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Abstract

First-order nonlinear optical properties of a sered octupolar boroxine derivatives are
investigated using Density Functional Theory (DFBiculations. Boroxine acting as an
electron attracting core, we studied the influemcethe computed statfchyperpolarizability

and on the transparency in the visible regionhefriature of donor substituting groups linked
to this core and the effect of the conjugated &&l¢ength. The variation of this property has
also been correlated to HOMO-LUMO gap and to thtuneaof HOMO and LUMOThe

study suggests that some of the boroxine derivativeler consideration may have potential

applications in the development of nonlinear opticaterials.
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1- Introduction

Nonlinear optical (NLO) phenomena have been extehsistudied over the last decades;
molecules exhibiting large hyperpolarizabilitiesvbaa strong NLO potential and could be

used, under conditions, for optoelectronics andréaety of optical devices.

Two kinds of systems bearing a significant NLO \atti have been considered up to now:
traditional charge transfer dipolar molec(igsr octupolaf *®**ones. At the molecular level,
the first order NLO properties (frequency doublikgr effect, Electro Optical Pockels effect
...) are driven by the first hyperpolarizability. Unfortunately maost molecules of the first
kind, i.e. dipolar species, crystallize in centmsyetric space groups, where th&
macroscopic susceptibility vanisfiés In early 1990s, Zyss introduced the concept of
octupolar molecule, with 1,3,5-triamino-2,4,6-ttinbbenzene (TATB)'*'* as typical
example, which is characterized by a non dipolar mon—centrosymmetric planag{®r Dsp,
molecular symmetry. Since then, increasing reseattdmtion has been focused on NLO
active octupolar molecules, including the extendimm planar two dimensional systems,
like trisubstituted benzenes (triphenylbenzéfles hexasubstituted benzenes (
tricyanobenzenes , trinitrobenzenes, trimethoxybreg and phenylacetylene mesityletfes)
17 1,3,5-triazine®? to D, Ds; or Ty characterized three-dimensional dfé§ An
advantage of octupolar molecules is that they sdiémly to crystallize in non-—
centrosymmetric space groups due to the lack afrgtstate dipole moment.

The octupolar framework provides an interestingedawards enhanced NLO responses and
improved transparency. The first hyperpolarizapilg a strong function of the absorption
maximum especially in dipolar systems, as it carsd®n from the two-level mod&lso that

high Bs are generally accompanied by absorption at laeyelengths.

Because even a small absorption at the operatingelemgths of electro-optic devices
(typically 1.3 or 1.5 pm) can be detrimental, itingortant to make NLO chromophores as
transparent as possible. Furthermore, for frequeloeypling applications one would require
materials that are simultaneously transparent at ftindamental and second harmonic

wavelength.



We report in this paper, a DFT computational stafigeries of octupolar compounds based
on the boroxine ring. Indeed, despite boron inoigamystals such as BBO (beta barium
borate,3-BaB,0O, ) , which is widely used in wavelength converstavices, have long been
known to display interesting NLO properties, thetembialities of molecular boroxine
derivatives for NLO have not been overlooked umtilently® in the context of a nonlinearity-
transparency trade-off.

In this work, three octupolar series of compoundsiavestigated; molecules are built from
the boroxine ring symmetrically grafted with threkectron-releasing groups linked to the
boron atoms. By increasing the electron-donatimgngth of substituting groups, we are
aiming to increase their NLO responses. Phenykunédre selected as rigid linkers between
donating substituting groups and the boroxine csece as to allow periphery-to-core
intramolecular charge-transfer to take place whmlaintaining suitable transparency. In
investigating these new compounds, the challengt ibelp to the design of effective
materialsexhibiting both improved transparency amidher nonlinearity than TATB or the

widely studied octupolar triazine derivatives.

2- Computational details

DFT theory was chosen to compute the first ordgrehyolarizabilities of our systems, this
choice being dictated by its reliability alreadysalisset™' as well as the big size of the
molecules under consideration which makes impralte sophisticated post-Hartree-Fock

calculations.

For our part we made use of the GaussidnQfckage. Practically, after optimizing

geometries the Bjx tensorial components are determined using Fing&lHFF) Theory?

implemented in the same package. So, the third tan&or of first hyperpolarizability is
described by a 3x3x3 matrix. The matrix is redutedlO components due to Kleinman

symmetry*.

