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Abstract
Nonlinear optical response in organic semiconductors has been an attractive property for many

practical applications. For frequency -apnverter lasers, to date, conjugated polymers,
fluorescent dyes and smallgaric molecules have been proposed thdr performances have

been severely limited due to the difficulty of simultaneously achieving strong nonlinear optical
response and high performance optical gain. In this work, we show that structurally designed
truxenebased stashaped oligofluorenes exhitstrong structurg@roperty relationships enabling
enhanced nonlinear optical response with favorable optical gain performance. As the number of
fluorene repeat units in each arm is increased from 3 to 6, these molecules demonstrate a two
photon absorptiorcrosssection as high as 2200 GM, which is comparable to that of linear
conjugated polymerdailored tuxene oligomeswith six fluorene unitsn eacharm (T6) show
two-photon absorption pumped amplified spontaneous emission with a threshold as 1d® as 2.
mJ/cnt, which is better than that of the lowest reported threshold in organic semiconductors.
Furthermorewe show a frequency ugonverted laser using the newly designed and synthesized
starshaped oligomer T6 with a threshold as low as 3.1 nfJighich is more than an order of
magnitude lower than that of any conjugated polyméwus, these oligomers with enhanced
nonlinear optical properties are highly attractive fmo-integrated applications such as

photodynamic therapgndin-vivo bio-sensing.

Keywords: Starshaped truxene oligofluorenes, amplified spontaneous emissiorphivion
absorption pumping, frequency-gpnverted laser, distributed feedback laser.



Introduction

Over t he p as t-corjugated argamica skmisonductor materiabveh become
promising as optical gain media toward functional organic ldses.mo n g -dorjugated
materials, fluorescent stahaped oligomers stand out thanks to their-a@titrolled dispersity

and high uniformity’ ’ These stashaped oligomers offer favorable optical properties including
high photoluminescence quantum yield in their setite films, whee optical losses are also

very small® These advantageous properties together with ease of processing have already made
such stasshaped oligomers appealing for various photonic applications includingelngitting

diodes andingle-photon absorption pupedlasers>®1?

Al s o, t he nonl i ne acnjugaied orgard senricenslyctors atteactsi gneat *
interest in twephoton exited photoluminescence microscépy?, photodynamic therap§
threedimensional data storalfe microfabricatiof®, optical power limiting® and frequency up
converted lasing 22 Previously, enhanced twzhoton absorption (2PA) crosgction has been
demonstrated in structurally engineered oligoRfeis and molea | e s having el on:
conjugatior’®?® Yet, frequency ugonverted laserswhich have attracted increasirsgientific

and technological interé$t have not been demonstrated in fluorescent oligomers except
dendrimerg, conjugated polymef$?X donoracceptor type organic molecuté®’ and various

dyes0

On the other hand, stahaped oligomers have already shown outstanding optical gain
performance under singfghoton absorptin (1PA) pumping accomplishing low lasing
thresholds with ultrdarge bandwidth spectral tunability in the dd#pe spectral region.
8.9.11.33.34owever to datethese stashaped oligomers have not been considered apiwton
absorption (2PA) pumped optical gain media, northas potential as frequency wgonverted

lasers.

Among starshaped oligomers, the truxene core based molecules have shown high performance
in several systems, which have demonstrated low lasing thre$ididisreover, truxenes are
typically amorphous in natuf® which is ideal for their use in photonic applications that demand
high quantum yields. In this respect, truxenes are superior to other cores, such as a simple
benzene ring. For example, the truxene T4 has a lasing threshold ¥¥/2/8,2 whereas the

