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1. Introduction 
 

Since immemorial time, the Human knows that light interacts with matter.  
This interaction has been rationalized by Maxwell in 1873 by his four equations 
describing among other things the linear relationship between the macroscopic 
polarization of materials and the electro-magnetic field.  However, in the sixties, with 
the development of LASER sources, which possess much larger intensities, it 
appears that nonlinear effects have also to be considered and included in describing 
the relationship between the polarization and the electro-magnetic field.  The first 
observed nonlinear optical (NLO) phenomenon induced by an intense 
electromagnetic field from a laser was demonstrated by Franken et al. [1] in 1961 at 
the University of Michigan.  They observed that, for a quartz sample irradiated with a 
694 nm (red) wavelength laser, the transmitted beam was composed of a 
supplementary wave of double frequency, i.e. at 347nm (blue).  Nonlinear optics 
includes these phenomena where the properties of light are modulated by matter 
(second-harmonic generation - SHG) or where the properties of matter are 
modulated by light (Pockels effect: the modification of the refractive index 
proportionally to the strength of the applied electric field). 

During the last decades, in our information technology society, the amount of 
data to be stored has been continuously increasing, requiring memory elements 
smaller and smaller as well as more and more powerful.  So, the tiny size of the 
molecules could be efficient and organic compounds with photochromic properties 
have received considerable attention because of their possible applications in this 
field.  Molecular switches, which are compounds presenting the ability to commute 
between two or more forms displaying distinct physico-chemical properties in 
response to external stimuli (light, temperature, pH,...) [2], are of interest.  More 
particularly, organic systems with commutable NLO responses are highly attractive 
due to their flexibility, tailored synthesis, low cost, and easy and environment friendly 
processing.  Since few years, materials presenting large contrast of NLO properties 
are largely studied in view of potential applications in photonics, opto-electronics, 
data storage, and/or sensing devices and have motivated a lot of experimental and 
theoretical works [3-11].   

In order to predict, interpret, and optimize the NLO properties of molecular 
switches, we have investigated known switching species in a pluridisciplinary 
approach that combines the synthesis of the compounds (by our collaborators) as 
well as their linear and nonlinear optical characterizations, experimentally and 
theoretically.  In paragraph 1.1., we present principles of nonlinear optics while 
paragraph 1.2. introduces the concept of molecular switches as a function of the 
nature of the stimulus triggering off the commutation.   
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1.1. Nonlinear optical properties 
 
1.1.1. General aspects 

An electric field (E
r

), such as in an electromagnetic wave, always induces 
displacement of the electronic cloud.  In an applied oscillatory field, the electrons will 
oscillate.  At low field strengths, they oscillate at the applied frequency and the 
magnitude of the induced polarization is linearly proportional to the applied field: 

 ( ) EPEP )1(
0

rtrrr
⋅χ+=  (1-1) 

where P
r

 is the polarization of the material, 0P
r

 is the permanent polarization, and )1(χt  
is the linear susceptibility connected to the refractive index ( )1(2 1n χ+= ).  At high field 
strengths, the polarization is no longer linear.  In this case, the expression of the 
polarization, Equation (1-1), is expended in a Taylor series with respect to the 
external field [12]: 

 ( ) ...EE:EPEP (2)(1)
0 +χ+⋅χ+=

rrrtrtrrr
 (1-2) 

where (2)χ
rt

 is the second-order nonlinear optical susceptibility characterizing the NLO 
responses of the medium.  The nonlinearity of the polarization with respect to the 
electric field is represented in Figure 1-1: 

 

 
Figure 1-1: Linear and nonlinear responses of the polarization as a function of increasing 

the electric field amplitude. 

 

At the molecular scale, the interaction between the electric field and the 
molecules is described by the dipole moment which, similarly to the polarization, can 
be written as: 

 
 

P
r

0P
r

E
r

( ) ...EE:EPEP (2)(1)
0 +χ+⋅χ+=

rrrtrtrrr

( ) EPEP )1(
0

rtrrr
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 ...EE:
2
1

E)E( 0 +β+⋅α+µ=µ
rrrtrtrrr

 (1-3) 

where 0µr  is the permanent dipole moment, α
t

 is the polarizability, and β
rt

 is the first 

hyperpolarizability tensor.  Accordingly, these properties are defined as the 
successive derivatives of the dipole moment with respect to the electric field: 

 ( ) ( )
E'E'E

'E
E

=










∂
µ∂=α  (1-4) 

 ( ) ( ) ( )
E'EE'E

2

2

'E
'E

'E

'E
E

==










∂
α∂=









∂
µ∂=β  (1-5) 

In this thesis, we are particularly interested by the first hyperpolarizability, β, 
a tensor presenting 27 components: 

 



















βββββββββ

βββββββββ

βββββββββ

=β

zyxzxyzxzzzxzzyzyzzzzzyyzxx

yyxyxyyxzyzxyzyyyzyzzyyyyxx

xyxxxyxxzxzxxzyxyzxzzxyyxxx

 (1-6) 

As a function of the symmetry of the molecule, this tensor can be simplified.  The first 
hyperpolarizabilities are expressed as a function of the frequency of the 
electromagnetic wave: β(-ω3; ω1, ω2), ω1 and ω2 are the frequencies of the incident 
waves and ω3 is the frequency of the scattered wave with ω3 = ω1 + ω2.  In the case 
of SHG or in hyper Rayleigh scattering, ω1 = ω2 and the βijk and βikj components are 
identical so that they only remain 18 independent elements: 

 



















ββββββ

ββββββ

ββββββ

=β

zyxzzxzyzzzzzyyzxx

yyxyzxyyzyzzyyyyxx

xyxxzxxyzxzzxyyxxx

 (1-7) 

So, in the case of the second-harmonic generation or in hyper Rayleigh scattering, 
the first hyperpolarizability reads β(-2ω; ω, ω), which is illustrated in Figure 1-2:        
ω1 = ω2 and the frequency of the scattered beam (blue) corresponds to the double of 
the incident beam (red).  Finally, for the Pockels effect, the first hyperpolarizability 
reads β(-ω; ω, 0).  In the next paragraphs, the β values are expressed in atomic units 
(a.u.): 1.0 a.u. of β = 3.6213 × 10-42 m4 V-1 = 3.206361 × 10-53 C3 m3 J-2 = 8.6392 × 
10-33 esu.  Note that a centrosymmetric molecule can not present a first 
hyperpolarizability value because: 

 ( ) ( ) 0EE =β→µ−=−µ  (1-8) 
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Figure 1-2: Illustration of the second-harmonic generation (From Ref. 13). 

 

1.1.2. Second-order nonlinear optics of organic compounds 

The NLO molecular properties come from donor-acceptor interactions [14].  A 
type of molecules exhibiting remarkable β values are the dipolar push-pull molecules 
that consist of strong electron-donor (D) and electron-acceptor (A) groups anchored 
on a π-conjugated linker (Figure 1-3).  These molecules are characterized by an 
important charge transfer along the π-conjugated bridge and by a principal 
component of the first hyperpolarizability in the direction of the molecular axis.  As 
example, para-nitroaniline [15] is a typical push-pull molecule (Figure 1-4).  Disperse 
red one (DR1) [16] is another example of push-pull compound, which is widely used in 
nonlinear optics (Figure 1-5).  This compound also undergoes a trans to cis 
isomerization that is induced by irradiating at 488 nm.  When the irradiation is 
stopped, the compound comes back to the trans configuration. 

 

S

n
 

NO2

CN

CN

CN

NC

NMe2

OMe

n
 

Donor Acceptorπ

 

Figure 1-3: Schematic representation of a push-pull molecule composed of an electron 
donor group, a π-conjugated bridge, and an electron acceptor group with 
some examples. 
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NH2 NO2

                  

Figure 1-4: The para-nitroaniline molecule. 
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Et OH

O2N N
N N
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OH

 

Figure 1-5: Isomerization of disperse red one (DR1). 

 

Strong D-π-A molecules crystallize usually in a centrosymmetric 
arrangement, which annihilate the second-order nonlinear properties. To avoid this 
issue, the octupolar molecules [17] present large second-order NLO properties, such 
as 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), an octupolar molecule with large first 
hyperpolarizability value (Figure 1-6).   

 

D

A
DD

A

D
AA                      

D A

D

D

A

A                      

NH2 NO2

NH2

NH2

O2N

O2N  

Figure 1-6: General structures of octupolar molecules and 1,3,5-triamino-2,4,6-
trinitrobenzene molecule. 

 

Other molecular geometries that generate large second-order NLO 
properties include V-shaped molecules [18], tetrahedral structures [19], and chiral 
structures [20].   

The efficiency of these molecules depends on the length, the nature, and the 
planarity of the conjugated bridge, and on the nature and the strength of the donor 
and acceptor groups [21].  The search for relationships between the chemical structure 
and the first hyperpolarizability has shown that the charge transfer between the donor 
and acceptor groups is associated with a modulation of the geometry of the 
conjugated bridge and of the amplitude of the first hyperpolarizability [22].  To evaluate 
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the electron delocalization along the π-conjugated bridge, the bond length alternation 
(BLA) has been defined as the average difference between the single and double 
bond lengths of the conjugated bridge.  Several studies have helped designing 
molecules with maximized first hyperpolarizabilities [23,24] by finding the best 
compromise between i) the nature and the length of the π-conjugated bridge and ii) 
the nature, the number, and the positioning of the substituents.  Thus, it was shown 
that generally, the double CC bond is more efficient than a triple CC bond in the 
conjugated bridge, explained by the smallest value of BLA with double bonds leading 
to a better electron delocalization.  This is illustrated in Figure 1-7 (From Ref. 25), as 
well as the impact of the length and the nature of the π-conjugated bridge.  The β 
values of six D-π-A molecules are plotted as a function of the distance between the 
two nitrogen atoms at the chains ends.  For short polyene and polyyne chains, β 
increases nonlinearly with the number of double or triple bonds.  For a given number 
of units in the chain, the D-π-A molecule with doubly bonded π-conjugated linkers 
displays a larger β value than its triply bonded analog.  Concerning the two 
molecules with cycles, they are less conjugated than the others.  This explains why 
they have smaller β values.  This difference of β value is explained by the difference 
of planarity: the more planar the molecule, the easier the electron delocalization, 
which leads to an increase of the β value. 

 

 

Figure 1-7: Calculated first hyperpolarizability value of six push-pull molecules as a 
function of the distance between the two nitrogen atoms at the chain 
extremities (From Ref. 25). 
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1.2. Molecular switches 
A current challenge lies in the development of efficient switchable nonlinear 

optical materials.  An approach to the reversible switching of NLO properties is the 
use of photochromic compounds.  Photochromism is defined as a reversible 
transformation of a chemical species induced in one or both directions by absorption 
of electromagnetic radiation between two forms, A and B, having different absorption 
spectra.  The thermodynamically stable form A is transformed by irradiation into form 
B, the back reaction can occur thermally or photochemically.  The first report of 
photochromism was given by Fritzsche in 1867 [26]

, who observed the bleaching of an 
orange-colored solution of tetracene in the daylight and the regeneration of the color 
in the dark.  The most spectacular evidence of photochromism is the change of 
colour, so the UV-visible spectra, but many other molecular properties connected to it 
also change along the transformation, leading to a variety of potential applications.   

Since few decades, a wide range of organic NLO switches were the subject 
of experimental and theoretical characterizations, including azobenzene [16], anil 
derivatives [27], spiropyrans [28], indolino-oxazolidine [29-32], dihydroazulene [33], 
flavyliums [34], Ru(II)- and Fe(II)-based chromophores [5,11,35], pyridine-based 
octupolar chromophores [8,9], fluorescent proteins [36], etc.  Some of these systems 
will be presented in the following paragraphs.  In this area, to be useful in a device, 
NLO molecular switches should satisfy several conditions: i) commuting rapidly 
between the different forms, ii) being reversible, iii) being triggered by suitable 
external stimuli like electric or magnetic field, pH variation, light, redox reaction, etc, 
iv) displaying large NLO contrasts, and v) presenting different stable forms in solution 
but also in the solid state.  This last point is a challenge due to the difficulty to avoid 
the appearance of centrosymmetry during the transition to the crystalline state.   

We present in the next paragraph different switchable NLO compounds 
classified as a function of the stimulus used in the commutation process (irradiation, 
pH variation, and redox reactions). 

 

1.2.1. pH-induced commutation 

The indolino[2,1-b]oxazolidine-based derivatives [29-32] exhibit acido and 
photochromism (Figure 1-8).  They have the ability to commute indifferently by light 
irradiation or pH variations between two forms, a closed colorless form and an open 
π-conjugated colored form, displaying very large differences in their second-order 
NLO responses.  This system has been broadly studied through a multidisciplinary 
approach aiming at optimizing the β contrast between the two forms.  The compound 
was based on an indolino-oxazolidine (X = CMe2) moiety and the aryl group was 
substituted by a N,N-dimethylamino group leading to a β variation of about a factor of 
31 when switching from the closed form to the open form.  Then, in order to increase 
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the number of delocalizable electrons, the indolinic unit has been replaced by 
benzimidazolic unit (X = NMe) or a benzothiazolium unit (X = S).  The most efficient 
unit turned out to be the benzothiazolium acceptor, which is 30% more effective than 
the indolinium one and increases the NLO response of the open form by a factor of 6, 
while the benzimidazolic unit has similar β values to the indolino unit.  Finally, the 
effects of the R substituents have been rationalized by substituting the reference 
system (R = H) by different acceptor groups (Br, CHO, and NO2).  Calculations have 
predicted a global increase of β in the order: βHRS (R = H) <  βHRS (R = Br) < βHRS (R 
= CHO) < βHRS (R = NO2).   
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Figure 1-8: Photo and acidochromic equilibrium for switches based on the indolino-
oxazolidine (X = CMe2), benzimidazolo-oxazolidine (X = NMe), and 
benzothiazolo-oxazolidine (X = S) moieties. 

 

1.2.2. Photo-induced commutation 

���� Spiropyran – merocyanine equilibrium  

The transition from the spiropyran to the merocyanine forms is obtained by 
irradiating the spiropyran form by visible light, while the inverse reaction can be 
triggered by light or heat [28,37].  The transition is accompanied by a major change in 
the conjugation of the π electron, and thus large changes occur in the second-order 
NLO properties.  No photochromic spiropyran or merocyanine is known to crystallize 
in a noncentrosymmetric crystal, so this equilibrium has been investigated in 
polymers and in solutions.  Atassi et al. [38] have reported the photochemical ring 
opening of spiropyran in polymethylmethacrylate (PMMA) films to obtain a photo-
orientation of the merocyanines by using an electric field.  Chapter 4 is devoted to the 
optimization of the β contrast for this equilibrium initially proposed by Nakatani         
et al. [37] (Figure 1-9). 
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Figure 1-9: Spiropyran – merocyanine equilibrium. 

 

���� Dinitrobenzylpyridine 

The 2-(2,4-dinitrobenzyl)pyridine (DNBP) [39,40] derivatives have also been 
proposed for their potential efficiency as NLO switches.  The photochromic reaction 
implies the change from colorless CH or OH forms to a blue NH form (Figure 1-10).  
The mechanism of the process involves an intramolecular photo-induced proton 
transfer.  The lifetime of the colored NH form varies between the millisecond in 
solution to several days in polymers.  In a preliminary work, we have calculated the 
first hyperpolarizabilities of these three compounds.  The β values increase in the 
order: βHRS (CH) <  βHRS (OH) < βHRS (NH) with contrast of about 16 between NH and 
CH forms.  The highest values for the NH and OH forms is explained by the presence 
of double CC bonds in the bridge between the cycles allowing a better electron 
delocalization, which leads to large contrasts of first hyperpolarizabilities.   
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Figure 1-10: Photochemical and thermal interconversion processes of CH, OH, and NH 
tautomers in dinitrobenzylpyridine.  
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���� Anil derivatives 

Salicylideneanilines and related Schiff bases [27,41-44], usually called anils, are 
able to switch between an enol-imine (E) and a cis-trans keto-amine (enaminone) (K) 
forms via an intramolecular proton transfer reaction and a cis-trans isomerization, 
triggered only by light [44] (Figure 1-11).  This tautomerization reaction can be 
triggered by light or by heat.  Usually, the E form is the most stable and colorless or 
slightly yellow with an absorption band in the near UV, while the K form, metastable, 
is red and exhibits an additional absorption band at wavelengths larger than 400 nm.  
Guillaume et al. [45] have demonstrated that the substitution of the salicylidene ring 
(R) by an acceptor group or the other ring (R’) by a donor group prevents the K form 
from being stable.  The commutation between the E- and the K-form can occur both 
in solution and in the crystalline state but they present small β contrasts [45].  The β 
contrast and the solvent effects on three derivatives of this family of compounds are 
investigated in chapters 5 and 6.   
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Figure 1-11: Tautomer equilibrium salicylideneaniline. 

 

���� Dihydroazulene - vinylheptafulvene 

The dihydroazulene-vinylheptafulvene (DHA-VHF) systems [33,46-50] (Figure 
1-12) present an interesting potential to display efficient NLO switching properties, 
they can commute between three forms: the DHA species that can undergo a photo-
opening of the five-membered ring to form the VHF form in cis configuration, which 
can further be thermally converted into the VHF-trans form.  When going in the 
opposite direction, all transformations are thermally induced.  It has been noticed that 
the DHA to VHF transformation is usually accompanied by a change or appearance 
of color depending on the substituent.  The impact on the β contrast of R substituents 
of different size is studied in chapter 7. 
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Figure 1-12: Dihydroazulene – vinylheptafulvene equilibrium. 

 

1.2.3. Redox reactions 

The redox reactions determine another class of molecular switches, in 
particular Ru(II)- and Fe(II)-based chromophores [5,35,51-53].  The presence of redox-
active metal centers provides extensive opportunities for modulation of NLO 
responses.  The Ru complex studied by Coe et al. [35] (Figure 1-13) shows very large 
value of first hyperpolarizability for the redox state RuII, while the RuIII state is 
characterized by a decrease of β by a factor 1000.  Indeed, the [RuIII(NH3)5]

3+ moiety 
is a strong electron-attractor group as well as the pyridynium cycle, whereas the 
[RuII(NH3)5]

2+ is a electron-donor leading thereof to a push-pull molecule.  This effect 
is completely reversed and the complex is highly stable and easily synthesized. 
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Figure 1-13: Molecular switches based on Ruthenium II complexes. 

 

A second example of redox system involves substituted ferrocenes 
derivatives [51] (Figure 1-14).  Radical 1 is composed of two electro-attractive units 
linked by a double CC bond, the polychlorinated triphenylmethyl (PTM) radical and a 
ferrocene group (donor), and can exist in three stable oxidation states.  The reduction 
of 1 into its anionic form 1- or the oxidation into the ferrocenium radical derivative 1+, 
gives rise to three different redox states.  Due to their octupolar nature, substituted 
PTM radicals show NLO responses.  The first hyperpolarizabilities of these three 
compounds were measured by hyper Rayleigh scattering: radical 1 displays the 
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highest NLO response while the β value for the anion 1- is divided by a factor of 18 
and by 9 for 1+.   

 

 

Figure 1-14: Three states of the molecular switch based on substituted ferrocene 
derivatives (From Ref. 51). 

 

1.2.4. Multi-state molecular switches 

���� Three way molecular switch based on DHA-VHF derivatives  

In a first step towards multifunctional molecular devices, Diederich et al. [54] 
have proposed a multi-state molecular switch based on the DHA-VHF equilibrium in a 
three-way chromophoric molecular switch controlled by pH, light, and heat (Figure   
1-15) where the performed operation is dependent upon the stimulus that is chosen.  
These compounds display large variations in their absorption and emission spectra. 

 

 
Figure 1-15: Three-way molecular switch based on DHA-VHF derivatives [54]. 
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���� Biphotochromic compounds 

Recently, molecular systems composed of pairs of different photochromes, 
i.e. biphotochromes, have been synthesized and characterized [55-57].  Owing to the 
large number of states presenting different physico-chemical properties, they gather 
a real interest.  As example, biphotochromes based on diarylethene and imidazo[4,5-
f][1,10]phenantroline have been proposed by Xiao et al. [58] in 2006.  These 
molecules are sensitive to both light and chemical stimuli.  Irradiation of the initial 
state leads to colored solution by ring closure.  The back-reaction is allowed by 
irradiation at visible light (620 nm).  By varying the pH, the nitrogen atoms of these 
two forms are deprotonated (Figure 1-16). 
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Figure 1-16: Multi-state molecular switch based on diarylethene and imidazo[4,5-f][1,10] 
phenantroline. 

 

���� Flavylium salts 

Although until recently they have not been studied as potential NLO 
compounds, flavyliums salts appear highly attractive in this area [34,59-63].  As a 
function of the pH, different forms can be stabilized: i) the flavylium cation AH+ is 
stable in water in very acidic conditions, ii) by increasing the pH, the hydratation of 
AH+ leads to species B, to iii) its cis-chalcone Cc via ring opening, iv) these B and Cc 
forms are short-lived transient species, and convert into the trans-chalcone form, Ct, 
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owing to the isomerization of Cc, v) further pH increase leads to the anionic form Ct-, 
while the stable trans-chalcone Ct can be converted reversibly into the Cc form upon 
light irradiation (Figure 1-17).  Beyond a potential use as light-switchable pH sensors, 
it has been demonstrated that this complex network can be taken as a basis in view 
of applications for data storage, as these multistate/multifunctional systems can 
behave as logic devices.  Indeed, it has been demonstrated that the pH and 
phototriggered transformations in the case of R = OH or OMe can be exploited for 
optical memory systems [64].  In addition, flavylium systems display photochromism 
after incorporation in soft materials such as micelles solution [65] or polymer [66].  
Recently, the contrast of the second-order NLO response in flavylium derivatives has 
been investigated as a function of the nature of the substituents demonstrating that 
they can behave as highly efficient NLO molecular switches [67].   
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Figure 1-17: Structural transformation of flavylium compounds. 

 

1.3. Objectives 
The objective of this thesis is the design of molecular switches possessing 

large contrasts of second-order NLO responses by highlighting structural and 
electronic parameters leading to large β contrasts within a multidisciplinary approach, 
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which combines the synthesis of new compounds, their linear and nonlinear optical 
characterizations by UV-visible and hyper Rayleigh scattering spectroscopies, and 
theoretical simulations to predict and interpret molecular properties.  This work has 
been carried out in co-tutelle between the FUNDP and the University of Bordeaux 1 
and was focused on the experimental and theoretical characterization of several 
families of compounds, while the syntheses have been performed by our 
collaborators.   

The theoretical methods used to determine the geometry as well as the 
linear and nonlinear optical properties of compounds of interest are presented in 
chapter 2, while chapter 3 presents the principles of the hyper Rayleigh scattering, 
the experimental method used in this thesis to determine the first hyperpolarizability.   

Chapter 4 describes the derivatives of the merocyanine-spiropyran 
equilibrium, which commute between an open and a closed form, tuning therefore the 
electronic conjugation between the donor and acceptor groups.  In particular, we 
propose efficient NLO switching compounds by selecting the best combination of 
substituents. 

Chapters 5 and 6 address the linear and nonlinear optical properties of anil 
derivatives, which vary upon switching between the enol and the keto forms.  Chapter 
5 deals with two anil derivatives and in particular their contrast of β by comparing 
experimental and theoretical results.  Chapter 6 concentrates on the solvent effects 
on the NLO responses of a third anil derivative by using different binary mixtures of 
solvents to displace the tautomeric equilibrium.   

In chapter 7, the contrasts of second-order NLO properties in the 
dihydroazulene-vinylheptafulvene (DHA-VHF) equilibrium are studied as a function of 
the substituent R on the phenyl ring.  As a preliminary step towards demonstrating 
switchable NLO contrast in DHA-VHF, theoretical calculations have been carried out 
by comparing systems with R = H, CH3, NH2, and NO2.   

In chapter 8 we investigate a series of six push-pull π-conjugated molecules 
containing the 4,5-dicyanoimidazole acceptor group, the N,N-dimethylamino donor 
group, and systematically enlarged π-conjugated bridges.  In particular, we focus on 
the impact of the π-conjugated path on β.  We studied how the protonation of these 
neutral compounds affects their first hyperpolarizabilty and their applicability as pH-
triggered NLO switches.   

Finally, chapter 9 deals with the characterization of symmetric and 
nonsymmetric chromophores based on the Tröger’s base leading to the possibility of 
elaborating chiral molecular switches with large contrast of their first 
hyperpolarizability.  

Conclusions and outlooks are given in chapter 10. 
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2. Theoretical and computational tools 
In this chapter, the theoretical principles of the methods employed in this 

work are presented.  The first part concerns the determination of the molecular 
structures.  Then, the methods for determining the linear and nonlinear optical 
properties are presented and we finish with approaches to account for the solvent 
effects on these properties.   

 

2.1. Molecular structures 
All the molecular geometries were optimized at the density functional theory 

(DFT) level [1-3] with the B3LYP exchange-correlation functional.  In this paragraph, 
we present the principles of DFT.  Contrary to other methods, DFT method is not 
based on the wavefunction but on the electronic density.  This theory is relied on the 
Hohenberg-Kohn theorems and Kohn-Sham equations.     

 

2.1.1. From the Hohenberg-Kohn theorems to the Kohn -Sham 
equations 

The first theorem proposed by Hohenberg and Kohn [4] states that the 
external potential )r(v

r
 is determined, within an additive constant, by the electron 

density )r(
r

ρ .  Recalling that the external potential )r(v
r

 and the number N of 
electrons completely determine the Hamiltonian, they also determine the 
wavefunction and the properties of the ground state.  Therefore, the electron density 
that determines the number of electrons (via integration) also determines the ground 
state wavefunction and the other electronic properties of the system.   

The second theorem, based on the variational approach, says that for a trial 
density, )r('

r
ρ , such that 0)r(' ≥ρ

r
 and Ndr)r(' =ρ∫

r
,  

 [ ]'EE v0 ρ≤  (2-1) 

where E0 is the true ground state energy and ( )[ ]r'Ev

r
ρ  is the energy functional 

defined as : 

 
[ ] ( ) ( ) [ ] [ ]

( ) ( ) [ ]ρFrdrvrρ

ETrdrvrρE

HK

eev

+=

ρ+ρ+=ρ

∫
∫

rrr

rrr

 (2-2) 

where [ ]ρT  is the kinetic energy of the electrons, [ ]ρeeE  is the repulsion energy 
between all electrons. FHK is the Hohenberg-Kohn functional that includes, in addition 
to the kinetic energy, the classical Coulombian interaction energy, [ ]ρJ , as well as the 
non-classical (ncl) term: 
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 [ ] [ ] [ ] [ ]ρ+ρ+ρ=ρ nclHK EJTF  (2-3) 

By this way, the energy is defined as a function of the electronic density.  Moreover, 
this second theorem defines a way (and the related equations) to determine the 
electron-density.  This approach turns out however to be difficult in practice.   

To compute simply and with a good accuracy the kinetic energy, Kohn and 
Sham [5] invoked a non-interacting reference system, they introduced orbitals into the 
problem to treat electrons independently and rewrote Equation (2-3) as: 

 [ ] [ ] [ ] [ ]ρ+ρ+ρ=ρ xcs EJTF  (2-4) 

Exc is the exchange-correlation energy and [ ]ρsT  is the non-interacting kinetic energy.  
Therefore, Exc includes i) the difference between the exact kinetic energy and [ ]ρsT , 
ii) the non-classical part of [ ]ρeeE , including iii) the self-interaction correction.  
Applying the variational principle, one obtains the Kohn-Sham equation comparable 
to Hartree-Fock (HF) equation: 

 ( ) ( ) ( )rrrv iiieff
2 rrr

ψε=ψ




 +∇
2
1−

 (2-5) 

where non-interacting electrons move in an effective potential, ( )rv eff

r
 depending on 

ρ(r).  After introducing the linear combination of atomic orbitals, LCAO, formalism to 
describe the molecular orbitals: 

 SCEFC =  (2-6) 

F, C, S and E are the Fock matrix, the LCAO matrix, the overlap matrix, and the 
energy matrix respectively.  Thus, the equations are solved by starting with a trial 

( )r
r

ρ  value (or D matrix) and by evaluating self-consistently the density and the 
potential until convergence. 

 

2.1.2. Exchange-correlation functionals 

The Kohn-Sham equation (Equation (2-5)) still leaves the exchange-
correlation functional, EXC, undefined. To obtain exact results, we have to use the 
exact functional.  Successive approximations have been proposed: 

- In the local density approximation (LDA), the exchange-correlation energy 
functional depends locally on the electronic density: 

 [ ] ( ) ( )( ) rdr,rrE LDA
XC

LDA
XC

rrrr
ρερ=ρ ∫  (2-7) 

where XCε is the exchange-correlation energy per particule of a uniform-
electron gas characterized by a density ρ.  The accuracy of the results is not 



 - 36 - 

outstanding, in particular the overestimation of the bond energies and the 
underestimation of the bond lengths [6]. 

- The generalized gradient approximation (GGA) [6-11] takes into account the 
electronic density and its gradient.  Thus, the exchange-correlation energy  
functional is expressed by: 

 [ ] ( ) ( ) ( )[ ] rdr;rrE GGA
XC

GGA
XC

rrrr
ρ∇ρερ=ρ ∫  (2-8) 

The most known GGA functional is BLYP [12-14], with Becke for the exchange 
part and Lee-Yang-Parr for the correlation contribution.  It has been 
demonstrated that GGA gives excellent atomic ground-state energies, 
improves significantly the dissociation energies and bond lengths [15-17], 
describes more precisely several finite systems, and corrects the vibrational 
frequencies [18] of molecules built from atoms of the two first rows of the 
Mendeleev Table. 

- The hybrid functionals, where the GGA description is improved by including 
a given percentage of HF exchange.  Contrary to LDA or GGA, these 
functionals present the correct asymptotic -1/r behavior for the exchange.  
Several hybrid functionals [19] have been proposed like the PBE0 [20] or 
MPW1K [21] including 25% and 42.8% of HF exchange respectively, 
BHandHLYP where 50% of the exchange is described by the exact HF 
expression,…  Actually the most popular and efficient hybrid functional is the 
B3LYP exchange-correlation functional developed by Stephens et al. [22] and 
containing 20% of HF exchange.  This B3LYP functional is based on three 
semi-empirical parameters which were chosen in order to optimally 
reproduce the atomization and ionization energies as well as some total 
energies of molecules. 

- The more recent LC-BLYP functional [23-27] is a long-range corrected 
exchange-correlation functional in which the electron repulsion operator 1/r12 
is divided into short- and long-range parts by using a standard error function 
(erf): 

 
( )[ ] ( )[ ]

12

12

12

12

12 r
rerf

r
rerf1

r
1 µβ+α

+
µβ+α−

=  (2-9) 

The first term accounts for the short range interaction and is combined with 
DFT exchange while the second term accounts for the long-range interaction 
and is combined with the HF exchange.  In this expression, µ determines the 
balance of DFT to HF exchange at intermediate r12.  If µ = 0 and α = 0, it 
corresponds to DFT calculation.  If µ = 0 and α ≠ 0, it corresponds to hybrid 
DFT calculation.  Finally, if µ = ∞, it corresponds to standard HF calculations.  
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The α and β parameters satisfy the relations 10 ≤β+α≤ , 10 ≤α≤ , and 
10 ≤β≤ .  The parameter α allows to incorporate the HF exchange 

contribution over the whole range.  The parameter β allows to incorporate 
the DFT counterpart over the whole range by a factor of ( )β+α−1 .  The 
contributions of α and β in B3LYP and LC-BLYP are represented in Figure  
2-1. 

