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Effects of Dipolar Interactions on Linear and Nonlinear
Optical Properties of Multichromophoric Assemblies. a
Case Study

Francesca Terenziani,” Olivier Mongin,”® Claudine Katan,”® Bharath
Kumar Goud Bhatthula,™ and Mireille Blanchar d-Desce* @

Dedicated to the memory of Prof. Rudiger Wortmann

Abstract: The issue of inter-chromophoric interactions exible multidipolar structures for
nonlinear optics is addressed through the combaxgerimental and theoretical study of two
series of one- , two- and three-chromophoric systetmere identical push-pull chromophores
are assembled via covalent and flexible linkerslose proximity. The photophysical and
NLO properties (quadratic hyperpolarizability) ofet multichromophoric systems are
investigated and compared to those of the mononwomophores. Multimers possess
larger dipole moments than their monomeric analsgdemonstrating that the dipolar sub-
chromophores self-orientate within the multimeficistures. This effect is found to depend
on the sub-chromophoric distance in a non-trivighnmer, confirming that molecular
engineering of such flexible systems is more comglgn in completely geometrically
controlled systems. EFISHG measurements conduntedlution reveal increased figures of
merit as compared to their monomeric analogue. €fict is found to increase with the
number and polarity of the individual sub-chromo@soin the nanoassembly and the spacing
between dipolar sub-chromophores.

Experimental results are interpreted through ardtesal model for interacting polar and
polarisable chromophores. The properties of mylatiir assemblies are shown to be related
to the relative orientation of chromophores, whish imposed by interchromophore
interactions. The supramolecular structure is #hussult of self-organisatioffhe proposed
theoretical model is also exploited to predict pmeperties of multichromophoric structures
made up by more polar and polarisable push-pulbrolophores, showing that stronger
interchromophoric interactions can heavily affebe tindividual optical responses. This
suggests new routes for engineering highly NLO @aspye multichromophoric systems.

Keywords. chromophores, multichromophoric systems, nonliregatics, self-organisation,
theoretical models.
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I ntroduction

Molecular materials are among the most promisinglickates for advanced applications in
the field of electronidd and photonic&® Also organic probes exhibiting high nonlinear
optical (NLO) responses attract much attentiontia field of biological imagin§! The
search for good candidates for these applicatielissrboth on enhancing the response at the
molecular level and on the design and elaboratibrsupramolecular structures having
optimised responses, by taking advantage of symyneetd environmental effects. As the
synthetic approach evolves from the molecular ® shpramolecular level, theoretical and
interpretative models are needed to guide the demti@ll stages. This is a critical issue not
only because real-world applications often conamndensed phase systems ranging from
solid state devices to soft condensed matter (@notu biological systems), in which the
individual molecular entities will interact, butsal on a more fundamental vein. As a matter of
fact, while structure-properties relationships guée actively and successfully investigated at
the molecular levéP! supramolecular structure-property relationshipe amstead an
interesting open problem, which deserves furthatysis!™®"

A great variety of structures can be generallysifeesl as “supramolecules”, in spite of
their possible different nature, ranging from caysto films to multimolecular size-controlled
assemblies to aggregates and multibranched or itiertarildings. But all these architectures
share the basic ingredient of being characterizgdiniberactions between the building
“molecular bricks”. These interactions can be etestatic in nature, origin from orbital
overlaps, or even involve active connectors betwden components. While a lot of
experimental work has been devoted to the studsupfamolecule$! interpretative models
are still scanty and relevant only to a few spedifpes of interacting systems.

A seminal theoretical work on the role of internwlkar interactions on the second-order
optical properties of chromophoric molecular asdessldlates back already to more than ten
years ag®® demonstrating that the hyperpolarisabilitiesafitroaniline dimers and trimers
strongly depend on the relative molecular orientatiof the chromophores and on
intermolecular chromophore-chromophore interactiofisis result, confirmed by several
other contribution§*” is an important one and suggested some guideflimebe optimized
design of chromophoric assemblies with large hyplensabilitiesi*!

But up to now, the still open problem is the apilib predict the properties of a

supramolecular architecture starting from the prioge of its building blocks. The benefit of



such a bottom-up approach would be considerabl@gyihe possibility of taking advantage
of the acquired knowledge on molecular propertsex] opening the way to the design of
knowledge-based materials. Ab initio methdds or semiempirical calculation
technique$®*¥ provide precious tools for such aim, but at thepemse of increased
computational effort with the size of the systempexially when excited states, solvent or
vibrational effects become important. In this respthe study and modelling of size-limited
and geometry-controlled molecular assemblies ndy os important for the intrinsic
properties of these structures, but also is a validyground for the modelling of
supramolecular interactions and the test of thegpgeed models. As a matter of fact, these
assemblies have the basic ingredients of larger rande complex structures, with the
advantage of being particularly suitable from thadelling point of view.

Simple models, based on a few statéd! and on the choice of well focused
interaction&® are also of great importance. These are, for el@ntipe basic ingredients of
the most widely used approach for interacting mdks: the excitonic modé&f” This picture
is apparently oversimplified, but it works well describing the properties of aggregates of
molecules interacting via their transition dipolemrents?” and it has also been successfully
applied to model multipolar structures for NLO tie case of weak interactioR¥. However
the very same model proves inadequate for stranggyacting dipolar entitie$>24 which is
often the case in architectures optimized for sdaanthird order NLO. In some cases also
the presence of intermolecular interactions norctedstatic in nature (e.g. exchange
interactions) is source of deviations from the it predictiond?®?”!

In general, many supramolecular structures showamsdd NLO responses, but
interpretative models have not often been applresufficiently tested. However there have
been several (experimental) studies conducted fherelt multichromophoric systems that
show that interchromophoric interactions can plasigaificant role. In particular, increased
second harmonic generation figures of merit for trmtomophoric buildings have been
reported in the literatulé®*" For example, D=A functionalised calix[4]arenes showed up to
2.5 times amplified figures of merit (per sub-chaphore) compared to the corresponding
reference compound® A striking example of exaltation of the figure mfrit is given by a
chromophore-functionalised polymer, showing a 38-fesponse per sub-chromophore with
respect to the free chromoph&t®.In those cases, the exaltation of the responsenveasly
due to a high degree of alignment of the functimnay chromophores: the hyperpolarisability
of the supramolecular structures could well berpreted through the oriented-gas model,

even if for the polymer case a great contributionhte global dipole moment is given by the



main polymeric chaif¥® Other examples are reported where the response of
multichromophoric assemblies shows sfi&lbr more sizeable deviatidiis*® from additive
behaviour. These effects were ascribed to dipgletdicoupling between sub-chromophores
in functionalised cyclodextrinEd or dendrimer§®>® or also to possible-Tt interactions in

the case of functionalised calix[4]areh&S® Another striking example of the role of
interchromophoric interactions is observed for optlane derivatives where two dipolar
push-pull stilbenes, that are maintained in a fonedative orientation, are found to interact
via through-space interactiolt8* All these studies point to the importance of stuait
parameters (geometry, distance, nature of the abpbores) in multichromophoric buildings,
calling for further analysis.

In order to address the problem of interaction a$feon the properties of molecular
multidipolar assemblies, we have studied two seokefiomologue products, obtained by
grafting one, two or three active dipolar chromasoto a central phenyl core. In these
model systems where push-pull chromophores aramndse via covalent flexible linkers
within close proximity, dipolar interactions betweeandividual sub-chromophores are
expected to influence both the conformation and tbgtical properties of the
multichromophoric nanoassemblies. In this perspectchromophores with high dipole
moment were selected. Such flexible multimers sepeovide valuable models for the
investigation of confinement effects on the linead nonlinear optical (NLO) responses of
push-pull chromophores. In this paper we reportirtleynthesis, their spectroscopic
characterization (absorption and fluorescence, asobhromism) and the experimental
determination of their second order NLO propertiéemplementary to previously reported
(experimental and theoretical) studies our goalbeen to investigate how i) the number of
sub-chromophores, (ii) the nature of the dipoldr-shromophores (i.e. both its polarisation
and polarisability) and (iii) the geometrical camasits (such as fixed distance between
specific parts of sub-chromophores) may affect'supramolecular” effect.

