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The synthesis of [M2 being a zwitterionic cyanine dye of formula[H(M2)2]`I~ É 3/2H2O HOCH2CH2-
is reported. The crystal structure indicates that two M2 entities share one proton in the(NC5H4)CHCH(C6H4)O]

solid state. INDO calculations reveal that the protonation strongly a†ects the molecular hyperpolarizability b of
these dyes, while PM3 calculations indicate a potential barrier of 0.76 eV for the proton transfer between (HM2)`
and M2. The possibility of an NLO switch for this type of compound is discussed.

Intense research activity has been devoted to nonlinear optical
(NLO) materials in relation to their potential applications in
telecommunications, optical computing and optical data
storage.1 The large quadratic NLO responses of donorÈ
acceptor conjugated organic molecules is especially appealing
and it is now widely believed that they have the capability to
become the materials of choice for the next generations of
devices.2h5 Incorporating switchability into the NLO behavior
would further increase their potential applications in emerging
optoelectronic and photonic technologies. The concept of
molecular switches is currently attracting great interest from
various perspectives6,7 and molecular materials with switch-
able quadratic NLO response have recently been reviewed.8
Most investigations have envisaged b modulation upon
molecular isomerization, in solution or polymeric matrix.
Intramolecular proton transfer (tautomeric equilibrium) in
salicylidene derivatives has also been reported in the crys-
talline state.9

Along this line, we wish to report here on a theoretical
investigation of the e†ect of intermolecular proton transfer on
the NLO response of a pair of chromophores. In order to
provide a benchmark structure for this investigation, we have
tried to embody two-proton acceptor chromophores in a
hydrogen-bonded network o†ering proton vacancies to favor
intermolecular proton interactions. For these investigations,
the zwitterionic merocyanine dye M2 (Scheme 1) has been
selected. M2 derives from a well-known chromophore (M1,
Scheme 1), which has been widely investigated for its excep-
tionally large molecular hyperpolarizability (b B
1000 ] 10~30 cm5 esu~1).10h13 In a previous investigation,

Scheme 1

the hyperpolarizability of M2 was found to be similar to that
of the well known M1 dye, in relation to identical ““push-pull ÏÏ
p-electronic structures for both dyes.14 Besides a large b value,
the reason for selecting this family was related to the fact that
the protonation of the phenolate would strongly reduce the
donor strength of the substituent and hence the hyperpolar-
izability, providing a simple strategy for NLO switching upon
proton transfer. M2 was preferred instead of M1 for its long
range hydrogen-bonding capabilities, which could favor long-
range proton interactions and promote acentric alignments of
chromophores, following a strategy which has been successful
in previous structural studies involving this dye.14,15

In the Ðrst section we report the synthesis and crystal struc-
ture of a salt in which two M2[H(M2)2]`I~ É 3/2H2O,
chromophores share one proton located on one entity, but
strongly involved in a hydrogen-bonded network. The crystal
is centrosymmetric and, therefore, has no macroscopic NLO
response. However, spectroscopy and INDO calculations
provide evidence for a large b modulation of M2 upon proto-
nation. In the last section, a theoretical investigation of the
e†ect of proton transfer within the unit is present-[H(M2)2]`ed in relation to the concept of NLO switchability.

Experimental

Materials and equipment

Starting materials were used as purchased without further
puriÐcation. M2 was synthesized as previously reported.14
UV/Vis spectra were recorded on a Hewlett Packard 8452A
spectrophotometer and 1H NMR spectra on a Bruker AM
250 spectrometer. As M2 is extremely sensitive to traces of
acid, it was essential to maintain the basicity of the solvent by
addition of a small amount of amine, according to the pro-
cedure already reported,16,17 for recording the spectra of pure
M2. Elemental analyses were performed by the Service de
Microanalyses du CNRS in the Laboratoire de Chimie de
Coordination (Toulouse). Thermal measurements were per-
formed by TG/DTA (thermogravimetric/di†erential
thermoanalysis) on a Setaram TGDTA92 thermoanalyser.

