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Ultrafast nonresonant third-order optical nonlinearity of fullerene-
containing polyurethane films at telecommunication wavelengths
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High-optical-quality polyurethane films containing a high load of~60!fullerene (C60) were prepared
by reaction of the hydroxy-containing C60 and triisocyanate with the goal of obtaining enhanced
nonresonant third-order optical nonlinearity. Optical nonlinearity was measured using the Z-scan
technique in the wavelength range 1150–1600 nm. This revealed a positive Kerr coefficient with
nonresonant n2 equal to 2.0(60.6)31023 cm2/GW and excellent linear-absorption and
nonlinear-absorption figures of merit at 1550 nm. The technique reported herein is a new approach
to obtain fullerene films with the capacity to realize a high number density of C60 moieties. These
resulted in more than 2 orders of enhancement in the third-order susceptibility over recently reported
C60 sol and gel, and an enlarged second-order hyperpolarizability resulting from further enhanced
charge transfer processes. ©2003 American Institute of Physics.@DOI: 10.1063/1.1609660#
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Third-order nonlinear optical~NLO! phenomena of con
jugated organic compounds and polymers are of great in
est in optical switching and signal processing for their la
optical nonlinearity and fast response time.1–6 However, few
organic materials reported to date provide suitable nonlin
ity ~large nonresonant nonlinearity with response time of
coseconds or less! in the near infrared region.

The nonlinear refractive indexn2 (n5n01n2I , where
n0 is the linear part of the refractive index andI the incident
intensity! may be enhanced through one- or two-photon re
nant transitions. These are accessed when the absor
peak wavelength of the material lies sufficiently close to o
or half of the operating wavelength. However, this reson
enhancement ofn2 is accompanied by optical loss due
absorption, described bya5a01bI , wherea0 is the linear
absorption coefficient andb is the nonlinear absorption co
efficient. The NLO efficiency/transparency tradeoff (n2 /a)
at a specific wavelength is therefore of primary importan
for assessing the suitability of a material for use in a dev
This parameter is usually evaluated through two figures
merit: W5n2I /a0l and T5bl/n2 . According to the re-
quirements mentioned above, it is necessary to achievW
@1 andT!1.

Fullerenes~e.g., C60), a class of highly conjugated com
pounds, have attracted considerable research interest for
large and fast optical nonlinearities.7–12 Owing to the large
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activity of C60 molecules with an abundance of delocalizedp
electrons, the synthesis of chemically modified C60 deriva-
tives has been used to improve the solubility of C60 in solu-
tion with the hope of achieving a strong NLO response.8,9,12

Previous research has been performed on C60 in solution.
The nonlinear optical properties of fullerenes and their
rivatives in solid-state films have not been well studied d
to the difficulties in obtaining homogeneously mixe
fullerene molecules in a matrix.10–12

In this study, a high-quality film of crosslinked polyure
thane containing a high content of covalently bonded C60 is
studied using the Z-scan technique. The material was
signed to achieve significant charge transfer with a high60

concentration while retaining the highly delocalizedp elec-
trons of C60 and good film-forming ability. This article re
ports on the third-order optical nonlinearity of fullerene d
rivatives cast into films in the wavelength range of 115
1600mm.

Trihydroxyl-containing C60 (3OH–C60) was prepared
with high yield and characterized by IR and UV-Vis-NI
spectroscopic methods.13 The hydroxyl groups in 3OH–C60

can react with a triisocyanate compound, resulting in
crosslinked C60-containing polyurethane system~Fig. 1!.
Film formation and subsequent thermal cure were carried
as follows: 0.06 g of TMP~a triisocyanate derived from tri
methylolpropane and xylylene diisocyanate! was mixed with
0.02 g of 3OH–C60 in 0.3 mL of 1-methyl-2-pyrolidinone
~NMP! at room temperature resulting in a 3OH–C60 concen-
tration of 25 wt %~19.1 wt % for C60 moieties!. After filter-
ing through a microfilter~pore size: 0.2mm!, the solution

ss:
n-
-
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was cast on glass plates. After drying overnight at 50
under a nitrogen flow, the films were cured through the f
lowing heating steps: 1 h at 120 °C, 1 h at 160 °C, andthen
30 min at 210 °C. comparison of the absorption spectra
the film ~thickness of 29.54mm! and pristine C60 ~Aldrich,
99.5%! in toluene in the visible and near-infrared regio
shows that the film possesses a broader absorption peak
a tail close to 700 nm while the pristine C60 in solution
absorbs within the range of 270–400 nm. It is known th
C60 derivatives show weak or no characteristic absorpt
(lmax 330 nm! of pristine C60, depending on the degree o
substitution.14