 

 

 

 

 

 

 

 

Figure 2-1: Schematic plots of the contribution to exchange from 1/r12 apportioned into 
DFT and HF for (a) B3LYP and (b) LC (From Ref. 26). 

 

In this thesis, all calculations made with LC-BLYP functional are done with 
the parameter µ = 0.47. 

 

2.2. Linear optical properties 
In order to simulate the UV-Visible spectra and to interpret the experimental 

data, the excitation energies and the corresponding oscillator strengths have been 
evaluated at the time-dependent density functional theory (TDDFT) [28] level.  Here 
we sketch the main equations of this time-dependent analog to DFT.  So, one 
considers a many-electron system in the ground state, associated with the external 
potential ( )rv

r
, that is submitted to a small time-dependent perturbation ( )t,rv

r
δ , 

leading to a change of the effective potential: 

 ( ) ( ) ( )t,rvtvt,rv SCFperteff

rr
δ+δ=δ  (2-10) 

with SCF for self-consistent field.  This potential modification creates a linear 
response (associated with the ground state) to the density ( )t,rrδρ  according to its ω-
components, expressed as a function of the singly-excited determinants: 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )rrPrrP,r *
aiia

*
ia

i,a
ai

rrrrr
ψψωδ+ψψωδ=ωδρ ∑  (2-11) 
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with: 

 

( ) ( )

( ) ( ) ( )





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−

=

δ
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−
=ωδ
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ia
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PKv
nn

v
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P

 (2-12) 

where na and ni are the occupation numbers for the KS orbitals ψa and ψi.  One can 
therefore express the variations in P in terms of the variations in v: 
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 (2-13) 

where, 

 ( ) ( )ω+δδε−ε= bj,aiabijiabj,ai KA  (2-14) 

 ( )ω= jb,aibj,ai KB  (2-15) 

The excitation energies correspond to the poles of the linear response, i.e. those 
values which make the square bracket vanishing.  The A and B matrices are of 
dimensions ( ) ( )unoccoccunoccocc ××× .  In principle, only the singly-excited state-
like solutions are treated when the ω-dependence of K is removed but good 
performance is also often achieved for excitations having some double excitation 
character.  K is the coupling matrix including a Coulomb-term and an exchange-
correlation term: 
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ψψ
−

ψψ=

∫∫

∫∫
 (2-16) 

σ  and τ  are spin functions, and ( ) ( )'rr
Exc

2

rr

τσ δρδρ
δ

is the exchange-correlation kernel.  

Evaluation of the excitation energies requires therefore the choice of an exchange-
correlation potential, an exchange-correlation energy, and an exchange-correlation 
kernel.  As in DFT method, the choice of these functionals will impact the accuracy of 
the results.   

The linear optical properties (excitation energies and oscillator strengths) 
have been calculated with the B3LYP exchange-correlation functional, which 
generally leads to UV-Visible spectra in a good qualitative agreement with respect to 
experimental data for both the excitation energies and the oscillator strengths [29-33].  
For example, Guillaume et al. [33] have demonstrated this good qualitative agreement 
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by determining and comparing the experimental and theoretical excitation energies of 
a set of merocyanine dyes.  Indeed, the correlation coefficients of the linear 
regressions are always larger than 0.98 (Figure 2-2). 

 

 
Figure 2-2: Theoretical vs experimental excitation energies of merocyanine dyes for 

different TDDFT levels of approximation (From Ref. 32). 

 

2.3. Second-order nonlinear optical properties 
Several methods allow the evaluation and the interpretation of the second-

order nonlinear optical properties, in particular the first hyperpolarizabilities.  The 
time-dependent Hartree-Fock (TDHF) method and the second-order Møller-Plesset 
(MP2) scheme are described in the next paragraphs as well as the multiplicative 
scheme, which combines the values obtained with TDHF and MP2 in order to take 
into account both the frequency dispersion and the electronic correlation effects.  
Finally, the DFT and TDDFT methods, which also treat the electron correlation, have 
been assessed. 

 

2.3.1. The Time-Dependent Hartree-Fock method 

The TDHF (Time-Dependent Hartree-Fock) [34,35] method allows to evaluate 
analytically the energy or dipole moment derivatives with respect to the electric field 
and therefore the (hyper)polarizabilities.  Indeed, the expression of the dynamic first 
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hyperpolarizability tensor components comes from the derivatives of the LCAO dipole 
moment expression and is given by:  

 ( ) ( ) ( ) ( )21
bc
qp

K

q,p

a
pq

02c1b

a
2

21abc ,DM2
EE

,; ωω−=








ω∂ω∂
µ∂

=ωωω−β ∑σ  (2-17) 

where a
pqM  is the dipole moment matrix in the a-direction, ( )21

bc
qp ,D ωω  is the second-

order derivative of the density matrix with respect to electric fields oriented in the b- 
and c-directions and of pulsations ω1 and ω2, and ωσ = ω1 + ω2.  The determination of 
Dbc(ω1, ω2) is based on three equations: the time-dependent Hartree-Fock equation, 
the normalization condition of the wavefunction, and the definition of the density 
matrix: 

 SCεSC
t

iFC =
∂
∂−  (2-18) 

 1 = SCC †  (2-19) 

 †CnC=D  (2-20) 

F, C, S, D, and ε are the Fock matrix, the LCAO matrix, the overlap matrix, the 
density matrix, and the energy matrix, respectively while n is a diagonal matrix whose 
elements are equal to 2 or 0 if the molecular orbital is doubly occupied or 
unoccupied.  Two perturbations are considered, both of Ea amplitude, but of opposite 
phase, ω and -ω:  

 ( ) ti
a

a eE ω=ωλ  (2-21) 

 ( ) ( )( )*ati
a

a eE ωλ==ω−λ ω−  (2-22) 

In the TDHF scheme, each matrix of Equations (2-18) to (2-20) is developed as a 
function of the ( )ωλa  and ( )ω−λa  perturbations.  For instance for the LCAO matrix: 

 ( ) ( ) ( ) ( ) ( ) ...CCCC aaaa +ω−ω−λ+ωωλ+=ω  (2-23) 

 ( ) ( ) ( ) ( ) ( ) ...CCCC
†aa†aa†† +ω−ωλ+ωω−λ+=ω  (2-24) 

These expansions are introduced into Equations (2-18) to (2-20).  At first order in the 
perturbation, one obtains: 

 ( ) ( ) ( ) ( ) ( )ω+ω=ω+ω+ω aaaaa SCεεSCωSCFCCF  (2-25) 

 ( ) ( ) 0 = SCCSC-C a††a ω+ω  (2-26) 

 ( ) ( ) ( )ω−+ωω a††aa CnCnCC=D  (2-27) 
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The evaluation of Da matrix requires the determination of the perturbed LCAO 
matrices Ca(ω) and Ca(-ω).  To do so new unitary matrices, Ua(ω) and Ua(-ω) are 
defined: 

 ( ) ( )ω=ω aa CUC  and ( ) ( )ω−=ω− aa CUC  (2-28) 

Thus, Equation (2-26) leads to: 

 ( ) ( ) 0 = SCUCSCC-U a†††a ω+ω  (2-29) 

Or: 

 ( ) ( ) 0 = U-U a†a ω+ω  (2-30) 

Accordingly, 

 ( ) ( ) CU-C aa ω−=ω � ( ) ( )ω=ω
†aa -CU-C  (2-31) 

It appears that only the (occ unocc) and (unocc occ) blocks of the ( )ωaU  matrix are 
needed to determine the density matrix derivatives: 

 ( ) ( )∑ ∑
= =

ω+ω=
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1i
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1a

†
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†
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a
aira

a
rs C-UCCUCD  (2-32) 

which are evaluated from the general expression: 
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where ( ) ( )( )
ia

a†a
ia CFCG ω=ω .  Finally, one obtains: 

 ( ) ( )
ω−ε−ε

ω
=ω

ia

a
iaa

ia

G
U  (2-34) 

In turn, ( )ωaU  allows evaluating the perturbed LCAO matrix, ( )ωaC , and then the 
first-order derivative of the density matrix.  However, the ( )ωaG  and ( )ωaF  matrices 
depend upon the Da matrix, leading to an iterative procedure.  The TDHF cycle is 
illustrated in Figure 2-3. 
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Figure 2-3: First-order TDHF cycle. 

 

The same strategy can be applied in order to determine the second-order derivative 
of the density matrix, Dab(ω1, ω2), leading to the determination of the first 
hyperpolarizability.  Nevertheless, it is possible to take advantage of the “2n+1”     
rule [36,37], which states that, for a variational procedure, the energies to order 2n+1 
can be calculated from the wavefunctions to order n and lower.  The first 
hyperpolarizability, which is a third-order response of the energy to external field    
(2n + 1 = 3), can be evaluated from only the first-order derivatives of the 
wavefunction.  This rule enables to reduce considerably the computational time.  In 
such a case Equation (2-17) can be rewritten as: 

{ }[ ]
{ }[ ]acbabccbacabbacbca

cabbacbcaacbabccba
abc

UUUUUUUUUUUUnTr

UGUUGUUGUUGUUGUUGUnTr

ε+ε+ε+ε+ε+ε−

+++++−=β
 (2-35) 

where only first-order derivatives of the LCAO coefficients appear. In our calculations, 
the “2n+1” rule is employed.   

Finally, it has been showed that in the static limit of the electric field, where 
ω1 = ω2 = 0, the TDHF scheme is reduced to the CPHF [38,39] (Coupled-Perturbed 
Hartree-Fock) equations. 

 

2.3.2. The Møller-Plesset perturbation theory 

In the TDHF scheme, the frequency dispersion is considered in the 
evaluation of the first hyperpolarizability.  However, the electron correlation is another 
important parameter to take into account for evaluating β accurately.  Hence, to 
correct the correlation error inherent to the HF method, the Møller-Plesset (MP) 
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perturbation theory, combined with the finite field (FF) approach, was adopted.  Let 
us have a look at this method.   

In the Hartree-Fock method, the correlation error is due to the use of the 
Coulomb and Pauli operators instead of the exact repulsion operator.  The Møller-
Plesset (MP) theory [40,41] is based on the Rayleigh-Schrödinger perturbation theory 
[40], which defines the second-order correction to the energy by: 

 ( )
( ) ( )

( ) ( )∑
≠ −

ΨΨ
=

ik
0

k
0

i

2
0

i
0

k2
i EE

W
E  (2-36) 

where W is the operator associated to the perturbation, λW and ( )0
kΨ  and ( )0

iΨ  are the 
wavefunctions of the perturbed Hamiltonian.  The evaluation of the electron 
correlation resulting from this perturbation, λW, corresponds to the difference 
between the exact repulsion operator and the approximate HF operator: 

 ∑ ∑
〉

−==λ
ji i
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ij

0 (i)v
r
1

H-HW  (2-37) 

Therefore, the contributions of successive order to the energy and the wavefunction 
can be evaluated.  The zero-order term is the sum of the occupied orbital energies: 

 ( ) ( ) ( ) ∑==
N

i
i

0
00

0
0

0
0 εΨHΨE  (2-38) 

The first-order correction compensates the Coulombian and exchange interactions 
that are counted twice in the ( )0

0E  expression: 
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E  (2-39) 

where i and j stand for occupied molecular orbitals.  As a consequence, the HF 
energy is the sum of the two first terms: 

 ( ) ( )1
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0
0

HF
0 EEE +=  (2-40) 

The first-order correction to the ground-state wavefunction is written: 
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 (2-41) 

The summation runs over all the excited states of the system.  In accordance with 
Brillouin theorem and since the operator W only contains one- and two-electron 
operators, the summation over k is limited to the doubly-excited configurations: 
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and the second-order correction is written: 
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( )2
0E  contains the major part of the electron correlation correction.  The highest order 

corrections are generally smaller.  In general, our calculations are limited to this 
second-order Møller-Plesset (MP2) correction. 

 

2.3.3. The Finite Field method 

The Finite Field (FF) [42] method is a numerical derivative approach, allowing 
the evaluation of the first hyperpolarizabilities as derivatives of the energy with 
respect to the electric field.  Here, the nuclei are considered fixed.  As mentioned 
previously, the first hyperpolarizability is the third-order derivative of the energy or the 
second-order derivative of the dipole moment with respect to the electric field 
(Equation (1-5)).  The FF equation for the evaluation of β is:  
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 (2-44) 

where E is the energy and E the amplitude of the external electric field.  In this 
scheme, the energy is calculated for different field amplitudes and Equation (2-44) is 
evaluated.  To remove higher-order contamination in the FF differentiation [43], the 
Romberg procedure is applied in combination with field amplitudes ranging from 
±0.0004 to ±0.0064 a.u.. The iterative Romberg expression reads: 
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 (2-45)  
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where n is the order of the iteration and k defines the field amplitude: Ek = E0 2
k-1.  

Figure 2-4 and Table 2-1 sketche the Romberg’s iterative scheme and illustrates it in 
the case of the evaluation of βxxx of a  4,5-dicyanoimidazole-based molecule. 
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Figure 2-4: Scheme of the Romberg’s procedure. 

 

HF MP2 

n 
 
k      

1 2 3 4 
n 
 
k 

1 2 3 4 

1 -5732.4 -5724.5 -5724.5 -5724.5 1 -10411.9 -10390.2 -10390.4 -10390.6 

2 -5756.2 -5723.6 -5724.8  2 -10477.0 -10387.2 -10391.2  

3 -5853.3 -5718.2   3 -10746.6 -10326.6   

4 -6288.5    4 -12006.6    

Table 2-1: Romberg’s procedure for the evaluation of βxxx of a 4,5-dicyanoimidazole-
based molecule at HF and MP2 levels. 

 

It has been demonstrated [43] that the accuracy improves with the order of 
the Romberg iteration.  The β value is determined when a convergent behavior of the 
values is attained, characterized by a small difference between two successive β 
values.  As example given in Table 2-1, the selected FF/HF value is -5724.8 a.u. 
while the FF/MP2 one is -10391.2 a.u..  The HF value obtained from analytical 
differentiation using the CPHF method is -5724.8 a.u., demonstrating the accuracy of 
the Romberg’s scheme. 
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2.3.4. Impact of electron correlation on the first hyperpolarizability 

In this work, to take into account the electron correlation effects, most 
calculations were carried out by using the MP2 method in combination with the FF 
scheme.  This method turns out to be the method of choice to predict the first 
hyperpolarizabilities [44] of push-pull π-conjugated systems by comparison with more 
accurate techniques (like CCSD(T)).  Nevertheless, the validity of MP2 calculations 
has been verified, for instance, by including the fourth-order electron correlation 
effects via the MP4 method.  The enol form of anil derivatives and three push-pull 
molecules (From Ref. 43) have been investigated, the results are given in Table 2-2. 
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CH3
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CPHF
HRSβ  360 8151 10138 3432 

2MP
HRSβ  722 13255 24206 5692 

4MP
HRSβ  795 13783 24943 6015 

)T(CCSD
HRSβ  - 12685 21646 5550 

Table 2-2: HRS static first hyperpolarizabilities (a.u.) of an anil derivative and three typical 
push-pull molecules (From Ref. 43) at different levels of approximation. 

 

These results highlight the impact of the electron correlation on the 
evaluation of the first hyperpolarizabilities.  The β values almost double for each 
molecule when going from CPHF to MP2.  Then, the difference between MP2 and 
MP4 is of 10% only for the anil derivative, and less than 5% for the push-pull 
molecules demonstrating that MP2 method is sufficiently correlated to evaluate β 
while the computational cost with MP4 is largely increased compared to MP2.  The 
validity of the chosen method is further demonstrated by considering the CCSD(T) 
(coupled cluster singles and doubles calculations with a perturbative estimate of 
triples) results.  CCSD(T) is a reference method to take into account the electron 
correlation, more correlated than MP2 and MP4.  Compared to MP2 results, the 
CCSD(T) values decrease by 4.3%, 10.6%, and 2.5%, respectively for molecule with 
triple bonds, double bonds, and cycles. 
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2.3.5. The multiplicative scheme 

The frequency dispersion and the electronic correlation play an important 
role in the evaluation of the first hyperpolarizabilities and are necessary for 
comparison with experimental values.  In this work, the TDHF and CPHF methods 
are respectively applied for obtaining the dynamic and static first hyperpolarizabilities, 
while the MP2 method is employed to account for electron correlation effects.  To 
estimate simultaneously both effects, the multiplicative scheme [45,46] is applied.  It 
consists in multiplying the static MP2 value by a corrective dispersion factor: 

 ( ) ( ) ( )
( )0,0;0

,;2
0,0;0,;2

CPHF

TDHF
2MP2MP β

ωωω−β
×β=ωωω−β  (2-46) 

A similar scheme was applied to the depolarization ratios: 

 ( ) ( ) ( )
( )0,0;0DR

,;2DR
0,0;0DR,;2DR

CPHF

TDHF
2MP2MP

ωωω−
×=ωωω−  (2-47) 

This multiplicative correction approximation is a very powerful tool to estimate the 
correlated dynamic β values [47]. 

 

2.3.6. Assessment of the DFT functionals to evaluat e the first 
hyperpolarizability 

The electron correlation impact on the first hyperpolarizabilities has been 
discussed in previous paragraphs.  On the other hand, the DFT and TDDFT methods 
(presented in Chapter 2.1 and 2.3.1) are often proposed as ideal solutions to account 
for electron correlation because they combine low computational cost with good 
accuracy, including for the evaluation of the linear and nonlinear responses to electric 
field.  Nevertheless, several studies have pointed out the drawbacks of DFT with 
conventional exchange-correlation functionals, i.e. LDA, GGA, and even hybrid 
functionals, when investigating the (hyper)polarizabilities of extended systems [48-53].   

The performance of DFT methods is further assessed here for calculating β 
values and β contrasts by comparing HF and MP2 calculations to results obtained 
using different exchange-correlation functionals, encompassing GGA, hybrid, and LC 
functionals.  The compounds under study are i) the acid/base or 
protonated/deprotonated switch of a 4,5-dicyanoimidazole-containing compound 
(Table 2-3), ii) three merocyanine-spiropyran systems (Table 2-4), and iii) the NO2-
substituted DHA/VHF system (Table 2-5). 
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N

N

N

N

N N

N

N

N

N
+

H

H
+

 
Neutral and protonated forms of the 4,5-dicyanoimidazole-containing compound 1. 

1 Protonated 1 
 

βHRS DR βHRS DR protonated1

1

−β
β

 

CPHF 1915 4.97 1423 4.26 1.35 

MP2 3837 5.02 2191 4.79 1.75 

BLYP 4365 4.92 5574 4.83 0.78 

B3LYP 3829 4.96 4156 4.75 0.92 

LC-BLYP 

λ = ∞ 

2874 5.02 1598 4.39 1.80 

TDHF 3086 5.09 2434 4.44 1.27 

MP2 a 6183 5.14 3748 4.99 1.65 

BLYP 25553 5.10 27201 4.97 0.94 

B3LYP 10896 5.07 12050 4.90 0.90 

LC-BLYP 

λ = 1064 

nm 

5222 5.08 2864 4.57 1.82 
Table 2-3: First hyperpolarizabilities (a.u.) and depolarization ratios of compound 1  in its 

neutral and protonated forms evaluated at different levels of approximation, 
using the 6-311+G* basis set (for the MP2 calculations, the basis set is 6-
31G*).   
a The dynamic MP2 results are obtained using Equations (2-46) and (2-47). 
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X

N

CH3

X

N
+

CH3

O

R
4

R
5

R
3

R
1

R
2

R
4

R
5 R3

R
1

R
2

Spiropyran (S) Merocyanine (M)  
Spiropyran - merocyanine systems and their optimized substituants. 2: R1 = NO2, R2 = OMe, 
R3 = Me, X = S, R4 = R5 = H; 3: R1 = NO2, R2 = NMe2, R3 = NH2, X = NMe, R4 = H, R5 = NO2; 

4: R1 = NO2, R2 = NMe2, R3 = NH2, X = NMe, R4 = H, R5 = NO2. 

Merocyanine Spiropyran 
 

βHRS DR βHRS DR S

M

β
β

 

Molecule 2 
CPHF 1239 2.59 275 2.50 4.51 
MP2 3091 6.07 509 3.76 6.07 
BLYP 1630 2.71 1436 4.17 1.14 
B3LYP 1474 2.75 945 3.87 1.56 
LC-BLYP 

λ = ∞ 

1203 3.42 442 3.30 2.72 
TDHF 3343 3.37 371 2.72 9.01 
MP2 a 10293 7.90 723 4.09 14.24 
BLYP 27534 4.85 6526 4.97 4.22 
B3LYP 38722 4.18 2307 4.53 16.78 
LC-BLYP 

λ = 1064 
nm 

5199 2.36 668 3.64 7.78 
Molecule 3 

CPHF 2702 3.55 305 4.44 8.86 
MP2 5134 3.88 736 5.28 6.98 
BLYP 7492 4.49 1776 4.96 4.22 
B3LYP 5080 4.09 1144 4.98 4.44 
LC-BLYP 

λ = ∞ 

3967 3.70 533 4.88 7.44 
TDHF 7538 4.27 415 4.69 18.16 
MP2 a 14774 4.67 950 5.58 15.55 
BLYP 50413 2.06 50313 4.85 1.002 
B3LYP 35231 4.64 3231 5.33 10.90 
LC-BLYP 

λ = 1064 
nm 

22528 4.72 802 5.20 28.09 
Molecule 4 

CPHF 3793 3.88 544 2.49 6.97 
MP2 6196 4.16 823 2.90 7.53 
BLYP 45076 4.92 1487 2.59 30.31 
B3LYP 16583 4.70 1157 2.53 14.33 
LC-BLYP 

λ = ∞ 

5049 3.96 728 2.60 6.94 
TDHF 11589 4.59 760 2.64 15.25 
MP2 a 19585 4.92 1246 3.07 15.72 
BLYP 116583 4.15 16859 4.49 6.92 
B3LYP 157014 2.74 2603 2.61 60.32 
LC-BLYP 

λ = 1064 
nm 

37210 4.95 1112 2.72 33.46 
Table 2-4: First hyperpolarizabilities (a.u.) and depolarization ratios of molecules 2-4 in 

their S and M forms evaluated at different levels of approximation, using the 6-
311+G* basis set (for the MP2 calculations, the basis set is 6-31G*).   
a The dynamic MP2 results are obtained using Equations (2-46) and (2-47). 
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CN

CN

NO2

CN

CN

NO2

CNNC

NO2

DHA VHF-cis VHF-trans  
Photo and thermochromic equilibrium for a DHA-VHF system (compound 5) 

DHA VHF-cis  VHF-
trans  

 

βHRS DR βHRS DR βHRS DR DHA

cisVHF

β
β −  

DHA

transVHF

β
β −  

CPHF 997 3.83 325 2.53 979 3.05 0.33 0.98 

MP2 1322 5.08 2755 5.56 3391 5.50 2.08 2.57 

BLYP 5244 4.77 522 4.27 631 6.22 0.10 0.12 

B3LYP 3458 4.68 464 4.55 563 5.07 0.13 0.16 

LC-BLYP 

λ = ∞ 

1148 4.31 877 4.74 1155 4.42 0.76 1.01 

TDHF 2036 4.34 576 2.27 1920 2.90 0.28 0.94 

MP2 a 2700 5.76 4883 4.99 6650 5.23 1.81 2.46 

BLYP 151411 5.03 752 2.94 2526 0.43 0.005 0.02 

B3LYP 21728 4.97 1202 6.96 6720 2.17 0.06 0.31 

LC-BLYP 

λ = 

1064 

nm 

2495 4.67 3352 4.86 4779 4.46 1.34 1.92 
Table 2-5: First hyperpolarizabilities (a.u.) and depolarization ratios of the DHA, VHF-cis, 

and VHF-trans forms of compound 5 evaluated at different levels of 
approximation, using the 6-311+G* basis set (for the MP2 calculations, the 
basis set is 6-31G*).   
a The dynamic MP2 results are obtained using Equations (2-46) and (2-47). 

 

In the case of compound 1, adding electron correlation effects at the MP2 
level leads to an increase of the β contrast by about 30% and only the LC-BLYP 
functional can reproduce it.  Indeed, the BLYP and B3LYP β contrasts are smaller 
than the one determined at the HF level.  In the latter case, it is also smaller than 
unity whereas both the HF and MP2 methods predict a larger βHRS response for the 
base form than for the acid form, i.e. a β contrast larger than one.  This wrong 
behavior is associated with a large increase of the βHRS response of the protonated 
(charged) species.  It is also interesting to note that the LC-BLYP β values are 
intermediate between the HF and MP2 results.  In the case of compound 1, the 
effects of frequency dispersion are small on the β contrast but account for an 
increase of βHRS by about 50 to 500% for both forms.   The DRs are all close to the 
value of 5, typical of one-dimensional π-conjugated systems, i.e. systems dominated 
by a single diagonal β tensor component.   
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In the case of the merocyanine/spiropyran equilibrium (Table 2-4), βHRS 
increases upon adding electron correlation with the MP2 approach and this increase 
is similar for both forms.  As a consequence, when going from HF to MP2, the first 
hyperpolarizability contrast is slightly modified: it increases for compounds 2 and 4 
but decreases for compound 3.  The situation is similar for both static and dynamic 
(out of resonance, λ = 1064 nm) values, though the β contrasts are larger.  The 
situation is different when considering the DFT results.  In the static limit, the β 
contrast is systematically underestimated (the MP2 values are considered as 
reference) for compound 2, whereas LC-BLYP predicts contrast in good agreement 
with MP2 for molecules 3 and 4. The other XC functionals either strongly 
underestimate the contrast (molecule 3) or overestimate it (molecule 4).  Turning to 
the dynamic quantities, the contrasts get generally much larger so that the LC-BLYP 
contrasts are twice larger than the MP2 ones for molecules 3 and 4.   

For the DHA-VHF system with NO2 as substituent on the phenyl group we 
considered two βHRS contrasts: the VHF-trans/DHA and VHF-cis/DHA contrasts. 
Considering the MP2 results, these contrasts are small (between 1.8 and 2.6).  In 
general, the HF (both CPHF and TDHF) methods do not perform well because they 
underestimate the VHF-trans/DHA contrast, which is estimated to be close to unity 
(the limit of no contrast) whereas the VHF-cis/DHA contrast is estimated to be much 
smaller than one, assuming therefore that the largest second-order NLO response 
comes from the DHA form.  Using DFT with the BLYP and B3LYP XC functionals 
provide even worse results than with HF.  However, there is an improvement when 
using LC-BLYP, in particular for the dynamic values.   

In conclusion, it appears that both the BLYP and B3LYP exchange-
correlation functionals behave poorly and either strongly underestimate or 
overestimate the β contrasts.  On the other hand, the performance of the LC-BLYP 
functional is better, though the improvement over HF is not systematic (see in 
particular some data on compounds 2, 3, and 4).  This study highlights also the 
importance of the frequency dispersion on the first hyperpolarizabilities by comparing 
the CPHF and TDHF values for all compounds.  Finally, these results justify that for 
evaluating the first hyperpolarizability values we adopt the TDHF, CPHF, and MP2 
methods in combination with the multiplicative scheme.   

 

2.4. Solvent effects 
In order to describe the solvent effect on a solute, Tomasi and collaborators 

have developed the polarizable continuum model, PCM [54], and its generalized 
version, the integral equation formalism polarizable continuum model, IEF-PCM [55-57] 
that is able to treat isotropic, anisotropic, and ionic solutions.  In this model, the solute 
is placed in a cavity surrounded by a continuous environment characterized by its 
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dielectric constant.  This cavity is delimited by the solute van der Waals surface 
preventing the entry of the solvent molecules.  The continuum around the cavity is 
polarized by the charge distribution of the solute, inducing a charge density on the 
surface “s” of this cavity.  This density depends on the dielectric constant of the 
solvent and is expressed by : 

 nE
επ4
1ε

)sσ( tot

rrr
⋅−−=  (2-48) 

where ε  is the dielectric constant of the continuum, totE
r

 the total electric field 
evaluated on the surface of the cavity, and n

r
 a unitary vector perpendicular to the 

surface and oriented on the outside.  The total electric field can be decomposed into 
two terms, one concerning the charge distribution of the solute, )rγ(

r
, and the other 

relative to the apparent charge distribution )sσ(
r

 associated to the solvent, leading to: 

 ( ) nEE
επ4
1ε

)sσ( σγ
rrrr

⋅+−−=  (2-49) 

This expression can be rewritten as a function of the directional derivatives of the 
electrostatic potential: 

 ( ) n)r(V
επ4
1ε

)sσ( tot

rrrr
⋅∇−−=  (2-50) 

with 
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r
rr

r
r
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r
rrr

 (2-51) 

where sd
r

 is a surface element and 'rd
r

 a volume element.   

The determination of the reaction potential and of the system properties is 
iterative.  Indeed, )sσ(

r
 is determined by )r(Vtot

r
, which one component also depends 

on )sσ(
r

. Moreover, )r(Vσ

r
 is introduced in the Hartree-Fock equation in view to 

include the electrostatic effects of the solvent on the wavefunction of the solute.  
Since the charge density does not concentrate on a single point of the surface, the 
electrostatic problem must be discretised.  The surface is thus fractionized in finite 
small elements called “tesserae”.  Each surface element, ai, is associated to a charge 
qi.  The charge density on the surface is then given by : 

 
i

i
i a

q
)σ(s =  (2-52) 

This allows to rewrite the potential associated with the solvent: 

 ∫∑∑ −
−

==
==
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r
rr
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 (2-53) 
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Therefore, within each SCF cycle, a second iterative procedure is introduced 
to evaluate )r(Vσ

r
 and )sσ(

r
. 

To assess the solvent impact on the molecular structures and on the first 
hyperpolarizabilities, an anil derivative (compound 6) has been investigated in vacuo, 
in ethanol (EtOH) (ε0 = 24.55, ε∞ = 1.85), and in cyclohexane (C6H12) (ε0 = 2.02,        
ε∞ = 2.03).  The results are listed in Tables 2-6 and 2-7.  No specific solvent-molecule 
interactions are observed, which justifies modeling the solvent as a homogeneous 
field.   

 

 

K-form In vacuo In EtOH In C6H12 

C7-N1-C2-C3 177.8 178.1 177.6 
C7-N1 1.408 1.412 1.410 
N1-C2 1.334 1.328 1.331 
C2-C3 1.392 1.401 1.396 
C4-O5 1.241 1.260 1.255 
N1-H6 1.027 1.026 1.028 
O5-H6 1.785 1.825 1.799 

BLA = (dC7-N1+dC2-C3- 2dN1-C2)/2 0.066 0.079 0.072 

Table 2-6: Selection of dihedral angle (°), distances (Å), and  BLA of compound 6 in its K 
form evaluated in different solvents within the IEF-PCM/B3LYP/6-311G* level. 