The linear and nonlinear optical properties of thwe series are interpreted through a
recently proposed model which describes the regsoofinteracting polar molecules starting
from the properties of the single chromophdté? We demonstrate that interactions between
sub-chromophores amesponsiblefor their arrangement within the “supramoleculetilis
fixing the responses of the assemblies. For thdieduseries, this is true even though
interchromophore distances are too large to siyeatbéct the individual responses of each
constituent sub-chromophore. We also show, thrauglulations, that at shorter distances or

for more polar and/or polarisable sub-chromophadites,geometry and the optical responses



of the multichromophoric assemblies are highly aadtrivially affected by sub-chromophore
interactions. This opens the route towards cooperamultichromophoric assemblies where
the NLO responses of the individual sub-chromoghoamponents would also be enhanced

resulting in much more efficient molecular asseegli

Results

Model systems. Two series of size-controlled multichromophoricsemsblies were
synthesised by functionalising a central phenyl ecarith two or three push-pull
chromophores characterised by the same electreasiely amino moiety and by two
different electron-withdrawing entities: a nitroplye moiety group (Series |, Figure 1) or a
dicyanovinyl moiety (Series Il, Figure 2). The cimaphores were grafted to the central core
through flexible connectors chosen as “passive’terabetween the active chromophores.
This allows to single out electrostatic forces las $ource of intermolecular interactions. In
addition the chosen spacers maintain spatial pribxifetween sub-chromophores thus
allowing for through-space dipole-dipole interantido take place while providing the
required flexibility allowing orientational freedom

Three types of dimers were studied by graftingtii® sub-chromophores wrtho or meta
or para positions on the central core. This allows modud¢pthe distance between sub-
chromophores and studying the effect of interchnoinooe distance on the properties of the
multichromophoric assemblies. The spectroscopt setond order NLO properties of the
dimers and trimers in each series have been stadiddcompared with the properties of the
corresponding monomeric model compounds obtainekamging a single unity to the same
central core and through the same connector. Theetgfof intermolecular interactions on the
geometry and properties of the assemblies have desturced and rationalized.

Synthesis. Both graftable chromophoric building blocRsand6b were synthesized from the
same precursor, i.e. aldehyde(Scheme 1). NLO-phor8 was prepared by Knoevenagel
condensation ot with malononitrile ), whereah was obtained in a three-step sequence,
involving protection of the alcohol function 4fas an acetal, Horner-Wadsworth-Emmons
condensation with phosphondigand deprotection of the acetal (Scheme 1). Bgriégng
both alcohols@b and3) with acyl chloridesBa-c and9, two series of di- and trichromophoric



assembliesl(and |1, respectively) were obtained. Monochromophoric etett1 andll-1

were also obtained by reaction@lf and3 with benzoyl chloride (Scheme 2).

Linear optical properties. The UV-visible absorption and the fluorescencecspeof!-1, |-

20, 1-2P andl-3 have been recorded in toluene, chloroform (GH@hd acetone. Spectra of
[1-1, 11-2M, 11-2P and|1-3 have been recorded in toluene, Ckl@hd dimethylsulfoxide
(DMSO). A fourth solvent (triacetin) has been uded|-1. The absorption and emission
solvatochromic behaviour ¢f1 and ofll-1 are reported in Figure 3 and Table 1, while the
solvatochromism of dimers and trimers is availalale Supporting Information. The
solvatochromic behaviour of each compound insider&s is nearly the same, characterized
by a red-shift of both absorption and fluorescebaads at increasing solvent polarity, the
effect being greater for fluorescence spectra.

Figure 4 compares the spectra of the products ésSk(panel a) and of Series Il (panel b)
in CHCL. Spectra in the other solvents are accessibleuppdgting Information. Slight
effects on absorption and fluorescence bands aegmnezable as due to sub-chromophoric
interactions. In particular, a small blue-shiftabserved going from the monomer to the
multimers in the case of both series, whereas aedse of oscillator strength (per sub-
chromophore) is observed in the case of seriesdé (also Table 2). The decrease of the
maximum extinction coefficient is accompanied bslight broadening of the spectrum. This
(inhomogeneous) broadening when going from the mmamao the trimer is most probably
linked to the larger conformational disorder in theltimers.

Fluorescence quantum yields were measured by utimgescein 0.1 N NaOH as a
reference e = 0.90)* Products of Series | have significant quantumdgeih toluene,
varying from about 80% for the monomer down to al®f6 for the trimer. In CHGland
acetone the quantum yields are very weak (aboutaB% 1%, respectively) for all the

products of the series. Series Il has very weakiguma yields, always lower than 1%.

Dipole moments. Dipole momentsy of all the products of Series | and bif-1 were
determined from dielectric and refractive index sweaments conducted in CHCby means

of the Debye formul&* The measured values are reported in Tablé-2-has a larger dipole
moment than-1, even if the length of the dipole can be estimagdhorter. This suggests a
more pronounced charge-transfer charactei-dfin the ground state, as probably due to the

stronger electron-withdrawing character of the dicyvinyl group with respect to the nitro

group.



Values for Series | allow to conclude that all thaltimers possess a high dipole moment
(from 12 to 15 D), which indicates a non-random tisphaorganization of the sub-
chromophores grafted to the central core. In paler¢ by assuming a V-shaped configuration
for the dimers, and a calyx-like shape for the énirtsee Figure 5), the angle formed by each
sub-chromophore with the main symmetry axis of desembly can be estimated. With the
assumption that the dipole moment of each sub-cbptiore in the assembly is not highly
affected by intermolecular interactions, the foliograngles are calculated: 45° 16RO, 35°
for 1-2M, 40° forl-2P and 55° fol -3.

Second order nonlinear properties. The second order nonlinear optical responses| dhel
products were measured in CHGhrough the electric field induced second harmonic
generation (EFISHG) technique, operating atyh®*® This method, which can be used only
in the case of solutes possessing a non-vanishpogednoment, allows accessing the product
HA(2a), wheregis the vector component of tigsensor in the direction of the dipole moment
(2), usually calleds.. In the following all the reported and discusggdalues correspond to
this quantity, except where explicitly specifiehe€l5(2¢) values can be calculated as long as
the dipole moment values are known. The correspgndiatic valuesf(0) can also be

estimated by the use of the two-state m&§kgs follows:

50y = = 2}(5§b5—4af)ﬁ(2w) &)

abs

The EFISHG figure of meriuf(0), is then accessible. All results are reported able 4,
according to th&X convention as defined in R&). The multichromophoric strategy leads to
an amplification of the figure of merit up to a taic4 for the trimer of Series Il, with a net
gain with respect to the increased molecular weigideed all multimers show higher
normalized figure of meriwB(0)/M than the corresponding momoner. Interestingly, the
enhancement seems to increase with the numberbeélsomophores in the nanoassembly
and with increasing polarity of the sub-chromoplksore



Discussion

Solvatochromism: The solvatochromic behaviour of all the studieddoicts is typical of
transitions involving an excited charge-transfatesthaving a larger dipole moment than the
ground staté’® As a matter of fact, a rough assessment of theevaf Ay (the difference
between the dipole moment of the excited- and efgiound state) can be derived from the
0) value by using the two-level model, startingnfrthe measured values of the transition
frequency and dipole moméft! For the two monomers, this estimate leads Agzaalue of
9.1 and 3.6 D fot-1 andlI-1, respectively. This also confirms the guess ofghdr charge
transfer character for the ground statélef with respect to-1.

The spectra ofl-1 can be reproduced by the use of the two-state imbddolstein
coupling to an effective molecular vibration + satien interaction. The model is detailed in
Ref.*! and summarised in the Experimental Section. Thallbws to estimate the model
parameters: the energy difference between the aleand the zwitterionic basis statezof2
the mixing matrix element—(/2t), the vibrational frequencyaf) and the vibrational
relaxation energy &) of the effective coupled mode. In order to repwal the spectra,
Gaussian band-shapes have been chosen, of half-vadthalf-maximum /. Another
parameter is needed to describe the solvent ppl#ni¢ solvent relaxation energs,{, which
is the only parameter that is allowed to changenfame solvent to another. Spectral bfl
can be reproduced by fixing the parameters reparteBable 3 (second row). In order to
guantitatively reproduce the absorption intengh, valuewy = 20.5 D has been fixed for the
dipole moment of the zwitterionic basis state. Tihef the spectra is reported in Figure 6b.
These parameters correspond to a degree of chamgsger p) in the ground state ranging
from 0.15 in toluene to 0.16 in DMSO.

The model, when allowed to fully account for molecipolarisability at all orders, also
estimates different degrees of charge transfertlier molecule when slow coordinates
(vibrational and solvation degrees of freedom) areequilibrium with the electronic
distribution relevant to the ground or to the eadistaté***® This mechanism of interaction
is typically non-linear since the configuration slbbw degrees of freedom depends on the
molecular electronic distribution, which in turn &dfected by the configuration of slow
degrees of freedom. This leads to the followingreeg of charge transfer in the Franck-
Condon ground statgi(), i.e. relevant to the fluorescence process: @ZAZ, 0.25 in toluene,

CHCI; and DMSO, respectively. This means that for thengetry relevant to the



fluorescence process, the molecule has a more aonthpolarisable ground state than for the
geometry relevant to the absorption process.