Synthesis of [H(M2)
2

]‘I— Æ 3/2H
2
O

The following procedure is a modiÐcation of that previously
described for M2.14 2-Iodoethanol (3.44 g, 2 ] 10~2 mol) was
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mixed with 10 ml (large excess) of 4-picoline and stirred over-
night at room temperature. The excess of picoline was care-
fully removed under vacuum. To the residual yellow oil were
successively added 50 ml of 2-propanol, 2.44 g (2] 10~2 mol)
of 4-hydroxybenzaldehyde and 1 ml of piperidine. The
resulting red mixture was reÑuxed for 24 h. After cooling, a
large amount of reddish solid was Ðltered o†, washed with
2-propanol and dried under vacuum (78% yield). 1H NMR
(DMSO- d 3.925 (t, J \ 4.6, 2H), 4.53 (t, J \ 4.6, 2H), 6.73d6) :(m, 2H), 7.14 (d, J \ 15.1, 1H), 7.62 (d, J \ 8.1, 2H), 7.97 (d,
J \ 15.7 Hz, 1H), 8.07 (m, 2H), 8.70 (m, 2H). TG analysis indi-
cates a loss of 1.075% at 50È100 ¡C, which is consistent with
0.34 residual water per entity in the sample. Anal.[H(M2)2]`calc. (found) for C, 58.45 (58.60) ; H,C30H31IN2O4 É 1/3H2O:
5.18 (4.86) ; N, 4.55 (4.56%). Recrystallization from boiling
water a†ords orangeÈred crystals of formula

(72% yield).[H(M2)2]`I~ É 3/2H2O

X-Ray structure determination

The data were collected on a Stoe imaging plate di†raction
system (IPDS). The Ðnal unit cell parameters were obtained
by the least-squares reÐnement of 5000 reÑections. Only sta-
tistical Ñuctuations were observed in the intensity monitors
over the course of the data collection. An empirical absorption
correction was applied.

The structure was solved by direct methods (SIR92)18 and
reÐned by least-squares procedures on H atoms wereFobs .located on di†erence Fourier maps, but those attached to C
atoms were introduced in idealized positions [d(CH)\ 0.96

and their atomic coordinates were recalculated after eachA� ]
cycle. They were given isotropic thermal parameters 20%
higher than those of the carbon to which they are attached.
The coordinates of the H atoms attached to the O atoms were
reÐned but the OÈH distances and CÈOÈH or OÈHÉ É ÉO
angles were restrained to their mean values. They were given
an equivalent isotropic thermal parameter. Least-squares
reÐnements were carried out by minimizing the function

where and are the observed and cal-&w(oFo o[ oFc o)2, Fo Fcculated structure factors. The weighting scheme used in the
last reÐnement cycles was wherew\ w@[1[ (*F/6p(Fo)2]2,with 3 coefficients for the Chebyshevw@\ 1/&1nArTr(x) Arpolynomial where x is Models reachedArTr(x) Fc/Fc(max).19
convergence with and wR\R\ &(pFo o [ oFcp)/&(oFo o)

having the values listed in[&w(oFo o [ oFc o)2/&w(Fo)2]1@2Table 1. Details of data collection and reÐnement are given in
Table 1.

The calculations were carried out with the CRYSTALS
package of programs.20 The drawing of the molecule was rea-
lized with CAMERON.21

CCDC reference number 440/242. See http : //www.rsc.org/
suppdata/nj/b0/b007726g/ for crystallographic Ðles in .cif
format.

Table 1 Crystal data for [H(M2)2]`I~ É 3/2H2O

Formula [(C15H16NO2)2(C15H15NO2)2 É 3H2O] I2FW 1275.03
Crystal system Triclinic
Space group P16
a/A� 8.8875(9)
b/A� 11.9248(12)
c/A� 26.990(3)
a/¡ 91.41(1)
b/¡ 94.48(1)
c/¡ 99.52(1)
U/A� 3 2810.4(5)
Z 2
T /K 180
k(Mo-Ka)/cm~1 11.671
ReÑections collected 17 533
Unique reÑections (Rint) 8306 (0.0352)
ReÑections used (I[ 2p(I)] 6529
R 0.0283
wR 0.0330

Computational details

The all-valence INDO (intermediate neglect of di†erential
overlap) method,22 in connection with the sum-over-state
(SOS) formalism,23 was employed for the calculation of the
molecular hyperpolarizability b ([2u ; u, u) of M2 and
(HM2)`. Structural parameters used for the INDO calcu-
lations were taken from the present crystal study. Details of
the computationally efficient INDO-SOS-based method for
describing second-order molecular optical nonlinearities have
been reported elsewhere.24 Calculations were performed using
the INDO/1 Hamiltonian incorporated in the commercially
available MSI software package ZINDO.25 The monoexcited
conÐguration interaction (MECI) approximation was
employed to describe the excited states. The 100 energy tran-
sitions between the ten highest occupied molecular orbitals
and the ten lowest unoccupied ones were chosen to undergo
CI mixing.

