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Optical limiting properties ofert-butyl methano[60]fullerene carboxylate were investigated systematically

in room-temperature solution at a series of concentrations while the linear transmittance of the solution at
532 nm was kept constant. The results are compared with those of [60]fullereeo@ined under the

same experimental conditions. For botg @nd the methano-<gderivative, optical limiting responses toward

the second harmonic of a Q-switched Nd:YAG nanosecond pulsed laser at 532 nm are strongly dependent on
the fullerene solution concentrations. The concentration dependence is not related to any special optical effects
because the results of chloroaluminum phthalocyanine as a reference in the optical limiting experiments show
no such dependence. Instead, the strong concentration dependence in the optical limiting performance of
fullerenes in solution is likely due to concentration effects on optical limiting contributions that are associated
with bimolecular excited-state processes in the fullerenes. For an examination of the medium viscosity
dependence of the bimolecular excited-state processes, optical limiting responses of the mgttianeatve

in highly viscous nonreactive solvenpolymer blends were determined and compared with those in solution

at the same linear transmittances. The optical limiting responses are significantly weaker in the highly viscous
media, consistent with medium viscosity effects on diffusional or pseudodiffusional bimolecular excited-
state processes. Also consistent with such effects are the results that optical limiting responses of the methano-
Ceo derivative in poly(methyl methacrylate) polymer films are much weaker than those in room-temperature
solution. A reverse saturable absorption mechanism that includes both unimolecular and bimolecular (self-
quenching and triplettriplet annihilation) excited-state processes of fullerenes is proposed. A consistent
understanding of the optical limiting properties of fullerenes in room-temperature solution (including the
strong concentration dependence), in a highly viscous sehmatymer blend, and in polymer film is discussed

within a single mechanistic framework.

Introduction

The development of modern optical technology for all-optical,
electro-optical, acousto-optical, and optomechanical devices
demands the ability to control the intensity of light in a
predetermined and predictable manhérThere is great current
interest in organic and inorganic nonlinear optical materials for
potential optical switching and passive-mode optical limiting
applications. An ideal optical limiter exhibits linear transmission
below a certain input_ light fluence threshold, but above _the Figure 1. Five-level reverse saturable absorption model.
threshold, the output light fluence becomes constant at a fixed
level2 Among the most promising optical limiters under active to be concentration independent, though the experimental results
investigations are materials showing strong nonlinear absorp-on which the report was based apparently contain large
tions, which are commonly referred to as reverse saturable uncertaintied® For G5 in room-temperature toluene solution,
absorberd-7 The primary mechanism for the nonlinear absorp- MclLean et al. used a five-level model for reverse saturable
tive optical limiting is a large ratio of excited-state to ground- absorption (Figure 1) to correlate the observed optical limiting
state absorption cross sections. Thus, potent reverse saturableesponses with the ground- and excited-state absorption cross
absorbers are typically molecules with weak ground-state sections of Go.° Similar correlations were performed by several

absorptions, such as metallophthalocyanfifesjixed metal other groupd212 For optical limiting toward a nanosecond
complexes and clustefsand fullereneg.>-2! pulsed laser at 532 nm, it was conclul¢lat the Go results
Since Tutt and Kost first reportéthat [60]fullerene (Go) in in room-temperature toluene solution follow the five-level model

toluene solution is an excellent optical limiter toward a for input light fluences of up te~1 J/cn? and that the optical
nanosecond pulsed Nd:YAG laser at 532 nm, there have beenlimiting is due predominantly to the strong triptetriplet
extensive investigations of fullerene optical limiting properies. absorption of G. Despite the excellent correlation of experi-
The optical limiting performance ofdgin solution was reported ~ mental optical limiting results with the five-level model (Figure
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1),21213which may be regarded as strong evidence for reverse
saturable absorption, mechanistic details on the optical limiting
properties of fullerenes remain a subject of debate. Significant

contributions from other nonlinear optical processes, such as NN
nonlinear scattering?! have been suggested. Important ex- @:(«NI\LIAN&Q
perimental evidence for possible contributions from mechanisms | §
other than reverse saturable absorption includes the observation N NN

that the optical limiting performance of fullerenes in solid
matrixes is rather different from that in solutiéfi?* For
example, it was reported that the optical limiting responses of
Ceo dispersed in a poly(methyl methacrylate) (PMMA) matrix I I
are much weaker than those in room-temperature toluene
solution?! The dramatic difference in the optical limiting
performance of g from solution to PMMA matrix cannot be
attributed to changes in the nonlinear absorptive behavior
because the ground-state and tripigiplet transient absorption
spectra of G in PMMA polymer film are similar to those in
room-temperature toluene solutifd. Thus, it is a strong
possibility that the optical limiting properties ok§in solution
and in solid matrix are in fact dominated by different mecha-
nisms or mechanistic processes.

Here, we report a systematic investigation of the optical
limiting properties of G andtert-butyl methano-g carboxylate
in room-temperature toluene solutions of different concentrations
(a variation of 2 orders of magnitude), in PMMA polymer films,
and in highly viscous solventpolymer blends. Chloroaluminum
phthalocyanine was used as a reference for optical limiting
measurements under the same experimental conditions as thos
used for the fullerenes. The results show that the optical limiting

responses of bothggand the methano-g derivative in room- . L '
. repetition). The probing light source is a 450 W xenon arc lam
temperature solution toward nanosecond laser pulses at 532 nn%hfough a)waterpfilter gng a mechanical shutter from VincenFt)

are strongly dependent on the fullerene solution Concentraﬂons’Associates, which is synchronized with the laser excitation pulse

which suggests significant optical limiting contributions that are by use of a timing control unit made in house. The wavelength

related to bimolecular excited-state processes of the fullerenes. T
The results also show that the optical limiting performance of of probing light is selected through a Spex 16818 monochro-

the fullerenes is significantly affected by changes in the medium mator. The detector consists of a Hamamatsu R928 phptomul-
. . . ; . tiplier tube, a Stanford Research Systems SR455 amplifier, and
viscosity, which may be understood in terms of medium

viscosity effects on bimolecular excited-state processes that are® Tektronix TDS-350 digital oscilloscope interfaced to a

e e . o ersonal computer. In transient absorption measurements, the
diffusional or pseudodiffusional in nature. Mechanistic implica- P P P