benzene analogue has a threshold of 1.2 kK\W/m



In this work, we elucidate thatuxene based stahaped oligofluorenes have a strong potential
as a gain medium for frequency-apnverted organic lasers since they provide simultamgaus
large 2PA crossection, substantially high photoluminescence quantum yiedasl large
oscillatorstrengths Truxene based stahaped oligofluorenes have three conjugated arms, which
consist of either three or four repeating fluorene tniere, we develop a new stsinaped
oligofluorene (T6) having six repeating fluorene units in each fluorescent arm in an effort to
maximize the nonlinear optical response in these oligomers. This design approach results in a
large 2PA crossection as high as 2200 GM. Then, we investigate the amplifiedas@muts
emission (ASE) under 2Pi these starshaped oligmers Newly synthesized T6 oligomers
exhibit 2PA pumped ASE performance with an ulta threshold of 2.5 mJ/chowing to the
enhance®PA crosssection that is comparable to that of conjugated polyféfsurthermore,

we show the first frequency wgonverted flexible distributed feedback (DFB) laser of -star
shaped oligomers exhibiting a threshold as low as ~3.1 rJighich outperforms the best
reportedorganic semiconductor bas&@quency upconverted laser®:?! Such NIR pumpedip-
converted organic laserswill be highly attractive for bientegrated applications such as
photodynamic therapgr in-vivo bio-sensing.

Materials and Methods

Pd(PPB)s was prepared according to known procedflamd stored under nitrogen in a freezer.
THF was purified using solvent purificati@ystem SP$ 40071 5 Innovative Technology, inc.

All other reagents and solvents were purchased from commercial suppliers and used without
further purification unless otherwise statéd.and'3C NMR spectra were recorded on a Bruker
Avance DPX400 spectroster at 400.1 and 100.6 MHz respectively. Chemical shifts are given in
ppm. MALDI mass spectrometry was performed on a Shimadzu AQRR spectrometer.
Thermogravimetricanalysis (TGA) was conducted using a Peikimer Thermogravimetric
Analyzer TGA7 undea constant flow of argon. Differential scanning calorimetry (DSC) was
performed on a TAInstruments Q1000 with a-BCrefrigerated cooling unit attached.

Absorbance measurement was performed using CARY 10¥i9\8pectrometer. Solutiestate
photoluminscence was measured using CARY Eclipse spectrometer. Femtosecond laser system

consists of Spectra Physics Tsunami mioidked seed laser and Spitfire Pro regenerative



amplifier. We used Maya2000 (Ocean Optics) to collect the 1PA and 2PA pumped ASE and

lasing spectra. We used Newporsgan kit for the ndmear absorption measurements.

Synthesis of the truxene based oligofluorene: T6

To a degassed solution 3®2Br 2 ( 302. 5 mg, 98.24 emol) and tef
pall adi um(0) ( Bi7105mL of @HF tI& Dordhic aciBvd P38 (700 mg , 509

emol) was added, »8HO®OI [( BWSd mgy B&HF7OH)mol ) and d
mL). The mixture was degassed and heated to reflux for 20 hours. After cooling the mixture was
guenched with brine and extracted with £Ch. The canbined extracts were dried over Mg&5O

After evaporation of the solvent the crude product was purified on a silica gel column eluting

with a mixture of petroleum ether : GEl> 1:10 ramping to 1:5, which afforded the product as a
yellowish solid (585 mg,8. 8 e mol , 87 %) .

T6, MALDITOF MSm/z 6836 ((M+h), 6773 ((MGsHw+NaY), 6752 ((MGstha)*),

Anal. Calcd fordgHees: C, 90.18; H, 9.82 %. Found: C, 90.21; H, 9.63%.

1 baw 6 n CDGaee Figure S1): 8.53 (1H, bs), 87150 (36H, m), 7.42.29 (3H, m), 3.11 (2H,

bs), 2.651.75 (26H, m), 1.20.55 (154H, m).

13C NMR (CD&l {5 wmgee Figare §2153.97, 151.34, 151.00, 150.54, 140.32, 140.08, 139.86,
139.55, 125.68, 122.44, 121.06, 119.49, 119.23, 54.86, 54.69, 39.89, 31.09,280209,23.38, 22.11,
22.07,21.87, 13.54, 13.45.