A partially relaxed potential energy surface was evaluated
for the proton transfer within a unit, at the semi-[H(M2)2]`empirical level using PM3 included in GAUSSIAN94.26 The
system made of molecules 1 and 2 (see Description of the
structure) was selected for the calculation. The OÈH distance
was varied from 0.930 to 1.270 in 0.03 steps and movingA� A�
the proton from (HM2)` toward M2. For each Ðxed OÈH dis-
tance, a partial geometry optimization of a model containing
two chromophores and the water molecules in hydrogen-
bonding interaction with them was performed. The phenolic
oxygen, and those of the water molecules, were maintained
Ðxed whereas the proton and the hydrogen atoms of the water
molecules were allowed to move freely. In order to consistent-
ly model a proton transfer in the solid state, the relative
chromophore orientation was Ðxed and only the intramolecu-
lar distances were allowed to relax. A vibrational analysis was
performed upon geometry optimization for the models with
OÈH bond lengths of 0.960 and 1.236 In the latter, a largeA� .
imaginary frequency located at 2656 cm~1 associated with the
elongation of the phenol OÈH bond is obtained, suggesting
that the corresponding structure is a transition state in the
proton transfer from (HM2)` to M2. Weak imaginary fre-
quencies are also obtained at low wavenumbers in both cases
and are associated with rotations, translations or chromo-
phore deformations expected to be forbidden in the solid state.

Results and discussion

Description of the structure of [H(M2)
2

]‘I— Æ 3/2H
2
O

The asymmetric unit is shown in Fig. 1, while selected bond
lengths are collected in Table 2. The structure is built up from
four independent molecules (labeled 1È4 according to Fig. 1),
three water molecules and two iodide ions which are linked
through a hydrogen-bond network. Of the four molecules, two

Table 2 Interatomic distances for ESDs(A� ) [H(M2)2]`I~ É 3/2H2O.
in parentheses refer to the last signiÐcant digit

Molecule 1 (phenol) Molecule 4 (phenol)

O11ÈC11 1.351(3) O41ÈC41 1.352(3)
O11ÈH11 0.88(2) O41ÈH41 0.86(12)
C14ÈC141 1.456(4) C44ÈC441 1.458(4)
C141ÈC142 1.341(4) C441ÈC442 1.342(4)
C142ÈC143 1.459(4) C442ÈC443 1.447(4)
O12ÈH12 0.88(2) O42ÈH42 0.87(2)

Molecule 2 (phenolate) Molecule 3 (phenolate)
O21ÈC21 1.345(3) O31ÈC31 1.335(3)
C24ÈC241 1.449(4) C34ÈC341 1.448(4)
C241ÈC242 1.343(4) C341ÈC342 1.348(4)
C242ÈC243 1.456(4) C342ÈC343 1.451(4)
O22ÈH22 0.87(2) O32ÈH32 0.87(2)
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Fig. 1 Asymmetric unit cell for illustrating the hydrogen bonds between the four independent molecules, the water[H(M2)2]`I~ É 3/2H2O,
molecules and the iodide. Ellipsoids represent 30% probability level. O11, O21, O31, and O41 refer to molecules 1, 2, 3 and 4, respectively.

contain a phenol group whereas the two other possess a phe-
nolate group. Each OH group is hydrogen bonded to the O
atom of one phenolate. The O atom O11 of one phenol is
engaged in hydrogen bonding with water molecules O1. Each
pair of phenol-phenolate molecules are connected through
hydrogen bonds occurring between the oxygen O22 of the
alcohol group and the O31 atom. There are also hydrogen
interactions between the water molecules and(H2O2 H2O3)
and the iodide anions. Moreover, there are intricate H bonds
that connect all the molecules together, thus developing a
three dimensional network. This network may be described as
constituted of two di†erent systems. The Ðrst system, shown in
Fig. 2 is built up around an inversion center : each group of
four molecules described above is related to its centro-
symmetric counterpart through hydrogen bonds involving the
water molecules and the phenol OH groups, as shownH2O1

Fig. 2 Hydrogen-bonding network around the O11ÈH11É É ÉO21
unit. Symmetry transformations used to generate equivalent atoms :
@\ [x, [y, [z ; A\ 1 [ x, 1[ y, [z ; B\ x, y [ 1, z.