. h - signals were averaged over 250 laser shots to improve the signal-
tions of the experimental results are discussed, and a reverse “ . ise ratio

saturable absorption model that consistently accounts for the The experimental setuo for optical limiting measurements
optical limiting properties of fullerenes in both solution and a . P . p for op niting i

: P consists of a Continuum Surelite-1 Q-switched Nd:YAG laser
solid matrix is proposed. . . .

operated in the single-shot mode. The second harmonic from

Experimental Section frequency doubling the infrared fundamental is isolated by use
of the Surelite harmonic separation package. The laser beam is
(purity >99.5%). The sample purity was checked by this collimated, with the maximum energy of 160 mJ/pulse at 532

absorption,3C NMR, and matrix-assisted laser desorption "M and a5 ngulse width (fwhm). The laser pulse energy is
ionization time-of-flight (MALDI-TOF) MS methods, and the varied in the range of 10160 mJ/pulse using a waveplate
sample was used without further purification. The methano- polarizer combination. With the laser beam diameter of 6 mm,

Ceoderivativel was prepared by use of the reaction @ @ith the corresponding .input energy densities for opticall limiting
the stabilized sulfonium ylid&2?Briefly, the one-pot prepara- ~ Meéasurements are in the range of 0:88%57 J/cn. For higher

tion was carried out under a phase-transfer condition. A toluene €N€rgy densities of up to 2.2 J/énthe laser beam diameter is
solution of G, tert-butyl bromoacetate sulfonium salts€Os, reduced to 3 mm using a galilean style telescope, which con5|st.s
and the phase-transfer catalyst tetrabutylammonium bromide©f @ Planoconcave lens and a planoconvex lens. The detector is
(TBAB) was mixed and reacted at room temperature. The a Scientech Mentor MC2501 calorimeter controlled by a

stabilized sulfonium ylide generated in situ due to the depro- Scientech _MDlO r_nete_r. _F_or solution samples of dif_ferent
tonation of the sulfonium salt by 4COs under the catalysis of ~ concentrations, optical limiting measurements were carried out

TBAB undergoes nucleophilic addition tos& followed by using cuvettes of differen_t optical _path _Iengths. The film samples
intramolecular substitution to form the methang,Gerivative ~ Were measured by placing the films in a polyethylene sample
I with a simultaneous elimination of dimethyl sulfide. The holder on a fixed stand.
compoundl was positively identified by NMR and MALDI-
TOF MS methods.

Chloroaluminum phthalocyanind was purchased from Ground-State Absorption. The ground-state absorption
Exciton Inc. and used without further purification. Poly(methyl spectrum of the methanosgderivativel in toluene at room

methacrylate) (PMMA) polymer of average molecular weight
My of ~315 000 was purchased from Acros Organics, and poly-
(propionylethyleneimine) (PPEI) polymer of average molecular
weight M,, of ~500 000 was purchased from Aldrich. Both
polymer samples were used as received. Spectrophotometry
grade toluene and chloroform were obtained from Burdick &
Jackson, and dimethylformamide (DMF) was obtained from
Mallinckrodt. The solvents were used as received.
Measurements. Absorption spectra were recorded on a
computer-controlled Shimadzu UV2101-PC spectrophotometer.
Solution samples were measured in glass or quartz cuvettes,
and the results were corrected for surface losses. Absorption
spectra of free-standing polymer films were measured by placing
the films in a polyethylene sample holder on a fixed stand.
Triplet—triplet transient absorption spectra were obtained
sing a laser flash photolysis setup. The excitation source of
e setup is the third harmonic from a Continuum Surelite-I
Q-switched Nd:YAG laser (355 nm, 4 ns pulse width, 10 Hz

Materials. Cgo was obtained from Southern Chemical Group

Results
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Figure 2. Absorption spectra of the methango@erivativel in room-
temperature toluene—(—), toluene-PMMA (-+-), and chloroform-
PPEI (---) polymer blends and thin (---) and thick-f PMMA polymer

films. The spectrum of £ in toluene (-+) is also shown for comparison.
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Figure 3. Triplet—triplet absorption spectrum of the methang-C
derivative @) is compared with those ofgg(a) this work and Q) ref

26).

temperature (22C) is shown in Figure 2. The spectrum is
noticeably different from that of §. The weak absorption band

at ~695 nm is characteristic of dg derivatives’® At 532 nm,
the molar absorptivity of the derivative is 1250 &tm™ (cross
sectionog of 4.78 x 10718 cn?), larger than that of € (940
M~1 cm™, cross sectiowg of 3.59 x 10718 cnp).

Excited Triplet-State Absorption. Triplet—triplet absorption
spectra were measured using the nanosecond laser flash phooyt values of the derivative are plotted against those gfe®
tolysis method. Sample solutions for the measurements werethe samel|y values. The plot is close to the 45 degree line,
carefully degassed under high vacuumq&.0~° Torr) with up
to 14 freeze-pump-thaw cycles. For calibration, the triptet

triplet absorption spectrum ofggin room-temperature toluene
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Figure 4. Optical limiting responses of & and the methano+
derivativel in room-temperature toluene solutions of 55%¢@); |

(O)) and 70% (Go (V); | (O)) linear transmittances at 532 nm. Shown
in the inset is a plot of the output light fluences for the derivative vs
those for Gp at the same input light fluences and the same linear
transmittance of 70% at 532 nm.

used in the measurement. The tripl&iplet absorption spectrum
of the derivative has a profile similar to that ogg-but it is
blue shifted~25 nm. The spectrum is similar to triptetriplet
absorption spectra of other methangy@erivatives?>27 In
general, the triplettriplet absorption of the derivativé is
weaker than that of & (Figure 3). The molar absorptivities at
the spectral maxima arel12 200 Mt cm™ (cross sectiomr
of 4.67 x 10717 cm?) at 720 nm for the derivativeand~19 500
M~1 cm (cross sectiomrr of 7.46 x 10717 cn?) at 745 nm
for Cgo in room-temperature toluer?&2” However, at 532 nm,
the triplet-triplet absorptivities of the derivativieand G are
comparable, on the order of 4200 Mcm™ (cross sectiom
of 1.6 x 10717 cmp).26:27

