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Discovery of Novel Dyes with Absorption Maxima at 1.1 um
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With the development of optical communications, third-order
nonlinear optical (NLO) materials for ultrafast optical devices have
been attracting much attentidA.In particular, a large variety of
organic materials have been investigated for optical switching thus
far.2 Since dye J-aggregates exhibit an ultrafast NLO response near
the maximum absorption wavelengthyf,) of their red-shifted J
band?® we have studied such materials for application to optical 0
switches! As a result, we have succeeded in fabricating J-aggregates 400 600 800 1000 1200
of squaraine (SQ: substituted 3-oxo-1-cyclobutenolate) dye in spin- Wavelength (nm)
coated films and observed a sub-100-fs optical response. Moreover Figure 1. Absorption change of the reaction solution for the synthesis of
on the basis of the concept of time-to-space conversion, we 1& Samples were taken from the solution heated for 589 10 (96°C),
successfully realized single-shot demultiplexing 1a T bit/sS 17, and 40 (reflux) min, and diluted with chloroform.

However, such an ultrafast NLO response of SQ J-aggregates canscheme 1. Synthesis of the New Dyes Studied in This Work
be achieved only at ca. 770 nm. On the other hand, the wavelengths 1-BUCH R’ OH § HO !

' . ] ern OH Mo OH u i R
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To overcome the problem in wavelength matching, the 2-photon Ho 0" To O

Absorbance

excitation process has been considérdthwever, the optical (4a-e) R OHgHO ,F:; (Zi-e)
switching efficiency of this process does not meet the requirements R¥ Q P / e
for practical use. Thus, we think it is necessary to develop new

0 o]
dyes that can exhibit the J band near 1.3 or LBb One efficient °1°
way to realize the bathochromic shift of SQ molecules is the 1a R'=R2= (CHy),CHCH, (7.4%)
-conj i i i _a0- 1b R'=R2= n-CyHg (2.5%)
m conjuga}tlon_ex_tensmh.Neverthe_Ies_s, the f_ormatlon of J ag to R = -Gy, B2 2 CHA(GHICH  (0.6%)
gregates in thin films and the realization of high thermal stability 1d R'=R2=n-C3H, (0.5%)
are still great challenges for dyes with long-conjugation. fe R'=R?=CzHs (02%)  [1.8% in 1-PrOH/DMF (2:1)]

Therefore, we think it may be better to strengthen the electron-
withdrawing ability of the acceptor in a dye molecule. The croconic under azeotropic reflux in an atmosphere of dry nitrogen for 4 h,

acid molety Is gongdered to be a stronger electron acceptor thanwe measured the absorption spectra of the reaction solution. To
the squaric acid part, because croconaine (CR: substituted 3,4-

i 1 lobentenolate) d h bsorption maxima that ar our surprise, a strong and broad absorption band not at ca. 850 nm
lc(;xoi;_f;cyéc;pe elgoa €) dyes show adso'tall?h aX'f '[?l ataret at 1.1um was observed. Then, this reaction was carried out
re 'Sd.l esqylca. i r|1m :t':lhsejtl:omp?re WI’I' g;e orthe c?]rre- under different conditions, and the reproducibility of dje
Zggnnﬁg Thu.snvsgrsllcjl:n?irs,e th:taxifosjghaglglg dyecéi:ulrgafgrm absorbing at ca. 1.Azm was confirmed. Figure 1 shows a typical
' ! example of absorption change of the reaction solution. The
J-aggregates, thé&nax would exceed 1.km. On the other hand, P P 9

o " absorption band at ca. 880 nm, which was assigneBatovas
we have verified that the four hydroxyls at the62positions of .
o . observed before the absorption band at cauinlstarted to appear.
the two phenyls can enhance the thermal stability and the sublima-

. . . o The optimal yield ofla was achieved when the reaction mixture
tion ability of an anilino SQ dye more significantly than the two pu y W leved w I P

i was refluxed for 10 to 15 min. After purificatiodawas obtained
- 10
?ydrO)?r/]Is a.lt th; Es;atzpé bo;'_t:fnfk' IFor_thesg ;ez_sr?nj, we ar:temlpted as pure blackpurple needle microcrystals in 7.4% yield.
0 Synthesize 2,5- .'S[N a yamm_o)-_, -dihydroxyphenyl}- The characterization data obtained by NMR, FD-MS, and IR
croconaines2 to find some CR derivatives that can form J-

tes. Such ffort led to the di f Lal fspectroscopic methods, as well as by elemental analysis, indicate
aggregates. such an efiort led 1o tne diSCovery of a NOVE! Class Oly, 515 pas o di(benzofuranonyl)methanolate structure. This structure
dyesl1 that exhibit absorption maxima at Jutn and potential for

optical switching at 1.m (Scheme 1) is completely different from those of CR dyes. To confirm this
The synthesis of is relatively straightforward, involving the result, single crystals dfawere prepared for X-ray analysis. The

. . 4 . results of X-ray crystallography confirmed the molecular structure
condensation reaction between croconic &#hd the correspond- y ey grapny

) L . o - of 1a'? As shown in Figure 2, although the two furan ringslaf
ing aniline intermediatd.>"* Considering the solubility and the have a twisted conforrgnation the sh%rt bond length betgween the
tendency to form J-aggregates 8fi° first we attempted the !