in Fig. 2. Moreover, the water molecule interacts withH2O2
the H atom of an alcohol group belonging to another sym-
metry related molecule, whereas the oxygen O21 of the phe-
nolate group is connected to the oxygen O42 of the alcohol
group of a di†erent symmetry-related molecule. The OÈH dis-
tances in this subunit are gathered in Table 3. The second
system is developed around the O31 phenolate oxygen, as
shown in Fig. 3. This O31 is connected through H bonds to
three O atoms, two of them, O41 and O22, belong to the
initial asymmetric unit, whereas the third one, O12A, belongs
to a di†erent symmetry-related molecule.

Optical spectroscopy

The electronic spectra of M2 recorded under various condi-
tions are gathered in Fig. 4. It can be seen that

exhibits two absorption maxima[H(M2)2]`I~ É 3/2H2O (jmax)located at 400 and 514 nm. In contrast, the pure M2 com-
pound has a single intense transition nm,(jmax \ 510
e \ 39 340 dm3 mol~1 cm~1), while with an excess of

(HM2)` displays a single but more intense tran-CF3COOH,
sition located at 400 nm (e \ 53 730 dm3 mol~1 cm~1). There-
fore, the spectrum of can be readily[H(M2)2]`I~ É 3/2H2Oascribed to a mixture of M2 and (HM2)` in solution, which
indicates that the protons are localized on one-half of the dye
molecules. INDO calculations provide a rationale for the
above trend (Table 4). The data reveal single intense tran-
sitions located at 555È560 and 400È405 nm for M2 and
(HM2)`, respectively. A blue shift upon protonation is clearly
evidenced by this calculation, in agreement with the experi-
mental spectra.

Fig. 3 Hydrogen-bonding network around the O41ÈH41É É ÉO31
unit. Symmetry transformation used to generate equivalent atoms :
A\ 1 [ x, 1[ y, [z.
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Table 3 Hydrogen bonds (DÈHÉ É ÉA) within the O11ÈH11É É ÉO21 system

DÈHÉ É ÉA d(DÈH)/A� d(HÉ É ÉA)/A� nDHA/¡ d(DÉ É ÉA)/A�

O11ÈH11É É ÉO21 0.88(2) 1.60(2) 170(3) 2.469(3)
O12ÈH12É É ÉO31a 0.88(2) 1.84(2) 174(2) 2.719(3)
O22ÈH22É É ÉO31 0.87(2) 1.71(2) 166.7(7) 2.564(3)
O32ÈH32É É ÉO2b 0.87(2) 1.92(2) 173(1) 2.784(3)
O41ÈH41É É ÉO31 0.86(2) 1.71(2) 163(3) 2.550(3)
O42ÈH42É É ÉO21c 0.87(2) 1.90(2) 167(2) 2.756(3)
O1ÈH101É É ÉO21d 0.90(2) 1.89(2) 176(3) 2.791(3)
O1ÈH102É É ÉO11 0.90(2) 1.97(2) 168(3) 2.854(3)
O2ÈH201É É ÉI1 0.90(2) 2.61(2) 158(2) 3.465(2)
O2ÈH202É É ÉO1 0.90(2) 1.99(2) 162(2) 2.869(3)
O3ÈH301É É ÉO22 0.92(2) 1.87(2) 173(3) 2.788(3)
O3ÈH302É É ÉI2 0.95(2) 2.56(2) 160(2) 3.470(2)

a [x ] 1, [y ] 1, [z] 1. b x, y ] 1, z. c [x ] 1, [y ] 1, [z. d [x ] 2, [y ] 1, [z] 1.

Molecular hyperpolarizabilities b

It has previously been reported that M1 and M2 exhibit
hyperpolarizabilities related to their push-pull p-electronic
structures.10h15 Therefore, the present section will focus
instead on a comparison of the b value between M2 and
(HM2)`. The theoretical values calculated for every M2 and
(HM2)` fragment present in the unit cell are gathered in
Table 5. The frequency dependence of b is clearly evidenced
from the data. The values calculated at 1.064 lm are strongly
enhanced by resonance in the case of M2 ; they become irrele-
vant and, therefore, they are not reported in the table. The
negative signs of b indicate a reduction of the dipole moment
(*k \ 0) between the ground and excited states in the tran-
sitions responsible for the NLO response. Moreover, after
protonation b decreased by a factor of 5 to 7 relative to M2
depending on the frequency.

