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As a function of the ability of the solvent to behave as acceptor

of halogen bonding, the NLO-phores under study give rise to

mbl values ranging from +192 6 10248 esu to 24656 10248 esu.

In the field of electrooptic materials, a strategy based on hydrogen

bonding (HB)-driven self-assembly, among others, has already

demonstrated its great potential for the design of transparent

organic thin films with very high electrooptical responses.1

Halogen bonding (XB),2 any noncovalent interaction involving

halogens as electrophilic sites, is a rather new item in the

supramolecular toolbox and shares numerous properties with the

better known HB. The great potential of XB in the design of new

and high-value functional materials is now emerging clearly.3

Keen to extend the use of XB to the self-assembly of organic

thin films for nonlinear optical (NLO) and optoelectronic

applications,4 we have synthesized the XB-based self-

complementary tectons N,N-dimethyl-4-[(E)-2-(2,3,5,6-tetrafluoro-

4-iodophenyl)vinyl]aniline (1a) and N,N-dimethyl-4-[(1E,3E)-4-

(2,3,5,6-tetrafluoro-4-iodophenyl)buta-1,3-dien-1-yl]aniline (1b)

(Scheme 1). These tectons self-organize in the crystal giving rise

to head-to-tail halogen-bonded polymers thanks to the self-

complementary binding sites at the molecular ends.5 Before

studying the electrooptical activities of the halogen-bonded 2D

films that these modules form, we decided to evaluate their NLO

properties at the molecular level.

Here we report on the measurement, by the solution-phase

electric field induced second-harmonic (EFISH) generation

method,6 of the second-order NLO properties of the two members

1a,b of this new class of XB-based NLO-phores. From the EFISH

data on the two chromophores 1a,b in different solvents, and in

comparison with the NLO data for N,N-dimethyl-4-[(1E,3E)-4-

(2,3,5,6-tetrafluorophenyl)buta-1,3-dien-1-yl]aniline 2 (chosen as a

control compound, which lacks the I atom on the tetrafluorophe-

nyl fragment and is not capable of XB) it has been possible to show

for the first time that both the value and the sign of second-order

NLO responses in solution can be tuned thanks to solvent…

chromophore XB. As a function of the ability of the solvent to

behave as XB-acceptor, the NLO-phores under study give rise to

mbl values ranging from +192 6 10248 esu to 2465 6 10248 esu.

Rationalization of these results at the molecular level is fully

supported by density functional theory (DFT) and time dependent

DFT (TDDFT) calculations.

The two chromophores 1a,b possess terminal XB-donor and

-acceptor groups and incorporate a conjugated p-electron spacer

between electron-rich and electron-poor aromatics (push–pull

effect), in analogy with most of the molecular materials for

NLO applications.7 Iodotetrafluorophenyl residue was chosen as it

is a strong XB-donor group; moreover, it can easily be appended

to a wide variety of C frameworks with high yield and

regioselectivity.5 Furthermore, it could be expected that the

electron withdrawing ability of F contributes to enhance second-

order NLO response.8

The measurements of mbl, the product of the molecular dipole

moment and the projection of btot, the ‘vectorial part’ of the

quadratic hyperpolarizability tensor, along m, for the chromo-

phores 1a,b and 2 were firstly carried out in CHCl3 solutions at

1907 nm non-resonant wavelength. The obtained mbl values were

similar and positive (see Table 1), and very close to those measured

for the pentafluoro analogues of 1a and 1b (3a and 3b, which

showed mbl values of +100 and +200 6 10248 esu, for 3a and 3b,

respectively; see ESI,{ Scheme 2).8a The good agreement among

the mbl values of 1a,b, 2 and 3a,b allows to exclude any specific

role of the I atom substitution on the molecular NLO properties of

chromophores 1a,b in CHCl3.

