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Abstract

Two difluoroboradiazaindacene (BODIPY) scaffoldsthwiattached dimethylaminostyryl
substituents were synthesized. Guest-host polyrfieris were produced by incorporating these
chromophores into polymethylmethacrylate matricBse second and third nonlinear optical
properties of the resulting polymer composites weltedied by means of the Maker fringe
technique using a laser generating at 1064 nm a@B ps pulse duration. The macroscopic and
microscopic nonlinearities were found to be compeety high and dependent on the number of
dimethylaminostyryl substituents attached to BODIBdre. The development of integrated
optics makes such nonlinear films of particulaerast, since they can be used in the creation of

efficient nonlinear devices.

Keywords: BODIPY dye, polymer composites, second/third harmonic generation, nonlinear

susceptibility, hyperpolarizability

1. Introduction

In recent years, difluoroboradiazaindacene (BODIRM)t has attracted much interest
because of valuable spectroscopic and photophygecaperties such as its high molar
absorptivity coefficient [1], high fluorescence qtam yield [2,3] and good stability towards
light and chemicals [4]. Recently many BODIPY datives have been synthesized and utilized
as fluorescent dyes [5], chemosensors [6-10], ppl@ensitive probe [11], light harvesting

systems [12,13], and for laser applications [14] photodynamic therapy [15,16].



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

This research work is devoted to nonlinear opt{bHlO) investigations of BODIPY model
compounds by means of SHG and THG (second/thirthdwaic generation) techniques, which
allow the determination of second and third ordé&ONparameters. Until now a small set of
BODIPY derivatives have been investigated for nuedr optics [17-23]. Recently, much
attention has been devoted to functionalized BODt¥s that exhibit two-photon absorption
(TPA) properties due to their related applicationTPA imaging [24-26]. To this end, extending
conjugation and forming Intramolecular Charge Tf@an@CT) by means of appropriate electron
donor or acceptor groups are effective strategieshie synthesis of highly efficient two-photon
active BODIPY compounds. Thus, understanding howonporating electron donor and/or
acceptor groups in the BODIPY architecture affecONesponse remains a challenge.

Our research work is focused on two BODIPY-basedlet® which have one or two
dimethylaminostyryl branches, with high ICT strdndgtom the dialkylamino-groups electron
donors to the electron acceptor boradipyrrin céméerestingly, B1 and B2 models not only
present intrinsic “push-pull” character, but alstbed by their inherent D-A (B1) and D-A-D (B2)
structures that potentially govern distinct secand third order optical nonlinearities. Recently,
we have shown that dimethylaminostyryl arms affise nonlinear refraction and absorption
activity of the BODIPY structure [27]. Meanwhile,he SHG and THG study of
dimethylaminostyryl substituted BODIPY-based ddliixes has not been done yet, so the results
of this investigation may extend the applicationga of the dye. The second and third nonlinear
optical properties of BODIPY-based materials, agsiinost polymeric films produced by
incorporating the chromophores into PMMA matricegre studied by means of the Maker
fringe technique. The NLO susceptibilities and hpotarizabilities were extracted, which can
give a better understanding on the origin of NLOeqdmena and the structure-property

relationships in BODIPY chromophores.
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2. Experimental section
2.1. Materials

The BODIPY models have been synthesized in godd g the established Konoevenagel
condensation of 3,5 dimethyl-BODIPY dyes with 4-ditnylaminobenzaldehyde, as it is
previously described by Rurack [28] and Akkaya [29]he structures of the resulting
difluoroboradiazaindacene chromophores with dimatmynostyryl substituents (namely B1 and
B2) are shown in Fig. 1. The monocondensation wasralled by adjusting the mole ratio and
stopping the reaction after few hours, while adargxcess of 4-dimethylaminobenzaldehyde and

a longer reaction time increased the yield of byesmsed product B2 (Supporting Information).

Fig. 1. Structures of the conjugated difluoroboradiazagehe chromophores with

dimethylaminostyryl substituents: a) B1; b) B2.

2.2. Filmfabrication

For the polymeric film preparation a solution of P (Sigma-Aldrich, Mw=350,000

g/mol) dissolved in 1,1,2-trichloroethane at conrcaion of 50 g/L was used as a host system.

4
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The concentration of the compounds was 100 pumahtdsvl g of PMMA. The glass plates were
washed in distilled water using ultrasonic batlgtane, and ethanol and then dried. The solutions
were deposited on glass substrates using the spilerc(SCS G3) at 1000 rpm. Obtained guest-
host polymer films were kept at room temperaturandufew days in order to eliminate any
remaining of solvent. The thickness of depositdohdi was measured with the profilometer