 

E-form K-form 
 

βHRS DR βHRS DR formE

formK

−

−

β
β

 

In vacuo 847 5.13 700 5.39 0.83 

In EtOH 1639 5.01 1401 4.67 0.85 CPHF 

In C6H12 1166 5.10 982 5.23 0.84 

In vacuo 1466 4.95 1254 4.95 0.86 

In EtOH 2179 4.93 2064 5.03 0.95 TDHF 

In C6H12 2087 4.93 1824 4.81 0.87 

Table 2-7: First hyperpolarizabilities (a.u.) and depolarization ratios of the E and K forms 
of compound 6 evaluated in different solvents using the IEF-PCM model and 
the 6-311+G* basis set. 
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Considering the geometrical parameters of the K-form, the dihedral angle is 
weakly modified by considering the two solvents but with a more planar structure in 
ethanol than in vacuo and in the cyclohexane.  For the atomic distances, the most 
significant effect is on the C2-C3, C4-O5, and O5-H6 lengths.  Indeed, for the C4-O5 
length, one can notice an increase by 0.014 Å when going from vacuo to C6H12 and 
of 0.019 Å from vacuo to EtOH.  The bond-length-alternation (BLA), defined as:    
BLA = (dC7-N1+dC2-C3-2dN1-C2)/2, increases when going from vacuo to EtOH (+0.013) 
and to C6H12 (+0.006). 

For the nonlinear optical properties, one observes, for both forms, a doubling 
of the CPHF values by comparing vacuo and ethanol, which leads to very similar 
contrasts.  Considering cyclohexane, the increase is of 30% for the βHRS values of the 
two forms.  For the dynamic values, there is also an increase when considering 
solvent effects, which is smaller than for the static values: in ethanol +50% for the E-
form and +65% for the K-form, leading to contrast close to one.  In cyclohexane, 
there is an increase of 40% for the two forms compared to the values in vacuo.  On 
the other hand, the DR values are not affected by the solvent effects, with all DR 
values close to 5.   

In conclusion, we have demonstrated the impact of the solvent effect and the 
importance to take into account this parameter in our calculations.  In this thesis, the 
IEF-PCM method has been used to take into account the solvent effects on the 
geometry optimization and on the linear and nonlinear optical properties. 

 

2.5. Computational aspects 
Among the parameters to optimize for calculations, the basis sets play an 

important role.  After a broad study of the effects of the basis set for the calculation of 
the first hyperpolarizabilities (presented in Chapter 4), and as presented recently by 
our group [44], the 6-311+G* basis set has been chosen to calculate β values with the 
TDHF/CPHF methods while 6-31G* basis-set is selected for MP2 calculations.  
These basis sets give the best compromise between computational costs and 
accuracy.  The optimization of the molecular structures has been done with the        
6-311G* basis set while the evaluation of the linear optical properties with the           
6-311G* or 6-311+G* basis set.   

All calculations have been carried out with the Gaussian package 2003 and    
2009 [58].  The parameter “vshift”, expressed in 10-3 a.u., is regularly used in the 
calculations.  It allows shifting the level of the virtual orbitals to solve convergence 
problems in the scf cycles.  Some results obtained for compound 3 in its merocyanine 
form with G03 and G09 are listed in Table 2-8.   
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As expected, the “vshift” value has no impact on the final β value when 
using G03: the values obtained are the same whatever the value given for “vshift”.  
However, this is not the case when using G09 package with which we obtain the 
same values as G03 when “vshift” is not considered while with a “vshift”, the 
values completely change: the higher the “vshift”, the lower the β.  Accordingly, 
the “vshift” parameter has not been used when using the G09 package.  
Nevertheless, “vshift” is sometimes necessary to allow the convergence of scf 
cycles, in this case G03 has been used.   

 

no vshift vshift = 50 vshift = 1000 vshift = 2000 
G03 

βHRS DR βHRS DR βHRS DR βHRS DR 

CPHF 2619 3.66 2619 3.66 2619 3.66 2619 3.66 

MP2 5134 3.88 5134 3.88 5134 3.88 5134 3.88 

no vshift vshift = 50 vshift = 1000 vshift = 2000 
G09 

βHRS DR βHRS DR βHRS DR βHRS DR 

CPHF 2619 3.66 2619 3.66 2619 3.66 2619 3.66 

MP2 5134 3.88 4903 3.87 3498 3.79 3153 3.74 

Table 2-8: First hyperpolarizabilities (a.u.) and depolarization ratios of compound 3 in its 
merocyanine form evaluated at the MP2 level with G03 and G09 package with 
different values of the parameter “vshift” (10-3 a.u.) 
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3. Hyper Rayleigh scattering 
 

3.1. General principles 
The hyper Rayleigh scattering [1-3] (HRS) is a nonlinear elastic scattering 

phenomenon.  In the HRS technique, the system is illuminated with photons of 
frequency ω while scattered photons of frequency 2ω are detected (Figure 3-1).  In 
this case, only non-centrosymmetric systems will give a response.  Indeed, no 
harmonic light scattering can come from a centrosymmetric scatter (Equation (1-8)).  
By using typical D-π-A dipolar or octupolar molecule [4], this rule is respected.   

 

ω

ω
2ω

Virtual state

Ground state  

Figure 3-1: Characteristic transition of the hyper Rayleigh phenomenon.  

 

The HRS light intensity, ω2I , is proportional to the square of the incident light, 

ωI , and to the square of the average over all orientations of the first 
hyperpolarizability, 2

HRSβ , of molecules by the following expression [5]:  
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where c is the speed of light in vacuum, λ the wavelength of the incident beam, r the 
distance sample-detector, N the concentration of chromophore, and 2

2
4ff ωω  

encompasses the local field factors and defines a Lorenz-Lorentz factor, LF , 
approximated by: 
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where ω
sn  and ω2

sn  are the refractive indices at optical frequency ω and 2ω, 
respectively.  
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Figure 3-2: Assembly of the 90° scattering HRS geometry in the laboratory referential. 

 

In a classical HRS experiment, the scattered light is analyzed at 90°; if the 
incident light beam is propagated in the Y-direction (vertically polarized, Z-axis), the 
scattered light is collected in the X-direction (Figure 3-2).  Two configurations are 
used, HV and VV: HV for a horizontally polarized incident light and vertically 
polarized scattered light and VV for vertically polarized incident and scattered lights.  
If the incident light is horizontally polarized, HV

2I ω  is proportional to 2
ZXXβ  whereas in 

the other case, the vertically polarized incident light, VV
2I ω , is proportional to 2

ZZZβ .  
Note that the laboratory coordinate system is represented by X, Y, and Z while the 
molecular coordinate system by the x, y, and z symbols.  To switch from the 
laboratory frame to the molecular referential [6], the 2

ZZZβ  and 2
ZXXβ  averages are 

expressed as a function of the first hyperpolarizability tensor components [10]: 
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where i, j, and k refer to the molecular coordinates system. 
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In the case of plane-polarized incident light and observation made 
perpendicular to the propagation plane without polarization analysis of the scattered 
beam, the second-order NLO response that can be extracted from HRS data      
reads [7]: 

 ( )DR/112
ZZZ

2
HRS +β=β  (3-5) 

where DR, the depolarization ratio (DR), is the ratio between Equations (3-3) and   

(3-4):  
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The DR value gives information on the geometry of the NLOphore, i.e. the part of the 
molecule responsible for the NLO response.  For an ideal D-π-A 1D system, the 
major tensor component is βiii with I the longitudinal molecular axis, and the 
depolarization ratio is equal to : 
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whereas for an octupolar molecule the dominant component is βijk, so that: 
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Several research groups have demonstrated the advantages of the hyper 
Rayleigh scattering in order to determine the molecular second-order nonlinear 
optical response [1-3,8-10].  Another technique that is frequently used to determine the 
first hyperpolarizability is the electric field induced second-harmonic generation [11] 
(EFISHG) technique.  The EFISHG measurements require the application of an 
external electric field to orient the molecules in solution in order to create the non-
centrosymmetry.  EFISHG enables the characterization of neutral dipolar compounds 
via the projection of the first hyperpolarizability vector onto the dipole moment vector: 
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where |||| µ  is the norm of the dipole moment and µi and βi the components of the µ 
and β vectors.  This technique allows therefore the evaluation of the β// values but not 
of the individual β-tensor components.  On the other hand, with HRS, a few dominant 
components of the β tensor can be deduced from the 2

ZZZβ and 2
XZZβ  

measurements.  The other advantage of the HRS technique is that it allows 
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characterizing ionic or non polar molecules, which are out of the reach of EFISHG.  
The use of HRS has thus increased in the recent years, due to its many advantages, 
including ionic species [12-14], dipolar [15] or octupolar molecules [16,17],…   

 

3.2. Experimental setup 
The classical 90° angle HRS geometry is schematized  in Figure 3-3.  The 

pulsed laser used is a Neodymium YAG [18] laser emitting in the near-infrared domain   
(λ = 1064 nm).  The block power (P) is constituted of a half-wave plate and a 
polarizer, which provide linear vertical polarization.  This configuration allows the 
modulation of the incident power of the light beam, measured by an optical fiber (F) 
that collects the scattered light intensity by a half-wave plate to a photodiode (D).  
The fundamental relative intensity is precisely measured by using an oscilloscope.  
The incident polarization of the beam is obtained by a half-wave plate and a rotatable 
quarter-wave plate.  This configuration allows changing the polarization of the beam 
from vertically linear polarization to horizontally linear polarization via left and right 
circular polarization (±45°) and elliptic polarization.  When the polarizat ion state is 
selected, the laser beam is focused via a focal lens (L) on a small volume of the 
sample contained in a liquid cell Raman-Fluorescence-type (four transparent sides) 
of 1cm.  The scattered light is collected at 90° by  a photographic lens placed on a 
translating system XYZ allowing the focus of the scattered beam to the spectrograph.  
By using a CCD detector, which is cooled down by liquid nitrogen, the energy of the 
scattered light is analyzed and the data collections are computer controlled [19].  

 

Figure 3-3: Experimental assembly of the 90° angle hyper Raylei gh scattering. 
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3.3. Determination of the first hyperpolarizability 
The hyper Rayleigh experiment is performed by considering a binary system: 

the solvent and the chromophore at concentration ranging between 10-2 and 10-6 M, 
a dilution range in which the linear dependency of absorbance is observed.  For all 
investigated chromophores, the pseudo symmetry C2v has been assumed where the 
molecules lay in a mean xz-plane, with z the twofold symmetry axis.  Finally, the 
Kleinman’s conditions [20] are assumed i.e. βZXX = βXXZ.  Accordingly, the nonzero β 
tensor terms are βzzz and βzxx. 

For a two-component system (solvent and chromophore), Equation (3-1) can 
be generalized and the linearly polarized scattered light in the VV geometry, VV

2I ω , is 
given by: 

 ( ) ( ) ( ) chrC2A2
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where G is a constant containing geometrical, optical, and electrical factors of the 
experimental setup, cVV is the isotropic average for VV polarization, Csolv and Cchr are 
the concentrations of the solvent and chromophore respectively, and A is the 
absorbance of chromophore at the pulsation 2ω.   

Considering an incident light with a state of polarization determined by the ψ 
angle, circularly polarized light is described by ψ = π/4 while linearly polarized light is 
described by  ψ = 0 (horizontal, H) or ψ = π/2 (vertical, V).  As demonstrated by Kaatz 
and Shelton [15] and generalized to the pseudo C2v symmetry, the scattered intensity 
is a function of the polarization angle and is given by:  
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(3-11) 

with zzzzxx /R ββ= . 

The hyper Rayleigh measurement of β involves two steps: a concentration 
study and a polarization study.   

 

���� Concentration study 

The first experiment consists in determining the ( )2chr
ZZZ

chr
VVc β  term in Equation 

(3-10) by removing the solvent contribution.  Both the chromophore concentration 
and the incident light intensity at 1064 nm are varied.  The linear dependence with 
respect to Cchr, as well as the quadratic dependence with respect to the incident 
intensity, Iω, are verified (Figure 3-4).  The zero-concentration corresponds to solvent 
alone.   
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The first step is the HRS measurements of the pure solvent (internal 

reference), leading to the determination of the ( )2solv
ZZZ

solv
VVc β  term.  By fitting the surface, 

the parameters of Equation (3-10) are evaluated and the ( )2chr
ZZZ

chr
VVc β  term is 

determined.   

 

 
Figure 3-4: 3D-evolution of the HRS signal of a merocyanine in acetonitrile solution as a 

function of the incident light and of the concentration, experimental points 
(crosses) and best fitted curve. 

 

���� Polarization study 

The second step consists in determining βzzz, βzxx, βHRS and DR.  The 
chromophore concentration and the incident intensity are fixed while the polarization 
angle ψ is varied and the intensity of the scattered light is measured.  Thus, one 
obtains a representation of the polarization angle as a function of the intensity of the 
scattered light (Figure 3-5) given by Equation (3-11).  The maxima of the curve (90 
and 270°) correspond to the VV configuration while the minima (0 and 180°) 
correspond to the HV configuration.   

 

I(ω) (a.u.) 

C (mol/l) 

I(2ω) (a.u.) 
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Figure 3-5: Intensity of the scattered light of a merocyanine in acetonitrile solution with 

respect to the polarization angle.  

In the HV and VV cases, Equation (3-11) is reduced to: 
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By fitting the curve (Figure 3-5), the R coefficient is determined allowing the 
evaluation of the cVV and cHV coefficients, leading to the determination of βzzz and βzxx 
and therefore the βHRS value, while the ratio between cVV and cHV provides the DR.  
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4. In silico optimization of spiropyran-
merocyanine compounds as second-order 

nonlinear optical molecular switches 
 

4.1. Introduction 
The design of spiropyran-merocyanine (S-M) switches (Figure 4-1) and 

particularly their contrast of β have been investigated as a function of the nature, 
positioning, and number of substituents.  Their switching mechanism consists in the 
light-induced cleavage of the C-O bond in the spiropyran ring.   
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Figure 4-1: Labelling of the spiropyran-merocyanine systems and their substituents.          

  

The advantage of these systems stems from the fact that families of M-S 
compounds have been synthesized since the fifties owing to their thermochromic and 
photochromic properties [1-4].  Moreover, structure modifications have been carried 
out in order to optimize the photochromism of different states of aggregation (small 
aggregates for multifrequency reversible optical cell, quasi liquid crystals and liquid 
crystals to obtain a material responding to electric field and irradiation) [5].  In 
particular, donor/acceptor substituents play an important role on the photochemistry 
of the M-S couple.  For instance, Sheng et. al. [6] have investigated the effects of 
donor/acceptor pairs on the geometrical parameters, particularly the bond length 
alternation (BLA) of the conjugated bridge, in order to rationalize the activation 
energy of the switching mechanism.  They noted that when R1 is an acceptor group 
(NO2), the BLA decreases, demonstrating a better electron delocalization.  
Donor/acceptor substitutions are therefore also expected to tune the second-order 
NLO properties as well as to modulate the contrast of first hyperpolarizability between 
the two forms, because the zwitterionic merocyanine form presents a charge-transfer 
character mediated by electron delocalization whereas in the spiropyran species the 
electron conjugation is interrupted by the spiro junction [7-9].   

In this chapter, using quantum chemical approaches, we rationalize the 
effects on β of different donor/acceptor substitution patterns: on the 6-membered ring 
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(R1 and R2), on the ethylenic bridge (R3), and on the benzothiazolinic moiety (R4 and 
R5 as well as X).  The list of compounds is given in Table 4-1.   

 

 R1 R2 R3 X R4 R5 

1 H H Me S H H 

2 H OMe Me S H H 
3 OMe OMe Me S H H 
4 NO2 H Me S H H 
5 OMe H Me S H H 
6 H NO2 Me S H H 
7 CN H Me S H H 
8 CHO H Me S H H 
9 # NO2 OMe Me S H H 
10 OMe NO2 Me S H H 
11 NO2 NMe2 Me S H H 
12 NMe2 NO2 Me S H H 
13 CN NMe2 Me S H H 
14 CHO NMe2 Me S H H 

15 NO2 OMe H S H H 
16 NO2 OMe CN S H H 
17 NO2 OMe OMe S H H 
18 NO2 OMe NH2 S H H 

19 NO2 OMe Me CMe2 H H 
20 NO2 OMe Me NMe H H 
21 NO2 OMe H CMe2 H H 
22 NO2 OMe H NMe H H 

23 NO2 NMe2 NH2 NMe H H 

24 NO2 OMe Me S NO2 H 
25 NO2 OMe Me S NMe2 H 
26 NO2 OMe Me S H NO2 
27 NO2 OMe Me S H NMe2 

28 NO2 NMe2 NH2 NMe NO2 H 
29 NO2 NMe2 NH2 NMe NMe2 H 
30 NO2 NMe2 NH2 NMe H NO2 
31 NO2 NMe2 NH2 NMe H NMe2 

Table 4-1: List of substituents investigated on the spiropyran-merocyanine equlibrium. 
Atom labels refer to Figure 4-1.  # Compound 9 has been characterized by 
Nakatani et al. [10] 
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4.2. Computational aspects and preliminary study of 
basis set effects 

β was evaluated by using the TDHF (λ = ∞ and 1064 nm) and FF/MP2 
methods.  Frequency dependent MP2 values were also calculated using the 
multiplicative scheme (Equation (2-46)).  In a preliminary step the choice of atomic 
orbital basis set for determining β of the spiropyran-merocyanine switches was 
addressed by considering compound 4.  A collection of basis sets was employed: 6-
31G, 6-31G*, 6-31G**, 6-31+G, 6-31+G*, 6-311G, 6-311G*, 6-311G**, 6-311+G, 6-
311+G*, cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ, with the aim of substantiating our 
choice of finding a good compromise between accuracy and computational needs. 
The results presented in Table 4-2 show that: i) d-polarization functions tend to 
decrease the βHRS magnitude for both forms whereas the p-polarization functions 
have negligible impact, ii) on a relative basis, the effect of the d-polarization functions 
is larger for the spiropyran form, especially for small basis sets, iii) going from a 
double- to a triple-ζ Pople basis set yields a decrease of βHRS(S) by less than 5 % 
and an increase of βHRS(M) by less than 16 %, iv) this double- to a triple-ζ effect is 
reduced when the basis set contains diffuse functions, v) adding diffuse functions can 
lead to an increase of βHRS by more than 20%, especially for the M form.  
Summarizing these observations, it appears that diffuse and d-polarization functions 
have generally opposite and overestimated impact when considered separately.  
Since larger basis sets like the aug-cc-pVTZ are beyond our computational 
resources, the results obtained using the aug-cc-pVDZ and cc-pVTZ basis sets are 
the closest to the HF limit and are taken as reference. The smaller 6-311+G* basis 
set provides a good approximation to these more extended basis sets, and 
constitutes the best compromise between accuracy and computational costs.  The 6-
311G* and 6-31+G* basis sets are certainly acceptable alternatives, whereas the 6-
311G basis set is less balanced and therefore provides βHRS contrast of lesser 
quality.  In the case of the depolarization ratios, the basis sets, which provide values 
close to the reference aug-cc-pVDZ and cc-pVTZ results are in general of a triple-ζ 
character and contain d-polarization functions.  Moreover, the βHRS contrast is 
underestimated in absence of d-polarization functions and/or for double-ζ basis sets 
(except using the 6-31+G* basis set).  Recently, our group has demonstrated the 
accuracy of valence triple-ζ + polarization basis sets with one set of diffuse functions 
[11,12] to reproduce within about 5% the first hyperpolarizability values of push-pull π-
conjugated systems by comparing with more extended basis sets like aug-cc-pVDZ, 
aug-cc-pVTZ, or 6-311++G(2df,p).  They have highlighted the good accuracy of 6-
31+G* basis set and the importance of diffuse functions on the evaluation of β, in 
particular for correlated methods like MP2, MP4 or CCSD(T). 
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Spiropyran Merocyanine 
Basis set # Basis Functions 

βHRS DR βHRS DR 
Contrast 

6-31G 239 417 2.81 2269 2.69 5.44 

6-31G* 377 348 2.65 2145 3.00 6.16 

6-31G** 419 348 2.63 2171 3.03 6.24 

6-31+G 331 444 2.55 2911 2.79 6.56 

6-31+G* 469 370 2.31 2756 3.13 7.45 

6-311G 349 392 2.60 2595 2.94 6.62 

6-311G* 464 337 2.42 2469 3.24 7.33 

6-311G** 506 335 2.40 2505 3.26 7.48 

6-311+G 441 438 2.54 2957 2.82 6.75 

6-311+G* 556 382 2.40 2790 3.12 7.30 

cc-pVDZ 396 315 2.31 2330 3.22 7.40 

cc-pVTZ 890 343 2.38 2722 3.39 7.94 

aug-cc-pVDZ 659 381 2.49 2952 3.31 7.75 

Table 4-2: Basis set effects on the TDHF (λ = 1064 nm) second-order NLO responses of 
the spiropyran-merocyanine couple 4: βHRS, depolarization ratio (DR), and 
βHRS(M)/ βHRS(S) contrast.  The β values are given in a. u..  

 

4.3. ββββHRS responses of spiropyran-merocyanine systems 
Table 4-4 reports the TDHF/6-311+G* first hyperpolarizabilities for the 

molecules 1-31 in their S and M forms, the βHRS(M)/ βHRS(S) contrasts, as well as the 
depolarization ratios. The bond length alternations (BLA) on the ethylenic bridge in 
the M conformers, defined as BLA = (d12+d34-2d23)/2 (see Figure 4-1 for atom 
labeling), are also reported as representative indicators of the strength of electronic 
conjugation along the molecule.  Two molecules are taken as reference compounds: 
molecule 1, which does not contain any donor/acceptor group on its extremities and 
presents a βHRS(M)/βHRS(S) contrast of 9.66 and small βHRS values, and molecule 9, 
which was initially investigated in Ref. 8.  The βHRS(M)/βHRS(S) ratios of compounds 1 
and 9 are similar but the βHRS values are more than twice larger in 9.   

For most of the merocyanine forms, rotation around the C1C2 and C3C4 
bonds leads to four different stable conformers (if X = NMe, there are only two 
conformations, Figure 4-2).  In the case of reference compound 9, their βHRS and DR 
values were calculated and related to the relative conformer energy (Table 4-3).  
Starting from conformer I, rotation around the C3C4 bond provides conformer III 
where the R3 substituent presents strong steric interactions with the oxygen atom, as 
evidenced by departure from π of the θC1C2C3C4 and θC2C3C4C5 torsion angles.  Similar 
repulsive interactions exist in conformer IV, which translates into very small Maxwell-
Boltzmann distribution weights whereas the βHRS increases by about 30% with 
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respect to conformer I.  Finally, rotation around the C1C2 bond gives conformer II 
presenting a larger energy.  In this case, the difference of βHRS is smaller than 3%.  
DR of conformers I and II are similar, like these of conformers III and IV, the 
difference between the two sets being of the order of 20%.  Since these steric 
interactions will be little modified when considering the other merocyanine species of 
Table 4-1, the coming data are reported only for the most stable conformation I.   
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Figure 4-2: Sketch of the four possible conformers obtained by rotation around the C1C2 
and C3C4 bonds.  

 

Conformer θNC1C2C3 θC1C2C3C4 θC2C3C4C5 βHRS (DR) ∆E (Weight) 

I 

II 

III 

IV 

-22.3 

-160.9 

-167.1 

23.5 

179.3 

178.6 

170.5 

-167.7 

-5.3 

-5.1 

162.5 

-160.0 

3342 (3.37) 

3433 (3.55) 

4294 (2.85) 

4293 (2.82) 

0.0 (97.6) 

9.6 (2.0) 

20.5 (0.1) 

14.2 (0.3) 

Table 4-3: Torsion angles (°), TDHF/6-311+G* βHRS and DR values (a.u.) for the four 
conformers of the merocyanine form of compound 9 as well as their relative 
energies (kJ/mol) and Maxwell-Boltzmann distribution weights (%) as 
estimated at 298.15 K from the electronic energy. 
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We then investigated the effects of donor/acceptor substituents in R1 and R2 
(compounds 2-14).  Adding to 1 a methoxy group in R2 (molecule 2) provokes a slight 
increase of βHRS(S) but decreases βHRS(M) by 35%, which reduces the β contrast by 
almost a factor of 2.  With respect to compound 9, compound 2 highlights the 
importance of the NO2 acceptor group in R1.  Replacing the NO2 acceptor group in R1 
by a OMe donor group is also detrimental to βHRS(M) and to the contrast, as found by 
comparing compounds 3 and 9.  On the other hand, placing the OMe group in R1 
(compound 5) increases βHRS(M) but decreases the contrast with respect to 1 since 
βHRS(S) increases by as much as 100%.  Similarly, the NO2 acceptor group enhances 
the first hyperpolarizability of both forms when in R1 position and reduces βHRS(M) 
when in R2 position, demonstrating cooperative rather than simple additive effects 
among the substituents.  Nevertheless, these effects are stronger for the NO2 
acceptor than for the OMe donor groups.   

The impact of an acceptor group in R1 was further addressed by comparing 
compound 1 with compounds 4, 7, and 8 (R2 = H).  βHRS(M) increases in the order H 
→ CHO → CN → NO2, i.e. with the strength of the acceptor group.  This increase in 
βHRS(M) is accompanied by an increase of the BLA, which goes from –0.031 Å in 1 to 
about zero in 4.  On the other hand, the variations in βHRS(S) do not follow the same 
pattern, so that the largest contrast is obtained for R1 = CN.   

Interchanging the position of the OMe/NO2 donor/acceptor pair, going from 9 
to 10, decreases βHRS(S) by 50% but βHRS(M) by less than 5%, which is accompanied 
by a larger contrast.  The larger βHRS values for 9 substantiate the stronger impact of 
the NO2 group as discussed above.  When a stronger donor group is considered 
(NMe2), the βHRS(M) values of the two position isomers (11 and 12) become much 
different, demonstrating that the preferential positions for a D/A pair is R2/R1.  
Comparing compounds 4, 9, and 11 further helps assessing the impact of donor 
group in R2.  When increasing the strength of the donor group, βHRS(M) increases 
substantially, βHRS(S) decreases slightly so that the contrast attains 16 in compound 
11.  Note that the BLA of the ethylene bridge is little affected by the strength of the 
donor group in R2.   

Then, the impact of an acceptor group in R1 was substantiated by 
considering this time R2 = NMe2 (compounds 11, 13, and 14).  Again, βHRS(M) 
increases in the order CHO → CN → NO2, which is accompanied by an increase in 
the BLA, the R1 = CN compound presents the smallest βHRS(S) and therefore the 
largest βHRS(M)/βHRS(S) contrast.  Nevertheless, the contrast for the R1/R2 = 
NO2/NMe2 pair is rather similar while the first hyperpolarizability of the merocyanine 
form is substantially larger (about 70%).  Concluding this investigation on the impact 
of the R1/R2 substituents, compound 11 exhibits not only a larger βHRS(M)/βHRS(S) 
contrast than compounds 1 and 9 but also a larger βHRS(M) value.  There is no clear 
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tendency in what concerns the depolarization ratios of the merocyanine and 
spiropyran forms as a function of R1 and R2.   

The substituent R3 on the ethylenic bridge was then varied from Me in 
compound 9 to H, CN, OMe, and NH2 in compounds 15-18.  βHRS(M) increases with 
the donor strength of R3, in the order CN → H → Me → OMe→ NH2 together with the 
DR and with the bridge BLA, which gets more and more positive (or less and less 
negative).  For the same R3 substituents, βHRS(S) hardly changes but its DR 
increases with the donor strength.   

The nature of X was then investigated for R1/R2 = NO2/NMe2 and for R3 = H 
or Me.  Substituting the sulfur atom in X by a gem-dimethyl group (from 9 to 19 and 
from 15 to 21) leads to a decrease of βHRS(M) and an increase of βHRS(S), so that the 
βHRS(M)/βHRS(S) contrast is strongly reduced.  On the contrary, replacing X = S by     
X = NMe (from 9 to 20 and from 15 to 22) increases βHRS(M) by 40-50% while βHRS(S) 
is enhanced to a weaker extent, which therefore leads to an exaltation of the 
contrast.  Note again that the larger the βHRS(M) values the more positive the BLA is.  
This βHRS(X = NMe) > βHRS(X = S) > βHRS(X = CMe2) ordering for the merocyanine 
form differs from the βHRS(X = S) > βHRS(X = CMe2) > βHRS(X = NMe) ordering found 
at the same level of approximation by our research group for the open forms of the 
indolino-oxazolidine, benzothiazolo-oxazolidine, and benzimidazolo-oxazolidine [13], 
though the compounds present many similarities.  This difference finds its origin in 
the substitution pattern of the aryl moiety of the benzazolo-oxazolidines having a 
donor group in para of the ethylenic linker and the associated cooperative effects on 
that ring.   

As an intermediate conclusion, increased efficiencies in the NLO responses 
of the two forms as well as in the NLO contrast upon switching can be achieved: i) by 
using the strong NO2/NMe2 D/A pair in R1/R2, ii) by inserting a donor group in R3 on 
the ethylenic bridge, as well as iii) by replacing the X = S of the parent compound by 
X = NMe.  Combining these structural features leads to the optimized compound 23, 
having a substantial βHRS(M) value (387% larger than in compound 1 and 126% 
larger than in compound 9) and a large βHRS(M)/βHRS(S) contrast, which correspond 
to a BLA value as large as 0.033 Å.  

Then, the impact of donor/acceptor substituents in R4 and R5 was analyzed 
by considering compounds 24-27 in comparison with compound 9.  To enhance 
βHRS(M), R4 should be a donor group but this is detrimental to the contrast.  On the 
other hand, placing a donor or an acceptor in R5 leads to both a reduced impact on 
βHRS(M) and a decrease of the contrast.  Donor and acceptor groups in R4 and R5 
were then considered on the basis of the optimized 23 compound.  In that case the 
largest βHRS(M) and βHRS(M)/βHRS(S) values are obtained when R4 or R5 is a nitro 
group.  In fact, adding the NMe2 donor group to either R4 or R5 positions reduces 
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βHRS(M) by about 10% with respect to compound 23 while the contrast further 
decreases.  In compound 28 and 30, larger βHRS(M) values are associated with 
smaller BLA, demonstrating a different structure/property relationship.  Thus, with 
respect to compound 1, an enhancement of βHRS(M) by about one order of magnitude 
has been achieved whereas the contrast has been increased by about 50%.  
Consequently, in addition to compound 23, compounds 28 and 30 were selected as 
potentially interesting systems and compounds 23 and 30 were subjected to further 
analysis reported in paragraph 4.4.   

Based on the previous discussions on the link between the BLA of the 
ethylenic bridge and βHRS(M), the two sets of quantities have been plotted in Figure 
4-3, leading to a noticeable linear relationship.  The larger βHRS(M) values and more 
positive BLA are associated with a more aromatic structure whereas the opposite 
trend corresponds to a quinoid ring structure.  Nevertheless, since they are 
associated with different effects, compounds 28 and 30 were excluded from the linear 
regression.   