The UV-vis absorption spectra of 1a,b and 2 in CHCl3 show

one major band at 382, 406, and 392 nm, respectively (see Fig. 1)

with a small solvatochromic behavior. This band can be attributed

to the intramolecular charge-transfer (CT) transition to the lowest-

energy excited state emanating from the NMe2 donor-end of the

molecule. The attribution of the UV major band has been

confirmed by TDDFT calculations performed with ADF9 on 1a,

whose geometry was previously optimized at the B3LYP/3-21G**

level with Gaussian 98.10 We relied here on the observation that,

an increase in the p-spacer length improves the NLO response of
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{ Electronic supplementary information (ESI) available: Experimental
procedures, characterization, schemes, tables, and details on the theoretical
calculations, including a critical discussion of the results, a population
analysis of the HOMOs and the LUMOs, and a full description of the
simulated spectra; optimized cartesian coordinates of all the examined
systems. See DOI: 10.1039/b702724a Scheme 1 The NLO-phores under study in this work.
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chromophores without modifying, however, their electronic

peculiarities.8 Calculations predicted one major band (see ESI,{
Table 5), corresponding to the HOMO A LUMO transition. The

HOMO and LUMO were both p orbitals, the former localized on

the electron-rich NMe2-substituted aromatic ring, the N atom, and

the ethylenic bond, and the latter on the electron-poor perfluori-

nated ring and the ethylenic bond (see ESI,{ Table 6). This

transition is therefore associated with an increase of the ground

state dipole moment or, in other words, to a positive Dmeg, the

difference between the dipole moment moduli of the excited and

ground states. According to the phenomenological Oudar two-

level model,11 giving the CT contribution to the quadratic

hyperpolarizability, bCT 3 (m2
egDmeg/DE2

eg), wherein meg is the

transition dipole moment and DEeg the excitation energy, a

positive projection bl is then to be expected, explaining the positive

mbl experimental values. The sign of bl was reproduced by

TDDFT calculations on 1a at the same frequency as used in the

experimental set-up (mbl = +613 6 10248 esu, where m = 6.31 D is

the B3LYP/3-21G** ground state dipole, see Table 1).

It is well established, both experimentally and theoretically, that

the environment strongly influences NLO responses of mole-

cules.12 In fact, there are many examples of theoretical and

experimental investigations of the HB-effects on the NLO response

of molecular systems. In particular, Huyskens et al.12a,b have

shown that the formation of specific HB solute–solvent interac-

tions always increases the value of b. We then decided to

investigate the effect of XB on the NLO properties of

chromophores 1a,b and 2 by performing the EFISH measurements

in solutions of the strong XB acceptor solvent DMF. A slightly

lower mbl value, compared to the one in CHCl3, was measured for

2 (mbl = +70 6 10248 esu). On the other hand, a much higher and

unexpected negative mbl value was measured for 1a,b (mbl = 2380

and 2465 6 10248 esu, respectively, Table 1). In our hypothesis,

this intriguing finding can be somehow related to the involvement

of the I atom of NLO-phores 1a,b in the formation of O…I XB

with DMF. The involvement of 1b in XB with the solvent has been

clearly demonstrated by 19F NMR studies in CDCl3, DMF, as

well as in stronger XB-acceptor solvents like piperidine (PIP) and

quinuclidine (QUI).13 These measurements predicted the forma-

tion of halogen-bonded adducts of increasing stability in the order

CDCl3 % DMF % PIP , QUI (see ESI,{ Table 3). We have

reproduced the same order of stability by B3LYP/3-21G**

geometry optimizations on the complexes of 1a with the above-

mentioned bases, giving interaction energies, corrected for basis set

superposition error,14 equal to 4.26, 7.28 and 7.40 kcal mol21 for

DMF, PIP and QUI.