The fit of the spectra df1 is somewhat more difficult. Spectra in Figure Baws that the
Stokes-shift is very large even in an almost ngueldir solvent like toluene. This suggests the
presence of another coupled degree of freedonerdiit from a molecular vibration and from
the solvation coordinate. Due to the non rigid giee of the relevant chromophore, this
coordinate is probably a conformational degreereéédom, so that fluorescence likely stems
from a so-called twisted intramolecular charge gfan state. This hypothesis is indirectly
confirmed by spectra collected in triacetin, a veiscous solvent (blue lines in Figure 3a): in
fact, even if triacetin is more polar than CHQGhe Stokes-shift in this solvent is lower than in
chloroform, suggesting that the high viscosity red to some extent conformational
reorganisation in the excited state. Conformatiarmirdinates are different in nature from
molecular vibrations or from solvation degreesrektlom: while these last coordinates affect
diagonal terms in the Hamiltonian, a conformatioc@drdinate modulates the mixing matrix
element (the charge transfer integral) betweerbtisis stateSY This type of coupling was
already modelled for successfully describing thecta of phenol blue, another flexible
chromophoré’® Here we use that extension of the model, by intcowy the relevant
additional parameter: the conformational relaxagoergy.&. The first effect of this coupling
is an increased Stokes-shift, due to the facttti@tequilibrium conformational coordinate is
different for the ground- and the excited state.atfdition, a Boltzmann distribution of
conformations must be accounted for at finite terajpee due to the fact that the
conformational coordinate is characterised by viemy frequency (typically in the far
infrared-microwave region), leading to an additio@homogeneous broadening of the
absorption and emission bands.

By fixing the parameters in Table 3 (first row)getbpectra of-1 in all solvents can be
reproduced®® The value ofi has been fixed to 33 D. The corresponding degréebarge
transfer are lower than fot-1, being of the order of 0.05 in all the solventhkisTis again a
confirmation of the weaker electron-withdrawing mvef the nitro group with respect to the
dicyanovinyl one. As a matter of fact, also thevatdchromic effect is smaller in absorption
and larger in fluorescence in Series | than in&3eHi, pointing to the more neutral nature of

the chromophore in Series I.

Interchromophoric effect: Interchromophore interactions for the two studiedies are
purely electrostatic in nature. In fact the spaasnecting each sub-chromophore to the



central phenyl core are “passive”, i.e. they prévesnjugation to extend from one sub-
chromophore to another. Moreover the distance ¢hat be estimated between the grafted
sub-chromophores is large enough to hinder ovedostpreen molecular orbitals of different
sub-chromophores. In addition, in both cases inteEnas are weak, as demonstrated by the
small variations of absorption and fluorescencetspevhen going from the monomer to the
dimers to the trimer. This is due to their strondyminating neutral nature and also to the
molecular architecture. In the chosen multichronmojghstructures, chromophores are linked
to the central core through one end, while the roimel is completely free, so that the sub-
chromophores have the possibility to adopt thetivelaorientation that minimises repulsive
interactions. This leads to self-non-centrosymmaliy organised structures as proven by the
large dipole moments measured even in the casanoérs orparadimers. This intrinsic
asymmetry results in significant second order maarity, demonstrating than even in the
weak interaction case — i.e. when the individuaioap responses of the sub-chromophores
within the nanoassembly are not much affected —dtpelar interchromophoric interactions
plays an important role by controlling their relati orientation, and thus the overall
architecture of the nanoassembly.

By using a simple electrostatic model, it is posibb plot the dependence of the
interaction energy on the angle formed by the dubroophores. The dipole approximation
could be used, but it would not permit to distirgfucases in which the chromophores have
different lengths (i.e. here to distinguish betwesgries | and Series IlI). Hence, here we
prefer associating +/charges to the donor/acceptor ends, and modeinteeactions by
estimating the interchromophore distance (at theodcends) and the length of each
chromophore (between donor and acceptor groups)assieme a V-shaped configuration for
dimers (G, charge symmetry) and a calyx-like shape for trén€k, charge symmetry), as
sketched in Figure 5. We fix the distance betwdwsm donor ends at 13, 15 and 17 A
respectively forortho, meta and para positions, and impose a length of 10 and 8 A,
respectively, for the chromophore in Series | dn@8y minimising the electrostatic energy of
interaction, we predict the following angles form®deach sub-chromophore with respect to
the principal symmetry axis of the assembly: 4680, 41° forl-2M, 38° forl-2P, 55° for
1-3; 40° forll-20, 36° forll-2M, 33° forll-2P, 47° forl1-3. The deviation between the two
series results from the difference in chromophergths. The estimated angles compare well
with the angles derived from the experimental ddpmoments values of (multi)chromophores
of Series f*® This simple procedure is already a clear demaiistrahat interchromophore
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electrostatic interactions determine the relativierdation of sub-chromophores and hence
the supramolecular conformation of the assembly.

Here it is worthwhile to stress that the strendtlthe electrostatic interaction that can be
estimated between sub-chromophores in the assenibliat least one order of magnitude
higher than the interaction between each sub-chpbiore and the static electric field applied
for the EFISHG experiment (typically of the ordérl®® V/m). For this reason the geometry
of the multichromophores can be considered as ertgnt of the applied electric field, and
the nanoassemblies can be considered as indepandtninteracting with the field itself via
their global dipole moment.

To further validate the proposed approach, in tbkowing we will show spectra
calculated for dimers and trimers, as well as tdeuwateds values for all the products of the
two series. The extension of the two-state Mullikemodel to describe interacting
chromophores has been recently propd¥ed. This approach is different from the standard
excitonic model since it allows to calculate thegarties of the “supramolecule” by starting
from the parameters estimated for the isolateds@brated) chromophoric unit and from the
geometry of the assembly. This is due to the flaat the molecular (hyper)polarisability is
fully accounted for, so that environmental effeate self-consistently taken into account.
Another noteworthy difference with respect to ttendard excitonic approach is the fact that
all electrostatic interactions are considered, ardy those arising from the coupling of the
transition dipole moments, this latter approximatieing strictly valid only for non-dipolar
molecules. This model for interacting polar andapshble chromophores has been further
extended to account for molecular vibrations arldasion [*>° to allow for comparison with
experimental measurements. Along these lines dlonk reported hereafter have been
performed.

Figure 7 shows spectra calculated for the prodoic&eries II. For the multimers, the same
parameters deduced for the monomer have been ws#d,the additional geometrical
parameters, i.e. interchromophore distances andegngs obtained by minimising the
interactions. In this case interactions are weatefchromophore distances are about twice
the chromophore length), so that multichromopheffects are also weak: sub-chromophore
polarity only varies of an amount of 1 and 2 %pesgively, for the trimer of Series | and Il
with respect to the monomeric analogue. The maiaradteristics of the spectra are
reproduced, such as the small blue-shift of thedbamd the small decrease of oscillator
strength from the monomer to the multimers. Expental spectra of dimers and trimer are

somewhat additionally broadened, but this can lsdyeassociated to the higher geometrical
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disorder for the multimers. These calculated speere a confirmation that the fixed
geometrical parameters are reliable.

A further test of the chosen parameters and optbposed interpretation is given by the
comparison of experimental and calculatBdvalues. Calculateq/8(2«) and S(2a) are
reported in the last two columns of Table 4. Theeament is not quantitative with respect to
the individual values, but the trend inside eacfesas very well reproduced, as shown by the
ratios between the response of the multimers amdesponse of the corresponding monomer
(values in parentheses in Table 4). The reasorthi®rnon quantitative agreement of the
individual values is mainly due to the evaluatidrttee dipole moment in the ground- and in
the excited state. Actually, both the transitiorergry and the transition dipole moment are
very well reproduced (as demonstrated by the gaydemnent between experimental and
calculated spectra). On the contrary, the grouate slipole moments fixed by the chosen
molecular parameters highly underestimate the medstalues: 1.6 D and 3.2 D calculated
for I-1 and11-1, respectively, vs. the experimental 8.7 and 9.values. This quite large
discrepancy is somehow surprising, since the catledl (permanent) dipole moments allow
correctly reproducing the solvatochromic behaviotiall the products. One of the possible
reasons may be related to the fact that the dipalment values estimated from the fit of the
spectra are related to the polarisable (and hezs@onsive) part of the skeleton only, while
the measured ones correspond to the total ones. Aatter of fact, the contribution of the
connecting spacers to the total dipole moment eandm negligible, and their contribution is
more important the smaller is the dipole momentefgrafted chromophore (more important
for Series | than for Series Il). The same probncerns also the excited state, for which
calculations overestimate the dipole moment. Dedpiese discrepancies, we observe a good
agreement between the experimental and calculaiegs of the ratio between the nonlinear
responses of the multimers and of the correspondimgomer (Table 2).