Results and Discussion

The chemical structure of stahaped oligofluorenes having varying fluorene arm lengths
presented in Figure 1®epending on the number of repeating fluorene units in eachlzesg
molecules are called T3, T4 and T6. The T3 and T4 compounds were synthesized according to
our previous reports® The synthesis of T6 oligofluorene is presented in Scheme 1 and
described in the experimental sect{@fso see Figures S1 and S€pmpound T6 was found to

be thermally stble with a decomposition temperature of 486and a glass transition of 106

(Figure ), The photoluminescenc@’L) and absorbance spectra of T3, T4 and T6 oligomers in
their dilute solutiongin tolueng are shown in Figure 1krigure $ also showshe PL and
absorbancspectran the solidfilms. Photoluminescence spectra of these materials exhibit three
vibronic features(0-0, 0-1 and 02 transitions) characteristic to these oligofluorefem

solution, he peak absorbance for T3, T4 andaré found at 370, 375 and 379 nm, respectively.



As the length of the fluorene arm is increased, both photoluminescence and absorbance features
slighttyreds hi ft . Thi s i s d u-eonjugationtinteach fusrénear®s.i on of t
We have preously reported thePL quantum yield in the solidtate films of T3 and T4
moleculesin the range of 6®@6%°%81%33 In the solid film of T6, we found that the
photoluminescence quantum yield was 67% (+58)ich is comparable to that of tH8 and

T4 molecules.Previously, veé have observed a slight increase in PL quantum yield of the

oligofluorenes with increasing arm length in-T4 molecules.
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Figure 1. Molecular structure, emission and absorbance spectra of the starshaped
oligomers with different arm-lengths. (a) Molecular structure of the stahaped truxene based
oligofluorenes having varying fluorene arm length. (b) Solusitate absorbance and
photoluminescence spectra of the T3, T4 andtdEéshaped oligofluorenes.
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Scheme 1Synthetic procedure for the T6 compound



Previously, various design strategies were developed to enhance the nonlinear optical response in
organic semiconductof€® These included developing molecules with central bridge units
acting as electron donor or accept-oonugatbr anche
and increasing the electronic coupling taéloring of the molecular conformatiéa.Formerly,
increasing the number of chromophore units in porphyrin molecules was shown to enhance the
2PA crosssection due to increased delocalization within the moleéidfe Additionally,
increased radial structure of the molecules have been shown to increase the 2B&ctiass

too.r®

We employ a similar design strategy in staaped oligofluorenes by increasing the length of the
fluorene arms, fromthree to six fluorene units.Redshifting of the absorption and
photoluminescence features with increasing arm length is in accordance with our previous
observation with truxenbased oligomers with different arm length exhibiting linear relationship
betweenthered hi ft ( @E) and t he r e mkeperrings iathe anisoft he n
the molecule$. Also, this slightred-shift may suggestan e x t e n-dosjugation in these
oligomers Therefore, this is expected to enable enhanced nonlinear optical absorption.
Previously the linear absqtion crosssection of thestarshaped oligofluorenes with increasing

arm length were showto exhibit up to 3fold enhancemerdas compared to their linear oligomer
counterparts owing to the branching of the molecular struéture.

Here,we investigéedthe nonlinear optical absorption cresection via the open aperturesean
technique’® The transmittance of a Gaussian laser bé00 nm, 120 fs, 1 kHz repetition rate

and 3.8 yJ per pulse energy) was measured through a 1 mm quartz cuvette containing the
oligomer solution (10 mM in toluene) as the sample was translated through the focal plane of the
laser beam (total length of 40 gn$Simultaneously, wenonitored the excitation beamtensity

during the course of thestan measuremeunsing a beam splittelThe transmittance of the laser

as a function of the position of the sampiethe translational stageshown in Figure 2 togeer

with the transmittance of only toluene, in which there is no discernible change in the
transmittance signal under the same excitation intensity level. This indicates that the change
observed in the transmittance signabrdy due to nonlinear absoiph in the oliganers The
measured transmittance for three different oligofluorenes (T3, T4 and T6) were fitted using the

relatiorf!



