give rise to a low-energy charge-transfer electronic 
transition. 
 

 
Figure S14. Frontier Molecular Orbitals for dyads 1a.  
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Spin densities of Open-Shell dyads 1a-1c (B3LYP/6-31G**) (isovalue = 0.001)  

The spin density calculated for the neutral species of the open-shell systems indicate that the unpaired 

electron is mainly located on the PTM unit. The spin density spreads over the bridge upon increasing the 

bridge length. Identical picture is obtained with the CAM-B3LYP results. 

 

 

 

 

 
Figure S15. Spin densities of dyads 1a.  

 

 

Mulliken charges of dyads 1a-1c and 2a-2c (B3LYP/6-31G**)  

A small electron density transfer (0.04–0.08 e) takes place in the ground state from the bridge and the 

TTF moiety to the ClTPM unit. The longer the bridge, the larger the electron density is going from the 

bridge to the ClTPM. The TTF unit is far from the acceptor ClTPM unit, and barely participates in the 

ground state electron transfer. However, comparing the s-cis and s-trans isomers, we find that the TTF in 

the more conjugated s-trans isomers donates more electron density to the ClTPM unit. 

 

  
 
Figure S16. Mulliken charges of the different units for dyads 1a-1c (cis- and trans-) and 2a-2c (cis- and trans-).  

 

 

 

1c-t 

1b-t 

1a-t 



S14 

 

Reduce/oxidized species: Spin density contours 
 

Closed-shell systems (2a-c): 

The reduction process to form the anion mainly takes place on the bridge as suggested by the LUMO 

topology. The first oxidation occurs on the TTF unit as expected by the HOMO shape. The second 

oxidation can take place on either the TTF or the PTM giving rise to a closed-shell singlet or to an open-

shell triplet dication species, respectively (see the drawing for the dication). 

 

Open-shell systems (1a-c): 

Upon reduction, the extra electron enters the PTM unit (LUMO β or SUMO) generating a closed-shell 

anion. The first oxidation takes place on the TTF moiety and gives rise to a triplet cation species. The 

second oxidation occurs on the PTM fragment and the unpaired electron resides on the TTF. The third 

oxidation takes place on the TTF unit resulting in a closed-shell trication species. 

 

 

 

 
Figure S17. Spin density contours of the charged species derived from dyads 1a and 2c. 

 

HOMO-LUMO gaps for dyads 1a-1c and 2a-2c 
 

 
 

Figure S18. Orbital diagram indicating the energy difference between the HOMO and LUMO orbitals for dyads 1a-
1c and 2a-2c. 
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Both theoretical HOMO-LUMO gaps and S1 energies of dyads 2a-2c show the same trend as obtained 
experimentally, with a reduction of the gap upon increasing the bridge length. For open-shell systems 1a-
c, theoretical HOMO-LUMO gaps are similar to the experimental ones. The lowest doublet excited states 
are computed a bit lower in energy due to the inherently underestimation of the charge-transfer 
excitations by the B3LYP functional. CAM-B3LYP gives too-high excited-state energies compared to 
B3LYP and experimental gaps. 
 

 
 

Theoretical absorption spectra of dyads 1a-1c and 2a-2c 
 

 
Figure S19. Theoretical absorption spectra of dyads 1a (red line), 1b (green line) and 1c (blue line). 

 

 
Figure S20. Theoretical absorption spectra of dyads 2a (red line), 2b (green line) and 2c (blue line). 
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The theoretical absorption spectra computed at the B3LYP and CAM-B3LYP levels slightly differ due to 
the different amount of exact Hartree-Fock exchange. Both methods give the same qualitative description 
of the bands experimentally recorded in the 250-1000 range. We will use the B3LYP spectra presented in 
the previous slide although they underestimate the energy of charge-transfer bands. 
 

For the open-shell systems, a weak low-lying charge-transfer transition is predicted around 1500 
nm, which is assigned to the weak broad band experimentally observed around 900 nm. The transition 
corresponds to the D1 state originating on the monoexcitation from the TTF (HOMO) to the ClTPM unit 
(SOMO). Two inner bands are predicted at 600 and 400 nm, which have a charge transfer (TTF → 
bridge) and a π-π* (bridge) nature, respectively. These two bands correspond to the transitions observed 
experimentally at 500 and 400 nm. 

 
For the closed-shell systems, two main bands are computed in the 250-800 nm. The band 

calculated at 550-650 nm corresponds to the TTF → bridge (HOMO → LUMO) charge-transfer S1 
excitation and is assigned to the band experimentally observed at 450 nm. Otherwise, the band observed 
at 300-400 nm belongs to the π-π* electronic transition located in the bridge unit. Whereas the former 
does not suffer much displacement upon increasing the bridge length, the large blue-shift experienced by 
the π-π* band is nicely reproduced by the theoretical simulation. 
 
Theoretical hyperpolarizabilities of dyads 1a-1c and 2a-2c (B3LYP/6-31G**) 

 

 

 
 
Figure S21. Absolute calculated values of  hyperpolarizabilities for dyads 1a-1c (cis and trans) and for 

dyads 2a-2c (cis and trans).  
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Figure S22. Comparison between relative experimental and theoretical values of  hyperpolarizabilities for 

dyads 1a-1c (cis and trans) and for dyads 2a-2c (cis and trans).  
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