The sizeable increase in tffevalue from dimewortho to dimermetato dimerpara (Series
) indicates that the distance between sub-chrom@shinfluences the self-arrangement of
the dipolar sub-chromophores within the nanoassgraht thus its second-order optical
responses. The non random spatial self-organisagisults in an increase of tiferesponse
from the monomer to the multimers, by a factorha brder of 1.5-2. This, in combination
with the increased dipole moment in the dimers taimaers, leads to an amplification of the
figure of merityS up to a factor 4. The amplification is more impaoitt for Series Il than for

Series | because of smaller angles imposed bycimt@mophore interactions, as resulting

12



from the difference in length of the correspondimgnomers. It is also interesting to note that
for both series the trimeric compound shows impdoperformance as compared to the
dimeric analogues. Hence, for the same interchrévoiep distance (i.e. when comparing
trimers with meta dimers), the multichromophoric strategy providegpiovement of the

seecond order NLO response for increasing numbsulmsichromophore in the nanoassembly.

Conclusions and per spectives

In this paper we addressed the properties of nipdtidr structures by experimental
measurements of linear and nonlinear optical ptegserand through a recently proposed
theoretical model for interacting polar and polabie molecules. Multichromophoric
assemblies were obtained by grafting one, two ceethactive chromophores on a central
passive core. In the studied cases, responsesltiiars are almost additive, in the sense that
an oriented-gas model can account for the properteé the assemblies. But, more
importantly, we demonstrated that the relativerdagon of sub-chromophores is dictated by
intermolecular interactions, so that interactiome the driving force in determining the
properties of the assembly, even when they arly fagak. Inter-branch interactions are thus
responsible for a non-random self-arrangementestib-chromophores grafted to the central
core, leading to an increased dipole moment ostlpramolecular assemblies with respect to
the monomeric analogue. The increase in the dipament has a twofold advantage. In fact
it is responsible for a better molecular orientatemd thus a higher value of the global order
parameter, resulting in possibly larger bulk susibdpies. But also at the microscopic level
this effect can lead to increased figures of mgfitper sub-chromophore: in our case an
increase up to 30% (for compouhd3) is observed.

Quite a few results in the literature suggest #iaing interactions between chromophores
can lead to large deviations from simple additivatdbutions of active chromophores. The
analysis we presented here represents a case sdlelgnt to the limit of weak interactions;
but the adopted model can be exploited to prediet groperties of strongly interacting
chromophores, since it fully takes into account tin@ecular polarisability. As a matter of
fact, dipolar chromophores are highly responsiveaty change in the environment (as
demonstrated by their pronounced and non-trividlagochromism), so that the properties of
multichromophoric systems are expected to strordgpend on relative intermolecular

orientation and distan¢®&™®*® These “environmental” effects will be larger theomger are
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the interactions and the more polarisable are finencophore$:® In Figure 8 we report two
examples showing what is expected for more poldrpotarisable interacting chromophores.
The top panel in Figure 8 shows the figure of m@st absolute value) calculated for a dimer
(of symmetry G,) of molecules being almost zwitterionic when iseth in solution.
Parameters are relevant to the chromophagel&Q-3CNQ, as reported in Re??. In this
case, at intermolecular distance of about 10 A aaid corresponding equilibrium
intermolecular angle (about 42°) the response @fdimer is almost three times the response
of the isolated molecule: this is due to the faett polarisation effects sum up to oriented-gas
effects in determining the properties. For this sahmer, a figure of merit 5 times larger than
that of the monomer is expected for parallely dedmmolecules at intermolecular distance of
8 A (without polarisability effects, the gain factoould not be larger than 4). The bottom
panel in Figure 8 is relevant to push-pull chronmels being at the cyanine limit when
isolated. This means that their first hyperpoldiiy is vanishing. But, as due to
intermolecular interactions, large SHG figures dodrihcan be obtained. This is a striking
example of the importance of polarisability effeots the properties of interacting systems:
even starting from non-responsive molecules, highdgponsive assemblies could be
achieved. Hence, the same model molecule, arranmgedsemblies of different fashions
(relative distance, orientation, ...) can behave uargitative and qualitative different ways.
Being able to correctly take into account all thesgedients in the design and synthesis of
supramolecular structures in a knowledge-baseddtiom-up) approach will allow to tailor
geometrical degrees of freedom as to maximise #dwsratl responses. In this respect, we
currently work on the engineering of multichromopbsystems made up by strongly polar
and/or polarisable chromophores, as to exploitrteelf- or pre-arrangement as well as a

possible self-improving mechanism of the desirexpprty.

Experimental

Spectroscopic measurements. UV-visible spectra were recorded on a Jasco V-570
spectrophotometer on solutions ca-"18l. Fluorescence measurements were performed on
dilute solutions ¢a. 10° M) using an Edinburgh Instruments (FLS 920) smengter in
photon-counting mode. For Series Il, Raman emiski@s of the solvent were subtracted to
the emission signal. Fluorescence quantum yield® weeasured using fluorescein in 0.1 N
NaOH as a standard (quantum yiee: 0.90)*®! Solvents were of spectroscopic grade. All
measurements were carried out at room temperature.

Dipole moment measurements. Permanent dipole moments were determined by mafaas

WTW dipolemeter (type DM01) made of a capacitanek for liquids and a capacitance-
measurement electronic bridge.
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NLO measurements. B measurements were performed using the electrid freduced
second harmonic generation (EFISHG) techni¢iieThe EFISHG experiment allows the
determination of the mean microscopic hyperpolarigg jo:

w=y(2w @ @ 0) +ul—2w @ &) I (3KT) (2)

The first term is the scalar part of the cubic hppéarisability tensor, whereas the second
originates from the partial orientation of the pamant dipole momeng in the static field.
The orientational contribution is usually assumedoé the predominant component in the
case of polar charge transfer molecules. The ptqg(@c) is thus directly inferred.

EFISHG measurements were conducted with a Q-svdtdltB":YAG laser emitting pulse
trains and operating with the first Stokes radmtiat 1.907um, of the YAG 1.064um
emission generated in an hydrogen Raman cell. Térgseriments were performed using, for
each molecule, solutions of increasing concenmatio chloroform. Measurements are
calibrated relative to the pure solvent. The expental accuracy does not exceed 5 %. The
reportedB values follow theX convention as defined in R&F.

Theoretical model and calculations: Push-pull chromophores are molecules made up of an
electron-donor and an electron-acceptor group aiadeby ar-conjugated bridge. They are
characterized by a low-energy transition (in thehte region) with high intensity, linked to a
charge transfer from the donor to the acceptor tyokeor this reason they are usually and
successfully described as resonating between twis Btates: the neutral and the zwitterionic
structure, a two-level model being enough for deswy the basic physics of these molecules.
The theoretical approach adopted in this papeaged on the two-state Mulliken moéél,
extended to account for Holstein coupling to molacwibrations, and for solvation
interaction. For a single chromophore in solutioe televant Hamiltonian reaf&

n=22,5-26,+ 3| Q4 7)- (2 @) @

wherezy andt are the parameters of the two-state modgli2the energy difference between

the neutral and the zwitterionic basis states ar@t is the mixing matrix element (charge
transfer integral);0 is the operator that counts electrons on the dacsjte; &, is one of the

Pauli spin operators. The expectation vaku|e<,b> measures the weight of the zwitterionic

structure in the ground state, and hence represlemtsnolecular polarity. In fact, following
Mulliken, a dipole moments, can be associated to the zwitterionic basis stegglecting all
other contributions. In this way, the ground stdiggole moment is given bywpo, and the
excited state dipole moment hy(1-p). Transition energy and dipole moments are given,

respectively, byziw.; = \/Et/w/,oil—,oi and U, = ,um/pfl—,oi.

In the above Hamiltonian the summation runs ovarpted modes (of coordinat@;,
momentumP; and frequencyw), i.e. coordinates along which the potential epesgrfaces
relevant to the two basis states are displaced p@r@meter; measures the relaxation energy
of the relevant mode. Coupled modes can be molecutaations, or also a solvation
coordinate (in the case of polar solvents). In gaper we reproduce experimental spectra by
the use of a single coupled molecular vibrationfi@fjuencya, and relaxation energg;) and
a solvation coordinate (whose relaxation energg)s The frequency of the solvation degree
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of freedom (being very low, typically in the farkiared/microwave region) is not needed to
be fixed, since this mode can be treated as aicésoordinaté>® At finite temperature a
Boltzmann distribution along this coordinate must &ccounted for, that is the origin of
inhomogeneous broadening of spectra in polar s&VEn® Along the vibrational
coordinate, the potential energy surfaces reletanthe two basis states are chosen as
harmonic and with the same frequency. But as altre$uiagonalisation, potential energy
surfaces are no more harmonic for the ground- bhecekxcited state and they are softened and
hardened, respectiveR}! In the adiabatic approximation, the electronichpe corresponds
again to a two-state problem, but with the parammtself-consistently renormalized; —
Zo— (& + &r)p if slow degrees of freedom are in equilibrium fbe ground state, argd —
20— (& + &1)(1 — o) if slow degrees of freedom are in equilibriunt the excited staté®>®
The self-consistency corresponds to the systemefhgplarisability. One of the consequences
of the electronic polarisability is just the diféeit degree of charge transf@) (n the case of
different geometries of slow variables: a grounatestpolarity o relevant to the absorption
process; a ground state polarigr relevant to the fluorescence process. This allows
accounting for non specular absorption and flueese spectrd®>%

The vibrational problem is solved exactly (for ti@und and the excited electronic state)
on the basis of the harmonic oscillator of freqyeng centred at the relevant equilibrium

" [59] . . L . . .
position®™ The vibrational matrix is diagonalised on a truedabasis as large as to get
convergenc&® As much as for semiempirical models, all the patams are fixed as to best
reproduce experimental spectral features. Specatwacalculated by associating to each
vibronic transition a Gaussian lineshape.