Zyss et af® have developed and discussed the tensorial natuhe first hyperpolarizability
for octupolar molecules.

The relevant expression used for the calculatichetotalp value is the followintf:



BZo=P oot By B2zt 3Pyt 3P ezt Bzt 3Byt 3o +3B2y +6B %z [1]

This formula is also used to compuemi-empirical AME’ B values with the MOPAE
program.

It is well documenteld 3***that considering small molecules, compufedalues are very
sensitive to the used basis sets, and that diffusgtions play an important role. Moreover, it
is expected that the first hyperpolarizability vedushould also depend on the used DFT

functionaf®3t

For our part, to assess and check our method auleséion we carried out first the
computation of the NLO property under consideratbwo levels of DFT, namely the two
well known different hybrid functionals, B3LYPand PBE®® using different standard basis
sets, 6-31G*, 6-31+G**, 6-311G**, 6-311+G**. Thisas been done for several test
moleculeslike triphenyl boroxine (TPB) and para dimethylaoHiPB (A5).

We found that the relative variation pfwhen changing the basis set or the functional was
always less than 10%. It is worth noting that toe tather big systems under consideration
the influence of the basis set extension seemsttess crucial than for small molecules.
Thus, we retained the standard B3LYP/6-31G* foioall study.

In both Gaussian 03 and MOPAC packadgs,are given in atomic units and defined via a
Taylor expansion of the dipole moment. Experimerdata being given using thg"

convention, the relation between the tgois™:

B values reported in table 1 are witlfii convention, theoretical values are thus dividedtby

to compare them to experimental ones.



Systems under consideration
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Scheme 1Boroxine

derivatives under study




The boroxine core is stable, plaffaf®in both DFT optimized and crystallographic struesjr
electron-deficient, and has a low aromatitity

The molecules chosen in this study congicentral boroxine ring symmetrically substituted

by donor groups bonded to the boron atoms in hd35apositions (Scheme 1).

Phenyl units were selected as rigid linkers (inndl 8 molecules) between the donor groups
and the boroxine core so as to allow peripheryste-intramolecular charge transfer to take

place while maintaining suitable transparency. T#Bhenyl boroxine is compound Al.

Our compounds are predominantly hypothetic, a playj@metry is assumed for most of
them; such planarity is a favourable factor for jogation and hence for a better NLO

responseAlmost all these molecules exhibit g,CDsp, Cs or Ds octupolar symmetry.

Three series are considered for discussion (scligme
In series A, A2-A7, a standard donating group, NMe,, OMe, NPh ... or 1-3
benzodithioleends the TPB skeleton.

For A8-Al1l, a conjugated bridge Y is introducedhra phenyl para position between TPB
and the donor X (NM# group.

In series B, B1-B3, the effect of locating two NM#pnating groups at positions 3, 5 of the
ending phenyl rings rather than one N\a¢ para position, is studied.

In series C, C1-C3, the substituted phenyl groupsnat attached directly to the boroxine
core but to vinyl moieties themselves linked atifpmss 1, 3 and 5 of boroxine.

3- Results and discussion

In table 1 are reportecomputed and measured properties for the threesseficompounds.

X 44

Hyperpolarizabilities are if” ™ convention.

In columns 3 and 4, are given the stéticoanddynamical (SHGPBheoAM1 results.



In columns 5 to 8, we show the staflige, the HOMO and HOMO-LUMO gap energies as
well asigap Which is the wavelength corresponding to the HOMIMO gap, computed at

the B3LYP/6-31G* level.

Experimental values, i.8. the maximum absorption wavelength and stfgig (at o= 0)

and dynamicapey, (at ©=1064nm) hyperpolarizabilities are shown in the thsee columns

of the table.