Fig. 4 Electronic spectrum of (a) recorded in ethanol.[H(M2)2]`I~
M2 is shown as a reference in pure ethanol (dotted line b) and in
acidic ethanolic solution (dotted line c).(CF3COOH)

Within the framework of SOS perturbation theory b is
related to all excited states and can be partitioned into two
contributions and Analysis of the term contri-(b2level b3level).butions in Table 5 reveals that the two-level terms dominate
the nonlinearity, with positive values roughly 2 to 5b3leveltimes lower than the negative values, depending on theb2levelmolecule. Therefore, we make the assumption that under-
standing will provide a satisfactory understanding of b.b2levelcan be related to the Ðrst low-lying transitions (labeledb2level1 ] 2) for both (HM2)` and M2 (Table 4). These transitions
contribute about 90 and 98% of the nonlinearity of (HM2)`
and M2, respectively (State They%\ b1?2/;n/2n/101 b1?n

).
essentially involve the HOMO ] LUMO transitions. Both
orbitals are shown in Fig. 5. The role of phenolate proto-
nation is especially important at the HOMO level, which
undergoes a large switch in energy from [6.11 to [10.52 eV,
and consequently a blue shift in the 1] 2 transition energy
(*E). This modiÐcation appears to be the dominant parameter
accounting for the 5 to 7 times reduction in b observed on
going from M2 to (HM2)` (see Table 5), according to the

Fig. 5 Frontier orbital HOMO (bottom) and LUMO (top) for
(HM2)` and M2.

Table 4 INDO calculated energies oscillator strengths ( f ), dipole moment changes between ground and excited state (*k), and composi-(jmax),tion of the Ðrst excited state for M2 and (HM2)`

Compound Transitiona jmax/nm f *k/D Composition of CI expansionb

(HM2)`
Molecule 1 1 ] 2 400 1.1 [ 14.7 0.954 v46 ] 47
Molecule 4 1 ] 2 405 1.1 [ 14.5 0.954 v46 ] 47
M2
Molecule 2 1 ] 2 557 1.9 [ 13.2 0.965 v46 ] 47
Molecule 3 1 ] 2 559 1.9 [ 13.4 0.966 v46 ] 47

a 1 is the ground state and 2 is the Ðrst excited state. b Expansion of the electronic transition over the excited state orbitals in the conÐguration
interaction (CI) formalism. In both cases, there is only one component with a large coefficient. Orbital 46 is the HOMO and 47 is the LUMO in
all cases.
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Table 5 Molecular hyperpolarizabilities calculated at di†erent laser frequencies for M2 and (HM2)`, on the basis of the(btotal \b2level ] b3level)crystal data. The negative signs indicate a reduction of the dipole moment (*k \ 0) in the electronic transitions

Hyperpolarizability/10~30 cm5 esu~1

(HM2)` M2`

Molecule 1 Molecule 4 Molecule 2 Molecule 3
Wavelength/
lm btotal b2level btotal b2level btotal b2level btotal b2level
O [49.7 [93.2 [52.7 [96.8 [276 [361 [274 [361
1.907 [66.0 [115 [70.6 [121 [476 [592 [475 [595
1.064 [158 [234 [175 [254 Resonance Resonance

widely-used two-level description of the quadratic NLO
response :27

b
zzz

\
3e+2f*k
2m(*E)3

]
(*E)4

[(*E)2 [ (2+u)2][(*E)2 [ (+u)2]

In this relation, is the tensor component along the chargebzzztransfer axis (OZ) of the molecule, +u is the energy of the laser
beam, and f is the oscillator strength of the transition. A large
b dependence upon proton delocalization could o†er a poten-
tially useful mechanism for NLO switching within a

entity. This possibility will be envisioned in the[H(M2)2]`next section.

A possibility for switching the hyperpolarizability by proton
delocalization.

Experimental evidence for proton transfer in
can be obtained by NMR spectros-[H(M2)2]`I~ É 3/2H2Ocopy. The 1H NMR data recorded under various conditions

are gathered in Table 6. The spectrum of pure
appears to be a mixture of those of[H(M2)2]`I~ É 3/2H2OM2 and (HM2)`, which indicates a localization of less than

10~6 s for the proton on each M2 chromophore. More inter-
estingly, having a crystal made of mixed protonated/
deprotonated entities strongly interacting raises the question
of possible transfer in the solid state, which would be most
interesting for further application in materials science.