 
Figure 4-3: Relationship between the bond length alternation (Å) and βHRS (empty 

squares, TDHF/6-311+G*, in a.u.). Data pertaining to compounds 28 and 30 
(filled circles) have not been included in the least-squares linear regression 
set. 
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Spiropyran (S) Merocyanine (M) 
Molecule 

βHRS DR βHRS DR 

βHRS(M)/ βHRS(S) 

Contrast 
BLA 

1 160 4.34 1546 4.17 9.66 -0.031 

2 186 4.74 1020 2.99 5.48 -0.035 

3 345 4.58 2248 2.20 6.52 -0.036 

4 382 2.40 2790 3.12 7.30 -0.0003 

5 321 6.42 2241 2.81 6.98 -0.031 

6 185 3.48 986 2.26 5.33 -0.007 

7 193 2.70 2699 4.06 13.98 -0.007 

8 249 2.19 1775 3.22 7.13 -0.012 

9 371 2.72 3342 3.37 9.01 -0.006 

10 240 4.88 3206 2.85 13.36 -0.010 

11 335 2.80 5363 4.22 16.01 -0.005 

12 343 6.66 1643 2.80 4.79 -0.009 

13 161 3.76 3200 4.36 19.88 -0.008 

14 238 3.60 2230 3.72 9.37 -0.013 

15 381 2.53 2936 2.95 7.71 -0.007 

16 374 2.11 1873 3.66 5.01 -0.018 

17 386 3.23 4199 3.63 10.89 -0.003 

18 389 4.49 4967 3.72 12.77 +0.005 

19 458 2.95 2736 2.80 5.97 -0.015 

20 450 2.84 5087 3.89 11.30 +0.029 

21 450 3.42 2405 2.60 5.34 -0.016 

22 463 2.61 4119 3.53 8.90 +0.012 

23 415 4.69 7538 4.27 18.16 +0.033 

24 392 2.29 2008 3.61 5.12 -0.020 

25 660 3.69 3991 3.20 6.05 +0.002 

26 695 2.48 3632 3.59 5.23 -0.016 

27 517 4.48 3547 3.02 6.86 +0.004 

28 761 2.64 10697 4.85 14.06 +0.019 

29 556 6.71 6897 3.92 12.40 +0.041 

30 760 2.64 11589 4.59 15.25 +0.019 

31 478 6.19 6932 4.03 14.50 +0.041 

Table 4-4: TDHF/6-311+G* first hyperpolarizability (βHRS) and depolarization ratio (DR) in 
a.u. for the spiropyran and merocyanine forms (λ = 1064 nm).  Last column : 
Bond Length Alternation (Å) in the merocyanine forms. 
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4.4. Further analysis on three selected systems 
The dispersion effects on the βHRS responses, as well as on the β contrasts 

were estimated from the βTDHF/βCPHF ratios, as reported in Table 4-5.  These 
dispersion effects are stronger for the merocyanine form than for the spiropyran form 
but remain rather similar among the three compounds, with slightly larger values for 
compound 30.  Therefore, the contrasts, which are smaller than 10 at the CPHF/      
6-311+G* level increase by 100% or more when accounting for frequency dispersion 
effects at a wavelength of 1064 nm.   

The large βHRS(M) and βHRS(M)/βHRS(S) values of compounds 23 and 30 with 
respect to compound 9 were then confirmed from FF/MP2/6-31G* calculations 
reported in Table 4-6.  Electron correlation effects, as estimated from the βMP2/βCPHF 
ratios, lead to an increase of the HRS first hyperpolarizabilities by 64-98%, except for 
9(M) where the increase attains 200%.  This results in the confirmation of 
βHRS(M)/βHRS(S) ratios larger than 15 for both targeted compounds, though the gain, 
in contrast to 9, is reduced at the MP2 level of approximation.   

 

Spiropyran Merocyanine 
Molecule 

βCPHF βTDHF /βCPHF  βCPHF βTDHF /βCPHF  
)S(
)M(

CPHF

CPHF

β
β  

)S(

)M(

TDHF

TDHF

β
β  

9 275 1.35 1239 2.70 4.51 9.01 

23 305 1.36 2702 2.79 8.86 18.16 

30 544 1.40 3793 3.06 6.97 15.25 

Table 4-5: For selected spiropyran-merocyanine pairs, static HRS first 
hyperpolarizabilities (βCPHF), βTDHF /βCPHF ratios, and HRS β contrasts.  All β 
values are given in a.u. and were obtained using the 6-311+G* basis set. 

 

Spiropyran Merocyanine 
Molecule 

βMP2 βMP2/βCPHF  
SHG

2MPβ  βMP2 βMP2/βCPHF 
SHG

2MPβ  )S(

)M(
SHG

2MP

SHG
2MP

β
β  

9 509 1.95 723 3091 3.08 10293 14.24 

23 736 2.29 950 5134 1.96 14774 15.55 

30 823 1.64 1246 6196 1.69 19585 15.72 

Table 4-6: For selected spiropyran-merocyanine pairs, static FF/MP2/6-31G* HRS first 
hyperpolarizabilities (βMP2), βMP2/βCPHF ratios, dynamic HRS first 
hyperpolarizability ( SHG

2MPβ ) as estimated from Equation (2-46), and HRS β 

contrasts.  All β values are given in a.u.. 
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For these three compounds and their two forms, Table 4-7 lists the norm of 
the dipole moment and first hyperpolarizability vectors, the angle they form as well as 
the β// and βHRS responses for both TDHF and MP2 levels of approximation.  These 
vectors are then sketched in Figure 4-4.  The spiropyran forms are characterized by 
quasi parallel µ and β vectors whereas for the merocyanine forms, they tend to be 
antiparallel.  Except for 9(M), these conclusions do not depend on the level (TDHF or 
MP2) of approximation.  As a consequence, all the β// values for the M (S) forms are 
negative (positive).  For the M form, going from 9 to 23 and 30 does not lead to 
changes of the relative orientation of the dipole moment with respect to the molecule 
but the amplitude changes: it increases between 9 and 23 as a results of stronger    
X = NMe acceptor group whereas it decreases between 23 and 30 owing to the 
strong NO2 acceptor group on the benzimidazolic moiety.  On the other hand, the first 
step is accompanied by a reversal of the β orientation and the second by an increase 
of the β amplitude.  In the case of the spiropyran form, a similar effect is observed, 
though of smaller amplitude, as could have been figured out from breaking of 
conjugation at the level of the spiro junction. 

At the TDHF/6-311+G* level of approximation, the β contrasts are similar for 
both HRS and EFISHG responses with a substantial increase when going from 
compound 9 to compounds 23 and 30.  At the MP2/6-31G* level, there are no such 
differences and the β contrasts for both responses range from 6 to 8, indicating again 
that the contrast is substantially enhanced by the frequency dispersion effects.     
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TDHF/6-311+G*  

(λλλλ = 1064 nm) 
µµµµ
r

 ββββ
r

 θθθθ ββββ////////    ββββHRS    

9(S) 5.65 662 9.4 392 371 

9(M) 11.40 6595 138.2 -2952 3342 

Contrasts    7.53 9.01 

23(S) 6.73 972 32.2 493 415 

23(M) 14.32 16957 158.7 -9479 7538 

Contrasts    19.22 18.16 

30(S) 5.51 1328 24.3 726 760 

30(M) 7.20 26830 146.8 -13462 11589 

Contrasts    18.54 15.25 

MP2/6-31G* 

(λλλλ = ∞) 
µµµµ
r

 ββββ
r

 θθθθ ββββ////////    ββββHRS    

9(S) 4.67 1110 19.73 627 509 

9(M) 9.44 7860 7.59 4675 3091 

Contrasts    7.45 6.07 

23(S) 5.79 1804 14.9 1046 736 

23(M) 13.38 11331 158.3 -6317 5134 

Contrasts    6.04 6.97 

30(S) 4.56 1560 6.2 930 823 

30(M) 6.82 14065 148.3 -7179 6196 

Contrasts    7.72 7.53 

Table 4-7: Norms of the µ and β vectors, angle (θ, in degrees) between them, β// and βHRS 
values, as well as corresponding contrasts for the spiropyran and 
merocyanine forms of representative compounds as determined at the TDHF 
and MP2 levels of approximation.  All µ and β values are given in a.u.. 
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Spiropyran Merocyanine Molecule 
TDHF (1064 nm) 

9 

 
 

23 
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Figure 4-4: Sketch of the dipole moment (red dotted line) and first hyperpolarizability 
(green full line) vectors for the spiropyran and merocyanine forms as 
determined at the TDHF (λ = 1064 nm) and MP2 (λ = ∞) levels of 
approximation.  The lengths of µ and β vectors are proportional to their norms 
and are consistent between the different compounds and methods, if scaling 
information are not provided (for instance, “β/4” means that, with respect to 
the other pictures, the length of the β vector has been divided by 4).  
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4.5. Conclusions 
Efficient NLO switching spiropyran-merocyanine systems have been 

proposed by calculating the first hyperpolarizability of a large variety of spiropyran-
merocyanine couples differing by the nature, number, and positioning of the 
substituents.  The substituent effects appear cooperative and therefore difficult to 
rationalize easily.  In particular, different pairs of R1/R2 substituents on the phenolate 
ring can enhance the first hyperpolarizability of the merocyanine form.  Nevertheless, 
when R1 and R2 are strong acceptor and donor substituents, respectively, the first 
hyperpolarizability of the merocyanine form is strongly increased while the β contrast 
with respect to the spiropyran form is large.  Further enhancements of the first 
hyperpolarizability are achieved by substituting the ethylenic bridge by donor groups, 
by replacing the indolino (or benzothiazolo) aromatic core by a benzimidazolo ring, as 
well as by substituting the later ring by a strong acceptor group.  When combining the 
structural patterns together, several performant spiropyran-merocyanine pairs have 
been designed and characterized.  For most of these systems, the amplitude of the 
βHRS of the merocyanine form has been shown to be directly related to the bond 
length alternation of the ethylenic bridge, which therefore constitutes a reliable 
structural parameter to predict the second-order NLO responses of these systems.   

Moreover, basis set, frequency dispersion, and electron correlation effects 
have been addressed for selected systems.  On the one hand, this enables to select 
the 6-311+G* basis set to perform the whole investigation.  On the other hand, 
frequency dispersion has been highlighted as a source of enhancement of the β 
contrast between the merocyanine and spiropyran forms because frequency 
dispersion effects are larger for the former than for the later.  Moreover, including 
electron correlation effects at the MP2 level leads to an algebraic increase of the first 
hyperpolarizability values and could modify the relative importance of the β contrasts.   
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5. Investigation on the second-order nonlinear 
optical responses in the keto–enol equilibrium 

of anil derivatives 
 

5.1. Introduction  
Among photochromic compounds of interest for advanced functionalized 

materials, salicylideneanilines and related Schiff bases, usually called anils, have 
received particular attention due to their ability to photoswitch between two forms, the 
enol-imine (E) and keto-amine (enaminone) (K) isomers, via an intramolecular proton 
transfer reaction and cis-trans isomerization to the final trans-keto photochromic form 
that can occur both in solution and in the crystalline state [1,2,3].  In this chapter, we 
address the NLO responses and contrasts of two anil derivatives: the N-(4-hydroxy)-
salicylidene-amino-4-(methylbenzoate) denoted 4A and the N-(3,5-di-tert-
butylsalicylidene)-4-aminopyridine denoted 4P (Figure 5-1), synthesized by Sliwa et 
al., and in particular their variations upon switching between the K and E forms via an 
intramolecular proton-transfer [4,5].   
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Figure 5-1: Enol (E) and keto (K) tautomeric forms of Schiff bases, 4A and 4P, with 

intramolecular hydrogen bond. 

 

These two molecules exhibit photochromism and nonlinear optical properties 
in the crystalline state. 4A involves push-pull substituents (hydroxyl and ester groups) 
in para position at both ends of the reference anil structure, in order to enhance the 
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molecular second-order NLO responses [3].  In 4P the introduction of bulky tert-butyl 
groups aims at stabilizing the K isomer.  Indeed, the latter compound was found to 
have the most stable K form among all the anil-type photochromes.  Usually the E 
form of anil derivatives is the most stable while the K form is metastable.  Guillaume 
et al. [3] have observed that the K form is stabilized by substituting the salicylidene 
ring by an acceptor group or the other ring by a donor group.  At the molecular level, 
the NLO properties of 4A and 4P have already been characterized by using the 
electric field induced second-harmonic generation (EFISHG) technique, as well as by 
means of INDO/S semi-empirical calculations [4].  Following this work, we have 
performed calculations in order to precisely investigate the thermodynamics and 
kinetics of the tautomer equilibria, as well as the linear and second-order nonlinear 
optical responses of the compounds in their two isomeric forms. Moreover, the NLO 
responses of 4A and 4P were also investigated by HRS to provide complementary 
information on the β tensor with respect to EFISHG [4].  The photochromic form is the 
trans-keto, nevertheless, this form has never been characterized due to the difficulty 
to define its geometry.  Therefore, we have focused our calculation on the enol and 
cis-keto forms. 

 

5.2. Molecular structures and thermodynamics analys is  
The representative bond lengths and torsion angles of the equilibrium 

structures calculated in gas phase at the B3LYP/6-311G* and MP2/6-31G* levels are 
gathered in Table 5-1 and, for the E forms, compared to X-Ray crystallographic data 
[4].  At both levels of theory, the two compounds present very similar geometries and 
the calculated interatomic distances are very close to the crystallographic values. The 
bond length alternation (BLA) in the bridge between the two rings, estimated as     
BLA = (d3-2 + d1-5 –2 d2-1)/2, is about 0.13 Å in the E forms and strongly reduced 
(0.05-0.06 Å) in the K forms, which is typical of salicylideneaniline derivatives [3]. 
Moreover, the BLA is identical in the 4A and 4P compounds within 0.001 Å. Besides, 
the length of the N…H hydrogen bond in the E form, which is similar within the two 
levels of calculations, is slightly longer for 4A than for 4P, contrary to experimental 
findings. This slight difference might be related to the intermolecular interactions or to 
anharmonicity effects.  On the other hand, the typical structural distortion of 
photochromic anils is well reproduced, the two six-membered rings making an angle 
of about 40° in the E forms. Note that MP2 calculat ions predict a larger distortion 
compared to DFT, particularly appreciable in the K isomer, for which DFT 
calculations lead to perfectly planar structures.  
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 4A-E 4A-K 4P-E 4P-K 

 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 

C5-N1 1.402 1.412 1.398 1.403 1.402 1.410 1.396 1.400 

(Exp) (1.410) - (1.420) - 

N1-C2 1.292 1.300 1.339 1.337 1.290 1.300 1.340 1.337 

(Exp) (1.290) - (1.281) - 

C2–C3 1.441 1.446 1.386 1.390 1.446 1.449 1.387 1.394 

(Exp)  (1.439) - (1.448) - 

C7-O 1.337 1.351 1.254 1.270 1.344 1.356 1.257 1.275 

(Exp) (1.350) - (1.354) - 

N1…H8 1.765 1.774 - - 1.735 1.733 - - 

(Exp) (1.680) -  (1.770) - 

O…H8 - - 1.752 1.695 - - 1.750 1.674 

BLA 0.130 0.129 0.053 0.060 0.134 0.130 0.051 0.060 

C4-C3-C2-N1 179.1 179.4 180.0 178.9 179.4 179.6 180.0 179.2 

(Exp) (176.3) - (178.1) - 

C3-C2-N1-C5 177.0 177.6 180.0 178.7 177.3 177.8 180.0 179.0 

(Exp) (173.1) - (175.9) - 

C2–N1–C5–C6 143.9 137.7 180.0 155.6 143.2 135.9 179.6 159.7 

(Exp) (144.7) - (140.1) - 

Table 5-1: Selected distances (Å) and torsion angles (°) for 4A and 4P in their E and K 
form, as calculated at the B3LYP/6-311G* and MP2/6-31G* levels. Atom 
labelling is shown in Figure 5-1. Experimental data are given between 
parentheses. 

 

The sums of the MP2/6-31G* Mulliken atomic charges in different fragments 
(Si) for the two compounds are collected in Table 5-2.  For both forms, the central 
moiety (S3) bears a negative charge.  This excess of electron is related to positive S2 
and S4 fragments, the K forms being characterized by larger positive charges on S2 
and S4 than the E forms.  This indicates that, even in the case of 4A bearing 
donor/acceptor groups, there is no real charge transfer between the two extremities 
of the molecules, the charge transfer mainly occurring from the extremities to the 
central conjugated bridge. 
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O
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S4

 

 4A – E 4A – K 4P – E 4P – K 

S1 -0.293 -0.290 - - 

S2 0.627 0.644 0.357 0.382 

S3 -0.562 -0.682 -0.581 -0.700 

S4 0.249 0.341 0.224 0.318 

S5 -0.020 -0.013 - - 

Table 5-2: MP2/6-31G* Mulliken charge distributions (|e|) for selected moieties of 4A and 
4P.  

 

Table 5-3 summarizes the main thermodynamic and kinetic data for the 
tautomeric equilibrium of the two compounds. Gas phase calculations performed at 
both levels of theory lead to the same conclusion that the K form is metastable at 
room temperature, in agreement with experiment.  However, the Gibbs energies and 
activation energies for the E�K reaction determined at the MP2/6-31G* level are 
significantly larger than at the B3LYP/6-311G* level, leading to larger differences in 
the relative stability of the two forms.  The exacerbated instability of the K-isomer 
predicted at the MP2 level might be, in part, related to the fact that the length of its 
O…H bond is significantly shorter than within DFT calculations.  The transition states 
of the two compounds are described by large and similar imaginary frequencies 
indicating a weak effect of the chemical structure on the potential energy surface.  

Besides, it is noteworthy that using MP2, the activation Gibbs energy for the 
reverse reaction (K�E) is negative when solvent effects are omitted.  Negative 
enthalpies of activation have also been reported in previous investigations of 
hydroxynaphthaldehyde anils and substituted salicylideneanilines [3,6]. This peculiar 
ordering of the transition state and K form energies finds its origin in the fact that the 
stationary/transition states on the potential energy surface are determined by 
considering stationary points on the energy U0 surface whereas thermodynamics is 
based on G298, with G298 = U0 + ZPVE + thermal corrections including the entropy 
term.  At the MP2 level, the ∆U0

#(reverse) values are 1.86 and 1.48 kcal mol–1 for 4A 
and 4P, respectively. In the same order, the corrections to ∆U0

#(reverse) to get 
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∆G298
#(reverse) are negative and amount to –2.22 and –2.07 kcal mol–1 and thus 

dominate over the ∆U0
# term, leading to a negative activation barrier.  Using DFT, the 

∆U0
#(reverse) values are, in kcal mol–1, 4.62 (4A) and 4.71 (4P), while ∆G298

# – ∆U0
# 

amount to –2.33 (4A) and –2.65 (4P).  

 

B3LYP/6-311G* MP2/6-31G* 
Compound  

In gas phase 

 ∆∆∆∆G298 ∆∆∆∆G298
# (νννν#) ∆∆∆∆G298 ∆∆∆∆G298

# (νννν#) 

4A 

4P 

1.04 

0.69 

3.33 (1396i) 

2.76 (1401i) 

6.69 

6.65 

6.33 (1173i) 

6.06 (1098i) 

 In CCl 4 a 

 ∆∆∆∆G298 ∆∆∆∆G298
# ∆∆∆∆G298 ∆∆∆∆G298

# 

4A 

4P 

0.07 

0.07 

2.88 

2.44 

6.13 

6.49 

8.12 

8.09 

 In CH3CN a 

 ∆∆∆∆G298 ∆∆∆∆G298
# ∆∆∆∆G298 ∆∆∆∆G298

# 

4A 

4P 

-1.35 

-1.01 

2.16 

1.90 

4.88 

5.26 

4.92 

5.04 
Table 5-3: Gibbs energies (kcal mol-1) of reaction [∆G298] and of activation [∆G298

#] for the 
E � K reaction of compounds 4A and 4P. The imaginary frequency (cm-1) of 
the transition states is given between parentheses.  
a Using thermal corrections to Gibbs energy calculated on gas phase 
geometries. 

 

At the two levels of approximation, including solvent effects, leads to a 
decrease of ∆G298 with respect to the gas phase values, the effects being larger in 
acetonitrile (CH3CN: ε0 = 36.64, ε∞ = 1.806) than in carbontetrachloride (CCl4:           
ε0 = 2.228, ε∞ = 2.129), whose dielectric constant is smaller. In CCl4, DFT calculations 
predict that the E and K forms should exist in similar proportion at room temperature, 
while in acetonitrile the K form is found to be the most stable. The MP2 level of theory 
shows a similar reduction of ∆G298. 

Overall, these calculations do not reveal significant differences in the 
thermodynamic properties of 4A and 4P, contrary to that observed in the solid state, 
in which 4P is almost bi-stable [4].  Except at the IEF-PCM/MP2 level, ∆G298 is larger 
for 4A than for 4P, but the difference remains smaller than 1 kcal mol-1. Similarly, 
∆G298

# for 4A is always slightly larger than for 4P, except at the IEF-PCM/MP2 level 
in acetonitrile. 
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5.3. Linear optical properties  
Figure 5-2 displays the low-energy part of the absorption spectra of 4A and 

4P in their E form, as measured in acetonitrile.  Both spectra reveal two distinct 
absorption bands.  For 4A, the maximum absorption wavelength is found at 344 nm 
(3.60eV, 29110 cm–1), while a second peak of lower intensity is present at 298 nm 
(4.16eV, 33600 cm–1).  In the case of 4P, the maximum absorption corresponds to a 
band located at 288 nm (4.31eV, 34770 cm–1), and the less absorbing state arising 
at 356 nm (3.48eV, 28130 cm–1) corresponds to the lowest energy band. The molar 
extinction coefficient of 4A at 344 nm is 79734 L.cm–1.mol–1, and for 4P it amounts to 
83515 L.cm–1.mol–1 at λ = 288 nm and to 37164 L.cm–1.mol–1 at λ = 356 nm.  
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Figure 5-2: Absorption spectra of the E form of 4A (left) and 4P (right) measured in 
acetonitrile (plain line). The bars report the oscillator strengths calculated at 
the IEF-PCM/TDDFT/B3LYP/6-311+G* level using the B3LYP/6-311G* 
geometry. The simulated spectrum has been obtained by enlarging each 
transition using a Gaussian function having a full width at half maximum 
(FWHM) of 90 nm (4A) and 50 nm (4P). The intensities at the absorption 
maxima have been adjusted to coincide in the experimental and simulated 
spectra. 

 

The bars in Figure 5-2 provide the corresponding simulated absorption 
spectra for excitation energies in the same 2-5 eV region, as calculated at the IEF-
PCM/TDDFT/B3LYP/6-311+G* level using the DFT gas phase molecular geometry. 
The numerical values of the transition energies, wavelengths and oscillator strengths 
calculated at various theoretical levels are gathered in Table 5-4.  
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Excited state  ∆Ege λλλλge fge 

 4A-E, in gas phase  
1 3.626 (3.670) 342 (338) 0.753 (0.700) 

2 4.003 (4.078) 310 (304) 0.201 (0.183) 

 4A-E, in CH 3CN 
1 3.548 (3.611) 349 (343) 0.962 (0.892) 

2 4.017 (4.077) 309 (304) 0.191 (0.198) 

 4P-E, in gas phase  
1 3.437 (3.464) 361 (358) 0.173 (0.147) 

2 4.102 (4.155) 302 (298) 0.395 (0.406) 

3 4.437 (4.493) 279 (276) 0.161 (0.125) 

 4P-E, in CH3CN 
1 3.427 (3.461) 362 (358) 0.219 (0.185) 

2 4.088 (4.147) 303 (299) 0.554 (0.581) 

3 4.382 (4.453) 283 (278) 0.144 (0.101) 

Table 5-4: Transition energies (∆Ege, eV), wavelengths (λge, nm) and oscillator strengths 
(f) of the E forms of 4A and 4P, as calculated at the TDDFT/B3LYP/              
6-311+G* level using the B3LYP/6-311G* geometries. The values between 
parentheses are obtained using the MP2/6-31G* geometries. 

 

Without accounting for the vibronic structure, the calculated spectra are in 
overall good agreement with the measured ones. In particular, the method for 
geometry optimization, DFT or MP2, does not significantly affect the transition 
energies.  Moreover, the solvent does not have a large impact on the absorption 
properties, as previously observed by Sliwa et al. [4]. For both compounds, the lowest 
energy charge-transfer excited state (state 1 in Table 5-4) is dominated by a π → π * 
transition between the highest occupied molecular orbital (HOMO, H) and the lowest 
unoccupied molecular orbital (LUMO, L), while the second state is dominated by a 
[H–1�L] single excitation. The H–1, H and L orbitals are drawn in Figure 5-3.   
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 4A-E 4P-E 

HOMO-1 

 

 

HOMO 

 

 

LUMO 

 

 

Figure 5-3: Frontier orbitals of 4A-E and 4P-E calculated at the B3LYP/6-311+G* level.   

 

5.4. Nonlinear optical properties  
Table 5-5 reports the longitudinal (βzzz), transverse (βzxx), and hyper Rayleigh 

(βHRS) hyperpolarizabilities as well as the depolarization ratios for 4A and 4P issued 
from HRS measurements.  The projection of the hyperpolarizability on the dipole 
moment direction (β//), measured by EFISHG [4] is also displayed.  The calculated 
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static and dynamic βHRS, DR and β// are given in Table 5-6 by considering two 
solvents with large difference in their dielectric constant: acetonitrile (CH3CN,           
ε0 = 36.64, ε∞ = 1.806) and carbontetrachloride (CCl4: ε0 = 2.228, ε∞ = 2.129).  

 

 ββββzzz ββββzxx ββββHRS DR ββββ// 

4A-E 15309 –1904 6086 3.85 1412 

4P-E 9496 –942 3798 4.08 787 

Table 5-5: Dynamic longitudinal (βzzz), transverse (βzxx), and HRS (βHRS) 
hyperpolarizabilities (a.u.), as well as depolarization ratios DR measured in 
acetonitrile at λ = 1064 nm. Last column: hyperpolarizabilities obtained from 
EFISHG measurements in dioxane at λ = 1907 nm (taken from Ref. 4). 

 

At the CPHF/6-31G* level, the contrast in the HRS first hyperpolarizability 
between the two forms, βHRS(E)/βHRS(K), is equal to 1.18 and 0.91 for 4A and 4P, 
respectively.  Accounting for electron correlation at the MP2 level has a different 
impact according to whether the E or K forms are considered.  For the E forms, it 
leads to an increase of the hyperpolarizability values by roughly a factor 2 with 
respect to the CPHF values, while for the K forms, βHRS significantly decreases in the 
case of 4P (–46%) and remains almost unchanged (–0.1%) in the case of 4A.  This 
results in the enhancement of the βHRS(E)/βHRS(K) contrast to 2.46 for 4A, and, in the 
case of 4P, inverts the conclusions about the relative magnitude of the first 
hyperpolarizabilities of the two tautomer forms, with βHRS(E)/βHRS(K) = 3.25.  Except 
for 4P-K, the behavior of β// and β//(E)/β//(K) with respect to electron correlation is 
quite similar to βHRS.  Including electron correlation at the MP2 level leads to a large 
increase of the depolarization ratio for the E forms (22% and 48% for 4A-E and 4P-E, 
respectively) and a small variation for the K forms (+3% in the case of 4A-K  and -5% 
for 4P-K). 

The frequency dispersion effects induced by an incident beam at λ = 1907 
nm lead, for the E form of the two compounds, to an increase of βHRS by 8% 
compared to the static values, while for the K forms, the increase is different for 4A 
(+7%) and 4P (+10%). Similarly, the dynamic β// are larger than the static ones, 
except for 4P-K whose absolute value β// is almost the same while DR increases by a 
few percents (from 2 to 5%) for the four compounds.  Using an incident wavelength of 
1064 nm, closer to the resonance, induces a more pronounced enhancement of βHRS 
and β//, except again for 4P-K.  With the exception of 4A-K , the depolarization ratios 
also increase substantially when accounting for frequency dispersion, figuring out β 
tensors dominated by a few components. 
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Accounting for interactions with the solvent leads to a similar enhancement 
of the static βHRS responses of the K forms of the two compounds (by about 50% in 
CCl4 and 85-105% in CH3CN), while the enhancement factors for 4A-E and 4P-E are 
different (of about 35-45% in CCl4 and 145% in acetonitrile). The depolarization ratio 
decreases in all the cases except for the 4P-K form. Following the same trend, the β// 
responses are significantly exalted in the presence of acetonitrile, especially for the 
two forms of 4A, while CCl4 has a smaller influence. The solvent-induced 
enhancement of both β// and βHRS is reduced in acetonitrile when going from (λ = ∞) 
to (λ = 1907 nm) and to (λ = 1064 nm), since the dynamic dielectric constant is 
smaller than the static one due to the vanishing orientation term.  This decrease is 
not observed in CCl4, whose dielectric constant remains almost unchanged within the 
wavelength range because it is nonpolar.  

Finally, considering the dynamic (λ = 1064 nm) HRS first hyperpolarizabilies 
and accounting for both electron correlation and solvent effects (acetonitrile), we 
obtain a contrast βHRS(E)/βHRS(K) of 2.36 and 2.49 for 4A and 4P, respectively. The 
ratio between the βHRS responses of the two E forms is equal to 2.40, which is larger 
but in good qualitative agreement with the measured ratio of 1.60.  For both E and K 
forms, the depolarization ratio of the 4A compound is larger than in 4P.  Moreover, 
the E form (of 4A or 4P) presents larger DR values than the corresponding K forms.  
The calculated DR value is in good agreement with experiment for 4A but not for 4P 
where it is underestimated.   

