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The third-order nonlinear optical (NLO) response is important Supporting Information). Casting the film should be done in dry
in all-optical switching, signal processing, and ultrafast optical air, on a precleaned glass substrate atGOAfter drying at 50°C
communicationd.To be practically useful for all-optical switching,  overnight, the films were cured at 12C for 1 h, at 160°C for
materials should have a large nonlinear refractive inaekdt the another hour, and finally at 21TC for 30 min.
operating wavelength, typically at £3.6 um, ultrafast response
and relaxation times (picoseconds or less), minimal absorption loss
(nonresonant nonlinearity), good environmental stability, and pro-
cessability? 7-Conjugated organic compounds and polymers have
been investigated as a new class of third-order NLO mateérials.

Scheme 1. Preparation of Cross-Linked Cgo-PU Films

Crosslinked Cgo-Polyurethane

N-C(CH,OH); + triilsocyanate ———
e 1socys A Flmsaandb

TMP, P-NCO
However, few organic materials reported to date offer a combination
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A large number of highly delocalized-electrons of the fullerenes

are a known contributor to fast response time and large optical 'R SPectra of polymer films andb displayed a characteristic
nonlinearity of [60]fullerene (§).4 Furthermore, when double ~ Pand at527 cm due to the functionalizeddscage in the polymer

bonds are broken and an electron donor group is attached, C (see IR spectra in the Supporting Information). The carbonyl peak
derivatives show prominent enhancement in molecular second attributed to the urethane linkage as a result of covalent bonding
hyperpolarizabilityy, as compared with pristine¢g® To realize betY\{eenS’.OH-Ceo and the triisocyanate was clearly seen at 1667
the large third-order NLO susceptibility®) of Cso derivatives in cm* for fllm b but ovgrlappeq with the other amld_e peaks alrt_aady
a device, it is necessary to have a relatively thick, homogeneousPresented imMP for film a. Figure 1 shows a typical absorption
film containing a high loading of & derivative and to preserve  °f the Gomoiety around 330 nm for filma andb, 30H-Co, and

the highy per Gs molecule even once it is being processed into a pristine Gy, which is known to becomg broad with a tail close to
film ready for subsequent device fabrication. 700 nm for the substituted¢g” There is no observable peak at

We report herein the largest third-order optical nonlinearity within  1000-2000 nm, allowing for measurement of the nonresonant

a range of 11561600 nm of cross-linked polyurethane (PU) films ~ NOnlinearity at telecommunication wavelengths in this work.
containing a high content of covalently bondegh.CThe reported Thermogravimetric analysis indicated a good thermal stability for

method is advantageously simple for preparation of high-quality 1€se films, with the onset temperature of 3IDfor 5% weight
Cso polymer films and also practically adaptable for making other 0SS in nitrogen.

NLO polymeric films. 18

Ceo Was first functionalized using the well-established 1,3-dipolar 156 1
cycloaddition of azomethine which is derived from aramino 14
acid and an aldehydeA trihydroxyl-containing Go (30H-Cygo) 121

14
0.8
0.6

was prepared in good yield fromgg tricine, and benzaldehyde
and was purified by chromatography. The cyclic amine moiety in
30H-Cg is expected to contribute to the required charge transfer,

Absorbance

and the hydroxyl groups are used for cross-linking with an 02

isocyanate. In comparison withs§s 30OH-Cg is more soluble in 0l

common organic solvents, such as tetrahydrofuran (THF), toluene, 0.2 . . . . . . ; ; ;

andN N'dimethylformamide. 280 430 580 730 880 1030 1180 1330 1480 1630
Two commercially available triisocyanate&ylP andP-NCO, Wavelength (nm)

were used in the prepolymer formulation wB®H-Cgo (Scheme Figure 1. Absorption spectra of &PU film a (30 um), film b (10 um),
1). Both filmsa andb contain 25 wt % 0BOH-Cg (or 19.1 wt % 30H-Cgp in THF (5.3 x 1074 M), and Gy in toluene (1.0x 10-5 M).
of Cg). Several processing factors are important to obtain high-

o7 - . The nonlinear refractive index or Kerr coefficienty) and
quality films for x® measurement (see experimental details in the

nonlinear absorption coefficienf) for the Go-PU films were
 Carleton University. measured by using the Z-scan technique with a laser pulse of 3.3
* University of Toronto. ps operating in the wavelength range of 133600 nm at a
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wavelength interval of 50 nm. The Z-scan setup and data interpreta-times, which could be due to the presence of different dipolar
tion can be found elsewhefeAt 1550 nm, no valley or peak in  domains or local field effects in the films caused by structurally
the open-aperture curve is observed for fénindicating that no different TMP and P-NCO.

nonlinear absorption exists (¢ = 0). Its Kerr coefficientn, is
measured to be positive, (2400.6) x 103 cnm?/GW. For polymer
film b, then, value is (3.7+ 0.8) x 10~ cm?GW and thes value

Table 1. Comparison of Third-Order Optical Nonlinearity of
Ces0-PU Films with Other Cgo Materials?

is essentially zero by similar measurement and theoretical fittings. . 1 esu
R . . . . . . materials [ND] (wavelength) y,esu
Considering the two figures of merit for potential device applica- —— " p
tions, W = nul/agl and T = BA/n,, wherel is the intensity of the ﬁj‘);f'fg%r)ﬁx' 1049 ag;nln% 3.7x 107
inciden_t Iight_,qo is one-photon absgrption, ands the wavelength Ce(;* solutiorfab N/A 24 % 10°33
of the light, it is necessary to achieWé > 1 andT < 1 for any [(0.8-2.7) x 10'9 (452)
materials to be practically useful for all-optical switching. Because Ceo(NHzglg)s solutiorp¢ 5.8x 10714 1.0x 1073
the Gi-PU films exhibit negligible one-photon absorptio (18x1 (830 nm)
Go . 9'g P ptiono] Cso-silane sot-gePd 14x 1018 not available
throughout the region of 11501600 nm, theW value should be
. . ) ) [9.6 x 104 (820 nm)
ideal, that isW > 1. TheT value near 1150 nm is marginal due Coo-PSt solutioff 1.1x 10°12 6.6 x 10-32
to a nonlinear absorption at the wavelengths near 1150 nm, but [3.9 x 109 (800 nm)
satisfactory near 1550 nm. Thereforg-®U materials are deemed [01603 f”mfo"21] (91-25010;2 4.3x 1073
. . . . 3 x nm
to be suitable for device applications at the NIR wavelengths. ConPU film a 97 x 10-11 96x 10-%
25 [1.9 x 10%(this work)] (1550 nm)
NS : :?:{bﬂ(f;]] aND = number density of g moiety (cnT3). PSt= polystyrene.
o~ 2.0} 1| ]
,,E b In conclusion, very large, ultrafast nonresonant third-order
e 15[ ] nonlinearity in the NIR region and specifically at 1550 nm was
x 3 demonstrated with cross-linkedg¢PU films. The availability of a
L I . . . .
23 1.0 ] wide range of functionalized 4 and Go/polymer formulations
E : opens a viable route to further development of suitable materials
£ o5k h for all-optical switching devices.
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Figure 2. Spectra of real part Rgf)] and imaginary part Im{®)] of the

Supporting Information Available: Experimental details, IR
third-order NLO susceptibility of filma. PP g P '

spectra, and picture of free-standing filan(PDF). This material is

The 4® of polymer films constitutes two parts: the real part available free of charge via the Internet at http://pubs.acs.org.
(Re[x®)]) and imaginary part (Im{®)]) that are related to, andg,

respectively. The spectra of (R&]]) and (Im[®)) of film a derived
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