Table 1: B first hyperpolarizability values (18 esu), HOMO, HOMO-LUMO gap energies
(eV), Agap Aexp(NM) wavelengths

AM 1 calculations

B3LY P/6-31G* calculations

Experimental values

Compd. Sym. | B iheo Biheo Biheo HOMO HOMO- Agp | hep  Bexp Bexp
(0=0) (®=1064nm) | (®=0) energy LUMO (0=0) (®w=1064nm)
gap
boroxine  Dan - - 0.03 -9.19 8.70 143
Al Can 2 3 3 -6.77 5.62 221
A% Can 5 8 7 -5.89 5.13 243 241 115 152
A3+ Can 9 17 12 -5.72 4.62 269 270 101 146
A4 Can 11 26 13 -5.54 4.42 281
A5* Can 10 18 13 -4.91 4.62 270 281 181 249
A6 Ds 17 37 29 -4.99 4.00 311
A7 Cs 3 6 5 -5.61 3.99 312
A8 Can 20 47 29 -4.57 3.85 323
A9 Can 33 107 56 -4.40 3.37 369
A10 Can 29 84 77 -4.68 3.34 372
All Dan 29 73 76 -4.84 3.48 357
B1 Dan 5 9 0.5 -4.46 4.06 307
B2 Can 1 8 31 -4.68 3.27 380
B3 Dan 1 - 31 -4.76 3.33 373
C1 Can 4 6 8 -6.07 4.49 277
C2 Can 18 41 30 -A.77 3.87 322
C3 Can - - 25 -5.49 3.98 313
D1 Cs - - 7 -4.79 3.69 338
TATB" D - - 4
TIATB’ - - 6 14
TPT™ - - 4

“From ref 26
From ref 18 (riphenyl triazine :CPHF/6-31G)




We discuss first the B3LYP results.

As it can be seen, the boroxine ring and TPB (camdcAl) display a rather loW value
equal to 0.03 18 and 3 1G°esurespectively.

Compared to widely studied triazines, TPB show caraplep value as TPT (Tri Phenyl
Triazine) i.e. 4 18%su, noting however that the method of calculaamt the sanf8 As it
can be observed, experimental or compugedalues of a boroxine derivative lik&5
(X=NMey,) is higher than TIATB ones (a soluble analogu&ATB).

Substituting a donating group X = OMe, SMe, NIMBPh, at the phenyl para position of
TPB (scheme 1) leading respectively to compoundsAB2A5-A6 enhances greatly; for
instance for A6 (X = NP B is multiplied by nine (29 18 esu) relatively to TPB. Note also
that a SMe group leads to the same activity as NMdeed, A4 and A5 exhibit the sarfe
value equal to 13 I esu. It is worth noting that for the latter molexsjlthe obtainefl are
greater than TATB and TIATB's, the latter molecutesng standard 2D octupolar species.

More importantly, the magnitude pfis dependent on the bridge's length; a compan$db
and A8, shows that including a double C-C bond betwTPB and NMgeincrease$ by a
factor 2; for instanc@ equals 12 and 29 Tesu for A5 and A8 respectively.

The replacement of a vinyl bridge by a phenyl onkaaces; for instance equals 56 and
77 10*° esu for A9 and A10 respectively. On the contraydifference is noticed when a C-
C double bond is replaced by a triple one, asntlwa seen comparing A10 and A11 which
bear both $ value equal to 76-77 T esu.

It is interesting to note that a correlation exisegween HOMO-LUMO gaps arjil values;
lower is the gap, higher [& A7 (X = 1-3 benzodithiole) is an exception wittgap close to
that of A6 (X = NPB) but with a3 value completely different.

For A1-A6, we note also that the increasg & related to HOMO's energy; generally, higher
is the HOMO, larger if. This HOMO (and HOMO-1) is mainly localized on thabstituting

X group so that its energy is indicative of the aftomg character of X (Scheme 2) and as
expected the LUMO (LUMO+1) bears a predominatingokime character. Strong donating

groups lead to higp values.
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Scheme 2: Frontier orbitals of A5

In series B, when we graft the NMdonor group at meta positions 3 and 5 of TPB, iike
B1, rather than at para positioh,drops from 13 18° esu (A5) to 0.5 18’ esu (B1), and
when including a bridge between TPB and the sulistg NMe donor group, as in B2- B3,
one can see that the values are half of their A10-All counterpaitsis thus seen that
locating a single NMgedonating group at the para phenyl position insuhes highestp
values This result is not surprising the para positiorthed donating group insuring a better

conjugation with the rest of the molecule.