At the TDHF level in CCl4, the β//(4A-E)/β//(4P-E) ratio is equal to 2.30 at      
λ = 1907 nm, in rather good agreement with the ratio of 1.79 measured in dioxane by 
Nakatani et al. [5]. However, accounting for electron correlation via the multiplicative 
scheme leads to a reversed β//(4A-E)/β//(4P-E) ratio of 0.80.  Considering the µβ// 
product rather than the β// quantity for the comparison between theory and 
experiment, which removes the imprecision associated with the determination of the 
dipole moment, no improvement is found.  Indeed, the experimental µβ//(4A-
E)/µβ//(4P-E) ratio amounts to 2.02 whereas the theoretical estimate including solvent 
and electron correlation effects is equal to 0.67 because the relative value of the 
dipole moment is not reproduced. 
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 4A-E 4A-K 4P-E 4P-K  4A-E 4A-K 4P-E 4P-K 

 In gas phase, λλλλ = ∞ 

CPHF     MP2     

ββββHRS 913 777 (1.18) 433 476 (0.91) ββββHRS 1747 709 (2.46) 833 256 (3.25) 

DR 3.91 3.54 2.91 2.49 DR 4.76 3.63 4.30 2.38 

ββββ// 429 -300 (-1.43) 225 -56 (-4.02) ββββ// 508 -230 (-2.21) 765 -138 (-5.54) 

KS/B3LYP          

ββββHRS 1713 1383 (1.24) 643 502 (1.28)      

DR 4.52 4.25 3.71 2.90      

ββββ// 1312 -155 (-8.92) 539 78 (6.91)      

 In gas phase, λλλλ = 1907 nm  

TDHF     MP2b     

ββββHRS 991 829 (1.20) 469 524 (0.90) ββββHRS 1896 756 (2.51) 902 282 (3.20) 

DR 3.97 3.63 3.02 2.62 ββββ// 560 -250 (-2.24) 867 -136 (-6.38) 

ββββ// 473 -326 (-1.45) 255 -55 (-4.64)      

 In gas phase, λλλλ = 1064 nm  

TDHF     MP2b     

ββββHRS 1214 979 (1.24) 572 702 (0.81) ββββHRS 2323 893 (2.60) 1100 378 (2.91) 

DR 4.11 3.86 3.30 3.03 ββββ// 708 -314 (-2.25) 1166 -111 (-10.50) 

ββββ// 598 -410 (-1.46) 343 -45 (-7.62)      
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 4A-E 4A-K 4P-E 4P-K  4A-E 4A-K 4P-E 4P-K 

 In CH3CN, λλλλ = ∞ 

CPHF     KS/B3LYP      

ββββHRS 1875 1896 (0.99) 797 1161 (0.69) ββββHRS 4325 3412 (1.27) 1527 1369 (1.12) 

DR 3.64 3.40 2.70 2.62 DR 4.43 4.08 3.80 2.97 

ββββ// 963 -647 (-1.49) 279 -210 (-1.33) ββββ// 3353 -550 (-6.10) 1269 119 (11.33) 

 In CH3CN, λλλλ = 1907 nm  

TDHF     MP2c     

ββββHRS 1412 1274 (1.11) 598 770 (0.78) ββββHRS 2702 1163 (2.32) 1150 414 (2.78) 

DR 3.98 3.67 2.97 2.72 ββββ// 975 -278 (-3.51) 1020 -209 (-4.88) 

ββββ// 823 -362 (-2.27) 300 -85 (-3.53)      

 In CH3CN, λλλλ = 1064 nm  

TDHF     MP2c     

ββββHRS 1764 1569 (1.12) 733 1053 (0.70) ββββHRS 3375 1432 (2.36) 1410 566 (2.49) 

DR 4.13 3.91 3.24 3.15 ββββ// 1255 -354 (-3.55) 1384 -207 (-6.69) 

ββββ// 1060 -462 (-2.29) 407 -84 (-4.85)      

 In CCl 4, λλλλ = ∞ 

CPHF     KS/B3LYP      

ββββHRS 1303 1185 (1.10) 586 722 (0.81) ββββHRS 2692 2126 (1.27) 987 812 (1.22) 

DR 3.83 3.51 2.87 2.58 DR 4.50 4.20 3.79 2.97 

ββββ// 678 -415 (-1.63) 287 -89 (-3.22) ββββ// 2111 -263 (-8.03) 849 122 (6.96) 
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 4A-E 4A-K 4P-E 4P-K  4A-E 4A-K 4P-E 4P-K 

 In CCl 4, λλλλ = 1907 nm 

TDHF     MP2c     

ββββHRS 1407 1262 (1.11) 628 792 (0.79) ββββHRS 2692 1152 (2.34) 1208 426 (2.84) 

DR 3.90 3.61 2.98 2.71 ββββ// 883 -342 (-2.58) 1105 -209 (-5.29) 

ββββ// 746 -446 (-1.67) 325 -85 (-3.82)      

 In CCl 4, λλλλ = 1064 nm  

TDHF     MP2c     

ββββHRS 1761 1556 (1.13) 776 1106 (0.70) ββββHRS 3370 1420 (2.37) 1493 595 (2.51) 

DR 4.07 3.87 3.26 3.17 ββββ// 1146 -443 (-2.59) 1516 -182 (-8.33) 

ββββ// 968 -578 (-1.67) 446 -74 (-6.03)      
Table 5-6: First hyperpolarizabilities and depolarization ratios of 4A and 4P in their E and K forms, evaluated at different levels of 

approximation using the 6-31G* basis set.   
a All values are given in a. u.. The β(E)/β(K) ratios are given in parentheses.  
b Using Equation (2-46) with βTDHF and βCPHF calculated in gas phase. c using Equation (2-46) with βTDHF calculated in solvent.  
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The µ and β vectors were sketched in the molecular frame (Figure 5-4) in 
order to analyze the impact of the anil structure as well as the electron correlation 
and solvent effects.  In addition, the angle (θ) formed by the µ and β vectors are listed 
in Table 5-7.  For compound 4A, the β vector is always directed towards the hydroxyl 
group with little differences between the E and K forms as well as when taking into 
account the solvent or electron correlation effects.  However, the relative orientation 
of the dipole moment changes when switching from the E to K forms: in 4A-E,           
θ < π/2 so that β// is positive whereas for 4A-K , θ > π/2 so that β// is negative.  When 
going from the HF to MP2 treatment, the amplitude of β increases, as can be 
estimated from the HRS response, for the enol form but θ gets closer to π/2 so that 
the enhancement is rather small.  For the K form, these MP2-HF effects are smaller.  
In the case of 4P, at the TDHF level, the absence of donor/acceptor groups in para 
position on the salicylidene ring yields a different orientation of the β vector with 
respect to the molecular backbone.  Nevertheless, the θ angles remain similar to the 
parent 4A compound so that β//(4P-E) is positive while β//(4P-K) is negative and of 
smaller amplitude.  The same conclusions are drawn for the static (CPHF) and 
dynamic (TDHF) treatments as well as with or without accounting for the solvent 
effects.  Thus, at the TDHF level of approximation, the larger β// of 4A-E is due to the 
larger β amplitude.  The situation is different when considering the MP2 results.  
Indeed, the β vector of 4P-K is now oriented towards the pyridine ring and presents a 
reduced amplitude.  Moreover, in the case of 4P-E, the θ angle is now close to π/4 so 
that the projection of β on µ gets larger than for 4A-E.  For both 4A and 4P 
compounds, including electron correlation effects at the MP2 level leads to an 
increase of the β//(E)/β//(K) ratios, mostly driven by the β amplitude whereas the 
change of θ angle compensates partially this effect.  This analysis also enables to 
point out that compound 4A presents similarities with 4’-amino-N-salicylideneaniline 
(compound 4 of Ref.3), a compound having a stronger donor group in R’ position but 
no acceptor in R.  After taking into account the difference of β conventions (T versus 
B), it appears that 4A, in both E and K forms, displays smaller β responses than 
compound 4 of Ref.3, and thus than compounds with strong D/A groups.  From 
comparing the θ angles, compound 4P appears as a new class of anils, where      
θ(K) – θ(E) is larger than 100°.  Again, the β responses are small with respect to 
other systems with D/A.  In addition, on the basis of this analysis, the difference 
between the measured and the calculated relative β// values of 4A-E and 4P-E could 
be associated with difficulties in determining the dipole moment orientation and the 
effect of the solvent on it.   

In view of providing an enlarged comparison of the performance of the 
different theoretical schemes, DFT calculations of the static first hyperpolarizabilities 
were carried out and the results are also presented in Table 5-6.  It appears that this 
scheme employing the B3LYP exchange-correlation functional provides β values 



 - 102 - 

sometimes in good agreement with the MP2 results, sometimes close to the CPHF 
values, and also sometimes far away from both CPHF and MP2 results.  Thus, 
although the corresponding scheme for simulating the absorption spectra is 
performing well, these DFT β results confirm earlier investigations [9].  This is further 
substantiated by the angles listed in Table 5-7.   

 

4A 4P  
TDHF (λλλλ = 1907 nm, in CCl 4) 

E form 

  

K form 

  
 MP2 (λλλλ = ∞, in vacuo) 

E form 

  

K form 

  

Figure 5-4: Sketch of the dipole moment (red dotted line) and first hyperpolarizability 
(green full line) vectors for E and K forms of compounds 4A and 4P as 
determined at the TDHF (λ = 1907 nm, CCl4) and MP2 (λ = ∞ nm, in vacuo) 
levels of approximation.  The lengths of µ and β vectors are proportional to 
their norms.  Note however that for better visualization, the β vectors of the 4A 
species have been drawn using a scale five times larger than for the 4P 
species.   
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θ θ θ θ     4A-E 4A-K 4P-E 4P-K 

MP2 (in vacuo, λ = ∞ nm) 78.2 104.6 48.2 155.9 

KS/B3LYP (in vacuo, λ = ∞ nm) 56.9 94.7 49.9 82.2 

CPHF (in vacuo, λ = ∞ nm) 69.3 107.7 62.8 96.7 

TDHF (in vacuo, λ = 1064 nm) 68.5 108.8 60.4 93.3 

TDHF (in CCl4, 1907 nm) 66.4 106.1 63.3 95.7 

Table 5-7: θ angles (in degrees) formed by the µ and β vectors for the different forms of 
4A and 4P as a function of the method of calculation.   

 

5.5. Conclusions  
This chapter has addressed the second-order NLO responses of two anil 

derivatives, and more particularly the contrast upon switching between the enol-imine 
and keto-amine forms within the tautomerization equilibrium.  These two compounds 
are investigated here by means of HRS measurements as well as ab initio 
calculations accounting for both electron correlation and solvent effects.  The 
structural characteristics and molecular optical properties are well reproduced by 
quantum chemical calculations.  In addition, the contrast between the first 
hyperpolarizability of the E forms of the two compounds, which is consistent with the 
linear optical properties, is in fair agreement with HRS and EFISHG experiments, in 
particular, at the TDHF level of approximation.  Some reduction of agreement at the 
MP2 level has been attributed to difficulties in predicting the dipole moment 
orientation.  For both 4A and 4P, the E/K first hyperpolarizability ratios are larger than 
2, demonstrating that the enol forms present the largest responses. Although the 
switching is associated with a relatively small β contrast compared to what is 
observed in other organic photochromes, anils have the advantage to act as NLO 
switches in the solid state, which is of crucial interest in view of practical applications.  
Thus, this work constitutes a prerequisite step for future developments that will 
encompass the theoretical evaluation of the solid state effects on the optical 
properties, using supermolecule approaches such as those described in Ref.9.  
Macroscopic properties (linear and nonlinear susceptibilities) of 4A and 4P in the 
crystalline state have been calculated [10] and compared to experimental ones [4] and 
theoretical calculations reproduce well qualitatively the experimental values. In 
conclusion, 4A and 4P compounds seem to be very interesting candidates for NLO 
applications in spite of their small β contrasts. 
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6. Solvent effects on the second-order 
nonlinear optical responses in the keto – enol 
equilibrium of a 2-hydroxy-1-naphtaldehyde 

derivative 
 

6.1. Introduction  
The modifications of the intrinsic molecular responses have been the topic of 

many investigations, either experimentally [1-3] or theoretically [4,5], that have shown 
that the surroundings constitute one of the tunable parameters to optimize the NLO 
responses.  Solvent effects on the NLO responses have initially been investigated for 
push-pull systems in conjunction with their solvatochromism [6,7].  Indeed, the relative 
stability of their two resonant forms [valence bond (VB) and charge transfer (CT)] 
varies as a function of the solvent polarity.  As reviewed by Bishop [4], the 
surrounding presents a double effect: it modulates the field amplitudes, which are 
experienced by the solute and modifies the geometry and electronic structure of the 
solute from what they are in the gas phase.  Theoretically, studies dealing with the 
description of the effects of the solvent appeared more than 15 years ago [8-13], and 
challenges have encompassed i) the development of polarizable continuum models 
(PCMs) including different contributions to the solute-solvent interactions (See 
paragraph 2-4 for more details), ii) the related description of the solute cavity, iii) the 
elaboration of techniques including specific solvent molecules as in QM/MM 
treatments [14-16], and iv) the description of the local field effects [17-20], in addition to 
the fact that these methods have been worked out at different levels of approximation 
ranging from semi-empirical and ab initio Hartree-Fock methods to MO-based and 
density-based correlated schemes [21-23].   

In this chapter, we have investigated the solvent effects on the second-order 
NLO response of the N-(2-hydroxynaphtylidene)-aniline derivative, a compound from 
the anils family, which displays tautomerism between an enol and a keto form (Figure 
6-1) [24].  In addition to the double effect pointed out in the review by Bishop [4], the 
solvent has here a third role since it can shift the equilibrium between the different 
forms.  For this system, the equilibrium displacement is induced by using different 
binary mixtures of cyclohexane (C6H12) and ethanol (EtOH).  
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Figure 6-1: Tautomeric equilibrium of the N-(2-hydroxynaphtylidene)-aniline derivative, 

where the atom labels used in the calculations are reported.  

 

6.2. Experimental aspects  
HRS experiments were performed in pure ethanol and cyclohexane solvents 

as well as in ethanol/cyclohexane mixtures in 30/70 and 70/30 volume ratios.  In the 
context of a solvent mixture, it has been necessary to recalculate the Snω , S

2n ω  and 2
Lf  

values as a function of the ratio of ethanol in solvent mixtures (Table 6-1).  The 
solvent contribution in Equation (3-10) was previously obtained from HRS 
measurements on the pure ethanol solution (cyclohexane has no HRS response) 
using acetonitrile as an external reference. The determination of the second-order 
nonlinear optical response of the anil derivative has been accomplished with respect 
to the response of ethanol, taken now as an internal reference. For the sake of 
homogeneity of the measurements, the acetonitrile response has also been used as 
an external reference for the solute in pure cyclohexane solutions. 

 

% EtOH ωn  ω2n  2
Lf  

0 

30 

70 

100 

1.420 

1.399 

1.371 

1.350 

1.426 

1.406 

1.381 

1.361 

5.803 

5.320 

4.744 

4.346 

Table 6-1: Refractive indices at optical frequencies ω and 2ω and local field correction as 
a function of the ethanol proportion.  

 

6.3. Molecular structures and thermodynamic analysi s 
In addition to the most stable cis isomer, both the E and K forms can adopt a 

trans structure, which is obtained by rotating the naphtyl unit with respect to the 
dimethylaminophenyl group by about 180°.  However, as a result of breaking the 
intramolecular H-bond, their energies, as determined at the B3LYP/6-311G* level, 
are larger, leading therefore to a negligible statistical weight.  Therefore, only the cis- 
conformers, which correspond to the direct reactant and product of the tautomeric 
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reaction, are considered hereafter.  This is consistent with recent work on similar 
compounds [25]. 

Table 6-2 reports the relative Gibbs free energies (∆G) and the activation 
barriers (∆G#) calculated for a temperature of 298.15 K for the E � K equilibrium, as 
well as the values of the imaginary frequencies associated with the transition states. 
Both in the gas phase and in solution, the small energy differences and activation 
barriers indicate the coexistence of the E and K forms at room temperature. Single-
point IEF-PCM/MP2/6-311G* calculations using the geometry calculated at the IEF-
PCM/B3LYP/6-311G* level predict that the E-tautomer should be the most stable 
both in the gas phase and in solution. Moreover, when the solvent is changed from 
cyclohexane to ethanol, the reaction energy decreases together with the activation 
barrier, indicating that the tautomeric equilibrium is shifted towards the K form. These 
results are consistent with other studies on the tautomerism of 
(hydroxylnaphthalidene)-anilines, which have shown that more polar solvents favor 
the proton transfer [24,26]. Besides, the application of the Maxwell-Boltzmann 
distribution scheme using the IEF-PCM/MP2/6-311G* relative free energies leads to 
relative E/K populations of 91/9 in cyclohexane and 64/36 in ethanol.  

 

 ∆G ∆G# (ν#) 

 In the gas phase 

B3LYP/6-311G* 

MP2/6-311G* a  

-1.80 

1.96 

1.85 (1424i) 

4.49 

 In C6H12 

IEF-PCM/B3LYP/6-311G* 

IEF-PCM/MP2/6-311G* a 

-2.68 

1.37 

1.48 (1416i) 

4.08 

 In EtOH 

IEF-PCM/B3LYP/6-311G*  

IEF-PCM/MP2/6-311G* a  
-4.04 

0.35 

0.73 (1394i) 

3.31 

Table 6-2: Relative Gibbs free energies and activation barriers (∆G = GK – GE and 
∆G# = GTS – GE, kcal/mol) of the E�K reaction, and imaginary frequencies of 
the transition state (ν#, in cm-1). 
a Single-point calculations using the geometry calculated at the IEF-
PCM/B3LYP/    6-311G* level.  

 

The main geometrical features (distances and dihedral angles) of the two 
tautomeric forms and transition state, as optimized in the gas phase and in solvent at 
the B3LYP/6-311G*, are listed in Table 6-3. Theoretical values are compared to      
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X-Ray data of the N(2-hydroxynaphthalidene)-aniline compound, in which the NMe2 
group has been replaced by an H atom [27]. The last line of Table 6-3 reports the 
bond length alternation, defined as (d14-4 + dN-17 – 2dN-14)/2.  In both forms, the central 
conjugated bridge is in the same plane as the naphtyl ring, as indicated by the values 
of the C5-C4-C14-N and C4-C14-N-C17 dihedral angles very close to 180°.  The        
C19-C17-C4-C3 dihedral angle between the mean planes of the naphtyl and phenyl 
rings is reduced by about 10° along the E �K reaction, leading to a stronger electron 
delocalization in the K form and to a reduction of the BLA by a factor of 2. 

 

In the gas phase In EtOH In C 6H12  X-Ray a 

E TS K E TS K E TS K 

C14–N  1.314 1.291 1.308 1.334 1.292 1.306 1.327 1.291 1.307 1.331 

N–O 2.603 2.621 2.418 2.629 2.610 2.424 2.654 2.615 2.420 2.637 

C14–C4 1.404 1.448 1.423 1.392 1.451 1.432 1.401 1.449 1.427 1.396 

C4–C3 1.439 1.405 1.427 1.462 1.404 1.421 1.453 1.404 1.425 1.458 

C3–O 1.266 1.337 1.298 1.251 1.343 1.311 1.261 1.339 1.303 1.255 

N…H 0.917 1.727 1.272 1.029 1.708 1.293 1.026 1.717 1.279 1.027 

O…H 0.998 0.996 1.215 1.785 1.000 1.197 1.821 0.998 1.209 1.796 

C3–O–H 104.5 107.7 104.3 104.2 107.3 104.0 103.7 107.5 104.2 103.9 

C14–N–H 116.4 99.2 104.0 112.5 99.5 103.8 113.1 99.3 103.9 112.6 

C4–C3–O 122.8 122.0 120.7 122.3 121.6 120.5 122.3 121.8 120.6 122.3 

C14–C4–C3 120.2 121.3 118.1 120.3 121.5 118.6 120.9 121.3 118.3 120.5 

N–C14–C4 123.1 122.6 120.0 124.2 122.1 119.6 124.3 122.4 119.9 124.2 

C17–N–C14 126.5 122.3 125.8 127.8 122.6 126.0 128.0 122.5 125.8 128.1 

C19-C17-N-C14 179.0 152.9 157.3 162.3 156.4 161.9 164.5 154.1 158.1 164.4 

BLA  0.27 0.21 0.13 0.27 0.23 0.16 0.27 0.22 0.14 

Table 6-3: Representative structural parameters of the E and K forms, as well as of the 
transition structure, calculated at the B3LYP/6-311G* level in the gas phase 
and in solvent using the IEF-PCM scheme. The distances are given in 
Angströms and the angles in degrees.  
a From Ref. 28. 

 

Finally, Table 6-4 reports the total dipole moments and solvation energies of 
the two tautomeric forms, as calculated at the IEF-PCM/B3LYP/6-311G* and IEF-
PCM/MP2/6-311G*//IEF-PCM/B3LYP/6-311G* levels. It is noteworthy that the dipole 
moment of the compound significantly increases along the E�K transformation and, 
as expected from simple electrostatics, with the polarity of the solvent. At both 
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theoretical levels, the solvation energies calculated in ethanol are 3.2 times larger 
than those calculated in cyclohexane.  

 

 IEF-PCM/B3LYP/6-311G* IEF-PCM/MP2/6-311G* a 

 E K E K 

 In the gas phase 

Dipole moment 4.17 6.04 3.21 5.27 

 In cyclohexane 

Dipole moment 4.68 6.96 3.67 6.01 

Solute-solvent energy -3.61 -4.61 -4.28 -5.50 

 In ethanol 

Dipole moment 5.43 8.41 4.32 7.26 

Solute-solvent energy -11.69 -15.01 -13.92 -17.96 
Table 6-4: Total dipole moments (in Debye) and solute-solvent energies (kcal/mol) of the 

two tautomeric forms.  
a Single-point calculations using the geometry optimized at the IEF-
PCM/B3LYP/ 6-311G* level.  

 

6.4. Linear optical properties  
6.4.1. Experimental absorption spectra and relative E/K 
populations 

The UV-Visible spectra of the compound were measured in pure ethanol and 
cyclohexane solvents, as well as in two ethanol/cyclohexane mixtures at 30/70 and 
70/30 volume ratios (Figure 6-2). In pure cyclohexane, most of the molecules are 
present in their E form, as shown by the small relative intensity of the long-
wavelength band (∼ 480 nm, 2.58 eV) associated to the π � π* transition of the K-
tautomer compared to the short-wavelength band (∼ 410 nm, 3.02 eV) associated to 
the π � π* transition of the E tautomer [24]. When the ethanol proportion is increased, 
the intensity of the K-band progressively increases, which confirms that the polarity of 
the medium moves the tautomeric equilibrium toward the K-tautomer, as already 
shown in previous studies [28]. The relative populations of E and K forms have been 
evaluated in every solvent mixture from the UV-Visible spectra using the procedure 
described in Ref.29 and 30, by decomposing the long-wavelength E- and K-bands 
using five and four sub-bands, respectively (Figure 6-3). The absorption spectra of 
the individual tautomers were also obtained, and the total oscillator strengths of the E 
and K forms are equal to 0.460 and 0.433, respectively. In ethanol/cyclohexane 
solvents with 0/100, 30/70, 70/30 and 100/0 ratios, the obtained relative E/K 
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populations are 90/10, 54/46, 43/57 and 34/66, respectively (Figure 6-4). These 
populations are in good qualitative agreement with the theoretical values.  Indeed, at 
the MP2 level, the E/K population ratios amount to 91/9 and 64/36 in 0/100 and 100/0 
ethanol/cyclohexane solvents, respectively.  

 

 
Figure 6-2: Absorption spectra measured in ethanol/cyclohexane mixtures in various 

proportions.  
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Figure 6-3: Absorption spectra of the investigated compound in ethanol/cyclohexane 

binary solvent mixtures (solid black lines). Individual spectra of the tautomers 
(solid lines in blue for the E form and in red for the K form) and the sub-bands 
composing the long-wavelength tautomer bands (in dashes).  
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Figure 6-4: Relative population of K- and E- tautomers with respect to the ethanol ratio in 

the solvent.  

 

6.4.2. Simulated absorption spectra 

Table 6-5 gathers the transition energies, wavelengths, and oscillator 
strengths associated with the main low-energy optical transitions calculated in the 
gas phase as well as in cyclohexane and ethanol solutions for both the K and E 
forms. The nature of the MOs involved in these transitions is also given. The main 
absorption band of both the K- and E-tautomers is associated to a π � π* transition 
between the highest occupied (HOMO, H) and the lowest unoccupied (LUMO, L) 
MOs (Figure 6-5). Consistent with experiments, although of smaller amplitude, DFT 
calculations predict that the E�K transformation is accompanied by a bathochromic 
shift of 0.19 eV, which is almost independent of the nature of the solvent.  The 
exchange-correlation functional is responsible for the underestimation of the 
bathochromic shift, as shown by additional TDDFT/LC-BLYP/6-311G* calculations 
where the shift attains 0.40 eV, in comparison with the experimental value of 0.37 eV. 
The less intense absorption band observed around 330 nm is also well reproduced 
by the B3LYP calculations, and corresponds to the [H�L+1] transition. 

The oscillator strength associated with the E-band (λge = 428 nm at the 
B3LYP/6-311G* level) decreases when going from cyclohexane to ethanol (from 
0.903 to 0.858), while the reverse is true for the K-band (λge = 459 nm), whose 
oscillator strength slightly increases. Note that, although the oscillator strengths are 
overestimated by a factor 2, the relative intensities of the K- and E-bands are well 
reproduced by the DFT calculations. Indeed, the calculated fK/fE ratio amounts to 
0.98 while the experimental value is equal to 0.94.  These results demonstrate that 
IEF-PCM provides reliable trends regarding the displacement of the tautomeric 



 - 114 - 

equilibrium with respect to the solvent polarity. Finally, the total absorption spectra of 
the anil compound in both solvents have been simulated by weighting the spectra of 
the E and K forms calculated at the IEF-PCM/TDDFT/B3LYP/6-311G* level by their 
relative populations deduced from experiments (Figure 6-6), highlighting again that 
the displacement of the maximum absorption band toward the low energies when the 
solvent polarity is increased is well accounted for by the TDDFT calculations.  

 

 λλλλge ∆∆∆∆Ege fge 

 In the gas phase  

K 434 2.838 0.704 (H→L) 

E 409 

322 

3.034 

3.847 

0.759 (H→L) 

0.131 (H→L+1) 

 In cyclohexane  

K 459 

328 

2.702 

3.778 

0.882 (H→L) 

0.139 (H→L+1) 

E 428 

328 

2.898 

3.776 

0.903 (H→L) 

0.155 (H→L+1) 

 In ethanol  

K 466 

336 

2.662 

3.690 

0.885 (H→L) 

0.132 (H→L+1) 

E 435 

333 

2.851 

3.720 

0.858 (H→L) 

0.133 (H→L+1) 

Table 6-5: Wavelengths (λge, nm), Transition Energies (∆Ege, eV), Oscillator Strengths 
(fge) and main electronic transitions of the E and K forms of the compound as 
calculated at the IEF-PCM/B3LYP/6-311G* level.  
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Figure 6-5: Frontier orbitals of the E and K forms, calculated at the IEF-PCM/B3LYP/        
6-311G* level in ethanol.  
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Figure 6-6: Experimental (solid lines) and theoretical absorption spectra (dotted lines) in 

cyclohexane (blue) and ethanol (red) accounting for the relative populations of 
the K and E forms deduced from UV-Visible experiments. The calculations 
have been carried out at the IEF-PCM/TDDFT/B3LYP/6-311G* level and each 
transition has been enlarged using a Gaussian function having a full width at 
half-maximum (FWHM) of 0.6 eV. The intensities at the absorption maxima 
have been adjusted to coincide in the experimental and simulated spectra. 
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6.5. Second-order nonlinear optical properties  
6.5.1. Polarized HRS experiments 

The macroscopic β responses were first obtained.  The solvent and solute 
contributions to the second-harmonic intensity, as well as the estimated macroscopic 

2
ZZZβ  responses due to the solute, are reported in Table 6-6.  In pure cyclohexane, 

the 2
ZZZβ  values are significantly smaller than in solvents containing ethanol.  In 

cyclohexane/ethanol mixtures, the 2
ZZZβ  contribution of the solute increases with the 

ethanol proportion. 

 

%EtOH ( )2solv
ZZZ

2
LfG β  ( ) 62chr

ZZZ
2
L 10fG −β  ( ) 62chr

ZZZ 10−β  

0 

30 

70 

100 

0 

3.69 ± 0.56 

7.85 ± 0.82 

10.03 ± 1.52 

0.198 ± 0.003 

1.086 ± 0.008 

1.358 ± 0.012 

1.372 ± 0.028 

10.71 ± 0.17 

52.60 ± 0.40 

72.12 ± 0.64 

80.67 ± 1.65 

Table 6-6: Solvent and solute contributions to the scattered light intensity, and 
macroscopic first hyperpolarizability of the solute measured from HRS 
experiments. All values are in a.u.2.  

 

By procedure detailed in paragraph 3.3, the molecular components of the β 
tensor were then estimated.   The parameter R defined as R = βzxx/ βzzz Is evaluated 
for every solvent mixture (Table 6-7).  The major (βzzz) and minor (βzxx) components 
of the solute were further deduced and are given in Table 6-7.  In every solvent, the 
βzzz components are 1 order of magnitude larger than the βxzz component, with an 
opposite sign. These results warrant the validity of our previous assumption of the 
so-called Kleinman condition that states that xxzzxx β=β  since off-diagonal 
components are indeed weak with respect to the longitudinal one, which is actually 
enhanced by pre-resonance effects. In addition, note that these experimental values 
do not correspond to the properties of individual molecules, in either the E or K form.  
Indeed, since the two forms of the compound are present in every solution, these 
values represent molecular properties weighted by their compositions.   

Finally, depolarization ratios, as well as HRS responses, are also reported in 
Table 6-7 (see also Figure 6-7).  As shown by the large changes in the DR values, 
solvent effects have a significant impact on the symmetry of the NLO-phore. In 
particular, it is noteworthy that DR is smaller in solvent mixtures than in pure 
cyclohexane or ethanol solvents. Note however that the DR value measured in 
cyclohexane must be considered with caution, since the HRS intensity detected in 
this solvent is very weak compared to what is observed in the other solvents.  Hence, 
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the experimental error is likely larger than the value reported in Table 6-7, which only 
includes the errors due to the fitting procedures. 

 

% EtOH R βzzz βzxx βHRS DR 

0 

30 

70 

100 

- 0.065 ± 0.012 

- 0.161 ± 0.016 

- 0.152 ± 0.009 

- 0.083 ± 0.009 

13683 ± 476 

29804 ± 1439 

34787 ± 996 

35688 ± 1112 

-888 ± 145 

-4790 ± 564 

-5298 ± 370 

-2959 ± 316 

5526 ± 37 

11764 ± 63 

13775 ± 64 

14334 ± 121 

4.39 ± 0.11 

3.55 ± 0.13 

3.62 ± 0.07 

4.22 ± 0.08 

Table 6-7: Longitudinal (βzzz) and transverse (βzxx) molecular first hyperpolarizability 
components (a.u.) of the solute measured from HRS experiments.  Since the 
two forms of solute are present in solution, these values represent an average 
over the solute composition. 
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Figure 6-7: Depolarization ratio (blue plain line) and HRS hyperpolarizability (black plain 

line) measured for solutions with various K/E ratios. Dotted lines are obtained 
assuming that the HRS hyperpolarizability and DR of the individual tautomers 
do not depend on solvent.  

 

6.5.2. Theoretical results 

The static and dynamic (λ = 1064 nm) values of 
2/12

ZZZβ , 
2/12

ZXXβ , and 
βHRS as well as the depolarization ratios of the K and E forms were calculated for the 
isolated molecules and for the two solvents (Table 6-8), at both the HF/6-311+G* and 
MP2/6-31G* levels.  The major (βzzz) and minor (βzxx) molecular components are 
reported in Table 6-9.  At the CPHF/6-311+G* level in the gas phase, βHRS(E) is 
larger than βHRS(K), with a βHRS(K)/βHRS(E) ratio of 0.83.  Both frequency dispersion 
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and solvent effects significantly enhance the HRS hyperpolarizabilities of the two 
forms but these effects have a weak impact on the β contrast, which remains close to 
0.9.  