The tunable laser for the measurement came from a
cosecond Ti:sapphire amplified system with an optical pa
metric amplifier ~Fig. 3!, which produced output at pulse
width 3.3 ps and repetition rate 1 kHz. The description of
laser system and the measuremnet can be fo
elsewhere.15–17Figure 2 shows the spectra ofn2 andb in the
wavelength range 1150–1600 nm measured consecutive
a wavelength interval of 50 nm. At 1550 nm, the ope
aperture curve does not show any valley or peak indica
that no nonlinear absorption exists (b50). Fitting withDF0

andz0 as variables yieldsDF050.43 andz051.2 mm. Fol-
lowing the relationDF052pDnLeff /l, it is possible to ob-
tain the refractive index change at the focal pointDn53.6
31023 and Kerr coefficient n252.0(60.6)
31023 cm2/GW. In this wavelength region, then2 values
lie between (1.6 and 2.4)31023 cm2/GW while theb val-
ues decrease from about 20 cm/GW near 1150 nm to es

FIG. 1. Hydroxy-containing C60 (3OH–C60) and triisocyanate~TMP! used
for preparation of crosslinked C60-containing polyurethane films.

FIG. 2. Spectra of nonlinear refractive indexn2 and nonlinear absorptionb
of the film in the wavelength range of 1150–1600 nm. The inset shows
spectrum of the figure of meritT in the corresponding wavelength rang
Solid lines are the viewing guides.
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tially zero at wavelengths above 1400 nm. Nonlinear abso
tion in the wavelength range 1150–1400 nm is attributable
multiphoton processes. Since the material exhibits neglig
one-photon absorptiona0 throughout this infrared region
the W values are ideal, i.e.,W@1. Due to nonlinear absorp
tion at the wavelengths near 1150 nm, theT values near 1150
nm are marginal. However,T values are satisfactory nea
1550 nm~see inset in Fig. 2!.

The nonlinear refractive index and nonlinear absorpt
coefficient are related to the real part (Re@x(3)#) and imagi-
nary part (Im@x(3)#) of the third-order nonlinear optical sus
ceptibility through the equations2,17

Im@x (3)#5
2«0c2n0

2

3v
b, ~1!

Re@x (3)#5«0cn0
2n2 , ~2!

x (3)5Re@x (3)#1 i Im@x (3)#, ~3!

wherec is the speed of light in vacuum, and«0 is the per-
mittivity of free space.n2 , b, andx (3) in these equations ar
in SI units with the units of m2 W21, m/W, and m2 V22,
respectively. The calculatedx (3) values, mostly contributed
from Re@x(3)#, fall in the range of (1.13– 1.54)
310218 m2 V22 with a value of 1.36310218 m2 V22 (9.74
310211 esu) at 1550 nm.

The molecular second-order hyperpolarizabilityg in iso-
tropic media is related tox (3) by

g5
x (3)

NL
, ~4!

whereN is the number density of the molecule, andL is the
local field correction factor, expressed as@(n212)/3#4 under
the Lorentz–Lorenz approximation with the refractive ind
n. Using Eq.~4!, we may estimate the value ofg for C60

moieties. From the measured refractive index of 1.60 and
calculated number density of 1.931020 cm23, the g value
for the C60 moieties in our sample is;9.6310232 esu at
1550 nm, which is 2.7 times theg value of
C60@(NH2)2CNCN#5 solution (3.5310232 esu) and 9.6
times the value of C60(NH2CN)5 solutions (1.0
310232 esu).9