Optical Limiting in Solution, Derivative vs C go. Optical
limiting properties of the methanogg derivative | were
investigated to compare the results with those gf Shown in
Figure 4 are optical limiting responses of the derivative in
toluene solutions of 55% and 70% linear transmittances in a
cuvette wih a 2 mmoptical path length. The output fluences
(louT) are first linear with input fluenced,{) and then level
off and reach a plateau at high input fluences (Figure 4). The
saturatedoyr values at the plateau are 0.06 and 0.11 3fom
solutions (2 mm optical path length) of 55% and 70% linear
transmittances, respectively. The results are the same as those
of other methano-§ derivative$*a¢ and similar to those of
the parent & in room-temperature toluene (Figure 4). Shown
in the inset of Figure 4 is a more direct comparison of the optical
limiting results between the derivative and the parest The

indicating close similarity in optical limiting responses between
the methano-gp derivativel and the parent &.
Optical Limiting in Solution, Concentration Dependence.

was recorded and compared with the spectrum reported in theThe optical limiting responses of the methangy@erivativel
literature?2a® As shown in Figure 3, the agreement with the were measured systematically in a series of toluene solutions
literature result is excellent.
For the methano-gg derivativel, a toluene solution with an
optical density of~1 at the excitation wavelength 355 nm was from 1 to 100 mm were used. At a constant linear transmittance

of different concentrations. To keep the linear transmittance
constant, a series of cuvettes with different optical path lengths
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Figure 5. Optical limiting responses of (a) the methangr-@erivative
I and (b) Go in toluene and (c) chloroaluminum phthalocyanihen
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TABLE 1: Optical Limiting Properties of C 4 and the
Methano-Cg Derivative | in Solution and in Highly Viscous
Solvent-Polymer Blends

I T lout
c (M) solvent (mmp (532 nm) (Jcn?)P  T/TeP
Ceo
3.28x 10°° toluene 50 70% 0.23 0.34
1.64x 10* toluene 10 70% 0.12 0.17
8.19x 10* toluene 2 70% 0.1 0.14
Methano-Gy Derivative

1.23x 10°° toluene 100 70% 0.30 0.44
2.46x 105 toluene 50 70% 0.3 0.43
6.16x 10> toluene 20 70% 0.18 0.26
1.23x 10* toluene 10 70% 0.17 0.24
6.16x 10*  toluene 2 70% 0.11 0.16
1.23x 103  toluene 1 70% 0.1 0.14
5.92x 104°¢ tol-PMMAd 2 71% 0.17 0.24
5.92x 10* toluene 2 71% 0.14 0.2
1.04x 103¢ tol-PMMA® 2 55% 0.09 0.16
1.04x 10% toluene 2 55% 0.07 0.13
6.4x 104¢ CHChL—PPEf 2 69% 0.16 0.23
6.4x 10 toluene 2 69% 0.1 0.15

aQptical path length® At Iy = 1 J/cn?. ¢Estimated with the
assumption of the same molar absorptivity as in tolué@ontains
0.25 g/mL of PMMA.¢ Contains 0.4 g/mL of PMMA' Contains 0.3
g/mL of PPEI.

limiting but reaches no plateau at input fluendégsup to 1.3
Jicn?. The optical limiting responses of the low-concentration
solution are generally much weaker than those of more
concentrated solutions (Figure 5a). However, as the solution
concentration decreases further to 1:2307° M, corresponding
to an even longer optical path length of 100 mm, there are hardly
any further changes in the optical limiting result (Figure 5a,
Table 1).

For comparison, similar experiments were carried out fgr C
solutions of different concentrations. The results g Shown
in Figure 5b are remarkably similar to those of the methano-
Ceo derivativel . At a constant linear transmittance of 70%, for
example, the € solution in toluene of 8.2x 107* M
concentration (2 mm optical path length) exhibits strong optical
limiting, reaching a plateau at aj of ~0.35 J/cm and having

DMF at room temperature. At a constant linear transmittance of 70% a saturatedour value of ~0.1 J/cmd (Figure 5b, Table 1).
at 532 nm, the solution concentration decreases with the optical path However, the more dilute 4 solution of 1.6 x 1074 M

length ©) 1 mm, @) 2 mm, @) 10 mm, () 20 mm, () 50 mm, and
(®) 100 mm).

concentration (10 mm optical path length) again shows a plateau
with a higher saturatethyr value of~0.12 J/cm (Figure 5b,
Table 1). At an even lower & concentration of 3.3 107> M

of 70%, solution concentrations were varied over 2 orders of (optical path length of 50 mm), there is no optical limiting

maghnitude, from 1.23 1075to 1.23x 10°3 M. As shown in

plateau at input light fluences up to 1.3 JkrThe optical

Figure 5a, the optical limiting results are clearly dependent on limiting responses of the dilutesgsolution are in general much
solution concentrations, with the changes particularly dramatic \yeaker than those of the more concentratggsBlutions, similar

in the 2.46x 107510 6.16 x 107> M concentration range. At
the highest concentration under consideration, k283 M,

a cuvette with an optical path length of 1 mm was used. The

to that observed for the methanggGlerivativel (Figure 5a,b,
Table 1).
Optical Limiting in Solvent —Polymer Blends. For an

concentrated solution exhibits strong optical limiting responses, examination of medium viscosity effects on optical limiting

reaching a plateau at aj of ~0.35 J/cm. The saturatetbyr
value at the plateau is‘0.1 J/cnd (Figure 5a, Table 1). For

performance, highly viscous solutions of the methare-C
derivativel in toluene-PMMA polymerl,, ~ 315 000) blends

solutions of lower concentrations, optical cells of longer path \ere prepared. The polymer blends, which contain 628
lengths were used in the measurements. While the result forg/mL of PMMA polymer, serve as media of variable viscosities