When electron correlation at the MP2 level is accounted for, the static 
hyperpolarizability of both the E and K forms increases compared to the HF values, 
but the enhancement is larger for K than for E, leading to an inversion of the relative 
magnitude of the hyperpolarizability of the two forms.  Such an inversion in the 
βHRS(K)/βHRS(E) ratios between HF and MP2 has already been observed for other anil 
derivatives [32] (See Table 5-6 in chapter 5). Thus, both in the gas phase and in 
solvent, the βHRS(K)/βHRS(E) contrast calculated at that MP2 level turns out to be 
close to 2.  Accounting for frequency dispersion effects via multiplicative scheme 
increases further the βHRS(K) and βHRS(E) values without changing significantly the 
βHRS(K)/βHRS(E) contrast. 

 

E form K form 

 
2/12

ZZZβ  
2/12

ZXXβ  βHRS DR 
2/12

ZZZβ  
2/12

ZXXβ  βHRS DR 
E
HRS

K
HRS

β
β

 

 HF/6-311+G* 

λ = ∞ / vacuo 

λ = 1064nm / vacuo 

λ = ∞ / C6H12 

λ =1064nm / C6H12 

λ = ∞ / EtOH 

λ =1064nm / EtOH 

774 

1337 

1066 

1902 

1497 

1987 

342 

601 

472 

857 

669 

894 

847 

1466 

1166 

2087 

1639 

2179 

5.13 

4.95 

5.10 

4.93 

5.01 

4.93 

643 

1144 

899 

1660 

1272 

1885 

277 

514 

393 

757 

588 

841 

700 

1254 

982 

1824 

1401 

2064 

5.39 

4.95 

5.23 

4.81 

4.67 

5.03 

0.83 

0.86 

0.84 

0.87 

0.85 

0.95 

 MP2/6-31G* 

λ = ∞ / vacuo 

λ = ∞ / C6H12 

λ = ∞ / EtOH 

971 

1448 

2205 

455 

675 

1028 

1072 

1598 

2433 

4.56 

4.60 

4.60 

1997 

2881 

4171 

866 

1243 

1784 

2177 

3137 

4536 

5.32 

5.37 

5.47 

2.02 

1.96 

1.86 

 From multiplicative scheme 

λ =1064nm / vacuo 

λ =1064nm / C6H12 

λ =1064nm / EtOH 

1677 

1155 

3934 

800 

530 

1867 

1855 

2860 

3235 

4.40 

4.74 

4.45 

3553 

2264 

7702 

1607 

950 

3436 

3900 

5827 

6683 

4.89 

5.67 

5.00 

2.10 

2.04 

2.07 

Table 6-8: Macroscopic β-responses, as well as first HRS hyperpolarizabilities , and 
depolarization ratios for the E and K forms of the compound calculated using 
various theoretical approximations, in vacuo and in solvent, in the static limit 
(λ = ∞) and for an incident wavelength of 1064 nm. All β values are given in 
atomic units.  
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E form K form 
 

ββββzzz ββββzxx ββββzzz ββββzxx 

 HF/6-311+G* 

λ = ∞ / vacuo 

λ = 1064nm / vacuo 

λ = ∞ / C6H12 

λ =1064nm / C6H12 

λ = ∞ / EtOH 

λ =1064nm / EtOH 

-1938 

-3427 

-2656 

-4863 

-3665 

-5112 

-325 

-434 

-474 

-638 

-788 

-597 

-1384 

-2673 

-1885 

-3825 

-2386 

-4485 

-459 

-560 

-688 

-859 

-1188 

-760 

 MP2/6-31G* 

λ = ∞ / vacuo 

λ = ∞ / C6H12 

λ = ∞ / EtOH 

-2552 

-3802 

-5758 

-360 

-530 

-877 

-5134 

-7364 

-10500 

-280 

-466 

-935 

Table 6-9: Longitudinal (βzzz) and transverse (βzxx) components (a. u.) of the first 
hyperpolarizability for the E and K forms of the compound, calculated using 
various theoretical levels, in vacuo and in solvent, in the static limit (λ = ∞) and 
for an incident wavelength of 1064 nm.  

 

6.5.3. Discussion 

To account for the equilibrium between the E and K forms in solution, we 
had to generalize Equation (3-10) as follows: 

( ) ( ) ( ) ( ){ }[ ] ( )[ ] chr
K
2

E
2 CAA2

chr
2
ZZZ

2
ZZZsolv

2
ZZZ

2
VV 10IC1KECsolvI ωω +−

ω
ω −×β+×β+β∝ xxxx -1  (6-1) 

where ( )E2
ZZZβ  and ( )K2

ZZZβ  are the macroscopic averages of the β tensors of the 
E and K forms, respectively, and x  is the proportion of E form in solution.   However, 
it is not possible to extract from the HRS experiments the individual contributions of 
the tautomeric forms to ω2

VVI , since they do not only depend on the K/E ratio, but also 
on the nature of the solvent. Indeed, as already mentioned, the solvent has multiple 
effects on the NLO responses of the solute. It impacts the geometry and electronic 
properties of the solute through intermolecular interactions, it modulates the electrical 
field that is felt by the solute molecules, and it dictates the relative K/E proportion in 
the solution.  

One way to disentangle these various effects consists in assuming that the 
individual HRS hyperpolarizabilities of the tautomeric forms are only impacted by the 
equilibrium displacement, and not by the nature of the solvent. In this case, the 
solvent-independent βHRS(E) and βHRS(K) values can be extracted from the 
experiments performed in pure solvents, by considering that the measured HRS 
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response is the sum of the individual responses of the two forms, weighted by their 
populations: it gives βHRS(E) = 3952 a.u. and βHRS(K) = 19688 a.u.. The evolution of 
the HRS response of the solution, estimated using the solvent-independent βHRS(E) 
and βHRS(K) values, is reported in Figure 6-7 with respect to the K/E ratio. It is 
noticeable that deviations from the experimental points do not exceed 6%, which 
indicates that the variation of the HRS hyperpolarizability of the solution is mainly 
driven by the equilibrium displacement. The same conclusion may be reached in light 
of the theoretical calculations.  

The theoretical βHRS responses of the solute in pure solvents can be 
estimated by weighting the calculated βHRS values of the tautomeric forms by their 
relative populations deduced from UV-Visible measurements. The so-obtained 
values are 3157 a.u. and 5511 a.u. in cyclohexane and ethanol, respectively.  This 
corresponds to a solvent-induced enhancement of 1.75, which, although 
underestimated, is in good agreement with the measured value of 2.8.  The solvent-
induced equilibrium displacement toward the K-tautomer is thus the main origin of the 
exaltation of the HRS response when going from cyclohexane to ethanol. This 
enhancement might also be partly related to the formation of J-aggregates, which are 
expected to present smaller β responses.  Indeed, the formation of these aggregates 
might be favored in cyclohexane with respect to ethanol, where stronger solute-
solvent interactions facilitate dissolution.  Although no evidence for aggregation has 
been observed at room temperature in these systems [33], this assumption is 
supported by i) the very weak HRS intensity detected in cyclohexane and ii) the 
relative amplitudes of the dipole-dipole interactions and of the solute-solvent energies 
(Table 6-4).  The stabilization energy due to dipolar interactions was estimated as 

32 R2E µ−= where µ is the dipole moment of the chromophores and R the distance 
between their centers of mass. Considering an intermolecular distance of 4 Å typical 
of a π-stacking, and the dipole moment values calculated at the B3LYP level (Table 
6-4), the dipole-dipole interaction energy for a pair of molecules in their E form is 
equal to –9.87 kcal/mol, while the total IEF-PCM/B3LYP/6-311G* solute-solvent 
energy is equal to –7.22 kcal/mol, so that J-aggregation would be favored in 
cyclohexane. The analogous calculations for the ethanol solution lead to                    
–13.28 kcal/mol for dipole-dipole interactions and to –23.38 kcal/mol for the total 
solute-solvent energy. In this latter case, the solvation of the individual chromophores 
would be favored. Nevertheless, it is worth stressing that the variation of the 
harmonic light intensity with the polarization of the incident light measured in 
cyclohexane remains characteristic of a dipolar solute, which is in contradiction with 
the aggregation hypothesis.  

Finally, using the same approach for DR, the solvent-independent DR(E) 
and DR(K) values extracted from experimental data obtained in pure solvents are 
equal to 4.39 and 4.22, respectively. Contrary to βHRS, the evolution of the DR of the 
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solution estimated using the assumption that the DR values of the two tautomers are 
not impacted by the nature of the solvent widely differs from the experimental 
measurements (see Figure 6-7). Varying the cyclohexane/ethanol ratio in the solvent 
mixture has thus a strong impact on the DR values of the tautomeric forms, while 
their HRS hyperpolarizabilities are less directly affected by the nature of the solvent.  
The reason why the DR values are smaller in solvent mixtures than in pure solvent 
remains an open question. Using the theoretical results and weighting the calculated 
depolarization ratios of the tautomeric forms by their relative populations leads to DR 
values of 4.83 and 4.81 in cyclohexane and ethanol, respectively. This last result is 
consistent with the experiments carried out in pure solvents, which provide similar 
DR values for the two solutions.  

Theoretical results are thus in good agreement with experiments carried out 
in pure solvents, as they qualitatively reproduce the enhancement of the HRS 
hyperpolarizability and the consistency of the DR when going from cyclohexane to 
ethanol. The remaining discrepancies between calculations and measurements likely 
originate from the fact that the solute/solvent interactions are approximated within the 
continuum solvation model, where weak intermolecular bonds are not treated 
explicitly. Moreover, as previously reported by Wortmann and Bishop [34], the 
macroscopic electrical field applied to the medium is different from the local field felt 
by the solute molecule in the solution. Thus, though the interactions between the 
solute and solvent are incorporated in the calculations, the discrepancies between 
the experimental and theoretical results might also originate from the approximate 
local field factors.  Another source of discrepancy might originate from the 
conformational flexibility of the anil derivatives and in particular from the rotational 
freedom of the (dimethylamino)-phenyl group.  However, as shown in Table 6-10, the 
amplitudes of the βHRS variations upon rotations by +10° and -10° are sma ll and 
cancel each other since the two directions of rotation have the same probability.  

 

 E K 
 λ λ λ λ = ∞∞∞∞ λ λ λ λ = 1064 nm λλλλ = ∞∞∞∞ λ λ λ λ = 1064 nm 
θ 847 1466 700  1254 
θ + 10° 976 (+15.2°) 1703 (+16.2°) 761 (+8.7%) 1404 (+12.0% ) 
θ − 10° 802 (-5.3%) 1172 (-20.0%) 708 (+1.1%) 1035 (-17.5%) 

Table 6-10: First HRS hyperpolarizability (a.u.) for the E and K forms of the compound 
when varying the dihedral angle θ = C19-C17-N-C14 by ± 10° with respect to its 
optimized value (the optimized values for θ calculated at the B3LYP/              
6-311G* level are equal to 152.9° and 164.5° for the E and K forms, 
respectively.  For the E (K) form, the changes of energy, as estimated at the 
B3LYP/6-311G* level, amount to 0.19 and 0.22 kcal/mol (0.13 and 0.10 
kcal/mol) for negative and positive rotations), as calculated at the HF/6-
311+G* level in vacuo, in the static limit (λ = ∞) and for an incident wavelength 
of 1064 nm. 
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6.6. Conclusions  
In this chapter, HRS experiments and ab initio calculations have been 

combined to investigate the solvent effects on the second-order NLO responses of a 
N-(2-hydroxynaphtylidene)-aniline derivative, that commutes between an enol and a 
keto form.  Therefore, in addition to changing the properties of the E and K forms, the 
solvent modifies the keto-enol equilibrium, resulting in a more complex dependence 
of the global NLO response with respect to the solvent.  In this investigation, the 
solvent effects were triggered by using different binary mixtures of ethanol and 
cyclohexane. We show that increasing the polarity of the solvent, by increasing 
progressively the ethanol ratio in cyclohexane/ethanol mixtures, leads to the 
displacement of the tautomeric equilibrium toward the K form, which gives rise to a 
bathochromic shift and large enhancement of the HRS hyperpolarizability. Quantum 
chemical calculations, performed in pure solvents using the IEF-PCM, fairly 
reproduce the bathochromic shift of the main absorption band, as well as the 
exaltation of the first hyperpolarizability along the E�K reaction.  This also 
demonstrates that pure solvent effects on the E and K forms properties are not 
negligible and add to the effects from the displaced equilibrium.  Indeed, when 
switching from cyclohexane to ethanol solutions, at the MP2 level, βHRS of the E and 
K forms increase by 52% and 45%, respectively.  This chapter also highlights the 
difficulties in conciliating HRS experiments performed in solvents exhibiting specific 
interactions with the solute, possibly favoring in some cases J-aggregates, with 
computational results.  
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7. Theoretical investigation of the dynamic 
first hyperpolarizability of DHA–VHF molecular 

switches  
 

7.1. Introduction  
We have investigated the dihydroazulene (DHA)-vinylheptafulvene (VHF) 

equilibrium whose synthesis and some experimental characterizations have been 
reported a few years ago by Daub and co-workers [1-6] and presents an interesting 
potential to display efficient NLO switching properties.  In fact, the DHA-VHF system 
can commute between three forms: the DHA species that can undergo a photo-
opening of the five-membered ring to form the VHF form in cis configuration, which 
can further be thermally converted into the VHF-trans form (Figure 7-1).  When going 
in the opposite direction, all transformations are thermally induced.  It has been 
noticed that the DHA to VHF transformation is usually accompanied by a change or 
appearance of color depending on the substituent. 
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Figure 7-1: Photo and thermochromic equilibrium for the DHA-VHF system. 

 

In general, the DHA compounds are thermally stable, exhibit a photochromic 
behaviour at room temperature, display absorption bands in the UV domain, and 
show fluorescence in the visible region.  The reaction from the DHA to the VHF 
forms, having at room temperature a rather high quantum yield with values between 
0.1 and 0.6, is accompanied by a large shift of the absorption band.  Then, the VHF 
open form is metastable, non fluorescent, and shows a high solvent dependency of 
the S0-S1 absorption transition, compared to DHA [1].  The activation barrier for the 
back reaction ranges between 75 and 88 kJ mol-1 [1], as a function of the substituent 
as well as of the polarity of the solvent: the more polar the solvent is, the faster the 
rearrangement is.  The high quantum yield for the photochromic in DHA → VHF 
reaction, as well as the lack of fluorescence or photochemical back-reaction from 
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VHF has been rationalized by Boggio-Pasqua et al. by means of complete active 
space-self consistent field calculations [7].   

During the photochemical ring opening of the DHA form, the electronic 
structure of the π-system changes considerably.  Indeed, unlike in the DHA form, the 
cyano groups of the VHF form are conjugated with the π-system.  Since this 
rearrangement is accompanied with a lowering of the transition energies, one can 
expect that it will also be accompanied by substantial modifications of the first 
hyperpolarizability.  It is also expected that the substituent R on the phenyl ring will 
play an important role on the first hyperpolarizability and on its contrast.  In this 
chapter, we have described and rationalized these effects for substituents R = H, 
CH3, NH2, and NO2 by means of quantum chemical calculations.    

 

7.2. Molecular structures  
A selection of remarkable geometrical parameters of the DHA, VHF-cis, and 

VHF-trans forms calculated at the IEF-PCM/B3LYP/6-311G* level of approximation 
(solvent = acetonitrile) are listed in Table 7-1.  The charges on the different fragments 
of the three forms obtained within Mulliken population analysis are reported in Table 
7-2.  As expected from the chemical formulas, going from DHA to VHF-cis is 
accompanied by a reversal of the single and double CC bonds of the seven-
membered ring whereas the changes in the phenyl ring are equal or smaller than 
0.01 Å.  The BLA in the central part of the molecule, defined as                            
BLA1 = (dC7-C8+dC9-C16-2dC8-C9)/2 and BLA2 = (dC7-C8+dC9-C10-2dC8-C9)/2, decreases 
substantially (from 0.14 Å to -0.018/0.004 Å for BLA1 and from 0.097/0.085 Å to 
0.024/0.058 Å for BLA2), indicating that the electron delocalization is better in VHF-
cis than in DHA. Going from the cis to the trans form, the bond length values change 
little, though BLA2 decreases by 0.002 to 0.015 Å.  The largest variations are 
attributed to the C9-C10 bond, which decreases by about 0.01 Å.  This shortening of 
the C9-C10 bond is accompanied by a lengthening of the C9-C16 bond and by an 
increased charge transfer between the substituent R and the C(CN)2 acceptor 
groups, in particular when R = NH2.  Moreover, the optimized DHA geometry is 
essentially planar with the C7-C8-C9-C16 and C7-C8-C9-C10 torsion angles close to 0° 
and 180° while the C 8-C9-C10-C11 torsion angle determining the position of the phenyl 
ring amounts to approximately 15°.  Upon transition  to the VHF-cis form, planarity is 
partially lost with departure from planarity of 30° (C7-C8-C9-C16 and C7-C8-C9-C10,) 
and 60° (C 8-C9-C10-C11).  In such a conformation, the phenyl ring is weakly 
conjugated with the rest of the system.  Finally, the cis-trans isomerization restores a 
part of planarity.  In particular, in the R = NH2 case, the smaller C8-C9-C10-C11 torsion 
angle is consistent with a partial equalization of the C9-C10 and C9-C16 bond lengths 
describing a better electron delocalization from the donor to the acceptor groups.  
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Changing the R substituent from the NH2 donor to the NO2 acceptor groups has a 
limited impact on the geometrical parameters of the DHA form.  The situation is 
different for the VHF forms for which one can notice variations of the C7-C8, C8-C9, 
and C9-C10 bond lengths by 0.01-0.02 Å, leading to a (slightly) negative BLA for        
R = NH2.  These differences evolve monotonically with the donor or acceptor strength 
of the R group.  Note that, changing the substituent also leads to variations of the 
bond lengths in the phenyl ring, though small, which describe an increased quinoid 
character for strong donor and acceptor groups.  

 

R = H R = CH3 R = NH2 R = NO2  
DHA 

C7-C8 1.436 1.435 1.433 1.434 
C8-C9 1.354 1.354 1.359 1.357 
C9-C16 1.553 1.554 1.554 1.550 
C9-C10 1.465 1.464 1.455 1.461 
C8-C9-C16 108.4 108.6 108.1 108.5 
C7-C8-C9-C16 -5.8 -5.0 -5.7 -6.0 
C7-C8-C9-C10 177.5 177.3 178.0 178.4 
C8-C9-C10-C11 -13.8 -11.2 -11.0 -17.0 
BLA1 0.141 0.141 0.135 0.135 
BLA2 0.097 0.096 0.085 0.091 
 VHF-cis 
C7-C8 1.406 1.406 1.401 1.413 
C8-C9 1.413 1.412 1.421 1.405 
C9-C16 1.405 1.406 1.407 1.405 
C9-C10 1.498 1.497 1.488 1.503 
C8-C9-C16 126.7 126.7 125.3 128.3 
C7-C8-C9-C16 -29.4 -28.7 -31.8 -25.9 
C7-C8-C9-C10 154.4 155.2 151.6 158.7 
C8-C9-C10-C11 62.4 63.4 51.1 87.5 
BLA1 -0.008 -0.006 -0.018 0.004 
BLA2 0.039 0.039 0.024 0.058 
 VHF-trans 
C7-C8 1.407 1.406 1.401 1.409 
C8-C9 1.412 1.413 1.422 1.408 
C9-C16 1.408 1.409 1.412 1.408 
C9-C10 1.491 1.488 1.473 1.493 
C8-C9-C16 120.1 119.9 119.0 120.7 
C7-C8-C9-C16 -167.3 -165.2 -158.8 -168.9 
C7-C8-C9-C10 17.0 19.2 25.3 16.4 
C8-C9-C10-C11 57.8 54.9 44.5 58.8 
BLA1 -0.005 -0.005 -0.016 0.001 
BLA2 0.037 0.034 0.015 0.043 

Table 7-1: Selection of distances (Å) and angles (°) for the D HA, VHF-cis, and VHF-trans 
forms, as calculated at the IEF-PCM/B3LYP/6-311G* level of approximation.    
BLA1 = (dC7-C8+dC9-C16-2dC8-C9)/2 and BLA2 = (dC7-C8+dC9-C10-2dC8-C9)/2. Atom 
labels refer to Figure 7-1.   
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∆ 

DHA VHF-cis VHF- trans

S1

S5

S2

S3
S4

S1

S2

S3

S1

S2S3

S5 S5

S4

S4

 

 R = H R = CH3 R = NH2 R = NO2 

S1 +0.234 +0.011 -0.105 -0.446 

S2 -0.106 +0.134 +0.321 +0.492 

S3 +0.108 +0.099 +0.081 +0.126 

S4 -0.401 -0.398 -0.409 -0.393 

DHA 

S5 +0.165 +0.152 +0.112 +0.221 

S1 +0.231 +0.005 -0.114 -0.429 

S2 -0.206 +0.026 +0.212 +0.385 

S3 +0.030 +0.028 +0.031 +0.046 

S4 -0.516 -0.522 -0.543 -0.514 

VHF-cis 

S5 +0.462 +0.464 +0.414 +0.512 

S1 +0.234 +0.010 -0.102 -0.424 

S2 -0.250 -0.009 +0.191 +0.349 

S3 +0.062 +0.065 +0.081 +0.072 

S4 -0.527 -0.537 -0.590 -0.503 

VHF-trans 

S5 +0.482 +0.472 +0.418 +0.507 

Table 7-2: Mulliken population analysis for the remarkable fragments (S1-S5) of the DHA, 
VHF-cis, and VHF-trans forms as determined at the IEF-PCM/B3LYP/6-311G* 
level of approximation.    

 

Mulliken population analysis (Table 7-2) also shows i) the systematic 
decrease of the electronic density on the seven-membered ring when going from 
DHA to VHF, associated with π-electron delocalization in the ring and aromaticity, ii) 
the transfer of most of this charge on the C(CN)2 and phenyl moieties, and iii) the 
mesomer D/A effects of the NH2/NO2 groups on the seven-membered ring of DHA 
and VHF forms when compared to R = H and R = CH3.   
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Table 7-3 lists the relative energies as well as the dipole moments of the 
different forms as a function of the nature of the R substituent.  The energy of the 
VHF-cis form is 31-33 kJ mol-1 higher than in DHA and it depends little on the nature 
of the substituent.  When switching from the cis to the trans configuration, the VHF 
form is stabilized so that, in average, it is 13-14 kJ mol-1 higher in energy than the 
reference DHA form.  However, the nature of the substituent has an impact on the 
energy difference, which goes down to 9 kJ mol-1 in the case of R = NH2 whereas it 
attains   19 kJ mol-1 for R = NO2.  These variations of E(VHF-trans) – E(DHA) with 
the nature of R results from several effects including the increase of planarity from    
R = NO2 to R = NH2 and the reduction in BLA2.  Note that similar reasons could be 
raised for the variations of E(VHF-cis) – E(DHA) with the nature of R but that in that 
case, the larger dipole moment of the R = NO2 compound has a supplementary 
stabilizing effect.  If the solvent effects are not taken into account, the relative 
energies of the VHF forms are much larger, by about 16 kJ mol-1, and this difference 
can partly be taken into account by the increase in dipole moment between the DHA 
and VHF forms.   

 

 R = H R = CH3 R = NH2 R = NO2 

E(VHF-cis) – E(DHA) 

E(VHF-trans) – E(DHA) 

33.1 (48.1) 

13.1 (30.0) 

33.1 (48.3) 

12.8 (29.6) 

33.1 (49.1) 

9.3 (27.1) 

30.9 (48.3) 

18.6 (33.1) 

µ(DHA) 

µ(VHF-cis) 

µ(VHF-trans) 

6.0 

11.6 

15.7 

5.9 

11.7 

15.6 

6.4 

10.2 

15.7 

9.6 

14.8 

15.4 

Table 7-3: Relative energies (kJ.mol-1) between the three forms and dipole moments 
(Debye) as determined at the MP2/6-31G* level of approximation taking into 
account the effects of the solvent with the IEF-PCM scheme (solvent = 
acetonitrile).  The values in parentheses were obtained without accounting for 
the effects of the solvent in both geometry optimization and energy 
calculation.   

 

7.3. Nonlinear optical properties  
Table 7-4 reports the first hyperpolarizabilities and the depolarization ratios 

evaluated at different levels of approximation i.e. TDHF/6-311+G* in vacuo and in 
acetonitrile, MP2/6-31G* in acetonitrile, and dynamic MP2 values estimated using the 
multiplicative scheme.     

It is interesting to consider first the values calculated at the highest level of 
approximation, i.e. the ( )ωωω−β ,;2CNCH

2MP
3  values.  In the case of the DHA form, 

( )ωωω−β ,;2CNCH
2MP
3  increases by a factor of 5 when going from R = H to R = Me.  This 
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enhancement is accompanied by a rotation of the β vector, which aligns itself along 
the para substitution axis of the phenyl ring, as shown in Figure 7-2 in the case of the 
corresponding static values.  ( )ωωω−β ,;2CNCH

2MP
3  is further enhanced when R = NH2 and 

R = NO2, with ratios of 47 and 54 with respect to the R = H case, respectively.  
Moreover, in both cases, the β vector remains aligned with respect to the para axis, 
though for R = NO2, it points in the other direction, owing to its acceptor character.  
The substitution effects on the dipole moment amplitude and orientation are much 
smaller (Table 7-3), which can be attributed to the dominant role played by the two 
cyano groups.  Thus, the angle between the µ and β vectors remain close to 80° for 
R = H, Me, and NH2 whereas for R = NO2, the angle gets much smaller and the µ 
amplitude increases by about 50%.   

The VHF-cis form presents a ( )ωωω−β ,;2CNCH
2MP
3  value for R = H, which is 

about 40 times larger than in the DHA form.  On the other hand, changing the R 
group has a much more limited impact: with respect to R = H, ( )ωωω−β ,;2CNCH

2MP
3  

decreases by 9% and 50% for R = Me and NO2, respectively whereas it increases by 
75% in the case of R = NH2.  This attributes some acceptor character to the             
seven-membered ring and explains the enhancement of β when it is conjugated to 
the amino group.  Moreover, the nature of the substituent has a limited impact on the 
θ angle and on the orientation of the β vector with respect to the molecular frame.  
The situation presents some similarities for the VHF-trans form.  Indeed, going from 
R = H to R = Me, NH2, and NO2, ( )ωωω−β ,;2CNCH

2MP
3  changes by +14%, +104%, and     

–8%, respectively, whereas the θ angle remains close to 30-40°, except for R = NO 2.  
This change in θ is attributed to the rotation of both µ and β vectors with respect to 
the molecular frame.  Qualitatively, these changes of orientations for µ and β are 
consistent with a donor character for the seven-membered ring, an acceptor 
character for the C(CN)2 group, and a varying D/A character for –Ph-R as a function 
of the nature of R.   
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DHA VHF-cis VHF-trans 
 

ββββHRS DR ββββHRS DR ββββHRS DR 

258 5.42 1417 2.84 1623 2.39 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  229 5.11 1567 1.85 5390 3.50 

212 3.32 5973 4.55 4393 3.37 

R = H 
 ( )0,0;0CNCH

2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  138 - 5160 - 3466 - 

743 5.25 1346 2.45 1702 2.13 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  869 5.28 1679 1.94 4916 3.08 

775 4.32 5693 4.34 5087 3.43 
R = CH3 ( )0,0;0CNCH

2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  704 - 4706 - 3945 - 

2528 4.91 2231 2.17 2093 1.63 ( )ωωω−β ,;2vacuo
TDHF  

βTDHF
CH3CN −2ω;ω,ω( ) 4334 4.92 4091 2.22 4176 1.57 

6320 4.93 8198 3.12 8292 3.01 
R = NH2 

βMP2
CH3CN 0;0,0( ) 

( )ωωω−β ,;2CNCH
2MP
3  6434 - 9013 - 7055 - 

2036 4.34 576 2.27 1920 2.90 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  5038 4.59 3331 4.49 7307 3.98 

5796 5.16 2075 5.09 3625 2.89 
R = NO2 ( )0,0;0CNCH

2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  7396 - 2583 - 3190 - 

Table 7-4: Hyper Rayleigh scattering quantities (βHRS and DR) of DHA, VHF-cis, and 
VHF-trans evaluated at different levels of approximation.  Dynamic MP2 
values were estimated using multiplicative scheme.  All values are given in 
atomic units. 

 

To address the NLO switching properties of these systems, the βHRS(VHF-
cis)/βHRS(DHA) and βHRS(VHF-trans)/βHRS(DHA) ratios were calculated.  For R = H, 
they amount to 37.4 and 25.1, respectively, as a consequence of the very small first 
hyperpolarizability of the DHA form.  These large contrasts do not originate from 
resonance effects since similar values are obtained at the static MP2 level of 
approximation.  On the other hand, they account for the increase of π-conjugation 
upon going from the DHA to either of the two VHF forms, leading to an exaltation of 
β.  When R = Me, the ratios, given in the same order, are 6.7 and 5.6.  Then, for the 
strong donor or acceptor substituents, the ratios get much smaller, owing to the 
substantial increase of βHRS(DHA): for R = NH2, βHRS(VHF-cis)/βHRS(DHA) = 1.40 and 
βHRS(VHF-trans)/βHRS(DHA) = 1.10 while, for R = NO2, βHRS(VHF-cis)/βHRS(DHA) = 
0.35 and βHRS(VHF-trans)/βHRS(DHA) = 0.43.  On the other hand, the contrast 
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between the cis and trans forms amounts to 1.49, 1.19, 1.28, and 0.81 for R = H, Me, 
NH2, and NO2, respectively.  As a conclusion, with the exception of R = NH2 where 
the ratios are close to 1.0, the three other systems present contrasts of β at least 
larger than 2.3 between the DHA form and the VHF forms, demonstrating their NLO 
switching abilities.   

The depolarization ratios also evidence modifications upon commuting 
between the different forms.  The VHF-trans forms show a DR value around 3.0, 
quite far from the 1D reference value of 5.0.  This demonstrates the non-dipolar 
character of this form.  The DHA forms with the strong D or A groups present a DR 
value close to 5.0, which is in agreement with a 1D dipolar character.  On the other 
hand, for the VHF-cis form, R = NO2 is associated with a DR close to 5.0 whereas it 
is close to 3.0 for R = NH2.  The DR value for R = NH2 is consistent with the three-
branch shape of the molecule and the D/A characters of the branches whereas for   
R = NO2, the strong acceptor character of the nitro group might overcome these of 
the seven-membered ring, as suggested by the orientation of the β vector in Figure 
7-2.   
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 DHA VHF-cis VHF-trans 

   

R = H 

β/50 
θ = 73.5° 

β/1000 
θ = 30.1° 

β/1000 
θ = 41.4° 

   

R = CH3 

β/500 
θ = 95.6° 

β/1000 
θ = 30.1° 

β/1000 
θ = 37.3° 
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R = NH2 

β/500 
θ = 71.1°  

β/2000 
θ = 26.9° 

β/2000 
θ = 26.8° 

   

R = NO2 

β/2000 
θ = 32.5° 

β/500 
θ = 23.2° 

β/500 
θ = 63.3° 

Figure 7-2: Sketch of the dipole moment µ (dotted line) and first hyperpolarizability β (plain line) vectors for DHA, VHF-cis, and VHF-trans 
determined at the MP2/6-31G* (λ = ∞) level of approximation.  θ is the angle (in degrees) between the µ and β vectors. 
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The data reported in Tables 7-5 and 7-6 enable to assess the effects of 
frequency dispersion and electron correlation on the HRS first hyperpolarizabilities.  
In acetonitrile (εω < ε0), the dynamic/static ratios are close to 1.0 and, in several 
cases, even smaller than 1.0.  In fact, these dynamic/static ratios obey the following 
relationships: H < Me < NH2 < NO2 for DHA, H ~ Me < NH2 < NO2 for VHF-cis, and   
H ~ Me < NH2 ~ NO2 for VHF-trans.  The impact of electron correlation, as estimated 
from the MP2/HF ratios, is less systematic within the four substituents and within the 
three forms.  Indeed, its effect ranges from a decrease by a factor of 2.2 to an 
increase by a factor of 3.3.  Such a broad spectrum of MP2/HF ratios should 
probably draw our attention on the reliability of the multiplicative scheme, which 
implies similar MP2 and HF values, or rather, since we are comparing systems, 
similar MP2/HF ratios within a family of compounds.  

