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ABSTRACT

N\
00,

8ns = 1360 GM (800 nm), ¢ = 0.69
8s = 790 GM (800 nm)

Triphenylamine derivatives have been synthesized and shown to exhibit large two-photon cross-sections at a wide range of wavelengths and
the largest value measured by fs Z-scan experiment. Moreover, a linear relationship is noted between the two-photon cross-sections measured

by ns fluorescence and fs Z-scan methods.

Synthesis of nonlinear optical materials exhibiting large two- derivatives of donorbridge—acceptor (D—x—A) dipoles,

photon (TPA) cross-section®+pa) is of current research

donor-bridge—-donor (D—z—D) quadrupoles, multibranched

interest due to their potential applications in a number of compounds, dendrimers, and octupoles have been synthesized
new areas, including three-dimensional fluorescence imaging,and theirdrpa reported®>1° Recently, we and others have

optical limiting, photodynamic therapy, and three-dimen-
sional optical data storage and microfabricatiot.Various
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reported that triphenylamine derivatives show appreciable
enhancement in th&pa compared with their monobranched
analogué’a1&-f1% However, these studies employed a
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limited number of acceptors. Moreover, although most of ~ 2Reagents and conditions: (a) LDA/THF?G rt; (b) pyridine/
the results are based on either fluorescence measurement df"f3||99U|gr S'gveS/N/kOAC//?CIOH rt; (c) t‘BUO'lfl/EtOH/benze“e,
Z-scan experiments, it has not been possible to make a direcf€1U%: (d) PA(OACYP(o-tolyl)/NEL/MeCN, reflux.

comparison between them due to the lack of datayen
measured by both methods for the same series of compounds. Synthesis ofL—3is shown in Scheme 1. Condensation of

In this work, we have synthesized a series of triphenyl- A with (p-cyanophenyl)methylphosphonate, malononitrile,
amine derivatives —3 with a variety of acceptors (Figure  (p-cyanophenyl) acetonitriles, and (4-methylbiphenyl) aceto-
1) and measured thedes by nanosecond (ns) fluorescence pitriles afforded 1b, 2b, 1c, 3b, and 3d, respectively.

measurement and fem_tosecond (fs) Z-scan experiments. W& ompound?a was prepared by the Heck coupling between
now report that3d having a cyano group at the vinylene B and 4-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]styrene.
double bond and a biphenyl group at the periphery not only The structures ofl—3 were unambiguously confirmed by
shows largedrea at a wide range of wavelengths but also |R 14 and3C NMR, and elemental analysis.

exhibits the largest value measured by the fs Z-scan Figure 2 shows the absorption spectrafer3in toluene.

experiment. Moreover, a linear relationship is noted between o one-photon absorption maximuﬁcﬁgx) is shifted to a
the dtpavalues measured by ns fluorescence and fs Z—scan|Onger wavelength with the conjugation length, i, <

methods. 2a,1b < 2b, and as the acceptor is changed to a stronger
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Table 1. One- and Two-Photon Properties b3 in Toluene

mpd it et AV o0 B RS ) e At
la  410(891) 471 3160 098 760 430 £ 12004 o/ o . —m—1c
1b  415(6.21) 467 2680 095 760 220 s | \. —v—2a
1c 487 (9.42) 570 2990 041 890 1200 <2 10004 —v—2b
2a 429 (12.4) 487 2780 1.0 780 950 05 ] /; n oo :f: gz
2b 429 (11.4) 488 2820 097 780 870 T 0 / Mo ./
3b  464(9.11) 550 3420 033 890 740 = 1 VX o /\' _m
ad 450 (13.4) 519 2960 0.69 800 1360 600+ \ / ™ —
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parentheses are the molar extinction coefficiemt&®'c). ® Amax of the one-
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one, i.e.,la < 1b < 1c (Table 1). This indicates a gradual Wavelength(nm)

decrease in the HOMOLUMO energy gap in the same  Figure 3. Two-photon excitation spectra 4f-3 in toluene.
order. Moreover, the cyano group bound to thbackbone
double bond induces a significant bathochromic shift, i.e.,

2b < 3b, as expected for substitution with an electron- a larger number of density of states, providing more effective
accepting group. A similar result is observed in the fluores- coupling channels between the ground and two-photon
cence spectra, i.e., (i) both emission maxinig,) and allowed states, which would in turn increase the TPA cross-

Stokes shift increase with the conjugation length, and (ii) section.

except forla, Al for 1-3 show a parallel increase with The cyano group at the vinylene double bond has different