the solution of 6.16x 1074 M (2 mm optical path length) is
only slightly different from that of the most concentrated
solution, the results of more dilute solutions (1.2310~* and
6.16 x 107> M with optical path lengths of 10 and 20 mm,
respectively) are very different, with significantly larger satu-
ratedl oyt values (Figure 5a, Table 1). At an even lower solution
concentration of 2.46< 1075 M, corresponding to a longer
optical path length of 50 mm, the solution exhibits optical

that are between those of room-temperature toluene solution
and PMMA film. The absorption spectrum of the methang-C
derivativel in toluene-PMMA polymer blends is essentially
the same as that in room-temperature toluene solution (Figure
2). Optical limiting responses of the derivative in toluene
PMMA polymer blends were measured in a cuvette of 2 mm
optical path length. As shown in Figure 6, the derivative exhibits
noticeably weaker optical limiting responses in the highly
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Figure 6. Optical limiting responses of the methang,@erivativel T=80%
in highly viscous toluene PMMA polymer blends®) with 0.25 g/mL —_
PMMA at 71% linear transmittance and 0.4 g/mL at 55% linear NE 0.3 | A 7
transmittance are compared with those in toluene solutioh®f the © o
same linear transmittances. } . A
z S8
viscous toluene PMMA blends with 0.25-0.4 g/mL of PMMA 5 02r Oo60 .
polymer than in room-temperature solution. For the highly ° oA
viscous solution of the derivative at 71% linear transmittance, 2 v
the saturatetibyt value at the optical limiting plateau i80.17 5 o1 L »,.0 i
Jlen?, which is ~20% higher than that for the derivative in B "b%
room-temperature toluene solution of the same linear transmit- éo
tance (Figure 6a, Table 1). A similar comparison at 55% linear
transmittance is shown in Figure 6b. The results suggest that 0o & | I |
0.0 0.2 0.4 0.6 0.8

the optical limiting responses of the methangyGerivativel
become significantly weaker in the presence of large quantities
of PMMA polymer in toluene.

To rule out the possibility of any specific interactions between Figure 8. Optical limiting responses of the methanes@erivativel
the methano-6 derivativel and PMMA polymer, a highly l[n thln. (©) and thick @) PMMA polymer films of 80% linear

. . . ransmittance.
viscous blend of poly(propionylethyleneimine) (PPEI) polymer
in chloroform was also used. The absorption spectrum of the wafer or a glass lantern slide. The thin films thus prepared are
methano-G derivativel in the chloroform-PPEI polymer blend  optically transparent. The absorption spectrum of the derivative
is again essentially the same as that in room-temperature solutionn thin PMMA films is similar to that in room-temperature
(Figure 2). Optical limiting responses of the derivative in the solution (Figure 2). As a background reference, a blank PMMA
polymer blend containing 0.3 g/mL PPEI polymevl{ ~ polymer thin film was prepared in a similar fashion through
500 000) were determined in a cuvette of 2 mm optical path spin-casting. The damage threshold of the blank thin film toward
length. The result is compared with that of the derivative in nanosecond pulsed laser radiation at 532 nm is higher than 1.2
room-temperature chloroform solution in Figure 7. At 69% J/cn?, consistent with the literature resufisHowever, the thin
linear transmittance, the saturatéslr value at the optical  films containing the methanoggderivativel are more fragile
limiting plateau is significantly higher for the derivative in the  toward the pulsed laser radiation, with a damage threshold of
chloroform-PPEI polymer blend than in room-temperature only ~0.6 J/cnd. Optical limiting responses of the derivative
chloroform solution (Figure 7, Table 1). Again, the optical ijn PMMA polymer thin films were measured. As shown in
limiting responses of the methanadClerivativel are signifi- Figure 8 for the thin film of 80% linear transmittance at 532
cantly weaker in the highly viscous solution containing large nm, the optical limiting responses are much weaker than those
quantities of high molecular weight PPEI polymer. of the derivative in room-temperature toluene solution.

Optical Limiting in Polymer Films. Optical limiting proper- Thick PMMA polymer films (0.4 mm) containing the
ties of the methano+g derivativel in PMMA polymer films methano-G derivativel have a much improved laser damage
were investigated systematically. Thin PMMA films@.1 mm) threshold. In the film preparation, a concentrated toluene solution
were prepared through spin-casting a highly viscous solution of the derivative was mixed with a toluer® MMA polymer
of the derivative in toluenePMMA polymer blend on a silicon blend to yield a highly viscous reddish-brown solution. The

2
Fluence In (J/cm’)
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TABLE 2: Optical Limiting Properties of the Methano-C ¢

0.8 - T T
I I I I Derivative | in Thick PMMA Polymer Films ( ~0.4 mm) and
06 L T=79%, in Toluene Solution
: 7 T T=62%." | X
o o medium T (532 nm) lout (J/cn?)? TITe
0.4 I T . PMMA film 79% 0.50 0.63
pNe toluene 79% 0.16 0.20
0.2+ 9 4 o © qQ PMMA film 62% 0.23 0.37
. & A PMMA film 48% 0.12 0.25
o 0.0 , L L , PMMA film 44% 0.10 0.23
g ) T ' b ' toluene 44% 0.04 0.09
B) H . PMMA film 27% 0.04 0.15
> / T=48% - T=44% 1 PMMA film 22% 0.03 0.14
~ ; o O K toluene 22% 0.01 0.05
S o4l S 1 o A PMMA film 15% 0.02 0.13
S ;& ; 0o PMMA film 9% 0.01 0.11
v s L &2 i PMMA film 5% 0.003 0.06
g : 7 & a aAt Iy = 1 Jicnd.
3 1 ! i [l r ] ]
0 0.0 ":' T T 1 ; 1 1 0.12 - : : : :
/ T=22% :
- | T=70%
0.05 -+~ h Lo ]
o o : Mg 009
K o O O o ;
/! o :
o A A A : :: Eﬂmm m] [m]
0.00 . T 5 0.06 - | c o .
0.0 0.3 0.6 0.9 00 0.3 06 0.9 1.2 °© / DUE’ 2 ° ©o
] ! 0e°
2 g A ¢
Fluence In (J/cm ) s ! oo
Figure 9. Optical limiting responses of the methang,@erivativel = 0.03 “."<>8> I
in thick PMMA polymer films ©) are compared with those in toluene %
solutions of the same linear transmittances. ( ;
highly vi luti dded | Id uniforml 0.00 T oe e o
ighly viscous solution was added to a glass mold uniformly 00 02 04 06 08 10 1.2