; .. L . aromatic carbon atom and the nitrogen atom suggests the existence
synthesis of thé\,N-diisobutyl derivative. After the condensation g 99

. i . ) of a large intramoleculat-delocalization, which may be the reason
of 5-(N,N-diisobutylamino)-1,3-benzenedidh and 3 (2:1, molar for the extension to 1.km of the Ama, of 12

T Present address: Department of Adv. Mater., Sung Kyun Kwan University, 1awas formed probably via u.n.eXpECted intramolecular t"'fmdem
Korea. reactions. The double electrophilic attack®gn the electron-rich

ratio) in a mixture of toluene and 1-butanol (3:1) was carried out
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Figure 4. Z-scan signal of a 63-nm-thick, spin-coated filmlaf The source
laser has a center wavelength of 1300 nm and pulse duration of 200 fs.
Solid line is a fitted curve assuming low excitation regimes.

~ 810 R L AL g; magnitude, which demonstrates the high capabilityads an NLO

5 £ 610 052 ¥ material.

gc_g s1otl s % — 0.42'1;._ In summary, we have discovered a new class of dyes with
e o -] 03;‘ 2 absorption maxima at approximately Lih. These molecules have
z%5 210 R gf s several unique characteristics such as a relatively short backbone
© 0 [T N L o structure, good solubility, and rather high thermal stability. Thin
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Figure 3. Absorption spectra of dygain 1,2-dichloroethane (solid line)
and in a 63-nm-thick, spin-coated film (broken line).

films of such dyes could be fabricated by spin-coating with the
formation of J-like aggregates, and they are potential materials for
optical switching at 1.3im. Further study on the NLO properties

of these dyes and the application of such tandem reactions to the

. ._synthesis of other near-infrared-absorbing materials is in progress.
aniline substrates gave the expected CR dye. Due to steric y 9 prog

assistance, the OH groups ortho to the croconate ring might further  Acknowledgment. The New Energy and Industrial Technology
attack the neighboring carbonyl groups to form the dibenzofuranyl Development Organization (NEDO) supported this work within the
intermediate, the unstable centric pinacol part of which might framework of the Femtosecond Technology Research Project. We

undergo a self-oxidationreduction reaction with the opening of
the croconate ring to affortla. Since dye? is not sufficiently stable,
we have not succeeded in its purification.

The aniline substrates with othiralkyls were also used to react

with 3, and the corresponding dyes with absorption maxima at ca.

1.1 um were formed without exception. However, their yields
depended strongly on th¢-alkyls. The aniline substrates with two
branched\-alkyls tended to give a better yield @f To improve
the yields of1, other solvent systems such as 1-propanol/DMF
(2:1) were also used and proved to be effective.
Compoundsla—e are soluble in halogenated solvents such as
1,2-dichloroethane (DCE) and chloroform. In particulas also

soluble in acetone and THF, and its initial decomposition temper-

ature is 202.7C. The solution spectra of these dyes are similar

and, for example, in DCE, have a strong and broad absorption band

at ca. 1.1um and a weak absorption band at ca. 550 nm (Figure
3). Moreover, thin films ofLlaon glass substrates could be fabricated
by the spin-coating method fro a 1 wt % DCEsolution. The

absorption spectrum of such a film is shown in Figure 3. The spin-
coated film oflaexhibited a broad absorption band with the peak
at 1228 nm. Compared to the absorption of its solution, the
absorption of the spin-coated film is red-shifted by 135 nm. This

indicates the formation of J-like aggregates in the spin-coated films.

Such aggregates are very important for NLO applications.

The third-order NLO susceptibility® at 1.3um of the spin-
coated films ofla was investigated using th&scan techniqué
The 1a film was moved along the traveling direction of the laser

thank Dr. Masaaki Shimizu and Dr. Ralf Petermann for fruitful
discussion.

Supporting Information Available: Details of synthesis, crystal
growth, and characterization data fae and crystallographic data
(PDF). This material is available free of charge via the Internet at
http://pubs.acs.org.
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