The entity composed of molecules 1 and 2 (see Table 2)
o†ers the best perspectives for this investigation with a short
OÈO distance [O11ÈO21 \ 2.469(3) which implies aA� ],
strong hydrogen bond. The model used in the PM3 geometry
optimizations is made of molecules 1 and 2 with three
hydrogen-bonded water molecules (Fig. 6). For simplicity, a
water molecule was used instead of the O42-based hydroxy-
ethyl fragment. The calculated geometry modiÐcations
occurring in the M2 dyes upon proton motion are illustrated
in Table 7, for selected bond lengths. It can be easily seen that
the two entities become identical in the transition state, when
the O11ÈH11 distance is equal to the half of the O11ÈO21
separation. The variation of the total energy of the [H(M2)2]`entity with the O11ÈH11 distance is shown in Fig. 7. The
lowest energy is found for a OÈH bond length equal to 0.96 A� ,

in striking contrast to the 0.88 observed by X-ray di†rac-A�
tion. However, it is well known that determining the precise
position of hydrogens from X-ray crystallographic data is not
possible. It is commonly assumed that the true bond length is
about 0.12 longer than the value measured by X-ray di†rac-A�
tion, which makes the O11ÈH11 distance probably around 1

Taking this into account makes the agreement between cal-A� .
culation and experiment more satisfactory. More importantly,
the Ðgure indicates a potential barrier equal to 0.76 eV for the
transfer process. This value, compared to the energy of a stan-
dard OÈH bond (4.8 eV),28 is indicative of proton transfer
capabilities, but is higher than that usually observed for this
range of OÈO distances.29 The bending of the hydrogen bond
can partially account for this e†ect,30 as well as the presence
of solvent molecules. It is also known that electron correlation
is necessary to obtain a precise value for the proton transfer
energy barrier.31 Although the present calculation has been

Fig. 6 Model used for PM3 geometry optimization.

Table 6 Selected 1H NMR dataa for (middle) compared to those of M2 (left) and (right) in[H(M2)2]`I~ É 3/2H2O (HM2)`CF3COO~ DMSO-
d6 .

M2 [H(M2)2]`I~ É 3/2H2O (HM2)`

3.87 (t, 4.9 Hz, 2H) 3.92 (t, 4.6 Hz, 4H) 3.95 (t, 4.8 Hz, 2H)
4.34 (t, 4.6 Hz, 2H) 4.53 (t, 4.6 Hz, 4H) 4.63 (t, 4.7 Hz, 2H)
6.25 (d, 8.6 Hz, 2H) 6.73 (d, 7.0 Hz, 4H) 6.99 (d, 8.5 Hz, 2H)
6.66 (d, 15.8 Hz, 1H) 7.14 (d, 15.1 Hz, 2H) 7.40 (d, 16.3 Hz, 1H)
7.43 (d, 8.8 Hz, 2H) 7.62 (d, 8.1 Hz, 4H) 7.73 (d, 8.6 Hz, 2H)
7.67 (d, 6.4 Hz, 2H) 8.07 (s, 4H) 8.26 (d, 6.8 Hz, 2H)
7.81 (d, 15.2, 1H) 7.97 (d, 15.7 Hz, 2H) 8.01 (d, 16.3 Hz, 1H)
8.30 (d, 6.5 Hz, 2H) 8.70 (s, 4H) 8.90 (d, 6.7 Hz, 2H)

a Chemical shift (multiplicity, coupling constant, intensity).
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Table 7 Selected bond lengths in M2 for various OÈH separa-(A� )
tions, calculated by PM3. The transition state is underlined.

Molecule 1 Molecule 2
(phenol) (phenolate)

O11ÈH11 C11ÈO11 C141ÈC142 C21ÈO21 C241ÈC242

0.93 1.349 1.363 1.258 1.401
0.96 1.347 1.363 1.259 1.401
0.99 1.346 1.363 1.261 1.400
1.02 1.344 1.363 1.261 1.399
1.050 1.342 1.364 1.262 1.399
1.085 1.339 1.364 1.263 1.399
1.120 1.335 1.365 1.264 1.399
1.15 1.333 1.366 1.266 1.398
1.174 1.317 1.373 1.290 1.385
1.205 1.31 1.376 1.297 1.382
1.236 1.304 1.379 1.303 1.379
1.27 1.297 1.382 1.309 1.375

performed at the semi-empirical level, which is calibrated
against experiment, this approach lacks a precise electron
correlation treatment. Therefore, the potential barrier
expected from higher level calculations, such as post HartreeÈ
Fock or density functional theory (DFT) methods would
probably be reduced. Unfortunately, these methods are not
applicable to large size systems, such as [H(M2)2]`.