to allow curing in a dust-free environment in the dark for several
days to ensure a complete removal of the solvent toluene. A
series of fullerene-containing thick PMMA polymer films with  gigure 10. Optical limiting responses of chloroaluminum phthalo-
different linear transmittances at 532 nm were obtained. To cyaninell in room-temperature DMF solutioflj and DMF-PMMA
maintain the same film thickness in the series, the highly viscous polymer blends with PMMA contents of 0.1 g/m} and 0.2 g/mL

solutions for curing were prepared such that they all contain (O).

the same amounts of PMMA polymer and toluene. The linear . o . .
transmittance at 532 nm was varied in the series of thick PMMA suggests that the optical limiting responses are essentially film

films by controlling the fullerene concentration in the highly thickness independent.
viscous PMMA polymer solutions for curing. The laser damage  Chloroaluminum Phthalocyanine. Chloroaluminum phtha-
threshold of the thick films is greater than 1.2 Jfcm locyaninell is an excellent reverse saturable absorptive optical
The absorption spectrum of the methang-@erivativel in limiter.”83b |t was used as a reference for optical limiting
thick PMMA polymer films is essentially the same as that in measurements under the same experimental conditions as those
thin PMMA films and similar to that in room-temperature for Ceo and the methano+<g derivativel. A series of solutions
solution (Figure 2). Shown in Figure 9 are optical limiting results of the phthalocyanindl in dimethylformamide (DMF) at
of the thick films with linear transmittances from 22% to 79% different concentrations from 27 1075to 2.7 x 10~3 M were
at 532 nm. As summarized in Table 2, the optical limiting used in the measurements. With the use of cuvettes of different
responses are rather weak at high linear transmittances butboptical path lengths, the linear transmittance at 532 nm was
become more pronounced in the thick films of lower linear kept constant at 70%. As shown in Figure 5c, optical limiting
transmittances. For example, the film of 44% linear transmit- responses of the phthalocyanitie are hardly dependent on
tance has a saturatégdyr value of ~0.1 J/cni at the optical solution concentrations. The saturatgdr values at the optical
limiting plateau. Also shown in Figure 9 for comparison are limiting plateau are around 0.06 J/&fior all of the chloroalu-
optical limiting responses of the derivative in toluene solutions minum phthalocyanine solutions (Figure 5¢). The result is very
of the same linear transmittances. Obviously, the optical limiting different from those of the methanasCderivativel (Figure
responses are considerably weaker in the thick PMMA polymer 5a) and Go (Figure 5b) solutions.
films than in the corresponding room-temperature toluene  Optical limiting responses of chloroaluminum phthalocyanine
solutions (Table 2). For example, the saturaliggr value at [l in highly viscous DMFPMMA polymer blends were
the optical limiting plateau for the solution of 44% linear measured at 70% linear transmittance at 532 nm. The results
transmittance at 532 nm is onty0.04 J/crA. are compared with those in room-temperature DMF solution
A comparison of the optical limiting properties of the of the same linear transmittance in Figure 10. Unlike the
methano-G derivativel in thin and thick PMMA films of 80% methano-G derivativel, the phthalocyanind exhibits similar
linear transmittance at 532 nm is shown in Figure 8. The result optical limiting responses in the highly viscous polymer blends

2
Fluence In (J/cm’)
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and in room-temperature solution at the same linear transmit-  In the absence of contributions from any bimolecular excited-
tance (Figure 10). Apparently, the optical limiting properties state processes, the optical limiting responses of fullerenes are
of chloroaluminum phthalocyanirié are essentially unaffected often modeled in terms of the five-level reverse saturable
by the presence of large quantities of PMMA polymer in the absorption scheme shown in Figure® IThe fundamental
DMF solution. differential equation for the scheme is written as follows.

Discussion di/dx = —i(0gNg + 0Ng + o7N;) 1)

The optical limiting properties of the methangos@erivative
| are quite similar to those of the parengoCror both fullerene wherei represents the photon flux (photons ¢hs™1) as it
molecules, optical limiting responses in room-temperature changes with distancethrough the sample of a path lendth
solutions are strongly dependent on solution concentrations ¢ denotes absorption cross sections3jonfithe electronic states
(Figure 5a,b, Table 1). The results were somewhat surprising shown in Figure 1, andll represents the molecular populations
in light of the conclusion already in the literatui®Thus, in the different states. Under the assumption of negligible
experimental artifacts were first suspected. However, the optical populations in the upper excited states, the changes in the state
limiting results at different solution concentrations are easily populations with time are typically described as folloWws:
reproducible. It is also unlikely that the results of concentration

dependence are due to molecular aggregation effects, because dNy/dt = ogNgi — (Kgg T kiso)Ng (2)
not only does the methanos§derivativel have much better
solubility characteristics than the parengo®ut also some of dN/dt = kigcNg — KNy 3)