For flexible chromophores another degree of freedonst be accounted for, describing

conformational motion. Such a mode tunes the chargesfer integral,—\/it, and is
characterised by a very low frequency (typicallytiie microwave region). The electronic
Hamiltonian taking into account this mode re¥ds:

2
h=22,5-2(t+8)5, + (4)

c

where A is the conformational coordinate, measuring theiadi®n of t from its reference
value, andg is the corresponding relaxation energy; the siniyjeothesis that a harmonic
potential is associated to this mode has been malbough different in nature, the
conformational coordinate can be treated alongsdi®e lines of the solvation degree of
freedom, i.e. in the adiabatic approximation andhe classical limit. The effects of this
Peierls-like coupling (increased Stokes-shift addi#onal inhomogeneous broadening) are
discussed in the text.

Intermolecular interactions in “dense” systems baninserted in the model by using the
molecular Hamiltonian for each chromophoric entityd adding the interaction term. The
form of the Hamiltonian is then the followirty:>*

H 22h +%zzvijlbiﬁj (5)

i j#i

whereVj measures the interaction between zwitterionic isgeat positions andj, and the
two summations run over chromophores in the asserithis Hamiltonian is fairly general:
throughout this paper we single out electrostaircds as the only source of interaction, and
choose to assign to each chromophore a fixed lesngtih+/—e charges to the donor/acceptor

16



ends for the zwitterionic basis states. Electrastateractions are thus inserted as interactions
between charges rather than between dipoles: ltbissataking into account the length of the
chromophores and to describe interactions betwgaatialy close molecules. Since
experimental measurements on multichromophoricnalsées were made in solution, the
interaction termsV;; are screened by the squared refractive index ticaddrequenci&!
(n?>=2.1 for CHC}). In this paper dimeric and trimeric multichromopés are considered
with symmetry G, and G,, respectively. The length of the chromophore, the
interchromophore distance and the angle formed thighmain axis of symmetry determine
the values of theVj. Also a few predictions on assemblies made up witifierent
chromophores are presented.

The Hamiltonian is written on the basis obtainedHhmsy direct product of the'2lectronic
states Il = number of chromophores) times the vibrationaltes. The dimension of the
problem is (M), where M is the number of vibrational states introduced &mch
chromophoré™® Eigenvalues and eigenvectors obtained by diagsatain are used to
calculate spectra of multimers of Series II, oledinwith M =8 (large enough to get
converged results). Calculated spectra of multimé&iSeries | are not presented since the too
largeM value needed in this cadd ¢ 18) leads to a too big numerical problem.

The values of the first static hyperpolarisabilify,are obtained through sum-over-states
expressions, at the experimental frequenay£2L.3 eV). In particular, the vector component
of the Btensor in the direction of the dipole momezjti¢ calculated:

ﬂz :%Z(ﬂzii +:Bizi +:Biiz) (6)

where i runs over Cartesian coordinates, ¥, 2. If Kleinman symmetry (valid out of
resonance) is imposéd this expression reduces 18 =5 Zi. Kleinman symmetry is
exploited in the presented calculations, after igvehecked its validity in the relevant
regime. The symmetry of the assemblies is alsoogepl, so that the following expressions
are needed:

B, =Bt By for G,y + Kleinman symmetry (7
B, =B, +2B,, for G + Kleinman symmetry (8)

M = 8 molecular vibrations per molecular site wesedifor calculations on both Seri&d.

All along this paper thg symbol corresponds to th# quantity. Moreover, th& convention,
as defined in Ref*”, is adopted.

Synthesis

General methodsAll air- or water-sensitive reactions were carr@d under argon. Solvents
were generally dried and distilled prior to use.a&®ns were monitored by thin-layer
chromatography on Merck silica gel or neutral alwmn oxide 60 fs4 precoated aluminum
sheets. Column chromatography: Merck silica geb®i(40-63um, 230-400 mesh), except
otherwise noted. Melting points were determinedorilectrothermal 1A9300 digital melting
point instrument. NMR: Bruker ARX 200H: 200.13 MHz,**C: 50.32 MHz) or Avance AV
300 {H: 300.13 MHz,*C: 75.48 MHz), in CDGl solutions;'H chemical shiftsd) are given
in ppm relative to TMS as internal standal&/alues in Hz**C chemical shifts relative to the
central peak of CDGlat 77.0 ppm. High resolution mass spectra measntmwere
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performed at the Centre Régional de Mesures Phgsige I'Ouest (C.R.M.P.O., Rennes),
using a Micromass MS/MS ZABSpec TOF instrument vBBE TOF geometry; LSIMS
(Liquid Secondary lon Mass Spectrometry) at 8 kMhwCs in m-nitrobenzyl alcohol
(mNBA).

3C NMR spectra are available as Supporting Inforomati

4-[Hexyl(2-hydroxyethyl)amino]benzaldehydel) ( was prepared from hexylaniline,
analogously to Iit*”: *H NMR (200.13 MHz, CDG): J = 9.69 (s, 1H), 7.69 and 6.72
(AA'XX", Jax = 9.0 Hz, 4H), 3.85 (dt] = 5.8 Hz, 2H), 3.59 (t) = 5.8 Hz, 2H), 3.42 (1] =

7.8 Hz, 2H), 1.85 (t) = 5.8 Hz, 1H), 1.62 (m, 2H), 1.37-1.29 (m, 6HP®ppm (t,J = 6.5
Hz, 3H); °C NMR (50.32 MHz, CDG): J= 190.2, 152.9, 132.2, 124.8, 111.0, 59.7, 52.7,
51.6, 31.5, 26.7, 26.6, 22.6, 13.9 ppm; HRMS (LSIM8BNBA): m/z calcd for GsH2sNO,
(M™): 249.1728; found: 249.1724.

[[4-[Hexyl(2-hydroxyethyl)amino]phenyllmethylenelgranedinitrilie 8). A solution of 1
(0.500 g, 2.0 mmol) and malononitril) (0.132 g, 2.0 mmol) in anhydrous ethanol (40 mL)
was refluxed for 18 h. After cooling, the solverdsaevaporated under reduced pressure and
the crude product was purified by column chromatpgy (CHCI./Et,O 95:5) to yield 0.490

g (82%) of3; m.p. 112-113 °C*H NMR (200.13 MHz, CDG)): 5= 7.80 and 6.72 (AA'XX’,

Jax = 9.3 Hz, 4H), 7.45 (s, 1H), 3.88 (dt= 5.6 Hz, 2H), 3.62 (] = 5.6 Hz, 2H), 3.46 (1] =

7.8 Hz, 2H), 1.64 (m, 2H), 1.55 ,= 5.6 Hz, 1H), 1.33 (m, 6H), 0.91 ppm Jt= 6.4 Hz,
3H); **C NMR (50.32 MHz, CDG): d = 157.7, 153.1, 134.0, 119.1, 116.0, 114.9, 111.7,
71.1, 59.8, 52.6, 51.8, 31.5, 26.8, 26.5, 22.59 ppm; HRMS (LSIMS, mNBA): m/zcalcd

for CigH23N30 (M™): 297.1841; found: 297.1840.

4-[Hexyl[2-[(tetrahydro-2H-pyran-2-yl)oxy]ethyllamb]benzaldehyded. To a solution oB
(2.85 g, 11.4 mmol) and 3,4-dihydréizpyran (DHP, 2.10 mL, 23.0 mmol) in anhydrous
CH.CI, (56 mL), was added pyridiniuptoluenesulfonate (PPTS, 0.579 g, 2.3 mmol). The
mixture was stirred at 20 °C for 15 h. Water wadeat] the organic layer was separated and
dried (NaSQy). After evaporation of the solvent, the crude pidwvas purified by column
chromatography (CHCI,/AcOEt, gradient from 100:0 to 90:10) to yield 37899%) of4; *H
NMR (200.13 MHz, CDG): 6= 9.71 (s, 1H), 7.70 and 6.71 (AA'’XXIJax = 9.1 Hz, 4H),
4.58 (m, 1H), 3.94-3.36 (m, 8H), 1.82-1.42 (m, 8HB3 (m, 6H), 0.90 ppm (8 = 6.6 Hz,
3H); **C NMR (50.32 MHz, CDG): = 189.8, 152.6, 132.0, 124.8, 110.8, 99.0, 6425],6
51.4, 50.5, 31.5, 30.4, 26.7, 26.5, 25.2, 22.53,193.9 ppm; HRMS (LSIMS mNBA): m/z
caled for GgH3:NO3 (M™): 333.2304; found: 333.2306.