The structural and NLO features encountered in
suggest a strategy for a model of[H(M2)2]`I~ É 3/2H2Ointerplay between intermolecular charge delocalization and

NLO response at the molecular level. In the present material,
[M2ÈHÉ É ÉM2]` and [M2É É ÉHÈM2]` give rise to NLO
responses having roughly the same magnitude, but in di†erent
directions. The idealized NLO switch in such a device is illus-
trated in Scheme 2. In the upper part of the scheme, the
resulting b is directed along OX. A laser beam propagating
along OY and polarized along OX would provide the largest
possible NLO response. In contrast, the situation depicted in
the lower part of the scheme, which arises from proton trans-
fer, gives a b directed along OY, and therefore a strictly van-
ishing NLO response. More generally, the switch in b
direction (h) has been calculated in Fig. 8 for various b(M2)/
b(HM2)` ratios and various angles (a) between the M2 and
(HM2)` chromophores. In the present material, a lies around
178¡ and the b(M2)/b(HM2)` ratio is equal to 7. These values
indicate a h value close to 176¡, far from the 90¡ required for
an idealized switch. In order to get more suitable com-
binations of parameters, two possible strategies are evidenced
from the Ðgure : lowering a by means of bulky or chiral groups

Fig. 7 PM3 energy of the [M2[ HÉ É ÉM2]` entity calculated for
various OÈH bond lengths.

Scheme 2

on the M2 skeleton, or lowering b(M2)/b(HM2)`, for example
by increasing the strength of the hydrogen bonding.

From the perspective of materials applications, the question
of the achievement of an actual proton transfer is naturally
addressed in these structures. Protonic conductors are well
known transparent structures fully suitable for NLO applica-
tions.29,32h34 They exhibit typical static potential barriers
around 0.5 eV,35 which indicates that the situation encoun-
tered within a entity is compatible for solid state[H(M2)2]`proton delocalization. On the other hand, the present OÉ É ÉH
bonded network is localized on a limited number of sites
(up to 12 oxygen atoms around the O11ÈO21 subunit), and
not on the entire crystal. Consequently, there is no hope
for long range proton delocalization and, therefore,

Fig. 8 Switch angle h in the hyperpolarizability of a pair[H(M2)2]`after proton transfer, calculated as a function of the angle a between
the two M2 chromophores, and the ratio b(M2)/b(HM2)`. The ideal-
ized switch depicted in Scheme 2 corresponds to h \ 90¡. (] indicates
the situation encountered from the actual crystal structure.)
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cannot be a protonic conductor.[H(M2)2]`I~ É 3/2H2OFurther attemps to extend the hydrogen bonding network
could beneÐt from the use of alternative counter anions
capable of extended hydrogen interactions. Experiments with

and are currently in progress.PO43~, HPO42~ H2PO4~

Conclusions
Molecular materials solid state engineering is highly labor-
ious, with many attempts frequently being uncertain.
However, theoretical calculations based on chemical models
might profoundly stimulate the science of materials design. Up
to now, the intermolecular proton transferÈNLO properties
relationship has received very little attention,36 and the appli-
cations for possible NLO switches have not been envisaged.
In the present communication, the possibility of interplay
between both properties has been investigated on the

model compound. This new system[H(M2)2]`I~ É 3/2H2Oembodies two M2 dyes linked together by a proton, through a
strong OÈHÉ É ÉO interaction. The main features of the hydro-
gen bond suggest some ability for proton jumping within a

entity, with a short OÈO separation, and a[H(M2)2]`reduced potential barrier equal to 0.76 eV. The hyperpolar-
izability of (HM2)` is found to be 7 times less than that of
M2, which indicates that the charge delocalization would
result in a 176¡ switch of the hyperpolarizability of the

pair. These investigations suggest that such molec-[H(M2)2]`ular devices combining highly polarizable dyes and extended
hydrogen-bonded networks could deserve more attention as
building blocks for molecular materials with switchable NLO
behavior.
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