 

R DHA VHF-cis VHF-trans 

H 

CH3 

NH2 

NO2 

0.65 

0.91 

1.02 

1.28 

0.86 

0.83 

1.10 

1.24 

0.79 

0.78 

0.85 

0.88 

Table 7-5: Effect of the frequency dispersion estimated from the 
( ) ( )0,0;0/,;2 CN3CH

CPHF
CN3CH

TDHF βωωω−β  ratio for the DHA, VHF-cis, and VHF-trans 

forms.  

 

R DHA VHF-cis VHF-trans 

H 

CH3 

NH2 

NO2 

0.60 

0.81 

1.48 

1.47 

3.29 

2.80 

2.20 

0.78 

0.64 

0.80 

1.69 

0.44 

Table 7-6: Effect of electron correlation estimated from the ( ) ( )0,0;0/0,0;0 CNCH
CPHF

CNCH
2MP

33 ββ  

ratio for the DHA, VHF-cis, and VHF-trans forms.  

 

In the next step, the β// values were analyzed (Table 7-7 and Figure 7-2).  
Owing to the modulating effect of the θ angle, some of the ordering relationships 
observed for the HRS responses are not reproduced for the EFISHG quantities.  
Thus, for the DHA form, the EFISHG ( )ωωω−β ,;2CNCH

2MP
3  values are in the ratio        

0.01, -0.01, 0.33, 1.00 for R = H, Me, NH2, and NO2 whereas, in the same order, for 
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the VHF-cis form they amount to –2.48, 0.09, 4.28, 1.00 and to 2.00, 2.33, 1.85, 1.00 
for the VHF-trans form.  Again, the NLO contrasts are large: for R = H, Me, and NO2, 
the three forms can be distinguished whereas for R = NH2, the VHF-cis form displays 
β values roughly 5 times larger than the two other forms.  Though the three forms of 
the R = Me compound present large ratios between the first hyperpolarizabilities, the 
β values of the DHA and VHF-cis forms are small so that the practical contrast might 
only be visible between, on the one hand, the VHF-trans form and, on the other 
hand, the two other forms that display almost negligible β values.   

 

 DHA VHF-cis VHF-trans 

-133 1218 -447 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  -171 474 -6418 

74 7269 4093 
R = H 

( )0,0;0CNCH
2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  51 -9044 3082 

-101 1069 -329 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  -322 -33 -5431 

-103 6813 5069 
R = CH3 

( )0,0;0CNCH
2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  -89 329 3584 

1276 1862 275 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  1526 3350 -1214 

2963 8697 8623 
R = NH2 

( )0,0;0CNCH
2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  3158 15541 2829 

2355 -185 130 ( )ωωω−β ,;2vacuo
TDHF  

( )ωωω−β ,;2CN3CH
TDHF  5851 -4630 -7690 

7147 2779 1849 
R = NO2 

( )0,0;0CNCH
2MP
3β  

( )ωωω−β ,;2CNCH
2MP
3  9497 3627 1534 

Table 7-7: EFISHG quantities (β//) of DHA, VHF-cis, and VHF-trans evaluated at different 
levels of approximation.  The TDHF calculations (λ = 1064 nm) were 
performed using the 6-311+G* basis set while the 6-31G* was used for the 
FF/MP2 calculations.  Dynamic MP2 values were estimated using the 
multiplicative scheme by Equation (2-46).  All values are given in atomic units. 
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7.4. Further discussions, conclusion, and outlooks  
The contrast of second-order nonlinear optical response in the DHA-VHF 

equilibrium has been investigated as a function of the nature of the substituent (R) on 
the phenyl ring.  By considering the hyper Rayleigh scattering response, the contrast 
for R = H and R = CH3 between the DHA and VHF forms is larger than 5 while the 
contrast between the cis and trans VHF forms is close to 1.  Adding the NH2 donor 
group in para position of the phenyl leads to a substantial increase of the HRS first 
hyperpolarizability of the three forms, which is detrimental to the contrast.  Then, for 
the NO2 acceptor group, a contrast is recovered because the HRS first 
hyperpolarizability of the DHA form is about 2-3 times larger than for both VHF forms.  
The large first hyperpolarizability values of the R = H and R = CH3 VHF forms has 
been attributed to the acceptor character of the seven-membered ring.  For R = NO2, 
the larger first hyperpolarizability value of the DHA form is due to the NO2 attractor 
group, which is conjugated to the double bonds of the non-aromatic seven-
membered ring whereas it decreases in the VHF-cis and VHF-trans forms as a result 
of the competing acceptor character of the aromatic seven-membered ring, C(CN)2, 
and NO2 groups.  In the case of the electric field-induced second-harmonic 
generation (EFISHG) response, contrasts of first hyperpolarizability are observed for 
the four substituents but they differ from the HRS contrasts because of the double 
impact of the substituent on the amplitudes and orientations of both β and µ.    

As a second step towards high NLO contrast DHA/VHF-based molecular 
switches, we carried out a preliminary study on the changes of first hyperpolarizability 
in a family of four tetraethynylethene-substituted DHA/VHF switches, which constitute 
a three-way chromophoric molecular switch controlled by pH, light, and heat (Figure 
7-3) [8].   

 

 

Figure 7-3: Three-way molecular switch based on DHA-VHF compounds [8].  
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The first hyperpolarizability of these compounds, which display large variations in 
their absorption and emission spectra, were theoretically characterized.  The βHRS 
values for the DHA, VHF-cis, and VHF-trans forms with the four different substituents 
as well as their ratios evaluated at IEF-PCM/MP2/6-31G* with the multiplicative 
scheme (Equation (2-46)) are listed in Table 7-8: 

 

),;2(CNCH
2MP
3 ωωωωωωωωωωωω−−−−ββββ  DHA VHF-cis VHF-trans 

DHA

cVHF

ββββ
ββββ −−−−  

DHA

tVHF

ββββ
ββββ −−−−  

cVHF

tVHF

−−−−

−−−−

ββββ
ββββ

 

Substituent  1 

R = tips

tips

Me2N

 

19194 27170 34724 1.4 1.8 1.3 

Substituent  2 

R = tips

tips

O2N

 

6038 26362 20231 4.4 3.4 0.8 

Substituent  3 

R = tips

tips
S

 

680 15333 18613 22.5 27.4 1.2 

Substituent  4 

R =  

SiMe3

Me3Si

SiMe3

 

8263 20415 16410 2.5 2.0 0.8 

Table 7-8: HRS first hyperpolarizabilties (a.u.) of DHA, VHF-cis, and VHF-trans with 
different substituents as weel as βVHF-cis/βDHA, βVHF-trans/βDHA, and                 
βVHF-trans/βVHF-cis ratios calculated using the multiplicative scheme (Equation (2-
46)) (λ = 1064nm) with the IEF-PCM scheme (solvent = acetonitrile). 

 

Compared to values obtained with H atom in R position (Table 7-4), these four 
substituents largely enhance the βHRS values.  The most exalted ones are obtained 
for substituent 1, where βHRS are multiplied by 139, 5, and 10 for the DHA, VHF-cis, 
and VHF-trans forms, respectively.  With respect to donor R = NH2, substituent 1, 
with NMe2 donor group, leads to the multiplication of β values by 3 for the DHA and 
VHF-cis forms, and by 5 for the VHF-trans form.  Similarly, by comparing acceptor    
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R = NO2 with acceptor substituent 2, β value decreases by 18% for the DHA form 
while, for VHF-cis and trans forms, the β value is multiplied by 10 and 6, respectively, 
leading to contrast larger than one whereas, the contrast obtained with R = NO2 are 
smaller or close to one.  As showed previously, replacing the NH2 donor group by 
NO2 acceptor group enhances β values by 15% for the DHA form and decreases by 
71% and 55% for the VHF-cis and trans forms respectively, while converting the 
donor substituent 1 by the acceptor substituent 2 leads to a decrease by 69%, 3%, 
and 42% for the DHA, VHF-cis, and VHF-trans forms, respectively. This 
demonstrates the impact of the length of the π-conjugated bridge on the conjugation 
and on the β values.  Finally, the largest contrasts are obtained with the substituent 3 
due to a large enhancement of the first hyperpolarizability values for the two VHF 
forms.  As preliminary conclusion, these systems seem to have a high potential as 
three-way molecular switches, therefore, the next step in this study will be their 
experimental characterization.   
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8. Effects of the nature and length of the         
ππππ-conjugated bridge on the second-order 

nonlinear responses of push–pull molecules 
including 4,5-dicyanoimidazole and their 

protonated forms 
 
 

8.1. Introduction  
Push-pull molecules including the highly electron-withdrawing 4,5-

dicyanoimidazole moiety are expected to provide large first hyperpolarizabilities.  The 
first synthesis of the 4,5-dicyanoimidazole was reported by Woodward in 1950 [1] 
while in 1988, Rapoport et al. [2] have shown an efficient way to synthesize and 
functionalize 4,5-dicyanoimidazole. Since that, this moiety has widely been used in 
different branches of material sciences due to its accessibility, solubility, and acceptor 
character.  For instance, 4,5-dicyanoimidazole has proved its efficiency in organic 
electronics components [3-7], and recently, photoinduced absorption and birefringence 
of 4,5-dicyanoimidazole-derived chromophores embedded into poly(methyl- 
methacrylate) films were studied [8].  In addition, 2-bromo-1-methylimidazole-4,5-
dicarbonitrile precursor can easily be substituted by donors with systematically 
extended π-conjugated path [9], which is a key element to exalt the first 
hyperpolarizability. 

We have investigated a series of six push-pull molecules containing the 4,5-
dicyanoimidazole acceptor unit, N,N-dimethylamino donor group, and systematically 
enlarged π-conjugated system (Figure 8-1).  In particular, we focus on the impact of 
the π-conjugated path on β.  The conjugated segments include double (3, 5) and 
triple (6) bonds as well as one (2, 3) or two (4, 5, and 6) 1,4-phenylene rings.  
Moreover, we studied how the protonation of these neutral compounds affects their 
first hyperpolarizabilty and their applicability as pH-triggered NLO switches.  In 
contrast to other molecular switches, the aforementioned 4,5-dicyanoimidazole 
derivatives are stable in both neutral/protonated forms.       
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Figure 8-1: Compounds 1-6 bearing the 4,5-dicyanoimidazole moiety.  The z axis goes 

from left to right. 

 

8.2. Linear absorption and HRS experimental results  
The βzzz, βzxx and βHRS values, as well as the depolarization ratios issued 

from HRS measurements are listed in Table 8-1. Only the HRS responses of the non 
protonated forms were reported, those of protonated forms being under the 
experimental detection limit.  The same difficulty arose for compound 1 in its neutral 
form.  Note that to obtain the protonated forms, trifluoroacetic acid in excess was 
used.  Inserting a double bond between the imidazole ring and the 1,4-phenylene 
ring (from compound 2 to compound 3) increases βHRS by 110% while adding a 
second 1,4-phenylene ring (from compound 2 to compound 4) increases βHRS by 
55%.  Starting from compound 4, the inclusion of a double bond or a triple bond 
between the two 1,4-phenylene moieties leads to an increase of βHRS by 30% and 
70%, respectively.  Due to the electron delocalization along the π-conjugated path, all 
DR values are close to 5.  Moreover, the |R| = |βzxx/βzzz| values do not exceed 0.15 
(and decrease as the size of the compound increases), which further confirms the 1D 
character of the compounds.    
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Molecule ββββzzz ββββzxx ββββHRS DR 

1 - - - - 
2 9710 -1186 3860 3.94 
3 19708 -3010 8100 4.84 
4 14480 -1362 5956 4.13 
5 18660 -410 7648 4.79 
6 24674 -998 10038 4.61 

Table 8-1: Longitudinal (βzzz) and transverse (βzxx) molecular first hyperpolarizabilities 
components (a.u.) deduced from HRS experiments for the non protonated 
forms.   
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Figure 8-2: Absorption spectra recorded in CH2Cl2 for the non protonated forms (left) and 

the protonated forms (right) of compounds 1-6. The absorption band of 1H+ is 
located below 250 nm.  The concentration of all solutions is 10–4 M. 

 

The absorption spectra of the protonated and deprotonated forms are given 
in Figure 8-2 whereas the characteristics of the main lowest-energy transitions are 
provided in Table 8-2.  In CH2Cl2, the maximum absorption wavelength ordering is 1 
< 2 < 4 < 6 < 3 ~ 5 for the neutral species while for the acid forms, it becomes 1 < 2 < 
4 < 3 ~ 5 ~ 6.  Upon protonation the absorption maximum of all compounds shifts 
towards higher energy.  For 2, 3, and 4, the increase of ∆E amounts to 0.8-0.95 eV 
whereas it is slightly smaller (0.66-0.74 eV) for the longer chromophores.   
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Molecules λλλλge ∆∆∆∆Ege (fge) λλλλmax ∆∆∆∆Emax  

 Non protonated 

1 

2 

3 

4 

5 

6 

271 

305 

365 

314 

358 

351 

4.58 (0.283) 0.697H→L 

4.06 (0.366) 0.681H→L 

3.40 (1.449) 0.632H→L, -0.295H→L+1 

3.95 (0.858) 0.569H→L, 0.374H→L+1 

3.46 (1.618) -0.517H→L, 0.450H→L+1 

3.53 (1.764) 0.558H→L, 0.386H→L+1 

296 

322 

388 

348 

382 

366 

4.19 

3.85 

3.20 

3.56 

3.25 

3.39 

 Protonated 

1H+ (H1) 

1H+ (H2) 

2H+ 

3H+ 

4H+ 

5H+ 

6H+ 

237 

274 

260 

314 

273 

323 

318 

5.24 (0.344) 0.675H→L 

4.52 (0.254) 0.700H→L 

4.78 (0.603) 0.691H→L 

3.95 (1.352) 0.696H→L 

4.55 (1.117) 0.664H→L 

3.83 (1.767) 0.685H→L 

3.90 (1.801) 0.679H→L 

- 

- 

259 

310 

278 

311 

306 

- 

- 

4.79 

4.00 

4.46 

3.99 

4.05 

Table 8-2: IEF-PCM/MPW1K/6-311G* transition energies (∆Ege, eV), and associated 
transition wavelengths (λge, nm) and oscillator strengths (fge) for the dominant 
low energy charge-transfer excitations. The molecular orbitals involved in the 
main electronic transitions (numbers in index are CI coefficients) are also 
reported. The last two columns report the experimental absorption maxima 
results, λmax (nm) and ∆Emax (eV). 

 

8.3. Theoretical results  
 
8.3.1. Molecular structures 

Three sites of protonation have been envisaged and the corresponding 
protonation energies were calculated at the IEF-PCM/MP2/6-311G* level of 
approximation (Table 8-3).  For compounds 2-6, the most favorable protonation site 
is the N,N-dimethylamino function (H1).  Indeed, ∆∆U = ∆U(H1) – ∆U(H2) is at least 
larger than 12 kcal/mol, which corresponds at room temperature to Maxwell-
Boltzmann populations in the 0.1:99.9 ratio or higher.  Therefore, in the forthcoming 
analyses of the optical properties we have focused on the species protonated on the 
NMe2 group. For compound 1, in addition to (H1), the protonation on the imidazole 
N3-position (H2) is also possible, ∆∆U being of the order of 1 kcal/mol.   
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∆U 1 2 3 4 5 6 

H1 

H2 

H3 

-260 

-266 

-230 

-275 

-267 

-227 

-277 

-272 

-233 

-279 

-264 

-220 

-279 

-264 

-220 

-277 

-263 

-218 

Table 8-3: IEF-PCM/MP2/6-311G* protonation energies (∆U) as a function of the sites of 
protonation (kcal/mol). 

 

A selection of significant geometrical parameters of compounds 1-6 and 1H+-
6H+ as well as the bond length alternations define as: BLA1 = (dC2-C4+dC5-C6-2dC4-C5)/2 
and BLA2 = (dC7-C10+dC11-C12-2dC10-11)/2  are listed in Table 8-4.  Besides the 1/1H+ 
pair for which the changes of geometries are larger, protonation leads to rather small 
variations of the backbone bond lengths, except for the increase of the C-NMe2 bond 
length by 0.08-0.11 Å.  Typically, the variations are of the order of a few pm and 
decrease with the size of the π-conjugated linker.  The increase of the C-NMe2 bond 
length upon protonation and its identical value (1.476 Å) for compounds 2H+-6H+ is a 
signature of the vanishing donor character of the dimethylamino group. Moreover, 
there is a systematic decrease of electron conjugation upon protonation, consistent 
with the increase of ∆Ege.  This is characterized by an increase of BLA in the polyene 
(3 and 5) and polyyne (6) segments or by an increase of the inter-phenyl bond length 
(2 and 4).  Compounds 2, 4, and 6 do not display significant change of planarity upon 
protonation, while significant variations in the dihedral angle θ2 are observed in 
compound 3 and 5 (-22° and +8°, respectively).   
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 1 2 3 4 5 6 

N1-C2 1.373 1.375 1.374 1.374 1.374 1.374 
N3-C2 1.334 1.339 1.340 1.338 1.338 1.338 
C2-C4 - 1.462 1.450 1.465 1.464 1.465 
C4-C5 - - 1.356 - - - 
C5-C6 - - 1.456 - - - 
C7-C10 - - - 1.475 1.465 1.423 
C10-C11 - - - - 1.357 1.230 
C11-C12 - - - - 1.462 1.423 
C-NMe2 1.388 1.387 1.369 1.394 1.393 1.389 
θ1 - -137.1 180.0 -136.4 -135.9 -137.3 
θ2 - - 180.0 138.5 156.6 - 
θ3 - - - - 161.0 - 

BLA1 - - 0.097 - - - 
BLA2 - - - - 0.107 0.193 

 1H+ 2H+ 3H+ 4H+ 5H+ 6H+ 

N1-C2 1.357 (1.359) 1.372 1.373 1.373 1.373 1.373 
N3-C2 1.316 (1.357) 1.337 1.339 1.337 1.338 1.338 
C2-C4 - 1.466 1.452 1.466 1.465 1.465 
C4-C5 - - 1.353 - - - 
C5-C6 - - 1.464 - - - 
C7-C10 - - - 1.478 1.465 1.424 
C10-C11 - - - - 1.355 1.229 
C11-C12 - - - - 1.466 1.424 
C-N+HMe2 1.451 (1.338) 1.476 1.476 1.476 1.476 1.476 
θ1 - -139.0 176.3 -136.9 -135.6 -137.3 
θ2 - - 158.0 134.9 164.2 - 
θ3 - - - - 157.8 - 

BLA1 - - 0.105 - - - 
BLA2 - - - - 0.111 0.195 

Table 8-4: Selected distances (Å) and angles (°) of the 1-6 and 1H+-6H+ compounds as 
obtained from IEF-PCM/B3LYP/6-311+G* geometry optimizations. Atoms 
labels refer to Figure 8-1.  For compound 1H+, values in parentheses 
correspond to protonation on the imidazole N3-position (H2). 

 

8.3.2. Linear and nonlinear optical properties 

For compounds 2-6, the TDDFT excitation energies shown in Table 8-2 
exhibit an increase upon protonation ranging from 0.37 eV (5 and 6) to 0.72 eV (2), 
while the protonation-induced shift in compound 1 varies from -0.06 to 0.66 eV with 
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respect to the protonation site (H1) or (H2).  The excited states of the protonated 
forms are all dominated by HOMO-LUMO singly-excited configurations, whereas 
significant contributions from the LUMO+1 orbitals arise in the non protonated forms. 
For all forms, the main absorption transitions display increasing oscillator strengths 
when enlarging the π-conjugated bridge.  The frontiers orbitals of all compounds are 
sketched in Figure 8-3.  When the system gets large enough (4, 5 and 6), the HOMO 
of the neutral species is located on the NMe2 group and the adjacent π-conjugated 
moieties, and not over the 4,5-dicyanoimidazole moiety.  The opposite situation 
characterizes the LUMO (or LUMO+1) orbitals, which are mainly delocalized over the 
4,5-dicyanoimidazole moiety and the adjacent π-conjugated bridge, but not or little 
over the NMe2 group.  Upon protonation of the NMe2 group, the HOMO keeps its 
shape but does not extend anymore on the N,N-dimethylamino group while it spans 
the 4,5-dicyanoimidazole moiety even for the largest species.  The lack of HOMO 
density on the N,N-dimethylamino group can also be related to the fact that upon 
protonation this group no longer participates to the delocalization pattern. In turn, the 
LUMO of the protonated species moves from the 4,5-dicyanoimidazole moiety to the 
ring close to the NMe2 group.  In summary, for the largest non protonated 
compounds, where the pattern differences are the most pronounced, the LUMO and 
HOMO of the neutral species tend to localize respectively on the 4,5-
dicyanoimidazole and N,N-dimethylamino groups [10], whereas they are more 
centered in the protonated species.  Protonation stabilizes the HOMO and LUMO but 
the stabilization is larger for the HOMO, which is consistent with the increase of ∆E.   

The MP2 first hyperpolarizabilities and the MP2 depolarization ratios 
(Equations (2-46) and (2-47)) of compounds 1-6 and 1H+-6H+ are listed in Table 8-5.  
Taking compound 1 as reference, we observe that adding one (2) or two (4) 1,4-
phenylene rings in the π-conjugated path increases βHRS by 410% and 760%, 
respectively.  Further elongation of the π-conjugated bridge by a double bond 
between the 4,5-dicyanoimidazole ring and the 1,4-phenylene ring (going from 
compound 2 to 3) or between the two 1,4-phenylene rings (going from compound 4 
to 5), βHRS increases by 440% and 160%, respectively.  In comparison to adding a 
double bond (compound 5), inserting a triple bond between the pair of 1,4-phenylene 
rings (compound 6) leads to a slightly smaller increase: 152% with respect to 
compound 4.  As shown in Table 8-6, the βHRS responses are dominated by the βzzz 
diagonal tensor components, which is a signature of the one-dimensional character 
of the compounds.  Moreover, the βzzz values of 1-6 are in the 0.04 : 0.30 : 1.35 : 0.45 
: 1.00 : 1.02 ratio, similar to the 0.04 : 0.23 : 1.24 : 0.38 : 1.00 : 0.97 ratio for the βHRS 
responses of the compounds given in the same order.   

 

 



 - 152 - 

Compound 1  

   
1 – HOMO 
(-11.15 eV) 

1H+ (H1) – HOMO 
(-9.43 eV) 

1H+ (H2) – HOMO 
(-10 .57 eV) 

   

1 – LUMO 
(-0.62 eV) 

1H+ (H1) – LUMO 
(0.16 eV) 

1H+ (H2) – LUMO 
(-1.09 eV) 

   
 
 

Compound 2  

  
2 – HOMO (-8.38 eV) 2H+ – HOMO (-10.12 eV) 

  
2 – LUMO (0.14 eV) 2H+ – LUMO (-0.36 eV) 
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Compound 3  

  
3 – HOMO (-7.77 eV) 3H+ – HOMO (-9.39 eV) 

  
3 – LUMO (0.02 eV) 3H+ – LUMO (-0.65 eV) 

  
3 – LUMO+1 (0.55 eV)  

 

 

 
 

Compound 4  

  
4 – HOMO (-8.12 eV) 4H+ – HOMO (-9 .62 eV) 

  
4 – LUMO (0.05 eV) 4H+ – LUMO (-0.24 eV) 

  
4 – LUMO+1 (0.73 eV)  
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Compound 5  

  
5 – HOMO (-7.84 eV) 5H+ – HOMO (-9.08 eV) 

  
5 – LUMO (-0.04 eV) 5H+ – LUMO (-0.52 eV) 

  

5 – LUMO+1 (0.37 eV)  

 

 

 
 

Compound 6  

  
6 - HOMO (-7.97 eV) 6H+ - HOMO (-9.26 eV) 

  
6 - LUMO (-0.13 eV) 6H+ - LUMO (-0.64 eV) 

  
6 - LUMO+1 (0.32 eV)  

 

 

Figure 8-3: Frontier orbitals of compounds 1-6/1H+-6H+ as well as their energies 
calculated at the IEF-PCM/MPW1K/6-311G* level of approximation. 
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All the DR values for the non protonated forms are close to 5, which 
demonstrates the one-dimensional character of the molecules, while for the 
protonated forms the DR values get smaller than 2.5.  This is attributed to the break 
of the charge-transfer exaltation of β and particularly to the reduction of its βzzz 
longitudinal component (Table 8-6).  This is consistent with i) the blue shift of the 
absorption spectra and with ii) the βHRS(deprotonated)/βHRS(protonated) contrasts, 
which, with the exception of the small compound 1, are always of at least 7.  From a 
theoretical perspective, Table 8-7 lists the βHRS(MP2)/βHRS(HF) ratios for both the 
protonated and non protonated species.  For the latter, including electron correlation 
leads to an increase of βHRS by 75 to 119 % whereas for the former βHRS decreases 
by 14 to 28%.  The only exception in these trends is compound 6H+ where βHRS 
increases by 21%.  This demonstrates the need to include electron correlation 
effects, because it is more than simply scaling the βHRS values of all compounds by 
the same factor. 

 

Non protonated form Protonated form 
Molecule 

βMP2(-2ω;ω;ω) DR βMP2(-2ω;ω;ω) DR 
Ratio 

1 379 4.87 114 1.78 3.32 
2 1938 5.48 256 1.65 7.57 
3 10485 5.11 541 1.87 19.38 
4 3264 5.40 290 2.28 11.26 
5 8485 5.15 361 1.78 23.50 
6 8236 5.15 639 2.44 12.89 

Table 8-5: HRS first hyperpolarizabilties (a.u.) and depolarization ratios (DR) of 
compounds 1-6/1H+-6H+ calculated using the multiplicative scheme (Equation 
(2-46)) (λ = 1064nm) with the IEF-PCM scheme (solvent = CH2Cl2). The β(non 
protonated)/β(protonated) ratios are listed in the last column.   
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Non protonated form Protonated form 
Molecule  

ββββzzz ββββzxx R=|ββββzxx/ββββzzz|    ββββzzz ββββzxx R=|ββββzxx/ββββzzz| 

1 

2 

3 

4 

5 

6 

590 

4385 

19777 

6643 

14632 

14864 

-173 

-392 

-1308 

-271 

-719 

-257 

0.29 

0.09 

0.07 

0.04 

0.05 

0.02 

-46 

-416 

-342 

-40 

-661 

-1347 

-47 

-123 

-690 

-273 

-310 

-312 

1.02 

0.30 

2.02 

6.83 

0.47 

0.23 

Table 8-6: Longitudinal (βzzz) and off-diagonal (βzxx) components (a. u.) of the first 
hyperpolarizability tensor for the non protonated and protonated forms of 1-6 
compounds calculated using IEF-PCM/MP2/6-31G* scheme (solvent = 
CH2Cl2) in the static limit (λ = ∞). 

 

 1 2 3 4 5 6 

Non protonated 1.23 1.38 2.19 1.75 1.84 1.75 

Protonated 0.72 0.78 0.86 0.78 0.83 1.21 

Table 8-7: Effects of electron correlation estimated from the MP2/HF ratios of βHRS.  

 

8.4. Discussion  
4,5-Dicyanoimidazole-based compounds 1-6 bear a terminal N,N-

dimethylamino group that can be protonated leading to substantial modifications of 
their linear and nonlinear optical properties.  Both theory and experiment show that 
protonation leads to a hypsochromic shift of the lowest-energy UV-visible absorption 
band.  This shift has been measured to range between 0.66 and 0.94 eV whereas 
the TDDFT calculations predict slightly smaller shifts.  This substantiates that the 
protonation occurs on the N,N-dimethylamino group, at least for compounds 2-6 as 
predicted from protonation energies.  Another proof of the protonation on the N,N-
dimethylamino group is provided by the calculated first excitation energies of 
compound 3 protonated on the two other sites.  Indeed, TDDFT calculations 
performed with the same parameters predict ∆Ege values of 3.06 and 2.40 eV for 
protonation in H2 and H3, in comparison with ∆Ege of 3.40 and 3.95 eV for the neutral 
and H1-protonated compounds, respectively.  Only the protonation on the N,N-
dimethylamino group leads to a hypsochromic shift.   
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Protonation also leads to a decrease of the HRS first hyperpolarizabilities by 
about one order of magnitude for 2-6 as well as of the depolarization ratios.  So, the 
protonation changes the N(CH3)2 donor into a NH(CH3)2

+ acceptor and the compound 
switches between a A-π-D pattern having a large β  to a A-π-A’ pattern, having much 
smaller β.   Further analysis of the βHRS contrasts is however hampered by the very 
low βHRS values of the protonated species, which do not enable their measurements.  
Experimentally, βHRS increases in the order 2 < 4 < 5 < 3 < 6 while theoretically, this 
order becomes: 1 < 2 < 4 < 5 ~ 6 < 3.  The two series differ by the position of 
compound 6, which corresponds to an underestimation of βHRS for the species 
containing a triple bond linker.  A similar situation has been encountered in a 
previous work on benzimidazolo[2,3-b]oxazolidines [11] where the HRS experiments 
conclude that the open form with a triple CC bond linker between the donor and 
acceptor moieties displays a larger first hyperpolarizability than the corresponding 
system with a double CC bond linker whereas the opposite is predicted from ab initio 
calculations.  It was then argued that the discrepancy could come from the lack of 
solvent effects in the simulation.  This argument can, however, not be employed 
here, at least as far as the PCM scheme is satisfactory and specific solute-solvent 
interactions are not capital.  An interpretation for this inversion between compounds 5 
and 6 could be the existence of a mixture of cis and trans forms for compound 5 
because the first hyperpolarizability of the cis form is expected to be smaller.  
However, the calculated energy difference between the two forms is too large – in 
favor of the trans form – and amounts to 5.85 kcal/mol.   

All the DR values, calculated and measured, are close to 5 (Table 8-5), 
which supports a 1D-like or rod-like NLO-phore and results from the presence of a 
main charge-transfer axis, between the donor and acceptor groups.   

The relative electron-acceptor strength of the 4,5-dicyanoimidazole moiety 
has been assessed by comparing the first hyperpolarizability of compound 5 to the 
one of its analog where the later group is replaced by a nitro group, so as to obtain 
N,N’-dimethylaminonitrostilbene (DANS).  Using the multiplicative scheme (Equation 
(2-46)), the βHRS response of DANS amounts to 25460 a.u. (DR = 5.22), i.e. 67% 
larger than in compound 5, demonstrating that the electron accepting ability of 4,5-
dicyanoimidazole moiety is less than that of NO2 group.  