N-Hexyl-4-[(1E)-2-(4-nitrophenyl)ethenyl]-N-[2-[(t@hydro-2H-pyran-2-yl)oxy]ethyl]-
benzenamine 66). To a solution of4 (0.981 g, 2.94 mmol) and diethyl (4-
nitrobenzyl)phosphonates) (0.885 g, 3.24 mmol) in dry THF (25 mL), was addsdaH
(0.188 g, 60% dispersion in mineral oil). The mietwas stirred at 20 °C for 16 h. After
addition of water (50 mL), the organic layer wapaated and dried (N8O,). After
evaporation of the solvent, the crude product wasfipd by column chromatography
(CH.CL,) to yield 0.794 g (60%) o6a; *H NMR (200.13 MHz, CDG)): d = 8.17 and 7.55
(AA’XX’, Jax = 8.8 Hz, 4H), 7.41 and 6.69 (AA'XXJax = 8.8 Hz, 4H), 7.19 (d] = 16.2
Hz, 1H), 6.89 (d)) = 16.2 Hz, 1H), 4.60 (m, 1H), 3.95-3.78 (m, 2HB&®@3.43 (m, 4H), 3.37
(t, J = 7.7 Hz, 2H), 1.88-1.48 (m, 8H), 1.38-1.28 (m,)66190 ppm (t,) = 6.5 Hz, 3H);**C
NMR (50.32 MHz, CD(): 0= 148.6, 145.6, 145.0, 133.6, 128.5, 125.9, 12W3,5, 121.0,
111.6, 99.1, 64.8, 62.2, 51.4, 50.5, 31.6, 30.60,2%6.7, 25.3, 22.6, 19.4, 14.0 ppm; HRMS
(LSIMS', mNBA): m/zcalcd for GsHzgN204 (M*): 452.2675; found: 452.2662.
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2-[Hexyl[4-[(1E)-2-(4-nitrophenyl)ethenyl]phenyl]ano]ethanol @b). To a solution oféa
(0.710 g, 1.57 mmol) in 12 mL of GBI/EtOH (1:1), was added 1 M HCI (0.8 mL). The
mixture was refluxed for 17 h. After cooling, waféd mL) was added, the mixture was made
slightly basic with aqueous NaHG@nd extracted with C}l,. The combined organic layers
were dried (NgSQO,) and after evaporation of the solvent, the crudelpct was purified by
column chromatography (GBI,/AcOEt, gradient from 100:0 to 97:3) to yield 0.56998%)
of 6b; m.p. 111-112 °C*H NMR (200.13 MHz, CDG): = 8.17 and 7.55 (AA’XX' Jax =
8.8 Hz, 4H), 7.41 and 6.72 (AA'’XXJax = 9.0 Hz, 4H), 7.19 (d] = 16.3 Hz, 1H), 6.90 (d]

= 16.3 Hz, 1H), 3.83 (dt] = 5.9 Hz, 2H), 3.54 (t) = 5.9 Hz, 2H), 3.37 (t) = 7.7 Hz, 2H),
1.64 (t,J = 5.9 Hz, 1H), 1.61 (m, 2H), 1.32 (m, 6H), 0.901pft, J = 6.6 Hz, 3H);*C NMR
(50.32 MHz, CDGJ): 0= 148.8,145.8, 144.9, 133.4, 128.5, 126.0, 12¥2,1, 121.5, 112.2,
60.1, 52.9, 51.6, 31.6, 26.8, 26.7, 22.6, 14.0 pgRMS (LSIMS’, mNBA): m/z calcd for
C2oH2eN203 (M™): 368.2100; found: 368.2100.

Benzoic acid, 2-[hexyl[4-[(1E)-2-(4-nitrophenyl)ethyl]phenyllamino]ethyl ested {1). To a
solution of6b (60 mg, 0.163 mmol) in dry Gi€l, (0.75 mL, stabilized with amylene) under
argon, were added & (57 pL) and benzoyl chloride7] (28 uL, 0.241 mmol). The mixture
was stirred at 20 °C for 4 h and then refluxedXdr. Water was added and the mixture was
extracted with CBICl,. The extracts were dried (b80,) and after evaporation of the solvent,
the crude product was purified by column chromatpgy (CHCI,) to yield 69.5 mg (90%)

of I-1; 'H NMR (200.13 MHz, CDG): J= 8.17 and 7.55 (AA’XX' Jax = 9.0 Hz, 4H), 8.05-
8.00 (m, 2H), 7.62-7.53 (m, 1H), 7.49-7.40 (m, 2H}4 and 6.77 (AA'XX',Jax = 8.9 Hz,
4H), 7.20 (dJ = 16.2 Hz, 1H), 6.91 (d] = 16.2 Hz, 1H), 4.50 (1] = 6.3 Hz, 2H), 3.76 (1] =

6.3 Hz, 2H), 3.41 (tJ = 7.7 Hz, 2H), 1.65 (m, 2H), 1.35-1.30 (m, 6HR®ppm (t,J = 6.4
Hz, 3H);*C NMR (50.32 MHz, CDG)): 5= 166.5, 148.3, 145.8, 144.9, 133.5, 133.1, 129.8,
129.6, 128.6, 128.4, 126.0, 124.2, 124.1, 121.%,9,%61.9, 51.4, 49.3, 31.6, 27.2, 26.7, 22.6,
14.0 ppm; HRMS (LSIMS mNBA): m/z calcd for GgHs:N»O4 (M™): 472.2362; found:
472.2359.

1,2-Benzenedicarboxylic acid, bis[2-[hexyl[4-[(1B)4-nitrophenyl)ethenyl]phenyllamino]-
ethyl] ester (-20). To a solution of phthaloyl chloride8d) (16.7 mg, 82.3umol) in dry
CH.CI; (1.0 mL, stabilized with amylene) under argon, evadded EN (51 pL) and6b (80
mg, 217umol). The mixture was stirred at 20 °C for 4 h dinein refluxed for 1 h. Water was
added and the mixture was extracted with,Clll The extracts were dried (p&0,) and after
evaporation of the solvent, the crude product wasfipd by column chromatography
(CH.Cl, then CHCI,/ACOEt 95:5) to yield 60.4 mg (85%) &f20; 'H NMR (200.13 MHz,
CDCly): = 8.16 and 7.52 (AA'’XX',Jax = 8.9 Hz, 8H), 7.68 and 7.55 (AA'XX’, 4H), 7.39
and 6.71 (AA’XX’, Jax = 8.8 Hz, 8H), 7.15 (d] = 16.3 Hz, 2H), 6.86 (d] = 16.3 Hz, 2H),
4.43 (t,J = 6.4 Hz, 4H), 3.70 (1] = 6.4 Hz, 4H), 3.34 (t) = 7.6 Hz, 4H), 1.59 (m, 4H), 1.31-
1.24 (m, 12H), 0.87 ppm (i = 6.6 Hz, 6H);"*C NMR (75.48 MHz, CDG): J = 167.4,
148.2, 145.8, 144.8, 133.4, 131.7, 131.3, 128.8,6,226.0, 124.2, 124.1, 121.5, 111.8, 62.4,
51.4, 49.0, 31.6, 27.1, 26.6, 22.6, 14.0 ppm; HRMSIMS®, mNBA): m/z calcd for
CsoHsgN4Og (M™): 866.4255; found: 866.4261.

1,3-Benzenedicarboxylic acid, bis[2-[hexyl[4-[(1E)(4-nitrophenyl)ethenyl]phenyllamino]-
ethyl] ester [-2M). Reaction of isophthaloyl chlorid@&l) (7.6 mg, 37.4umol) with 6b (40
mg, 108.6umol), as described fdr20, afforded 30.7 mg (95%) ¢f2M; *H NMR (200.13
MHz, CDCk): = 8.67 (t,J = 1.7 Hz, 1H), 8.20 (ddl = 7.5 Hz, 1.7 Hz, 2H), 8.17 and 7.54
(AA’XX’, Jax = 8.9 Hz, 8H), 7.53 (1) = 7.5 Hz, 1H), 7.44 and 6.76 (AA'XXJax = 8.8 Hz,
8H), 7.19 (dJ = 16.2 Hz, 2H), 6.90 (d] = 16.2 Hz, 2H), 4.52 (1] = 6.4 Hz, 4H), 3.76 (1] =
6.4 Hz, 4H), 3.40 (t) = 7.6 Hz, 4H), 1.63 (m, 4H), 1.35-1.27 (m, 12HBDppm (tJ = 6.3
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Hz, 6H); *C NMR (50.32 MHz, CDG): = 165.6, 148.3, 145.9, 144.9, 134.0, 133.4, 130.8,
130.4, 128.7, 128.6, 126.0, 124.3, 124.1, 121.6,9,12.3, 51.4, 49.2, 31.7, 27.2, 26.7, 22.6,
14.0 ppm; HRMS (LSIMS mNBA): m/z calcd for GHsgN4Og (M™): 866.4255; found:
866.4245.