the concentrations used in the measurements should be consid-
ered as very dilute. Of particular significance is the fact that An expression foNg is not necessary because of the relationship
the optical limiting properties of chloroaluminum phthalocyanine Ng = No — (Ns + Nr), where Np is the total molecular
Il measured under the same experimental conditions are clearlypopulation. The condition for reverse saturable absorption is
concentration independent (Figure 5c). The results for the that the excited-state cross sections are larger than the ground-
phthalocyaninell are consistent with those already in the state cross sectiomgerdoc > 1, whereogrr is a weighted
literature® The comparative optical limiting experiments for the average obrs ando+.8 For Gso, bothos and ot are larger than
fullerenes and chloroaluminum phthalocyanihshow that the oG at 532 nm?2® Thus, the optical limiting of & definitely
observed strong concentration dependence of optical limiting consists of contributions from the reverse saturable absorption
for the fullerenes cannot be due to the experimental setup oras a result oberdog > 1. In fact, since the intersystem crossing
any optical artifacts. In fact, the conclusion in the literatbre yield of G4 is unity, the reverse saturable absorptive optical
that the clamped level of the output fluence at the optical limiting limiting responses toward -510 ns laser pulses are due
plateau is determined by the amount af, @ the beam path predominantly to the large tripletriplet absorption cross
was based on optical limiting measurements at solution con- section, namelyt/oc > 1. This was confirmed in the correlation
centrations over a relatively narrow range ¥110~* to 4 x of the optical limiting results of g in room-temperature toluene
10~ M). According to Figure 5b, the changes in optical limiting  with the five-level reverse saturable absorption model (Figure
responses of § over such a narrow concentration range are 1) by numerically solving eqs-13.° Despite the successful
relatively small so that the concentration dependence of optical correlation, however, the model in Figure 1 consists of only
limiting is not so obvious. In the present study, however, the unimolecular excited-state processes, with no processes that are
concentrations of §g and the methano<gderivativel are varied dependent on fullerene concentrations. Thus, it obviously cannot
over 2 orders of magnitude, which makes it easier to detect theaccount for the large variations in the optical limiting response
strong concentration dependence. The inclusion of more dilute with changes in the £ solution concentration (Figure 5b, Table
solutions (1.23x 10750 6.16 x 105 M) in the measurements  1).
is particularly important because the optical limiting responses  The optical limiting behavior of the methanaderivative
of the fullerenes change significantly over the concentration | may be similarly considered in the same mechanistic frame-
range (Figure 5a,b, Table 1). work. The intersystem crossing yield of the derivative is also
An interesting observation is that the concentration depen- unity, according to the result of photosensitization for singlet
dence of optical limiting disappears at very low fullerene molecular oxygen generatiék2° There is also the ratiot/og

concentrations. For the methangs@erivativel, the optical > 1 for the derivative, suggesting optical limiting contributions
limiting responses become significantly weaker when the from the unimolecular reverse saturable absorption mechanism
solution concentration is reduced from 6.¥6107> (20 mm shown in Figure 1. More quantitatively, however, the ground-

optical path length) to 2.46< 107> M (50 mm optical path state absorption cross section of the derivative is larger than
length) but remain essentially the same when the solution that of G (4.78 x 1078 cn? vs 3.59x 10718 cn? at 532 nm)
concentration is reduced further by a factor of 2 from 246  and the triplet-triplet absorption cross section of the derivative
1075t0 1.23x 10°° M (Figure 5a, Table 1). Thus, the threshold is smaller than that of § at 532 nm (Figure 3). Thusgf/
concentration for the concentration dependence of optical oc)oerivative < (07/06)cs0, Which would suggest weaker optical
limiting is in the 2.46x 107°to0 6.16 x 10°° M range for the limiting responses for the derivative in the context of the
methano-G derivativel in room-temperature toluene. Mecha- unimolecular five-level reverse saturable absorption model
nistically, the concentration dependence is likely a reflection (Figure 1). The experimental results show otherwise. The optical
of optical limiting contributions associated with bimolecular limiting responses of the methangdQlerivativel in a room-
excited-state processes, which are in addition to the unimoleculartemperature toluene solution of 6.3610~4 M concentration
reverse saturable absorptive optical limiting contributions (2 mm optical path length and 70% linear transmittance) are
described by the five-level model in Figure 1. The threshold not so different from those of dg obtained under similar
represents the minimum fullerene solution concentration required conditions (Figure 4, inset). The discrepancy between the model
for the bimolecular excited-state processes to be significant with prediction and experimental results suggests that the optical
respect to optical limiting toward nanosecond laser pulses.  limiting results of Gy and the methano+g derivativel can
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hardly be accounted for quantitatively using the unimolecular triplet annihilation rapidly relax to singlet and triplet excimer-
five-level reverse saturable absorption model (Figure 1). A more like states®*
likely scenario is that for the fullerenes in solution at the

concentrations commonly used for optical limiting measure- Y(CeeCo0™ — H(CooCo0* (6a)
ments, the observed optical limiting responses are dominated
by the contributions associated with bimolecular excited-state 3((:60(;60)** — 3((:60(;60)* (6b)

processes. The similarity in the optical limiting results @ C

and the derivative in relatively concentrated solutions is probably On a longer time scale, other absorbing states may be formed
a reflection of the similarity in their bimolecular excited-state from the initial excited-state species generated in the triplet
processes. With respect to contributions from the unimolecular triplet annihilation process.

reverse saturable absorption mechanism (Figure 1), the differ- The possible contributions from these excited-state bimo-
ence between 4 and the methano+g derivativel (as related lecular processes may still be discussed within the framework
to the fact that¢r/oc)oerivative < (01/0c)ce0) can be observed  of nonlinear absorptions due to the excited-state absorption cross
at solution concentrations below the threshold for the concentra-sections being larger than the ground-state absorption cross
tion dependence of optical limiting. For example, at the fullerene section. The unimolecular five-level reverse saturable absorption
solution concentrations corresponding to a 50 mm optical path model shown in Figure 1 may therefore be modified to include
length for 70% linear transmittance, the optical limiting the bimolecular excited-state processes. In principle, all of the
responses of the derivative are noticeably weaker than those ofabsorbing species including the doubly excited pairs (eq 5)