(Dektak 6M, Veeco) to be about 700 nm.
2.3. Optical absorption measurements

Absorption spectra of the B1 and B2 films were mead by means of Lambda 950
UV/Vis/NIR spectrophotometer (PerkinElmer) in tlege 300-1200 nm. The pure PMMA film
on glass plate was used on the way of referenam beapectrophotometer for the measurements

of absorption spectra of chromophores.
2.4. SHG and THG measurements

The phenomena of second and third harmonic geoaré®HG and THG) may take place in

a material the nonlinear polarization of which, di by intensive laser irradiation, stimulates the
coherent light emission at double and triple lasequencies. The schematically energy-level
diagram of SHG and THG processes is shown in Rag. 83HG and THG measurements were
performed by means of the rotational Maker fringghhique [30] in the transmission scheme for
thes- andp-polarized fundamental laser beams (Fig. 2by-cit crystalline quartz plate has been
used as a reference material for SHG measuremamis fased silica plate for THG

measurements. The output beam of a mode-locked N8(YVO, laser (EKSPLA) generating

atA=1064 nm with 30 ps pulse duration and 10 Hz répatrate was employed as a fundamental

beam. The input energy of laser pulses was coattdlly laser power/energy meter (LabMax
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TOP, COHERENT) to be 90J for SHG and 15QJ for THG measurements. The detailed setups

description can be found elsewhere [31].
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Fig. 2. a) Energy-level diagram of SHG and THG processeda the illustration of input-output

polarization scheme in Maker fringe experiment.

3. Results and discussion

3.1. Optical absorption properties

The absorption spectra of B1 and B2 compounds eddsedn PMMA films at the
concentration 100 pumol/g are given in Fig. 3. Apeasted, attaching the electron donating
dimethylamino groups at the 3 and 5 positions,ufjhoa conjugated bridge, leads to considerable
shift of the absorption band towards the red reglmn comparison with the parent BODIPY
compound [2, 20]: UV-Vis (CkCly) Ama@bs.) = 598 nm (B1), 692 nm (B2). The UV-Vis
absorption and fluorescent emission spectra of Th# solutions displayed the maximal
absorbance atnafabs.) = 601 nm (B1), 694 nm (B2) with a molar estion coefficient of about
90,000 M cri* and the maximal emission &ka(em.) = 643 nm (B1), 722 nm (B2) with the
fluorescence quantum yield of 0.24 and 0.15 foraBtl B2, respectively [27]. Similarly, the

spectra of both films exhibit wide absorption bamndth maximum at 605 and 703 nm for B1 and

6
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B2, respectively, which correspond te—2S, (n-n*) transitions. The short-wavelength vibronic

shoulder of these bands can be assigned to a CHdf-@lane vibration [32]. The absorption

peaks at the wavelength less than 500 nm couldtbleuted to a partially forbiddenyS>S, (n-

7*) transitions in BODIPY core [33]. As the absomutispectra indicates, introduction of second
electron-donor dimethylaminostyryl group exerts @100 nm red-shift of absorption band
without considerable change of its intensity. Ae tivavelengths of more than 800 nm the

samples show high optical transparency.
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Fig. 3. UV-vis absorption spectra of the B1 and B2 compaueashbedded in PMMA films. In

inset — the photos of the deposited films.

3.2. SHG response study

The rotational Maker fringe technique was impleradrfor the measurements of SHG in B1
and B2 guest-host polymeric films fer and p-polarized fundamental laser beam. Since the
dipole moments of the chromophores are initiallyd@mly oriented within the film, the second
order nonlinear optical response of the film isligégle due to its macroscopic centrosymmetry.

In order to break the centrosymmetry and induceuthiaxial orientation of NLO chromophores

7



145

146

147

148

149

150

151

152

153

154

155
156

157

158

159

160

161

162

in the polymeric films, provoking their manifestati of second order NLO behavior, the samples
were corona poled just before SHG measurements.pbhieg temperature was 95°C, a little
lower than the glass transition temperature andiepplectric field was 5 kvV/cm. In Fig. 4 the
dependences of the second harmonic intensity gexess the function of incident angle are
presented. The obtained angular dependencies @oaltyor inducedC,,, symmetry view with a
maximum signal at 60°-65° and zero intensity atmadrincidence of the fundamental beam. The
polarization of the second harmonic signal was tbt;mbe alwayg-polarized regardless of the
incident beam polarization due to the peculiaritis symmetry dependent second order

susceptibility tensor components.
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Fig. 4. SHG intensity as a function of incident angldih and B2 guest-host films at tee and

p-polarized fundamental beam.

As it can be seen fap or p-p polarizations, the intensity of SHG from B2 compdwvhich
has two dimethylaminostyryl units is almost twotlwee times higher than the intensity of B1
with one dimethylaminostyryl unit. In contrast td Blm, the SHG response from B2 film feip

(input-output) polarization is higher than foip polarization. For B1 the higher SHG signal can

8
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be obtained when the polarization of incident bearmlose to parallel to its dipole moment or
direction between donor (D) amine group and aceggtpBODIPY core, meanwhile the higher
SHG signal in B2 can be obtained when the poladratf incident beam is rather perpendicular
to D-A direction. In the Fig. 5 the dependenceSHEf intensity on polarization of incident beam
measured at 60° are presented, which confirm tméraxy directions in the molecules where
highest response occurs. The second order nontyneaf BODIPY with attached
dimethylaminostyryl substituents is more efficiamD-A-D architecture (B2), in which two ICT

processes contribute to the NLO response, thanrAn(B1).
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Fig. 5. The dependences of SHG intensity on incident bgalarization in B1 and B2 films.