Yo —— (1)

where T(z) is the normalized transmittance as a function of the sample positionoas thel
peak oRraxis irradiance at the focus (3.62 W)jm, b i -ghotanlatesorgtian @oefficient, | is
the cuvette lengtlof 1 mm) and z is the Rayleigh range (~3.5 mm). Then, we calculated the

2PA cross section using the following equation
" — (2)

Here h3 is the energyi ef Aviag@ adx o Dosatheimatdy e p h @ n ¢
concentration of the solution (10 mM). The 2PA crssstions in the T3, T4 and T6 molecules

are calculated to be 911628 and 2183 GM (1§ cm’*-s-photons!). T6 exhibits the largest 2PA
crosssection as compared to T4 and T3. The 2PA esestion of T6 is comparable to that of
blue-emitting conjugated polymers (up to 4000 GM) that are much larger in molecular #eight

Also, the 2PA crossection increases nonlinearly as a function of the number of repeating

fluorene units®
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Figure 2. Open aperture zscan measurement of the nonlinear absorption crossection.
Normalized transmittance of the Gaussian laser beam (800 nm, 120 fs and 1kHz repetition rate)
through a 1 mm quartz cuvette containing 10 mM of T3, T4, T6 and only toluene, measured by
the open aperturescan technique.



We studied the amplified spontaneous emission in these tripeseel oligofluorenes undaPA
pumping (800 nm, 120 fs, 1 kHz rep&tin rate) For this purpose, we spovoated the star
shaped oligofluorenes on pceeaned quartz substrates at 1200 rpm for 2 min from solutions
having the same molarities (10 mM in toluene). The resulting film thicknessesneaseired as
~300-500 nm by Dektak profilometerWe used a 20 cm cylindrical lens to focus the laser beam
on the sample with a stripe geometry (the area ofLl €’ measured by a beam profjleThe

PL spectra of the samples were recorded from the edge of the sample via-eodibled
spectrometer at varying pump intensities (see Figure 3a for the experimental setup). At low
pump intensities, the emission fwidth at halfmaximum (FWHM) was ~&50 nm in these
oligofluorene samplesAs the pump intensity was increased above the ASE threshold, we
observed a narrower emission that budtishe deefblue region(~430-450 nm)of the spectrum

as shown in Figureld for the case o3, T4 andT6 moleculesrespectively The FWHM of

the ASE can be as narrow as 5.8 nm, shown by the changing FWHM of the samples in the insets
of Figures 3kd. Therefore 2PA pumped ASE iachievedn all these three oligomers.
Figure3eshows the pump intensity vs integratedssion intensity under 2PA pumping in these
three oligomers. We can clearly see the threshold behavior of an amplified spontaneous
emission. The lowest 2PA pumped ASE threshold (2.43 m)l/ésnachieved in the T6
molecules. In the T4 and T3 molecules, #®RA pumped ASE threshold is ~2.80 mXdor

both of the molecules. Owing to the enhanced 2PA eesBon in T6 molecules, they
outperform both T3 and T4 oligomeiiso, the photoluminescence lifetime of the T6 molecules

is faserin comparison tahatof the T3 and T4 molecules the solidstate films(see Figure S5).
Furthermore, we have checked the 1PA Asfformancean the T6 molecules (see Figuré)S

1PA pumped400 nm, 120 fs, 1 kHzASE threshold is as low as4B.uJ/cnf. That is much
smaller than thereviouslyreported 1PA ASE thresholds in the T3 and T4 moleidfeyet,

the reduced threshold maindyises from theise of femtosecond pump lasercausereviously

only nanoseconcgpump lasershave been employed for the 1PA pumping of the-staped
oligofluoreneslt is also worth noting tht the position of the ASE peak under 2PA pumpsg

the same as the 1PA pumped cddes strongly suggests thttere is neither degradation nor a

heating effectiue to2PA pumping.