Ceo (Figure 5a,b), witHout values of 0.3 J/chfor the derivative
vs 0.235 J/crafor Cgo at Iy = 1 Jlent.
It is most likely that the optical limiting properties of the

should be considered in the mechanistic model. In practice,
however, a simplified treatment may be justified. Under the
assumption that the optical limiting properties of fullerenes are

fullerenes in solution at concentrations above the threshold for significantly affected by absorptions of the singlet and triplet
concentration dependence are significantly affected by bimo- excimer-like states, the modified reverse saturable absorption
lecular excited-state processes. The bimolecular processes camodel for fullerenes that includes both unimolecular and
in principle be associated with both the excited singlet and triplet bimolecular excited-state processes is shown in Figure 11. The
states of the fullerenes. According to results from time-resolved corresponding differential equations for the modified model may
fluorescence investigatiod33the fluorescence lifetimes ofs& be written as follows.
and the methano-dgderivativel in room-temperature solution
are concentration independent over the concentration rangedi/dx= —i(ogNg + 0gNs+ 07N + 05 Ng + or Nr ) (7)
under consideration. It may be concluded that the excited singlet-
state decays of the fullerenes in solution, which are dominated dNg/dt = ogNgi — (Ksg *+ kis)Ns 8
by the efficient intersystem crossing to the formation of excited
triplet state_, are independent of changes in the fuIIerer_le solution dN/dt = KgoNg — KrgNy — (4/9)Kk N2 — kTe N;Ng (9)
concentration. Thus, the observed strong concentration depen- *
dence of optical limiting (Figure 5a,b) must be due to excited
triplet-state bimolecular processes of the fullerenes. In fact,
concentration effects on the excited triplet-state properties of
fullerenes are well documentét®?In a series of careful flash
photolysis experiments, Weisman and co-workers have shown
that the excited triplet state decays and lifetimes gf &nhd where the subscriptseSand Tex denote singlet and triplet
methano-G derivatives in room-temperature solution are eximer-like states, respectively.
strongly dependent on fullerene concentrati#hé The strong Experimentally, significant self-quenching ofsLCexcited
concentration dependence is attributed to bimolecular processedfiplet state by ground-states&molecules has been observed
including the self-quenching of the fullerene excited triplet state at moderate solution concentrations, but triplet excimer gf C
by ground_state fullerene molecules and tr|:pletp|et annihila- has not been detected. However, the results from laser flash
tion 3132|n principle, these bimolecular processes may contribute Photolysis measurements are not sufficient to rule out the
to the observed optical limiting responses of fullerenes toward Possibility of an excimer-like state on the time scale of a few
5—10 ns laser pulses in at least two possible ways. One is thenanoseconds. Short-lived complexes of ground and excited
direct formation of a triplet excimer-like st&fewith a large triplet-state fullerene molecules that are strongly absorptive may
absorption cross section. be populated directly under the intense pulsed laser irradiation
or through the triplettriplet annihilation process, contributing

dNg_/dt = (1/9krN:2 — kg oNs_ (10)

dNy /dt = ky NNg + (3/9ktN;2 — kr_pNr ~ (11)

3 3 to the optical limiting of fullerenes in solution.
Coo" + Coo ™ (CodCod” (4) For thFe): triplet—triplgt annihilation in fullerene solution, while
) ) ) o there has been no report of any delayed singlet transient
The other is due to triplettriplet annihilation?334 absorption from the bimolecular process, its strong effect on
the excited triplet-state decay of fullerenes in laser flash
(19 Yy C O (5a) photolysis experiments is well documenfdd? Under the
60™6 condition of high laser power densities in optical limiting
sc.x + 3¢ x | BT 3(CeeCod)™ (5b) measurements, which is much different from that in transient
60 60 \ 606 : : P I
absorption experiments, the triptetiplet annihilation process
% 3(CeoCod)™ (5¢) is likely more significant. In addition to the light intensity, the

triplet—triplet annihilation depends on the concentration of

ground-state fullerene molecules. At a constant linear transmit-
tance in optical limiting measurements, lower solution concen-
tration corresponds to longer optical path length, which makes

where the double asterisks denote doubly excited pair&and
is the triplet-triplet annihilation rate constant. The singlet and
triplet doubly excited pairs formed initially from the triptet
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Figure 11. Proposed reverse saturable absorption mechanism for fullerenes that includes both unimolecular and bimolecular excited-state processes.

it less likely to generate a high local concentration of excited 0.6 — T T T T ) T T
triplet fullerene molecules in the laser beam path for efficient
triplet—triplet annihilation.

Optical limiting contributions that are associated with excited 0.5 | QO A
triplet-state bimolecular processes such as self-quenching and_—~ /
triplet—triplet annihilation might be unique to the fullerenes. g !

The same concentration-dependent effects are absent in the © (.4 L K _
optical limiting of metallophthalocyanine in solution (Figure > )

5¢). It is probably more than a coincidence that the fullerene ™~ /

excited triplet-state decays are also affected by bimolecular W g 3 L ,’é“ i

. . . 4 N /
processes in an unusually efficient fashfdf2 = R
The excited-state bimolecular processes are diffusional or , @

pseudodiffusional processes. The pseudodiffusional processes ® 2 L , . N
are those in which the involved molecules are in close proximity 5 ) /,’ é

due to high local concentrations. These molecular diffusion- _© 0 3
dependent processes are hindered significantly in highly viscous 0.1 L ®® Az i
media. For the methanosgderivativel in nonreactive solvent ’ . 1

polymer blends, toluerePMMA and chloroform-PPEI, the @E)xl

observed optical limiting responses are weaker than those in 0.0 m@’l . L . . .
room-temperature solution (Figures 6 and 7, Table 1). The : ~

results are apparently not polymer specific. Since PMMA and 0O 10 20 30 40 50 60 70 80 90
PPEI polymers have very different structures and chemical Linear Transmittance