A9 (Figure S1). Interestingly, the Stokes shift increases in effects depending on the conjugation length. The value of
the orderlb < 1c < 1a, indicating that the acceptors with  §7° for 3b is smaller than2b, probably because of the
extended conjugation and/or stronger electron-withdrawing distorted structuréé However, 3d, having the biphenyl
ability stabilize the emitting states more than the Franck group at the periphery, shows the largé%L, in this series
Condon singlet states (Table 1). However, the very similar of compounds. Here again, the increased number of density
Stokes shifts fo2a and 2b reveal that this effect becomes  of states provided by the biphenyl fluorophore seems to play
less important as the conjugation length increases. Most ofan important role. Moreover, it exhibits a large two-photon
the compounds are strongly fluorescent with large fluores- cross-section over a wide range of wavelengths. This may
cence quantum yields ranging from 0.3 to 1.0. Note that the pe due to the fact thadd consists of two componentdc
larger thel,,, the smaller the quantum yields. This may be with one less CN an@d, both of which may have two-
due to the lower energy of the emitting states, which may in photon allowed states at different wavelength ranges. A
turn facilitate the nonradiative pathways. similar result is observed fdb, althoughdrpa is smaller.
The two-photon cross sectiaitpa Wwas measured by the  This result suggests the interesting possibility that one can
two-photon-induced fluorescence measurement techniquedesign an efficient two-photon chromophore with large two-
using nanosecond (ns) laser pul¥®s®Figure 3 shows the  photon cross-section over a wide range of wavelengths by
two-photon excitation spectra fot—3. The results are introducing an acceptor at the vinylene double bond and an

summarized in Table 1. additional fluorophore at the periphery. Although the origin
Table 1 shows thaétfﬁgx of 1—3are in the range of 760 of this interesting property is not clear, such molecules will

890 nm. Moreoverg.. for 1 and 2 increases monotoni-  be useful for a variety of applications, including optical

cally with the conjugation length, i.ela < 2a, 1b < 2b, limiting.

and as the acceptor is changed in the ofder< la < 1c, The fs Z-scan experiment has been conducted as re-

reaching the maximum at a value of 1200 GM far. It is ported®2° Figure 4 shows the Z-scan data f&d measured

well established that the two-photon cross-section of octu- at 800 nm by changing the input intensityo)( The
polar molecules increases with the extent of charge tratsfer. corresponding data for other compounds and 1or3
The gradual increase in bottf?), and A . in the same  obtained by varying the dye concentratial)(are shown in
order provides additional support for this conclusion. Figures S2 and S3, respectively, in the Supporting Informa-
It is interesting to compare the relative efficiency of the tion.
oxadiazol and cyano groups as the acceptor. As stated above, Table 2 summarizes the fs Z-scan results for3,
Omax Of 1ais larger than that ofib. Also, o, of 2ais  measured at 800 nm by changing the input intensijyad
larger than that ofb, despite that?) andA"  are nearly by varying the dye concentrationd?° The TPA cross-
the same. This indicates that the former is a more efficient sections (¢) determined by both methods are very similar,
acceptor than the latter as long &%, is considered. indicating the reliability of the measurements. In all cases,
Because of the extendedconjugation, the former may have the values ofdss are always smaller thady, indicating a
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Figure 4. Z-Scan experimental data f&8d measured at 800 nm
by changing the input intensity of laser beam. Inset: the plot of
(Q/T(L) — 1) vs 1, (GW/cn?) (see Supporting Information for
details).

significant contribution by the excited-state absorption in the
latter. Moreover, the results of the structafEPA property
relationship studies from both experiments are qualitatively
the same, i.e., (i) TPA cross-sectiahs) increases with the
conjugation length and with a stronger acceptor, (ii) com-
pounds with an oxadiazole group show largerthan the
cyano derivatives, and (iiid shows the largesis in this
series of compounds. Furthermore, there is qualitatively a

Table 2. Comparison of the Two-Photon Cross-Sections
Measured by Femtosecond Z-Scan and Nanosecond
Fluorescence Measurement Methods at 800 nm

cmpd Ors (10)37¢ (5fs(du)b7d Ons D:0e
la 260 (10.4)f 260 (10.3) 310
1b 110 (4.45) 120 (0.95) 200
1c 200 (8.30) 190 (7.76) 240
2a 640 (25.8) 640 (25.9) 700
2b 590 (23.6) 580 (23.4) 820
3b 450 (18.3) 440 (17.7) 460
3d 830 (33.4) 790 (32.0) 1360

aMeasured by fs Z-scan method by varying the input intensi)y The
chromophore concentration was %xQL0~3 M in THF. ? Unitis GM, where
1 GM (Goppert-Mayer) = 1 x 10750 cm* s photorn! molecule’l.
¢ Estimated uncertainty:15%. 9 Measured by fs Z-scan method by varying
the dye concentratiordg) in the range of (0.161.0) x 103 M in THF.

¢ Determined by the two-photon-induced fluorescence measurement tech-

nique using the nanosecond (ns) laser pulses in tolddhembers in the
parenthesis are the two-photon cross-section irF1Om/GW.
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Figure 5. Plot of dss VS Ons

linear relationship betweedyss vs on{Figure 5). Although
most of the structure TPA property relationship studies have
been based on either ns fluorescence measurement or fs
Z-scan experiments, it has not been possible to make a
comparison between them. Hence, this result may provide a
useful guideline for making such comparisons. Finadly,

= 790-830 GM determined foBd is among the largest
values determined by the Z-scan metfiéd.

In conclusion, we have synthesized a series of triphenyl-
amine derivatives with large two-photon cross-sections.
Compoundd having the cyano group at the vinylene double
bond and biphenyl group at the periphery not only shows
large dtpa at a wide range of wavelengths but also exhibits
the largest value measured by the Z-scan method. Notewor-
thy is the linear relationship between thipa values
measured by ns fluorescence and fs Z-scan methods.
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