The 2PA pumped ASE threshold of 2.43 mJabtained in the T6 molecules is uHw

among other types of organic semiconductors. Previously, oligomer based organic crystals and
dendrimers could achieve 3.5 and 4.9 m3/tdmesholds, respectivefy:** To date, only dye

doped polymer basetbmposite media were able to achieve lower 2PA pumped ASE thresholds
(1-2 mJ/cm) than our case, but they suffer from stability isstieSiso, colloidal semiconductor
nanocrystals, which are alternative competitive materials for 2PA pumped ASE owing to their
giant 2PA cross sections (> 20,000 GMpuld only offer ASE thresholds on the order efG}

mJ/cnt for an ASE in the visible spectral regibrf®%® Therefore, stashaped oligomers with

their ultralow 2PA pumped ASE threshold while being highly stable under 2PA pumping can

serve in various applications as efficient nonlinearly pumped-égtitters.
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Figure 3. 2PA pumped ASEin the star-shaped oligomers with different armlength. (a)
Schematic of the experimental setup for the measurement of the ASEspirdoeatedsamples
of the oligomersTwo-photon pumped emission and ASE spectrab)nT@, (€) T4 and ¢) T6
moleculesas a function of the increasing pump intensity-(fl) The insets show the change of
the FWHM emission as a function of the pump intensigy. Rump intensity vs integrated
emission intensity in T3, T4 and T6 molecules under 2PA pumping clearly exh#éitimgshold
behavior.

The observed ultrlow threshold for 2PA pumped ASE in these sflaaped oligofluorenes
proves that they are potential candidates as optical gain media in frequecmyvepted lasers.
To this end, we developed, for the first tinaefrequency wgonverted laser of the stahaped



T6 oligofluorene using a flexible polymeric distributed feedback (DFB) grating. The flexible
DFB gratings were fabricated by copying from a master grating taytléhexyldimethanol
divinyl ether (CHDV) péymer that is hardened under UV lightThe resonance wavelength of
this twodimensional grating s ¢ al c u legd=€2dwr LW, iwhete Bras the effective
refractive index of the laser gain mediuimijs the period of the twdimensional grating and m

is the Bragg order. Here, we chose the period of the grating to be 266 nm, which nfsches t
resonance wavelength in the 4260 nm range when m eqjual to2. Therefore, the emission of

the laser is perpendicular to the plane of the grating structure (see &gure

On top of the flexible DFB structure, we sminated T6 molecules (30 mg/migiving a
thickness of 500 £ 20 nm. The effective refractive index of the laser medium was found to be
~1.65 and the refractive index of the sshaped oligofluorenes was previously measured to be
~1.77%8 The lasing action was first investigated under 1PA pumping. Here, we employed
spherical lens (20 cm) to focus the pump b&d60 nm, 120 fs, 1kHzyn the sample with an

area of 0.006 cfn The emission spectra from the sample at increasing pump intensities are
shown in Figuredb. The laser has a peak emission at 441 nm with a FWHM less than 1.5 nm
limited by the resolution of our spectrometer (Maya 2000). The threshold behavior is
demonstrated in the pump intensity vs. integrated emission intensity measurement as shown in
the irset of Figuredb. The 1PA pumped threshold of the T6 based DFB laser is 6002nJ/cm
which is ultralow in the organic semiconductoiBhe achieved 1PA pumped lasing threshid
better thanthat of theother type of oligomers (~1 pJ/& and starburst macromolecular
organic semiconductors (~3 pJAm Also, our 1PA pumped laser threshold is comparable to
that (300nJ/cn?) of the pyrenecored oligomer based lasétsPreviously, 1PA pumped lasing
was studied in both stahaped T3 and T4 oligofluoredés but the lasing thresholds were

reported to beelatively large(~2.7 pJ/cm). This was due tase ofnanosecongump lasers