Since the films have the thickness much less tham toherence length, the intensities of
SHG from films were compared to that from a quatéte and the quadratic NLO susceptibilities

were calculated using following equation takingiatcount linear optical absorption [34]:

a 1
@ _ @  (2\ (& (T o \'/2 .
X - XQuartz (;) d ad I(Zzgzartz ) ( )

l1-e 2



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

()
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wherey is the quadratic susceptibility of quart@‘,ﬁrtz is the coherent length of quartz,

is the absorption coefficient at doubled laser ewgth,d is the film thickness]?® andlél‘fartz

are the SHG intensities from the sample and quartier the same conditions of measurement,
respectively. The obtained effective quadratic NduBceptibilities are presented in Table 1. Here
again, the effective values gf for B2 compound were found to be higher than foaB1 due

to the doubled amount of ICT which plays a cruoidé in nonlinear behavior of a molecule. The
obtained values of quadratic susceptibility areehigh and comparable with those which we
have recently obtained for spin-deposited thin dilaf azobenzene-based push-pull compounds
[35]. Meanwhile, in the microscopic approach, thestfhyperpolarisabilities of B1 and B2
extracted formy'® assuming parallel orientations of dipole momentnafiecules towards polar
axis induced by the poling field are found to bes @rder of magnitude lower than for other

BODIPY-based derivatives [19].

Table 1. The values 0f P, yPaec, far andyae: Obtained for B1 and B2.

Kt 50 Vet PP P, Metec, 55 Yelec,
Compound
(epmV™Y  (pmVvV?h  @0®mvYl  10Pmv?  (10% mrvP)

Bl 2.75 3.61 1.86 0.32 1.16

B2 5.86 5.42 2.79 1.79 6.37

3.3. THG response study
The measurements of THG response in B1 and B2 filere performed fos-s incident-

generated polarization scheme (Fig. 6). It candsm gshat B2 film represents much higher THG

10
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response compared to Bl film. As the THG origindtesn the film together with the glass
substrate, the impact of substrate was taken iotouat during data processing and the cubic

NLO susceptibility calculation.
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Fig.6. THG intensities from B1 and B2 films as a funotiof incident angle for the-s

polarization of the fundamental beangenerated signal.

Third order NLO susceptibility was calculated usthg comparative model which takes into

account linear optical absorption [36]:

ad 1/
3,0 (2)(Eha)(_T Po ) 2
X = Xsitica (E) ( T ) ( : “d> (Iéi“fim) ’ (2)

1-e 2

wherex@ is the cubic susceptibility of silicasd™., is the coherent length of silica,is the

Silica
3w

absorption coefficient at triple laser wavelengthis the film thickness/3*® and s, are the

THG intensities of the samples and silica at thees@onditions, respectively. The calculated

11
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values ofy® for the B1 and B2 films are given in Table 1 ahdyt are one-to-two orders of
magnitude higher than for silica (2:¥0m?V?). The compound B2 is characterized with a much
higher third order NLO susceptibility than B1 due more effective electron delocalization
caused by charge transfers from the dimethylammomgs to the BODIPY center together with
its D-A-D structure, contributing to the microscopionlinearity.

The electronic contribution of second hyperpoldriliy yqe for B1 and B2 molecules was
deducted from third order susceptibility (Table 43, THG measurements are only dealing with
electronic constituent, taking into account theaarration of the molecule and the local field
factor [37, 38]. The comparatively highege. for B2 is attributed to the presence of two
dimethylaminostyryl substituents which imparts aeajer intramolecular charge-transfer
character compared to B1 compound. It is worth ngptihat except for the intra-molecular
electronic contribution some role may also playrailonal contribution to hyperpolarizability of

the systems.

4. Conclusions

In summary, B1 and B2 BODIPY-based derivatives wighe and two conjugated
dimethylaminostyryl substituents exhibit considéeafecond and third order NLO responses at
1064 nm, which can be tuned by the number of tipesgheral substituents. In particular, the
expansion of ther-conjugated system by two electron donor groupagdiig to a D-A-D
structure, results in significant increase of b8thG and THG responses comparing to the D-A
structure. Attaching strong electron-donating gsougm the BODIPY core can thus promote
charge transfer character in these compounds ahdnee their second and third order NLO

properties. Varying the electron donating efficigrand the respective position of donor and

12



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

acceptor groups in BODIPY conjugated systems welthe object of further studies with the aim

to establish applicable structure-property relagiops.
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BODIPY models with attached dimethylaminostyryl substituents were synthesized.
The nonlinear optical properties of functionalized BODIPY models were studied.
The nonlinearities are dependent on the number of dimethylaminostyryl substituents.

Electron-donating groups enhance second and third order NLO response of BODIPY .