properties, the effects on the fullerene optical limiting perfor- g re 12, Optical limiting results of the methanosgderivativel in
mance must be associated with their physical properties. A toluene solutionsA) of different concentrations (1) 1.28 10-3 M;
common physical characteristics of the solvemblymer blends (2) 6.16x 104 M; (3) 1.23x 104 M; (4) 6.16 x 1075 M; (5) 2.46
is the high viscosity, which hinders diffusion-dependent pro- x 10°°M; and (6) 1.23x 10> M) and in thick PMMA polymer films
cesses. Thus, the weaker optical limiting responses of the (O) of different linear transmittances. The output fluences at th(_a input
methano-G derivativel in the highly viscous solvertpolymer fluence of 1 Jicrh are plotted as a function of the sample linear
. . S . . transmittance.
blends may be attributed to less optical limiting contributions
from the nonlinear absorptions that are associated with the simple five-level mechanism shown in Figure 1. Without the
excited triplet-state bimolecular processes (Figure 11). contributions associated with the excited triplet-state bimolecular
Evidently, the optical limiting properties of fullerenes are processes, the optical limiting responses of the fullerenes in
dependent on both the solution concentration and viscosity. BothPMMA films are dependent only on linear transmittances of
dependencies may be consistently accounted for within thethe films (namely the number of molecules in the laser beam
framework of the reverse saturable absorption mechanism thatpath) but independent of the optical path length (namely the
includes both unimolecular and bimolecular processes (Figurefilm thickness). This is confirmed by the results shown in Figure
11). The viscosity effect is included in the mechanism as a 8. The optical limiting responses of the methang-@&rivative
parameter in rate constants for the bimolecular excited-statel in thin (<0.1 mm) and thick{0.4 mm) PMMA films of the
processesker andkr,,, egs 8-11). same linear transmittance are indistinguishable, despite the fact
For fullerenes in polymer films and solid-state matrixes, that the film thicknesses (or the optical path lengths) differ by
diffusional or pseudodiffusional processes on the nanosecondmore than a factor of 4.
time scale become essentially impossible. The absence of any Optical limiting properties of the fullerenes in room-temper-
optical limiting contributions that are associated with excited ature solution and in polymer films can be explained consistently
triplet-state bimolecular processes (Figure 11) is likely respon- in terms of the mechanistic model shown in Figure 11. The
sible for the much weaker optical limiting responses gf &hd results shown in Figure 12 serve as more quantitative evidence
the methano-g derivativel in PMMA films (Figures 8 and for such a conclusion. For the methangy@erivativel in a
9). In fact, the optical limiting results in the polymer films series of thick PMMA films of varying linear transmittances,
probably reflect the true unimolecular reverse saturable absorp-the output fluences at the constant input fluence of 1 3/cm
tion behavior of the fullerenes, which may be modeled by the (lour,n=1) are different, decreasing monotonically with decreas-




494 J. Phys. Chem. A, Vol. 103, No. 4, 1999 Riggs and Sun

ing linear transmittance of the films. The relationship between while the medium viscosity affects the bimolecular rate constants
louT,n=1 @nd the linear transmittance is well represented by a through changes in the molecular diffusivity. In fact, the optical
smooth curve (Figure 12). On the other hand, for the derivative limiting responses of the methanggQerivativel in room-

in toluene solutions of a constant linear transmittance of 70%, temperature toluene solution at very low concentrations, which
the optical limiting responses are solution concentration de- are below the threshold for concentration dependence of optical
pendent, withlourin=1 increasing steadily with decreasing limiting, are similar to those of the derivative in PMMA polymer
solution concentration (Figure 12). The data points correspond-films. The results show, for the first time, that the optical limiting
ing to the low solution concentrations of 1.23107° and 2.46 results of fullerenes in solution and in polymer films can be
x 1075 M, which are below the threshold for concentration consistently accounted for in a single mechanistic framework.
dependence of optical limiting, fall right on the smooth curve A modified reverse saturable absorption model that includes
for the optical limiting results of the derivative in PMMA  both unimolecular and bimolecular excited-state processes is
polymer films (Figure 12). The results again suggest that the proposed for the optical limiting properties of fullerenes. Further
optical limiting behavior of the methanosg&derivativel in investigations using fast kinetic techniques to detect experi-
PMMA polymer films is close to that in room-temperature mentally the bimolecular processes and to determine the related
solution in the absence of effects associated with the concentraparameters are needed for a quantitative modeling of the

tion-dependent bimolecular excited-state processes. The excitedullerene optical limiting properties.

triplet-state bimolecular processes in the mechanistic model
shown in Figure 11 are absent for fullerenes in polymer films
due to the lack of molecular diffusion and in dilute solutions
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bimolecular processes on the excited-state time scale. Under

such conditions, the mechanistic model shown in Figure 11

becomes equivalent to the simple five-level reverse saturable

absorption model shown in Figure 1.

In addition to PMMA polymer films, other solid-state
matrixes such as sefgel glasses also have significant effects
on the optical limiting performance of fullerenes, resulting in
substantially weaker optical limiting respon$ég° Mechanistic
explanations including a change in nonlinear scattering from
solution to solid-state matri%°and thermal effect8 have been
proposed. While there may be contributions to the optical
limiting of fullerenes from these mechanisms in addition to
nonlinear absorptions, especially at high input fluences, the
contributions are likely insignificant compared to the effects

that are associated with the bimolecular excited-state processes

discussed above. For chloroaluminum phthalocyarinen
room-temperature solution, the optical limiting responses are
solution concentration independent (Figure 5c). It is no coin-
cidence that there are also no medium viscosity effects and thal
the optical limiting results of the molecule in solution and in
solid-state matrixes are the saffe.

Summary

The optical limiting properties of § and the methano<g
derivativel are both strongly dependent on solution concentra-
tions above a threshold concentration, which is in the range of
2.46 x 107°t0 6.16 x 107> M for the derivative. The medium
viscosity also has great effects on the optical limiting perfor-
mance of the fullerenes, resulting in weaker optical limiting
responses for the fullerenes in highly viscous solvgralymer
blends. The lack of meaningful molecular diffusion in polymer
films is likely the cause for the much poorer optical limiting
performance of the fullerenes in both thin and thick PMMA
films than in room-temperature solution. The optical limiting
responses of the methangg@lerivativel in PMMA polymer
films are independent of the concentration in the laser beam
path, indicating a different behavior from that of the derivative
in room-temperature solution.

Both the solution concentration dependence and medium
viscosity dependence are attributed to effects on optical limiting
contributions that are associated with excited triplet-state
bimolecular processes, in particular self-quenching and triplet
triplet annihilation. The fullerene solution concentration affects
the efficiency of the bimolecular excited-state processes directly,
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