Since C60 possesses regularly alternated hexagonal
pentagonal rings and poorly delocalized symmetric dou
bonds, its highly symmetric structure blocks most of tran
tion pathways from the ground state to the excited states
breaking double bonds and attaching an electron do
group, the C60 derivatives, with the alternated electron sym
metry of C60 molecules by the introduced electrons, sho
prominent enhancement on the optical nonlinearity, as co
pared with pristine C60. The mechanism for the significan
enhancement in our case is believed to be due to a st
charge transfer process in which C60 moiety acts as an elec
tron acceptor and the substitute group or polymeric h
serves as an electron donor. Reported techniques on th
corporation of C60 in solid state have been mainly focused
the doping into glasses or sol-gel techniques. However,
stricted by crack formation at higher C60 concentration
(;0.1 wt %), the feasible doping levels reported were qu
low (0.01– 0.1 wt %).11 The successful incorporation o
large amount~19.1 wt %! of C60 moieties into a highly

e
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TABLE I. Comparison of third-order optical nonlinearity of C60-containing polyurethane film in this study with previous studies on C60 derivatives.

Reference and
measurement
wavelength Material Concentration

Number
density
(cm23)

x (3)

~esu!
g

~esu!

Ref. 8
(;452 nm)

Neutral species solution 7–27 mM (4.2– 16.2)31018

~ca.!
,5.8310215 ,3.7(61.5)310235

~ca.!
Anionic C60 solution 1.3–4.5 mM (0.8– 2.7)31018

~ca.!
— 2.4(61.0)310233

Ref. 9
~830 nm!

C60(NH2CN)5 solution 3 mM 1.831018 ~ca.! 5.8310214 1.0310232

C60@(NH2)2CNCN#5 solution 1.0 mM 6.031017 ~ca.! 6.8310214 3.5310232

Ref. 12
~820 nm!

C60-silane sol 1.6 mM 9.631017 ~ca.! 1.4310213 —
C60-silane gel 1.6 mM 9.631017 ~ca.! 1.6310213 —

This study
~1550 nm!

Crosslinked C60-
polyurethane film

19.1 wt % 1.931020 9.7310211 9.6310232

~ca.!, data calculated from the information in the references; —, data unavailable.
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crosslinked polymeric system achieving a high number d
sity of C60 moieties is crucial to realize the significant in
crease ofx (3) values in this study over those of charg
transferred C60 reported elsewhere.7–12 A comparison of the
third-order optical nonlinearity obtained in this study wi
previous studies is given in Table I. It is shown that thex (3)

value of C60-containing polyurethane film herein provides
more than 2 orders of magnitude enhancement over rece
reported C60–siliane sol and gel. The discrepancy in the v
ues ofg between our measurements and those reported
viously comes mainly from the different behaviors of ele
tron donors, which result in the different extents of t
charge transfer processes. It was reported that it is pos
for the magnitude ofx (3) for C60 with different electron do-
nors to vary near one order magnitude.12 One of the starting
materials (3OH–C60) in our synthesis before crosslinkin
process was trihydroxyl-containing C60, which was a charge
transfer C60 complex with similar molecular structures as t
charge transfer C60 complexes reported previously. Ou
crosslinking process is a new technique, which realize
high number density of C60 moieties, further enhance th
charge transfer processes of the materials, and rende
possibility to fabricate high-quality uniform films. We be
lieve the enhanced charge transfer processes with cross
ing in this study accounts for the enhancement ofg values.
Our results confirmed some foresights of Lascolaet al. that
C60

2 x (3) can be optimized by derivatization, choice of matr
and reduction to lower valence states, and charged fullere
can have bulk nonlinearities that are comparable to the
organic materials,8 for example, polydiacetylene-based pol
mer PTS (p-toluene sulfonate! (x (3)55310210 esu)18 and
recently reported single-crystal PTS@n252.2(60.3)
310212;5(61)310212 cm2/W#.6,19

In summary, third-order optical nonlinearity of conju
gated crosslinked C60-containing polyurethane films with th
enhancement of nonlinearity by the charge transfer proce
investigated and found to possess ultrafast nonresonant
linearity around 1550 nm with excellent figures of mer
Molecular engineering is effective in manipulating the op
cal properties of the materials and overcoming the low so
bility of pristine C60 to fabricate high-quality films with high
number density of C60 moieties. It results in large third-orde
Downloaded 09 Sep 2003 to 134.117.128.24. Redistribution subject to A
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susceptibility and the second-order hyperpolarizability fro
the enhanced charge transfer processes via crosslinking.
spectral dependence of the third-order optical nonlinea
over a wide infrared wavelength range informs structu
property relationships,20 and in the range 1300–1600 nm,
pertinent to applications in optical signal processing in co
munication systems.
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