1,4-Benzenedicarboxylic acid, bis[2-[hexyl[4-[(1E)(4-nitrophenyl)ethenyl]phenyllamino]-
ethyl] ester [-2P). Reaction of terephthaloyl chlorid8dj (14.4 mg, 70.9umol) with 6b (80
mg, 217pmol), as described fdr-20, afforded 56.9 mg (93%) df2P; 'H NMR (200.13
MHz, CDCk): J = 8.18 and 7.56 (AA’XX’,Jax = 8.9 Hz, 8H), 8.06 (s, 4H), 7.43 and 6.75
(AA'XX', Jax = 8.9 Hz, 8H), 7.20 (d] = 16.3 Hz, 2H), 6.91 (dl = 16.3 Hz, 2H), 4.51 (] =
6.1 Hz, 4H), 3.76 (tJ = 6.1 Hz, 4H), 3.39 () = 7.6 Hz, 4H), 1.63 (m, 4H), 1.35-1.25 (m,
12H), 0.89 ppm (t) = 6.4 Hz, 6H):*C NMR (50.32 MHz, CDQ): = 165.6, 148.3, 145.8,
144.9, 133.7, 133.4, 129.6, 128.6, 126.0, 124.3,112121.6, 111.9, 62.4, 51.3, 49.2, 31.6,
27.1, 26.7, 22.6, 14.0 ppm; HRMS (LSIMSMNBA): m/z calcd for GHsgN4Og (M™):
866.4255; found: 866.4264.

1,3,5-Benzenetricarboxylic  acid, tris[2-[hexyl[43]E)-2-(4-nitrophenyl)ethenyl]phenyl]-
amino]ethyl] ester I(-3). Reaction of 1,3,5-benzenetricarbonyl chlori® (9.9 mg, 37.3
pmol) with 6b (62 mg, 168.31mol), as described fdr20, afforded 39.0 mg (83%) £3; *H
NMR (200.13 MHz, CDGJ): = 8.81 (s, 3H), 8.15 and 7.52 (AA'’XXJax = 8.8 Hz, 12H),
7.43 and 6.76 (AA'XX',Jax = 8.9 Hz, 12H), 7.16 (dl = 16.3 Hz, 3H), 6.88 (d] = 16.3 Hz,
3H), 4.54 (tJ = 6.2 Hz, 6H), 3.76 () = 6.2 Hz, 6H), 3.39 () = 7.4 Hz, 6H), 1.62 (m, 6H),
1.35-1.27 (m, 18H), 0.89 ppm (= 6.4 Hz, 9H);"*C NMR (50.32 MHz, CDG): J= 164.7,
148.2, 145.8, 144.8, 134.7, 133.3, 131.0, 128.6,A12124.4, 124.1, 121.6, 111.9, 62.6, 51.3,
49.0, 31.6, 27.1, 26.7, 22.6, 14.0 ppm; HRMS (LSIM8NBA): m/zcalcd for GsHgaNgO12
(M™): 1260.6147; found: 1260.6142.

[[4-[[2-(Benzoyloxy)ethyllhexylamino]phenyllmethyle]propanedinitrile [I-1). Reaction of

3 (57 mg, 0.192 mmol) with benzoyl chloridé) (54 mg, 0.384 mmol), as described Fei,
with subsequent purification by column chromatogsatheptane/CkCI, 60:40 then 40:60),
afforded 75.6 mg (98%) df-1; m.p. 72-73 °C*H NMR (200.13 MHz, CDGJ)): 5= 7.99 (m,
2H), 7.82 and 6.79 (AA'XX'Jax = 9.4 Hz, 4H), 7.63-7.55 (m, 1H), 7.46 (s, 1H}&7.41
(m, 2H), 4.52 (tJ = 6.3 Hz, 2H), 3.83 (tJ = 6.3 Hz, 2H), 3.48 () = 7.7 Hz, 2H), 1.66 (m,
2H), 1.36-1.29 (m, 6H), 0.90 ppm (m, 3H5C NMR (50.32 MHz, CDG): J= 166.2, 157.8,
152.6, 133.8, 133.2, 129.5, 129.3, 128.4, 119.5,8,1114.7, 111.7, 72.0, 61.3, 51.4, 49.1,
31.4, 26.9, 26.4, 22.4, 13.9; HRMS (LSIKSnNBA): m/z calcd for GsH2/N3O, (M™):
401.2103; found: 401.2093.

1,2-Benzenedicarboxylic acid, bis[2-[[4-(2,2-dicysthenyl)phenyllhexylamino]ethyl] ester
(11-20). Reaction of phthaloyl chlorid&#) (13.0 mg, 64umol) with 3 (58 mg, 195umol), as
described fot-20, with subsequent purification by column chromasguiry (heptane/CiI;,
30:70), afforded 37.9 mg (82%) Hf-20; m.p. 76-77 °CIH NMR (200.13 MHz, CDG)): 5=
7.78 and 6.75 (AA'XX,Jax = 9.1 Hz, 8H), 7.67-7.53 (AA’XX’, 4H), 7.44 (s, JH4.46 (t,

= 6.2 Hz, 4H), 3.79 (1) = 6.2 Hz, 4H), 3.43 (t) = 7.8 Hz, 4H), 1.62 (m, 4H), 1.35-1.25 (m,
12H), 0.89 ppm (tJ = 6.2 Hz, 6H);"*C NMR (50.32 MHz, CDG)): J = 167.2, 157.8,
152.5,133.9, 131.5, 131.4, 128.9, 119.6, 115.7,7114.1.8, 72.7, 62.0, 51.5, 49.0, 31.5, 27.0,
26.5, 22.6, 14.0; HRMS (LSIMS mNBA): m/z calcd for GsHigNeOs (M™): 724.3737;
found: 724.3728.

1,3-Benzenedicarboxylic acid, bis[2-[[4-(2,2-dicymthenyl)phenyl]lhexylamino]ethyl] ester
(I1-2M). Reaction of isophthaloyl chloride8lf) (13.0 mg, 64umol) with 3 (58 mg, 195
pmol), as described fot-20, with subsequent purification by column chromamiry
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(heptane/CHCl, 30:70), afforded 43.2 mg (93%) ¢f-2M; m.p. 115-116 °C!H NMR
(200.13 MHz, CDGJ): 6= 8.57 (s, 1H), 8.15 (d] = 7.8 Hz, 2H), 7.80 and 6.79 (AA’XX’,
Jax = 9.1 Hz, 8H), 7.51(t) = 7.8 Hz, 1H), 7.44 (s, 2H), 4.53 {t= 6.1 Hz, 4H), 3.83 (1) =

6.1 Hz, 4H), 3.45 (t) = 7.9 Hz, 4H), 1.65 (m, 4H), 1.31 (m, 12H), 0.88mp(t,J = 6.7 Hz,
6H); 1*C NMR (50.32 MHz, CDG): J = 165.3, 157.8, 152.7, 134.0, 133.9, 130.8, 130.0,
128.8, 119.5, 115.7, 114.7, 111.8, 72.3, 61.8,,51940, 31.4, 27.0, 26.5, 22.5, 13.9; HRMS
(LSIMS', mMNBA): m/zcalcd for G4H4gNgO4 (M™): 724.3737; found: 724.3738.

1,4-Benzenedicarboxylic acid, bis[2-[[4-(2,2-dicymthenyl)phenyl]lhexylamino]ethyl] ester
(I1-2P). Reaction of terephthaloyl chlorid&dj (13.0 mg, 64umol) with 3 (58 mg, 195
pmol), as described fot-20, with subsequent purification by column chromasmiry
(heptane/CHCl, 30:70), afforded 41.1 mg (89%) ¢f-2P; m.p. 155-156 °C:H NMR
(200.13 MHz, CDGJ): 6= 8.02 (s, 4H), 7.80 and 6.80 (AA’XXJax = 8.9 Hz, 8H), 7.45 (s,
2H), 4.55 (tJ = 5.9 Hz, 4H), 3.85 () = 5.9 Hz, 4H), 3.47 (1) = 7.5 Hz, 4H), 1.66 (m, 4H),
1.33 (m, 12H), 0.90 ppm (m, 6HY)C NMR (50.32 MHz, CDG): = 165.4, 157.8, 152.7,
133.9, 133.5, 129.6, 119.6, 115.7, 114.7, 111.%, 1.9, 51.4, 49.1, 31.5, 27.0, 26.5, 22.5,
13.9; HRMS (LSIMS, mNBA): m/zcalcd for GsH4sNeOs (M™): 724.3737; found: 724.3732.