Next, we demonstrated frequency-cgnverted lasing in the stahaped oligomers using the
same DFB sample, where the T6 molecules were deposited on top of the 2D grating. The 2PA
pumping conditions were the same as those described in the 2PA pumped pgeSithents,

except that this time the pump be&@00 nm, 120 fs, 1 kHayas focused by spherical lensf(=

20 cm) to an area of 0.022 énFigure4c shows the emission spectra of the frequency up

converted DFB laser as the tpboton pump intensity is giaally increased. The emission peak



of the laser was 441 nm, the saménatPA pumpingcase The FWHM of thelasing peaks 1.6

nm. The inset in Figurdc reveals the pump intensity vs integrated emission intensity, where the
2PA pumped lasing threshold found to be as low as 3.1 mJfcrithe lasing threshold is
slightly larger than the threshold (2.43 mJ#of the 2PA pumped ASE. This is attributed to the
fact that the flexible grating material was also absorbing 800 nm femtosecond pulses at intensity
levels close to the lasing threshold; thus, the flexible polymeric material of the grating was
starting to degrade during the laser operation. We did not observe this in 2PA pumped ASE
experiments, since we employed quartz substrates in those casesabilitg of the frequency
up-converted laser was found to be limited by-2~10* pulses. Yet, the stability of this
frequency upconverted laser could be substantially increased by using other substrates for the
grating such as quartz. Also, we perfornadidof the lasing experiments under ambient air and

did not use any protecting layers to block oxygen or moistsifgrevious works ditf-?131Figure

4d shows a photograph of the strong output beam from our frequencgnuprted laser,
exhibiting a farshaped laser beam on a screen together with the residual pump beam.
Nevertheless, the achieved frequencycopverter laser threshold (3.1 mJ®&ris ultralow in

the literatureof organic semiconductardo date, there have been several reportsréyairted
thresholds at least an order of magnitude higher than ours including frequeconvgrted

lasers based on conjugated PFO (42 mdfnand MeLPPP (>200 mJ/&n polymers?®
Recently,Fang et al. reported a threshold of 150 u3/asing small organic molecules, where

this threshold is calculated specifically based on the absorbed energya{byeB% of the total
incident energy) by the active gain mediufi. Therefore, their 2PA pumpeédser threshold
would be expected to be3mJd/cni. To the best of our knowledge, our achievement of 3.1
mJ/cnt threshold for frequency uponverted organic semiconductor laser is the lowatt

similar experimental conditions (i.e., pulse duration, titjo@ rate, excitation geometry and spot
size)as compared tthe previous report&see Tablesl). Furthermore, the laser output is highly
polarized due to the 1D DFB structdfe>



Figure 4. 1PA and 2PA pumped laser of the T6 moleculega) Schematic of the experimental
setup for the characterization of the frequencycopverted laser of the T6 oligomer. Flexible
DFB laser of T6 oligomer under (b) 1PA pumping and (c) 2PA pumpingcj@he insets show

the pump intensity vs integrated emission intensity from the laser exhibiting the lasing
thresholds. (d) Photograph of the frequencycapverted laser of T6 showing the fanaped

laser beam on the screen.

Conclusions

In conclusion, we ythesizedthe starshaped oligofluorene T6 molecules haviiog the first

time six fluorene repeating units in each arm of the moletuEmultaneously achieva large

2PA crosssection large oscillator strength and high PL quantum yieltie resultingT6
oligofluorenes exhibit substantially enhanceodc
conjugationand radial structuren the molecule. The twphoton absorption pumped ASE
performance of the T6 oligomeeghibited lower thresholdiscompared tahat of the T3 and T4

molecules having three and four fluorene units in each arm of the oligomer. The T6 oligomers