 

8.5. Conclusion  
In this chapter, using theoretical and experimental methods of 

characterization we have investigated a series of six push-pull molecules containing 
the 4,5-dicyanoimidazole acceptor unit, the N,N-dimethylamino donor group, and 
systematically enlarged π-conjugated linkers in view of assessing their first 
hyperpolarizabilities as well as their variations upon protonation.  The results 
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demonstrate that the protonation occurs at the N,N-dimethylamino functionality, 
which leads to break the electronic charge-transfer delocalization: the A-π-D pattern 
of the neutral species having large β  is transformed to a A-π-A’ pattern, which 
displays much smaller β.  This feature makes these systems potentially applicable as 
pH-triggered NLO switches.  In particular, protonation leads to a decrease of the HRS 
first hyperpolarizabilities by at least one order of magnitude as well as to a decrease 
of the depolarization ratio, which goes from about 5 for the neutral species, which 
also supports the 1D-like NLO-phore nature, to about 2 for the protonated ones.  
Moreover, switching between the A-π-D and A-π-A’ patterns corresponds to some 
extent to the commutation between one-photon allowed low energy transitions and 
two-photon-like ones, opening the field to new switching properties.   
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9. Symmetrical and nonsymmetrical 
chromophores with Tröger’s base skeleton: 
chiroptical, linear, and quadratic nonlinear 
optical properties – A joint theoretical and 

experimental study 
 
 

9.1. Introduction  
Tröger’s base (2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine, 

compound 1 (Figure 9-1), is a chiral diamine with two stereogenic bridgehead 
nitrogen atoms.  The unique set of structural features (C2-symmetry and a rigid V-
shape geometry with the two aromatic rings nearly perpendicular to each other) 
makes derivatives of Tröger’s base very attractive as nanometer-sized molecular 
scaffolds for supramolecular chemistry and molecular recognition.  The chemistry of 
Tröger’s base analogues has been extensively reviewed [1-8].  Most applications of 
these compounds reported to date have exploited the folded geometry and, in some 
instances, the chirality of Tröger’s base.  Another interesting structural feature, 
namely, the two tertiary amine functionalities, has hardly been used until now. Due to 
the presence of two nitrogen atoms, Tröger’s base can be viewed as a structural 
analogue of N,N-dialkylanilines, which have found extensive application in the design 
of chromophores with NLO properties [9].  Recently, the use of Tröger’s base in the 
design of V-shaped push pull-chromophores comprising pyridinium acceptors which 
have proven to be highly efficient in linear chromophores [10,11], was pioneered.  
Interesting solid-state fluorescence properties of these V-shaped chromophores were 
reported, but no information on their NLO properties was disclosed [12,13].  

 

N

NCH3

CH3

 
 

Figure 9-1: Tröger’s base (compound 1).  

 

In the course of our study on chromophores with potential NLO activities, we 
decided to explore the chiral, V-shaped scaffold of 6H,12H-5,11-methanodibenzo 
[b,f]-[1,5]diazocine, which provides the possibility to incorporate two chromophoric 
units within one molecule, in addition to their dipole moments being nonantiparallel to 
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one another.  The introduction of chiral elements within the conjugated system might 
prove beneficial in obtaining noncentrosymmetrical crystals.  Examples of V-shaped 
push-pull chromophores are known.  For instance, axially chiral C2-symmetrical 
binaphthyl derivatives have exhibited high first hyperpolarizabilities [14-16].  Other V-
shaped systems have been suggested as NLO-chromophores [17,18], as exemplified 
by various derivatives of the (dicyanomethylene)pyran [19] in which strong electronic 
interactions between the two chromophores occur, since they share the same 
acceptor group.  This leads to specific relationships between the opening angle, 
donor/acceptor strengths, and first hyperpolarizability of these compounds.  In the 
case of Tröger’s base derivatives, these interactions are expected to be small 
because the two chromophores have distinct nitrogen donor atoms, though they are 
close to one another. 

In this chapter, we report on the joint theoretical and experimental studies of 
the quadratic NLO properties of compounds 2 to 5 in comparison with the benchmark 
chromophores 6 and 7, which feature dimethylamino group as a donor (Figure 9-2).  
Compounds 2 and 3 are derived from 6H,12H-5,11-methanodibenzo[b,f][1,5] 
diazocine and feature two identical acceptors, while compounds 4 and 5 are 
unsymmetrical chromophores featuring only one acceptor.  The synthesis of these 
compounds has been reported [20-22] but is not detailed in this framework. 
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Figure 9-2: Structures of compounds 2 to 5 derived from the Tröger’s base and 
compounds 6 and 7 featuring dimethylamino group as a donor.  
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9.2. Linear and second-order nonlinear optical prop erties  
The linear and second-order NLO properties for compounds 2-7 are reported 

in Table 9-1.  The static first hyperpolarizability values βHRS,0 listed in this table are 
the experimentally obtained dynamic values βHRS,800, corrected for different degrees 
of resonance enhancement.  The first observation is the longer wavelength of 
maximal absorption (λmax) for all the benzothiazolium acceptor-based chromophores 
(3, 5, and 7) compared with the corresponding analogues that have the nitro group 
as an acceptor (2, 4, and 6).  This is in agreement with other studies that compare 
the electron-accepting strength of the benzothiazolium moiety with that of more 
conventional acceptors, such as the nitro group [23].  Congruent with this observation 
in linear optics are the experimental results in second-order nonlinear optics.  

 

Compound λmax εmax βHRS,800 βHRS,0, DR θθθθ 

2 391 50800 41199 ± 2777 1435 ± 231 3.0 ± 0.4 76 ± 5 
3 436 56200 24766 ± 1389 3240 ± 231 2.5 ± 0.2 77 ± 5 
4 389 24000 42125 ± 3472 1713 ± 231 3.8 ± 0.2 – 
5 433 20500 25460 ± 2315 3240 ± 231 4.2 ± 0.3 – 
6 443 30200 40273 ± 2777 6249 ± 463 3.7 ± 0.2 – 
7 525 59000 27775 ± 926 11341 ± 463 3.7 ± 0.2 – 

Table 9-1: Wavelengths (λmax, nm), extinction coefficient at λmax, abs (εmax,L mol-1 cm-1), 
dynamic (λ = 800 nm ) HRS (βHRS,800) and static (derived with the two-state 
approximation) HRS (βHRS,0) hyperpolarizabilities (a.u.), depolarization ratios, 
as well as derived opening angle between two arms of Tröger’s base bis-
chromophoric derivatives (θ), measured in DMF 

 

The static first hyperpolarizability values βHRS,0 are all approximately two 
times larger for the benzothiazolium-derived compounds (3, 5, and 7) than for the 
corresponding 4-nitrophenyl analogues (2, 4, and 6).  This is a confirmation of the 
relative acceptor strengths and is not related to the use of Tröger’s base as an 
alternative electron-donor moiety.  Note that the dynamic hyperpolarizability values 
βHRS,800 are larger for all the chromophores based on the nitrophenyl acceptor, but 
this is only due to this resonance enhancement when using a fundamental laser 
wavelength of 800 nm, for which the second-harmonic wavelength of 400 nm is very 
close to the electronic resonance. 

A second observation is the blue-shift of the absorption spectra upon 
replacing the dimethylaminophenyl donor moiety by the Tröger’s base skeleton. In 
compounds derived from both the nitrophenyl and benzothiazolium acceptors, a 
substantial blue shift is observed.  For the bis-chromophoric compounds 2 and 3 this 
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has been observed before [22].  This experimental observation was rationalized by 
theoretical calculations in terms of reduced conjugation between the lone pair on the 
nitrogen atom and the aromatic ring in the Tröger's base skeleton, compared with 
N,N-dimethylaniline. This is due to the geometric constraints imposed by the 
bridgehead nitrogen atom in Tröger's base.  Nevertheless, it has been suggested that 
conjugation between the lone pair of the nitrogen atom and the aromatic ring is not 
negligible. 

This part of the work shows the impact on the second-order NLO properties 
of this “partial conjugation” due to geometric constraint.  The static first 
hyperpolarizability values βHRS,0 are all substantially smaller for the Tröger’s base 
derivatives (2 - 5) than for analogues with the dimethylaminophenyl donor (6, 7). This 
is in agreement with the expectations based on the observation of the blueshifts in 
linear absorption spectra.  Less conjugation with the nitrogen-derived donor moiety in 
Tröger’s base will also mean that it is a less efficient donor.  

Availability of both the mono- and the bis-chromophoric systems allowed a 
more detailed comparative study towards the effectiveness of the Tröger’s base 
molecular scaffold for nonlinear optics. It had been conjectured that the mono-
chromophoric derivative 4 could be a good monomeric reference chromophore with 
respect to the bis-chromophoric derivative 2 based on the very small splitting 
calculated between the two highest occupied and the two lowest unoccupied 
molecular orbital energy levels [22].  Here, the theoretical conjecture was 
experimentally confirmed, as the electronic spectral properties for both the mono- 
and the bis-chromophoric structures (2 vs. 4 and 3 vs. 5) are essentially identical, 
whereas the oscillator strength for the bis-chromophoric compounds is roughly twice 
the value for the mono-chromophoric reference compounds (see Table 9-1).  Figure 
9-3 compares the linear optical properties (UV-Vis absorption spectra) of the 
nitrophenyl acceptor-based benchmark 6, the mono-chromophoric compound 4, and 
the bis-chromophoric compound 2.  These observations confirm that the electronic 
coupling between the two separate arms of the bis-chromophoric compound is small.  
There is rather a conservation of the original confinement of the conjugation in the 
two separate arms of the bis-chromophoric compound.  

This negligible coupling then allows for a simple structural analysis of the 
second-order NLO properties for both the mono- and the bis-chromophoric 
compounds in terms of the opening angle between the two chromophores [24].  If the 
mono-chromophoric compound can be used as the “monomer” model (as supported 
by the absorption properties) for the bis-chromophoric compound, (the “dimer”), the 
vector addition model results in a relation between the first hyperpolarizability of the 
dimer, βdimer and the first hyperpolarizability of the monomer, βmono, and the opening 
angle θ between the two “monomers” can be estimated as                           
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βzzz(dimer) = 2βzzz(monomer) [cos(θ/2)]3, in which the diagonal tensor components 
are obtained using βzzz = ((35/6)1/2)βHRS. 

 

 
Figure 9-3: UV-Vis absorption spectra of 2 (grey line), 4 (black dashed line), and 6 (black 

solid line) in DMF. 

 

When applying this relationship to the dynamic hyperpolarizability values, 
βzzz,800, the values for the opening angles reported in Table 9-1 result.  These data 
suggest that the opening angles between the two chromophoric moieties for Tröger’s 
base analogues 2 and 3 would be 76 ± 5° and 77 ± 5°, respectively.  From the XRD 
studies it is known that the angles between the planes of aromatic rings of Tröger’s 
base analogues featuring the methanodiazocine moiety fused with various 
(hetero)aromatic rings typically fall within 85°–10 5° range [3], although “extreme” 
values as small as 80.2° [25] or as large as 113.9° [26] have been encountered.  This 
spread is largely due to crystal packing effects: semi-empirical geometry optimization 
predicts an approximately 100° angle between the pl ane of the aromatic rings for 
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine derivatives [27].  The values obtained 
from DFT geometry optimization are 103° and 108° fo r 2 and 3, respectively.  Since 
the angle between the planes of the aromatic rings and the opening angle between 
the dipole moment vectors of the two chromophores do not exactly coincide, the 
estimation obtained from the analysis of dynamic hyperpolarizability values is quite 
reasonable.  Further limitations of the model are: i) the assumption that βHRS value of 
the dimeric chromophore is dominated by βzzz, which leads to an underestimation of 
θ because βzzz is overestimated and the βzxx component is underestimated and ii) the 
neglect of cross-polarization interactions between the chromophore units, which 
usually decreases the global response.  Note that when the same relationship is 
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applied to the static hyperpolarizability values, βzzz,0, essentially the same values 
result, since the degree of resonance enhancement is also essentially identical, this 
is due to the similar value for λmax, abs for both the “monomer” and the “dimer”. 

Additional experiments in the form of the measurement of the depolarization 
ratio for the nonlinear scattering confirm that the monomeric chromophores 4 and 5 
are good “monomeric” model compounds.  A good monomeric model compound 
should have a βzzz,, along the molecular dipolar z-axis.  This then justifies relating the 
experimental result, βHRS, to just one tensor component by using βzzz = βHRS (35/6)1/2.  
A single major hyperpolarizability tensor component βzzz along the dipolar molecular 
z-axis shows up experimentally as a relatively large depolarization ratio.  The 
experimental observation that the depolarization ratio is relatively large for both the 
Tröger’s base mono-chromophoric analogues 4 and 5 and also for our benchmarks 
compounds 6 and 7 indicates that the second-order NLO response of these 
chromophores is dominated by the single major hyperpolarizability tensor 
component, βzzz.  The lower values observed for the depolarization ratio of the bis-
chromophoric compounds 2 and 3 is completely in line with our model. 

 

9.3. Theoretical analysis of NLO data  
Hyper Rayleigh scattering data (βHRS and DR) of compounds 2 to 7 

calculated at the IEF-PCM/MP2/6-31G* level of approximation are listed in Table 9-2.  
They show that the dipolar character of the compounds decreases when going from 4 
and 6 to 2 (or from 5 and 7 to 3).  This is evidenced by the depolarization ratios, 
which change from the almost ideal dipolar value (DR = 5) to 3.72 and 2.88, 
respectively.  This is further confirmed by the approximate βHRS and DR values that 
can be calculated by using either only one dominant β tensor component for the 
dipolar molecules 4 – 7, or two dominant β tensor components for V-shaped 
molecules 2 and 3, and which closely match the full values.  Thus, the βHRS values of 
4 – 7 are fully determined by one tensor component, whereas two are necessary to 
obtain the values for 2 and 3.  Note that, when using compound 2 as the example, 
only the βzzz,0 value cannot reproduce the βHRS value (12 vs. 42 for the full βHRS,0 
value). 

It is comforting to observe that these theoretical predictions for the 
depolarization ratio are in good agreement with the experimental observations, taking 
into account the above mentioned practical considerations.  For the mono-
chromophoric Tröger’s base derivatives 4 and 5 and for the benchmark 
chromophores 6 and 7, the calculated values are identical to or almost equal to the 
limiting value of five, but for the V-shaped bis-chromophoric “dimers” 2 and 3, these 
values are substantially lower.  Within these two lower values, we can further 
differentiate between the nitro-acceptor based compound 2 (intermediate value) and 
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the benzothiazolium-acceptor based compound 3 (the lowest value for the calculated 
depolarization ratio).  The observation that the experimental values for these 
depolarization ratios also reflect this differentiation beyond the estimated statistical 
uncertainty, strengthens our assumption for the analysis of the solution-phase 
structure of the bis-chromophoric Tröger’s bases 2 and 3.  

 

Compound βzzz,o βzxx,0 βHRS,0 DR βHRS,0 (full) DR (full) θ 

2 6944 13887 9490 3.73 9721 3.72 100 
3 6944 22451 14813 3.18 14582 2.88 104 
4 17591 - 7175 5.00 7638 4.90 - 
5 37496 - 15507 5.00 15739 4.75 - 
6 39579 - 16433 5.00 16433 4.89 - 
7 77769 - 32172 5.00 31941 4.96 - 

Table 9-2: IEF-PCM/MP2/6-31G* βzzz,0, βxxz,0,  βHRS, depolarization ratio (DR) (a.u.), and 
opening angle between the two arms of Tröger’s base derivatives (θ in 
degrees determined from B3LYP/6-311G* geometry optimizations). The full 
βHRS,0 and DR values are given as well as approximates, which were 
calculated from only one or two dominant tensor components in order to 
address the dimensionality of the NLO-phore. 

 

To further compare the experimental and theoretical β values, a pre-
treatment of the experimental data was necessary.  Indeed, the experimental data 
are impacted by resonance conditions since the measurements are carried out at a 
frequency within the absorption band, slightly above or below the maximum, whereas 
this effect is absent in the calculations.  Evaluating the magnitude of this effect is 
however difficult [28].  The simplest way to estimate the impact of frequency dispersion 
in pseudo-dipolar chromophores is to consider the two-state approximation [29], which 
assumes that only one excited state contributes to the second-order NLO response.  
Considering a homogeneous damping γ and neglecting the non-resonant terms [30-34], 
the frequency-dispersion factor for any of the diagonal components of the first 
hyperpolarizability tensor, F(ω,ωge,γ) is as shown in Equation (9-1):  
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in which g and e are the two electronic, ground and excited, states contributing to the 
β value, and ωge is the corresponding excitation energy.  Assuming that the same 
treatment can be applied to the off-diagonal βzxx component, which is a good 
approximation because the splitting of the excitation energies is small, the 
extrapolated static β values obtained by setting γ to zero as well as by choosing γ 
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values matching the half width at half maximum (HWHM) of the corresponding 
absorption spectra (i.e. γ ≈ 1.2 HWHM of the e–[(ω−ωge)/γ]2 Gaussian function) are 
shown in Table 9-3.  These estimates of the dispersion factors have then been 
improved by incorporating an inhomogeneous broadening based on the absorption 
spectrum, which implicitly contains information on the distribution of the transition 
frequencies as well as taking into account the vibronic structure of the excited states. 
According to Campo et al. [28], for an incoherent process like HRS, the dispersion 
factor reads: 
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in which the N(ω’ge) value, the normalized distribution of the transition frequencies, is 
approximated by a Gaussian function reproducing the experimental HWHM of the 
corresponding main absorption band.  Moreover, the distribution of the transition 
frequencies can further be improved by considering the single-mode vibronic model 
and replacing N(ω’ge) by: 
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where ωn = ωge + n ωvib corresponds to the transition from the ground state to the nth 
vibrational level of the excited state.  S are the Huang-Rhys factors which were 
chosen to reproduce the shape of the absorption band.  The ωvib and γvib values were 
also chosen to best reproduce the absorption spectra.  The parameters for 
compounds 2 – 7 are listed in Table 9-4.  

Good qualitative agreement for chromophores 2 – 7 is obtained between 
theory and experiment.  Therefore, by employing the values extrapolated using 
Equation (9-1) (γ = 0), the change from one chromophore branch to two in the 
Tröger’s base derivatives almost does not change the first hyperpolarizabilities.  The 
β value then increases by a factor between three and four when going from 
chromophore 4 to 6 or from chromophore 5 to 7 as a result of planarity of the nitrogen 
and therefore of better conjugation.  These relationships are confirmed when using 
the other extrapolated data, although the increase of β value due to planarity is 
somehow reduced.  Together with the calculated MP2 values, the extrapolated data 
obtained using Equation (9-1) (γ = 0) also demonstrate the stronger acceptor 
character of the benzothiazolium units and the associated larger β values.  The 
relative magnitude of the static β values is, however, not reproduced when using 
Equation (9-1) (γ ≠ 0), whereas using Equations (9-2) and (9-3), the relative 
magnitude is only reproduced for 6 vs. 7. These differences should be associated 
with the limitation of the models of extrapolation.  
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Compound  
Extrapolated 

from Equation 
(9-1), γγγγ = 0 

Extrapolated 
from Equation 

(9-1), γγγγ ≠ 0 

Extrapolated 
from Equations 

(9-2 and 9-3)  

Calculated 
(MP2/IEF-PCM) 

2 1435 9258 112546 9721 
3 3240 6712 2106 14582 
4 1713 7869 2315 7638 
5 3240 6712 2106 15739 
6 6249 11804 3703 16433 
7 11341 12730 9027 31941 

Table 9-3: Comparison between calculated (MP2/IEF-PCM), and extrapolated by 
different methods values of the first hyperpolarizabilities βHRS, 0 (a.u.). 

 

Compound 
ħωge (eV) 

λλλλeg (nm) 

γγγγhomogeneous 

(eV) 

γγγγinhomogeneous 

(cm –1) 
S 

ωvib 

(cm –1) 

γγγγvib 

(cm –1) 

2 3.17; 391 0.458 480 0.0 - - 
3 2.84; 436 0.418 480 0.5 1600 1600 
4 3.19; 389 0.375 480 0.0 - - 
5 2.86; 433 0.427 480 0.5 1600 1600 
6 2.80; 443 0.444 480 0.0 - - 
7 2.36; 525 0.266 480 0.5 1600 1600 

Table 9-4: Best parameters fitting the UV/vis absorption spectra 

 

9.4. Conclusion  
We have investigated the NLO properties of novel chiral push-pull 

chromophores derived from the V-shaped skeleton of 6H,12H-5,11-methanodibenzo 
[b,f][1,5]diazocine, a parent heterocyclic system of Tröger's base.  Detailed analysis 
of the data led to the conclusion that molecules possessing one or two chromophoric 
“arms” show approximately equal HRS second-order NLO properties. This 
observation is very useful for the future studies, since the structure of the future 
chromophores can be chosen to be C2 symmetrical or asymmetric ones, based on 
considerations such as solubility and synthetic feasibility, without compromising their 
NLO properties.  Between the two families of molecules studied, the systems 
featuring a cationic benzothiazolium acceptor have proven to be the most efficient.  It 
was, however, demonstrated that the molecular first hyperpolarizabilities of the two 
families of chromophores are three to four times lower than those of analogues with a 
“classical” dimethylamino donor group. Notwithstanding, 6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine holds considerable promise as a scaffold for NLO 
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chromophores.  Chromophores with a chiral element constituting a part of the 
conjugated system appear to be promising for materials with bulk NLO activity, since 
the introduction of chirality is an effective approach towards bulk noncentrosymmetric 
crystals.  Such crystals have a higher number density than amorphous thin films or 
chromophores dispersed in a polymer matrix, a common approach that requires 
additional poling to orient the chromophores.  Furthermore, the lower depolarization 
ratio and large off-diagonal tensor component for the bis-chromophoric V-shaped 
derivatives will translate into lower polarization sensitivity for NLO application [35].  
Lower molecular hyperpolarizabilities can be increased by the extension of the π-
system and/or the incorporation of “auxiliary donors”, for example, electron-rich 
heterocycles such as thiophene.  The efficiency of this general approach was 
demonstrated by many previous examples [36-43].  We can also imagine grafting 
molecular switch at the end of one or two chromophoric “arms”.  This idea could pave 
the way towards chiral molecular switches with all advantages mentioned previously.   
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10.  Conclusions and outlooks 
 

This work has aimed at characterizing and optimizing molecular switches 
presenting large contrasts of their second-order nonlinear optical properties in view of 
providing promising multifunctional molecular switches.  Known switching species 
have been investigated by varying their structure or changing the conjugated path 
and/or substituents in a pluridisciplinary approach that combines the synthesis of the 
compounds (by our collaborators) as well as their linear and nonlinear optical 
characterizations, experimentally (by UV-Visible spectroscopy and hyper Rayleigh 
scattering) and theoretically (ab initio calculations), to predict and interpret their 
properties.  We were particularly interested in the NLO responses of photochromic, 
acidochromic, and thermochromic compounds, i.e. compounds changing their colour 
by irradiation, pH modification, or temperature variations.     

Several families of compounds have been investigated, of which the 
spiropyran derivatives that commute between an open and a closed form where the 
electronic conjugation between the electron-acceptor and electron-donor group 
decreases.  We have calculated the first hyperpolarizabilities of such merocyanine-
spiropyran compounds differing by the nature, number, and positioning of the 
substituents.  The substituent effects appear cooperative and therefore often difficult 
to rationalize easily.  Calculations have predicted promising NLO contrasts (of the 
order of 9) for the original system.  By selecting the best combination of substituents, 
we have increased the β value and maximized the contrast (until 18): 
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These optimized compounds have not yet been synthesized to confirm our 
theoretical predictions.  Moreover within that investigation, basis set effects have 
been addressed and enable to select the 6-311+G* basis set to perform the whole 
investigation. 

The second part was the determination of the linear and nonlinear optical 
properties of anil derivatives, which vary upon switching between a keto and an enol 
forms.  We have demonstrated the difficulty to elaborate NLO molecular switches 
based on keto-enol equilibrium because the highest contrasts are related to small β 
values while in other cases, the contrast is close to 1.  First, two anil derivatives were 
investigated by means of hyper Rayleigh scattering measurements and ab initio 
calculations, demonstrating a good agreement for the evaluation of the structural 
characteristics and the molecular properties.  These values were also compared to 
those obtained with EFISHG method.  To rationalize the impact of the anil structure 
the µ and β vectors were sketched.  As shown in Figure 10-1 for 4A, the relative 
orientation of the dipole moment changes when switching from the E to K form 
allowing to explain the negative value of β// of the latter.  At the MP2 level of 
approximation, some differences between the measured and calculated β// values for 
the E form were explained by the difficulty to determine the dipole moment 
orientation.   

 

4A-E 4A-K 

 
 

Figure 10-1: Sketch of the dipole moment (red dotted line) and first hyperpolarizability 
(green full line) vectors for E and K forms of compounds 4A.   

 

Secondly, hyper Rayleigh scattering experiments and ab initio calculations were 
combined to investigate the effects of different binary mixtures of solvents (ethanol/ 
cyclohexane) on the keto-enol equilibrium and on their second-order NLO responses.  
We have demonstrated that by increasing the solvent polarity, the tautomeric 
equilibrium is displaced toward the K form leading to a bathochromic shift and a large 
enhancement of the first hyperpolarizability.  This effect was fairly reproduced by 
theoretical calculations using IEF-PCM model, also demonstrating the pure solvent 
effects on E and K forms properties.  We have highlighted the difficulty to conciliate 
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HRS experiments in different solvent due to the possibility of the formation of            
J-aggregates.   

The third family of compounds was the dihydroazulene-vinylheptafulvene 
equilibrium.  The contrasts of second-order NLO properties of this system have been 
investigated theoretically as a function of the substituent R on the phenyl ring.  First, 
we have compared systems with R = H, CH3, NH2, and NO2.  The substitution with   
R = H and R = CH3 leads to contrast between the DHA and VHF forms larger than 5 
while between the cis and trans VHF forms the contrast is close to 1.  The NH2 donor 
group increases the first hyperpolarizability for the three forms, which is detrimental 
to the contrast.  Finally, the NO2 acceptor group leads to a large increase of the first 
hyperpolarizability of the DHA form and to a contrast of about 0.4.  In a preliminary 
theoretical study, we have demonstrated the remarkable changes of first 
hyperpolarizability for DHA-VHF compounds proposed by Diederich et al. [1], which 
contain large substituents composed of triple bonds and aryl group substituted with 
donor or acceptor groups (Figure 10-2) and grafted in R position.  They are of 
particular interest due to their possibility to commute in a three-way chromophoric 
molecular switch controlled by pH, light, and heat.  Large first hyperpolarizability 
contrasts are also expected (up to 25) experimentally for these compounds.   
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Figure 10-2: DHA-VHF equilibrium proposed by Diederich to act as a three-way molecular 
switch.   

 

The impact of the length and the nature of the π-conjugated bridge on the 
first hyperpolarizability has been demonstrated on molecules containing the 
dicyanoimidazole moiety as electron-acceptor and the N,N-dimethylamino group as 
electron-donor anchored on enlarged π-conjugated bridge (Figure 10-3) as well as 
their variation upon protonation.  The protonation leads to a reduction of the donor 
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character and of the electronic delocalization along the π-conjugated bridge, to a 
decrease of the β value by more than one order of magnitude, and therefore to 
interesting contrasts of first hyperpolarizability (up to 36).  This decrease was 
confirmed by hyper Rayleigh scattering: the protonated forms could not be 
characterized due to the weakness of the signal.   
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Figure 10-3: Push-pull molecules containing 4,5-dicyanoimidazole and NMe2 moieties 
anchored on systematically enlarged π-conjugated system.   

 

Finally, we have investigated the chiroptical properties of push-pull 
molecules based on the Tröger’s bases containing symmetrical chromophore 
featuring two identical acceptors (R = R’) as well as unsymmetrical chromophore 
featuring only one acceptor (R ≠ R’ = H): 
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Figure 10-4: Tröger’s base derivatives.  

 

The joint theoretical and experimental studies have provided insight into the 
relationship between the structure of the new chromophores and their NLO 
properties.  We have showed how molecular interactions can modify the linear and 
nonlinear optical responses leading to the possibility of elaborating chiral molecular 
switches with large contrast of their first hyperpolarizability.  Molecules possessing 
one or two acceptor groups show approximately equal second-order NLO properties, 
which is very useful for the development of devices since the structure of the 
chromophores can be chosen to be C2 symmetrical or asymmetric ones, based on 
considerations such as solubility or easier synthesis without compromising their NLO 
properties.   

So, we have proposed strategies in order to obtain large first 
hyperpolarizability values and large contrasts.  We have also proved that the 
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evaluation and the interpretation of the linear and nonlinear optical properties have to 
take into account several parameters: i) the environment effects, ii) the impact of the 
electron correlation to evaluate molecular properties; in particular we have 
demonstrated that DFT methods with conventional exchange-correlation functionals 
is not yet appropriate to reproduce the β contrasts while it is generally an efficient 
method to describe the linear properties, and iii) the impact of the frequency 
dispersion on the nonlinear responses and the efficiency of a vibronic model to 
extract the static or off-resonant values from experimental data.   

However, these studies call for further investigations, including i) the 
synthesis of the designed merocyanine-spiropyran compounds and their 
experimental characterization, ii) the characterization of the macroscopic properties 
(linear and nonlinear susceptibilities) of anil derivatives in the crystalline state , iii) the 
experimental characterization of DHA-VHF compounds with large substituents [1], and 
iv) the study of the impact of substitution by donor or acceptor groups on the seven-
membered ring of the DHA-VHF equilibrium on the first hyperpolarizability whose 
synthesis has recently been reported by Nielsen et al. [2]: 

 

CN

CN
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Figure 10-5: Seven-membered ring functionalized DHA.   

 

Furthermore, by following the working strategy developed during this thesis, 
many other compounds could be characterized.  In particular, we are now interested 
in nonlinear optical sensors, i.e. multifunctional compounds that are able to 
selectively detect analytes while changing their NLO properties, as example, the 
detection of alcaline and alcalino-earth cations as well as heavy and transition 
metals.  For instance, Zakharova et al. [3] have recently investigated the spiropyran-
merocyanine equilibrium to act as metal complexing photochromic molecules.  They 
have demonstrated that the addition of cations such as Co2

+, Ni2
+, or Zn2

+ in an 
acetonitrile solution of benzothiazole benzopyrane leads to the complexation 
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between the metal cation and the merocyanine.  One can therefore anticipate that 
they will display large β contrasts.  
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Figure 10-6: Benzothiazole benzopyrane. R = CH3, C3H7, or CH2CH(CH3)2. 

 

These photochromic and metallochromic molecules are expected to lead to the 
design of sensors with remarkable properties and new performances because they 
will combine a NLO contrast with cation-triggered switching [4], providing a very 
interesting ecological potential to act, for instance, as selective sensors for metallic 
pollutants.   
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