1,3,5-Benzenetricarboxylic acid, tris[2-[[4-(2,2adianoethenyl)phenyl]hexylamino]ethyl]
ester (1-3). Reaction of 1,3,5-benzenetricarbonyl chlori® (17.0 mg, 64umol) with 3
(87.9 mg, 296umol), as described fot-20, with subsequent purification by column
chromatography (heptane/@El, 30:70), afforded 23.4 mg (35%) bf-3; m.p. 156-157 °C;
'H NMR (200.13 MHz, CDG)): d = 8.69 (s, 3H), 7.80 and 6.81 (AA’XXIax = 9.2 Hz,
12H), 7.44 (s, 3H), 4.58 (§,= 5.9 Hz, 6H), 3.87 (1) = 5.9 Hz, 6H), 3.47 () = 7.8 Hz, 6H),
1.67 (m, 6H), 1.34 (m, 18H), 0.90 ppmJt= 6.5 Hz, 9H);°*C NMR (50.32 MHz, CDG): J
=164.4, 157.9, 152.8, 134.8, 134.0, 130.7, 11M5%,8, 114.7, 111.8, 72.5, 62.3, 51.2, 48.9,
31.5, 27.0, 26.6, 22.6, 14.0; HRMS (LSIKSnNBA): m/z calcd for GsH7zoNgOg ([M+H]"):
1048.5449; found: 1048.54509.
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L egends

Table 1. Absorption and fluorescence propertieslef and11-1 in different solvents: maximum
absorption wavelength\{,J, oscillator strengthf), emission wavelengthA{, on the maximum),
fluorescence quantum yiel@)(

Table 2. Absorption and fluorescence properties of analggoducts from Series | and from Series Il
in CHCL: maximum absorption wavelength.§), oscillator strengthf), emission wavelengti\ ., on
the maximum), fluorescence quantum yigl (

Table 3. Parameters of the two-state model (see text)alt@aw reproducing experimental absorption
and fluorescence spectralefl andll-1. The three values fof, correspond to toluene, CHCAnd
acetone, respectively, forl and to toluene, CHghnd DMSO, respectively, fof-1. Units: eV.

Table 4. Dipole moments and hyperpolarisabilities of albgucts of Series | and some products of
Series Il. The last two columns report calculatetlies. Values in parenthesis correspond to the rati
between the response of the relevant multimer lamdesponse of the monomer.

Figure 1. Compounds of Series I.
Figure 2. Compounds of Series II.
Figure 3. Absorption and fluorescence solvatochromism ofnlemomeric models: (a}1; (b) I1-1.

Figure 4. Absorption (per sub-chromophore) and fluorescespeetra in chloroform: (a) products of
Series I; (b) products of Series II.

Figure 5. Schematic representation of the supramoleculactstres. Spring-like lines correspond to
the linkers between the central core and the acsivb-chromophores. Sub-chromophores are
represented by rods bearing electron-donor (D)edectron-acceptor (A) ends. For dimers and trimers
C,, and G, symmetries are assumed, respectivalys the angle formed by each sub-chromophore
with respect to the main symmetry axis (dashed.line

Figure 6. Calculated absorption and fluorescence solvatoeisra of the monomeric models: (a};
(b) 11-1. Parameters in Table 3 have been used.

Figure 7. Calculated absorption spectra (per sub-chromophofethe products of Series |l
(chloroform). Parameters in Table 3 have been Utsed.-3 inhomogeneous broadening has not been
accounted for and a half-width at half-maximum dfl0eV has been imposed.

Figure 8. Angle- and distance dependence of the SHG figlinmexit, calculated for a dimer {C
symmetry) of (a) GHssQ-3CNQ molecules in CHEI(parameters estimated in REf); (b)
molecules being in the cyanine limit when isolated.

Scheme 1. Synthesis of graftable chromophoric bricksind6b. a) 2, EtOH, reflux, 18 h; b)
dihydropyran, PPTS, Ci€l,, 20 °C, 15 h; cp, NaH, THF, 20 °C, 16 h; d) HCI, GBI./EtOH,
reflux, 17 h.

Scheme 2. Synthesis of the two series of multichromophosseanblies. Reaction conditions: MEt
CH.CI,, 20 °C, 4 h, then reflux, 1 h.
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Tablesand Figures

Table 1. Absorption and fluorescence propertiesldaf and I1-1 in different solvents: maximum
absorption wavelength\{,J, oscillator strengthf), emission wavelengti\{, on the maximum),

fluorescence quantum yielg)(

Solvent Aabs [NM] f Aem [NM] Q
Toluene 433 1.6 585 0.84
-1 CHCl, 440 1.6 750 0.031
Acetone 439 1.7 775 0.015
Toluene 425 1.6 450 0.001
-1 CHCl; 433 2.0 465 0.002
DMSO 440 2.1 490 0.004

Table 2. Absorption and fluorescence properties of analggoducts from Series | and from Series ||
in CHCL: maximum absorption wavelength.{), oscillator strengthf), emission wavelength\ {,, on
the maximum), fluorescence quantum yigl (

Product  Ags [NnM] f Aem [NM] Q

-1 440 1.6 750 0.031
1-20 438 3.2 745 0.036
[-2P 436 3.3 740 0.025
[-3 438 4.8 735 0.032
-1 433 2.0 465 0.002
[1-2M 430 4.0 465 0.002
[1-2P 430 3.8 465 0.002
-3 430 51 470 0.004

Table 3. Parameters of the two-state model (see text)alhaw reproducing experimental absorption
and fluorescence spectralefl andll-1. The three values fof,, correspond to toluene, CHCAnd
acetone, respectively, forl; to toluene, CHGland DMSO, respectively, fot-1. Units: eV.

Z V2t @ & r £ &
-1 1.3 0.6 012 052  0.06 0/0.35/0.40 0.15
-1 1.0 1.1 016 021 005 0.16/0.27/0.43 /
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Table 4. Dipole moments and hyperpolarisabilities of albgucts of Series | and some products of
Series Il. The last two columns report calculatatli®s. Values in parenthesis correspond to the rati
between the response of the relevant multimer lamdesponse of the monomer.

(calc) (calc)
Product £ [fé)g‘(ﬂzggu] [10'455(5%)/r'\nﬂo| d] [1é§%?su] ;[Iigt()g‘g?asu] ['?(ggg) esu]
-1 8.7 390 0.61 45 258 153
120 12.3(1.4) 720 (1.8) 0.62 58(1.3)  488(19)  20@)
oM 14.2(1.6) 790 (2.0) 0.68 56(1.2)  578(22)  208)
2P 13.2(1.5) 900 (2.3) 0.77 68(1.5)  632(24)  2BS)
1-3 151 (17) 1260 (3.2) 0.75 83(1.8)  733(2.8)  2B3Y
-1 9.7 180 0.35 19 214 67
11-2M / 350 (1.9) 0.36 / 544 (2.5) 107 (1.6)
-3 / 715 (4.0) 0.52 / 831(3.9) 130 (1.9)
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Figure 3. Absorption and fluorescence solvatochromism ofntlemomeric models: (a}1; (b) I1-1.
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Figure 5. Schematic representation of the supramoleculactstres. Spring-like lines correspond to

the linkers between the central core and the acsivb-chromophores. Sub-chromophores are
represented by rods bearing electron-donor (D)edectron-acceptor (A) ends. For dimers and trimers
C,y and G, symmetries are assumed, respectivalys the angle formed by each sub-chromophore

with respect to the main symmetry axis (dashed.line
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Figure 6. Calculated absorption and fluorescence solvatoaisma of the monomeric models: (alL;
(b) I1-1. Parameters in Table 3 have been used.
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Figure 7. Calculated absorption spectra (per sub-chromophofethe products of Series |l
(chloroform). Parameters in Table 3 have been Used.-3 inhomogeneous broadening has not been
accounted for and a half-width at half-maximum dfl0eV has been imposed.
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Figure 8. Angle- and distance dependence of the SHG figlinmexit, calculated for a dimer {C
symmetry) of (a) GHsQ-3CNQ molecules in CHEI(parameters estimated in REF); (b)
molecules being in the cyanine limit when isolated.
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Scheme 1. Synthesis of graftable chromophoric brickeind6b. a) 2, EtOH, reflux, 18 h; b)
dihydropyran, PPTS, Ci&l,, 20 °C, 15 h; cp, NaH, THF, 20 °C, 16 h; d) HCI, GBI,/EtOH,
reflux, 17 h.
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Scheme 2. Synthesis of the two series of multichromophossemblies. Reaction conditions: NEt
CH.CI,, 20 °C, 4 h, then reflux, 1 h.
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Graphical Abstract

Multichromophoric systems obtained by grafting dgoounits
have been synthesised and investigated. A non-ransjmatial
organisation of sub-chromophores is spontaneoustgied in
the assemblies due to interchromophore interactidhs is the
origin of net dipole moments and increased SHGrégwf merit
with respect to the monomer. Polarisability effeict<shese and
other nanoassemblies are investigated throughoadtieal model
for interacting polar and polarisable chromophores.
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