In order to substantiate the effect of XB-acceptor solvents on

the NLO responses of chromophores 1a,b, we performed the

EFISH measurements in CHCl3 solutions of 1b in the presence of

the three Lewis bases. Using a molar ratio base/1b equal to 200, a

negative mbl value was obtained for the strongest base QUI (mbl =

2149 6 10248 esu), while a molar ratio equal to 250 was necessary

to observe such sign inversion with PIP and DMF (mbl = 2118

and 2103 6 10248 esu, respectively, see Table 2). Consistent with

the role of XB in the change of mbl sign, this value remained

positive in the case of 2 also when the PIP/2 ratio was 300.

Aimed at giving a phenomenological interpretation to these

results, we measured the UV spectra of 1b and 2 in CHCl3 added

with PIP (1 : 150 and 1 : 300 molar ratios, respectively) and in

DMF (see Tables 1 and 2). For both solvents, the CT band did not

show either significant shift or intensity variation with respect to

the corresponding spectra registered in pure CHCl3. Therefore, the

XB occurrence does not modify the nature of the HOMO A
LUMO transition in the NLO-phore 1b, as also evidenced by the

computed TDDFT properties of this transition for dimers of 1a

with DMF, PIP and QUI (see ESI,{ Tables 5 and 7–9). This

suggests that bCT of chromophores 1a,b does not undergo

significant changes in the presence of XB-acceptors. The sign

inversion in mbl is then imputable to a change in the direction of m,

as a consequence of the simultaneous presence, in the halogen-

bonded complexes, of two competitive electron-donor sites, the

intramolecular (–NMe2) and the intermolecular ones (solvent),

placed on either sides of the electron-acceptor iodoperfluorinated

ring.

This hypothesis was confirmed by DFT calculations on the

three complexes of 1a with DMF, PIP and QUI. In all of the three

cases, the dipole moments point approximately towards opposite

directions with respect to that determined for isolated 1a, while

maintaining unvaried the direction of btot. The sign inversion was

in fact well reproduced in the case of the dimer of 1a with DMF

Fig. 1 UV-vis spectra of 2, 1a and 1b in CHCl3.

Table 2 mbl values (610248 esu) of CHCl3 solutions of 1b and 2
added with excess XB-acceptor solvent

Ratio mbl

QUI/1b 200 2149
250 2487

PIP/1b 200 +49
250 2118
300 2298

DMF/1b 250 2103
PIP/2 300 +220

Table 1 Computed m(D) and experimental mbl values (610248 esu)
and CT bands (nm) of NLO-phores 1a,b and 2 in CHCl3 and DMF

Compound m

CHCl3 DMF

mbl lmax mbl lmax

1a 6.31 +124 382 2380 387
1b 7.25 (6.8)a +192 406 2465 410
2 6.10 +173 392 +70 396
a Experimental value in CHCl3.
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(Fig. 2) (mbl = 2120 6 10248 esu, where m = 2.90 D). On the other

hand, in the cases of the complex of 1a with PIP and QUI, the

calculated mbl values, while negative, were very low (mbl = 238

and 239 6 10248 esu, respectively) owing to their small computed

dipoles (m = 0.66 and 0.78 D, respectively). In our opinion, this

disagreement with experiment can be ascribed to (i) the neglecting

of bulk solvent effects,12d and/or (ii) the occurrence of multiple XB,

which is expected to increase the dipole moment of the real system

and then the mbl magnitude.15

In conclusion, in this work, for the first time, a theoretical and

experimental approach to describing the influence of XB on the

NLO properties of molecules in solution is given. Reasonable

agreement between theory and experiment substantiates the role

XB plays in tuning16 both the value and the sign of mbl. This

observation may be used for the rational design of new electrooptic

materials. At a more fundamental level, it has been illustrated how

the neglecting of the XB occurrence may lead to serious

misinterpretations of results in NLO studies.
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B. Villacampa, R. Alcalá, J. Casado, M. C. Ruiz Delgado, J. T.
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Fig. 2 Optimized geometry of the halogen-bonded complex 1a?DMF.
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