In series C, a vinyl group is directly linked torbgine. No remarkable enhancemenfa$
noticed with such a skeleton. Comparing C2 andABscongener, shows that thdls are
equal as well as their HOMO-LUMO gaps.

For compound D1, where bridge's and position'sceffare combined, it can be seen that the
3 and 5 meta positions on the phenyl ring remainsegative factor for the quadratic
hyperpolarizability. Indeed, despite the presernfcevo donating groups such as NMand
the extension of conjugation, D1 hag af the same order of magnitude as A2 ( X = OMe) ,

or C1, which bears no X donating group.

As in series A, we note that B and C series displhey same correlation betwe@nand
HOMO-LUMO gap, but the correlation with HOMO's egies is fulfilled by C series, not by
the B one, although the number of compounds islsm#iose series.



Finally, one can see that experimeffiglc andp (0) values are only available for A2, A3 and
A5%°, Also, quantitative agreement between computeceaperimental values is poor.

We remark also an inversion between experimentdl amputed values concerning A2
(X=OMe) an A3 (X=SMe). Taking into account Hammetinstants, the ranking of the
donating strengths is: SMe (A3) < OMe (A2) < NM@A5) which corresponds to the same
ranking asfex(0). On another hand the theoretical ranking issitant with the donating

strength of the groups as measured by the HOMOggngable 1) showing that SMe is
slightly more donating than OMe. These results egmth early investigation on theses
compound®. Nevertheless there is not a great difference éetvthe experimental values of
A2 and A3. Calculated values reproduce global sehdwever quantitative agreement with
experimental values is pd8r This gives us confidence that our theoreticalltesare, at least

qualitatively, reliable.

We investigate now the transparency of the spegidsr consideration.

A crude estimate of the maximum absorption wavdlengn be deduced from the HOMO-
LUMO energy gap and is reported in tablelda{ values) although accurate values need the
use of Time Dependent DFT (TDDFT). A very good agnent is found between
experimental kexp and Agyp for A2, A3 and A3°. Maximum absorption wavelengths
experimentally determined equal 241, 270, 281 nhereas computed values equal 243, 269,
270 nm respectively

First, it is worth noting that allgsp values are in the UV region.

However, as expectellyap values are red shifted with bridge's length, @siit be observed in

A series.

In series B, no improvement in transparency is oiesk on the contrary, red shift is more
pronounced than in A series.

In series C, C1 compound displays a bathochromft ahout 56 nm, comparing to Al one,
so that one can expect higher valuesiiggif the conjugated bridge is extended.

Finally, the compounds of series A lead to the bheslinearity-transparency trade-off.

As it has been said before, semi- empirical catimra at the AM1 levél using the MOPAC
packag& have also been performed for comparison. Restase( 1) show that AMBieo

values are lower but display the same trend as B36¥31G* ones. MOPAC permits also the



computation of dynamical SH@. As expected, the computgd®) andB(w) exhibit the same
trend, the latter values a=1064nm being higher by a factor 1.5 to 2.5 thanstfatic ones.
We notice also, the same inversion of fhealues between A2 and A3 when comparing to the

experimental ones as observed at the DFT levebmipitation.

4- Conclusions

DFT calculations at the B3LYP/6-31G* were carriad on three series of octupolar boroxine
based compoundp.static first-order hyperpolarizabilities have beamputed and have been
shown to depend on the length of the conjugatedgbrilinking the boroxine core to the
peripheral donating groups, and the nature andattegion of the latter group. Most of the
studied boroxine based molecules display markedlymgroved nonlinearity-transparency
trade-off as compared to the prototypical organatupolar 1, 3, 5-triamino-2, 4, 6-

trinitrobenzene (TATB) or the widely studied octlgrdriazine derivatives.

Considering Tri Phenyl Boroxine (TPB) as a refegeskeleton, it is found that a donating
group like NMe must be placed at the para position of the phenglin order to induce the
highestp value.

Among all the studied compounds, A10 and All, #rgdst molecules, characterized by an
extended conjugated bridge, a NMibnating group placed at a para position of thengh
ring linked to the boroxine core, exhibit very larhLO responses, i.e.favalue equal to 77
10*° esu. Moreover it appears from thep computed values, that among the most interesting
compounds several of them should be transparettanvisible region. Such compounds

should be good candidates to experiment.
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